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The genome of measles virus (MV) is encapsidated by the nucleocapsid (N) protein and associates with
RNA-dependent RNA polymerase to form the ribonucleoprotein complex. The matrix (M) protein is believed
to play an important role in MV assembly by linking the ribonucleoprotein complex with envelope glycepro-
teins. Analyses using a yeast two-hybrid system and coimmunoprecipitation in mammalian cells revealed that
the M protein interacts with the N protein and that two leucine residues at the carboxyl terminus of the N
protein (L523 and L524) are critical for the interaction. In MV minigenome reporter gene assays, the M protein
inhibited viral RNA synthesis only when it was able to interact with the N protein. The N protein colocalized
with the M protein at the plasma membrane when the proteins were coexpressed in plasmid-transfected or
MV-infected cells. In contrast, the N protein formed small dots in the perinuclear area when it was expressed
without the M protein, or it was incapable of interacting with the M protein. Furthermore, a recombinant MV
possessing a mutant N protein incapable of interacting with the M protein grew much less efficiently than the
parental virus. Since the M protein has an intrinsic ability to associate with the plasma membrane, it may
retain the ribonucleoprotein complex at the plasma membrane by binding to the N protein, thereby stopping
viral RNA synthesis and promoting viral particle production. Consequently, our results indicate that the M

protein regulates MV RNA synthesis and assembly via its interaction with the N protein.

Measles is an acute contagious disease characterized by high
fever and a maculopapular rash (15). Measles virus (MV), the
causative agent, is an enveloped virus classified as a member of
the genus Morbillivirus in the family Paramyxoviridae. The virus
has a nonsegmented negative-sense RNA genome, which con-
tains six genes encoding single structural proteins, designated
the nucleocapsid (N), phospho- (P), matrix (M), fusion (F),
hemagglutinin (H), and large (L) proteins. The P gene encodes
additional gene products, termed the V and C proteins, via an
RNA editing process and an alternative translational initiation
in a different reading frame, respectively (4, 9). The genome is
encapsidated by the N protein and forms a nucleocapsid that
exhibits helical symmetry. The amino-terminal region of the N
protein (Neorge; amino acids [aa] 1 to 400) constitutes the core
region of the helical nucieocapsid while the remaining carboxyl-
terminal region (Npa5p; 3a 401 to 525) is intrinsically disor-
dered and located outside of the helical nucleocapsid core
(36). A viral RNA-dependent RNA polymerase composed of
the L and P proteins associates with the nucleocapsid, thereby
forming the ribonucleoprotein (RNP) complex. The L protein

possesses enzymatic activities that are required for nucleotide -

polymerization and the capping and polyadenylation of viral
mRNAs while the P protein acts as an essential cofactor for the
RNA-dependent RNA polymerase functions (15). The P pro-
tein directly interacts with Np,;p (2, 16) while the L protein
indirectly associates with the nucleocapsid via its interaction

* Corresponding author. Mailing address: Department of Virology,
Faculty of Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-ku,
Fukuoka 812-8582, Japan. Phone: 81 92 642 6135. Fax: 81 92 642 6140.
E-mail: yyanagi@virology.med.kyushu-u.ac.jp.

¥ Pubtished ahead of print on 5 August 2009.

with the P protein (10, 22). The RNP complex, but not the
naked RNA genome, acts as a template for both transcription
and replication. N, has also been shown to interact with
multiple host proteins, including the heat shock protein Hsp72,
translation initiation factor eIF3-p40, interferon regulatory
factor 3 and FcyRII (33, 48, 58, 62). The structural flexibility of
the disordered Ny ,q; is probably responsible for its ability to
interact with multiple partners.

The M protein plays a key role in virus assembly. Several lines
of evidence indicate that the M protein associates with the inner
surface of the plasma membrane (21, 46) as well as the cytoplas-
mic tails of the H and F glycoproteins (7, 8, 50, 52). The M protein
has also been shown to interact with the RNP complex (20, 51)
although its binding partner remains unknown. The M protein
modulates viral RNA synthesis (51), and a small interfering RNA
against M mRNA was reported to increase MV transcription
levels in the small interfering RNA-treated cells (43).

In the present study, we analyzed the interactions among
MYV proteins using a yeast two-hybrid system and coimmuno-
precipitation in mammalian cells. In addition to the known
interactions, we detected a hitherto unreported interaction
between the N and M proteins. Two leucine residues located at
the carboxyl terminus of the N protein were found to be critical
for this interaction. Further analyses using minigenome assays,
plasmid transfection, and recombinant viruses indicated that
the M protein regulates viral RNA synthesis and assembly via
its interaction with the N protein.

MATERIALS AND METHODS

Cells and viruses, Vero, CV-1, and Hel a cells constitutively expressing human
signaling lymphocyte activation molecule (hRSLAM) (Vero/hSLAM [41], CV-1/
hSLAM [55], and HeLa/hSLAM [55] cells, respectively) were maintained in
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Dulbecco’s modificd Eagle’s medium (DMEM; ICN Biomedicals, Aurora, OH)
supplemented with 7.5% fetal bovine serum (FBS) and 500 pg/mi Geneticin
{G418; Nacalai Tesque, Tokyo, Japan). 293T cells were maintained in DMEM
supplemented with 7.5% FBS. B95a cells (31) and VVS5-4 celis (a derivative of
CHO cells) (1) were maintained in RPMI 1640 medium (ICN Biomedicals)
supplemented with 7.5% FBS. Recombinant MVs based on the virulent 1C-B
strain were generated from cloned cDNAs as described previously (53, 57).

Reagents and antibodies. A fusion-blocking peptide, Z-D-Phe-Phe-Gly (45),
was purchased from the Peptide Institute (Osaka, Japan). A rabbit polyclonal
antibody raised against the MV N protein was purchased from Novus Biologicals
(Littleton, CO). Rabbit polyclonal and mouse monoclonal (clone E388) anti-
bodies raised against the MV M protein were kindly provided by T. Kohama and
T. A. Sato, respectively. The serum of a patient with subacute sclerosing panen-
cephalitis (SSPE) {61) was kindly provided by M. B. A, Oldstone.

