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Our previous studies with influenza A viruses indicated that the association of M1 with viral RNA and
nucleoprotein (NP) is required for the efficient formation of helical ribonucleoprotein (RNP) and for the
nuclear export of RNPs. RNA-binding domains of M1 map to the following two independent regions: a zinc
finger motif at amino acid positions 148 to 162 and a series of basic amino acids (RKLKR) at amino acid
positions 101 to 105. Altering the zinc finger motif of M1 reduces viral growth slightly. A substitution of Ser
for Arg at either position 101 or position 105 of the RKLKR domain partially reduces the nuclear export of
RNP and viral replication. To further understand the role of the zinc finger motif and the RKLKR domain in
viral assembly and replication, we introduced multiple mutations by using reverse genetics to modify these
regions of the M gene of influenza virus A/WSN/33. Of multiple mutants analyzed, a double mutant, R101S-
R105S, of RKLKR resulted in a temperature-sensitive phenotype. The R101S-R105S double mutant had a
greatly reduced ratio of M1 to NP in viral particles and a weaker binding of M1 to RNPs. These results suggest
that mutations can be introduced into the RKLKR domain to control viral replication.

The core of the influenza A virus consists of eight ribo-
nucleoproteins (RNPs). The viral RNA, nucleoprotein (NP),
and polymerases are closely associated in RNPs (11, 17, 23).
The matrix protein (M1) is associated with the RNP and with
the inner surface of the lipid envelope in the intact virion (1, 3,
33). Two major external glycoproteins, hemagglutinin (HA)
and neuraminidase (NA), and the small protein M2, which
serves as an ion channel, are anchored in the viral envelope
(19, 36).

M1 is a major structural component of the virion and has
multiple functions during viral replication. The dissociation of
M1 from RNP is required for the entry of viral RNP into the
cytoplasm of the host cell during initial infection (4, 12, 22).
Dissociation is triggered by the transport of H� ions across the
viral membrane by M2 (12, 18, 36). It has also been shown that
M1 is transported during early viral replication from the cyto-
plasm into the nucleus, where M1 associates with newly syn-
thesized RNPs (4, 26, 28). Later in the replication cycle, M1
accumulates in the cytoplasm concomitant with the export of
RNP from the nucleus (4, 5, 13, 16, 22, 35). The transport of
RNP from the nucleus to the cytoplasm requires the binding of
M1 to RNP (15, 22), which also prevents RNP from reentering
the nucleus (22). Interactions of M1 with HA, NA, M2, and
host cell lipid membranes occur on the cytoplasmic side of the
membrane as part of the process of virion maturation and
budding at the cell surface (3, 9, 10, 17, 19, 31, 39). The ratio
of M1 to NP also affects the morphological features and infec-
tivity of the mature released viruses (21, 29, 30).

The interactions of M1 with RNP have been studied exten-

sively (2, 6, 27, 32, 33, 42). Two RNA-binding domains in M1
have been demonstrated (39, 42). One RNA-binding domain
contains a zinc finger motif (148C-C-. . .-H-H162) (7, 8), and a
synthetic peptide containing this motif has been shown to in-
hibit viral replication (24). The other RNA-binding domain,
which resides in a palindromic stretch of basic amino acids,
101RKLKR105, has been shown to bind viral RNA (8, 37, 39),
which fulfills a prediction based on X-ray crystallographic stud-
ies of M1 (34). The 101RKLKR105 domain also serves as a
nuclear translocation signal for M1 (40, 41). Our previous
studies demonstrated that viral RNP is not assembled in the
absence of M1 (15) and that mutation in the 101RKLKR105
domain of M1 affects viral growth (20). Although mutations in
the RKLKR domain have a negative impact on viral growth,
the mechanisms are not fully understood (21).

