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The M2 integral membrane protein encoded by influenza A virus possesses an ion channel activity that is
required for efficient virus entry into host cells. The role of the M2 protein cytoplasmic tail in virus replication
was examined by generating influenza A viruses encoding M2 proteins with truncated C termini. Deletion of 28
amino acids (M2Stop70) resulted in a virus that produced fourfold-fewer particles but >1,000-fold-fewer
infectious particles than wild-type virus. Expression of the full-length M2 protein in trans restored the
replication of the M2 truncated virus. Although the M2Stop70 virus particles were similar to wild-type virus in
morphology, the M2Stop70 virions contained reduced amounts of viral nucleoprotein and genomic RNA,
indicating a defect in vRNP packaging. The data presented indicate the M2 cytoplasmic tail plays a role in
infectious virus production by coordinating the efficient packaging of genome segments into influenza virus
particles.

Influenza A virus particles contain eight RNA strands that
are organized into viral nucleoprotein complexes (vRNPs) by
association with several viral proteins. Packaging of vRNPs
into virus particles is thought to occur at glycolipid rafts at the
plasma membrane and may be mediated by interactions be-
tween the vRNPs, the viral matrix protein (M1), and the cyto-
plasmic tails of the integral membrane proteins hemagglutinin
(HA) and neuraminidase (NA) (68). The precise interactions
that mediate infectious virus particle production are not un-
derstood in great detail. It is clear the viral M1 protein can
mediate budding when expressed alone or in concert with
other viral proteins (13, 14, 32, 41). The viral RNA segments
contain unique packaging signals that overlap the open reading
frames in certain RNA segments, implying coordinated pack-
aging of influenza virus genomic segments exists (12, 62). The
cytoplasmic tails of the HA and NA integral membrane pro-
teins appear to be essential to maintain virion morphology and
association of HA and NA with glycolipid rafts is required for
efficient virus production (3, 28, 54, 68).

The M2 protein of influenza A virus is translated from a
spliced mRNA derived from RNA segment seven and is
present in the plasma membrane of virus-infected or cDNA
transfected cells as a disulfide-linked tetramer (21, 30, 31, 67).
The requirement for M2 ion channel activity during influenza
A virus entry into cells has been well documented (4, 5, 19, 34,
49, 53). Briefly, influenza A virus binds to sialic acid residues
on the plasma membrane and is internalized via clathrin-de-
pendent and -independent mechanisms (29). Acidification of
virus-containing endosomes activates the M2 ion channel ac-
tivity, inducing the translocation of H� ions into the virion
interior (9, 49). This flux of H� ions is predicted to disrupt
interactions between the vRNPs, M1, and the viral membranes,

allowing the vRNPs to diffuse away from the endosomal mem-
brane and toward the cell nucleus once virus-cell membrane
fusion is completed (35, 69, 70). The antiviral drugs rimanta-
dine and amantadine bind to the transmembrane domain of
the M2 tetramer, thereby inhibiting proton translocation (58).

Evidence for an effect of M2 on influenza A virus assembly
comes from studies of anti-M2 antibody-mediated inhibition of
influenza virus replication (65). Antibodies that recognize the
extracellular domain of M2 are capable of reducing virus bud-
ding and preventing the formation of filamentous influenza A
virus particles (24, 51). Escape variants that are no longer
sensitive to anti-M2 antibodies contain mutations in the M2

cytoplasmic tail, as well as the M1 protein (64). The effect of
anti-M2 antibodies on virus assembly is all the more surprising
when one considers the low amount of M2 that is incorporated
into virions (65).

Reverse genetics studies on the role of M2 in virus replica-
tion have given conflicting results with respect to the require-
ment of an M2 ion channel activity for efficient virus replication
in vitro (55, 61). This is not completely surprising, given the
fact that different virus strains were used and amantadine has
a strain-dependent effect on influenza A virus replication (19).
It is clear, however, that deletion of the M2 transmembrane
and cytoplasmic tail regions result in a virus that is highly
attenuated for in vitro replication—much more so than viruses
that encode M2 proteins with defects in ion channel activity
alone (61). Reduced expression of M2 by M2-specific small
interfering RNAs resulted in a decrease in total, as well as
infectious, virion production, providing further evidence that
M2 may be involved in virus assembly (36).

These and other results suggested to us that a detailed in-
vestigation of the M2 cytoplasmic tail and its role in virus
replication was needed. A series of deletions in the M2 cyto-
plasmic tail were introduced into recombinant viruses by using
a reverse genetics approach. We show that a 28-amino-acid
deletion of the M2 cytoplasmic tail resulted in a fourfold de-
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crease in particle formation but a 1,000-fold decrease in virus
infectivity. The truncated M2 protein retained its ion channel
activity and could be incorporated into virions, implying the
cytoplasmic tail deletion was responsible for the attenuation.
The virus encoding a truncated M2 protein was found to in-
corporate reduced amounts of NP and genomic RNA.
Complementation with full-length M2 restored infectivity, as
well as nucleoprotein (NP) and genomic RNA incorporation,
suggesting the M2 cytoplasmic tail is important for genome
packaging and infectious virus production.

MATERIALS AND METHODS

Plasmids. The plasmid pCAGGS (pC) (42) encoding the cDNA for the full-
length M2 protein from A/Udorn/72 (pC M2) has been described previously (36)
and was used to express the M2 protein. By using PCR mutagenesis, the
pCAGGS M2 vector was altered so that a stop codon was introduced at amino
acid 90 (pC M2Stop90), at amino acid 82 (pC M2Stop82), and at amino acid 70
(pC M2Stop70). The cDNA for the HA gene from A/chicken/Germany/34 (FPV
Rostock), courtesy Robert Lamb, was cloned between the SacI and XhoI sites of
the pCAGGS vector (pC FPV HA). The plasmid pBABE, which expresses
puromycin N-acetyltransferase under control of the simian virus 40 promoter,
was used to generate stable cell transformants resistant to puromycin. The
plasmids pRevTet-On and pREV-TRE were purchased from Clontech. The
cDNA for M2 from A/Udorn/72 was blunt end cloned into the Klenow-filled SalI
site of pREV-TRE.

In order to generate a standard curve for real-time reverse transcription-PCR
(RT-PCR) assays, the M1 (A/Udorn/72) open reading frame (nucleotides 26 to
784) was cloned into the KpnI and SphI cloning sites of pGEM-3 (Promega)
creating pGEM-3-M1. A runoff transcription reaction was performed utilizing
the MEGAscript SP6 kit (Ambion) and PshAI-digested pGEM-3-M1 resulting in
a 761-nucleotide transcript. The RNA was quantified by spectrometry, divided
into aliquots, and stored at �70°C.