Construction of plasmids. p(+)MV323-EGFP and p(+)MV323-Luci were
derived from p(+)MV323, which encodes the full-length antigenomic cDNA of
the virulent IC-B strain of MV (57). They encede an additional transcriptional
unit of enhanced green fuorescence protein (EGFP) and Renilla luciferase,
respectively (17, 56). p(+)MV-NA3-EGFP and p(+)MV-NA3-Luci were gener-
ated by deleting nine nucleotides encoding 3 aa at the carboxyl terminus of the
N protein from p(+)MV323-EGFP and p(+)MV323-Luci, respectively. Three
aucleotides (TAG) were inserted into the deletion site to maintain the genome
length in multiples of six nucleotides. The recombinant MVs generated from
p(+)MV323-EGFP, p(+)MV323-Ludi, p(+)MV-NA3-BGFP, and p(+)MV-NA3-
Luci were designated 1C323-EGFP, 1C323-Luci, IC-NA3-EGFP, and IC-NA3-Luci,
respectively.

DNA fragments encoding mutant N proteins with carboxyl-terminal trunca-
tions of 3 and 15 aa (NA3 and NA15, respectively) were cloned into the eukary-
otic cell expression vector pCA7, a derivative of pPCAGGS (40), thereby gener-
ating pCA7-IC-NA3 and pCAT-IC-NALS, respectively. The expression plasmids
pCAT-IC-C and pCAT7-IC-M encoding the MV C and M proteins, respectively,
were reported previously (39, 52). In yeast two-hybrid assays, a bait vector,
pDBLeu (Invitrogen Life Technologies, Carlsbad, CA), and a prey vector, pPC86
(Invitrogen Life Technologies), were used. DNA fragments encoding the entire
reading frames of the N, P, V, C, and M proteins of the MV IC-B strain were
cloned into the pDBLeu bait vector. The cytoplasmic domains of the F protein
(aa 518 to S50 at the carboxyl terminus [Fspg 550]) and H protein (aa 1 to 34 at
the amino-terminus [H,_3,]) of the IC-B strain were also cloned into pDBLeu.
The L proteins of morbilliviruses have three conserved domains (D1, D2, and
D3), which are linked by two variable hinges (H1 and H2) (13). DNA fragments
encoding 1,707 aa of the amino terminus of the L protein (residues 1 to 1707
[L1-1707): the region containing D1 and D2) and 476 aa at the carboxyl terminus
of the L protein (residues 1708 to 2183 [L,0g 5143); the region containing D3)
were cloned into the pDBLeu bait vector. DNA fragments encoding the N, P, V,
C, and M proteins were also cloned into the pPC86 prey vector. DNA fragments
encoding mutant N proteins with truncations of 3, 6,9, 12, and 15 aa (NA3, NA6,
NA9, NA12, and NAIS, respectively) at the carboxyl-terminal end were cloned
into both the pDBLeu bait and pPC86 prey vectors.

The plasmids used for minigenome assays of MV (32), Sendai virus (SeV)
(28), and parainfluenza virus type 5 (PIV5) (18, 34) were kindly provided by K.
Komase, A. Kato, and B. He, respectively. Expression plasmids pCA7-SeV-C
and pCA7-PIVS-V for the SeV C and PIVS V proteins, respectively, were
generated by inserting DNA fragments encoding these proteins into the pCA7
vector. The cDNAs encoding these proteins were provided by A. Kato and B. He,
respectively.

Plaque assay, Monolayers of Vero/hSLAM cells in 12-well cluster 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
7.5% FBS and 1% methylcellulose. At 5 days postinfection (p.i.), the cells were
washed with phosphate-buffered saline (PBS). After cells were stained with
0.01% neutral red, the numbers of PFU were counted. Monolayers of CV-1/
hSLAM cells in 12-well cluster plates were cultured with 100 pl of virus samples
containing 50 PFU of MV for 1 h at 37°C, cultured with DMEM containing 7.5%
FBS and 1% methylcellulose, and stained with 0.01% neutral red at 5 days p.i,
as described above. After high-resolution digital images of the plaques were
obtained, the sizes of the plaques were measured.

Minigenome assay. Reporter gene expression from viral minigenomes encod-
ing the luciferase gene was analyzed in VV3-4 cells (1). Monolayers of VV5-4
cells cultured in 24-well cluster plates were infected with vI'F7-3 (a recombinant
vaccinia virus expressing the T7 RNA polymerase) (14), at a multiplicity of
infection (MOI) of 0.5 and then transfected with minigenome plasmids
(p18MGFLuc01, pHvLuciRT4, and pMG-Rluc for MV, SeV and PIVS, respec-
tively) together with appropriate support plasmids, which were described previ-
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ously (18, 28, 32, 34, 39). At 2 or 3 days posttransfection, the enzymatic activities
were measurad by a luciferase assay system (Promega, Madison, WI) or Renilla
luciferase assay system (Promega) and a luminometer (Mithras LB 940; Berthold
Technologies, Bad Wildbad, Germany).

Yeast two-hybrid assay. MaV203 yeast cells {Invitrogen Life Technologies)
transformed with two plasmids comprising a bait pltasmid (pDBLeu) and a prey
plasmid (pPC86) were grown on synthetic complete (SC) medium plates lacking
leucine and tryptophan (SC/~Leuw/—Trp). After 2 days, yeast cells forming col-
onies on the plates were further selected on four different kinds of plates ac-
cording to the manufacturer’s instructions: SC/—Leu/—Trp plates lacking wracil
(SC/—Lew/—Trp/—Ura), SC/—Leu/~Trp plates supplemented with 0.2% 5-fiuo-
roorotic acid (SC/—Lew/ —~Trp/SFOA), SC/—Leu/—Trp plates lacking histidine
and containing 10 mM of 3-aminotriazole (SC/—Lew/—Trp/—His/3AT), and
YPAD medium (a rich medium for routine growth of yeast) plates supplemented
with  5-bromo-5-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) (YPAD/X-
Gal). Retention of both the bait and prey vectors by yeast cells was confirmed by
their growth on SC/—Leuw/—Trp plates. Interactions between proteins fused to
the GAL4 activation domain (AD) and the GAL4 DNA binding domain (BD)
encoded in the prey and bait vectors, respectively, resulted in activation of
transcription of the HIS3, URA43, and lacZ genes. When transcription of these
genes was activated strongly, yeast cells produced biue colonies on the YPAD/
X-Gal plates and formed cofonies on the SC/~Leu/—Trp/—Ura and SC/—Leu/
—Trp/—His/3AT plates but not on the SC/—Leu/—Trp/SFOA plates (yeast cells
were killed by the toxicity of S-fluorouracil converted from SFOA). If the tran-
scription of these genes was only weakly activated, yeast cells formed colonies on
the SC/—Leu/—Trp/—His/3AT and SC/—Leu/—Trp/SFOA plates. However, they
produced white colonies on YPAD/X-Gal plates and failed to form colonies on
SC/—Lew/—Trp/—Ura plates.

