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The Highly Conserved Arginine Residues at Positions 76 through 78
of Influenza A Virus Matrix Protein M1 Play an Important Role in
Viral Replication by Affecting the Intracellular Localization of M1
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Influenza A virus matrix protein (M1) plays an important role in virus assembly and budding. Besides a well-characterized basic
amino acid-rich nuclear localization signal region at positions 101 to 105, M1 contains another basic amino acid stretch at posi-
tions 7678 that is highly conserved among influenza A and B viruses, suggesting the importance of this stretch. To understand
the role of these residues in virus replication, we mutated them to either lysine (K), alanine (A), or aspartic acid (D). We could
generate viruses possessing either single or combination substitutions with K or single substitution with A at any of these posi-
tions, but not those with double substitutions with A or a single substitution with D. Viruses with the single substitution with A
exhibited slower growth and had lower nucleoprotein/M1 quantitative ratio in virions compared to the wild-type virus. In cells
infected with a virus possessing the single substitution with A at position 77 or 78 (R77A or R78A, respectively), the mutated M1
localized in patches at the cell periphery where nucleoprotein and hemagglutinin colocalized more often than the wild-type did.
Transmission electron microscopy showed that virus possessing M1 R77A or R78A, but not the wild-type virus, was present in
vesicular structures, indicating a defect in virus assembly and/or budding. The M1 mutations that did not support virus genera-
tion exhibited an aberrant M1 intracellular localization and affected protein incorporation into virus-like particles. These results

indicate that the basic amino acid stretch of M1 plays a critical role in influenza virus replication.

,VI atrix protein M1 of influenza A virus is the most abundant
protein in the virion and has multiple functions throughout
the virus replication cycle. After internalization of the virus
through receptor-mediated endocytosis, acidification of the vi-
rion interior, driven by the proton channel M2 (37), leads to the
dissociation of viral ribonucleoprotein (VRNP) from M1 and
VRNP release into the cytoplasm (4, 15, 25,37, 45). vVRNPs are then
imported into the nucleus. In the nucleus, the viral RNA (VRNA)
is transcribed and replicated by the VRNA polymerase subunits
PB1, PB2, and PA, along with a nucleoprotein NP. Viral mRNAs
are transported into the cytoplasm and translated into proteins.
The polymerase subunits and NP are imported into the nucleus,
synthesize VRNAs, and form vRNPs. M1 is also imported into the
nucleus during the late stages of viral replication cycle and associ-
ates with the newly formed vRNPs (4, 35, 39). The vRNP-M1
complex, in association with NS2, is exported from the nucleus to
the cytoplasm (4, 5, 16, 25, 28, 33, 44) and is then transported to
the plasma membrane, where assembly of the viral internal com-
ponents and viral envelope proteins are completed, and virions
bud from the cell surface. Thus, many of the M1 functions are
mediated by its binding to vRNPs (2, 8, 11, 35, 38, 46, 48, 52, 54):
M1 inhibits vVRNA transcription and/or replication (2, 11, 36, 48,
54-56) and controls the nuclear export of vVRNP (4, 17, 25, 26,
49-51). M1 lies beneath the viral envelope and acts as a bridge
between the VRNA associated with vVRNP and the integral mem-
brane proteins by interacting with their cytoplasmic tails (9, 13,
20, 24, 41, 55).

The minimum requirement of viral proteins to drive influenza
A virus assembly and budding is conflicting. Early studies using
various expression systems showed that M1 alone could form
virus-like particles (VLPs) (12, 21). In contrast, recent work by
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Chen et al. (7) and Wang et al. (47) suggests that M1 cannot form
VLPs by itself and that other viral proteins are required. Wang et
al. also showed that M1 does not have an inherent membrane
targeting signal and is trafficked to the plasma membrane with the
help of M2. M1 and M2 can form VLPs together in the absence of
any other viral proteins (47). Thus, M1 is an integral part of the
infectious virion and plays an important role in virus assembly
and budding.

M1 is encoded by viral RNA segment 7 and consists of 252
amino acids (19). On the basis of the crystallographic structural
data, M1 has been divided into three major domains: the
N-terminal domain (amino acid positions 2 to 67), the middle
domain (amino acid positions 88 to 164), and the C-terminal
domain (amino acid positions 165 to 252) (1, 14, 43) (Fig. 1A).
The amino acid residues at positions 101 to 105 were identified as
a nuclear localization signal (53). Mutations in these residues
cause M1 to remain in the cytoplasm and not be imported into the
nucleus of virus-infected cells at a nonpermissive temperature,
resulting in temperature-sensitive mutants (23). These M1 mu-
tants are replication defective with retarded viral growth (23). Re-
cent mutational studies also showed that mutations in this region
affected the morphology of the virus (6).

