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F-Actin Modulates Measles Virus Cell-Cell Fusion and Assembly by
Altering the Interaction between the Matrix Protein and the
Cytoplasmic Tail of Hemagglutinin
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Actin filament (F-actin) is believed to be involved in measles virus (MV) assembly as a cellular factor, but the precise roles re-
main unknown. Here we show that Phe at position 50 of the MV matrix (M) protein is important for its association with F-actin,
through which the function of the M protein is regulated. In plasmid-expressed or MV-infected cells, a coimmunoprecipitation
study revealed that the wild-type M (M-WT) protein associated strongly with F-actin but only weakly with the cytoplasmic tail of
the hemagglutinin (H) protein. Since the F50P mutation allowed the M protein the enhanced interaction with the H protein in
return for the sharply declined association with F-actin, the mutant M (M-F50P) protein strongly inhibited MV cell-cell fusion
and promoted the uptake of the H protein into virus particles. The abundantly incorporated H protein resulted in the increase in
infectivity of the F50P virus, although the virus contained a level of genome RNA equal to that of the WT virus. When the struc-
ture of F-actin was disrupted with cytochalasin D, the M-WT protein liberated from F-actin interacted with the H protein as
tightly as the M-F50P protein, suppressing cell-cell fusion and promoting virus assembly comparably efficiently as the M-F50P
protein. The cell-cell fusion activity of the WT virus appeared to be upheld by F-actin, which prevents the M protein interaction
with the H protein. Our results indicate that F-actin in association with the M protein alters the interaction between the M and H
proteins, thereby modulating MV cell-cell fusion and assembly.

Measles virus (MV), a member of the genus Morbillivirus in
the family Paramyxoviridae, is an enveloped virus with a
nonsegmented negative-sense RNA genome of about 16,000 nu-
cleotides. The genomic RNA, encapsidated by the nucleocapsid
(N) protein and associated with a virus RNA-dependent RNA
polymerase composed of two subunits, the phospho (P) and large
(L) proteins, forms a helical ribonucleoprotein complex (RNP)
core of the virus (1). Each virus particle maintains its structure
with the matrix (M) protein underlying the lipid bilayer of the
envelope on which glycoprotein spikes, the hemagglutinin (H)
and fusion (F) proteins, are protruding (2). The initial step of MV
infection is attachment to cells via binding of the H protein to
cellular receptors (3). Clinical isolates of MV utilize the signaling
lymphocyte activation molecule (SLAM; also known as CD150)
and recently identified nectin4 (PVRL4) as receptors to infect cer-
tain types of cells or organs of the immune system (4, 5) and
epitherial cells or tissues (6, 7), respectively. Binding of the H
protein to a receptor triggers fusion of the virus envelope with the
plasma membrane (envelope fusion), a process mediated by the F
protein (8), releasing RNP into the cytoplasm. RNP then initiates
the transcription of virus mRNAs, and as synthesized virus pro-
teins accumulate, the same RNP comes to be used as the template
for synthesis of a positive-strand antigenome, from which virus
genome RNA is replicated.

MV spreads in cell cultures or animal tissues in two ways, either
by producing progeny virus particles that undergo multiple cycles
of infection via envelope fusion or by fusing the infected cells
directly with neighboring uninfected cells, forming syncytium
(cell-cell fusion). Contrary to other members of Paramixoviridae
that perform proper budding processes, release of the infectious
progeny particles of MV is inefficient, and most of the particles
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remain in cell-associated form (9). Therefore, cell-cell fusion
might be required for successful systemic dissemination as well as
pathogenicity of MV in vivo (5, 10). Since the M protein lines the
inner surface of the plasma membrane and releases viruslike par-
ticles (VLPs) when expressed independently of other virus com-
ponents, it is believed that its function is intrinsically required for
virus particle formation (11, 12). In addition, the M protein plays
a key role in accurate virus assembly to produce infectious prog-
eny virus by concentrating the H and F proteins, as well as the RNP
(13-15), at the budding sites on the plasma membrane of the
MV-infected cells. The H and F proteins are connected to the
internal proteins of virus particles through interaction of their
cytoplasmic tails with the M protein (16-18). On the other hand,
for induction of cell-cell fusion, expression of the H and F proteins
alone is sufficient (8), and the M protein inhibits cell-cell fusion by
the interaction with the cytoplasmic tails of the H and F proteins
(19-22). Subacute sclerosing panencephalitis (SSPE) is a neuro-
degenerative disease caused by persistent infection of SSPE virus,
the highly mutated virus derived from MV. Abrogation of the M
protein function due to the accumulated mutations (23) and
shortened glycoprotein tails (24) have been postulated to account
for loss of proper particle assembly and extensive cell-cell fusion of
SSPE virus by limiting the interaction between the M and glyco-
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proteins. Involvement of the interaction between the M protein
and the cytoplasmic tails of envelope glycoproteins in cell-cell
fusion as well as in the particle production has been reported for
other paramyxoviruses (25-30).

Previous studies have demonstrated that actin, a cellular cyto-
skeleton component, is packaged in the completed MV particles
(31, 32). Actin filaments were found to interact with the majority
of MV structural proteins in the infected cells (33, 34) and ap-
peared to be in close association with RNP in virus particles during
the budding process (35). Since inhibitors of actin polymeriza-
tion, such as cytochalasin B (Cyt-B) and Cyt-D and latrunculin A,
restricted the growth of MV during the budding process, filamen-
tous actin (F-actin) is considered to be involved in MV matura-
tion (31, 36-38). However, the precise roles of F-actin in correla-
tion with MV proteins remain to be elucidated. Actin has also
been reported to be related in the maturation of other paramyxo-
viruses, such as Sendai virus, canine distemper virus, respiratory
syncytial virus, and Newcastle disease virus (39, 40, 42—45, 58),
and the direct specific binding of actin to the M protein was dem-
onstrated for Sendai virus (46). Whether the interaction of the M
protein with the cytoplasmic tails of the glycoproteins or the RNP
is affected by F-actin is unknown.

Recently, we isolated an MV variant lacking syncytium forma-
tion from a clinical strain. The variant possessed a single point
substitution, F50P, in the M protein, and the mutant M protein
had lost the ability of the wild-type M protein to associate effi-
ciently with F-actin. In this study, we show that F-actin interferes
with the interaction of the M protein with the cytoplasmic tail of
the H protein, thereby modulating the function of the M protein
in virus cell-cell fusion and assembly.

