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Abstract. The effect of temperature on fusion of
Sendai virus with target membranes and mobility of
the viral glycoproteins was studied with fluorescence
methods. When intact virus was used, the fusion
threshold temperature (20–22�C) was not altered re-
gardless of the different types of target membranes.
Viral glycoprotein mobility in the intact virus in-
creased with temperature, particularly sharply at the
fusion threshold temperature. This effect was sup-
pressed by the presence of erythrocyte ghosts and/or
dextran sulfate in the virus suspension. In these cases
also, no change in the fusion threshold temperature
was observed. On the other hand, reconstituted viral
envelopes (virosomes) bearing viral glycoproteins but
lacking matrix proteins were capable of fusing with
erythrocyte ghosts even at temperatures lower than
the fusion threshold temperature and no fusion
threshold temperature was observed over the range of
10–40�C. The mobility of viral glycoproteins on
virosomes was much greater and virtually tempera-
ture-independent. The intact virus treated with an
actin-affector, jasplakinolide, reduced the extent of
fusion with erythrocyte ghosts and the mobility of
viral glycoproteins, while the treatment of virosomes
with the same drug did not affect the extent of fusion
of virosomes with erythrocyte ghosts and the mobility
of the glycoproteins. These results suggest that viral
matrix proteins including actins affect viral glyco-
protein mobility and may be responsible for the
temperature threshold phenomenon observed in
Sendai virus fusion.
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Introduction

The envelope of Sendai virus (SV) contains two gly-
coproteins, hemagglutinin-neuraminidase proteins
(HN) and fusion (F) protein, which play important
roles in the entry of the virus into target cells. The
HN protein serves for the virion to bind to the re-
ceptor molecule on the target cell membranes, which
brings1 both virion and target cell into close proxim-
ity, and the F protein mediates fusion of the viral
envelope with the target cell plasma membrane
(Hoekstra, 1990; White, 1992). The binding of Sendai
virions to erythrocyte membranes occurs at temper-
atures over the range of 0�C to 40�C, and is relatively
little temperature-dependent (Hoekstra et al., 1985;
Wagner et al., 1998). In contrast to binding, the
process of fusion is strongly temperature-dependent
(Maeda et al, 1975; Haywood & Boyer, 1982;
Hoekstra et al., 1985,1989). There is no appreciable
fusion below the threshold temperature of about
20�C. Above this temperature (fusion threshold
temperature), fusion rates increase sharply.

It has been reported that the mobility of the
glycoproteins increases considerably at and above the
fusion threshold temperature (Lee, Cherry & Bachi,
1983; Aroeti, Jovin & Henis, 1990, Hoekstra et al.,
1989). A high degree of mobility of and conforma-
tional change in these glycoproteins is considered to
be required for fusion to occur (Hoekstra, 1990; Lee
et al., 1983, Henis et al., 1989). Electron microscopic
studies of both Sendai virus and influenza virus-target
cell systems indicate that there is aggregation and/orCorrespondence to: S.Ohki; email: sohki@buffalo.edu
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reorganization of viral glycoproteins before fusion
proceeds (Asano & Sekiguchi, 1978; Kim et al., 1979;
Burger, Knoll & Verkleij, 1988; Kanaseki et al, 1997).
Fusion-pore formation during virus fusion with tar-
get membranes has been suggested from patch-clamp
experiments2 that measure the impedance of the in-
teracting membranes (Spruce, Iwata & Almers, 1991;
Zimmerberg, Curran & Cohen, 1991), and which
would involve rearrangement of lipids and proteins in
both virus and target membranes.

If such a fusion-pore formation is necessary for
fusion to occur, it should require an increase in
movement of viral glycoproteins during the pore
formation. Since Sendai virus fusion strongly de-
pends on temperature and especially shows a great
increase in the fusion extent at the threshold tem-
perature, the protein movement would be greatest
around this temperature. If the rearrangement of the
pore-forming proteins is due to their3 own character-
istics with respect to temperature, a restriction of
movement of viral glycoproteins by binding with
target membranes or externally applied polymers
would therefore alter the temperature characteristics
of virus fusion. Dextran sulfate, which binds prefer-
entially to the virus surface, suppresses the fusion of
Sendai virus with erythrocyte ghosts (Ohki et al.,
1992; Wagner et al. 1998). So far, these quantities
(threshold temperature characteristics and mobility in
viral glycoproteins) have not been measured system-
atically with use of various virus-target membrane
systems and with various fusion affectors.

In addition, it has been known with biological
cells (Bennett & Gilligan, 1993) that the cytoskeleton
proteins underlying the plasma membranes affect the
movement of plasma-membrane proteins. Sendai
virus contains matrix (M) proteins (Peeples, 1991),
which resemble cell cytoskeleton proteins underlying
viral envelopes and actins (Lamb, Mahy & Choppin,
1976). It has been reported that the matrix proteins
have some interaction with HN and F proteins
(Sanderson, McQueen & Nayak, 1993; Sanderson,
Wu & Nayak, 1994). Therefore, studies using recon-
stituted viral envelops bearing envelope glycoproteins
HN and F, but not containing viral matrix proteins,
on fusion and protein mobility with respect to tem-
perature, may provide some information regarding
involvement of viral matrix proteins in the threshold
phenomenon observed in fusion of Sendai virus with
target membranes.

In this paper, therefore, we have studied the ef-
fect of temperature on virus fusion and mobility of
viral glycoproteins, using intact Sendai virus and its
reconstituted viral envelopes (virosomes) with and
without treatment with actin-affectors, (e.g., cyto-
chalasins and jasplakinolide) and various target
membranes (erythrocyte ghosts and liposomes bear-
ing viral receptors) in the presence and absence of
dextran sulfate.