Three consecutive basic amino acid residues at positions 76 to
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FIG 1 Sequences of mutant M1 proteins at amino acid positions 76 to 78 and virus growth kinetics. (A) Schematic presentation of influenza A virus M1. The
boundary of the three main domains is shown by the amino acid positions. N, N-terminal domain; L, the linker region (see reference 43; yellow); M, middle
domain; C, C-terminal domain. The arginine residues (R) at positions 76 to 78 and the nuclear localization signal (NLS; 53) are also shown. (B) Alignment of M1
amino acid sequences of influenza A and B viruses. Shown are the amino acids at positions 71 to 80. Conserved arginine (R) and lysine (K) residues are shown
in red and green, respectively. (C) M1 amino acid sequences of the mutant viruses used in the present study. Mutants are color-coded as follows: single alanine
substitutions, light green; double alanine substitutions, deep green; single, double, and triple lysine substitutions, pink; single aspartic acid substitutions, red. (D)
Growth kinetics of the M1 mutants. MDCK cells were infected with the indicated viruses at an MOI of 0.001. The culture supernatants collected at the indicated
time points were subjected to plaque assays for virus titration. Error bars represent standard deviations of three independent experiments.

78 of M1, RRR, form part of the region that links the N-terminal
domain to the middle domain; the residues at positions 77 and 78
could be exposed to interact with the phospholipids of the plasma
membrane (43). Alignment of M1 amino acid sequences shows
that these residues are highly conserved among influenza A and B
viruses (Fig. 1B). The role of these residues in virus replication is
not known. We hypothesized that these basic residues may form a
continuously charged surface and play an important role in virus
biology. Here, we examined the role of the arginine residues at
positions 76 to 78 (R76, R77, and R78) of M1 in the virus replica-
tion cycle by systematically analyzing the effect of mutations at
these positions in a minireplicon assay, a VLP assay, and on virus
recovery.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Madin-Darby canine kidney (MDCK)
cells were grown in minimal essential medium (MEM) containing 5%
newborn calf serum, vitamins, essential amino acids, and antibiotics. 293
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and 293T human embryonic kidney cells were grown in Dulbecco modi-
fied Eagle medium (DMEM) containing 10% fetal bovine serum (FBS)
and antibiotics. A549 human lung adenocarcinoma epithelial cells were
grown in DMEM-F-12 containing 10% FBS and antibiotics. All cells were
cultured at 37°C with 5% CO,.

Influenza virus A/WSN/33 (HIN1) (WSN) and its M1 mutants were
generated by use of plasmid-based reverse genetics (see below) and am-
plified in MDCK cells grown in MEM containing 0.3% bovine serum
albumin and 0.5 to 0.75 pg of TPCK [L-(tosylamido-2-phenyl)ethyl chlo-
romethyl ketone]-treated trypsin/ml. At 48 h postinfection, the culture
supernatant was harvested, clarified, divided into aliquots, and stored at
—80°C. The virus titer was determined by using plaque assays in MDCK
cells.

Anti-M1 mouse monoclonal antibodies (clone C111 [Takara Bio, Inc.,
Otsu, Japan] and clone GA2B [AbD Serotec, Oxford, United Kingdom]),
an anti-NP mouse monoclonal antibody (clone AASH [Abcam]), and an
anti-M1 goat polyclonal antibody (catalog no. ab20910 [Abcam]) were
used according to the manufacturer’s instructions. An anti-HA mouse
monoclonal antibody (clone WS 3-54) was kindly provided by Emi
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Takashita (National Institute of Infectious Diseases, Tokyo, Japan). An
anti-WSN virus rabbit polyclonal antibody (R309) was prepared in our
laboratory.

Plasmid construction. The cDNA encoding the WSN virus M gene
was amplified by use of PCR and cloned into the protein expression plas-
mid pCAGGS/MCS (18, 31) or the viral RNA expression plasmid pHH21
(29). Site-directed mutations were introduced into the plasmids by using
the PCR-based megaprimer method (42). Primer sequences are available
upon request.

Reverse genetics. The wild-type WSN virus and its M1 mutants were
generated by using a plasmid-based reverse genetics as described previ-
ously (29). In brief, 293T cells grown in 35-mm dishes to 70% confluence
were transfected with 0.1 ug each of the eight Poll plasmids for each VRNA
segment of WSN virus along with 1 ug each of the four protein expression
plasmids for the viral polymerase subunits (PB1, PB2, and PA and nucleo-
protein NP). At 48 h posttransfection, 0.5 to 0.75 ug of TPCK-trypsin/ml
was added to the cells, which were then incubated for 1 h. The culture
supernatant was then harvested, clarified, and passed onto fresh MDCK
cells to monitor the virus recovery, by observing the cytopathic effect
(CPE), and amplify the viruses. The identity of the recovered viruses was
confirmed by sequencing of VRNA extracted from culture supernatants.
The recovered viruses were named based on their mutated M1 as follows:
WSN-M1R76A, WSN-M1R77A, WSN-M1R78A, WSN-M1R76K, WSN-
M1R77K, WSN-M1R78K, and so on.

