
d

Virology 276, 289–303 (2000)
doi:10.1006/viro.2000.0556, available online at http://www.idealibrary.com on

brought to you by COREView metadata, citation and similar papers at core.ac.uk

nector 
Assembly of Sendai Virus: M Protein Interacts with F and HN Proteins and
with the Cytoplasmic Tail and Transmembrane Domain of F Protein

Ayub Ali and Debi P. Nayak1

Department of Microbiology, Immunology, and Molecular Genetics, UCLA School of Medicine, Los Angeles, California 90095-1747

Received May 26, 2000; returned to author for revision June 27, 2000; accepted July 26, 2000

Sendai virus matrix protein (M protein) is critically important for virus assembly and budding and is presumed to interact
with viral glycoproteins on the outer side and viral nucleocapsid on the inner side. However, since M protein alone binds to
lipid membranes, it has been difficult to demonstrate the specific interaction of M protein with HN or F protein, the Sendai
viral glycoproteins. Using Triton X-100 (TX-100) detergent treatment of membrane fractions and flotation in sucrose gradients,
we report that the membrane-bound M protein expressed alone or coexpressed with heterologous glycoprotein (influenza
virus HA) was totally TX-100 soluble but the membrane-bound M protein coexpressed with HN or F protein either individually
or together was predominantly detergent-resistant and floated to the top of the density gradient. Furthermore, both the
cytoplasmic tail and the transmembrane domain of F protein facilitated binding of M protein to detergent-resistant
membranes. Analysis of the membrane association of M protein in the early and late phases of the Sendai virus infectious
cycle revealed that the interaction of M protein with mature glycoproteins that associated with the detergent-resistant lipid
rafts was responsible for the detergent resistance of the membrane-bound M protein. Immunofluorescence analysis by
confocal microscopy also demonstrated that in Sendai virus-infected cells, a fraction of M protein colocalized with F and HN
proteins and that some M protein also became associated with the F and HN proteins while they were in transit to the plasma
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membrane via the exocytic pathway. These studies indicate that F and HN interact with M protein in the absence of any other
viral proteins and that F associates with M protein via its cytoplasmic tail and transmembrane domain. © 2000 Academic Press
INTRODUCTION

Sendai viruses, a member of the Paramyxoviridae fam-
ily of viruses that includes many human and animal
pathogens, are enveloped viruses containing a single
RNA genome of negative polarity (Lamb and Kolakofsky,
1995). Members of this group of viruses bud from the
plasma membrane of infected cells producing pleomor-
phic spheroidal particles containing a long helical nu-
cleocapsid. The viral envelope is composed of lipid bi-
layers derived from the host plasma membrane and
contains oligomeric forms of two transmembrane glyco-
proteins, F (type I) and HN (type II). F and HN proteins are
synthesized in the endoplasmic reticulum and trans-
ported via the exocytic pathway to the plasma mem-
brane, the assembly and budding site of Sendai viruses.
Consequently, complete virus particles are not usually
observed inside the cell.

Morphogenesis of enveloped viruses in general and
Sendai viruses in particular is not well understood. The
assembly and budding processes of enveloped viruses
are complex and involve multiple steps. They involve not
only the formation of nucleocapsid complex but also the
envelopment of the viral nucleocapsid at the plasma
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (310) 206-3865. E-mail: dnayak@ucla.edu.
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membrane and budding of virions. Two steps are oblig-
atory in the assembly and budding processes of virions:
First, all subviral components, either individually or as a
complex, must be transported to the assembly and bud-
ding site, and second, these components must interact
with one another in an orderly way during the transport
or at the assembly site or both in order to initiate the
budding process leading to the production of infectious
virions (Nayak, 1996, 2000).

From the standpoint of understanding the viral assem-
bly and budding processes, the Sendai viral structure
can be divided into three major subviral components,
each of which must be brought to the assembly site for
morphogenesis to occur. These subviral components are
as follows: (i) the helical viral nucleocapsid containing
the vRNA, NP (nucleoprotein), and transcriptase complex
consisting of L and P proteins, which together form the
inner core of virus particles; (ii) the matrix protein (M
protein), which forms an outer protein shell around the
nucleocapsid and constitutes the bridge between the
viral envelope and the nucleocapsid; and (iii) the viral
envelope (or membrane), the outermost barrier of virus
particles, consisting of the virally encoded F and HN
transmembrane glycoproteins and host cell lipids (see
Dubois-Dalcq et al., 1984).
During the process of viral assembly, mature nucleo-
capsids must interact with the components of the viral
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290 ALI AND NAYAK
envelope to initiate the process of bud formation. This
association is presumed to be mediated by M protein,
which is a key component in virus assembly and mor-
phogenesis. It is the most abundant protein in virus
particles and is the rate-limiting component in particle
formation since virus particle formation is greatly inhib-
ited when M protein synthesis is either defective or
reduced (see Peeples, 1991). However, particles with
reduced amounts of glycoproteins can be formed effi-
ciently although such virus particles may be less infec-
tious or noninfectious (Portner et al., 1975; Leyrer et al.,

998; Mebatsion et al., 1996). Freeze-fracture electron
icroscopy has shown that during bud formation, fine

rystalline arrays of 5-nm spikes possibly composed of
iral glycoproteins are present on the outer side,
hereas on the inner side of virus-infected cells and in

irus particles, M protein appears to be present as a
heet between the lipid bilayer and the viral nucleocap-
id. This intramembranous array of M protein is pre-
umed to form the landing site of the nucleocapsid (Büe-
hi and Bächi, 1982). Viral glycoproteins are initially in-
erted randomly on the plasma membrane but the
resence of M protein produces a clustering effect, in-
reasing the density and concentration of viral glycopro-

eins, and visible spikes appear only in the regions of
embrane where M protein is present (Nagai et al., 1976;

cheid et al., 1978; Markwell and Fox, 1980). Further-
ore, cocapping experiments using antibodies against

iral glycoproteins demonstrated a possible interaction
f M protein with viral glycoproteins and nucleocapsids

Yoshida et al., 1979; Tyrrell and Ehrnst, 1979). In vitro
xperiments using isolated viral components also dem-
nstrated that the attachment of glycoproteins to the
ucleocapsid occurred only if M protein was present

Yoshida et al., 1976, 1979). These and other studies
ndicate that the M protein is likely to interact both with
he lipid bilayer and the associated viral glycoproteins of
he membrane on the outer side and with the viral nu-
leocapsid on the inner side of the virus particles.

However, although various studies have provided ev-
dence of the complex formation of M protein with the
iral nucleocapsids (Markwell and Fox, 1980; Nagai et

al., 1978; Stricker et al., 1994), attempts to demonstrate
the interaction of matrix proteins and glycoproteins have
yielded varying results with both orthomyxo- and
paramyxoviruses (Enami and Enami, 1996; Kretzschmar
et al., 1996; Zhang and Lamb, 1996; Sanderson et al.,

994; Stricker et al., 1994). Using coexpression of M
rotein with glycoproteins and flotation gradient analy-
is, some studies showed a significant increase in mem-
rane association of the M protein when coexpressed
ith F and HN glycoproteins while others did not ob-

erve such an increase in membrane association of M

rotein in the presence of homologous glycoproteins

Sanderson et al., 1993; Stricker et al., 1994). The major
e
s

roblem in all of these studies has been the inherent
embrane association of matrix proteins due to the

resence of amphiphilic helix in both orthomyxovirus
Kretzschmar et al., 1996) and paramyxovirus matrix pro-
eins (Motett et al., 1996). Furthermore, variations ranging
rom 10 to 49% have been observed at the level of

embrane association of M protein expressed alone,
hich can be attributed to a number of factors including
ifferent expression systems used (e.g., recombinant
accinia virus infection versus T7 vaccinia virus trans-
ection expression system), labeling conditions, the pro-
edures used for preparing the cytoplasmic fraction for

lotation analyses and variation from experiment to ex-
eriment.

