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The BM2 protein of influenza B virus functions as an ion channel, which is suggested to be important for
virus uncoating in endosomes of virus-infected cells. Because direct support for this function is lacking,
whether BM2 plays an essential role in the viral life cycle remains unknown. We therefore attempted to
generate BM2 knockout viruses by reverse genetics. Mutant viruses possessing M segments with the mutated
initiation codon of BM2 protein at the stop-start pentanucleotide were viable and still expressed BM2. The
introduction of multiple stop codons and a one-nucleotide deletion downstream of the stop-start pentanucle-
otide, in addition to disablement of the BM2 initiation codon, failed to generate viable mutant viruses, but the
mutant M segments still expressed proteins that reacted with the BM2 peptide antiserum. To completely
abolish BM2 expression, we generated a mutant M gene whose BM2 open reading frame was deleted. Although
this mutant was not able to replicate in normal MDCK cells, it did replicate in a cell line that we established
which constitutively expresses BM2. Furthermore, a virus possessing the mutant M gene lacking the BM2 open
reading frame and a mutant NA gene containing the BM2 open reading frame instead of the NA open reading
frame underwent multiple cycles of replication in MDCK cells, with exogenous sialidase used to supplement
the deleted viral sialidase activity. These findings demonstrate that the BM2 protein is essential for influenza

B virus replication.

The genome of Influenza B virus, a member of the family
Orthomyxoviridae, consists of eight negative-strand RNA seg-
ments, which encode 11 proteins (12). Of these, nine are also
found in influenza A virus: three RNA-dependent RNA poly-
merase subunits (PB1, PB2, and PA), hemagglutinin (HA),
nucleoprotein (NP), neuraminidase (NA), matrix protein
(M1), and two nonstructural proteins (NS1 and NS2). Two
proteins, NB and BM2, are unique to influenza B virus. NB is
encoded by RNA segment 6, which also encodes NA, while
BM2 is encoded by segment 7.

The BM2 protein of influenza B virus is a type III integral
membrane protein (23). It is incorporated into virions (22),
expressed on the surface of virus-infected cells (23), and phos-
phorylated in the late phase of infection (12). This protein is
translated from a +2 open reading frame and is 109 amino
acids long. Its translational strategy is unique in that the initi-
ation codon of BM2 protein overlaps the termination codon of
M1 protein (UAAUG, a stop-start pentanucleotide) (9). Thus,
unlike the M2 protein of influenza A virus, which is translated
from a spliced mRNA, the BM2 protein is translated by the
stop-start translational mechanism.

Recently, Paterson et al. (23) demonstrated that this protein
forms an oligomer, possesses amino acid residues thought to
be critical for ion channel activity at the same relative position
as in the M2 protein of influenza A virus, and indeed functions
as an ion channel (14). Although Mould et al. (14) demon-
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strated that BM2 protein prevents intracellularly cleaved HA
from adopting its low-pH-induced conformation during trans-
port to the cell surface, as shown with the M2 protein of
influenza A virus, it remains unclear whether the BM2 protein
is essential for viral replication. We therefore tested the re-
quirement for this protein in the life cycle of influenza B virus
by attempting to generate BM2 knockout influenza B viruses
by reverse genetics.

MATERIALS AND METHODS

Cells and antibodies. 293T human embryonic kidney cells and Madin-Darby
canine kidney (MDCK) cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and in minimal essential me-
dium containing 5% newborn calf serum, respectively. The 293T cell line is a
derivative of the 293 cell line into which the gene for the simian virus 40 T
antigen was inserted (3). All cells were maintained at 37°C in 5% CO,. A rabbit
anti-BM2 peptide serum generated against a synthetic peptide (amino acid
residues 95 to 109 of BM2 protein) coupled to keyhole limpet hemocyanin was
used in these studies.