To generate recombinant viruses that contain truncations in the M2 protein,
the plasmid pHH21 M-Udorn, encoding the A/Udorn/72 M segment under
control of the human RNA polymerase I promoter and murine RNA polymerase
I terminator (55), was altered by using PCR mutagenesis. The plasmid pHH21
M-Ud M2Stop90 has two in-frame stop codons introduced in place of amino
acids 90 and 91, pHH21 M-Ud M2Stop82 has two in-frame stop codons intro-
duced in place of amino acids 82 and 83, and pHH21 M-Ud M2Stop70 has two
in-frame stop codons introduced in place of amino acids 70 and 71.

All plasmids were purified from overnight bacterial cultures by using the
Qiagen MaxiPrep kit and resuspended in water. All primer sequences are avail-
able upon request.

Cells. Madin-Darby canine kidney cells (MDCK) and human embryonal kid-
ney cells (293T) were cultured in Dulbecco modified Eagle medium (DMEM)
containing 10% fetal bovine serum, 100 U of penicillin/ml, and 100 �g of
streptomycin/ml. The HB-64 and HB-65 hybridomas were cultured in DMEM
containing 10% fetal bovine serum, 100 U of penicillin/ml, and 100 �g of
streptomycin/ml. For antibody collection, the cells were grown to confluence and
the serum-containing media was replaced with RPMI 1640 media containing10%
hybridoma enhancing supplement (Sigma), 100 U of penicillin/ml, and 100 �g of
streptomycin/ml. The cells were cultured for 5 to 7 days before cell-free super-
natants were collected.

Antibodies. The anti-M2 monoclonal antibody (MAb) 14C2 recognizes an
epitope in the extracellular domain of M2 (65). The HB-65 MAb recognizes the
NP and the HB-64 MAb recognizes the M1 protein (63). The antibody that
recognizes HA is a polyclonal goat anti-H0 A/PR/8/34 (V-314-511-157; National
Institute of Allergy and Infectious Diseases). Species-specific immunoglobulin G
(IgG) secondary antibodies used in the present study were purchased from
Jackson Laboratories. A rabbit polyclonal sera recognizing the FPV HA protein
was provided by Robert Lamb and used for FPV HA immunoprecipitations.

Stable and inducible cell lines. Stable MDCK cell lines expressing M2 or
M2Stop70 were established by cotransfecting the plasmid pBABE with pC M2 or
pC M2Stop70 by using Lipofectamine 2000 (Invitrogen, Carlsbad, Calif.) accord-
ing to the manufacturer’s protocol. At 24 h posttransfection the cells were
detached with trypsin, plated at a 1:5 density, and cultured in medium containing
7.5 �g of puromycin/ml and 5 �M amantadine hydrochloride (Sigma). The
puromycin-resistant cell population was enriched by fluorescence-activated cell
sorting (FACS) as described below.

To generate MDCK cells that are capable of expressing M2 protein upon

tetracycline treatment, the vectors pRevTet-On and pRevTRE-M2 (Clontech)
were used. Retroviruses were generated by using pRevTet-On according to the
manufacturer’s protocol and used to transduce MDCK cells. The transduced
cells were selected with 1.3 mg of Geneticin/ml (Gibco-BRL), and the resulting
cell population (MDCK-Tet-On) was transfected with pRevTRE-M2 by using
Lipofectamine 2000. At 24 h posttransfection the cells were selected with 1.3 mg
of Geneticin/ml and 0.4 mg of hygromycin/ml. At 24 h after induction of M2

expression by the addition of 1 �g of doxycycline/ml to the culture medium, the
M2-expressing cells were enriched for by FACS as described below.

FACS. The cells were detached and stained by using the anti-M2 MAb 14C2
(1:1,000 dilution) or anti-M1 MAb HB64 hybridoma supernatant (1:50 dilution),
followed by goat anti-mouse IgG (fluorescein isothiocyanate labeled; Jackson
Laboratories) secondary antibody. For M1 staining, cells were permeabilized by
including 0.1% saponin in all antibody dilutions and wash buffers (47). The cells
were analyzed by flow cytometry (FACSCalibur dual laser flow cytometer; Bec-
ton Dickinson) by using CellQuest software. When required, the cells positive for
M2 expression were gated, sorted, and expanded.

Viruses. The recombinant influenza A viruses used in the present study are
rWSN M-Udorn, rWSN M-Udorn M2Stop90 (codons 90 and 91 mutated to stop
codons), and rWSN M-Udorn M2Stop70 (codons 70 and 71 mutated to stop
codons). rWSN M-Ud contains seven segments derived from A/WNS/33 and an
M segment derived from A/Udorn/72 (55, 61). rWSN M-Ud M2Stop90 was
generated by using the 12 plasmid rescue system in 293T cells (40). Briefly, 293T
cells are transfected with plasmids encoding the eight influenza A virus genomic
segments as well as plasmids expressing the PA, PB1, PB2, and NP proteins,
which make up the functional influenza A virus polymerase complex (23). rWSN
M-Ud M2Stop70 was generated by transfecting 293T cells and coculturing the
cells with MDCK-M2 cells, according to the protocol used by Takeda et al. for
the recovery of recombinant influenza A/Udorn/72 virus (55). The resulting
viruses were confirmed by sequencing the M segment.

Influenza A virus particles were quantitated by hemagglutination of 0.5%
chicken red blood cells (44). The infectious virus titer was determined by plaque
assay on MDCK or MDCK-M2 cells (44), and the viral M segment of all viruses
was sequenced to ensure that no unwanted mutations were present.

Virus infections. Virus stocks and low multiplicity of infection (MOI) growth
curves were generated by infecting cells at an MOI of 0.01; incubating the cells
at 37°C in DMEM containing 1 �g of acetyl trypsin (Sigma Chemicals), penicil-
lin, and streptomycin/ml; and harvesting infected cell supernatants at the indi-
cated times (72 h postinfection for viral stocks). Virus stocks of rWSN M-Ud
M2Stop70 were generated by infection of MDCK-M2 cells.

Virions were analyzed by infecting cells with rWSN M-Ud or rWSN M-Ud
M2Stop70 at an MOI of 1.0. The cells were infected for 1 h at room temperature,
washed extensively with phosphate-buffered saline (PBS), and incubated in
DMEM containing penicillin and streptomycin for 15 h at 37°C. The medium was
harvested, and cell debris was removed by a low-speed centrifugation. The
cleared supernatant was layered onto a 10% sucrose cushion in PBS and cen-
trifuged at 178,000 � g (38,000 rpm in an SW41 rotor) for 1 h. The supernatant
was removed, and the pellet was resuspended in PBS.