Here we report the impact of multiple mutations of the
RNA- and RNP-binding domains of the M gene of influenza
virus A/WSN/33. We analyzed the rescued M mutants by com-
paring their viral replication rates at restrictive and permissive
temperatures and studied the RNP-binding strengths of the
rescued mutants by inducing the dissociation of M1/RNP com-
plexes. Our studies indicate that the introduction of a double
mutation in the RKLKR domain (altered by site-directed mu-
tagenesis to SKLKS) of M1 results in the introduction of tem-
perature sensitivity, a reduced incorporation of M1 into viral
particles, and the susceptibility of M1/RNP complexes to salt
dissociation.

MATERIALS AND METHODS

Virus and cells. Influenza virus A/WSN/33 and its M gene mutants were
propagated in the allantoic cavities of 9-day-old embryonated eggs at 34°C for 2
days. The viruses were stored in allantoic fluid at �70°C or concentrated and
purified by banding in 15 to 60% sucrose gradients (42). Madin-Darby canine
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kidney (MDCK) and 293T cells were grown and maintained in minimal essential
medium (MEM) supplemented with 5 and 10% fetal bovine serum, respectively.
Infectivity titers of the viruses were determined by a plaque assay with MDCK
cells by use of an agar overlay system containing 1 �g of trypsin/ml.

Plasmids. Plasmids pHW181-PB2, pHW182-PB1, pHW183-PA, pHW184-
HA, pHW185-NP, pHW186-NA, and pHW188-NS, which were used for reverse
genetic studies, were obtained from R. Webster, St. Jude Children’s Research
Hospital, Memphis, Tenn. Plasmids coding for the M protein with mutations to
amino acids RKLKR at positions 101 to 105 or to Cys at position 148 of the zinc
finger motif region were incorporated into the plasmid pPol I-WSN-M (provided
by Y. Kawaoka, University of Wisconsin, Madison) by a PCR using primers
(Core Facility, Center for Biologics Evaluation and Research) containing the
mutant sequences. An additional control plasmid was constructed to provide an
M gene that mimicked the variant of the A/WSN/33 virus known as ts51, which
has an amino acid substitution in M1 (F79S) that confers temperature sensitivity.
The mutated M genes in these plasmids were confirmed by DNA sequencing.

Production of transfectant influenza viruses carrying M gene mutations.
Transfectant influenza viruses carrying M gene mutations were generated by the
reverse genetic techniques described by Hoffmann et al. (14) and Neumann et al.
(25), with modifications. Briefly, 1 day before transfection, 293T and MDCK cells
from confluent cultures were transferred to 12-well plates (1:1 293T to MDCK
cells) in Opti-MEM I medium (Invitrogen, Gaithersburg, Md.). For transfection,
a mixture of plasmids was prepared with 1 �l of TransIT LT-1 (Panvera, Mad-
ison, Wis.) per 0.5 �g of plasmid DNA. Each transfection mixture included
nonmutated influenza A virus genes (contained in pHW181-PB2, pHW182-PB1,
pHW183-PA, pHW184-HA, pHW185-NP, pHW186-NA, and pHW188-NS) and
one of the plasmids expressing the relevant individual M1 mutation. The plasmid
DNA–TransIT LT-1 mixture was incubated at room temperature for 45 min
before it was added to the cells. Six hours later, the plasmid DNA transfection
mixture was replaced with 0.5 ml of Opti-MEM I medium. Twenty-four hours
after transfection, 0.5 ml of Opti-MEM I containing 1 �g of tosylsulfonyl phe-
nylalanyl chloromethyl ketone (TPCK)-trypsin/ml was added to each well. At
predetermined time intervals posttransfection, samples were harvested. The ti-
ters of viruses were determined in hemagglutination units (HAU) or PFU. The
virus particles generated by reverse genetics were purified three times by plaque
plating on MDCK cells and were amplified in the allantoic cavities of 9-day-old
embryonated eggs. Viral RNAs were isolated from transfectant viruses by use of
a QIAamp viral RNA mini kit (Qiagen, Valencia, Calif.). The M genes were
amplified by reverse transcription-PCR, gel purified, and used for sequencing
analysis.