Materials and Methods

CHEMICALS

All fluorescent probes were purchased from Molecular Probes,

Eugene, OR. Dextran sulfate of molecular weight 40,000 was ob-

tained from ICN Biomedicals, Costa Mesa, CA. Phospholipids

(egg-phosphatidylcholine (PC), phosphatidylethanolamine derived

from egg-PC (PE) and lysophosphatidylcholine (l-sterol,-2 hy-

droxyglycero-3 phosphatidylcholine (SLPC)) were obtained from

Avanti Polar Lipids, Alabaster, AL. Sephadex G-75 was from

Pharmacia Fine Chemicals. Octylglucoside (n-Octyl b-D-Gluco-
pyranoside), Glycophorin A (from human blood, type MM),

trypsin (from soybean) and trypsin inhibitor (from soybean) were

all purchased from Sigma Chemical, St. Louis, MO. The actin-

affecting drugs jasplakinolide and cytochalasin D were purchased

from Calbiochem, San Diego, CA and Sigma, respectively. All

other chemicals used were of reagent grade.

PREPARATION OF SENDAI VIRUS

The Cantell strain of Sendai virus was grown in the allantoic cavity

of embryonated chicken eggs, harvested at 72 hrs after inoculation,

and purified by a method similar to those previously described (Al-

Ahdal, Abidi & Flanagan, 1986). Briefly, the infected allantoic fluid

was clarified by low-speed centrifugation, and virus in the super-

natant was pelleted through a 20% sucrose buffer layer (20% su-

crose in 0.15 M NaCl/10 mM Tris, pH 7.4 (NTB)) by centrifugation

at 91,000 · g in a Beckman rotor (SW28) for 1 h at 4�C. The pellet
was then resuspended in the 20% sucrose buffer and centrifuged at

150,000 · g in a Beckman rotor (SW41) for 2 h through a dis-

continuous sucrose density gradient. The virus at the interface

between the 40% and 45% sucrose layers was collected. The col-

lected virus suspensions were dialyzed against in NTB and stored at

)70�C. The preparations had titers of 10,000–20,000 hemaggluti-

nating units and protein concentrations of 0.5–1.0 mg/ml. Virus

stocks for experiments were prepared by sedimenting the virus

from NTB and resuspending them in NTB or if necessary, another

buffer solution, NPB (150 mM NaCl/10 mM phosphate, pH 7.4), to

a specified concentration as needed. The virus stocks were kept at

)70�C until use.

PREPARATION OF ERYTHROCYTE GHOSTS

Human erythrocyte ghosts were prepared from freshly drawn hu-

man blood according to the published method (Steck & Kant,

1974; Leonards & Ohki, 1983) and resuspended in NTB at 4�C.
The prepared erythrocyte ghosts were used for the experiments

within a week. The protein concentrations of virus and erythrocyte

ghost preparations were determined by the method of Bradford

(1976), using bovine plasma c-globulin as the protein standard.

RECONSTITUTED VIRAL ENVELOPES (VIROSOMES)

Reconstituted viral envelopes bearing both HN and F proteins

were prepared by a similar procedure as published (Bagai et al,

1993); Briefly, octylglucoside (OG) was added to 1 ml of virus

(3 mg/ml) suspension in NTB containing 1 mM Ca2+ and 1 mM

Mg2+ to give a final concentration of 1% (wt/wt) OG. The mixture

was mixed well and held at room temperature for 30 min and

further kept for 2 h at 4�C and then centrifuged at 63,600 · g for

1 h at 4�C. The pellet contained nucleocapsid and other internal

viral proteins. The supernatant, which contained the viral envelope

proteins and lipids, was placed into dialysis tubing (mol. wt. cut off:
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12,000–14,000) and dialyzed over 24 h with 4 exchanges of NTB

with constant stirring at 4�C. During dialysis, the viral envelope

vesicles (virosomes = HN-F virosomes) were formed. The size of

the HN-F virosomes was measured with a submicron particle an-

alyzer (Coulter, Model N4) and found to be on average 250 nm in

diameter. The proteins in the intact virus and virosomes were an-

alyzed by SDS-PAGE with Coomassie blue (BioRad Mini-Protein

II with Laemmli buffer system (Laemmli, 1970)) and also by use of

silver staining (Wray et al., 1981). The position corresponding to

the M protein band on the gel was determined by comparing with

the protein bands of the intact Sendai virus and that of the M

protein isolated according to the published method (Hewitt &

Nermut, 1977). No M-protein band was visually observed on the

gel for virosomes. The hemagglutinin titer of such virosome pre-

parations had about one hemagglutinin unit (about 2 times in

concentration) lower than the intact virus. To make virosomes that

lacked the F protein (HN virosomes), first, the intact Sendai virus

was treated with trypsin. For this, the intact virus (3 mg) was in-

cubated with 4% (w/w) of trypsin in 1.0 ml NTB at 37�C for

30 min, and then the reaction was terminated by adding a 2-fold

excess of trypsin inhibitor into the virus suspension at room tem-

perature for 20 min. The trypsin-treated virus was then suspended

in 10 ml of NTB and washed three times by centrifugation at

18,000 · g. The pellet was resuspended in 1 ml of NTB containing 1

mM Ca2+, 1 mM Mg2+ and 1% OG. Hereafter, we used the same

procedure as for preparation of HN-F virosomes from intact virus.

The SDS-PAGE gels of the trypsin-treated virosomes (HN viro-

somes) and the HN-F virosomes were scanned by an Imaging

Densitometer (BioRad, Model GS-700) and analyzed by use of the

program ‘‘Molecular Analyst’’ (BioRad). The analysis showed a

loss of about 80% of F protein for the HN virosomes compared to

HN-F virosomes using the ratio of F to HN in each sample. The

HN-F and HN virosomes were stored at )20�C until the experi-

ments.