Reverse transcription-PCR. VRNA was isolated from culture super-
natant harvested from virus-infected MDCK cells by using an RNeasy
minikit (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. The extracted vVRNA was reverse transcribed and amplified by
using the SuperScript III One-Step RT-PCR system with Platinum Tag
DNA polymerase (Invitrogen, Carlsbad, CA) with a primer set specific for
the M gene. PCR products were analyzed by means of electrophoresis on
a 0.75% agarose gel. The PCR products were then sequenced to confirm
the introduced mutations.

Virus growth kinetics. MDCK cells grown in 60-mm tissue culture
dishes were infected with virus at a multiplicity of infection (MOI) of
0.001. Culture supernatants were harvested at 12-h intervals, clarified, and
frozen at —80°C. The virus titer in the culture supernatant at each time
point was determined by use of plaque assays.

M1 expression in plasmid-transfected cells. 293T cells grown in 12-
well tissue culture plates to 70% confluence were transfected with 1 ug of
M1 expression plasmid. At 48 h posttransfection, cells were washed with
phosphate-buffered saline (PBS) twice, lysed with radioimmunoprecipi-
tation assay (RIPA) buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1%
Triton X-100, 0.5% deoxycholate, and 0.1% sodium dodecyl sulfate
[SDS]), and subjected to Western blotting.

VLP budding assay. 293T cells grown in 60-mm dishes to 70% con-
fluence were transfected with 2 ug each of protein expression plasmids for
M1, HA, NA, NP, M2, and NS2. At 48 h posttransfection, culture super-
natant was harvested, clarified, loaded on a 20% sucrose cushion, and
ultracentrifuged at 60,000 rpm for 2 h. The pelleted VLPs were rehydrated
in PBS overnight at 4°C and analyzed by means of Western blotting. The
transfected cells were lysed with RIPA buffer and subjected to Western
blotting.

Minireplicon assay. vVRNA transcription and replication was assessed
by using a minireplicon assay as described previously (34). Briefly,
293Tcells grown in 24-well tissue culture plates to 70% confluence were
transfected with pPoll-WSN-NA-firefly-luciferase (22), along with the
expression plasmids for the viral polymerase subunits (i.e., PA, PB1, and
PB2) and an expression plasmid for NP. To assess the effect of M1 expres-
sion on VRNA transcription and replication, we included an expression
plasmid for either wild-type or mutated M1 in the plasmid mixture along
with the expression plasmid for NS2. pGL4.74[hRluc/TK] (Promega,
Madison, WI) was also included in the plasmid mixture as an internal
control for the dual-luciferase assay. At 36 h posttransfection, the firefly
and Renilla luciferase activities in cells were measured on a microplate
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reader (Infinite M1000 [Tecan]) by using the Dual-Luciferase reporter
assay system (Promega) according to the manufacturer’s instructions.

Western blotting. Protein samples were mixed with 2 X sample buffer
and loaded on precast 4 to 20% SDS-PAGE gels (Bio-Rad, Hercules, CA).
After fractionation, the proteins were transferred onto nitrocellulose
membranes by using an iBlot dry blotting system (Invitrogen). The mem-
branes were blocked for 16 h at 4°C with PBS with 0.05% Tween 20
(PBS-T) containing 5% skimmed milk. Membranes were then incubated
with primary antibodies for 1 h at room temperature. To detect M1, NP,
and HA, anti-M1 goat polyclonal (1:2,500), anti-NP mouse monoclonal
(1:1,000), and anti-HA mouse monoclonal (1:2,000) antibodies respec-
tively, were used. To detect the major viral proteins (i.e., HA, NP, and
M1), the anti-WSN virus rabbit polyclonal antibody (1:10,000) was also
used. After three washes with PBS-T for 5 min each time, membranes were
incubated with the anti-mouse (1:10,000), anti-goat (1:10,000), or anti-
rabbit (1:20,000) secondary antibodies conjugated with horseradish per-
oxidase (Invitrogen) for 1 h at room temperature. After three washes with
PBS-T for 15 min each time, blots were developed by using a chemilumi-
nescence kit (Roche Applied Science, Basel, Switzerland) and visualized
following autoradiography. Autoradiographs were scanned and quanti-
tated by using ImageJ software (National Institutes of Health [NIH]).