To avoid these problems in the present report, we
ave used Triton X-100 (TX-100) detergent treatment,
hich completely eliminates the membrane binding of
endai virus M protein when expressed alone, thus mak-

ng it possible to assay the specific membrane binding of
protein in the presence of Sendai viral glycoproteins.

sing this procedure, we have demonstrated that Sendai
iral M protein interacts with homologous F and HN but
ot with heterologous influenza viral HA. We further show

hat M protein interacts with both the cytoplasmic tail
nd the transmembrane domain of F protein.

RESULTS

embrane association of Sendai virus M protein in
endai virus-infected cells and in cells infected with

ecombinant vaccinia viruses expressing M protein

To determine the membrane association of M protein
n Sendai virus-infected baby hamster kidney (BHK) cells,
irus-infected cells were pulse-labeled at 6.5 h postin-
ection (hpi) for 15 min and chased for 90 min. The 4K
upernatants were prepared by disrupting the cells in
ypotonic buffer and analyzed by flotation gradient cen-

rifugation as described under Materials and Methods.
ractions were collected, immunoprecipitated, and ana-

yzed by sodium dodecyl sulfate–polyacrylamide gel
lectrophoresis (SDS–PAGE). Results show that the ma-

ority of F and HN proteins (.60%) were membrane-
ssociated during both pulse and chase (Figs. 1A and
B, fractions 1 and 2). On the other hand, the majority of
P protein remained soluble and nonmembrane-associ-
ted (fractions 3, 4, and 5) during both pulse and chase,
s expected. About 15% of M protein was present in the
embrane fraction of the 4K supernatant immediately

fter pulse and the membrane-associated fraction of M
rotein increased to 35% after a 90-min chase in Sendai
irus-infected cells (Figs. 1A and 1B, fractions 1 and 2).

To determine whether the M protein associated with
embranes in the absence of other viral proteins, BHK

ells were infected with recombinant vaccinia viruses

xpressing M protein (RVVM) at 10 m.o.i. and the 4K
upernatants were prepared and analyzed by flotation
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291M PROTEIN INTERACTION WITH SENDAI VIRUS GLYCOPROTEINS
gradient as above. Results show that in the 4K superna-
tant, about 20% of the Sendai virus M protein expressed
alone was present in the membrane fraction immediately
after pulse and after a 90-min chase, the membrane-
associated fraction increased to 33% (Figs. 1C and 1D).
These results show that a significant fraction of M pro-
tein expressed alone was membrane-associated as has
been reported previously (Mottet et al., 1996; Sanderson

t al., 1993; Stricker et al., 1994) and that the percentage
of membrane-associated M was variable due to a num-
ber of factors as mentioned earlier.

TX-100 detergent treatment of the membrane-bound
M protein in RVVM-infected BHK cells

Since a significant amount of M protein expressed
alone in the absence of other Sendai virus proteins
became membrane-associated, it was difficult to assay
the specific membrane association of M protein due to
its interaction with F and HN proteins. We therefore
decided to eliminate the membrane-associated M pro-
tein by treating the membrane with a nonionic detergent
such as TX-100 and analyzing the detergent-treated M
protein/membrane complex in a flotation gradient. We
reasoned that TX-100 treatment would render the ran-
domly membrane-bound M protein soluble. However,
orthomyxo- and paramyxoviruses are known to bud api-

FIG. 1. Membrane association of M protein in cells infected with
Sendai virus or RVVM expressing M protein. Pulse (A) and chase (B)
analysis of the 4K supernatant of Sendai virus-infected BHK cells.
At 6.5 hpi, Sendai virus-infected BHK cells (5 3 106) were pulse-
abeled with 200 mCi of 35S Easy Tag for 15 min and chased for 1.5 h.
abeled cells were fractionated as described under Materials and
ethods and the 4K supernatant was analyzed by flotation gradients

Sanderson et al., 1994). Each fraction was immunoprecipitated with
nti-Sendai virus polyclonal antibodies and analyzed by SDS–PAGE.
ractions 1 (top) and 5 (bottom). X and Y are nonspecific proteins
ossibly of host origin. Pulse (C) and chase (D) analysis of the 4K
upernatant of RVVM-infected BHK cells. BHK cells were infected with
VVM at 10 m.o.i. At 6 hpi, cells were pulse-labeled with 200 mCi of 35S

Easy Tag and chased as above, 4K supernatant was analyzed by
flotation gradients, and fractions were immunoprecipitated and ana-
lyzed by SDS–PAGE.
cally and the apical glycoproteins of paramyxo- and or-
thomyxoviruses have been shown to bind to lipid rafts in
both polarized and nonpolarized cells. These lipid rafts
are enriched in cholesterol and glycosphingolipids and
are relatively resistant to TX-100 extraction (Kundu et al.,
1996; Lin et al., 1998; Keller and Simons, 1998; Manié et
al., 2000; Scheiffele et al., 1997). Therefore, if M protein
interacts with F or HN, it will become TX-100 insoluble,
remain membrane-associated, and float to the top of the
gradient. We therefore wanted to determine the minimum
concentration of TX-100 that will solubilize the mem-
brane-associated M protein in the absence of Sendai
virus glycoproteins. Since there was variation in the ratio
of the membrane-bound versus non-membrane-bound M
protein in the 4K supernatant from one experiment to
another as mentioned earlier, we used the pure mem-
brane fraction isolated from the 4K supernatant. Accord-
ingly, the membrane-bound fraction of M protein was first
isolated from the 4K supernatants of BHK cells infected
with RVVM alone by flotation gradient (see Materials and
Methods) and only the membrane-bound M protein frac-
tion was then treated with various concentrations of
TX-100 and analyzed again by a second flotation gradi-
ent. Results show that, as expected, without any deter-
gent treatment the M protein/membrane complex floated
to the top of the gradient (Fig. 2A, fractions 1 and 2) and
none was present in the bottom fractions. However,
treatment with varying concentrations of TX-100 reduced
the level of the membrane-associated M protein, and
finally, TX-100 at 0.03% or higher concentration com-
pletely solubilized the membrane-bound M protein and
M protein did not float to the top but remained in the
bottom of the gradient (Fig. 2A, fractions 3, 4, and 5).

To determine the effect of TX-100 on the membrane-
bound proteins in Sendai virus-infected cells, infected
BHK cells were pulse-labeled for 30 min and chased for
90 min and the membrane fractions were isolated from
the 4K supernatant. Aliquots of the pure membrane frac-
tions were treated with or without TX-100 (0.03%) and
analyzed by flotation gradient. As shown in Fig. 2B, after
TX-100 treatment, over 50% of Sendai viral glycoproteins
(F and HN) and M protein remained membrane-bound
(Fig. 2b, fractions 1 and 2) compared to 0% of the mem-
brane-bound M protein expressed alone (Fig. 2A, 0.03%).
A higher concentration of TX-100 treatment further re-
duced the membrane-bound fraction of both glycopro-
teins and M protein in Sendai virus-infected cells (data
not shown). Since 0.03% TX-100 completely solubilized
the membrane-bound M protein expressed alone, we
used 0.03% TX-100 in all subsequent experiments unless
otherwise mentioned, to eliminate the nonspecific mem-
brane-bound M protein alone from the specific mem-
brane-bound M protein due to its interaction with the
Sendai viral transmembrane glycoproteins, F and HN. It
should be also noted that in addition to the non-mem-
brane-bound soluble proteins, some F and HN were

present in the bottom fractions before detergent treat-
ment (see Fig. 1, fractions 3, 4, and 5), possibly due to
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their interaction with high-density membranes, e.g., en-
doplasmic reticulum (ER) membrane. However, since we

FIG. 2. TX-100 detergent treatment of membrane-associated viral p
infected cells. (A) Detergent resistance of the membrane-associated M
RVVM and labeled at 6 hpi for 30 min with 300 mCi of 35S Easy Tag and
gradients. The pure membrane fractions were isolated from the top o
concentrations (0.005, 0.010, 0.015, 0.020, 0.025, 0.030, and 0.040%) of TX
flotation gradient as described under Materials and Methods. (B) D
virus-infected cells. BHK cells were infected with Sendai virus (10 m.o
fractions were prepared from the 4K supernatant, treated without (0%
Comparative detergent resistance of Sendai virus M and influenza virus
M1 were isolated, TX-100 treated ((0.03%), and analyzed by flotation gra
by recombinant vaccinia viruses. The membrane fractions containing F
flotation gradients as above. All fractions were immunoprecipitated usin
analyzed by SDS–PAGE as described under Materials and Methods. F
used only the pure membrane fractions, which always
floated to the top of the gradient before detergent treat-
ment, our assay for detergent resistance was not influ-
enced by the presence of such proteins.