MATERIALS AND METHODS

Cells and viruses. Vero cells constitutively expressing human SLAM
(Vero/hSLAM) (a gift from Y. Yanagi) (47) and HeLa cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 7% fetal bovine serum (FBS). 293T and
B95a (a marmoset B-cell line transformed with Epstein-Barr virus) (9)
cells were maintained in high-glucose DMEM (Wako Pure Chemical,
Osaka, Japan) supplemented with 10% FBS. BHK cells constitutively ex-
pressing T7 RNA polymerase (BHK/T7-9) (a gift from N. Ito and M.
Sugiyama) (48) were maintained in RPMI medium (Wako Pure Chemi-
cal) supplemented with 8% FBS and 0.6 mg/ml hygromycin B.

The kyNS strain of MV is a clinical virus of genotype H1 isolated from
ameasles patient and passaged once in B95a cells. The cloned viruses were
obtained from the monolayer culture of Vero/hSLAM cells inoculated
with the kyNS strain by plaque purification, picking either one of the
syncytia (clone 1) or blindly the cells without syncytium (clone 2). The
recombinant MVs (rMVs) were generated from ¢cDNAs according to
the method reported by Seki et al. (49) by transfecting BHK/T7-9 cells
with the full-length genome plasmids of MV described below and three
support plasmids, pCITE-IC-N, pCITE-IC-PAC, and pCITEko9301B-L
(gifts from M. Takeda). The generated rMVs were propagated in B95a
cells.

Plasmid constructions. The plasmid p(+)MV323-EGFP (a gift from
Y. Yanagi) encodes the full-length antigenomic cDNA of the B95a-iso-
lated MV IC-B strain (50) with an additional transcriptional unit of the
enhanced green fluorescence protein (EGFP) (51). We eliminated the
Sacll site at nucleotide (nt) 2898 and the Sall site at nt 7129 of
p(+)MV323-EGFP by introducing g2901a and c7134t substitutions. As
the result, single amino acid substitution A72E in the C protein occurred
in p(+)MV323¢72-EGFP, the modified p(+)MV323-EGFP. In this pa-
per, nucleotide position numbers are shown in accordance with the se-
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quence of the IC-B strain genome (52) (GenBank accession number
AB016162).

The cDNA of the kyNS strain mRNA was synthesized by reverse tran-
scription of total RNA extracted from B95a cells infected with the kyNS
strain followed by PCR with a primer pair amplifying the M gene (nt 4296
to 5303). The nucleotide sequence of the amplified M gene fragment was
determined (GenBank accession number AB740967). The amplified
c¢DNA was digested with BglII and BsaBI, and the released fragment was
used to replace the BgllI-BsaBI fragment (nt 4303 to 5147) of the
p(+)MV323c72-EGFP, which generated the p(+)MV323c72-EGFP/M-
WT(H1) plasmid. To introduce the substitution, Phe to Pro at residue 50
(F50P) of the M protein, nt 3957 to 5821 carrying nucleotide substitutions
TT to CC at nt 4443 and 4444 was obtained and then digested with Sall
and Sacll. The released Sall-SaclI fragment possessing the F50P substitu-
tion was used to replace the corresponding Sall-Sacll region (nt 4222 to
5776) of p(+)MV323c72-EGFP/M-WT(H1), which generated the plas-
mid p(+)MV323c72-EGFP/M-F50P(H1).

To construct plasmids pcDNA-MV/M-WT and pcDNA-MV/M-F50P
expressing the wild-type M (M-WT) and the mutant M (M-F50P) pro-
teins, the M gene fragments (nt 4296 to 5303) amplified by PCR using
p(+)MV323c72-EGFP/M-WT(H1) and p(+)MV323c72-EGFP/M-
F50P(H1), respectively, were cloned into the pcDNA3 vector (Invitrogen
Life Technologies, Carlsbad, CA). To generate plasmids expressing the H
and F proteins of the IC-B strain, the H (nt 8129 to 9982) and F (nt 6316
to 7968) genes were amplified by PCR using p(+)MV323¢72-EGFP as the
template. The amplified H gene and F gene were cloned into the pcDNA3-
myc vector and the pcDNA3 vector, which generated pcDNA-MV/H-myc
and pcDNA-MV/F, respectively. The plasmid expressing the H protein
with the truncated cytoplasmic tail (CT) by 20 amino acids (21), pcDNA-
MV/HA20-myc, was generated by deleting nt 8132 to 8191. Precise exper-
imental methods including the information of the primers are available
on request.

Virus titration. Monolayers of Vero/hSLAM cells in 24-well plates
were infected with serially diluted virus samples. After 1 h of incubation at
37°C, the virus samples were removed, and the cells were overlaid with
DMEM containing 7% FBS and 2.5% methylcellulose. At 3 days postin-
fection (p.i.), PFU was determined by counting the number of EGFP-
expressing plaques under a fluorescence microscope (Axioskop; Zeiss,
Goettingen, Germany).

Cell-cell fusion assay (syncytium formation of rMVs). Vero/hSLAM
cells cultured in 24-well plates were infected with the MV at a multiplicity
of infection (MOI) of 0.001 and incubated for 30 h at 37°C. When cells
were treated with cytochalasin D (Cyt-D) (Sigma-Aldrich, St. Louis, MO),
the culture medium was replaced with medium including 2 uM Cyt-D or
dimethyl sulfoxide (DMSO) only as a control at 12 h p.i. The cells were
then fixed by 1% paraformaldehyde, permeabilized with 1% Triton
X-100, and stained with Hoechst 33342 (Sigma-Aldrich). The number of
nuclei in an EGFP-expressing syncytium was counted under a fluores-
cence microscope.

Quantitative cell-cell fusion assay. Subconfluent monolayers of 293T
cells in 6-well plates were transfected with 0.5 g of an H protein-express-
ing plasmid (pcDNA-MV/H-myc or pcDNA-MV/HA20-myc), 0.5 pg of
the F protein-expressing pcDNA-MV/F, 0.5 pg of an M protein-express-
ing plasmid (pcDNA-MV/M-WT or pcDNA-MV/M-F50P), or the
pcDNA3 vector, together with 0.5 wg of T7 RNA polymerase-expressing
pCAG-T7 (41) per well, using polyethyleneimine (Polysciences, War-
rington, PA). At 12 h posttransfection, culture medium was replaced by
medium including 2 uM Cyt-D or DMSO only. At 24 h posttransfection,
the culture medium was removed and the cells were dispersed in 1 mM
EDTA/phosphate-buffered saline (PBS) solution and transferred onto the
293T cells that had been transfected 24 h before with SLAM-expressing
pCA7-SLAM (a gift from Y. Yanagi) (1 pg) and pTM1-EGFP (1 wg) that
expresses EGFP only under the T7 RNA polymerase. At 48 h after cocul-
tivation, the cells were fixed with 1% paraformaldehyde, and the cells
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expressing EGFP as the result of cell-cell fusion were counted under a
fluorescence microscope.