Temperature sensitivity of mutant viruses. The temperature sensitivity of the
recombinant viruses was determined by a plaque assay with MDCK cells. MDCK
cells in 12-well plates were infected with 200 �l of 10-fold serially diluted viruses,
which were adsorbed at 37°C for 60 min. The inocula were removed and replaced
with 1.5 ml of Dulbecco’s modified Eagle’s medium containing 0.7% agarose and
1 �g of TPCK-trypsin/ml. The infected cells were incubated at 33, 37, or 39.5°C
for 3 days, after which the cells were fixed with 100% methanol and stained with
0.1% crystal violet. Plaque counts obtained at each of the temperatures were
compared to assess the ts phenotype of each virus. Each virus was plaque plated
in a minimum of three assays. Temperature sensitivity (ts) was defined as the
temperature at which the virus yield was reduced 100-fold or more compared to
that at 33°C.

Immunofluorescence staining. MDCK cells grown on glass coverslips were
infected with influenza viruses at a multiplicity of infection of 3 PFU per cell and
subsequently incubated in MEM containing 2% fetal bovine serum at 33 or
39.5°C for 5 h. Infected MDCK cells were fixed with freshly prepared 4%
formaldehyde in phosphate-buffered saline (PBS) for 20 min at room tempera-
ture. Background staining was blocked with 3% powdered skim milk in PBS for
1 h. The cells were then incubated at room temperature for 40 min with a
monoclonal antibody to M1. The cells were incubated with donkey anti-mouse
immunoglobulin G conjugated with fluorescein for 40 min at room temperature.
Washed coverslips were mounted in 90% glycerol and 10% PBS in 3,4,5-trihy-
droxybenzoic acid N-propylester to prevent photobleaching. The cellular distri-
bution of immunofluorescence was visualized with an epifluorescent UV micro-
scope.

Dissociation of M1 protein from M1/RNP complexes. An assay to induce the
dissociation of M1/RNP complexes from the viruses was performed as described
previously (21). Purified M1/RNP complexes were obtained by incubating viruses
(0.5 mg/ml) for 40 min at room temperature in disruption buffer containing 10
mM Tris-HCl (pH 7.0), 1% Nonidet P-40, 0.05 M NaCl, and 1.25 mM dithio-
threitol. M1/RNP complexes released from virions in the reaction mixtures were
pelleted by centrifugation through 25% glycerol with a cushion of 50% glycerol
in an SW 55Ti rotor at 120,000 � g for 60 min. The supernatant fluid containing

lipids and membrane proteins was discarded, and the pellet containing the
M1/RNP complexes was resuspended in 10 mM Tris-HCl (pH 7.4).

To study the effect of ionic strength on M1/RNP complex association, we
varied the salt concentration by adding NaCl to the reaction buffer. For each salt
concentration, a 20-�l aliquot of the RNP-M1-detergent suspension was centri-
fuged through a 150-�l cushion of 20% sucrose at 8,100 � g for 15 min in a 0.5-ml
Eppendorf tube, and the resulting pellet was collected. The protein composition
of the RNPs was analyzed by electrophoresis in 12.5% polyacrylamide–sodium
dodecyl sulfate (SDS) gels under nonreducing conditions, with the gels being
stained with Coomassie blue. The amounts of M1 and NP proteins were deter-
mined by densitometry of the protein bands.

RESULTS

Replication and recovery of M1 mutants from transfected
cells. Our previous studies indicated that substituting a single
amino acid in the zinc finger motif or replacing an Arg with Ser
at position 101 or 105 of the RKLKR domain in M1 did not
have a major impact on viral replication. To assess whether
alterations of viral replication could be manipulated by alter-
ation of the RKLKR sequence and the zinc finger motif of M1,
we altered nucleotide sequences within these two domains by
site-directed mutagenesis. Figure 1A shows a schematic dia-
gram of the RNA and RNP-binding domains of M1. The
RKLKR sequence is located between amino acids 101 and 105,
and the zinc finger motif is located between amino acids 148
and 162 of M1 (40–42). Figure 1B shows that the wild-type
(WT) plasmid expressed the WT A/WSN/33 virus M gene, the
plasmid DelRKLKR contained an altered M gene coding for a
complete deletion of RKLKR, plasmids R101S and R105S
contained altered M genes expressing single amino acid sub-
stitutions, plasmid C148S contained a DNA sequence coding
for an alteration predicted to disrupt the zinc finger motif (7),
plasmid R101S-R105S contained an altered M gene designed
to express M1 with amino acids RKLKR replaced with
SKLKS, and plasmid C148S-R105S contained an M gene de-
signed to express M1 with substituted amino acids in RKLKR
(R105S) and an altered zinc finger motif (C148S).