TCID50 assay. MDCK-TetM2 cells were plated in a 96-well plate and left
untreated or treated with 1 �g of doxycycline/ml for 24 h. After induction, the
cells were infected with serial dilutions, in triplicate, of rWSN M-Ud or rWSN
M-Ud M2Stop70 in DMEM containing 1 �g of acetyl trypsin, penicillin, and
streptomycin/ml and 1 �g of doxycycline/ml for the samples previously induced.
The infection proceeded for 72 h at 37°C, the cells were stained with naphthol
blue black, and the cytopathic effect was scored visually. A Reed and Muench
calculation was used to determine the 50% tissue culture infective dose (TCID50)
(50).

Metabolic labeling. 293T cells were transfected with the indicated plasmids by
using LT1 (Mirus Corp., Madison, Wis.) or infected at an MOI of 1.0. At 24 h
posttransfection or 12 h postinfection, the cells were incubated for 30 min in
DMEM without methionine or cysteine (DMEM-Met/Cys�). The cells were
then incubated for 15 min in DMEM-Met/Cys� containing 2 mM methionine
and 50 �Ci of [35S]cysteine (Amersham Biosciences). The cells were incubated
for the indicated times in chase media (DMEM containing 10% fetal bovine
serum, penicillin, and streptomycin) and lysed in 1% TX-100, 50 mM NaCl, 10
mM Tris (pH 7.5), 5 mM EDTA, 5 mM iodoacetamide, and a protease inhibitor
cocktail. The lysate was clarified by centrifugation at 14,000 � g in a microcen-
trifuge at 4°C.

FPV HA rescue assay. M2 ion channel activity was determined by transfecting
293T cells with pC FPV HA and either pC, pC M2, or pC M2Stop70. The samples
were transfected in duplicate, and one sample was incubated with 5 �M aman-
tadine 6-h posttransfection. At 24 h posttransfection the cells were incubated for
30 min in DMEM-Met/Cys� containing 25 mM HEPES (pH 6.8) and 5 �M
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amantadine (for treated samples). The cells were then incubated for 15 min in
DMEM-Met/Cys� containing 25 mM HEPES (pH 6.8), 5 �M amantadine (for
treated samples), and 100 �Ci of Pro-Mix 35S in vitro cell labeling mix (Amer-
sham) (56). The cells were incubated for the indicated times in chase medium
containing 25 mM HEPES (pH 6.8) and lysed in 1% NP-40, 50 mM Tris (pH
7.5), 5 mM EDTA, and protease inhibitors. The lysate was clarified by centrif-
ugation at 14,000 � g in a microcentrifuge at 4°C.

Immunoprecipitations. Clarified supernatants were incubated with MAb 14C2
(1:100 dilution) or anti-FPV sera (1:300) at 4°C for 2 h. Protein G Plus/Protein
A Agarose (Oncogene), diluted with Sepharose CL-4B (Sigma) in a 1:2 mixture,
was added for 30 min. The Protein G Plus/Protein A agarose was pelleted,
washed with radioimmunoprecipitation assay buffer (1% sodium deoxycholate,
1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 10 mM Tris [pH 7.5], 0.5
M NaCl) four times and once in SDS wash II (150 mM NaCl, 50 mM Tris [pH
7.5], 2.5 mM EDTA). The beads were then resuspended in 2� SDS-PAGE
sample buffer.

SDS-PAGE and Western blotting. Infected cells were lysed in 1% SDS and
mixed at a 1:1 ratio with 2� SDS-PAGE sample buffer. Purified virions were
resuspended in 2� SDS-PAGE sample buffer. Samples were loaded onto either
a 15% polyacrylamide gel or a 17.5% polyacrylamide gel with 4 M urea.

For immunoprecipitation experiments, the gel was soaked in a fixative solution
(8.5% acetic acid, 20% methanol) two times for 10 min each, followed by a
10-min wash in 1% glycerol in H2O. The gel was dried on a gel dryer (Model 583
Gel Dryer; Bio-Rad), imaged by exposure to a phosphorimager plate (Fuji
Medical Systems), and read by a phosphorimager (FujiFilm FLA-5000).

For Western blotting, the separated polypeptides were transferred onto poly-
vinylidene difluoride membranes (Mini Trans-Blot; Bio-Rad) and blocked in
PBS containing 0.3% Tween 20 and 5% dry milk. Primary antibodies were
detected by using species-specific IgG secondary antibodies coupled to horse-
radish peroxidase (Jackson Laboratories). The blots were imaged (Amersham
Biosciences ECL Plus) by using either chemiluminescence and exposure to X-ray
film (Molecular Technologies) or chemifluorescence and instrument scanning
(FujiFilm FLA-5000) to determine the band intensity.

In order to determine polypeptide composition of the virions, equal volumes
of pelleted virions were loaded onto SDS–15% polyacrylamide gel electrophore-
sis (PAGE) gels and the polypeptides separated. Western blotting and quanti-
tation against HA0 (antibody dilution 1:500) was performed. Additional gels
were then loaded so that equal amounts of HA protein were loaded for each
sample. The incorporation of the influenza A virus M1 (antibody dilution 1:200)
and NP (antibody dilution 1:50) proteins were then examined by Western blot.

Negative stain electron microscopy. Purified virions were allowed to absorb
onto Formvar/carbon-coated nickel grids for 5 min. Grids were then washed in
dH2O and stained with 1% aqueous uranyl acetate (Ted Pella, Inc., Redding,
Calif.) for 1 min. Excess liquid was gently wicked off, and grids were allowed to
air dry. Samples were viewed on a JEOL 1200EX transmission electron micro-
scope (JEOL USA, Peabody, Mass.).