Immunofluorescence staining. A549 cells grown on glass coverslips
in 12- or 24-well tissue culture plates to 30 to 50% confluence were either
transfected with 0.5 g of M1 expression plasmid or infected with viruses
atan MOI of 5. Cells were incubated for various lengths of time and then
fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hat-
field, PA) for 15 min. They were then washed with PBS three times, per-
meabilized with PBS-T containing 0.2% Triton X-100 for 15 min, and
blocked with PBS-T containing either 5% normal mouse serum or 10%
normal goat serum for 30 min at room temperature. The cells were then
incubated with an anti-M1 mouse monoclonal antibody (1:200) for 1 h at
room temperature, washed with PBS-T three times, and then incubated
with an anti-mouse secondary antibody conjugated with Alexa Fluor 488
(Invitrogen) at 1:1,000 for 1 h at room temperature. After being washed
with PBS-T three times and counterstained with Hoechst 33258 (Invitro-
gen) for 10 min, the cells were rinsed in distilled water, partially dried by
draining the excess liquid, and mounted on a glass slide with Immuno-
Mount (Shandon, Pittsburgh, PA).

For four color immunofluorescence staining, anti-M1 and anti-NP
antibodies were labeled with the fluorescent dyes Alexa Fluor 488 and
Alexa Fluor 647 (Invitrogen), respectively. Virus-infected cells were incu-
bated with the anti-M1 (1:100)- and anti-NP (1:300)-labeled antibodies
together with an anti-HA mouse monoclonal antibody (1:300), followed
by incubation with an anti-mouse secondary antibody conjugated with
Alexa Fluor 594 (Invitrogen) at 1:1,000 and Hoechst 33258 (Invitrogen)
in PBS-T for 30 min at room temperature.

Cell samples were observed under a confocal laser scanning micro-
scope LSM510META (Carl Zeiss, Jena, Germany). Raw images were ex-
ported as TIFF files and cropped as appropriate by using Adobe Photo-
shop CS4 without altering the actual image attributes.

Transmission electron microscopy. Ultrathin-section electron mi-
croscopy was performed as described previously (32). Briefly, virus-
infected cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer at 12 h postinfection and postfixed with 2% osmium tetroxide in
the same buffer. The cells were then dehydrated with a series of ethanol
gradients followed by propylene oxide before being embedded in Epon
812 resin mixture (TAAB Laboratories Equipment, Berkshire, United
Kingdom). Thin sections were stained with 2% uranyl acetate and Rayn-
old’s lead and examined under a Tecnai F20 electron microscope (FEL,
Hillsboro, OR) at 80 kV.

RESULTS

Introduction of mutations into M1. An alignment of M1 amino
acid sequences showed that arginine residues at positions 76 to 78
are highly conserved among influenza A viruses, including the
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TABLE 1 Virus recovery by use of reverse genetics®

Supernatant of plasmid-transfected
cells collected at:

48 hpt and CPE 72 hpt and CPE

in MDCK cells in MDCK cells

observed at: observed at: .

Virus

Virus 24hpi 48 hpi 24hpi 48 hpi recovery
Wild-type WSN ++ ++++ 4+ A+t Yes
WSN-MIR76A + ++ ++  +++ Yes
WSN-MIR77A - ++ - ++ Yes
WSN-MIR78A - - - n Yes
WSN-MIR76D - - - _ No
WSN-MIR77D - - - - No
WSN-MIR78D - - - _ No
WSN-MIR76K ++ +4++  +++  H+++ Yes
WSN-M1R77K ++  ++++ F++ ++++ Yes
WSN-MIR78K ++  4+++ +++ 4+ Yes
WSN-MIR76/77A - - - - No
WSN-M1R76/78A - - — _ No
WSN-MIR77/784 - - - - No
WSN-MIR76/77K +4+ +4+++ +++  F+++ Yes
WSN-M1R76/78K ++  ++++ F++ ++++ Yes
WSN-M1R77/78K ++ ++++  +++  F+++ Yes
WSN-M1R76/77/78K  ++ ++++ +++ ++++  Yes

a293T cells were transfected with a VRNA expression plasmid for either the wild-type
or mutated M1 vRNA segment along with the vVRNA expression plasmids for the
remaining seven VRNA segments and four protein expression plasmids for PB2, PB1,
PA, and NP. Culture supernatants were harvested at 48 and 72 h post transfection and
inoculated into MDCK cells. The cytopathic effect (CPE) was monitored for 48 to 72 h.
+, Only a few cells showed a CPE; ++, ca. 50% of the cells showed a CPE; +++, 75%
of the cells showed a CPE; +++ +, 100% of the cells showed a CPE. hpt, hours post
transfection;hpi, hours postinfection.

2009 HIN1 pandemic and highly pathogenic H5N1 viruses (Fig.
1B). Although the arginine at position 76 of influenza A virus M1
is replaced with a lysine at the same position in the M1 of influenza
B virus (Fig. 1B), this high conservation suggests that the basic
amino acid residues at these positions may play an important
role(s) in influenza virus replication. To examine this role, we
used site-directed mutagenesis to construct protein expression
plasmids for M1 in which lysine (K, conservative), alanine (A), or
aspartic acid (D, nonconservative) replaced the arginines at one,
two, or three positions (Fig. 1C). These plasmids expressed M1
protein of the expected size with no major effect on the expression
level in transfected cells (data not shown). We also introduced the
same mutations into the vVRNA expression plasmids for M vRNA.