VLP budding assay. Subconfluent monolayer cultures of 293T cells in
6-well plates were transfected with 1 pg of an M protein-expressing plas-
mid (pcDNA-MV/M-WT or pcDNA-MV/M-F50P) together with 1 jvg of
an H protein-expressing plasmid (pcDNA-MV/H-myc or pcDNA-MV/
HA20-myc) or pcDNA3-myc vector. At 12 h posttransfection, the culture
medium was replaced with the medium including 2 uM Cyt-D or DMSO
only. At 48 h posttransfection, the cell debris was removed from the cul-
ture medium by centrifugation at 3,000 X g for 10 min at 4°C, and the
supernatant was loaded onto a 20% sucrose layer. The VLPs were purified
as the pellets by passing through the 20% sucrose layer (134,000 X g for 2
h at 4°C); suspended in hypotonic buffer consisting of 1.5 mM MgCl,, 10
mM HEPES-NaOH (pH 7.5), 10 mM KCl, and 0.5 mM dithiothreitol; and
concentrated by adding 20% trichloroacetic acid (TCA). The cells were
solubilized with the lysis buffer consisting of 0.5% Triton X-100, 0.5%
deoxycholate, 10 mM Tris-HCI (pH 7.5), and 5 mM NaCl (57). The VLPs
and the cell extracts were resuspeded in SDS loading buffer (25 mM Tris-
HCI [pH 6.8], 1% 2-mercaptoethanol, 1% SDS, 0.05% bromophenol
blue, and 5% glycerol), fractionated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) in a 12% polyacrylamide gel, and blotted onto
polyvinylidene disulfide (PVDF) membranes (PVDF-Plus; GE Health
Care, Waukesha, WI). The membranes were incubated with mouse
monoclonal antibody against MV M protein (Merck Millipore, Billerica,
MA), rabbit polyclonal antibody against myc tag (Cell Signaling Technol-
ogy, Danvers, MA), and mouse monoclonal antibody against B-actin
(Cell Signaling Technology), followed by incubation with horseradish
peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG;
Santa Cruz Biotechnology, Santa Cruz, CA) or HRP-conjugated goat anti-
rabbit IgG (Cell Signaling Technology) for detection of the M and H
proteins or cellular actin, respectively. Proteins were visualized using the
ECL Plus Western blotting detection system (GE Healthcare) by exposure
to an autoradiography film (Fuji Film, Tokyo, Japan).

Immunoprecipitation and Western blot analyses. Subconfluent
monolayer cultures of 293T cells in 6-well plates were transfected with
pcDNA-MV/M-WT or pcDNA-MV/M-F50P (1 pg) with or withoutan H
protein-expressing plasmid (pcDNA-MV/H-myc or pcDNA-MV/HA20-
myc) (1 ig). At 12 h posttransfection, the culture medium was replaced by
the medium including 2 uM Cyt-D or DMSO only. At 24 h posttransfec-
tion, cells were suspended in 0.1 M HEPES-NaOH (pH 7.5) including
cross-linking reagent dithiobis(succinimidylpropionate) (DSP; Thermo
Fisher Scientific, Waltham, MA) followed by incubation for 2 h at 4°C,
and the cross-linking reaction was stopped by 10 mM Tris-HCI (pH 7.5).
The cells were solubilized with 1.5 ml of the lysis buffer (composition
identical to that described above), and the cell extracts were used for
immunoprecipitation after centrifugation at 13,000 X gfor 10 min at 4°C.
To prepare the Dounce-homogenized cell extracts, 293T cells transfected
and incubated equally as described above were suspended in 1 ml of hy-
potonic buffer (composition identical to that described above) and ho-
mogenized using a Dounce homogenizer. Cell extracts for immunopre-
cipitation were prepared by centrifugation of the homogenized cells at
1,000 X g for 7 min at 4°C to remove unhomogenized cells and debris.
When the MV-infected cells were analyzed, monolayers of Vero/hSLAM
cells in 6-well plates were infected with rMVs at an MOI of 0.001, and the
culture medium was replaced with medium including 2 uM Cyt-D or
DMSO only at 12 h p.i. After further incubation for 60 h at 37°C, the cells
were treated with DSP for 2 h at 4°C and solubilized with lysis buffer to
prepare the cell extracts as described above.

A small amount (28 wl) of each cell extract was mixed with SDS load-
ing buffer as the sample for total cell extract. The rest of the extract was
incubated for 1 h at 4°C with protein G-conjugated agarose beads (KPL,
Washington, DC) which had been preincubated with an anti-MV M pro-
tein mouse monoclonal antibody overnight at 4°C. The immune com-
plexes were obtained by centrifugation and washed with the lysis buffer,
and the precipitated proteins as well as the total cell extracts were sub-
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jected to SDS-PAGE using 12% polyacrylamide gels followed by electro-
blotting onto PVDF membranes. The proteins were detected by incubat-
ing the membranes with one of these antibodies: mouse monoclonal
antibody against MV M protein, rabbit polyclonal antibody against MV H
protein (a gift from T. Kohama), rabbit polyclonal antibody against myc
tag, mouse monoclonal antibody against 3-actin, rabbit polyclonal anti-
body against 3-tubulin (Thermo Fisher Scientific), and mouse monoclo-
nal antibody against golgin97 (Molecular Probes, Eugene, OR) (54), fol-
lowed by incubation with either the HRP-conjugated secondary antibody,
goat anti-mouse IgG, or goat anti-rabbit IgG. Proteins were visualized
using the ECL Plus Western blotting detection system by exposure to an
autoradiography film.

Quantification of genome RNA in MV particle. Virus genome RNA
was extracted from virus particles, and cDNA was prepared by reverse
transcription using the primer MV35F (TAAGGATAGATCAATCAA)
that anneals the leader sequence of the MV genome RNA. MV genome
was quantified amplifying N gene by PCR (15, 20, 25, and 30 cycles) with
a set of primers, MVI1099F (AATTCCTGGAGATTCCTCAA) and
MV1166R (TTAGTGCCCCTGTTACTTT), followed by determination
of the intensity of each DNA band using ImageJ software (http://rsbweb
.nih.gov/ij/index.html).