expressed in recombinant vaccinia virus-infected and Sendai virus-
n expressed alone. BHK cells (5 3 106) were infected with 10 m.o.i. of

for 1.5 h. The 4K supernatants were isolated and analyzed in flotation
adient and aliquots were either mock-treated or treated with varying
tergent for 15 min on ice. Each sample was then analyzed by a second

nt resistance of the membrane-associated viral proteins in Sendai
lse-labeled (30 min) at 6.5 hpi, and chased (90 min). Pure membrane
th (0.03%) TX-100, and analyzed by a flotation gradient as above. (C)
ressed by recombinant vaccinia viruses. The membrane-bound M and

s above. (D) Comparative detergent resistance of HA and F expressed
A proteins were isolated, treated with TX-100 (0.05%), and analyzed by
t anti-Sendai virus antibodies (AS74) and influenza virus antibodies and
s 1 (top) and 5 (bottom).
roteins
protei

chased
f the gr
-100 de
eterge
.i.), pu
) or wi
M1 exp
dient a
and H
Our assay for determining the detergent resistance of
the membrane-bound M protein was different from the
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293M PROTEIN INTERACTION WITH SENDAI VIRUS GLYCOPROTEINS
standard assay for lipid raft association of apical pro-
teins using a higher concentration of TX-100 (usually 1%).
We used 0.03% TX-100 treatment for a number of rea-
sons. Raft association of these transmembrane apical
proteins as measured by 1% TX-100 resistance was not
100%. Furthermore, TX-100 resistance among the differ-
ent transmembrane apical proteins varied considerably,
i.e., the fraction of apical transport of a protein does not
often correlate with TX-100 insolubility (Lin et al., 1998;
Barman and Nayak, 2000; Manié et al., 2000). Sendai
virus glycoproteins appear to be less TX-100 resistant
than glycoproteins of other paramyxoviruses such as
measles virus (Manié et al., 2000). This was also seen for
Sendai virus F and influenza virus HA proteins after
treatment with 0.05% TX-100 (Fig. 2D). The top fractions
contained only 15% of F compared to 55% of HA after
0.05% TX-100 detergent treatment (Fig. 2C, fractions 1
and 2 vs fractions 3, 4, and 5). In fact, under our condi-
tions, higher concentrations, such as 0.3% TX-100 or
more, rendered both glycoproteins and M protein of
Sendai virus completely detergent-soluble by flotation
assay (data not shown). The reason for the variation in
TX-100 resistance among the different transmembrane
apical proteins remains unclear. It could be due to vari-
ation in the affinity of different apical proteins for lipid
rafts or heterogeneity among the lipid rafts. Even the
TX-100 sensitivity of non-lipid-raft-associated membrane-
bound proteins such as influenza virus M1 and Sendai
virus M protein also varied. Membrane-bound Sendai
virus M protein was less TX-100 resistant than influenza
virus M1 (Fig. 2C). After treatment with 0.03% TX-100,
Sendai virus M protein was completely soluble, whereas
20 to 30% of influenza virus M1 remained membrane-
associated when both were expressed from recombinant
vaccinia viruses (RVV). Therefore we used 0.03% TX-100
to eliminate nonspecific membrane-bound M protein.

F and HN proteins affect the detergent resistance
of the membrane-bound M protein

To investigate the effect of Sendai virus F and HN
proteins on the detergent resistance of the membrane-
bound M protein, BHK cells were infected with RVVM
alone, RVVM and RVVF, RVVM and RVVHN, or all three
recombinant vaccinia viruses together as described un-
der Materials and Methods. At 6.0 hpi, cells were pulse-
labeled and chased, and the membrane fractions were
isolated, detergent-treated, and analyzed by flotation gra-
dient. Results show that the membrane-bound M protein
expressed alone from RVVM was completely detergent-
soluble, as expected (Fig. 3A, Table 1). However, in cells
coexpressing F and M, 70% of the membrane-bound F
and 80% of the membrane-bound M protein were deter-
gent-resistant and floated to the top of the gradient (Fig.

3B, Table 1). Similarly, in cells coexpressing HN and M,
75% of HN and 70% of the membrane-bound M were
detergent-resistant (Fig. 3C, Table 1). When all three
proteins (F, HN, and M) were coexpressed, 95% of the
membrane-bound M protein was detergent-resistant and
floated to the top (Fig. 3D, fractions 1 and 2) of the

FIG. 3. Detergent resistance of the membrane-bound M protein
when coexpressed with Sendai virus F and HN. BHK cells (5 3 106)

ere infected with recombinant vaccinia viruses expressing M alone or
in combination with F or HN or with both F and HN proteins together

s stated under Materials and Methods. At 6 hpi, cells were labeled
ith 300 mCi of 35S Easy Tag for 30 min and chased for 90 min. Cells

were fractionated to prepare the 4K supernatant. Pure membrane
fractions were isolated from the 4K supernatant by flotation gradient
and either untreated (2) or treated (1) with TX-100 (0.03%) and ana-
lyzed by a second flotation gradient. (A) Sendai virus M expressed
alone. (B) Sendai virus M coexpressed with Sendai virus F protein. (C)
Sendai virus M coexpressed with HN protein. (D) M coexpressed with
both Sendai virus HN and F. Left-hand panels are without (2) TX-100
treatment and right-hand panels are after TX-100 treatment (1). (Frac-
tions were collected from the top (1), immunoprecipitated, and analyzed
by SDS–PAGE.)
gradient. These results demonstrate that a major fraction
of the membrane-bound M protein became detergent-
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resistant when coexpressed with HN and F (Table 1).
Variations in the percentage of detergent resistance of M
protein when expressed with different glycoproteins may
be due to varying levels of expressed proteins as well as
to the affinity of interaction and stability of the complex
and therefore may not reflect the relative contribution of
F and HN proteins in membrane binding of M protein in
Sendai virus-infected cells.

Domains of F protein involved in rendering the
membrane-bound M protein detergent-resistant

Since Sendai virus F protein affected the detergent
resistance of the membrane-bound M protein when both
F and M proteins were coexpressed, we wanted to
investigate the domains of F protein involved in render-
ing the membrane-bound M protein detergent-resistant.
Accordingly, chimeras between Sendai virus F and het-
erologous influenza virus HA protein, both type I trans-
membrane proteins, were constructed by switching ei-
ther the transmembrane domain (FHF) or the cytoplas-
mic tail (FFH) of F with that of HA (Fig. 4A). and
recombinant vaccinia viruses were made with these chi-
meric constructs. The junction sequences in the chime-
ras FHF and FFH are shown in Fig. 4B. Both chimeras
were expressed efficiently and transported to the plasma
membrane. Migration behavior and endo H resistance
demonstrating the maturation of the chimeric (FFH and
FHF) and wild-type proteins (F and HA) are shown in Fig.
4C. Since the ectodomain of F protein cannot interact
with M protein, FHF and FFH will have the cytoplasmic
tail and transmembrane domain of F, respectively, for
interaction with M protein. BHK cells were infected with
RVVM alone or coinfected with recombinant vaccinia
viruses coexpressing M and HA, M and FHF, or M and

TABLE 1

Detergent Resistance of the Membrane-Bound Sendai Virus M
Protein and Glycoproteins in Coexpressing BHK Cells

Coexpressing
proteins

% of detergent-resistant
membrane-bound

M protein

% of detergent resistant
membrane-bound

glycoproteins

M only 0 —
Influenza HA 1 M 0 60 6 5
F 1 M 80 6 5 70 6 5
HN 1 M 70 6 6 75 6 8
F 1 HN 1 M 95 6 5 62 6 5 (F), 80 6 8 (HN)
FHF 1 M 80 6 7 75 6 8
FFH 1 M 50 6 5 60 6 5