TREATMENT OF SENDAI VIRUS AND

VIROSOMES WITH ACTIN AFFECTORS

The treatment of Sendai virus or virosomes with actin-affectors was

done as follows: an aliquot of 1.0 mM jasplakinolide in DMSO was

added to 0.2 ml NTB containng 20 lg of fluorescent-labelled virus

(either R18 or fluorescamine) or 10 lg virosomes, and mixed well

by vortexing briefly and then the mixture was left at room tem-

perature for 30 min. Then, the incubated mixture was added to

1.8 ml of NTB prepared at a specified temperature in a cuvette in

the spectrofluorimeter for fusion or polarization experiments. The

concentrations of jasplakinolide indicated in the experimental re-

sults were those at the incubation stage. Therefore, the final con-

centration of the drug was one tenth of that at the incubation stage.

This drug is considered to exert an effect similar to phalloidin on

actin filaments by stabilizing the filament organization, and it is

permeable to cell membranes. Another actin-affector, cytochalasin

D, was also applied to Sendai virus in a similar manner as jas-

plakinolide. However, this drug is considered to destabilize the

actin filament when it binds to actin.

LIPOSOMES BEARING GLYCOPHORIN

The lipids (2.5 mg of PC or PC/PE (2:1) with or without 10 mol%

LSPC) were mixed in chloroform/methanol (2:1), and then the

solvent was evaporated completely in vacuum. Then the lipids

were suspended in 1 ml NTB containing 1% (w/w) OG. After the

lipid suspension became clear, 2.5 (w/w) % glycophorin (GP) with

respect to the total lipids was added to the lipid suspension and

mixed well. This lipid-GP suspension was kept at room tempera-

ture for 1 h. Then the lipid-GP suspension was dialyzed over 24 h

with 4 changes of NTB (500 times volume of the dialysate) with

constant stirring at 4�C. During dialysis, the liposomes bearing GP
were formed. The size of the GP-liposomes was measured with a

submicron particle analyzer (Coulter, Model N4) to be on average

180 nm in diameter. As far as the size of the GP-liposomes was

concerned, there was no difference between those with and without

lysophospholipids (LSPC) within its standard error (±20 nm). GP

is considered a receptor for Sendai virus (Wybenga et al., 1996).

Liposomes without GP were prepared in the same manner but

skipping the process of GP addition in the above procedures de-

scribed for the liposomes bearing GP. The size of these liposomes

was on average 150 ± 15 nm in diameter. Lipid concentration was

determined by phosphate analysis (Allen, 1940).

FLUORESCENCE PROBE LABELLING

Octadecylrhodamine B (R18) Labelling of
Virus (Hoekstra et al, 1984)

A 10 ll aliquot of an ethanolic solution of R18 (1 mg/ml) was

rapidly injected into 1 ml of Sendai virus (1 mg virus protein/ml in

NTB) while vortexing. After incubation of the suspension for 1 h at

room temperature, the unincorporated R18 was removed by gel-

filtration through a Sephadex G-75 column with NTB as an elution

buffer.

Fluorescamine (FLCN) Labelling of Viral
Envelope Proteins (Wagner et al, 1998)

5 ll of an acetonitrile solution of fluorescamine (5 mg/ml) was

added to 0.5 ml of Sendai virus (1 mg virus protein/ml NTB) while

vortexing and then the suspension was incubated for 1 h at room

temperature. These procedures were done in the dark. Then, the

unbound flurophore was removed by passing the virus suspension

through a Sephadex (G-75) column as above.

DPH (1,6-Dipheny1-1,3,5-hexatriene)
Labelling of Viral Lipids

Sendai virus (1 mg protein/ml of NTB) was incubated with 2 lg of
DPH in DMSO (1mg/ml) at 37�C for 1 h. Then, the virus sus-

pension was passed through a Sephadex (G-75) column to remove

the unincorporated fluorophores.

Fluorescence probe (R18 and FLCN) labelling of virosomes

was also performed in a manner similar to that described for the

intact virus, respectively, except for the protein concentration of

0.2–0.4 mg/ml. The amount of fluorescence probe in virosome in-

cubation medium was reduced proportionally to its suspension

volume.

FUSION ASSAY

The fusion of Sendai virus with target membranes was measured by

the R18 dequenching assay (Hoekstra et al., 1984). The assay is

based on the relief of self-quenching of the fluorescence probe as it

is diluted into the target membrane as a result of fusion. In the

assay, aliquots of the R18-labelled virus (20 lg) or virosomes

(20 lg) and of target cells (60 lg erythrocyte ghosts or 100 lg
liposomes) were mixed in 2 ml of NTB with and without dextran

sulfate at a given temperature (10�C–40�C). The increase in fluo-

rescence signal resulting from dequenching was monitored with

respect to time, using a spectrofluorimeter (Perkin-Elmer, LS-5)
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with kexcitation = 550 nm and kemission = 585 nm. The fluorescence

signal of the self-quenched state of the virus was first recorded as I0,

and then the time-dependent fluorescence signal (I) at 585 nm was

recorded for about 20 min as fusion proceeded. At the end of each

experiment, 0.2% of Triton X-100 was added to the reaction mix-

ture, and the maximum value (Itri) of fluorescence was obtained.

This value is considered as 100% fusion of the virus with the

erythrocyte ghosts. The extent of fusion (F) is proportional to %

fluorescence dequenching and is defined as

F ¼ 100� ðI� I0Þ=ðItri � I0Þ ð1Þ

It has been found that when the initial rate of dequenching is

measured (e.g., within 2 min), the dequenching of R18 is due mostly

to the fluorophore transferred to the target membrane by mem-

brane fusion (Ohki, Flanagan & Hoekstra, 1998).