Importance of the arginines for virus recovery. To examine
whether the conservation of the amino acids at positions 76 to 78
is critical for virus viability, we attempted to generate viruses pos-
sessing mutant M1 by using plasmid-based reverse genetics (29).
Virus recovery was confirmed by means of CPE (Table 1). The
identity of the viruses was confirmed by sequencing of the vRNA
extracted from viruses passaged in MDCK cells three times. Single,
double, or triple substitutions with lysine resulted in recovery of
infectious viruses with growth properties similar to those of the
wild-type virus. The single substitution with alanine at one of
these positions (WSN-M1R76A, WSN-M1R77A, and WSN-
M1R78A) did not affect virus generation, although the generated
viruses exhibited slower growth than that of the wild-type virus. In
contrast, the double substitution with alanine was detrimental to
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virus generation. The single substitution with aspartic acid at any
of these positions did not support virus production. These results
indicate that basic amino acids at positions 76 to 78 of M1 are
critical for virus replication.

Importance of the arginines for virus growth. To further
characterize the M1 mutants that possessed the single substitution
with alanine at position 76, 77, or 78, we determined the growth
kinetics of the mutant viruses in MDCK cells. Consistent with the
results of virus production (Table 1), both WSN-M1R77A and
WSN-M1R78A grew more slowly than did the wild-type virus
(Fig. 1D). There was an ~1-log difference in virus titer at most of
the time points tested. However, the growth kinetics of WSN-
MI1R76A, which exhibited attenuated growth during virus gener-
ation (Table 1), were comparable to those of the wild-type virus.
The growth kinetics of the lysine substitution-possessing M1 mu-
tants (WSN-M1R76K, WSN-M1R77K, and WSN-M1R78K) were
comparable to or even higher (WSN-M1R76/77/78K) than those
of the wild-type virus. The growth kinetics of the M1 mutants
possessing the double substitutions with lysine (WSN-M1R76/
77K, WSN-M1R77/78K, and WSN-M1R76/78K) were also simi-
lar to those of the wild-type virus (data not shown), supporting the
contention that basic amino acids at these positions are important
for virus replication.

Importance of the arginines for incorporation of viral
proteins into virions. To assess the impact of the single
arginine-to-alanine substitution at position 76, 77, or 78 of M1
on viral protein incorporation into virions, we examined the
relative amount of viral proteins in virus-infected cells at 8 h
postinfection and also in virions. The expression pattern of the
major viral proteins (i.e., HA, NP, and M1) in all of the virus-
infected cells was essentially similar (Fig. 2A), although the
expression level of HA1 in the wild-type virus-infected cells
was considerably lower than that in the M1 mutant-infected
cells. Under these conditions, although the amounts of M1 in
the culture supernatant were similar among the test viruses, the
NP/M1 ratio in WSN-M1R76A, WSN-M1R77A, and WSN-
M1R78A particles was significantly lower (P < 0.05, unpaired
two-tailed f test) than that in the wild-type virus particles (Fig.
2B). In contrast, the NP/M1 quantitative ratio in WSN-
M1R76/77/78K virions was comparable (P = 0.128) to that in
the wild-type virus particles. These data suggest that the incor-
poration of NP into virions is affected by the arginine-to-
alanine substitution at position 76, 77, or 78 of M1. These
results also suggest that the slower growth kinetics of viruses
possessing these M1 mutations may be partly attributed to the
defective incorporation of viral proteins into virions.

Importance of the arginines for intracellular trafficking of
viral proteins. We next examined the intracellular distribution of
M1 in cells infected with virus possessing the single substitution
with alanine at position 76, 77, or 78 by using indirect immuno-
fluorescence assays. A549 cells were used for immunofluorescence
staining, because these cells allowed us to obtain clearer and more
reproducible results than those with MDCK cells. Note that pre-
vious studies have demonstrated that both the viral protein distri-
bution pattern (10) and the growth kinetics (17) of WSN virus in
A549 cells are comparable to those in MDCK cells. At 6 h postin-
fection, there was no remarkable difference in the M1 localization
among WSN-MI1R76A-, WSN-M1R77A-, WSN-M1R78A-, and
wild-type virus-infected cells (Fig. 3, left panels). In contrast, at 10
h postinfection, both M1R77A and M1R78A showed a distinctly
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FIG 2 Viral proteins in virus-infected cells and virions. (A) Expression of viral proteins in virus-infected cells. MDCK cells were infected with the indicated
viruses at an MOI of 5 and were grown in the presence of TPCK-trypsin. Cytoplasmic extracts were prepared at 8 h postinfection and analyzed by use of Western
blotting with a polyclonal antibody against WSN virus. Arrows to the right indicate the positions of the viral proteins. (B) Viral proteins in virions. Viruses grown
in MDCK cells in the presence of TPCK-trypsin were concentrated by ultracentrifugation through a sucrose cushion and resuspended in RIPA buffer. The protein
samples were then analyzed by means of Western blotting with either anti-NP or anti-M1 monoclonal antibody. The intensity of bands for NP and M1 was
quantitated by using Image] software (NIH). The NP/M1 quantitative ratio was calculated (the value for the wild-type virus was taken as 1), and the averages from
three independent experiments (with standard deviations) are shown at the bottom of the gel image. Arrows to the right indicate the position of the viral proteins.