Immunoprecipitation and Western blot analyses. Subconfluent monolayers of
293T cells in six-well cluster plates were transfected with pCA7-IC-N (2 pg) or
pCAT7-IC-NA3 (2 pg) together with pCAT-IC-M (2 pug) (pCAT-IC-N has been
referred to as pCAG-T7-IC-N in previous papers [38, 39]). At 48 h posttrans-
fection, the cells were washed with PBS and Iysed in 1 ml of coimmunoprecipi-
tation buffer (10 mM HEPES, pH 7.4, 5¢ mM sodium pyrophosphate, 50 mM
NaF, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 100 pM sodium vanadate, 19
Triton X-100) {42) containing protease inhibitors (Sigma-Aldrich, St. Louis,
MO). The lysates were centrifuged at 20,630 X g for 90 min at 4°C. A small
amount (30 pl) of each supernatant was mixed with sodium dodecyl sulfate
(SDS) loading buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol [DTT}, 2%
SDS, 0.1% bromophenol blue, 10% glycerol) and boeiled for 5 min. The rest of
the supernatant was incubated for 90 min at 4°C with a 1:1 mixture of protein
A-Sepharose and protein G-Sepharose (GE Healthcare AB, Uppsala, Sweden),
which had been pretreated with an anti-MV M protein monoclonal antibody
(E388) for 90 min at 4°C. Complexes with the Sepharose were obtained by
centrifugation and sequentially washed with buffer 1 (100 mM Tris, pH 7.6, 500
mM LiCl, 0.1% Triton X-100, 1 mM DTT) and buffer 2 (20 mM HEPES, pH 7.2,
2 mM EGTA, 10 mM MgCl,, 0.1% Triton X-100, 1 mM DTT) (42). The
polypeptides in the precipitated complexes were fractionated by SDS-polyacryl-
amide gel electrophoresis (PAGE) using 10% polyacrylamide gels and electro-
blotted onte polyvinylidene difluoride membranes (Fybond-P; Amersham Bio-
sciences, Piscataway, NI). The membranes were incubated with the SSPE patient
serum and an anti-M antibody, followed by incubation with horseradish perox-
idase-conjugated anti-human immunoglobulin G (IgG) or anti-rabbit IgG (In-
vitrogen Life Technologies) for detection of the MV N and M proteins, respec-
tively. The ECL plus reagent (Amersham Biosciences) was used to elicit
chemiluminescent signals, and the signals on the membranes were detected and
visualized using a VersaDoc 3000 imager (Bio-Rad, Hercules, CA).

Indirect immunofluorescence assay. HeLa/hSLAM cells were seeded on cov-
erslips in six-well cluster plates and infected with IC323-Luci or IC-NA3-Luci in
the presence of the fusion-blocking peptide. CV-1/hSLAM cells were seeded on
coverslips in six-well cluster plates and transfected with pCA7-IC-N or pCAT7-
IC-NA3, together with pCA7-IC-PAC or pCA7IC-PAC plus pCA7-IC-M.
VV35-4 cells seeded on coverslips in six-well cluster plates were infected with
vTF7-3 (14) and transfected with an MV minigenome plasmid (pI1SMGFLuc01)
and support plasmids (pCAT-IC-N or pCA7-IC-NA3, pCA7-IC-PAC, and
pGEMCR-9301B-L) with or without pCA7-1C-M. At 24 h p.i. or 48 h posttrans-
fection, the cells were fixed and permeabilized with PBS containing 2.5% form-
aldehyde and 0.5% Triton X-100. The cells were then washed with PBS and
incubated with a rabbit polycional antibody against the MV N protein (Novus
Biologicals) and a mouse monoclonal antibody against the MV M protein
(E388), followed by incubation with Alexa Fluor 483-conjugated donkey anti-
rabbit IgG(H+L) and Alexa Fluor 59%4-conjugated donkey anti-mouse
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TABLE 1. Interactions between MV proteins in yeast

pDBLeu-encoded pPC86-encoded protein (AD) interaction?

protein (DNA BD)

Empty N P v C M
Empty - - - - - -
N - + +++ + - +
P + ND ND ND ND ND
v + ND ND ND ND ND
C — — —_ — —_ —
M - + - - - +
Fis.550 - - - - - -
Hy - - - - - -
Ly yrer - - o - - -

708-2183 i

¢ -+, weak interaction; ++ +, strong interaction; —, no interaction; ND, not
done.

1gG(H+L) antibodies (Molecular Probes, Eugene, OR). The stained cells were
observed using a confocal microscope (Radiance 2100; Bio-Rad).

Reverse transcription-quantitative PCR. Subconfluent monolayers of CV-1/
hSLAM and Vero/hSLAM cells were infected with IC323-EGFP or IC-NA3-
EGFP at an MOI of 0.001 or left uninfected in the presence of the fusion-
blocking peptide. At 24 h p.i., total RNA was extracted from the celis using the
TRIzol reagent (Invitrogen Life Technologies). The total RNA extracts were
treated with RQ1 DNase (Promega) and then reverse transcribed into cDNAs
using SuperScript III reverse transcriptase (Invitrogen Life Technologies) with
an oligo(dT) primer. The amounts of cDNAs for the MV mRNAs were quan-
tified using SYBR Premix Ex Taq Il (TaKaRa Bio, Shiga, Japan) and a Light-
Cycler instrument {Roche Diagnostics, Indianapolis, IN) as described previously
(54). The levels of B-actin mRNA were quantified as an internal control, as
reported previously (39).