Note. These results are calculated by densitometric analysis of
autoradiographs shown in Figs. 3 and 4 from three or more indepen-
dent experiments. All proteins were expressed using recombinant
vaccinia virus.
FFH. At 6.0 hpi, recombinant vaccinia virus-infected cells
were pulse-labeled and chased; pure membrane frac-
tions were isolated from the 4K supernatant, treated with
(1) or without (2) detergent, and analyzed by flotation
gradients as stated under Materials and Methods. Re-
sults show that the membrane-bound M protein ex-
pressed alone or in the presence of a heterologous
influenza virus HA protein was completely detergent sol-
uble (Figs. 5A and 5B, 1 TX) although 60% of the mem-
brane-bound HA was detergent-resistant (Fig. 5B, 1TX).
However, upon coexpression of M protein with the chi-
mera containing the transmembrane domain of F (FFH),
50% of the membrane-bound M protein became deter-
gent-resistant (Fig. 5D, Table 1). Similarly, coexpression
of the chimeric protein containing the cytoplasmic tail of
F (FHF) rendered 80% of the membrane-bound M protein
detergent-resistant (Fig. 5C, Table 1). These results dem-
onstrate that both the cytoplasmic tail and the transmem-
brane domain of F can render M protein resistant to
detergent treatment and therefore support the interaction
of M protein with both the cytoplasmic tail and the trans-
membrane domain of F and HN proteins. However, as
mentioned earlier, the relative percentage of detergent
resistance of the membrane-bound M protein may not
indicate the relative contribution of these domains in
interacting with M protein. The transmembrane domain
and cytoplasmic tail of HA were also shown to interact
with influenza virus M1 (Ali et al., 2000).

Membrane-bound M protein became detergent-
resistant in Sendai virus-infected BHK cells

To determine whether the membrane-bound M protein
became detergent-resistant in early and late phases of
the Sendai virus infectious cycle, BHK cells were in-
fected with Sendai virus (10 m.o.i.), pulse-labeled for 20
min at 2.5 hpi (early) and 6.5 hpi (late), and chased in the
presence of cycloheximide for 3 h (early) or 1 h (late).
Membrane fractions were isolated from cells immedi-
ately after pulse-labeling or after chase, treated with (1)
or without (2) TX-100, and analyzed by flotation gradi-
ents. Results show that both early and late in the infec-
tious cycle, the membrane-bound glycoproteins (F and
HN) immediately after pulse were predominantly deter-
gent-soluble [only 5–8% detergent-resistant for both F
and HN (Figs. 6A and 6C, 1TX; and Table 2)], as ex-
pected. After chase, however, the majority of the labeled
F and HN proteins became detergent-resistant as ex-
pected because of their association with the lipid raft in
the trans-Golgi and plasma membrane of virus-infected
cells (Figs. 6B and 6D, 1TX; and Table 2). The mem-
brane-bound M protein, immediately after pulse at 2.5
hpi, was completely detergent-soluble (Fig. 6A, 1TX; and
Table 2). However, late in the infectious cycle, a fraction
(25%, Table 2) of the membrane-bound M protein be-
came detergent-resistant (Fig. 6C, 1TX). This would be

expected since at 6.5 hpi, mature glycoproteins will be
present in the trans-Golgi network (TGN) and plasma
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membrane containing detergent-resistant lipid rafts and
some of the newly synthesized M proteins would bind to
these preexisting mature glycoproteins and thereby be-
come detergent-resistant.

However, after chase, approximately 90% of the mem-
brane-bound M protein became detergent-resistant both
early and late in the infectious cycle (Figs. 6B and 6D,
Table 2). This could be explained due to maturation of
glycoproteins during the chase and the interactions of M
protein with mature F and HN proteins. Mature F and HN
would acquire detergent resistance due to their associ-
ation with lipid rafts at the TGN and plasma membrane.
Early in the infectious cycle, the chase was extended to
3 h to ensure that most glycoproteins became mature
and associated with lipid rafts. These results support the

FIG. 4. Construction and expression of chimeras (FHF, FFH) con
hemagglutinin. (A) Schematic representation of chimeric constructs be
sites of the transmembrane domain and cytoplasmic tail in the chime
chimeric proteins after pulse (30 min) and chase (1 h) in BHK cells infec
proteins. FFF and HHH represent the ectodomain, transmembrane d
respectively. Two underlined amino acids (T and Y) in FHF are from
cytoplasmic tail of HA. R, resistant; S, sensitive.
finding that in Sendai virus-infected cells, the membrane-
bound Sendai virus M protein acquired a detergent-
resistant form due to its interaction with mature glyco-
proteins present in the lipid rafts. In addition, a signifi-
cant fraction of NP was also membrane-bound both
before and after detergent treatment (Figs. 6A–6D, frac-
tions 1 and 2). Membrane binding of NP before and after
detergent treatment was likely due to the interaction of
nucleocapsid with the membrane via M protein and gly-
coproteins as has been observed previously (Mottet et
al., 1996; Sanderson et al., 1993; Stricker et al., 1994). It is
interesting to note that the membrane-bound NP (nucleo-
capsid) became more detergent-resistant with chase
(compare TX1 and TX2, Fig. 6), suggesting the possible
maturation of nucleocapsids and their interaction with
the detergent-resistant membrane. It should be noted
that in Fig. 6 only the pure membrane fractions were

the transmembrane domain or cytoplasmic tail of influenza virus
Sendai virus F and influenza virus HA. (B) The sequence and junction
d wild-type proteins. (C) The endo H resistance (1) of wild-type and
th recombinant vaccinia viruses expressing the wild-type and chimeric

and cytoplasmic tail of the Sendai virus F and influenza virus HA,
smembrane domain of F protein. The other underlined sequence is
taining
tween
ric an
ted wi
omain,
used, whereas in Fig. 1 the total 4K supernatant was
used in flotation analysis. Therefore, more non-mem-
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brane-bound cytoplasmic NP and M proteins were
present in the 4K supernatant (Figs. 1A and 1B, fractions
3, 4, and 5) than in membrane fractions before TX-100
treatment (Figs. 6A and 6C, fractions 3, 4, and 5).

Colocalization of M protein with F and HN in cells
infected with Sendai viruses or recombinant
vaccinia viruses

To determine whether M protein colocalizes with F
and HN, two sets of experiments were done. BHK cells
were infected synchronously at 4°C with 10 m.o.i. of
Sendai virus. Subsequently, cells were washed and in-
cubated at 37°C for 2 h when monensin (1 mM, final
concentration) was added to one set of virus-infected
cells and the other set was incubated without monensin.

FIG. 5. Detergent resistance of the membrane-associated M protein
when coexpressed with chimeric constructs of influenza HA and Sen-
dai virus F proteins. (A–D) Detergent resistance of membrane-associ-
ated M protein when coexpressed in the presence of heterologous or
chimeric proteins. BHK cells (5 3 106) were infected with RVV express-
ng M alone (A), M with influenza virus HA (B), M with FHF (C), or M with
FH (D) as described under Materials and Methods. At 6 hpi, cells were
ulse-labeled with 300 mCi of 35S Easy tag for 30 min and chased for 90

min. Pure membrane fractions we isolated from 4K supernatants,
treated without (2) or with (1) TX-100 (0.03%), and analyzed by flotation
gradients. Fractions were collected from the top (1), immunoprecipi-
tated, and analyzed by SDS–PAGE.
Following further incubation for 5 h at 37°C with or
without monensin, cells were fixed, permeabilized, and
stained for M and F or for M and HN using polyclonal
anti-M and monoclonal anti-F or anti-HN antibodies and
a mixture of fluorescein-tagged anti-rabbit IgG and rho-
damine-tagged anti-mouse IgG. The stained cells were
examined by confocal microscopy. Results show that in
the absence of monensin both F and HN (red) and M
protein (green) were present throughout the cell includ-
ing the cell periphery although compared to M protein,
both F and HN proteins were more concentrated in the
perinuclear region (compare Figs. 7A and 7B versus
Figs. 7J and 7K). Superimposition of staining clearly
showed orange and yellow staining, indicating colocal-
ization of M with F and HN particularly in the perinuclear
region (Figs. 7C and 7L).