FLUORESCENT POLARIZATION MEASUREMENTS

Fluorescent polarization, P, of fluorescamine (FLCN) bound to

viral protein was obtained by measuring the parallel and perpen-

dicular components of the fluorescence upon excitation with ver-

tically polarized light at an appropriate wavelength (380 nm for

fluorescamine) with a steady-state fluorometer (Perkin-Elmer LS-

5):

P ¼ ðIk � GI?Þ=ðIk þ GI?Þ ð2Þ

where Ik and I? are the parallel and perpendicular components of

the emission with respect to the excitation light, respectively, and G

is a factor to correct the anisotropic geometry of the instrument

(Lakowicz, 1983). The samples containing FLCN were excited by

linearly polarized light of 380 nm and the respective parallel and

perpendicular components of fluorescence with respect to exciting

light were measured at 475 nm at various temperatures in the range

of 10�C to 40�C. An aliquot of labelled virus (20 lg protein) alone
or mixed with aliquots of erythrocyte ghosts (60 lg protein) were

suspended in 2 ml of NTB with or without dextran sulfate (0.2 mg/

ml) at each specified temperature (10, 15, 20, 25, 30 and 37�C) for
2–3 min for equilibration. Then, each component of fluorescence

was measured. The time needed to record one of the fluorescence-

polarization components was at least 1–2 min to assure a stable

fluorescence signal. At each temperature, a new sample was mixed

and then the polarization measurement was made as described

above. For experiments using virosomes, fluorescamine-labelled

virosomes (10 lg) alone or the labelled virosomes (10 lg) and

erythrocyte ghosts (30 lg) were suspended in 2 ml of NTB with

and without dextran sulfate (0.2 mg/ml) at each specified temper-

ature and the polarization measurement was performed in a man-

ner similar to those for the intact virus mentioned above. The

polarization measurement on drug-treated virus was also per-

formed in similar manner to that for drug-untreated virus.

The experimental points presented in all figures in the result

section are the average values of at least three measurements for a

preparation of the samples and the experimental errors (SE) were all

within 10%.

Results

EFFECT OF TEMPERATURE ON FUSION OF SENDAI VIRUS

WITH TARGET MEMBRANES

The fusion of Sendai virus with various target mem-
branes (erythrocyte ghosts and lipid vesicles bearing
viral receptor) was measured at temperatures ranging
from 10–40�C.

In the first series of this type of experiments, the
extent of fusion (% maximum fusion for the first
10 min) of SV with erythrocyte ghosts was measured
at different temperatures. The results are shown in
Fig. 1a. Below 20�C, the extent of fusion activity
detected was not significant or very low. Fusion ac-
tivity increased significantly between 20 and 25�C and
this is called ‘‘fusion threshold temperature’’ (see
Fig. 1a, s). In the presence of dextran sulfate
(0.2 mg/ml) in the same virus-erythrocyte ghost sus-
pension, the initial rate of fusion was suppressed by
approximately 30% (Fig. 1a, x). A higher concentra-
tion of dextran sulfate (0.5 mg/ml) suppressed fusion
more than 2-fold (Fig. 1a, u) compared to that with
dextran sulfate of 0.2 mg/ml. However, the presence
of dextran sulfate did not alter the fusion threshold
temperature.

Fig. 1. The effect of temperature on Sendai virus (SV) fusion with

erythrocyte ghosts and liposomes as target membranes. The fu-

sion activity is represented by percent of maximum fusion during

the first 10 minutes of SV-target membrane interaction. (a) Fusion

of SV (10 lg/ml) with erythrocyte ghosts (30 lg/ml): SV and

erythrocyte ghosts alone (s), in the presence of 0.2 mg/ml (X)

and 0.5 mg/ml (h) of dextran sulfate. (b) Fusion of SV with

liposomes (50 lg/ml): SV with 2.5% GP-liposomes (PC/PE = 2:1)

(X), with 2.5% GP-liposomes (PC/PE = 2:1) bearing 10%LPC

(h), with PC liposomes (D), and with erythrocyte ghosts as

control (s). (c) Fusion of drug-treated SV(10 lg/ml) with eryth-

rocyte ghosts: SV treated with 2 lM cytochalasin D (h), 2 lM
jasplakinolide (D), 0.5% DMSO (X), and untreated SV (10 lg/ml)
as control (s).
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In order to examine the nature of target mem-
branes involved in the temperature-threshold phe-
nomenon of virus fusion, for the second series of the
experiments, liposomes that lacked cytoskeleton
proteins were used as target membranes instead of
erythrocyte ghosts. When the liposomes (PC/PE(2:1))
bearing glycophorin (GP-liposomes) were used, a
similar temperature dependence of fusion was ob-
tained as for the virus-erythrocyte system. Glycoph-
orin has been considered a receptor for Sendai virus
(Wybenga et al, 1996). Although the concentration of
glycophorin on the liposomes was approximately the
same as that of erythrocyte ghosts, the extent of fu-
sion was less than that of virus-erythrocyte ghosts.
However, the extent of fusion was increased by rais-
ing the GP-liposome concentration (data not shown).
The important finding with these experiments was
that the threshold temperature was unchanged with
this system (Fig. 1b, x). This suggests a possibility
that the threshold-temperature phenomenon is not
due to the cytoskeleton of target membranes since
GP-liposomes do not contain cytoskeleton proteins.
For the case of the GP-lipid vesicles containing
10 mol % lysophospholipid (SLPC), virus fusion was
almost completely suppressed, as indicated in Fig.1b
(h), to an extent similar as for phosphatidylcholine
(PC) vesicles without glycophorin (indicated by D in
Fig. 1b).