To determine the effect of multiple substitutions of RKLKR

FIG. 1. (A) Schematic model of RNP- and RNA-binding domains
(RKLKR) at amino acids 101 to 105 and a zinc finger RNA-binding
domain at amino acids 148 to 162 of WSN M1 protein. (B) Amino acid
sequences of WSN WT and mutant M1 constructs.
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and the zinc finger regions in M1 on viral replication, we
recovered M1 mutant viruses generated by reverse genetic
techniques 48 to 144 h after transfection from supernatants of
mixed cultures of 293T and MDCK cells incubated at 33°C
(14). As a control, a temperature-sensitive mutant virus (F79S)
mimicking ts51, a previously described temperature-sensitive
variant of A/WSN/33, was generated by substituting the amino
acid Phe for Ser at position 79 of WT M1. Posttransfection
titers, measured in HAU, are shown in Fig. 2. Either the
delayed detection of HAU or a lower HAU titer during virus
rescue may be interpreted to demonstrate a growth disadvan-
tage compared to the WT virus. The RKLKR deletion mutant
(DelRKLKR) had no detectable HAU titer and was a lethal
mutation (20), while the single amino acid mutants R101S,
R105S, and C148S and the double amino acid mutant C148S-
R105S gave results similar to those for the WT, except that the
WT had a relatively high HAU titer at 48 h posttransfection.
The double mutant R101S-R105S had the lowest HAU titer,
which was undetectable until 144 h posttransfection. The ts51
equivalent mutant, F79S, had HAU titers intermediate be-
tween those of the WT and the R101S-R105S double mutant.

Double mutation of RKLKR in M introduces ts phenotype.
Because the double amino acid mutations of Arg to Ser at
positions 101 and 105 of RKLKR resulted in a growth disad-
vantage, the viral growth characteristics were studied in more
detail by comparing the growth rates of this mutant at different
temperatures. The naturally occurring temperature-sensitive
mutant ts51 (20, 38) has a cutoff temperature of 39.5°C, which
is the result of the substitution of Phe to Ser at position 79 in
M1, the same change we introduced to produce mutant F79S
(20, 38). We therefore used mutant F79S as a positive control
for ts analysis. The temperature sensitivities of the M1 mutants
were determined by plaque assays with MDCK cells at 33, 37,
and 39.5°C. Figure 3A illustrates the phenotypes of the M1
mutants. Single amino acid alterations in either the zinc finger
motif or in RKLKR at amino acid position 101 or 105 had a
minimal impact on temperature sensitivity relative to the WT
virus. The double mutant R101S-C148S also did not exhibit
significant temperature sensitivity. All of the single mutants
and the double mutant R101S-C148S yielded 6.3 to 6.5 log10