Growth kinetics. Monolayers of Vero/hSLAM or CV-1/hSLAM celis on six-
well cluster plates were infected with IC323-EGFP or IC-NA3-EGFP at an MOI
of 0.001 and cultured in 2 ml of medium. At various time intervals, the medjum
was harvested and centrifuged at 400 X g for 5 min at 4°C. The viral titer of the
supernatant (cell-free titer) was determined by a plaque assay on Vero/hSLAM
cells. After the medium was removed from the infected cells, 2 mi of fresh
medium was added to each well. The infected cells were scraped into the me-
dium, and the viral titer (cell-associated titer) was determined by a plaque assay.

RESULTS

The MV M protein interacts with the N protein. We at-
tempted to analyze the interactions among MV proteins com-
prehensively using a yeast two-hybrid system (Table 1). DNA
fragments encoding the full-length N, P, V, C, and M proteins,
cytoplasmic domains of the F and H proteins (Fs,4 550 and
H,_s,4, respectively), and the amino- and carboxyl-terminal re-
gions of the L protein (Ly_y707 and Ljj05.2183, T€Spectively)
were individually inserted in-frame downstream of the GAL4
DNA BD in the bait vector (pDBLeu) or the GAL4 AD in the
prey vector (pPC86). The empty pDBlLeu and pPC86 vectors
were used as controls. MaV203 yeast cells grew on SC/~Leu/
—Trp/—His/3AT plates when they were transfected with a bait
vector encoding either the P or V protein (pDBLeu-P or -V)
together with the empty pPC86 prey vector. A similar finding
has been reported previously (11). Therefore, these bait vec-
tors could not be used for further analyses. Experiments using
pDBLeu-N as the bait indicated that, in addition to the known
N-V (59) and N-N (2, 25) protein interactions, there was a
weak, but significant, interaction between the N and M pro-
teins (Table 1). Furthermore, when pDBLeu-N and pPC86-P
were used, transcription of all three reporter genes, HIS3, lacZ,
and URA3, was strongly activated (Table 1). This was consis-
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tent with the previously reported strong interaction between
the N and P proteins (2, 11, 16). Similarly, data using
pDBIleu-M and pPC86-N or -M confirmed the weak, but sig-
nificant, N-M protein interaction and indicated the self-asso-
ciation of the M protein (47), which is similar to the case for
the SeV M protein (19). Analysis using pPC86-P together with
pDBLeu-1; ;507 or -L 703 518: indicated that the P protein
interacts with both the amino-terminal and carboxyl-terminal
regions of the L protein. The interaction with the amino-
terminal region was previously demonstrated by analyzing L
protein mutants whose amino acid residues were progressively
deleted from the carboxyl-terminal end (10, 22). On the other
hand, the present study is the first to demonstrate that the P
protein interacts with the carboxyl-terminal region (aa 1708 to
2183) of the L protein.

The carboxyl-terminal residues of the N protein are essen-
tial for the N-M protein interaction. The N protein can be
divided into two regions, Neorg and Npa . (36). We predicted
that the M protein may interact with N ,;; like the P protein
and multiple host factors. pDBLeu bait vectors expressing the
mutant N proteins NA3, NA6, NA9, NA12, and NA1S with
stepwise deletions from the carboxyl-terminal end were gener-
ated. The interactions of these mutant N proteins with the M
protein were analyzed in the yeast two-hybrid system. All five
mutants were unable to interact with the M protein (Fig. 1A).
On the other hand, all of the mutants retained the abilities to
interact with the P protein and to self-associate (Fig. 1B and
C). Since even the NA3 protein was unable to interact with the
M protein, the 3 aa residues at the carboxyl-terminal end of the
N protein {two leucines and an aspartic acid, in the sequence
order of LLD) were further examined. A single-amino acid
deletion (NA1 [LL-]) did not affect the N-M protein interac-
tion, whereas a 2-aa deletion (NA2 [L~]) abolished the inter-
action (Table 2). Substitution of an alanine for the individual
leucine residues at positions 523 and 524 (N-ALD and N-LAD,
respectively; substitutions are underlined) abolished the N-M
protein interaction, while substitution of a serine or glutamic
acid for the aspartic acid at position 525 (N-LLS and N-LLE,
respectively) had little effect on the interaction (Table 2).
These data indicate that the leucine residues at positions 523
and 524 in Ny, are essential for the N-M protein interaction.

The N-M protein interaction was also assessed in mamma-
lian cells. 293T cells were individually transfected with pCA7
vectors encoding the wild-type (wt) N, NA3, and NA15 proteins
with or without a pCA7 plasmid encoding the M protein.
‘When the whole-cell lysates were subjected to SDS-PAGE and
Western blotting, all the proteins were detected at high levels
(Fig. 1D). In another experiment, the cell lysates were incu-
bated with protein A/G conjugated to Sepharose beads, which
had been pretreated with a monoclonal antibody against the M
protein, and immune complexes were retrieved by centrifuga-
tion. When the immune complexes were subjected to SDS-
PAGE and Western blotting, the wt N protein, but not the
NA3 and NA1S proteins, was detected in complexes that con-
tained the M protein (Fig. 1D). These data indicate that the N
protein also interacts with the M protein in mammalian cells
and that its carboxyl-terminal residues are essential for the
interaction.

The MV M protein inhibits RNA synthesis in the MV mini-
genome system via its interaction with the N protein. Next, we
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A

prey: N (wt/mutant)

D

Cell lysate IP: M
N wt wtA3A3M5M5wt wt A3A3AI5M5
M+ -+ -4+ -+ -+ -+

WB:anti-N
WB: anti-M

FIG. 1. The carboxyl-terminal end of the N protein is essential for the
N-M protein interaction. (A to C) Yeast two-hybrid assay. MaV 203 yeast cells
were transfected with a bait vector expressing the GAL4 DNA BD fused with
the M, wt N, NA3, NA6, NAY, NA12, or NA1S protein or the GAL4 DNA BD
alone (Empty) (the bait used is shown in the explanatory figure on the right)
together with a prey vector expressing the GAL4 AD fused with the M
protein (A), P protein (B), or wt N protein or corresponding N protein
deletion mutant (C). Self-association of the wt N protein and its deletion
mutants was examined. Reporter gene (HI53) expression, which results in the
growth of MaV203 cells on SC/—Leu/~Trp/—HisBAT plates, was analyzed.
(D) Coimnninoprecipitation assay. 2937 cells were transfected with a plasmid
expressing the wt N, NA3, or NA1S protein with (+) or without () a plasmid
expressing the M protein. At 48 h posttransfection, small amounis of cell
lysates obtained from the transfected cells (Cell lysate) were subjected to
SDS-PAGE and Western blotting (WB) for detection of the N and M pro-
teins using a human polyclonal antibody against the N protein and a rabbit
polyclonal antibody against the M protein. The remaining cell lysates were
incubated with protein A/G-conjugated Sepharose beads, which had been
pretreated with a mouse mornoclonal antibody against the M protein (E388).
The immune complexes were obtained by centrifugation. The precipitated
immune complexes were subjected to SDS-PAGE and Western blotting for
detection of the N and M proteins. IP, immunoprecipitation.
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TABLE 2. Effect of the C-terminal mutations of the N protein on
interactions in yeast