In the third series of the experiments, the effect of
actin-affecting drugs (cytochalasin D and jasplaki-
nolide) on the temperature-dependent fusion activity
of Sendai virus with erythrocyte ghosts was investi-
gated. It is known that cytochalasins disrupt actin
filament organization, while jasplakinolide stabilizes
the actin filament organization similarly to phalloi-
din. At 37�C, the extent of fusion of the virus treated
with 2 lM jasplakinolide was reduced to about 50%
of that for the intact virus with erythrocyte ghosts,
while that for the virus treated with 2 lM cytochalasin
D was reduced by 16%. The effect of temperature on
the fusion inhibition by these drugs at 2 lM is shown
in Fig. 1c. Jasplakinolide suppressed viral fusion
more effectively than cytochalasin D in the higher
temperature range above the threshold temperature.
However, at temperatures lower than the threshold
temperature, the cytochalasin D-treated virus showed
a slightly greater extent of fusion than the untreated
virus (see Fig. 1c).

Fusion experiments of Sendai virus with eryth-
rocyte ghosts as a function of concentration of actin-
affecting drugs were performed. The degree of the
reduction effusion was dependent on the concentra-
tion of the drugs, which is shown in Fig. 2. Similar
experiments using GP-liposomes as the target mem-
branes instead of erythrocyte ghosts were also per-
formed under the same experimental conditions. The
results (the relative inhibitory effect of the drugs)
were similar to those for virus-erythrocyte ghosts, as

shown in Fig. 2. These results suggest that the actin-
effecting drugs affect the ‘‘viroskeleton’’ components
of virus, but not those of the target membranes. The
effect of drug solvent, DMSO, on fusion of Sendai
virus with erythrocyte ghosts was also investigated, as
a control. The results show that in the presence of
0.5% DMSO, which was the maximum concentration
used in our experiment, the temperature-dependent
fusion activity of the virus was similar to that in the
absence of the drug, indicating that the presence of
DMSO used in these experiments had no effect on the
virus-mediated fusion activity within experimental
errors (see Fig. 1a).

EFFECT OF TEMPERATURE ON THE MOBILITY OF VIRAL

GLYCOPROTEINS, HN AND F, IN INTACT SENDAI VIRUS

The effect of temperature on the steady-state polari-
zation of fluorescamine (FLCN) bound to the viral
glycoproteins on the envelope of Sendai virus was
investigated in the following four cases; i) virus alone,
ii) the virus interacting with target cells; iii) in the
presence of dextran sulfate in virus-erythrocyte ghost
suspension and iv) the virus treated with actin-
affecting drugs, cytochalasin D and jasplakinolide.
The results are shown in Fig. 3.

In the case of intact Sendai virus alone, the po-
larization of the fluorophore decreased with increase
of temperature, which suggests an increase in the
random motion of the outer segments of the viral
glycoproteins with temperature, since the fluorophore
was applied to virus particles in suspension. A major
decrease in polarization was observed between 15�C

Fig. 2. Relative fusion of Sendai virus treated with actin affectors

(cytocholashin D and jaspalakinolide) with erythrocyte ghosts

(30 lg/ml) (empty symbols) or 2.5% GP-liposomes (50 lg/ml) (filled
symbols) in NTB at 37�C are shown as a function of drug con-

centrations. cytochalasin D (h and j) or jasplakinolide R18-SW

(10 lg/ml) treated with (s and d).
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and 25�C, which is in the range of the fusion-threshold
temperature. This implies that protein motion in-
creased greatly in this temperature range. A rather
small but steady decrease in polarization was ob-
served above 25�C. The decrease in polarization was
retarded in the case of virus interacting with eryth-
rocyte ghosts and the magnitude of the polarization
was further retarded in the presence of dextran sulfate
in the virus-erythrocyte-interacting system, indicating
further restriction in mobility of viral envelope gly-
coproteins in comparison with the case of virus alone.
Sendai virus treated with 2 lM jasplakinolide showed
similar restriction of the protein motion as that in the
presence of both erythrocyte ghosts and dextran sul-
fate. On the other hand, for the virus treated with
2 lM cytochalasin D, the FLCN polarization was
lower than that for the intact virus alone in the tem-
perature range of 10–20�C, while in the temperature
range above the fusion threshold, it was slightly
greater than those of the intact virus alone (Fig. 3).

The results presented in Fig. 4 show that there
was an increase in the restriction of mobility of
Sendai virus glycoproteins with increasing concen-
tration of erythrocyte ghosts, which contain receptors
for Sendai virus. Polarization (P) measurements for
the virus-erythrocyte ghost system were performed at
10�C and 30�C. There was an increase in polarization
at both temperatures as the amount of erythrocyte

ghosts increased, indicating an increasing restriction
of molecular mobility as a result of interaction of
more viral proteins with their receptors (glycophorin)
on erythrocyte membranes. The magnitude of dif-
ference in P between 10�C and 30�C is consistent with
differences shown in Fig. 3.

EFFECT OF TEMPERATURE ON THE MOBILITY OF LIPIDS IN

SENDAI VIRUS ENVELOPE

To examine the effect of temperature on the mobility
of lipids in the viral envelope, the virus was labelled
with DPH as described in Materials and Methods.
The polarization of DPH at various temperatures is
shown in Fig. 5. The polarization of fluorophore
decreased monotonically in the temperature range
from 10�C to 37�C. The presence of dextran sulfate
did not affect the polarization of DPH, suggesting
that dextran sulfate has no significant effect on lipid
mobility in the viral envelope. These results are in
contrast to those obtained with fluorescamine-la-
belled virus in the fusion ‘‘threshold temperature’’
region, where the polarization of the fluorophore
attached to the envelope glycoproteins decreased
greatly (Fig. 3). DPH mobility in membranes is
regarded as a measure of lipid mobility (Shinitzky
& Barenholz, 1974) and, therefore, the non-linear
reduction in the polarization obtained with FLCN
reflects those due to mobility of protein segments.