PFU/ml. However, the double mutant R101S-R105S yielded
only 4.8 log10 PFU/ml at 33°C and 3.5 log10 PFU/ml at 37°C. At
the restrictive temperature for ts51, 39.5°C (38), the F79S mu-
tant had a �2-log reduction in virus titer, whereas the R101S-
R105S mutant was undetectable by a plaque assay. Figure 3B
summarizes the observed temperature sensitivity of each M1
mutant by comparing the ratios of PFU yielded at 39.5 and
33°C or at 37 and 33°C. While the reduction in virus yield at
39.5°C relative to 33°C was approximately 100-fold for the
F79S mutant, reductions at 39.5°C for the WT and the C148,
R101S, R105S, and R101S-C148S mutants were approximately
10-fold or less. Mutant R101S-R105S, however, had a �1,000-
fold reduction at 39.5°C and approximately 10-fold at 37°C,
while other M1 mutants were reduced �2-fold at 37°C, with
the exception of mutant R101S-C148S, which was reduced
approximately 4-fold. The plaque size and morphology of mu-
tant R101S-R105S were also influenced by the increased tem-
perature. Figure 4 shows comparison studies of the plaque size
and morphology of M1 mutants. Mutant F79S formed small
plaques at 39.5°C, while mutant R101S-R105S formed no
plaques (at a 1:10 dilution) under the same conditions but
formed small plaques at 37°C. Mutant F79S formed turbid
plaques at 37°C, while mutant R101S-R105S formed turbid
plaques at 33°C. Comparisons of viral titers, plaque sizes, and
plaque type in M1 mutants demonstrated, therefore, that the
substitution of Ser for Arg at positions 101 and 105 of the M1

FIG. 2. 293T and MDCK cells were transfected by use of a modi-
fied reverse genetic system to rescue M gene mutants as described in
the text. The supernatants of transfected 293T and MDCK cells were
harvested at 48 to 144 h posttransfection. Virus titers were analyzed by
measuring the HAU.

FIG. 3. Temperature sensitivity of M1 mutants. The temperature
sensitivity of the M1 mutants was analyzed by a plaque assay with
MDCK cells at 33, 37, or 39.5°C (A), and the reductions in titers at 37
or 39.5°C versus the titers at 33°C were compared (B).
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protein of mutant R101S-R105S resulted in a temperature-
sensitive virus strain, R101S-R105S.

Temperature-sensitive M1 mutants had reduced amounts of
M1 in virions and a decreased RNP-binding capacity. To re-
late the growth properties of the mutant viruses to the RNP-
binding activity of the M1 proteins, we isolated M1/RNP com-
plexes from viral particles and performed a dissociation assay
by treating M1/RNP complexes with various salt concentra-
tions to release the M1 protein from the complexes. Com-
plexes containing RNP with an undisrupted M1 protein were
separated from dissociated M1 by centrifugation through 20%
glycerol. The protein complexes were analyzed by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE), as shown in Fig.
5. An SDS-PAGE analysis of M1/RNP complexes of WT and
mutant viruses showed NP migrating at approximately 56 kDa
and M1 migrating at approximately 27 kDa. With increasing
salt concentrations (0.15 to 0.3 M), the amount of M1 retained
in the M1/RNP complexes decreased. Table 1 summarizes the
ratios and percentages of M1 to NP based on the density
analysis of M1 and NP bands in Fig. 5. The ratio of M1 to NP

represents the relative amount of M1 in M1/RNP complexes,
and the percentage of M1 represents the binding capacity of
M1 to RNP. At a 0.3 M salt concentration, 64% of the M1
protein from the WT virus remained associated with RNP (M1
to NP ratio � 0.93), compared with 47% of M1 from the C148S
virus (M1 to NP ratio � 0.62), 40% of M1 from the R101S
virus (M1 to NP ratio � 0.30), 39% of M1 from the R105S
virus (M1 to NP ratio � 0.28), and only 12% of M1 from the
R101S-R105S virus (M1 to NP ratio � 0.05). These results
indicated that the M1 protein of mutant R101S-R105S had the
lowest binding activity for RNP. In viral particles, the M1/NP
ratios for the WT and C148S viruses were similar (1.45 versus
1.33). However, the ratios for the single amino acid mutants of
RKLKR (R101S and R105S) were 0.74 and 0.71, respectively.
The double mutant R101S-C148S had no further reduction in
the ratio of M1 to NP compared with the R101S or C148S virus
(data not shown). However, the double mutant R101S-R015S
had the lowest M1/NP ratio (0.42) in the viral particle. The
results from the analysis of salt dissociation of M1 and RNP
demonstrated that the substitution of a Ser for an Arg at either

FIG. 4. Plaque morphology of mutant viruses. MDCK cells were infected with the mutant viruses in 12-well plates at 33, 37, and 39.5°C in the
presence of 1 �g of trypsin/ml. After 2 days of incubation, the cells were fixed and stained with crystal violet.