pDBLeu-encoded pPC86-encoded protein (AD) interaction®

protein (DNA BD)*

Empty M P

Empty - - -

wt N [LLD] - + + 4+
NAL [LL-] - + +++
NA2 [L-] - - +++
NA3 [—] - - +++
N-ALD = - 4+
N-LAD - - e
N-LLS - + ++4
N-LLE - + 4+

¢ Substituted nucleotides are underlined. The carboxyl-terminal deletions of
the N mutant proteins are indicated by dashes.
b+, weak interaclion; +++, strong iateraction; —, no interaction.

examined the activity of the M protein in viral RNA synthesis.
Consistent with previous reports that the M protein inhibits
MYV RNA synthesis (51), our results confirmed that coexpres-
sion of the M protein reduced the level of the reporter (lucif-
erase) gene expression from an MV minigenome by ~95%
(Fig. 2A). The C protein also inhibited minigenome RNA
synthesis, which is consistent with previous reports (3, 39, 44).
In contrast, the MV M protein hardly affected reporter gene
expression levels in minigenome systems of other paramyxovi-
ruses (SeV and PIVS) while the SeV C protein and PIVS V
protein inhibited reporter gene expression from their own
minigenomes (Fig. 24), as reported previously (26, 27, 34).
These data indicate that the ability of the MV M protein to
inhibit minigenome expression is specific for MV RNA.

We hypothesized that the N-M protein interaction may be
involved in this specific inhibitory activity of the M protein.
The NA3 and NA15 proteins induced reporter gene expression
from the MV minigenome as efficiently as the wt N protein
when they were expressed together with the P and L proteins
(Fig. 2B). However, coexpression of the M protein no longer
inhibited reporter gene expression from the RNP complexes
formed with the NA3 and NAI1S5 proteins (Fig. 2B). These
results indicate that the M protein regulates MV RNA synthe-
sis by interacting with the carboxyl-terminal residues of the N
protein. In contrast, the MV C protein still efficiently inhibited
reporter gene expression from the RNP complexes formed
with the NA3 and NA1S proteins (Fig. 2C), indicating that the
M and C proteins regulate viral RNA synthesis by different
means.

The N-M protein interaction causes the redistribution of the
N protein within the cell. Many lines of evidence have indi-
cated that paramyxovirus M proteins play major roles in virus
assembly (49). The MV M protein, but not the N protein, has
an intrinsic ability to associate with the lipid membrane or lipid
raft (37, 46, 60). It has been proposed that the M protein
recruits the nucleocapsid to the plasma membrane (47) or lipid
raft for assembly (60). To assess their intracellular distribu-
tions, the wt N, NA3, and NA1S proteins were expressed in
CV1/hSLAM cells, together with the P protein. The P protein
is required for cytoplasmic retention of the N protein (23). The
wt N, NA3, and NA15 proteins were all mainly localized in the
cytoplasm, forming small dots in the perinuclear area (Fig.
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FIG. 2. The interaction with the carboxyl-terminal end of the N
protein is required for the M protein to inhibit MV minigenome gene
expression. (A) The MV M and C proteins specifically inhibit MV
minigenome gene expression. VV5-4 cells were infected with vIF7-3 at
an MOI of 0.5 and then transfected with a minigenome plasmid
(p1SMGFLuc01 [32], pHvLuciRT4 [28], and pMG-Rluc [34] for MV,
SeV, and PIVS5, respectively) and three support plasmids expressing
the N, P, and L proteins of each virus. +, expression of the protein; —,
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3A). When the M protein was coexpressed, the wt N protein
was colocalized with the M protein and became redistributed.
In contrast, the intracellular distributions of the NA3 and
NA15 proteins were hardly affected by coexpression of the M
protein (Fig. 3A).

Similar experiments were performed in VV5-4 cells in which
the MV minigenome was replicated and transcribed by the N,
P, and L proteins, as shown in Fig. 2B. Both the wt N and NA3
proteins were mostly localized in the perinuclear area, forming
small dots (Fig. 3B). When the M protein was coexpressed, the
wt N protein became redistributed (Fig. 3B). Notably, in cells
expressing the M protein at low levels, the wi N protein re-
mained as small dots in the perinuclear area (Fig. 3B). In
contrast, the intracellular distribution of the NA3 protein re-
mained unaltered even in cells highly expressing the M protein
(Fig. 3B). Therefore, the M protein neither inhibits viral RNA
synthesis nor causes redistribution of the N protein when it is
unable to interact with the N protein (e.g., NA3).