Colocalization was further demonstrated in Sendai vi-
rus-infected cells by monensin treatment. Monensin
blocks the exocytic transport of glycoproteins (F and HN)
in the mid-Golgi region and this can be seen from the
one-sided, perinuclear concentration of F and HN pro-
teins (Figs. 7E and 7N) in cells after monensin treatment.
However, it was also observed that the distribution of M
protein that is not transported via the exocytic pathway
was also distinctly different in these monensin-treated
cells (Figs. 7D and 7M) when compared to that in cells
without monensin treatment (Figs. 7A and 7J). It can be
seen that in general in monensin-treated cells M protein
was also more concentrated in the perinuclear region
and present much less in the cell periphery. Superimpo-
sition of staining further showed a distinct colocalization
of M with F and HN in specific orange or yellow spots
(Figs. 7F and 7O). Three-dimensional rotation of images
after superimposition as well as analysis of total cell
sections supported the colocalization of these proteins
inside the cells. These results show that M protein co-
localized with both F and HN proteins in Sendai virus-
infected cells either in the presence or in the absence of
monensin treatment.

We also examined the colocalization of M with F and
HN in the absence of other Sendai viral proteins by
coexpressing M with either F or HN using a recombinant
vaccinia virus expression system. Essentially, a pattern
similar to that observed in Sendai virus-infected cells
was also observed in coexpressing cells. Both M protein
and glycoproteins were more diffuse in the cytoplasm in
the absence of monensin and became distinctly perinu-
clear in the presence of monensin, supporting colocal-
ization of M with F and HN (data not shown). These
results indicate that colocalization of M protein with F or
HN did not depend on other viral proteins, supporting a
direct interaction of M protein with F or HN.

However, it should be noted that colocalization of
these proteins throughout the cells was neither uniform
nor complete. Such variation was expected because of
the different levels of each protein present in different

subcellular components at a given stage of the viral life
cycle and because of the different functions of M and
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glycoproteins in the virus life cycle. Furthermore, M pro-
tein interacts not only with glycoproteins but also with
viral nucleocapsid containing NP (Peeples, 1991). There-
fore, distribution of M protein will be different from that of
glycoproteins. However, it is not known whether M pro-
tein can directly interact with NP protein when coex-
pressed in the absence of nucleocapsid. With influenza

TABLE 2

TX-100 Resistance of Membrane-Bound Sendai Virus Proteins
in Sendai Virus-Infected Cells

Early Late

Pulse Chase Pulse Chase

HN 5 6 5 78 6 6 5 6 5 75 6 5
F 8 6 5 68 6 8 8 6 5 66 6 6
M 0 90 6 10 25 6 5 88 6 10
NP 5 6 5 80 6 5 25 6 6 75 6 5

Note. Sendai virus-infected cells were pulse-labeled and chased at
2.5 hpi (early) and 6.5 hpi (late) as described in the legend to Fig. 5.

FIG. 6. Detergent resistance of the membrane-associated M prot
membrane-associated M protein synthesized early (2.5 hpi) in the viru

.o.i.), pulse-labeled with 300 mCi at 2.5 hpi for 20 min (A), and chased f
nd fractionated, and pure membranes were isolated from the 4K supe
2) or with (1) 0.03% TX-100 and analyzed by a second flotation gradi

) Analysis of M protein synthesized late (6.5 hpi) in the virus replicatio
or 20 min (C) and chased for 1 h (D) in the presence of cycloheximid
ells as above, treated without (2) or with (1) 0.03% TX-100, and analyz
DS–PAGE. X, nonspecific protein band.
Standard deviations were determined from three or more independent
experiments.
viruses, it has been shown that although M1 interacts
with RNP, M1 and NP can form homodimers and homo-
oligomers but they do not form M1/NP heterodimers
when coexpressed (Avalos et al., 1997; Zhang and Lamb,
1996; Ye et al., 1999).

DISCUSSION

M protein plays a critical role in the assembly and
udding of paramyxoviruses (Peeples, 1991; Dubois-
alcq et al., 1984). This was demonstrated by numerous
tudies showing a correlation of reduced Sendai virus
article formation with the reduced production of M pro-

ein or synthesis of defective M protein (Machamer et al.,
981; Roux et al., 1984; Yoshida et al., 1979). Ultrastruc-

tural, biochemical, and immunological studies of virus-
infected cells and virus particles indicate that M protein
is likely to interact with the components of nucleocapsid
on the inner side and the viral envelope on the outer
side. Association of M protein with viral nucleocapsid
may involve its interaction with RNA (Heggeness et al.,
1981), NP (Markwell and Fox, 1980; Nagai et al., 1978), L

Sendai virus-infected BHK cells. (A and B) TX-100 treatment of the
cation cycle. BHK cells (5 3 106) were infected with Sendai virus (10
B) in the presence of 1.0 mM cycloheximide. Cells were then harvested

by flotation gradient. The pure membranes were then treated without
ctions were immunoprecipitated and analyzed by SDS–PAGE. (C and
. Sendai virus-infected BHK cells were labeled with 300 mCi at 6.5 hpi
scribed above. Membrane fractions were isolated from virus-infected

flotation gradient. Fractions were immunoprecipitated and analyzed by
ein in
s repli
or 3 h (
rnatant
ent. Fra
n cycle

e as de
protein (Hamaguchi et al., 1983), and possibly other com-
ponents including P protein. Crosslinking, electron mi-
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299M PROTEIN INTERACTION WITH SENDAI VIRUS GLYCOPROTEINS
croscopic, and biophysical analyses have also shown
that M protein interacts with M protein forming dimers or
homo-oligomers (Markwell and Fox, 1980; Nagai et al.,

978; Büechi and Bächi, 1982; Hewitt and Nermut, 1977;
eggeness et al., 1981).
Numerous studies have supported the interaction of M

protein with viral glycoproteins in Sendai virus-infected
cells. Monensin treatment prevented both viral glycopro-
teins and M protein from reaching the plasma membrane
(Yoshida et al., 1986; Sanderson et al., 1993). Using an-
ibody-induced cocapping, it has been reported that an-
ibodies against viral glycoproteins resulted in capping
f M and NP and that cytochalasin B treatment reduced
ocapping of NP, but not of M protein, with glycoproteins

n cells chronically infected with measles virus (Tyrrell
nd Ehrnst, 1979). Yoshida et al. (1979) also observed

hat antibody-inducing capping of Sendai viral glycopro-
eins was faster and more complete at the nonpermis-
ive temperature than at the permissive temperature in
ells infected with a Sendai virus ts M mutant, suggest-

ng greater mobility of glycoproteins in the absence of M
rotein. Furthermore, it was also reported that in vitro

nteraction of glycoproteins with nucleocapsid depended
n the presence of M protein (Yoshida et al., 1976).
owever, despite this indirect evidence supporting the

nteraction of M protein with Sendai virus glycoproteins,
vidence for direct interaction between Sendai or any
aramyxoviral glycoproteins and M protein is lacking or
onflicting. Coimmunoprecipitation of the M/glycoprotein
omplex using anti-M, anti-F, or anti-HN antibodies or
rosslinking experiments have failed to demonstrate in-

eraction of M with F or HN (Markwell and Fox, 1980).
imilarly, in vitro experiments using cotranslation of M
rotein and glycoproteins have failed to demonstrate an

nteraction of M with glycoproteins (unpublished data).
inally, as mentioned earlier, attempts to demonstrate

nteraction of M and glycoproteins by coexpression and
lotation analysis have yielded conflicting results due to
he inherent membrane-binding property of M protein
Mottet et al., 1996; Sanderson et al., 1993; Stricker et al.,
994). Therefore, the goal of this report was twofold: (i) to
emonstrate the interaction of M protein with F and HN
nd (ii) to define the domains of F protein involved in the