Indirect immunofluorescence staining. HeLa cells were seeded on
microcoverslips (Matsunami, Osaka, Japan) in a 24-well plate and trans-
fected with 0.5 pg of an M protein-expressing plasmid (pcDNA-MV/
M-WT or pcDNA-MV/M-F50P) and 0.5 pg of an H protein-expressing
plasmid (pcDNA-MV/H-myc) independently or in combination. At 12 h
posttransfection, culture medium was replaced by medium including 2
M Cyt-D or DMSO only, and at 24 h or 48 h posttransfection, the cells
were fixed with 1% paraformaldehyde and permeabilized with 1% Triton
X-100. The cells were then incubated with mouse monoclonal antibody
against MV M protein and rabbit polyclonal antibody against myc tag,
followed by incubation with fluorescein isothiocyanate (FITC)-conju-
gated rabbit anti-mouse IgG (MBL, Nagoya, Japan) and Texas Red-con-
jugated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) as the
secondary antibody. When F-actin was visualized with FITC-conjugated
phalloidin (Sigma-Aldrich), Texas Red-conjugated goat anti-mouse IgG
(Rockland, Gilbertsville, PA) was used as the secondary antibody to detect
the M protein. The stained cells were observed using a confocal micro-
scope (FV1000; Olympus, Tokyo, Japan). For detection of the kyNS
strain-infected cells, monolayers of Vero/hSLAM cells in 24-well plates
inoculated with the kyNS strain were fixed with 1% paraformaldehyde
and permeabilized with 1% Triton X-100 at 72 h p.i. The cells were incu-
bated with mouse monoclonal antibody against MV N protein (Merck
Millipore), followed by incubation with FITC-conjugated rabbit anti-
mouse IgG.

RESULTS

A single amino acid substitution in the M protein, F50P, is re-
sponsible for the defect of MV syncytium formation. Shortly af-
ter the isolation of the kyNS strain of MV, we noticed from its
cytopathic effect (CPE) that the virus was a mixture of some vari-
ants displaying different cell-cell fusion activities. By plaque puri-
fication, therefore, we obtained two clones from the kyNS strain:
clone 1, forming large syncytia typical for the MV clinical viruses,
and clone 2, lacking syncytium formation (Fig. 1A). Then we com-
pared the amino acid sequences of the M, F, and H proteins that
regulate cell-cell fusion of MV (20) between the two clones and
found a single point substitution in the M protein. Whereas Phe at
residue 50 of clone 1 was commonly observed, Pro of clone 2 was
rarely found in the wild-type M protein sequences published and
available in databases. To certify the effect of the F50P substitu-
tion, the recombinant MV (rMV) possessing either the wild-type
or mutant M (M-WT or M-F50P) protein was generated (here
called the WT virus or the F50P virus). Figure 1B demonstrates
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B WT virus

FIG 1 The F50P substitution in the M protein is responsible for the defect of
MV cell-cell fusion. (A) CPE of the clinical strain kyNS and clones 1 and 2
isolated from the kyNS strain. Vero/hSLAM cells inoculated with each virus
were fixed and permeabilized at 72 h p.i. Virus-infected cells were visualized by
incubating the cells with anti-MV N protein monoclonal antibody followed by
FITC-conjugated rabbit anti-mouse IgG. Magnification of the photographs of
the clones is twice (X200) of that of the kyNS strain (X100). (B) CPE of the
F50P virus. B95a cells were infected with the WT or F50P virus and fixed at 72
h p.i. Infected cells expressing EGFP were observed under a fluorescence mi-
croscope. Magnification, X200.

that the F50P substitution is responsible for the defect of syncy-
tium formation of clone 2. Position 50 in the M protein had not
been reported and appeared to be new as the site that regulates MV
cell-cell fusion.

The M-F50P protein tightly interacts with the H protein at
the Golgi apparatus. Cathomen et al. (20) showed that the inter-
action of the M protein with the envelope glycoproteins strongly
affected cell-cell fusion of the MV Edmonston strain. Of the two
glycoproteins, it was reported that the interaction of the M protein
with the H protein could alter cell-cell fusion more significantly
(55). Therefore, to study the mechanism by which the F50P sub-
stitution conferred the defect of cell-cell fusion on MV, we first
examined the interaction of each M protein, the M-WT or
M-F50P protein, with the H protein. When expressed alone, both
the M-WT and M-F50P proteins were distributed, forming fila-
mentous structure equally in the cytoplasm at 24 h posttransfec-
tion. The H glycoprotein localized in close proximity to the nuclei,
presumably at the Golgi apparatus, which was quite different from
the filamentous fashion of the M proteins. All the three proteins
migrated to the cell surface thereafter (Fig. 2A). When coex-
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pressed with the H protein, the M-WT protein showed the fila-
mentous distribution, similar to that observed in the single ex-
pression, which was independent of the localization of the H
protein at 24 h posttransfection. At 48 h posttransfection, the H
protein spread throughout the cell and partly accumulated on
the plasma membrane where the M-WT protein was concentrated
predominantly, but coexpression of the H protein did not cause
an apparent redistribution of the M-WT protein. In contrast, the
M-F50P protein strongly colocalized with the H protein at 24 h
posttranfection in the perinuclear region and seemed to move
together toward the cell surface thereafter (Fig. 2B).

Then immunoprecipitation using the extract of the cells coex-
pressing either the M-WT or M-F50P protein with the H protein
was performed. As shown in Fig. 2C, anti-M antibody coprecipi-
tated much more of the H protein with the M-F50P protein than
with the M-WT protein. In an immunoprecipitation study using
the cell extracts prepared by homogenizing the cells mechanically
with a Dounce homogenizer to preserve the structure of the Golgi
apparatus, the same antibody coprecipitated golgin, a marker pro-
tein of the Golgi body (54), as well as the H protein with the
M-F50P protein. The results demonstrated that the M-F50P pro-
tein tightly interacts with the H protein at the Golgi body.