EFFECT OF TEMPERATURE ON VIROSOME FUSION

ACTIVITY

In this case, the fusion of various virosomes (HN-F-
virosomes and HN-virosomes) with erythrocyte
ghosts was performed in comparison to that of the

Fig. 4. Fluorescence polarization of FLCN attached to Sendai vi-

rus (10 lg/ml) with respect to various amounts of erythrocyte

ghosts at 10�C (s) or 30�C (h).

Fig. 3. The effect of temperature on mobility of Sendai virus (SV)

glycoproteins, HN and F. The SV was labelled with fluoresamine

(FLCN) and the polarization of the fluorescamine was measured as

described in Materials and Methods. FLCN-SV (10 lg/ml) alone
(X); FLCN-SV and erythrocyte ghosts (30 lg/ml) in the absence

(s) and presence (h) of 0.2 mg/ml dextran sulfate; FLCN-SV

treated with 2 lM cytochalasin D (m) or 2 lM jasplakinolide (D).
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intact Sendai virus with erythrocyte ghosts. The re-
sults of fusion of intact virus and virosomes (HN-F-
and HN-virosomes) with erythrocyte ghosts meas-
ured over the initial 2 min are shown in Fig. 6.
Symbol s corresponds to control, the intact Sendai
virus. Symbols D and h correspond to use of HN-F
virosomes and HN-virosomes, respectively. In order
to determine fusion events clearly, the data obtained
at the initial 2 min was plotted in the Fig. 6, which is
mainly due to the true membrane fusion according to
our earlier work (Ohki, et al., 1998). As seen in Fig. 6,
the distinct fusion of the HN-F-virosomes with
erythrocyte ghosts was observed at all temperatures
(10–37�C). It is significant to note that the fusion
occurred even at 10�C (D), while the intact virus did
not fuse with erythrocyte ghosts at this temperature
(s), and that no fusion threshold temperature was
observed for the HN-F-virosome case (D) (Fig. 6).
On the other hand, the HN-virosomes did not show
any appreciable fusion with erythrocyte ghosts (h).
This indicates that the presence of the F protein in the
viral envelope was necessary for virus fusion to occur
in this fusion system and also that the observed fu-
sion of the HN-F-virosome with target cells was not
due to the effect of detergent, which was used in the
preparation of the extent of fusion of virosomes with
erythrocyte ghosts. The extent of fusion of HN-F-
virosomes treated with either 2 lM cytochalasin D or
2 lM jasplakinolide with erythrocyte ghosts was not
different within the experimental errors (data not
shown) from those obtained using the untreated
virosomes. These results suggest that the drugs do not
significantly suppress viral membrane fusion by act-

ing directly on viral HN and F proteins, but may act
primarily through viral internal proteins such as ac-
tin, which is a part of the matrix proteins within the
virus particles.

EFFECT OF TEMPERATURE ON MOBILITY OF VIRAL

ENVELOPE GLYCOPROTEINS ON VIROSOME MEMBRANES

Polarization of fluorophore (FLCN) attached to the
viral glycoproteins of the virosomes was measured in
the range of 10–37�C. The results are shown in Fig. 7.
The magnitude of polarization measured was much
smaller at all temperatures than that of the intact
virus at 37�C, indicating considerable mobility of
glycoproteins, and there was little change over the
temperature range (10–37�C). This is different from
the large decrease in polarization observed for the
fluorophore attached to the viral glycoproteins of the
intact virus at around the fusion threshold tempera-
ture (compare Fig. 3 with Fig. 7). The presence of
erythrocyte ghosts as well as dextran sulfate in the
virosome suspension increased the magnitude of po-
larization of the fluorophore, the trend of which was
similar to that observed for the intact virus systems.
However, the application of the actin-affecting agent,
jasplakinolide, up to 5 lM, to the virosome suspen-
sion resulted in virtually no effect on the mobility
of viral glycoproteins as compared with that in un-
treated virosomes. Together with the results shown
in Fig. 3, this experimental result suggests that

Fig. 5. The effect of temperature on the mobility of Sendai virus

(SV) lipids in the viral envelope. The polarization of DPH incor-

porated into Sendai virus envelope lipids was measured as a

function of temperature in the absence (s) and presence (d) of

0.2 mg/ml dextran sulfate.
Fig. 6. Fusion of R18 -labelled Sendai virosomes7 (10 lg/ml) with
erythrocyte ghosts (30 lg/ml) in 2 ml of NTB as a function of

temperature. Fusion (% of maximum fusion) measured during the

initial 2 min is plotted with respect to temperature. Symbol D refers

to HN-F virosomes; symbol h, to HN virosomes (trypsin-treated

virosomes) and symbol s, to untreated, intact Sendai virus.
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jasplakinolide affects the mobility of envelope glyco-
proteins only in the presence of viral skeletal proteins,
including the M-proteins in viral particles.

Discussion

In the present studies, the following findings were
made: 1) When the intact Sendai virus was used for
fusion with target membranes bearing the viral re-
ceptors, the fusion threshold temperature was ob-
served and it was not altered regardless of use of
different types of target membranes. 2) The binding
of Sendai virion to viral receptors of target mem-
branes, as well as to dextran sulfate, restricted the
motion of the viral glycoproteins, but the fusion
threshold temperature was not altered. 3) The re-
constituted viral envelopes (virosomes) showed fu-
sion activity with erythrocyte ghosts even at
temperatures lower than 20�C and no threshold
temperature of fusion was observed in the tempera-
ture range of 10–37�C. 4) The motion of viral gly-
coproteins on the virosomes was virtually
temperature-independent over the range of 10–37�C,
while those of the intact virus increased with increase
in temperature, particularly at the fusion threshold
temperature. 5) An actin affector, jasplakinolide, in-
hibited the fusion of Sendai virus with erythrocyte
ghosts as well as GP-liposomes in a similar manner
and reduced the mobility of viral glycoproteins over
the range of 10–37�C, but did not affect the fusion of
virosomes with erythrocyte ghosts. 6) For jasplaki-
nolide-treated Sendai virus, the mobility (segmental

motion) of viral glycoproteins was reduced over the
range of 10–37�C, whereas virtually no change in
mobility of viral proteins was observed for virosomes
treated with the same agent.