Semiquantitative RT-PCR and real-time RT-PCR. RNA was extracted from
infected-cell supernatants by using the QIAamp Viral RNA Minikit (Qiagen)
according to the manufacturer’s instructions. RNA was extracted from purified
virions by the addition of proteinase K (final concentration, 0.5 �g/ml) and SDS
(final concentration, 0.5%), followed by incubation for 15 min at 37°C (46). Low
pH phenol and low pH phenol: chloroform extractions were performed and the
RNA was precipitated by the addition of 1/10 volume of 3.0 M sodium acetate
pH 5.4 and 2.5 volumes of ethanol, followed by incubation at �20°C for 20 min
and centrifugation at 15,000 � g for 15 min in a microcentrifuge. The RNA
pellets were washed with 70% ice-cold ethanol, dried, and resuspended in

RNase-free water. For the semiquantitative RT-PCR and real-time RT-PCR, an
HA assay was performed prior to RNA extraction so that an equivalent number
of virions would be analyzed. Primers specific for the influenza A virus NS, M, or
NP segment were used for the semiquantitative RT-PCR. Starting at cycle 10 and
then after every five cycles, aliquots were removed from each sample. The
aliquots were loaded on a 1% agarose gel, separated, and visualized with
ethidium bromide fluorescence. The real-time RT-PCR assay was performed
essentially as described previously (59), utilizing the TaqMan EZ RT-PCR core
reagents (Applied Biosystems) and an ABI 7000 Sequence Detection System
(Applied Biosystems). A standard curve was generated by using serial dilutions
of an in vitro transcribed, M segment-derived RNA transcript.

RESULTS
Stability and surface expression of M2 proteins with trun-

cations in the cytoplasmic tail. The cDNA encoding M2, from
A/Udorn/72, was altered such that stop codons were intro-
duced in place of amino acid 90 (pC M2Stop90), amino acid 82
(pc M2Stop82), and amino acid 70 (pc M2Stop70). The amino
acid sequence of the cytoplasmic tail of M2 and the truncated
proteins is shown in Table 1. 293T cells were transfected with
plasmids encoding the wild-type or truncated proteins, meta-
bolically labeled with [35S]cysteine, and chased for 0 to 180
min, and the cell lysates were immunoprecipitated with the
MAb 14C2. After a 180-min chase, 97% of the full-length M2

protein still remained (Fig. 1A). All three of the truncation
mutants were slightly less stable than the full-length protein,
with ca. 70% remaining after 180 min.

The steady-state cell surface expression of the truncated M2

proteins was determined by transfecting 293T cells with plas-
mids encoding the wild-type or truncated proteins and mea-
suring cell surface expression by flow cytometry. There was no
significant difference in either the number of cells expressing
the truncated M2 proteins or the amount of protein expressed
(as determined by the mean channel fluorescence) compared
to the full-length M2 protein (Table 2).

Ion channel activity of M2 proteins with cytoplasmic tail
truncations. As a surrogate for electrophysiological assays that
measure ion channel activity directly in mammalian cells (6,
37–39), the ability of the M2Stop70 protein to alter intracellu-
lar transport and proteolytic cleavage of the FPV HA protein
was measured. This assay has been utilized to measure the
proton channel activity of M2 (7, 8, 43, 52, 56), as well as other
viral proton channels (16, 39). The FPV HA protein is cleaved
from its full-length (HA0) into a disulfide-linked dimer (HA1
and HA2) by furin-like enzymes in the trans-Golgi in the ab-
sence of M2 (Fig. 1B). In the presence of M2 a majority of the
protein remains as HA0, a result of pH perturbations in the

TABLE 1. Sequence of the predicted cytoplasmic tail for M2 and truncation mutants

Protein
Sequencea at position:

44 54 64 74 84 94

M2 DRLFFKCIYR FFEHGLKRGP STEGVPESMR EEYRKEQQSA VDADDSHFVS IELE
M2Stop90 DRLFFKCIYR FFEHGLKRGP STEGVPESMR EEYRKEQQSA VDADDS��
M2Stop82 DRLFFKCIYR FFEHGLKRGP STEGVPESMR EEYRKEQQ��
M2Stop70 DRLFFKCIYR FFEHGLKRGP STEGVP��
M2Stop 70
Revertantb DRLFFKCIYR FFEHGLKRGP STEGVPWWMR VEYRKEQQSA VDADDSHFVG VELE

a ��, Two in-frame stop codons. Bold letters indicate amino acids changes in the revertant virus. The underlined letter indicates an amino acid changed in the plasmid
used to generate the M2Stop 70 virus.

b In addition to the mutations indicated in M2, there was an additional Ala-to-Thr change in M1 at position 22.
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Golgi cisternae (8, 15) mediated by the ion channel activity of
M2 (16, 39), resulting in reduced intracellular transport rates
for integral membrane proteins (20, 52). The reduced process-
ing and intracellular transport of FPV HA can be relieved by
the addition of amantadine, demonstrating that retention is a

result of M2 ion channel activity and not simply overexpression
of M2 protein. Similar results were achieved when M2Stop70
was used in place of full-length M2, indicating the cytoplasmic
tail truncation does not drastically alter the ion channel activity
(Fig. 1B).

Generation of influenza A viruses with truncations in the
cytoplasmic tail of M2. Using the influenza A virus 12-plasmid
reverse genetics system (40), we were successful in rescuing a
virus that encoded the M2 protein with the smallest truncation
(rWSN M-Ud M2Stop90). The influenza A virus rescue system
was altered so that 293T cells were cocultured with MDCK-M2

cells, a stable cell line with ca. 50% (mean channel fluores-
cence of 337) of the population expressing the full-length M2

protein (Fig. 2A). Using this coculture method, the virus that
encodes the largest truncation (rWSN M-Ud M2Stop70) was
successfully rescued. It is not obvious why we were unsuccess-
ful at rescuing rWSN M-Ud M2Stop82; one possibility is that
the ion channel activity of this protein is altered, whereas
smaller and larger truncations do not affect the ion channel
activity of M2 (57).

Replication of influenza A viruses encoding for truncations
in the cytoplasmic tail of M2. Fig. 2B examines the ability of
rWSN M-Ud M2Stop70 to form plaques either on MDCK or
MDCK-M2 cells. The rWSN M-Ud M2Stop70 virus was unable
to form discernible plaques on MDCK cells, but plaques were
clearly evident when the same inoculum was used to infect
MDCK-M2 cells, indicating the expression of full-length M2

protein in trans is sufficient to restore rWSN M-Ud M2Stop70
virus plaque formation.

A multiple-step growth curve was performed on MDCK and
MDCK-M2 cells with rWSN M-Ud, rWSN M-Ud M2Stop90,
or rWSN M-Ud M2Stop70 (Fig. 2C). rWSN M-Ud and rWSN
M-Ud M2Stop90 replicated with similar kinetics and produced
a similar amount of infectious virus when either MDCK or
MDCK-M2 cells were infected. In contrast, rWSN M-Ud
M2Stop70 replicated with similar kinetics and produced a sim-
ilar amount of infectious virus only in the MDCK-M2 cells;
infection of wild-type MDCK cells resulted in an �1,000-fold-
lower level of infectious virus production. These data demon-
strates that full-length M2 protein expression in trans can re-
store efficient virus replication to the rWSN M-Ud M2Stop70
virus.