nteraction with M protein.
In the experiments reported here, we used a protocol

reating the membrane fraction with TX-100 detergent,

FIG. 7. Distribution of M and glycoproteins (HN and F) in Sendai viru
on coverslips and synchronously infected with 10 m.o.i. of Sendai viru

oncentration was added to a set of some cells at 2 hpi (D–F, G–I, and
ere fixed with ice-cold acetone:methanol (1:1) incubated with a mixtu
ith a mixture of anti-M rabbit polyclonal and anti-HN mouse monoclo
nti-HN mouse monoclonal antibodies, and anti-F mouse monoclonal

red). The stained cells were examined by confocal microscopy as desc

nd J–L) Virus-infected cells without monensin treatment; (D–F and M–O), vir

ollows: (A, D, G, J, and M) green; (B, E, H, K, and N) red; (C, F, I, L, and O) re
hich eliminates the membrane binding of M protein
lone in the absence of F and HN. The procedure used

n this report permits assaying the specific membrane
inding of M protein due to its interaction with Sendai
iral glycoproteins. As mentioned earlier, in this protocol
e have taken advantage of apical glycoproteins acquir-

ng higher TX-100 resistance due to their interaction with
ipid rafts in the trans-Golgi region. However, as men-
ioned earlier, the specific concentration of TX-100
eeded to demonstrate the M protein/glycoprotein inter-
ction may vary for different transmembrane viral pro-

eins. Using this procedure, we have demonstrated that
protein can interact with F and HN in the absence of

ny other viral proteins. This was further confirmed by
onfocal microscopy demonstrating the colocalization of

with F and HN in Sendai virus-infected cells both in
he presence and in the absence of monensin. Similar
esults on colocalization were also observed by Stricker
t al. (1994) from the analysis of cells infected with
efective interfering viruses except that they concluded

hat a third factor, namely, the viral nucleocapsid, was
lso involved in the formation of glycoprotein/M complex.
he data presented in this paper demonstrate that F and
N can interact with M protein in the absence of other
endai viral proteins and that the viral nucleocapsid is
ot an obligatory factor in the M/glycoprotein interaction.
arlier studies by other workers also support our obser-
ation that NP (or nucleocapsid) is not essential for

nteraction of M with glycoproteins. Tyrrell and Ehrnst
1979) observed that cytochalasin B treatment, which
issociates actin filaments, reduced cocapping of NP but
ot cocapping of M and viral glycoproteins. Interaction of

protein with HN protein is also supported from the
tudies of Roux et al. (1984), who concluded that in cells
ersistently infected with standard and DI viruses, M
rotein was responsible for the higher instability of HN
rotein. Recent studies also showed that in influenza
irus-infected cells and in cells coexpressing M1, HA,
nd NA, M1 protein interacts with both HA and NA but
ot with heterologous Sendai virus F protein (Ali et al.,
000). This is not to suggest that the viral nucleocapsid

or NP) does not affect or facilitate M/glycoprotein inter-
ction. Flotation analysis data of Sendai virus-infected
ells presented here (Fig. 6) and previously reported

Sanderson et al., 1993; Stricker et al., 1994) clearly
howed that nucleocapsids became membrane-associ-

ed BHK cells by confocal microscopy. BHK cells (4 3 105) were grown
C or mock-infected and incubated at 37°C. Monensin at 10 mM final

and incubated for another 5 h at 37°C. At 7 hpi, all virus-infected cells
nti-M rabbit polyclonal and anti-F mouse monoclonal antibodies (A–F)
ibodies (J–O), or with a mixture of anti-M rabbit polyclonal antibodies,
ies (G–I) and stained with anti-rabbit IgG (green) and anti-mouse IgG
nder Materials and Methods. (G–I) Mock-infected with monensin. (A–C
s-infect
s at 4°
M–O)
re of a
nal ant
antibod
ribed u
us-infected cells treated with monensin. Image analysis was done as
d and green (original magnification, 6003).
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300 ALI AND NAYAK
ated in Sendai virus-infected cells, possibly due to their
interaction with viral glycoproteins via M protein. Simi-
larly, reconstitution experiments in vitro also demon-
strated that the interaction of viral glycoproteins with
nucleocapsid required the presence of M protein (Yo-
shida et al., 1976).

Our studies with chimeric constructs demonstrated
that both the cytoplasmic tail and the transmembrane
domain of F protein were involved in interactions with M
protein (Fig. 5). Earlier studies with SSPE (subacute scle-
rosing panencephalitis) measles virus (Cattaneo et al.,
1988) indicated that mutations in the cytoplasmic tail of F
protein could affect interactions with M protein and con-
sequently virion formation. The cytoplasmic tails of HN
and F proteins were found to process critical determi-
nants for their incorporation into Sendai virus particles
(Fouillot-Coriou and Roux, 2000; Takimoto et al., 1998)
and in the assembly of paramyxovirus simian virus 5
(Schmitt et al., 1999) and measles virus (Cathomen et al.,

998). Similarly, the cytoplasmic tails of influenza virus
A and NA proteins have been shown to affect the lipid

aft association influenza virus glycoproteins as well as
orphogenesis of influenza viruses (Zhang et al., 2000).
lthough a majority of studies have indicated a possible

nteraction of M protein with the cytoplasmic tail of gly-
oprotein (see reviews by Dubois-Dalcq et al., 1984;
eeples, 1991), our data also show that M protein, in
ddition to the cytoplasmic tail of glycoproteins, also

nteracts with the transmembrane domain of F (Fig. 4D).
owever, this was not unexpected since M protein ex-
ressed alone has been shown to be membrane-bound

Mottet et al., 1996). Furthermore, freeze-fracture analysis
howed that clusters of M protein were associated with

he inner leaflet of the lipid bilayer of the membrane
Büechi and Bächi, 1982), thereby making it possible for

protein to be in contact with the transmembrane do-
ain of glycoproteins. With influenza virus, M1 protein

as been shown to interact with both the transmembrane
omain and the cytoplasmic tail of HA (Ali et al., 2000),
upporting a similar interaction of matrix proteins and
lycoproteins among both orthomyxo- and paramyxovi-

uses.
Finally, confocal microscopy analysis of both Sendai

irus-infected cells and cells coexpressing M, F, and HN
hows colocalization of M protein with F and HN (Fig. 7).
hese data also show that colocalization can occur at

he plasma membrane as well as during the transit of
lycoproteins through the exocytic pathway. The data
resented here confirm and extend the earlier finding

hat M protein that does not use the exocytic pathway
an be blocked to the perinuclear region in Sendai virus-

nfected cells either using defective M protein (Mottet et
l., 1999) or lower temperature block (Sanderson et al.,
993). In addition, the biochemical and morphological

ata presented here demonstrate that interaction of M
rotein with F and HN protein can occur in the absence
f other viral proteins including NP. Although our data
how the interaction of M protein with glycoproteins in

he mid-Golgi region blocked by monensin, we cannot
ule out a possible interaction of M with glycoproteins in
he earlier extocytic transport compartments including
he ER. However, neither our data nor the data presented
arlier show that interaction of M protein with glycopro-

eins occurs only during the exocytic pathway but not at
he plasma membrane. More likely, the concentration of
lycoproteins in a specific membrane compartment will
ffect M protein colocalization.

In conclusion, the data presented here demonstrate
hat using TX-100 detergent, it is possible to eliminate the
onspecific membrane binding of M protein and thereby
ssay the specific membrane binding of M protein in the
resence of F and HN. Furthermore, our data show that
pecific interaction occurs only with homologous glyco-
roteins and not with heterologous glycoproteins such
s influenza virus HA. We also show that M protein

nteracts with both the transmembrane domain and the
ytoplasmic tail of F protein. Now it will be possible to
efine the specific sequences of interaction between M
rotein and glycoproteins. Finally, immunofluorescence
nalysis using confocal microscopy shows specific co-

ocalization of M with F and HN proteins both at the
lasma membrane and during exocytic transport. These

esults clearly support the specific interaction of M pro-
ein with F and HN proteins in Sendai virus-infected
ells.