The M-WT protein associates firmly with F-actin. Since each
M protein expressed alone distributed forming filamentous struc-
ture, we then examined whether the M proteins associate with
some cellular cytoskeleton proteins. As shown in Fig. 3A, both of
the M-WT and M-F50P proteins expressed in HeLa cells colocal-
ized with F-actin but not with tubulin (data not shown). When the
cells were treated with Cyt-D, the M proteins distributed apart
from the patches of the disrupted F-actin. To verify the observa-
tion, the M protein was immunoprecipitated using anti-M anti-
body. Actin was coprecipitated with either of the M proteins,
but the amount precipitated with the M-WT protein was
clearly much more. When F-actin was disrupted by the treat-
ment with Cyt-D, the amount of coprecipitated actin with ei-
ther M protein was reduced significantly. Tubulin was not de-
tected in the precipitates at all. Through the coprecipitation
study, the M-WT protein appeared to associate with F-actin
more firmly than the M-F50P protein.

Interaction of the M-WT protein with the H protein is pre-
vented by the associated F-actin. We next wanted to know
whether F-actin in association with the M protein affects the in-
teraction between the M and H proteins. When the structure of
F-actin was disrupted with Cyt-D, no peculiar change in the dis-
tribution of the M-F50P protein was observed; the M-F50P pro-
tein strongly colocalized with the H protein as in the cells without
Cyt-D treatment (compare Fig. 4A with Fig. 2B). On the other
hand, the distribution of the M-WT protein drastically changed;
the M-WT protein predominantly colocalized with the H protein
in the perinuclear region at 24 h posttransfection and moved to
the plasma membrane together, which was almost the same be-
havior as that shown by the M-F50P protein (Fig. 4A).

The mutual interactions of the M and H proteins with F-actin
were studied by immunoprecipitation using the extract of the cells
coexpressing the M and H proteins. In the experiment without
Cyt-D treatment, while the anti-M antibody precipitated the H
protein and a significant amount of actin with the M-WT protein,
the clearly larger amount of the H protein and only trace amounts
of actin were coprecipitated with the M-F50P protein. When the
cells were treated with Cyt-D, however, elimination of actin and

jviasm.org 1977


http://jvi.asm.org

Wakimoto et al.

241
48 h
B merge merge
24 h
48 h
C detergent treated Dounce homogenized
H (-) (+) (-) (+)
M WT F50P WT F50P WT F50P WT F50P
o - -~e
IP: cMV/M | golgin ’ ‘ ’ -‘

M .g--H--‘-‘
-, oo

————————

|

cell lysate | golgin

M l----H---“

FIG 2 Interaction of the M-F50P protein with the H protein. (A) Filamentous distribution of the M protein expressed alone. HeLa cells were transfected with
a plasmid expressing the M-W'T, M-F50P, or the H-myc protein separately and were fixed and permeabilized at 24 or 48 h posttransfection. Each protein was
visualized by incubating the cells with the mouse monoclonal antibody against the M protein followed by the FITC-conjugated rabbit anti-mouse IgG or with the
rabbit anti-myc tag antibody followed by the Texas Red-conjugated goat anti-rabbit IgG. Observation was performed under a confocal microscope, and images
of 13 compiled sections are shown. Filamentous appearance of the M protein in the boxed area is enlarged on the right side. (B) Colocalization of the M-F50P
protein with the H protein. HeLa cells were transfected with a plasmid expressing the M-WT or M-F50P protein together with the H-myc protein-expressing
plasmid. At 24 or 48 h posttransfection, the cells were fixed, permeabilized, and incubated with the mouse monoclonal antibody against the M protein and the
rabbit polyclonal antibody against the myc tag as the first antibodies and then FITC-conjugated rabbit anti-mouse IgG and Texas Red-conjugated goat anti-rabbit
IgG as the second antibodies. Observation was performed under a confocal microscope. (C) Efficient coprecipitation of the H protein with the M-F50P protein.
293T cells were transfected with a plasmid expressing the M-W'T or M-F50P protein without (—) or together with (+) a plasmid expressing the H-myc protein.
At 24 h posttransfection, cells were solubilized with detergent solution after the incubation with cross-linking reagent DSP for 2 h (detergent treated) or
homogenized using a Dounce homogenizer (Dounce homogenized). The M proteins were precipitated with anti-M antibody, and coprecipitated proteins were
analyzed by immunoblotting. The M and H proteins and golgin were detected using mouse monoclonal antibody against MV M protein, rabbit polyclonal
antibody against myc tag, and mouse monoclonal antibody against golgin97 as the first antibodies, respectively.

augmentation of the H protein in the complex coprecipitated with
the M-WT protein were observed, which suggested that Cyt-D
treatment abrogated the association of the M-WT protein with
F-actin, resulting in a simultaneous increase of the interaction
with the H protein up to the level equivalent to that of the M-F50P
protein (Fig. 4B). When the cell extract prepared by a Dounce
homogenizer was used, the F-actin disrupted by the treatment
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with Cyt-D could not associate with the M-WT protein, as ob-
served before in the experiment where the detergent-treated cell
extract was used, and the M-WT protein free from F-actin inter-
acted with the H protein tightly at the Golgi body just like the
M-F50P protein. The data obtained here indicated that F-actin in
firm association prevents the M-WT protein from interacting
with the H protein. Contrarily, the M-F50P protein is allowed to
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FIG 3 Tight association of the M-WT protein with F-actin. (A) Colocalization of the M proteins with F-actin. HeLa cells were transfected with a plasmid
expressing the M-WT or M-F50P protein. At 12 h posttransfection, culture medium was replaced by medium including Cyt-D or DMSO. At 24 or 48 h
posttransfection, the cells were fixed, permeabilized, and incubated with the mouse monoclonal antibody against the M protein followed by Texas Red-
conjugated goat anti-mouse IgG. F-actin was visualized with FITC-conjugated phalloidin. Observation was performed under a confocal microscope. (B) Efficient
coprecipitation of actin with the M-WT protein. 293T cells were transfected with a plasmid expressing M-WT or M-F50P protein. At 12 h posttransfection,
culture medium was replaced by medium including Cyt-D or DMSO. The cells were incubated for a further 12 h and then solubilized with detergent solution after
the incubation with cross-linking reagent DSP for 2 h. Proteins immunoprecipitated with the anti-M antibody (IP) as well as whole-cell extracts (cell lysate) were
subjected to immunoblot analysis. The M protein, actin, and tubulin were detected using mouse monoclonal antibody against MV M protein, mouse monoclonal

antibody against B-actin, and rabbit polyclonal antibody against B-tubulin as the first antibodies, respectively.

interact with the H protein because it associates with F-actin only
very slightly. Thus, Cyt-D treatment caused no effect on the inter-
action between the M-F50P and H proteins.