Stability and expression of M2 proteins with truncations in
the cytoplasmic tail expressed during virus infection. 293T
cells were infected with rWSN M-Ud, rWSN M-Ud M2Stop90,
or rWSN M-Ud M2Stop70. At 12 h postinfection the cells were
metabolically labeled with [35S]cysteine, and the cell lysates
were immunoprecipitated with 14C2. The M2 proteins ex-
pressed in rWSN M-Ud- and rWSN M-Ud M2Stop90-infected
cells displayed similar stabilities (Fig. 3A), a finding consistent
with their stability when expressed from cDNA (see Fig. 1A).
However, the amount of M2Stop70 protein expressed during
rWSN M-Ud M2Stop70 infection was significantly reduced at
both 0 and 180 min compared to the amount of wild-type M2

or M2Stop90.
The kinetics of M2 expression in 293T and MDCK cells

infected with either rWSN M-Ud or rWSN M-Ud M2Stop70
was then assessed. Western blots showing expression of the M1

and M2 proteins at 3, 6, 9, and 12 h indicate a defect in
expression of the M2Stop70 protein from virus-infected 293T

FIG. 1. Effect of M2 cytoplasmic tail truncations on protein stability
and ion channel activity. (A) 293T cells expressing the indicated M2
protein were metabolically labeled, and cell lysates were immunopre-
cipitated with an MAb to M2. The proteins were separated by SDS-
PAGE and visualized by using a phosphorimager. (B) 293T cells trans-
fected with pC FPV HA and pC, pC M2, or pC M2Stop70 were
metabolically labeled, cell lysates were generated at the indicated
times, and immunoprecipitations were performed with polyclonal sera
against FPV HA. The proteins were separated by SDS-PAGE and
visualized with a phosphorimager. The amount of labeled HA2, for
each sample, after a 120-min chase was normalized to the pC sample
without amantadine.

TABLE 2. Cell surface expression of M2 and truncation mutants
from cDNA and virus expression

Expression
vectora Infected cellb

M2 M1

% Cells
positive

Mean channel
fluorescence

% Cells
positive

Mean channel
fluorescence

pC M2 39 468
pC 32 463
M2Stop90
pC 35 452
M2Stop82
pC 38 412
M2Stop70

rWSN M-Ud 87 298 96 168
rWSN M-Ud 26 66 96 191
M2Stop90
rWSN M-Ud 3 52 92 176
M2Stop70

a 293T cells were used in the transfection experiments.
b MDCK cells were used in the infection experiments.
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cells (Fig. 3B) and MDCK cells (Fig. 3C). The wild-type M2

protein is first detected at 6 h postinfection and is highly
expressed by 12 h postinfection in both cell types. The
M2Stop70 protein is barely detectable at 9 and 12 h postinfec-
tion in 293T cells and 12 h in MDCK cells. The expression of
the M1 and M2 proteins during rWSN M-Ud, rWSN M-Ud

M2Stop90, and rWSN M-Ud M2Stop70 infection were also
examined by flow cytometry (Table 2). Although M1 expres-
sion was equivalent in all virus-infected cells, the cell surface
expression of both truncated M2 proteins was drastically re-
duced compared to full-length M2. Taken together, these re-
sults indicate that the M2Stop70 protein was not efficiently
expressed in virus-infected cells in contrast to expression from
cDNA. The cell surface expression of the M2Stop90 protein
was significantly reduced in virus-infected cells in contrast to
expression from cDNA. Since the rWSN M-Ud M2Stop90 vi-
rus replicated with the same kinetics and to the same level as
wild-type virus, we conclude that not only is the M2Stop90
protein functional but that only a small amount of M2 expres-
sion at the cell surface is required for influenza A virus repli-
cation.

Replication of rWSN M-Ud M2Stop70 in an MDCK-
M2Stop70 cell line. The inability of rWSN M-Ud M2Stop70 to
replicate on MDCK cells (Fig. 2B) may be the consequence of
low expression of the M2Stop70 protein and not the result of
deleting a critical domain in the cytoplasmic tail. To address
this possibility, a stable cell line expressing the M2Stop70 pro-
tein (MDCK-M2Stop70) was generated (Fig. 3D). Approxi-
mately 57% of the cells expressed M2Stop70 at the plasma
membrane (mean channel fluorescence � 181) (Fig. 3D).
Compared to the M2-expressing cell line, this is approximately
a twofold reduction in cell surface expression. A multiple-step
growth curve was performed on MDCK and MDCK-M2Stop70
cells with rWSN M-Ud and rWSN M-Ud M2Stop70 (Fig. 3E).
rWSN M-Ud replicated with similar kinetics and to a similar
titer on MDCK and MDCK-M2Stop70 cells. The replication of
rWSN M-Ud M2Stop70 was not restored by infection of
MDCK-M2Stop70 cells. rWSN M-Ud M2Stop70 replicated to
�1,000-fold-lower levels on either cell type compared to rWSN
M-Ud. These results indicate that the defect in expression of
the M2Stop70 protein does not account for the lack of repli-
cation of the rWSN M-Ud M2Stop70 virus.

Virion budding, morphology, and polypeptide composition.
The amount of rWSN M-Ud M2Stop70 virions released from
MDCK cells was reduced fourfold compared to rWSN M-Ud
virions released from the same cell type (Table 3), but this
effect was clearly not as dramatic as the 1,000-fold decrease in
infectivity (Fig. 2C). The budding of rWSN M-Ud M2Stop70
was partially restored on MDCK-M2 cells, whereas infectivity
was almost identical (Fig. 2B), indicating the full-length M2

protein is important for efficient infectious virion production.
Next, virions were examined to determine whether there was

a gross morphological difference between viruses encoding a
full-length M2 protein or a truncated M2 protein. MDCK cells
were infected with rWSN M-Ud or rWSN M-Ud M2Stop70
and 15 h postinfection the virions were collected, purified, and
analyzed by negative stain electron microscopy. Both rWSN
M-Ud and rWSN M-Ud M2Stop70 produced similar spherical
virions with diameters between 80 and 120 nm (Fig. 4A), as
well as filamentous virions (data not shown), indicating the M2

cytoplasmic tail is not important for maintaining virion mor-
phology.