6 hpi
aM1+Hoechst

10 hpi
aM1+Hoechst

Mock

WSNwt

WSN-M1R76A

WSN-M1R77A

WSN-M1R78A

FIG 3 Intracellular distribution of viral proteins in virus-infected cells. A549
cells were infected with the indicated viruses at an MOI of 5. Cells were fixed at
6 h (left panels) or 10 h (right panels) postinfection and subjected to an im-
munofluorescence assay with an anti-M1 monoclonal antibody (green). The
nucleus was counterstained with Hoechst (blue). Slides were observed under a
confocal laser scanning microscope with an objective with X40 magnification,
and raw images were processed as described in Materials and Methods.
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different localization pattern from that of the wild-type M1 in
virus-infected cells: in addition to cytoplasmic localization, these
mutated M1s were found in patches at the cell periphery. This
unique M1 accumulation was observed over time and in ca. 20%
of the cells examined; the rest of the M1 mutant-infected cells
showed M1 distribution comparable to that in the wild-type virus-
infected cells. In the wild-type virus-infected cells, only a few (0.5
to 1%) showed the M1 patches at the cell periphery. The M1 dis-
tribution pattern in cells infected with WSN-M1R76A was similar
to that of the wild-type virus, although more nuclear M1 was
observed in the WSN-M1R76A-infected cells. These data suggest
that M1 with the alanine substitution at position 77 or 78 is ar-
rested at the cell periphery for longer than the wild type and, thus,
differs from the wild-type in its intracellular localization especially
at the cell periphery, which likely affects viral growth kinetics.

We also examined whether the other major viral proteins
HA and NP colocalize with the mutant M1 in the patches at the
cell periphery by using fluorescent dye-labeled antibodies (Fig.
4). In the wild-type virus-infected cells, NP (Fig. 4G) colocal-
ized with the M1 that was distributed in the nucleus and cyto-
plasm (Fig. 41). HA also colocalized with the M1 in the cytoplasm,
although a portion of this glycoprotein also accumulated in the
perinuclear region. Under these conditions, both HA and NP
colocalized with the M1 in the patches in the cells that were
infected with WSN-M1R77A (Fig. 4M to R) or WSN-M1R78A
(Fig. 4S to X).

Importance of the arginines for virus budding. To further
examine the architecture of the patches at the cell periphery, we
analyzed the virus-infected cells by using transmission electron
microscopy at 12 h postinfection (Fig. 5). In cells infected with the
wild-type virus, spherical virions were observed on the plasma
membrane. In contrast, in cells infected with either WSN-
MIR77A or WSN-M1R78A, many virions were detected in intra-
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FIG 4 Colocalization of viral proteins in virus-infected cells. A549 cells were infected with the indicated viruses at an MOI of 5. At 12 h postinfection, cells were
fixed and incubated with an anti-NP (A, G, M, m, S, and s), anti-HA (B, H, N, n, T, and t), or anti-M1 (C, I, O, o, U, and u) monoclonal antibody. The nucleus
was counterstained with Hoechst 33258. D, ], P, p, V, and v, merged images for HA and M1; E, K, Q, q, W, and w, merged images for NP and MI; F, L, R, 1, X,

and x, merged images for NP, HA, and M1.

cellular vesicles and some virions appeared to be budding into
these vesicles (Fig. 5, WSN-M1R77A). These events were not ob-
served in cells infected with the wild-type virus. The morphology
of the budding virions of the wild-type virus and those containing
the M1 mutants were indistinguishable; all were spherical to oval-
shaped. Taken together, these results indicate that the single
arginine-to-alanine substitution at position 77 or 78 of M1 re-
sulted in aberrant virus budding.