The N-M protein interaction is required for efficient pro-
duction of infections MV particles. The relevance of the N-M
protein interaction was analyzed in the context of viral parti-
cles using reverse genetics. A recombinant MV possessing the
NA3 protein (IC-NA3-EGFP) replicated much less efficiently
than the parental virus possessing the wt N protein (IC323-
EGFP) in Vero/hSLAM and CV1/hSLAM cells (Fig. 4A), in-
dicating that the N-M protein interaction is indeed important
for efficient virus production. The MV transcript levels exam-
ined in the presence of the fusion-blocking peptide were com-
parable between IC323-EGFP- and IC-NA3-EGFP-infected
Vero/hSLAM cells, whereas the transcript levels in IC-NA3-
EGFP-infected CV-1/hSLAM cells tended to be severalfold
lower than those in IC323-EGFP-infected cells (Fig. 4B). The
difference in the transcript levels between the two viruses did
not appear to account for the large difference in viral growth.
Since only very low titers of IC-NA3-EGFP were obtained, we

no expression of the protein. The L protein expression plasmid was
omitted from the transfection mixtures for negative control cells (L—).
The MV'M and C protein expression plasmids (pCA7-IC-M and
pCAT-IC-C, respectively) were included in the transfection mixtures
for some cells (MV M+ and MV C+, respectively). At 72 h postirans-
fection, luciferase activity was measured. The luciferase activity in
control cells transfected only with a minigenome plasmid and three
support plasmids (N, P, and L) for each virus was set to 100%. Data
represent the means =+ standard deviation of triplicate samples. (B)
Effects of carboxyl-terminal deletion of the N protein on the activity of
the M protein to inhibit MV minigenome gene expression. VV35-4 cells
infected with vIF7-3 were transfected with the MV minigenome plas-
mid (p18MGFLuc01) and three support plasmids (pCA7-IC-N, pCAT7-
IC-PAC, and pGEMCR-9301B-L). As replacements for pCA7-IC-N
(wt), pCA7-IC-NA3 (A3) and pCAT-IC-NAIS (A15) were also used as
support plasmids. pGEMCR-9301B-L was omitted from the transfec-
tion mixture for negative control cells (L—). pCA7-IC-M was added to
the transfection mixture for some cells (M+). At 48 h posttransfection,
luciferase activity was measured. The fuciferase activity in cells trans-
fected with pI8MGFLuc0l, pCAT7-IC-N, pCAT-IC-PAC, and
pGEMCR-9301B-L (N wt, P+, L+, and M) was set to 100%. Data
represent the means = standard deviations of triplicate samples. (C)
Effects of carboxyl-terminal deletion of the N protein on the activity of
the C protein to inhibit MV minigenome gene expression. Experiments
were performed as described for panel B, except that pCA7-IC-C was
used instead of pCA7-IC-M.
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NA3
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minigenome

anti-M Merge

N, P, L, M, minigenome

anti-N anti-N

anti-M Merge

FIG. 3. Intracellular distributions of the N and M proteins analyzed by indirect immunoflucrescence and: confocal microscopy. (A) CV-1/
hSLAM cells were transfected with pCA7-IC-N (Wi N), pCAT-IC-NA3 (NA3); or pCAT-IC-NA15 (NA15) together with pCA7-IC-PAC (N, P). Cells
were also transfected with pCA7-IC-N (wt N), pCA7-IC-NA3 (NA3); of pCAT-IC-NA15 (NA15) together with pCA7-IC-PAC and pCAT7-IC-M (N,
P, M). At 48 h posttransfection, the intracellular distributions of the N and M proteins were analyzed by indirect immunofiuorescence and confocal
microscopy. The primary antibodies used were a rabbit polyclonal antibody against the N protein and a mouse monoclonal antibody against the M
protein. The secondary antibodies were Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-mouse antibodies, respectively. Bar,
20 pm. (B) VV5-4 cells infected with vIF7-3 were transfected with the MV minigenome plasmid (pISMGFLuc01) together with three support plasmids
expressing the N, P, and L proteins (N, P, L, minigenome). Either pCA7-IC-N (wt N) or pCA7-IC-NA3 (NA3) was used as the N protein expression
plasmid. Cells were also transfected with pCA7-IC-M together with the minigenome plasmid and three support plasmids (N, P, L, M, minigenome). At
48 h posttransfection, the intracellular distributions of the N and M proteins were analyzed by indirect immunofluorescence and confocal microscopy as
described for panel A. Arrows and arrowheads indicate cells expressing M protein at low and high levels, respectively. Bar, 20 pm.

could not reliably compare the viral protein production levels
between IC323-EGFP- and IC-NA3-EGFP-infected cells using
Western blot analysis. Instead, we compared the sizes of the
plaques produced by the two viruses. In both CV-1/hSLAM

and Vero/hSLAM cells, IC-NA3-EGFP produced large
plaques similar to those of IC323-EGFP (Fig. 4C and data not
shown). These results suggest that the multiplication of IC-
NA3-EGFP is adversely affected at a step later than viral pro-
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FIG. 4. Analyses of recombinant MVs possessing carboxyl-terminal deletion of the N protein. (A) Growth kinetics. Vero/hSLAM and
CV-1/hSLAM cells were infected with recombinant MVs (IC323-EGFP and IC-NA3-EGFP) at an MOI of 0.001. The infectious titers in culture
medium (cell free) and cells (cell associated) were determined at various time points. (B) Quantification of viral mRNAs. Vero/hSLAM and
CV-1/hSLAM cells were infected with IC323-EGFP (black bar) or IC-NA3-EGFP (white bar) at an MOI of 0.001 in the presence of a
fusion-blocking peptide. At 24 h p.i., the levels of the N, P, M, F, H, and L. mRNAs of MV in the infected cells were analyzed by reverse
transcription-quantitative PCR. Data were normalized by the levels of 8-actin mRNA and represent the means = standard deviations of triplicate
samples. The N mRNA level in IC323-EGFP-infected cells was set to 100%. (C) Plaque assays. Monolayers of CV-1/hSLAM cells on 12-well
cluster plates were infected with S0 PFU of IC323-EGFP or IC-NA3-EGFP and overlaid with DMEM containing 7.5% FBS and 19 methylcel-
lulose. At 5 days p.i., the cells were stained with 0.01% neutral red, and the sizes of the plaques were measured. The mean diameters = standard
deviations are shown in the bar graph. (D) HeLa/hSLAM cells were infected with IC323-Luci (upper panels) or IC-NA3-Luci (lower panels). At
24 h p.., the intracellular distributions of the N and M proteins were analyzed by indirect immunofluorescence and confocal microscopy as
described in the legend of Fig. 3A. Longitudinal sections are also shown at the bottom. Bar, 10 pm.
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tein production, presumably virus assembly, by the impaired
interaction between the N and M proteins.

The intracellular distributions of the N and M proteins were
examined in cells infected with recombinant MVs possessing
the wt N or NA3 protein (Fig. 4D). Since a green fluorescent
Alexa Fluor 488-conjugated secondary antibody was used to
detect the N protein, IC323-Luci and IC-NA3-Luci, rather
than IC323-EGFP and IC-NA3-EGFP, respectively, were used
for this experiment. In 1C323-Luci-infected cells, the wt N
protein was mostly colocalized with the M protein at the cell
surface or as small dots in the perinuclear area (as observed in
transfected cells expressing low levels of the M protein). Al-
though the NA3 protein was also localized in small dots in
infected cells, its distribution was totally unrelated to that of
the M protein.