FIG. 5. Effect of salt on M1/RNP association. The dissociation of M1 from RNP was induced by exposing virions or M1/RNP complexes to
NaCl at 0.15 or 0.3 M. The protein components of RNPs and virions (V) were analyzed by SDS–12.5% PAGE and stained with 0.1% Coomassie
brilliant blue.

9588 LIU AND YE J. VIROL.



position 101 or 105 of the M1 protein results in a reduced ratio
of M1 to NP in viral particles and that the substitution of Ser
residues for both Arg residues results in a much more reduced
ratio of M1 to NP in viral particles and a weaker association of
M1 with RNPs.

M1 proteins with double amino acid mutations at positions
101 and 105 prevent nuclear localization at nonpermissive
temperatures. Because the double mutant R101S-R105S re-
sulted in a temperature-sensitive phenotype of influenza virus,
the cellular distribution of M1 in the resulting viruses was
studied by the infection of MDCK cells with mutant viruses
followed by indirect immunofluorescence staining of M1 pro-
teins during early viral infection. The cellular distribution of
M1 at a permissive or nonpermissive temperature during early

viral infection was visualized by indirect immunofluorescence
staining with monoclonal antibodies to the M1 protein. Figure
6 shows the cellular distribution of M1 proteins at a nonper-
missive temperature. Under the conditions of the study, WT
M1 mostly resided in the nucleus of the infected cells (panel
A). A similar cellular distribution was found for the M1 protein
with a mutation in the zinc finger motif (C148S) (panel B). A
somewhat reduced nuclear localization of M1 in the single
amino acid mutants R101S and R105S was observed (panels C
and D) compared with the WT virus under the same condi-
tions. However, all of the M1 protein of the double amino acid
mutant R101S-R105S was located in the cytoplasm and none
was detected in the nuclei of infected cells (panel E). Since the
virus was in the early viral replication phase (�5 h postinfec-
tion), a similar cellular distribution of NP with M mutant and
WT viruses was observed in the same study. The majority of
NPs were still located in the nuclei of infected cells (data not
shown). These results indicate that substitutions of the Arg
residues at both positions 101 and 105 in RKLKR are needed
to prevent the nuclear localization of M1 at the restricted
temperature, while single amino acid substitutions at either
position had a minimal effect on the nuclear localization of M1.

DISCUSSION

Our previous studies with the M gene of influenza A viruses
(20) demonstrated that a substitution of Ser for either Lys 102
or Lys 104 of the 101RKLKR105 motif results in a lethal
mutation, while a substitution of Ser for either Arg 101 or Arg
105 in RKLKR or a mutation of the zinc finger motif permits

TABLE 1. Effect of salt on dissociation of M1 from RNPa

Strain

M1/NP ratio in presence
of NaCl (M)

% of M1 bound to
RNP in presence of

NaCl (M)

V 0.15 0.3 V 0.15 0.3

WT 1.45 1.25 0.93 100 86 64
C148S 1.33 1.21 0.62 100 91 47
R101S 0.74 0.52 0.30 100 70 40
R105S 0.71 0.47 0.28 100 64 39
R101S-R105S 0.42 0.30 0.05 100 71 12

a The RNP-associated M1 and the ratio of M1 to NP were quantified by
densitometry. The percentages of binding reactivities of M1s to RNP were
calculated by comparisons of M1 protein to NP in virions and the M1/RNP ratio.
The data are means of three independent experiments, and the standard devi-
ation of each experimental point was below 10%. V, virion alone.