Impact on virus replication of the M1 mutations that did not
support virus recovery cycle. To further assess the role of the
arginines at positions 76 to 78 of M1 in virus replication, we next
focused on the M1 mutations that did not allow the generation of
infectious viruses (Table 1): the single substitution with aspartic
acid and the double substitutions with alanine. Since studies have
demonstrated that M1 inhibits VRNA transcription and/or repli-
cation (2, 11, 36, 48), the impact of these substitutions on vVRNA
transcription and replication were assessed by using minigenome
assays in the presence of M1 and NS2 (NS2 interacts with M1 and
regulates M 1’s inhibitory effect on vVRNA transcription and repli-
cation [40]). The results showed that the impact of these M1 sub-
stitutions was limited, with levels of vRNA transcription and rep-
lication in the presence of these mutant M1s being 70 to 90% of
those of the wild-type M1 (Fig. 6). Mutant M1s with the single
alanine substitution at these positions also showed a level of VRNA
transcription and replication comparable to that of the wild-type
M1 (data not shown). These results indicate that the effect of the
arginines on VRNA transcription and/or replication is limited.
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To test whether these M1 mutations support VLP formation,
293T cells were transfected with an expression plasmid for either
the wild-type or mutated M1, along with the expression plasmids
for HA, NA, NP, M2, and NS2, all of which are known to support
VLP formation (7, 27, 30, 47). We then used Western blotting to
detect viral proteins in the culture supernatants. Wild-type M1, as
well as HA, was detected in the culture supernatants (Fig. 7, lane
2). In contrast, none of the M1 mutants tested (i.e., M1R76D,
MI1R77D, M1R78D, M1R76/77A, M1R77/78A, and M1R76/78A)
was detected, although HA was detectable (Fig. 7, lanes 3 to 8).
Comparable amounts of M1 and HA were expressed in all of the
plasmid-transfected cell samples (Fig. 7, upper panels). Note that
even in the absence of the M1-expressing plasmid (Fig. 8, left
column), HA was detected in the culture supernatant from the
transfected cells, because HA and NA are sufficient for VLP for-
mation and budding (7). These results indicate that the incorpo-
ration of the tested M1 mutants into VLPs was severely impaired.

Since M1R76D, M1R77D, M1R78D, M1R76/77A, M1R77/
78A, and M1R76/78A were not efficiently incorporated into VLPs,
we examined their intracellular distribution in cells transfected
with the expression plasmid sets that were used for the VLP for-
mation assays by use of indirect immunofluorescence assays (Fig.
8). At 12 h posttransfection, wild-type M1 localized in the cyto-
plasm and the nucleus and partially at the cell periphery. In cells
transfected with the expression plasmids for M1R76D and
M1R77D, there was partial accumulation of M1 close to the nu-
cleus, whereas most of the M1 was diffusely distributed through-
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WSN-M1R77A

WSN-M1R78A

FIG 5 Ultrastructural analysis of virus-infected cells. MDCK cells infected
with the indicated viruses were examined under a transmission electron mi-
croscope at 12 h postinfection. Right panels show enlargements (2.5X magni-
fication for WSNwt and 5X magnification for WSN-MIR77A and WSN-
MI1R78A) of the intracellular vesicles containing virions shown in the left
panels. Arrowheads indicate budding virions.

out the cytoplasm. The other M1 mutants (i.e., M1R78D, M1R76/
77A, M1R77/78A, and M1R76/78A) tended to accumulate at the
periphery of the nucleus. These data indicate that the M1 mutants
that did not support virus recovery are aberrant in intracellular
trafficking.

DISCUSSION

In the present study we examined the role in virus replication of
the arginine residues at positions 76 to 78 of influenza A virus M1.
By using site-directed mutagenesis and reverse genetics, we
showed that these residues play an important role in virus repli-
cation. Single, double, or triple substitution of the arginines with
either alanine or aspartic acid resulted in either the failure of virus
recovery or the generation of viruses with slower growth kinetics.
The mutant M1s that did not support virus recovery were defec-
tive in intracellular trafficking and failed to be incorporated into
VLPs. Furthermore, our results show that some of these M1 mu-
tants exhibited abnormal virus budding. Our study thus demon-
strates the importance of these amino acids for M1 intracellular
trafficking, virus assembly, and virus budding.

Although M1 mutants possessing the single arginine-to-
alanine substitution were recovered, the double alanine substitu-
tions did not support virus recovery (Table 1). Moreover, the sin-
gle substitution with aspartic acid at any position abrogated virus
recovery, whereas substitutions with lysine supported virus recov-
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FIG 6 Effect of the mutations on VRNA transcription and replication. 293T
cells were transfected with expression plasmids for PB2, PB1, PA, NP, NS2 and
Renillaluciferase (internal control) and plasmid for the expression of an influ-
enza viral minigenome encoding the firefly luciferase gene along with either a
wild-type or mutant M1-expressing plasmid. At 48 h posttransfection, the cells
were subjected to the dual-luciferase assay. The value for the wild-type M1 was
set as 100%. The data from three independent experiments are shown. Error
bars represent standard deviations of three independent experiments.