The polypeptide composition of the purified virions was then
examined. Western blotting for the M2 protein demonstrates
that rWSN M-Ud M2Stop70 virions from infected MDCK cells
do not contain a detectable amount of the M2Stop70 protein;

FIG. 2. Effect of M2 cytoplasmic tail truncations on influenza A
virus replication. (A) MDCK-M2 cells were analyzed by flow cytometry
for expression of the M2 protein. The thin line represents cells stained
with only secondary antibody, and the thick line represents cells
stained with a primary antibody against M2 and a fluorescein isothio-
cyanate-conjugated secondary antibody. (B) A plaque assay on the
virus rWSN M-Ud M2Stop70 was performed with MDCK and
MDCK-M2 cells. (C) A multistep growth curve was performed on
MDCK and MDCK-M2 cells with the viruses rWSN M-Ud, rWSN
M-Ud M2Stop90, and rWSN M-Ud M2Stop70.
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this is most likely a consequence of the low level of M2Stop70
protein expressed in virus-infected cells (Fig. 4B). rWSN
M-Ud M2Stop70 virions from infected MDCK-M2 or MDCK-
M2Stop70 cells do incorporate the full-length and truncated
M2 protein expressed in trans, indicating the M2Stop70 protein
can be incorporated into virus particles in a manner similar to
full-length M2 (Fig. 4B). The M2Stop70 protein can also be
incorporated into rWSN M-Ud virions grown on MDCK-

M2Stop70 cells without any apparent detrimental effects on
virus infectivity. These data indicate that the C-terminal 28
amino acids of M2 are not required for M2 incorporation into
virus particles, that incorporation of M2Stop70 protein into
virus particles does not restore rWSN M-Ud M2Stop70 infec-
tivity, and that inclusion of M2Stop70 into wild-type virions
does not alter their infectivity.

The virion polypeptide composition was then examined to
determine whether incorporation of other viral proteins was
altered in the presence of cytoplasmic tail-truncated M2. Viri-
ons from rWSN M-Ud or rWSN M-Ud M2Stop70-infected
MDCK, MDCK-M2, and MDCK-M2Stop70 cells were puri-
fied, and equivalent numbers of virus particles (as judged by
Western blotting for HA protein) were analyzed for HA, M1,
and NP incorporation (Fig. 4C). Levels of HA and M1 were
similar in all virions regardless of the cell type used to generate
the virus particles. In contrast, NP incorporation was reduced
in the rWSN M-Ud M2Stop70 virions purified from infected

FIG. 3. The M2Stop70 protein is unable to support influenza A virus replication. (A) 293T cells were infected at an MOI of 1.0 with the
indicated virus and metabolically labeled, and cell lysates were immunoprecipitated with an MAb to M2. The proteins were separated by
SDS-PAGE and visualized with a phosphorimager. (B and C) 293T (B) or MDCK (C) cells were infected at an MOI of 1.0 with the indicated virus.
At 3, 6, 9, and 12 h postinfection the cells were lysed, and the polypeptides were separated by SDS-PAGE and analyzed by Western blotting for
the M1 and M2 proteins. (D) MDCK-M2Stop70 cells were analyzed by flow cytometry for expression of the M2 protein. The thin line represents
cells stained with only secondary antibody, and the thick line represents cells stained with a primary antibody against M2 and a fluorescein
isothiocyanate-conjugated secondary antibody. (E) A multistep growth curve was performed on MDCK and MDCK-M2Stop70 cells with rWSN
M-Ud and rWSN M-Ud M2Stop70.

TABLE 3. Decreased total virion production from MDCK cells
infected with virus encoding a truncated M2 protein

Virus
Cells (HA U/ml)a

MDCK MDCK-M2

rWSN M-Ud 1,280 1,280
rWSN M-Ud M2Stop70 320 640

a The indicated cells were infected at an MOI of 1.0 in duplicate, and then 12 h
postinfection HA assays were performed (also in duplicate).
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MDCK or MDCK-M2Stop70 cells. NP incorporation was re-
stored to near wild-type levels in rWSN M-Ud M2Stop70 viri-
ons harvested from MDCK-M2 cells. Thus, the data suggest
that M2 cytoplasmic tail truncations can alter the efficiency of
NP, but not HA or M1, incorporation into influenza virions and
that full-length M2 protein expressed in trans can complement
this defect. The data also suggest that M2 packaging is inde-
pendent of NP packaging, since overexpression of M2Stop70
resulted in increased M2 incorporation into virions (Fig. 4B)
without altering the amount of NP in the particles (Fig. 4C).

RNA incorporation into virions. The reduced infectivity and
decreased NP incorporation into virions with truncated M2

proteins suggested that vRNP packaging was somehow re-
duced. To test this hypothesis, MDCK cells were infected with
rWSN M-Ud or rWSN M-Ud M2Stop70, the virions were col-
lected 15 h postinfection, and RNA was extracted from equiv-

alent numbers of virus particles as judged by hemagglutination
of chicken red blood cells. RT-PCR with primers specific for
the influenza A virus NS, M, or NP segments was performed,
and the reactions were sampled at the indicated cycles. There
were reduced amounts of all three RNA segments in rWSN
M-Ud M2Stop70 virions compared to rWSN M-Ud virions
(Fig. 5A to C). In order to determine whether complementa-

FIG. 4. The effect of M2 protein trans-complementation on rWSN
M-Udorn M2Stop70 virus morphology and polypeptide composition.
(A) Purified virions were negatively stained with uranyl acetate and
examined with a JEOL 1200EX transmission electron microscope.
Scale bar, 100 nm. (B and C) Purified virions from MDCK, MDCK-
M2, and MDCK-M2Stop70 infected cells were analyzed by Western
blotting. In panel B an MAb to M2 was used, and in panel C antibodies
to HA, NP, and M1 were used. The band migrating slightly faster than
full-length M2 is a proteolytic fragment of M2.

FIG. 5. RNA incorporation into rWSN M-Ud and rWSN M-Ud
M2Stop70 virions. RNA was extracted from the indicated virions, and
a semiquantitative RT-PCR was performed with primers specific for
the NS segment (A), the M segment (B), and the NP segment (C).
(D) RNA was extracted from the indicated virions, reverse transcribed
with primers specific for the M segment, and quantitated by real-time
PCR.
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tion with the full-length M2 protein would restore genome
incorporation, RNA was extracted from virions derived from
infected MDCK or MDCK-M2 cells, and M segment RNA was
quantitated by real-time RT-PCR (Fig. 5D). There was an
�3.3-fold reduction in M segment incorporated in rWSN
M-Ud M2Stop70 virions from MDCK cells but only a 1.3-fold
reduction in rWSN M-Ud M2Stop70 virions from MDCK-M2

cells. These results indicate that truncations in the M2 cyto-
plasmic tail result in reduced RNA incorporation into progeny
virus particles and that expression of the full-length M2 protein
in trans is sufficient to restore RNA incorporation.