Cell-cell fusion-inhibiting activity of the M-WT protein is
disturbed by the associated F-actin. We next studied whether the
associated F-actin could affect cell-cell fusion-inhibiting activity
of the M protein. Cell-cell fusion induced by the plasmid-ex-
pressed H and F proteins was inhibited by 50% and more sharply
by 90% in the presence of the M-WT and M-F50P proteins, re-
spectively (Fig. 5A). When the cytoplasmic tail of the H protein
was truncated by 20 amino acids from the N terminus (H-A20
protein) (21), the inhibition of cell-cell fusion by each M protein
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was greatly relieved to 15%. After the treatment with Cyt-D, the
inhibition by the M-WT protein increased up to 80%, while that
by the M-F50P protein remained unchanged. Cyt-D treatment
exhibited no effect on the activity of either M protein to inhibit
cell-cell fusion induced by the H-A20 protein. Immunoprecipita-
tion analysis directly proved that the M-F50P protein interacted
with the cytoplasmic tail of the H protein encompassing the 20
amino acids more strongly than the M-WT protein and that the
M-WT protein improved its interacting ability with the same do-
main of the H protein when F-actin was disrupted by Cyt-D treat-
ment and nearly failed to associate with the M-WT protein (Fig.
5B). Neither of the M proteins could interact with the H-A20
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FIG 4 Stimulated interaction of the M-W'T protein with the H protein after the disruption of F-actin. (A) Colocalization of the M proteins with the H protein
after Cyt-D treatment. The M-WT or M-F50P protein was coexpressed with the H-myc protein. At 12 h posttransfection, the culture medium was replaced by
medium including Cyt-D. At 24 or 48 h posttransfection, the cells were treated as described for Fig. 2B, and the distribution of the M and H proteins was observed
under a confocal microscope. (B) Enhanced coprecipitation of the H protein with the M-WT protein after Cyt-D treatment. The M-WT or M-F50P protein was
coexpressed with the H-myc protein in 293T cells. At 12 h posttransfection, culture medium was replaced by medium including Cyt-D or DMSO. At 24 h
posttransfection, cell extracts were prepared by 2 ways with detergent solution and a Dounce homogenizer and subjected to immunoprecipitation as described
in Fig. 2C. Proteins precipitated with anti-M antibody were analyzed by immunoblotting with anti-M protein mouse monoclonal antibody, anti-myc tag rabbit
polyclonal antibody, anti-B-actin mouse monoclonal antibody, and anti-golgin97 mouse monoclonal antibody as the first antibodies.

protein. These data showed that inhibition of cell-cell fusion by
the M protein is closely related to its interaction with the cytoplas-
mic tail of the H protein, which is disturbed by F-actin in firm
association with the M protein.

Uptake of the H protein by the M-WT protein into the VLP is
prevented by the associated F-actin. To examine whether the vi-
rus assembly operated by the M protein could be affected by the
associated F-actin, the VLPs released from the M protein-express-
ing cells were analyzed. When expressed alone, there was no dif-
ference between the amount of the M-WT and M-F50P proteins
in the culture medium released as VLPs, though much more actin
was taken into the VLP released by the M-WT protein (Fig. 6).
Supposing the amount of the M protein in the VLP reflects the
number of VLPs, the data suggest that each M protein possesses
the equivalent activity to release VLP. When the H protein was
coexpressed, the markedly large amount of the H protein was
detected in the VLP released by the M-F50P protein. In case F-ac-
tin was disrupted with Cyt-D, nearly the equal amount of the H
protein was carried into the VLP produced by each M-WT or
M-F50P protein. We then characterized VLPs released from the
cells coexpressing the H-A20 protein. Neither the M-WT nor the
M-F50P protein took the H-A20 protein into the VLPs at all, even
when the cells were treated with Cyt-D. The protein composition
of the VLPs released under the coexpression of the H-A20 protein
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was quite similar to that of the VLPs produced in the absence of
the H protein. Both the M proteins behaved as if they were in the
absence of the H protein when the M protein-interacting domain
on the H protein was depleted. The striking difference between the
two M proteins in the ability to carry the H protein into the VLPs
was in good correlation with the efficiency of the M protein to
interact with the cytoplasmic tail of the H protein (Fig. 5B). The
data indicated that the M-H protein interaction plays a key role in
the uptake of the H protein into the VLP, which is interrupted by
F-actin in tight association with the M protein.

F-actin supports syncytium formation of MV by interfering
with the interaction of the M protein with the H protein. To
study the involvement of F-actin in syncytium formation by MV,
cell-cell fusion assay was done in cells infected with the WT or
F50P virus shown in Fig. 1. While the F50P virus did not exhibit
cell-cell fusion irrespective of Cyt-D treatment, the WT virus
formed notable syncytia, the size of which enlarged only limitedly
after the Cyt-D treatment (Fig. 7A). The immunoprecipitation
study with the anti-M antibody revealed that the interaction of the
M protein with the H protein was closely related to the inhibition
of cell-cell fusion by the M protein (Fig. 7B). These data show that
the WT virus demonstrates significantly high cell-cell fusion ac-
tivity because F-actin in firm association prevents the M-WT pro-
tein from interacting with the H protein and that the M-WT pro-
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FIG 5 Enhanced cell-cell fusion-inhibiting activity of the M-WT protein after
the disruption of F-actin. (A) Effect of the Cyt-D treatment on cell-cell fusion
inhibition by the M proteins. 293T cells were transfected with a plasmid ex-
pressing the H-myc protein (H-full) or the one lacking the cytoplasmic tail
(H-A20), the F protein-expressing plasmid, and one of the M protein (M-WT
or M-F50P)-expressing plasmids or empty pcDNA vector together with the T7
RNA polymerase-expressing plasmid, pPCAG-T7. At 12 h posttransfection, the
culture medium was replaced by medium including Cyt-D or DMSO. At 24 h
posttransfection, cells were overlaid onto 293T cells pretransfected with
SLAM-expressing plasmid, pCA7-SLAM, and T7 RNA polymerase-driven re-
porter plasmid, pTM1-EGFP, and were incubated for a further 48 h. EGFP-
expressing cells were counted under a fluorescence microscope, and the rela-
tive cell-cell fusion activity was displayed, setting the count of the cells in the
absence of the M protein as 100%. White bar, without the M protein (100%);
gray bar, the M-WT protein; black bar, the M-F50P protein. (B) Effect of the
Cyt-D treatment on the M protein interaction with the H protein and F-actin.
The M-WT or M-F50P protein was coexpressed with the H-myc protein (H-
full) or the one lacking the cytoplasmic tail (H-A20) in 293T cells as described
for Fig. 4B. At 24 h posttransfection, the cells were treated with cross-linking
reagent DSP for 2 h and solubilized with detergent solution. The M proteins
were then precipitated with anti-M antibody, and the coprecipitated proteins
were analyzed by immunoblotting with anti-M protein mouse monoclonal
antibody, anti-myc tag rabbit polyclonal antibody, and anti-B-actin mouse
monoclonal antibody as the first antibodies.

tein free from the disrupted F-actin inhibits cell-cell fusion via
effective interaction with the H protein. F-actin supports syncy-
tium formation of MV by interfering with the interaction between
the M and H proteins.