ery (Table 1). Growth curve analysis demonstrated that the M1
mutants WSN-M1R77A and WSN-MI1R78A had slower growth
kinetics compared to those of the wild-type virus (Fig. 1D), al-
though the overall levels of protein synthesis in the virus-infected
cells were comparable (Fig. 2A). These results suggest that the
positive charge of the basic amino acid residues in this region is

M1R76D
M1R77D
M1R78D
M1R76/77A
M1R77/78A
M1R76/78A

H
= 3
=
=

_ M1
Cell lysate <
Bessssds-
<m
VLP

< HA

1,23 45 67 8

/ Ii—

(%) incorporation Mi [100] 0 [ 0 [ 0o [ 0] oo
HA | 100 | 71.2 | 71.9 | 77.0 | 86.8 | 95.2 | 98.9

FIG 7 Effect of the mutations on M1 incorporation into VLPs. 293T cells were
transfected with an expression plasmid for either wild-type or mutated M1
along with expression plasmids for HA, NA, NP, M2, and NS2. At 48 h post-
transfection, culture supernatants were subjected to Western blotting with
anti-M1 and anti-HA monoclonal antibodies. Proteins in the cell lysates and
VLPs are shown in the upper and lower panels, respectively. The intensity of
bands for M1 and HA was quantified by using ImageJ software (NIH). The
percentage of incorporation of M1 and HA into VLPs was calculated (the value
for the wild-type VLP was set as 100%) by using the following formula: {ratio
of the amount of protein in the mutant VLP to the total amount of mutant
protein (VLP + cell lysate)/ratio of the amount of protein in the wild-type VLP
to the total amount of wild-type protein (VLP + cell lysate)} X 100. The
averages of three independent experiments are shown at the bottom of the gel
images.
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FIG 8 Intracellular distribution of mutant proteins in plasmid-transfected
cells. A549 cells were transfected with an expression plasmid for either the
wild-type or mutated M1 along with expression plasmids for HA and NA. At
24 h posttransfection, the cells were fixed and stained with an anti-M1 mono-
clonal antibody. Slides were observed under a confocal laser scanning micro-
scope with an objective with X40 magnification, and the images were pro-
cessed as described in Materials and Methods.

necessary for optimal virus replication at the posttranslational
stages. In fact, on the basis of crystallographic data, Sha and Luo
(43) proposed that amino acids at positions 77 to 79 would fall in
the linker region that connects the N-terminal and middle do-
mains of M1 and might be critical in maintaining the spatial ori-
entation of helical structures. Changing the charges of any of these
residues would affect the overall charge in the region, resulting in
perturbation of the spatial arrangement of the N-terminal and
middle domains. These findings are further supported by the con-
served nature of the basic amino acids among influenza A and B
viruses (Fig. 1B). Sha and Luo (43) also reported that the amino
acids at positions 77 and 78 could be oriented in such a way that
they could interact with the phospholipids of the plasma mem-
brane. Altering the charges of these M1 amino acids could prevent
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such an interaction between M1 and the plasma membrane and
thus interfere with the incorporation of M1 into VLPs. The results
of our VLP assay (Fig. 7) support this contention.

Immunofluorescence analysis of virus-infected cells revealed
that M1IR77A and M1R78A accumulated in patches at the cell
periphery during the late stage of infection (Fig. 3 and 4). Exces-
sive accumulation of M1 and other viral proteins in patches at the
cell periphery was observed only in WSN-M1R77A- and WSN-
M1R78A-infected cells. There are two possible explanations for
the slower growth kinetics of the M1 mutants: (i) despite of the
presence of all of the virion components at the budding site, mu-
tated M1-mediated virion assembly may be inefficient, or (ii) the
budding of virions from the M1 mutant-infected cells may be
abnormal. The electron microscopy data are consistent with the
latter possibility in that they showed the budding of these M1
mutants to be aberrant (Fig. 5). This defective budding could also
be due to defective interactions between M1 and host cellular fac-
tors. Recently, it was demonstrated that influenza A virus budding
takes place in an endosomal sorting complex required for trans-
port (ESCRT)-independent pathway and is mediated by one of
the small GTPase family proteins Rabl11 (3, 10). It is tempting to
speculate that the mutant M1s may have lost the ability to interact
with Rab11 or another host cellular protein that is required for
efficient virus budding.

In conclusion, our study identifies the importance of the con-
served amino acids in influenza A virus M1 for virus replication,
specifically the intracellular trafficking of M1, virus assembly, and
virus budding. The novel mutants generated here may serve as a
tool to better understand these processes. Further research is war-
ranted to identify the host factors that might have lost the ability to
interact with M1 due to these mutations and the role they play in
influenza virus assembly and budding. A better understanding of
these interactions may help in the design of strategies for influenza
virus control and prevention.
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