Growth of rWSN M-Ud M2Stop70 on an inducible M2 ex-
pression cell line. We sought to determine the amount of M2

expression needed to restore rWSN M-Ud M2Stop70 virus
replication to wild-type levels. A tetracycline-inducible MDCK
cell line (MDCK-TetM2) was established, and Western blot-
ting for M2 expression shows a low basal level of M2 expres-
sion, as well as high levels of doxycycline-inducible M2 expres-
sion (Fig. 6). The amount of M2 protein needed to restore
replication of rWSN M-Ud M2Stop70 was examined by infect-
ing MDCK-TetM2 cells in the presence or absence of 1 �g of
doxycycline/ml. The basal expression of M2 from MDCK-
TetM2 cells was sufficient to increase the replication of rWSN
M-Ud M2Stop70 ca. 10,000-fold, which is nearly identical to
the findings with wild-type virus (Table 4). We therefore con-
clude that only a very small amount of M2 expression is re-
quired for efficient influenza A virus replication. This is con-
sistent with our observations of low levels of M2Stop90 at the
cell surface of rWSN M-Ud M2Stop90 virus (Table 2) being

sufficient to confer wild-type replication kinetics to the virus
(Fig. 2C).

Generation of revertant viruses during rWSN M-Ud
M2Stop70 infection. When the multiple-step growth curves
were prepared, we noticed that the titer for certain rWSN
M-Ud M2Stop70 replicates began increasing late in infection.
One 72-h time point was analyzed by plaque assay on MDCK
cells, and virus plaques were clearly visible (data not shown), in
contrast to the lack of plaque formation seen with rWSN
M-Ud M2Stop70 viruses (Fig. 2B). Ten individual plaques
were picked, and the M segment genomic sequence was deter-
mined by RT-PCR and sequencing. Table 1 shows the se-
quence of rWSN M-Ud M2Stop70 revertants. The stop codons
at position 70 and 71 were altered to encode for tryptophans in
all 10 revertant viruses sequenced. These mutations allowed
for read through and expression of the full-length M2 protein.
Expression of the full-length M2 protein was confirmed by
Western blotting of virus-infected cell lysates with an MAb
specific for the M2 protein (Fig. 7A). Additional mutations in
the M2 cytoplasmic tail and in the M1 protein were detected,
but these were only present in a subset of the 10 revertant
viruses sequenced. To determine whether the mutations
present in the rWSN M-Ud M2Stop70 revertant allowed for
this virus to efficiently replicate on MDCK cells, a multiple-
step growth curve was performed on MDCK cells with rWSN
M-Ud, rWSN M-Ud M2Stop70, and rWSN M-Ud M2Stop70
revertant (Fig. 7B). The replication of rWSN M-Ud M2Stop70
revertant was equivalent to, or slightly higher, than rWSN
M-Ud. The isolation of rWSN M-Ud M2Stop70 revertants
indicates the strong selection pressure for maintaining expres-
sion of the full-length cytoplasmic tail of the M2 protein.

DISCUSSION

The process of enveloped virion assembly involves multiple
interactions between viral proteins, host proteins, the viral
genome, and host lipids. A successful outcome results in the
release of a viral particle that has incorporated the correct
complement of protein and genetic material that will allow for
a neighboring cell, or host, to become infected. For influenza A
virus, this entails the incorporation of the three integral mem-
brane proteins HA, NA, and M2 and the eight RNA segments,
in the form of RNP complexes, that comprise the influenza A
virus genome (29). In the present study, we attempted to define
the role of the cytoplasmic tail of the M2 protein in influenza
A virus replication and determined that the cytoplasmic tail is
critical for the assembly of infectious virus particles.

The cytoplasmic tail of the M2 protein is predicted to con-
tain 54 amino acids (31). In order to examine the role it may
play in influenza A virus replication, we generated recombi-
nant viruses encoding M2 proteins with truncations in the cy-
toplasmic tail. M2 is a type III integral membrane protein that
requires the presence of a portion of the cytoplasmic tail in
order for the hydrophobic transmembrane domain to be rec-
ognized by the signal recognition particle and translocated into
to the endoplasmic reticulum membrane (25, 31, 67). We con-
firmed that the M2 truncation proteins were still transported to
the cell surface appropriately when expressed from cDNA, a
finding in agreement with the published literature (57). In
addition, we confirmed that the ion channel activity of

TABLE 4. Restoration of M2 truncated � virus replication on
MDCK cells with tetracycline-inducible M2 expression

Virus

TCID50

MDCK MDCK Tet-M2
MDCK Tet-M2 � 1

�g of Dox/mla

rWSN M-Ud 1.44 � 106 3.30 � 106 7.24 � 105

rWSN M-Ud 4.21 � 102 4.22 � 106 1.47 � 107

M2Stop70

a Dox, doxycycline.

FIG. 6. Characterization of MDCK cells with inducible M2 expres-
sion. MDCK-Tet M2 cells were incubated in the absence or presence
of increasing concentrations of doxycycline for 48 h. At 48 h the cells
were lysed, the polypeptides were separated by SDS-PAGE and ana-
lyzed by Western blotting with an antibody to the M2 protein.
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M2Stop70 protein was not compromised by using a functional
assay based on the transport of FPV HA. Our data on the ion
channel activity of M2Stop70 is consistent with Tobler et al.
(57), who demonstrated that M2 proteins with comparable
cytoplasmic tail deletions have wild-type ion channel activities
when expressed in Xenopus laevis oocytes.

The replication of rWSN M-Ud M2Stop90 and rWSN M-Ud
M2Stop70 on MDCK cells demonstrated the requirement for
amino acids 70 to 89 in the M2 protein. rWSN M-Ud M2Stop70
does not express the M2Stop70 protein to a high level for an
undetermined reason. Replication levels were restored when
the virus was grown on a cell line stably expressing full-length
M2 and not on one expressing M2Stop70. Only when adaptive
mutations allowing for the expression of full-length M2 were
acquired did the virus replicate to wild-type levels on MDCK
cells. A similar defect in replication is observed when the M2

protein is truncated in viruses bearing all eight segments from
either the WSN or Udorn genetic background (data not
shown), suggesting that the defect in virus replication resulting
from M2 cytoplasmic tail deletion is not peculiar to the reas-
sortant viruses we analyzed here.