MATERIALS AND METHODS

ells, virus, and antibodies

Wild-type Sendai virus (Z strain) was grown in 10-day-
ld embryonated chicken eggs (Sanderson et al., 1993).
HK, CV-1 and HeLa cells were grown in minimal essen-

ial medium (MEM, Gibco BRL, Richmond, CA) supple-
ented with 10% fetal bovine serum (FBS), 250 U of

enicillin/ml, and 250 mg of streptomycin/ml. Monoclonal
antibodies against Sendai virus F and HN proteins were
gifts from Dr. Allen Portner, (St. Jude Research Hospital,
Memphis, TN). Polyclonal anti-M antibodies were made
in rabbits. Polyclonal antibodies against whole Sendai
virus and Sendai F protein were obtained from J. Seto
(California State University, Los Angeles, CA). Anti-rabbit
IgG conjugated with fluorescein isothiocyanate (FITC)
and anti-mouse IgG conjugated with tetramethyl rhoda-
mine isothiocyanate (TRITC) were purchased from Sigma
Chemical Co. (St. Louis, MO).

Construction of recombinant vaccinia viruses

Recombinant vaccine viruses expressing Sendai virus
F, HN, M, influenza virus HA genes, or chimeric con-

structs were made using the procedure described
previously (Chakrabarti et al., 1985). cDNAs of WSN
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301M PROTEIN INTERACTION WITH SENDAI VIRUS GLYCOPROTEINS
(A/WSN/33) influenza virus HA, Sendai virus Z strain F,
and chimeric constructs were inserted into the multiple
cloning site of the vaccinia virus expression vector
pSC11 containing the 7.5 promoter sequence upstream
of the multiple cloning site and the thymidine kinase
gene. Chimeric constructions were done by swapping
domains between WSN HA and Sendai virus F (Fig. 4A).
Chimeric constructs were designated FHF or FFH, indi-
cating the ectodomain, transmembrane domain, and cy-
toplasmic tail, respectively, of either Sendai virus F pro-
tein (F) or influenza virus HA protein (H). Each construct
was sequenced to ensure that additional PCR mutations
were not created. All vaccinia viruses were propagated
in HeLa cells and plaque-titered in CV-1 as previously
described (Sanderson et al., 1994). For expression, BHK
or HeLa cells were infected with RVV expressing specific
proteins at 10 m.o.i.

Radiolabeling

BHK cells (5 3 106) were infected with Sendai virus or
ith recombinant vaccinia viruses at 10 m.o.i. The in-

ected cells were then incubated at 37°C in MEM plus
.5% FBS. At the indicated times postinfection, cells were
tarved with MEM without methionine and cysteine for
0 min and pulse-labeled with 35S Easy Tag Express
rotein labeling mix (NEN Life Science Products Inc.,
oston, MA). The labeling medium was then replaced
ith the chase medium (MEM plus 2.5% FBS supple-
ented with a 10 mM concentration of unlabeled cys-

eine and methionine) and chased for various times as
ndicated. The pulse and chase times and the amount of

35S-labeled amino acids varied with different experi-
ents and are stated in the figure legends.

ubcellular fractionation and flotation analysis

For subcellular fractionation, BHK cells infected with
endai viruses or recombinant vaccinia viruses were
ashed twice in ice-cold phosphate-buffered saline con-

aining Ca21 and Mg21, scraped from dishes, and pel-
eted by centrifugation. The cell pellet was resuspended
n ice-cold hypotonic lysis buffer [10 mM Tris HCl (pH
.5), 10 mM KCl, 5 mM MgCl2] and incubated on ice for 30
in. Cells were then disrupted by repeated passage (25

imes) through a 26-gauge hypodermic needle, and un-
roken cells and nuclei were removed by centrifugation
t 1000g for 5 min (SW 50 rotor at 4000 rpm) at 4°C. The
ostnuclear supernatant (4K supernatant) was then sub-

ected to flotation analysis as described (Sanderson et
l., 1994). Briefly, aliquots of the 4K postnuclear super-
atants (0.4 ml) were dispersed into 2 ml of 75% (wt/wt)
ucrose in low-salt buffer (LSB) containing 50 mM Tris–
Cl (pH 7.5), 25 mM KCl, and 5 mM MgCl2 and layered on
.5 ml of 80% (wt/wt) sucrose, overlaid with 2 ml of 55%
wt/wt) sucrose in LSB and approximately 0.6 ml of 5%
wt/wt) sucrose in LSB. Gradients were then centrifuged w
or 18 h at 38,000 rpm using a SW 55 Ti rotor at 4°C, and
500-ml fraction containing the visible membrane frac-

ion (called the pure membrane fraction) was collected
rom the top and pooled. Four-hundred-microliter ali-
uots of this membrane fraction were treated with or
ithout TX-100 (Boehringer Mannheim, Mannheim, Ger-
any) on ice for 15 min and used for a second flotation

radient as above. Five 1-ml fractions were collected
rom the top by using a Hacki-Buchler Auto Densiflow II
radient remover (Buchler Instruments, Lenexa, KS) and
sed for immunoprecipitation. Therefore, in all gradients

he top fraction is 1 and bottom fraction is 5. In these
lotation gradients, fractions 1 and 2 contain the mem-
rane fraction and fractions 3, 4, and 5 contain the
onmembranous, soluble proteins. To avoid any varia-

ion in detergent and membrane concentration, the same
umber of cells was used in each experiment, the pro-

ein concentration in the pure membrane fraction was
etermined, and the same amounts of membrane frac-

ions were used for detergent treatment and flotation
radient analysis.

mmunoprecipitation

All gradient fractions were diluted with 3 ml of LSB
efore addition of 1 ml of 53 concentrated radioimmu-
oprecipitation assay (RIPA) buffer [13 RIPA buffer con-

ains 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1.0% TX-
00, 0.5% sodium deoxycholate, 0.1% SDS, 1.0 mM phe-
ylmethylsulfonyl fluoride (Sigma), 2% aprotinin (Sigma).
amples were then shaken in RIPA buffer at 4°C for 2 h
efore the addition of antibodies. Each fraction was

mmunoprecipitated with polyclonal anti-Sendai virus
abbit antibodies (AS 74) or polyclonal anti-WSN antibod-
es. Subsequently, 7 mg of protein A–Sepharose beads
Pharmacia, Uppsala, Sweden) was added to each sam-
le and the mixture was incubated for 1.5 h at 4°C.

mmunoprecipitates bound to Sepharose beads were
elleted by centrifugation and washed three times in
IPA buffer containing 5 mg of bovine serum albumin

BSA) per milliliter, followed by another wash with RIPA
uffer. Immunoprecipitates were then dissolved in SDS–
ample buffer [50 mM Tris–HCl (pH 6.8), 5% 2-b mercap-

toethanol, 2% SDS, 10% (wt/vol) glycerol, and 0.1% (wt/vol)
bromophenol blue] at 95°C for 5 min and analyzed by
SDS (0.1%)–10% PAGE and autoradiography. Quantifica-
tions were done by densitometric scanning of autoradio-
graphs with a LKB 2222-020 Ultrascan-XL Laser densi-
tometer (Pharmacia-LKB, Uppsala, Sweden) using
QuanTN software (Molecular Dynamics, Sunnyvale, CA).
Data from three or more independent experiments were
used for quantification analysis.