F-actin suppresses MV assembly by restricting the uptake of
the H protein into the particle. The role of F-actin in the virus
assembly was studied. Figure 8 A shows the protein components of
the virus particle released from the cells infected with the WT virus
or F50P virus. The amount of each protein, determined by mea-
suring the intensity of the protein band, and the ratio of the H
protein to the M protein (H/M) are presented in Table 1. There
was no difference between the two viruses in the amount of the M
protein detected in the culture medium as virus particles, indicat-
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FIG 6 Enhanced incorporation of the H protein into VLPs by the M-WT
protein after the disruption of F-actin. 293T cells were transfected with a plas-
mid expressing the M-WT or M-F50P protein without (—) or together with a
plasmid expressing the H-myc protein (H-full) or the one lacking the cytoplas-
mic tail (H-A20). At 12 h posttransfection, culture medium was replaced by
medium including Cyt-D or DMSO, and at 48 h, VLPs released into the culture
medium were collected as pellets by centrifugation passing through 20% su-
crose layer (VLPs). The cells were solubilized with detergent solution as whole-
cell extract (cells). These samples were subjected to the immunoblotting anal-
ysis, and the M and H proteins and actin were detected as described in the
legend to Fig. 5B.

ing that these two M proteins possess nearly equal abilities to
release virus particles, as suggested in Fig. 6. The H protein taken
into the WT virus was strongly restricted; instead, a significant
amount of actin was carried in. The H/M ratio showed that the H
protein present in a particle of the WT virus was one-third of the
H protein in the F50P virus. When the infected cells were treated
with Cyt-D, the M protein detected as virus particles increased,
suggesting that the stimulation of virus release occurred. Cyt-D
treatment should have some common effects on virus release of
the two viruses, with which the F50P substitution in the M protein
has no concern. While the H protein in the F50P virus increased in
parallel with the M protein and the H/M ratio remained un-
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FIG 7 MV cell-cell fusion affected by the association of the M protein with
F-actin. (A) Effect of the Cyt-D treatment on cell-cell fusion of the WT and
F50P viruses. Vero/hSLAM cells were infected with WT or F50P virus at an
MOI of 0.001, and at 12 h p.i,, culture medium was replaced by medium
including Cyt-D or DMSO. At 30 h p.i,, cells were fixed, permeabilized, and
incubated with Hoechst 33342. Nuclei in the EGFP-expressing cells were
counted under a fluorescence microscope, and cell-cell fusion activity was
displayed as the number of nuclei in a syncytium (n = 3). White bar, the WT
virus; gray bar, the F50P virus. (B) Effect of Cyt-D treatment on the interaction
of the M protein with the H protein and F-actin. Vero/hSLAM cells were
inoculated with the WT or F50P virus at an MOI of 0.01, and at 12 h p.i.,
culture medium was replaced by medium including Cyt-D or DMSO. At 24 h
p.i., the cell extracts were prepared and subjected to immunoprecipitation
analysis as described for Fig. 5B. The M and H proteins and actin were detected
with anti-M protein mouse monoclonal antibody, anti-H protein rabbit poly-
clonal antibody, and anti-B-actin mouse monoclonal antibody as the first
antibodies, respectively.
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FIG 8 Restricted incorporation of the H protein into the WT virus particle.
(A) Uptake of the H and M proteins. Vero/hSLAM cells were inoculated with
the WT or F50P virus at an MOI of 0.01, and at 12 h p.i,, the culture medium
was replaced by medium including Cyt-D or DMSO. At 72 h p.i., virus parti-
cles in the culture medium were collected as pellets by centrifugation passing
through a 20% sucrose layer (virus particles), and the cells were solubilized
with detergent solution (cells). The M and H proteins as well as actin in the
samples were analyzed by immunoblotting with the same antibodies described
in the legend for Fig. 7B. (B) Amount of the genome RNA packaged in MV
particles. cDNA of virus genome RNA was prepared by reverse transcription
using the primer annealing the leader sequence, and then the N gene was
amplified by PCR as described in Materials and Methods. [J, WT virus without
Cyt-D; O, F50P virus without Cyt-D; B, WT virus with Cyt-D; @, F50P virus
with Cyt-D.

changed, strikingly augmented H protein in the WT virus resulted
in the indistinguishable H/M ratio between the two viruses. Figure
8B demonstrates that there was no difference in the level of virus
genome RNA packaged in the released particles between the WT
and F50P viruses irrespective of Cyt-D treatment, which indicates
that the F50P mutation does not change the ability of the M pro-
tein to take the virus RNP into the particle.

We then assayed the infectivity of the released viruses. The
virus titer of the F50P virus was about 3 times higher than that of
the WT virus (Table 1). Therefore, the F50P substitution actually
caused the stimulation in virus infectivity, although the amount of
the virus particle released into the culture medium, judging from
the amount of the M protein, was equivalent to that of the WT
virus, and the level of genome RNA contained in each virus par-
ticle was indistinguishable. After Cyt-D treatment, the infectivity
of the WT virus and F50P virus went up by nearly 4- and 2-fold,
respectively. The increase of the virus titer of the F50P virus might
be explained by the enhanced virus release after Cyt-D treatment.
On the other hand, the highly improved titer of the WT virus

could be due to the increased uptake of the H protein in addition
to the enhanced virus release. Combined with the results of the
immunoprecipitation study (Fig. 7B), it is clear that the interac-
tion between the M and H proteins is responsible for the efficient
uptake of the H protein into the virus particle, accompanied by the
highly regulated virus infectivity. F-actin in association with the M
protein possesses the ability to interfere with the proper virus as-
sembly by interrupting the interaction of the M protein with the H
protein.