The initial rate of fusion between Sendai virus
and erythrocyte ghosts was virtually zero below 20�C,
particularly when it was measured within 2 min (the
fluorescence dequenching signal measured within the
initial 2 min is mainly due to the true membrane fu-
sion, as mentioned in Materials and Methods), and
increased sharply at around 20�C (fusion threshold
temperature) and increased further with increasing
temperature (see Fig. 6, s). In this work, we have
shown that this temperature behavior was observed
regardless of the target membranes, as long as the
intact virus was used. It has been suggested (Lee et
al., 1983; Aroeti et al., 1990; Hoekstra, 1990) that the
temperature-induced virus fusion is due to the mo-
bility of viral glycoproteins. However, when the virus
interacted with target membranes bearing its recep-
tors (e.g., erythrocyte ghosts), the mobility of viral
glycoproteins was suppressed (Fig. 3), while virus
fusion occurred (Fig. 1). The degree of suppression of
mobility was dependent on the concentration of tar-
get membranes (Fig. 4); the more target membranes,
the more reduction in viral glycoprotein mobility.
When dextran sulfate was present in free virus sus-
pension, the mobility of glycoproteins was reduced
(data not shown) and when dextran sulfate was pre-
sent in virus-ghost suspension, the reduction of mo-
bility was further enhanced (see Fig. 3), while virus
fusion was suppressed (Fig. 1 a). Therefore, the mere
mobility (segmental motion) of viral glycoproteins
does not correlate well with the rate of virus fusion.
In both cases, however, the fusion threshold tem-
perature was not altered. Also, the temperature be-
havior of virus fusion with lipid vesicles bearing
glycophorin, which is considered one of the Sendai
virus receptors (Wybenga et al. 1996), was similar to
that when erythrocyte ghosts were the target mem-
branes (see Fig. 1 b, x). Since the target membranes,
GP-liposomes, which do not contain cytoskeleton
proteins, exhibited the same temperature threshold as
erythrocyte ghost membranes (Fig. 1 a and b) and
since also the target liposomes (ganglioside (GD1a -
liposomes) bearing receptor molecules different from
glycophorin have been shown to demonstrate a sim-
ilar temperature threshold (Haywood & Boyer, 1982),
the temperature threshold fusion behavior most likely
is not due to the nature of the target membranes.

It should be noted, however, that when lipo-
somes consisting of acidic lipids (e.g., cardiolipin or
phosphatidylserine) were used as target membranes
for Sendai virus, it was found that Sendai virus fused
with the liposomes to some degree at temperatures
lower than the threshold temperature, 20�C, (Hoek-
stra et al 1989, Zschornig, Arnold & Ohki, 1993) and
the temperature threshold behavior was not so sharp

Fig. 7. The effect of temperature on mobility of glycoproteins on

virosomes. Fluorescence polarization of fluorescamine (FLCN)

attached to HN-F virosomes (5 lg/ml) are shown as a function of

temperature. Symbol s refers to virosomes alone; symbol h, to

virosomes with erythrocyte ghosts (15 lg/ml); symbol D, to viro-

somes in the presence of 0.2 mg/ml dextran sulfate; and symbol, X,

to virosomes treated with 2 lM jasplakinolide.
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as for virus-cell fusion (Hoekstra et al. 1989). In this
regard, Amselem et al. (1986) showed that the HN-
virosomes fused with acidic lipid (phosphatidylserine)
membranes, whereas in our present experiments, the
HN virosomes did not fuse with erythrocyte ghosts or
with4 the GP-liposomes. It is possible that the fusion
of Sendai virus with acidic lipid membranes may have
a slightly different mechanism from that for the fu-
sion of Sendai virus with target membrane bearing
virus receptors.

Externally applied dextran sulfate inhibited the
mobility of viral glycoproteins for intact virus, which
is reasonable because they probably bind to the en-
velope glycoproteins, according to previous work
(Ohki et al., 1992 and Wagner et al., 1998). Fur-
thermore, an actin-binding drug, jasplakinolide,
which is considered to stabilize the actin filament
network, inhibited the mobility of the viral glyco-
proteins of the intact virus (Fig. 3) and also reduced
the extent of virus fusion (Fig. 1 c). Both agents,
dextran sulfate and jasplakinolide, inhibited the fu-
sion of Sendai virus with erythrocyte ghosts. How-
ever, the site of action of these agents on viral
glycoproteins may be different: dextran sulfate in-
teracts with glycoproteins externally and probably
interferes with the close approach of the virion to the
target membrane. On the other hand, jasplakinolide
seems not to interact with the viral glycoproteins di-
rectly, judging from the experimental results with
virosomes, where jasplakinolide did not affect the
fusion of virosomes with erythrocyte ghosts and did
not suppress the glycoprotein mobility (see Fig. 7).
This infers that the jasplakinolide acts on the actin
filament network to which the M-proteins are asso-
ciated and stabilizes it and, thus, in turn, the viral
glycoproteins will be stabilized.5 On the other hand, at
temperatures lower than the fusion threshold tem-
perature, cytochalasin D-treated viruses showed
greater mobility of their glycoproteins than untreated
viruses alone. This suggests that cytochalasin D dis-
rupts the actin network, which in turn affects the M
protein network, which influences the glycoprotein
mobility. Regarding the effect of cytochalasins on
virus fusion, there have been two studies; one of them
showed that cytochalasin B at 4 lM inhibited Sendai
virus-induced cell-cell fusion of Lettrée ascites cells
(Pasternak & Micklem, 1973) and the other showed
that Sendai virus-induced cell-cell fusion of Ehrlich
ascites tumor cells was inhibited completely by cyto-
chalasin D at 5 lg/ml (Miyake, Kim & Okada, 1978).