Immunofluorescence by confocal microscopy
5
For immunofluorescence analysis, BHK cells (4 3 10 )

ere grown overnight in tissue culture coverslips (Nunc,
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Naperville, IL) and synchronously infected with Sendai
virus or RVV for 1.0 h at 4°C. Following adsorption, 1.5 ml
of prewarmed (37°C) MEM containing 2.5% FBS was
added to the cell monolayers for the indicated times. For
monensin (Sigma) treatment of the virus-infected cells,
prewarmed MEM containing 2.5% FBS and monensin (10
mM final concentration) was added at 2 hpi and incu-
bated for a further 5 h at 37°C. At 7 hpi, infected BHK
cells were fixed with a methanol:acetone mixture (1:1) at
220°C for 20 min. RVV-infected HeLa cells were fixed
with 4% formaldehyde for 20 min at room temperature
and permeabilized with 1% NP-40 for 30 min at room
temperature. To block the nonspecific antibody binding,
the cells were incubated in 3% BSA (Sigma) for 30 min.
Primary antibodies, anti-M rabbit polyclonal antibodies,
and anti-F and anti-HN mouse monoclonal antibodies
were diluted in 3% BSA and incubated with cells for 1 h
at room temperature as described previously (Avalos et

l., 1997). Cells were then stained with FITC-tagged anti-
abbit IgG and TRITC-tagged anti-mouse IgG (Sigma).
ells were mounted in Vectashield (Vector Laboratories,
urlingame, CA). Specimens were imaged on a Leica
CS-SP inverted confocal microscope (Leica Microsys-

ems, Heidelberg GmbH, Germany) equipped with an
rgon laser for 488-nm blue excitation for FITC and a
rypton laser for 568-nm red excitation for TRITC. The

hickness of each digital section obtained by the micro-
cope was 0.6 mm and at least 30 serial sections

throughout the cells were analyzed. Image analysis was
performed using the Leica TCS-NT software provided
with the microscope. Images were superimposed digi-
tally to allow fine comparison. Colocalization by super-
imposition of green (FITC) and red (TRITC) signals in a
single pixel produces yellow or orange, while separated
signals remain green and red.
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Manié, S. N., Debreyne, S., Vincent, S., and Gerlier, D. (2000). Measles
virus structural components are enriched into lipid raft microdo-
mains: A potential cellular location for virus assembly. J. Virol. 74,
305–311.

Markwell, M. A., and Fox, C. F. (1980). Protein–protein interactions
within paramyxoviruses identified by native disulfide bonding or
reversible chemical cross-linking. J. Virol. 33, 152–166.

Mebatsion, T., Konig, M., and Conzelmann, K.-K. (1996). Budding of
rabies virus particles in absence of the spike glycoprotein. Cell 84,
941–951.
ottet, G., Mühlemann, A., Tapparel, C., Hoffmann, F., and Roux, L.
(1996). A Sendai virus vector leading to the efficient expression of
mutant M proteins interfering with virus particle budding. Virology
222, 159–171.
ottet, G., Muller, V., and Roux, L. (1999). Characterization of Sendai
virus M protein mutants that can partially interfere with virus particle
production. J. Gen. Virol. 80, 2977–2986.

Nagai, Y., Ogura, H., and Klenk, H. D. (1976). Studies on the assembly
of the envelope of Newcastle disease virus. Virology 69, 523–538.

Nagai, Y., Yoshida, T., Hamaguchi, M., Iinuma, M., Maeno, K., and
Matsumoto, T. (1978). Cross-linking of Newcastle disease virus
(NDV) proteins. Arch. Virol. 58, 15–28.

Nayak, D. P. (1996). A look at assembly and morphogenesis of ortho-
myxo- and paramyxoviruses. ASM News 62, 411–414.

Nayak, D. P. (2000). Virus morphology, replication and assembly. In
“Viral Ecology” (C. J. Hurst, Ed.), pp. 64–123. Academic Press, San
Diego.

Peeples, M. E. (1991). Paramyxovirus M proteins: Pulling it all together
and taking it on the road. In “The Paramyxovirus” (D. W. Kingsbury,
Ed.), pp. 427–456. Plenum, New York.

Portner, A., Scroggs, R. A., Marx, P. S., and Kingsbury, D. W. (1975). A
temperature-sensitive mutant of Sendai virus with an altered hem-
agglutinin-neuraminidase polypeptide: Consequences for virus as-
sembly and cytopathology. Virology 67, 179–187.

Roux, L., and Beffy, P. (1984). Cell division does not affect Sendai virus
genome replication in persistently infected BHK cells. J. Gen. Virol.
65, 2055–2060.

Roux, L., Beffy, P., and Portner, A. (1984). Restriction of cell surface
expression of Sendai virus hemagglutinin-neuraminidase glycopro-
tein correlates with its higher instability in persistently and standard
plus defective interfering virus-infected BHK-21 cells. Virology 138,
118–128.

Sanderson, C. M., McQueen, N. L., and Nayak, D. P. (1993). Sendai virus
assembly: M protein binds to viral glycoproteins in transit through

the secretory pathway. J. Virol. 67, 651–663.

anderson, C. M., Wu, H. H., and Nayak, D. P. (1994). Sendai virus M
protein binds independently to either the F or the HN glycoprotein in
vivo. J. Virol. 68, 69–76.

Scheid, A., Gravas, M. C., Silver, S. M., and Choppin, P. W. (1978).
Studies on the structure and function of paramyxovirus glycopro-
teins. In “Negative Strand Viruses and the Host Cell” (B. W. J. Mahy
and R. D. Barry, Eds.), pp. 181–193. Academic Press, New York.

cheiffele, P. Roth, M. G., and Simons, K. (1997). Interaction of influenza
virus haemagglutinin with sphingolipid–cholesterol membrane do-
mains via its transmembrane domain. EMBO J. 16, 5501–5508.

chmitt, A. P., He, B., and Lamb, R. A. (1999). Involvement of the
cytoplasmic domain of the hemagglutinin-neuraminidase protein in
assembly of the paramyxovirus simian virus 5. J. Virol. 73, 8703–8712.

chnell, M. J., Buonocore, L., Boritz, E., Ghosh, H. P., Chernish, R., and
Rose, J. K. (1998). Requirement for a non-specific glycoprotein cyto-
plasmic domain sequence to drive efficient budding of vesicular
stomatitis virus. EMBO J. 17, 1289–1296.

tricker, R., Mottet, G., and Roux, L. (1994). The Sendai virus matrix
protein appears to be recruited in the cytoplasm by the viral nucleo-
capsid to function in viral assembly and budding. J. Gen. Virol. 75,
1031–1042.

uomalainen, M., Liljeström, P., and Garoff, H. (1992). Spike protein–
nucleocapsid interactions drive the budding of alphaviruses. J. Virol.
66, 4737–4747.

akimoto, T., Bousse, T., Coronel, E. C., Scroggs, R. A., and Portner, A.
(1998). Cytoplasmic domain of Sendai virus HN protein contains a
specific sequence required for its incorporation into virions. J. Virol.
72, 9747–9754.

yrrell, D. L., and Ehrnst, A. (1979). Transmembrane communication in
cells chronically infected with measles virus. J. Cell. Biol. 81, 396–402.

e, Z., Liu, T., Offringa, D. P., McInnis, J., and Levandowski, R. A. (1999).
Association of influenza virus matrix protein with ribonucleoproteins.
J. Virol. 73, 7467–7473.

oshida, T., Nagai, Y., Yoshii, S., Maeno, K., Matsumoto, T., and Hoshino,
M. (1976). Membrane (M) protein of HVJ (Sendai virus)—Its role in
virus assembly. Virology 71, 143–161.

oshida, T., Nagai, Y., Maeno, K., Iinuma, M., Hamaguchi, M., Matsu-
moto, T., Nagayoshi, S., and Hoshino, M. (1979). Studies on the role
of M-protein in virus assembly using a ts mutant of HVJ (Sendai
virus). Virology 92, 139–154.

oshida, T., Nakayama, Y., Nagura, H., Toyoda, T., Nishikawa, K.,
Hamaguchi, M., and Nagai, Y. (1986). Inhibition of the assembly of
Newcastle disease virus by monensin. Virus Res. 4, 179–195.

hang, J., and Lamb, R. A. (1996). Characterization of the membrane
association of the influenza virus matrix protein in living cells. Virol-
ogy 225, 255–265.

hang, J., Pekosz, A., and Lamb, R. A. (2000). Influenza virus assembly

and lipid raft microdomains: A role for the cytoplasmic tails of the
spike glycoproteins. J. Virol. 74, 4634–4644.


	INTRODUCTION
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	TABLE 1
	FIG. 4
	FIG. 5
	FIG. 6
	TABLE 2

	DISCUSSION
	FIG. 7

	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