DISCUSSION

The M protein of MV operates accurate assembly of virus compo-
nents by combining RNP with envelope H and F proteins via
interaction with their cytoplasmic tails (13-15, 17, 18, 55, 56).
Since the association of the M protein with these proteins is also
known to modulate cell-cell fusion (19-22), the M protein plays
the key role in determining the way by which MV spreads its
infection, particle production or cell-cell fusion. Tahara et al. (55)
reported that P64S/E89K substitutions conferred on MV M pro-
tein the increased ability to interact with the H protein, to produce
infectious virus particles, and to suppress cell-cell fusion. They,
however, did not present the mechanism of how the M protein
acquired the stimulated affinity to the H protein. In this study, we
identified the amino acid at position 50 in the M protein as a new
determinant for the interaction of the M protein with the H pro-
tein. Here, we demonstrated that the interaction of the M-WT
protein with the cytoplasmic tail of the H protein was restricted
because of the tight association with F-actin and that the F50P
substitution disturbed the association, permitting the M protein
interaction with the H protein, which conferred on the M-F50P
protein the enhanced ability to inhibit cell-cell fusion and to take
the H protein into the virus particle. Tight interaction with the
M protein was required for the successful incorporation of the
H protein into the virus particle. We concluded that the M-F50P
protein produces a virus particle carrying a larger amount of the H
protein accompanied by the enhanced infectivity. Contrarily, the
M-WT protein leaves the H protein behind at budding, and the H
protein is retained on the infected-cell surface, which might play
some role in promoting the cell fusion with the neighboring un-
infected cells. However, to observe the spikes of the H protein on
each virus particle, electron microscope analysis was unsuccessful,
because virus particles sufficient for the study could not be recov-
ered. In this report, we first demonstrated that F-actin modulates
MYV assembly as well as syncytium formation via altering the M
protein interaction with the H protein.

It might be surprising that the WT virus possesses the M pro-
tein with the restricted activity in virus assembly and produces

TABLE 1 Effect of the Cyt-D treatment on virus infectivity and the amount of the H and M proteins in virus particles

Intensity?
Cyt-D Virus Infectivity” (PFU/ml) H M Ratio of H/M*
Negative WT 8.55 X 10° 5,390 * 1,210 16,590 = 720 0.324 £ 0.029
F50P 2.24 X 10° 14,860 = 1,890 15,160 = 1,940 0.980 = 0.034
Positive WT 3.18 X 10° 27,790 = 2,290 27,880 * 1,690 0.997 = 0.024
F50P 4.42 X 10° 27,650 £ 1,420 26,720 * 1,050 1.035 %= 0.006

“ Infectivity of the viruses in the culture medium of which protein components were analyzed in Fig. 8.
 Amount of the protein in the particles determined by quantifying the intensity of each protein band in Fig. 8 using ImageJ software (http://rsbweb.nih.gov/ij/index.html).

¢ Relative amount of the H protein to that of the M protein.
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virus particles with limited infectivity due to insufficient uptake of
the H protein. The WT virus, however, grows faster than the F50P
virus in Vero/hSLAM cells due to the intense cell-cell fusion (data
not shown). Tahara et al. demonstrated that the increased particle
production is not readily advantageous to replicate SLAM de-
pendently in the cell cultures and probably in the human body
(55). Since release of the infectious progeny particles of MV is
inefficient and most of the particles remain in cell-associated form
(9), syncytium formation should contribute significantly to the
efficient spread of the MV infection. Therefore, F-actin plays an
important role in WT virus infection, interfering with the inter-
action of the M protein with the H protein to support cell-cell
fusion induced by the H and F proteins. On the other hand, it
should be noted that the MV with the M-F50P protein was ob-
tained as a variant from the clinical virus shortly after isolation.
Even though MV spreads mainly in the cells of the immune system
by using SLAM as the receptor (4, 5), it also infects epithelial cells
using nectind (PVRL4) as the receptor in the human body (6, 7). It
might be possible that MV shows quasispecies in our body if the
characteristics of the virus advantageous for replication depended
on the types of the host cells. In fact, the F50P virus lacking cell-cell
fusion replicates more efficiently in epithelial HT29 cells than the
WT virus (data not shown). There is a report showing that one out
of 12 MV strains of which M genes were analyzed by RT-PCR
directly from RNA extracted from clinical samples possessed the
F50V mutation in the M protein (53), and the substitution of Pro,
Ser, or Leu is found in the databases at the same position of several
SSPE viruses isolated from human brain. It might be possible that
escape of the M protein from F-actin is one of the mechanisms to
generate MV variation.

It is clear that Phe at position 50 in the M protein is important
for the association with F-actin. The site involved in the interac-
tion with the H protein is unknown, but it could be quite close to
or overlap position 50 on the M protein molecule, since the asso-
ciation of both the M proteins with F-actin seemed to be improved
in the absence of the interaction with the H protein (Fig. 5B). The
mutual interaction of the proteins might be explained as follows.
In the presence of the H protein, the M-WT protein with strong
affinity to F-actin associates with F-actin first, which interrupts
the M protein interaction with the H protein because it is blocked
by F-actin. On the other hand, the M-F50P protein with the re-
duced affinity to F-actin interacts preferentially with the H protein
that interferes with the association with F-actin. When F-actin was
disrupted with Cyt-D, there was no difference between the
amounts of the H protein coprecipitated with the M-WT and
M-F50P proteins (Fig. 4B and 5B), suggesting that the affinities of
the two M proteins to the H protein in the absence of F-actin are
almost equivalent. It is unknown whether the M protein directly
associates with the actin molecule on F-actin. The M protein
might not associate with globular actin, because the amount of
actin coprecipitated with the M protein clearly decreased after its
polymerization was inhibited with Cyt-D. Therefore, it is possible
that the M protein associates with some proteins combined with
F-actin other than the actin molecule itself.

There have been several reports on the role of actin in assembly
of MV, most of which presented the conclusion that actin is indis-
pensable in virus assembly because the treatment with Cyt-D sup-
presses the infectious particle formation (31, 36-38). In the pres-
ent paper, we obtained the quite different results showing that
Cyt-D treatment enhanced MV assembly. In the preliminary ex-
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periments we have done using the Edmonston strain, which is
genetically close to the MV strains used in most of the previous
experiments, infectious virus titers clearly decreased after Cyt-D
treatment (data not shown). Therefore, the discrepancy could
have arisen from the difference of the MV strains used in the
experiments. There are 4 amino acid substitutions in the M pro-
tein of the H1 strain we used in this study compared with the M
protein of the Edmonston strain, which should be responsible for
the reversed behavior of the M protein upon Cyt-D treatment. A
study on the mechanism of how the amino acid substitutions
change the role of F-actin in MV assembly is now going on.
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