FIG. 6. Immunofluorescence staining of MDCK cells infected with M1 mutants. MDCK cells were infected for 5 h with M1 mutants at 39.5°C
and were incubated with or without (�) a mouse anti-M1 monoclonal antibody and donkey anti-mouse immunoglobulin G conjugated with
fluorescein. The cellular distribution of immunofluorescence was determined with a transmission microscope under an epifluorescent UV light
source. Magnification, �472.
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the recovery of viruses generated by reverse genetic tech-
niques. Since 101RKLKR105 serves as a nuclear localization
signal and facilitates M1 binding to RNP, it is possible to
hypothesize that a lethal mutation in this region could be due
either to alterations in RNP binding or to alterations in the
nuclear localization activities of M1. Because the substitution
of either Lys 102 or Lys 104 is lethal to the mutated viruses, the
binding of the mutant M1 proteins to RNP is not easily exam-
ined. However, in this study, we demonstrated that the replace-
ment of both Arg residues in 101RKLKR105 of A/WSN/33
produces a viable but impaired virus with a ts phenotype. With
an analysis of the intracellular distribution of M1 at a restricted
temperature and the binding avidity of M1 variants to RNPs,
we demonstrate here that an alteration in the zinc finger motif
or a single replacement of Arg with Ser at position 101 or 105
of 101RKLKR105 in M1 has relatively little effect on the RNP
binding of M1, the nuclear localization of M1 proteins, or viral
replication. Combining a mutation of one of the Arg residues
in 101RKLKR105 with a mutation in the zinc finger motif
(mutant R101S-C148S) also did not significantly reduce viral
replication at the nonpermissive temperature. In marked con-
trast, replacing both Arg residues in 101RKLKR105 created a
mutant virus (R101S-R105S) that is extremely temperature
sensitive, more so than a well-described temperature-sensitive
mutant, ts51. Mutant R101S-R105S also exhibited a decreased
ratio of M1 to NP in virions, a reduction in RNP-binding
activity, and the exclusion of M1 from the nucleus at a non-
permissive temperature. However, there was no significant dif-
ference in the morphology of the mutant viruses compared
with that of the WT virus by electron microscopy (data not
shown).

Although a predicted consensus sequence of the nuclear
localization signal of M1 proteins in influenza A viruses is
101XKLKR105 (20), we demonstrate here that the R at posi-
tion 105 may also be replaced by an alternate amino acid
without preventing nuclear localization. However, the lack of
nuclear localization of the M1 protein of the double mutant
R101S-R105S in infected cells at a nonpermissive temperature
is not the result of decreasing amounts of M protein in the
infected cells. As determined by immunofluorescence staining
of MDCK cells infected with R101S, R105S, C148S, and
R101S-R105S mutants, the expression level of the mutated M1
protein in infected cells was not significantly reduced at 39.5°C
compared with that at 33°C. Therefore, the failure of the M1
protein of the double mutant R101S-R105S to localize to the
nucleus is a functional effect of the mutation.

The M1 protein plays multiple roles in viral replication. Both
the dissociation of M1 from RNP in virions entering the in-
fected cell and the association of M1 and RNP in the later
phases of infection are required for the viral replication cycle
to be completed. The basic amino acid sequence
101RKLKR105 of M1 plays an important role in several steps
of replication. The sequence 101RKLKR105 permits the trans-
location of M1 from the cytoplasm to the nucleus. In the
nucleus, M1 and RNP bind, presumably partly because of the
RNP-binding activity of 101RKLKR105. The maturation of
RNP by folding to the final quaternary helical structure and
transport out of the nucleus requires viral RNA (but not cRNA
or mRNA) and M1 (15). The RNP-binding activity of the M1
protein, however, varies among viruses, with stronger binding

in viruses that replicate more efficiently (21). The results pre-
sented in this paper provide further direct evidence of the
importance of the 101RKLKR105 motif of the M1 protein in
relation to the RNP-binding and growth characteristics of in-
fluenza virus. Whether introducing a ts phenotype into the
A/WSN/33 virus also results in an attenuation phenotype of the
virus, animal models are needed to evaluate the pathogenesis
of the M mutant viruses in a future study. Since
101RKLKR105 has many interactions, it is difficulty to at-
tribute the ts phenotype of mutant R101S-R105S to a single
M1 function. Further studies of M1 variants may allow us to
resolve the basis for the observed effects, with the expectation
that such knowledge will enhance our ability to identify mech-
anisms that can be exploited to understand and prevent influ-
enza virus pathogenesis.
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