Thus, the experimental results described above
indicate in general that the mobility of viral glyco-
proteins parallels the extent of viral fusion, but there
are a few unparallel experimental results. These may
be due to the fact that the protein mobility may be
affected by at least two factors; due to local binding
between virus and target membranes, which lead to
fusions, and due to overall or non-local binding, e.g.,

binding with dextran sulfate. This may result in some
unparallel results between the measured protein mo-
bility and virus fusion. It is possible to discern the two
contributions (overall binding and local binding) to
the protein mobility by performing two different sets
of experiments with different mixing of particles, e.g.,
mixing virus and target membrane first and after in-
cubation, applying dextran sulfate, or mixing virus
and dextran sulfate first and after incubation, adding
target membranes, since such different mixing and
incubation resulted in different extents of virus fusion
(Ohki et al, 1992). Another general conclusion is that
the temperature threshold characteristics of fusion of
Sendai virus with target membranes seems to be in-
volved with internal ‘‘viroskeleton’’ proteins and not
mere mobility of envelope glycoproteins.

Previous studies have investigated the effect of
temperature on the mobility of the viral glycoproteins
of intact virus but have not studied the reconstituted
virus envelopes, virosomes, and also have not exam-
ined the effect of dextran sulfate and actin-affectors
(e.g., jasplakinolide or cytochalasins). Lee et al.
(1983) found that the steady-state fluorescence an-
isotropy of another fluorophore (eosin-5-isothiocya-
nate) attached to viral glycoproteins decreased with
increasing temperature, which was similar to our
finding, but they did not examine the behavior at
temperatures between 10 and 20�C. We detected a
sharp increase in protein mobility around 20�C for
the intact free virus. Lee et al. (1983) also found that
there was a large break in rotational mobility at
around 30–35�C, which they attributed to hemolysis
of erythrocytes. Aroeti et al. (1990) showed signifi-
cant changes in glycoprotein rotational mobility at
22�C in bound and fused Sendai virions with phos-
phorescence emission anisotropy measurements. The
latter authors attributed this change to possible ag-
gregation of the HN and F glycoproteins at that
temperature. Although there was general agreement
among the previous studies that the mobility of viral
glycoproteins is affected by temperature, there were
considerable differences in the details. These differ-
ences may be due to the use of different methods and
the use of bound versus free virions. Hoekstra et al.
(1989) labelled viral glycoproteins with eosin-5-
maleimide on virions and found that at 22�C there
was a relief of self-quenching, which they interpreted
as protein self-clustering occurring at lower temper-
atures, which then got relieved as the temperature
increas above 22�C.

The degree of polarization of the fluorophore
attached to viral glycoproteins measures the mobility
of viral glycoproteins, particularly for the portion of
the proteins extending to the ectodomain, since the
fluorophore was applied only externally. It does not
measure the mobility of the lipids in the viral enve-
lope, since control experiments for lipid mobility
(Fig. 5) indicated that there was no sharp decrease in
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fluorophore polarization around the fusion threshold
temperature.

In contrast to the intact virus, we have found
that the reconstituted viral vesicles (virosomes),
which lacked the M proteins, fused with erythrocyte
ghosts even at low temperatures (Fig. 6) at which
the intact virus did not fuse; also, for the virosomes
and erythrocyte-ghost interaction system, there was
no fusion threshold temperature in the temperature
range studied. The treatment of virosomes with the
actin-affectiong drug, jasplakinolide, did not affect
the fusion of virosomes with erythrocyte ghosts, nor
the mobility of viral glycoproteins up to high con-
centrations (5 lM), at which the fusion of intact vi-
rus with erythrocyte ghosts or GP-liposomes and
viral glycoprotein6 mobility were both suppressed
considerably. These results suggest that the fusion-
threshold phenomenon and the sharp increase in
mobility of viral glycoproteins at the fusion thresh-
old temperature are related to the temperature
characteristics of internal viroskeleton proteins, such
as M-proteins and actins.

It has been shown that Sendai viral M-proteins
bind not only the viral nucleocapsid (Shimizu &
Ishida, 1975; Narayanan et al., 2000) but also the
virus envelope glycoproteins, HN and F (Sanderson
et al., 1993,1994). Such binding was shown with
other viruses (Garcia-Sastre, Cabezas & Villan 1989;
Lyles, McKenzie & Parce, 1992). There have been a
number of studies suggesting that the M-proteins
play an important role for virus-budding from the
host cells (Yu et al, 1992; Mebatsion, Weiland &
Conzelman, 1999; Takimoto et al, 2001; Ali &
Nayak, 2001). It was also reported that actins were
found in various viruses (Lamb et al., 1976; Tyrrell
& Norrby, 1978; Ott et al, 1996). There have been a
few reports that actin associates with the viral M
proteins (Giuffre et al., 1982). It is well recognized
that the internal cytoskeleton proteins often control
the movement of proteins on the cell plasma-mem-
branes (Bennett & Gilligan, 1993; Repasky &
Gregorio, 1992). The temperature-dependent mobil-
ity of viral glycoproteins, especially those in the
fusion threshold region, may be related to the tem-
perature characteristics of the M-protein together
with other contractile proteins (e.g., actins) under-
lying the viral envelope membrane, which control
the mobility as well as organization of surface en-
velope glycoproteins.
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