DISCUSSION

In the present study, we have demonstrated that the M
protein regulates MV RNA synthesis and assembly via its di-
rect interaction with the N protein. The N protein is biologi-
cally divided into two regions. Noggryg has a rigid structure and
contains all of the regions necessary for self-assembly and
binding to viral genomic and antigenomic RNA (2, 25, 35). On
the other hand, the intrinsically disordered Ny, protrudes
from the viral nucleocapsid (25, 29, 36) and interacts with
many viral and cellular proteins (2, 16, 33, 62). The present
study indicates that Ny yp also binds to the M protein. Ny
contains an n-helical molecular recognition element (aa 488 to
499), which interacts with three o-helical strands of the car-
boxyl-terminal module (XD; aa 459 to 507) of the P protein
(24, 30). Surface plasmon resonance analyses suggested that
the BOX3 region (aa 517 to 525) of the N protein also interacts
with the P protein (6). However, another study using nuclear
magnetic resonance reported that the BOX3 region does not
directly contribute to the interaction with the P protein (5).
Our present study supports the findings of the latter study since
deletion of up to 15 aa residues from the carboxyl-terminal end
of the N protein did not affect its interaction with the P protein,
as examined by the yeast two-hybrid system. Then, the ques-
tion arises as to whether the carboxyl-terminal region of the N
protein participates in viral RNA synthesis. We performed
minigenome assays and found that the levels of viral RNA
synthesis did not change when a mutant N protein lacking the
carboxyl-terminal 15 aa residues was used for the assay. This
finding is consistent with a previous report that truncation of
the carboxyl-terminal 24 aa residues of the MV Edmonston N
protein does not diminish transcription and replication of the
minigenome (62).

Using the minigenome assay, we further found that the abil-
ity of the M protein to regulate viral RNA synthesis was me-
diated by its interaction with the N protein. The C protein of
MYV inhibits viral RNA synthesis (3, 39, 44). However, in our
yeast two-hybrid system, we found that the C protein did not
interact with any of the MV proteins including the N protein.
Furthermore, the C protein still exerted its inhibitory activity
when the mutant N proteins that were unable to interact with
the M protein were used for the minigenome assay. Therefore,
the C protein is likely to regulate viral RNA synthesis in a
different manner from the M protein. The host protein Hsp72
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has been shown to stimulate MV minigenome reporter gene
expression by interacting with the carboxyl-terminal BOX3
region of the N protein (62). It is possible that the M protein
exerts its inhibitory activity by modulating the interaction be-
tween the N protein and Hsp72.

Although MV assembly has been studied for many years, its
precise mechanisms, including the viral and host proteins in-
volved, are largely unknown. In the Paramyxoviridae, the M
protein underlies the viral envelope and forms electron-dense
layers in electron micrographs (15). The M protein has been
shown to interact with the viral RNP complex (20, 51) as well
as the cytoplasmic domains of viral envelope glycoproteins (7,
8, 50, 52). Although the recombinant MV lacking the M pro-
tein (MV-AM) was successfully rescued, virus titers were re-
duced ~250-fold compared with the parental virus (7), as ob-
served for IC-NA3-EGFP (possessing a mutant N protein that
was incapable of interacting with the M protein) in the present
study (2-log reduction). Furthermore, the inability of defective
M proteins to associate with the viral nucleocapsid is thought
to be responsible for the low level of infectious viral particle
production in patients with SSPE (20). Consequently, the M
protein and its interaction with the RNP complex are believed
to play important roles in MV assembly. The present study has
clearly demonstrated that the N protein is the RNP complex
component that interacts with the M protein. A similar finding
has been obtained for another paramyxovirus, human PIV1
(hPIV1). When cells were infected with SeV and transfected
with the nucleoprotein (NP) ¢cDNA of hPIV1, nucleocapsids
composed of a mixture of NP molecules as well as those com-
posed of NPs solely from SeV or solely from hPIV1 were
detected in the cytoplasm (12). However, most of the NPs in
the nucleocapsids of the progeny SeV virions were found to be
from SeV. Coexpression of the hPIV1 M protein greatly in-
creased the incorporation of the nucleocapsids containing
hPIV1 NP into SeV virions. Analysis using SeV-hPIV1 chi-
mera NP ¢DNAs indicated that the hPIV1 M protein caused
specific incorporation of the nucleocapsid containing hPIV1
NP into SeV virions by interacting with the carboxyl-terminal
domain of hPIV1 NP (aa position 420 to 466) (12).

Interestingly, previous studies have shown that MV-AM and
viruses bearing the H and F proteins with shortened cytoplas-
mic tails are more efficient in inducing cell-cell fusion than the
parental MV (7, 8). In contrast, IC-NA3-EGFP and IC323-
EGFP produced similar sizes of plaques. The observations
suggest that the interaction between the M and envelope pro-
teins, but not that between the M and N proteins, critically
affects M V-induced membrane fusion.

The present study has also shed new light on the mechanism
by which the M protein promotes MV particle production. The
N and M proteins were expressed in cultured cells by transfec-
tion with expression plasmids or by infection with recombinant
viruses, and their intracellular distributions were investigated
by indirect immunofluorescence staining and confocal micros-
copy. Our results revealed that in the presence of the P pro-
tein, the N protein formed small dots in the perinuclear area
when it was expressed without the M protein or when it was
incapable of interacting with the M protein. However, when
the N protein was expressed in the presence of the P protein
and in a form that was able to interact with the M protein, the
N protein colocalized with the M protein in the cytoplasm as
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well as at the plasma membrane. We further found that 1C-
NA3-EGFP produced similar or slightly reduced levels of viral
RNA and comparable sizes of plaques (and therefore probably
comparable levels of viral proteins) compared with the paren-
tal IC323-EGFP although its production of infectious viral
particles was markedly impaired. Taken together, these obser-
vations may suggest that the M protein retains the viral RNP
complex at the plasma membrane by interacting with the N
protein and promotes the production of infectious viral parti-
cles.