The requirements for amino acids 70 to 89 in the cytoplas-
mic tail of M2 provide evidence that a potential M2-M1 inter-
action is essential for influenza A virus replication by mediat-
ing efficient packaging of vRNPs. The reduced replication of
A/Udorn/72, in the presence of the anti-M2 MAb 14C2, al-
lowed for antibody-resistant variants to be isolated (64, 65).
Antibody epitope escape mutants were found rarely, but mu-
tations that restored replication without altering antibody
binding were identified. Interestingly, single amino acid sub-
stitutions at residue 71 or 78 in the M2 cytoplasmic tail were
isolated (66) in addition to mutations at position 31 and 41 of
the M1 protein. The one mutation in the M1 protein, an Ala-
to-Thr change at position 22, identified in two plaque-purified
rWSN M2Stop70 revertant viruses is located proximally to

amino acids 31 and 41 in the M1 crystallographic structure (1,
17). These antibody-resistant variants, together with viruses
with the M2 cytoplasmic tail deleted, provide genetic evidence
for a potential interaction between the M2 and M1 proteins
during influenza A virus assembly. Studies designed to detect a
direct physical interaction between M2 and M1 and how mu-
tations in the M1 protein may influence this interaction are
currently being pursued.

The major defect in replication of rWSN M-Ud M2Stop70
on MDCK cells was decreased levels of NP and genomic RNA
incorporation into virions. As a result of this defect, rWSN
M-Ud M2Stop70 virions released from MDCK cells demon-
strated a lower ability to replicate compared to rWSN M-Ud.
This defect was not seen when M2 was provided in trans,
indicating that it was a result of altered protein function and
not a consequence of altering the nucleotide sequence of the
M segment RNA. In addition, MDCK cells produced fewer
virions when infected with rWSN M-Ud M2Stop70 than rWSN
M-Ud, although this defect in virus particle assembly (4-fold
decrease) was not nearly as great as the defect in infectivity
(1,000-fold). These results provide us with evidence to present
a model in which the M2 cytoplasmic tail interacts with M1-
RNP complexes leading to genome incorporation into budding
virions. The incorporation of M2 into virus particles is inde-
pendent of this interaction, since M2Stop70 protein can be
efficiently incorporated into virus particles with no apparent
change in NP or RNP packaging. Curiously, reductions in the
amount of M1 packaged into rWSN M-Ud M2Stop70 virions
were not seen. This is most likely due to the fact that the
majority of virion-associated M1 is packaged through interac-
tions with the HA and NA cytoplasmic tails and/or membrane
interactions and therefore is not associated with RNPs. The
RNP-associated M1 is only a small fraction of the total pack-
aged M1, and the loss of this small amount of M1 is not
detectable using our assays.

FIG. 7. Analysis of rWSN M-Ud M2Stop70 Revertant. (A) Western blot of virus-infected cell lysates with MAbs to M2 and M1. (B) A multistep
growth curve was performed on MDCK cells infected with rWSN M-Ud, rWSN M-Ud M2Stop70, or rWSN M-Ud M2Stop70 revertant.
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Influenza A virus particles can package vRNPs either spe-
cifically—through segment-specific packaging signals in non-
coding (11) and coding regions (12, 62)—or nonspecifically (2,
10, 33). We hypothesize that the reduced packaging of vRNPs
seen in rWSN M-Ud M2Stop70 particles is a result of de-
creased specific vRNP packaging mediated by amino acids 70
to 89 of the M2 cytoplasmic tail, although we cannot rule out
the possibility that the M2 cytoplasmic tail is responsible for
selecting only a subset of vRNPs for virion packaging. Genome
packaging was detected in rWSN M-Ud M2Stop70 virions,
implying M2 is not absolutely essential for vRNP incorpora-
tion. However, the M2 protein, through its cytoplasmic tail,
may facilitate virion incorporation of a full genomic comple-
ment of vRNPs, thereby making the production of an infec-
tious virus particle more likely. Our study showed that at least
three genomic RNA segments (NS, M, and NP) were reduced
in rWSN M-Ud M2Stop70 virions; we are currently investigat-
ing whether all RNA segments are reduced.

The M2 protein is expressed abundantly at the cell surface;
however, it is only a minor component of influenza A virions
(31, 65). We attempted to quantify the amount of M2 needed
to restore replication to rWSN M-Ud M2Stop70 viruses by
using a cell line capable of expressing M2 in a tetracycline-
inducible manner. The results presented here suggest that even
low-level expression of wild-type M2, through leakiness in the
Tet-On system, provides enough M2 to restore replication to
near wild-type levels. In addition, the low cell surface expres-
sion of M2Stop90 in virus-infected cells was not detrimental to
replication since this virus was indistinguishable from wild-type
virus with respect to the kinetics and extent of infectious virus
production.

Watanabe et al. characterized the replication of a recombi-
nant influenza A virus bearing a deletion of the transmem-
brane and cytoplasmic domains of the M2 protein (61). This
virus had the same genetic background (seven segments from
WSN and M segment from Udorn) as our M2-truncated vi-
ruses, formed pinpoint plaques, and was able to grow to sig-
nificant titers at late times postinfection. Of particular rele-
vance, the virus in that study was genetically stable for 10
passages in tissue culture. Our cytoplasmic tail-truncated vi-
ruses did not plaque efficiently, and we found a much higher
tendency for reversions, suggesting a strong selection pressure
for restoring the full-length M2 cytoplasmic tail. Since the lack
of M2Stop70 protein expression in virus-infected cells effec-
tively makes this an M2 deletion virus, it is unclear to us why
our data differs from that of Watanabe et al.

Other viruses in the Orthomyxoviridae family encode small
integral membrane proteins that appear analogous to the in-
fluenza A virus M2 protein. Influenza C virus encodes an in-
tegral membrane protein CM2, which forms tetramers (46, 48)
and has reported ion channel activity (22). In addition, recent
evidence clearly demonstrates that the BM2 protein of influ-
enza B virus is the functional homolog of M2 with respect to
ion channel activity (39). The BM2 protein is an integral mem-
brane protein that forms a tetramer when expressed in virus-
infected or cDNA-transfected cells (45, 60). Of particular in-
terest is the finding that the recombinant influenza B viruses
bearing deletions or alterations in the BM2 coding sequence
only replicate efficiently if wild-type BM2 is provide in trans
(18, 27). In fact, a role for BM2 in influenza B virus RNP

packaging has recently been suggested (26), lending further
support to our hypothesis. It is interesting to speculate that in
addition to providing ion channel activity that is important for
efficient release of genomic RNA segments during viral entry,
M2, BM2, and CM2 may also play a role in packaging viral
genomic segments.
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