Unlike the recombinant MV lacking the C protein (39),
IC-NA3-EGFP did not produce an increased level of viral
RNA in infected cells. This observation may be explained if we
presume that, in addition to the interaction between the N and
M proteins, retention of the RNP complex by the M protein at
the plasma membrane is required to stop viral RNA synthesis.
If this hypothesis is correct, the M protein inhibits RNA syn-
thesis only from the RNP complexes that are to become incor-
porated into progeny virions at the plasma membrane and does
not affect viral RNA synthesis from the RNP complexes in the
cytoplasm. In contrast, the nonstructural C protein may inhibit
overall viral RNA synthesis in the cells. In MV-infected cells,
the level of the M protein may be regulated (unlike the case in
transfected cells) such that viral RNA synthesis continues at a
sufficient level in the perinuclear area of the cytoplasm.
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Mitofusin 2 Inhibits Mitochondrial
Antiviral Signaling

Kai Yasukawa,' Hiroyuki Oshiumi,? Makoto Takeda,® Naotada Ishihara,* Yusuke Yanagi,’
Tsukasa Seya,? Shun-ichiro Kawabata,' Takumi Koshiba'*
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The innate immune response to viral infection involves the activation of muitiple signaling steps that
culminate in the production of type | interferons (IFNs). Mitochondrial antiviral signaling (MAVS), a
mitochondrial outer membrane adaptor protein, plays an important role in this process. Here, we re-
port that mitofusin 2 (Mfn2), a mediator of mitochondrial fusion, interacts with MAVS to modulate
antiviral immunity. Overexpression of Min2 resulted in the inhibition of retinoic acid-inducible gene
1 (RIG-1) and melanoma differentiation-associated gene 5 (MDA-5), two cytosolic sensors of viral RNA,
as well as of MAVS-mediated activation of the transcription factors interferon regulatory factor 3 (IRF-3)
and nuclear factor kB (NF-xB). In contrast, loss of endogenous Mfn2 enhanced virus-induced production
of IFN-B and thereby decreased viral replication. Structure-function analysis revealed that Min2 interacted
with the carboxyl-terminal region of MAVS through a heptad repeat region, providing a structural perspec-
tive on the regulation of the mitochondrial antiviral response. Our results suggest that Mfn2 acts as an

inhibitor of antiviral signaling, a function that may be distinct from its role in mitochondrial dynamics.

INTRODUCTION

Innate immunity is an essential and ubiquitous system that defends orga-
nisms from infectious pathogens. Initiation of the innate immune response
is typically triggered by the recognition of broadly conserved elements of
the invading pathogen known as pathogen-associated molecular patterns
(PAMPs). The recognition of PAMPs by germline-encoded pattern recogni-
tion receptors ultimately activates intracellular signaling cascades that result
in the clearance and killing of infectious microbes (I, 2). Viral infection of
host cells is detected by the cell’s recognition of PAMPs such as double-
stranded RNA (dsRNA), which initiates two distinct signaling pathways
(3). The first, mediated by endosomal Toll-like receptor 3, recognizes viral
dsRNA that enters the cell by endocytosis, whereas the second pathway
detects cytoplasmic, virus-derived dsRNA through the involvement of
two RNA helicases, retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation—associated gene 5 (MDA-5) (3). Although these two path-
ways differ with respect to their initiating stimuli and downstream effectors,
they converge at the point of transcriptional activation, resulting in the rapid
production of type I interferons (IFN-o and IFN-p) and other cytokines that
promote the subsequent development of adaptive antiviral immunity (4, 5).

Mitochondria, in addition to serving as the powerhouses of eukaryotic
cells, are well characterized as crucial players in numerous cellular pro-
cesses, including apoptosis (6), aging (7), and calcium homeostasis (8). Other
studies, however, have revealed that mitochondria also play a fundamental
role in antiviral immunity in mammals (9-13). Mitochondrial antiviral im-
munity depends on both the upstream activation of the RIG-I or MDA-5
pathway and the participation of mitochondrial antiviral signaling protein
[MAVS (9), also known as IPS-1 (14), VISA (I5), and Cardif (1 6)}; a mito-
chondrial outer membrane protein that is a member of the caspase activation
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and recruitment domain (CARD) family. Cellular deficiency in MAVS ab-
rogates the production of type I IFNs and prevents the activation of the
transcription factors interferon regulatory factor 3 (IRF-3) and nuclear factor
xB (NF-xB) after viral infection (17, 18), thus underscoring the importance of
the linkage between antiviral immunity and mitochondria. Although several
cytoplasmic proteins have been functionally linked to the MAVS-dependent
antiviral signaling pathway (3), the importance of other mitochondrial integral
membrane proteins that potentially cooperate with MAVS has remained un-
clear, Here, we describe our findings that mitofusin 2 (Mfii2), a mediator of
mitochondral fusion, negatively regulates antiviral signaling through MAVS.

RESULTS

MAVS assembles into a high molecular mass

complex on mitochondria

We reasoned that additional mitochondrial membrane proteins could func-
tionally and physically interact with MAVS to regulate mitochondrial anti-
viral immunity. To test this hypothesis, we examined the molecular mass of
endogenous MAVS by size exclusion chromatography. Despite having a
predicted molecular mass of 56 kD, endogenous MAVS extracted from
the mitochondrial fraction of human embryonic kidney (HEK) 293 cells
eluted in a high molecular mass fraction that corresponded to ~600 kD at
physiological pH (pH 7.2) (Fig. 1A). A similar result was obtained with
N-terminal Myc-tagged MAVS that was stably expressed in HEK 293
cells (Fig. 1A). To verify that the observed molecular mass of the MAVS
complex was not due to nonspecific aggregation under these experimental
conditions, we analyzed Fisl, a C-terminal tail-anchored mitochondrial
otiter membrane protein that similarly forms higher-order complexes. Fisl
derived from mitochondrial extracts of HEK 293 cells eluted at a position
corresponding to less than 230 kD (Fig. 1A), consistent with previous studies
(19). These findings indicated that MAVS ordinarily forms a stable higher-order
complex on the outer mitochondrial membrane, and they raised the possi-
bility that unidentified mitochondrial components of this complex could be
relevant to the mitochondrial antiviral response.
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