Construction of plasmids. Mutant constructs (see Fig. 1 and 4) were produced
as follows. M genes with mutations around the initiation codon of BM2 protein
and with deletions of the entire BM2 coding region were amplified by PCR from
a plasmid (pPolBLeeM) containing the B/Lee/40 M gene and then digested with
BsmBI. The BsmBI-digested fragment was cloned into the BsmBI sites of a Poll
plasmid vector, which contains the human RNA polymerase I promoter and the
mouse RNA polymerase I terminator, separated by BsmBI sites. pPPoIBNAMCS
was constructed by PCR and linker insertion. It consists of 200 bases of the 3’ end
of NA viral RNA, a multiple cloning site, and 344 bases of the 5" end of NA viral
RNA. The initiation codons of the NA and NB proteins in this construct were
changed to GCG. pPolBNAGFP was constructed by introducing the cyto-green
fluorescent protein (GFP) gene (Clontech) between the EcoRI and BglII sites of
pPoIBNAMCS, and pPolBNABM2 by introducing the BM2 coding region, with a
Kozak sequence (GCCGCCACC) upstream of the initiation codon of BM2 protein,
between the EcoRI and Xhol sites of pPoIBNAMCS. For construction of the BM2
protein expression vector, the BM2 coding region with a Kozak sequence (GCCGC-
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CACC) upstream of the initiation codon of BM2 protein was cloned into the
eukaryotic expression vector pCAGGS/MCS (11, 20), resulting in pCABLeeBM2.
All of the constructs were sequenced to ensure that unwanted mutations were not
present. The sequences of the primers will be provided upon request.

Plasmid-based reverse genetics. Transfectant viruses were generated as re-
ported earlier (7, 18). Briefly, 12 plasmids (eight PolI constructs for eight RNA
segments and four protein expression constructs for the polymerase proteins and
NP) were mixed with transfection reagent (Trans IT LT-1 [Panvera, Madison,
Wis.]), incubated at room temperature for 10 min, and added to 10° 293T cells
cultured in Opti-MEM (Invitrogen) containing 0.3% bovine serum albumin.
Forty-eight hours later, viruses in the supernatant were collected and amplified
in MDCK cells for the production of stock viruses. For the generation of
BNAGFP virus, protein expression plasmids for HA, NA, M1, and BM2 and for
NS1 and NS2 were used in addition to the 12 plasmids mentioned above. For the
generation of BNABM? virus, protein expression plasmids for HA and NA and
for NS1 and NS2 were used in addition to the 12 plasmids.

Indirect immunofluorescence assay. For analysis of protein expression from
mutant BM2 constructs, 293T cells were transfected with four protein expression
plasmids for the polymerase proteins and NP of B/Lee/40 and the wild-type and
mutant BM2 Poll constructs. Forty-eight hours after transfection, the cells were
fixed with 3% formaldehyde solution and permeated with 0.1% Triton X-100.
Antigens were detected with rabbit anti-BM2 peptide serum as a primary anti-
body and fluorescein isothiocyanate (FITC)-conjugated anti-rabbit immunoglob-
ulin G (IgG) as a secondary antibody. For detection of BNAGFP virus, MDCK
cells were incubated with BNAGFP virus at 10> 50% tissue culture infectious
doses (TCIDs). After 72 h of infection, the cells were fixed with 3% formalde-
hyde solution and observed under a fluorescence microscope. For detection of
BM2 protein of the BNABM2 virus, MDCK cells were infected with the virus
and overlaid with 0.6% agarose. After incubation for 72 h, the cells were fixed
with 3% formaldehyde solution and permeated with 0.1% Triton X-100. The
BM?2 protein was detected with rabbit anti-BM2 peptide serum, used as a pri-
mary antibody, and FITC-conjugated anti-rabbit IgG as a secondary antibody.

Western blotting. 293T cells transfected with four protein expression plasmids
(for polymerase proteins and NP) and the wild-type or mutant BM2 Poll con-
struct were lysed in sample buffer at 48 h posttransfection, incubated at 100°C for
5 min, and separated on a 15% PAGEr Gold Tris-glycine gel (BioWhittaker
Molecular Applications). Resolved proteins were transferred to nitrocellulose
membranes (Schleicher & Schuell) and blocked overnight at 4°C with 5% skim
milk in phosphate-buffered saline (PBS). Blots were incubated in rabbit anti-
BM2 peptide serum or goat anti-influenza B virus matrix protein serum (Na-
tional Institute for Allergy and Infectious Diseases Repository, Virology Branch)
for 2 h at room temperature, washed three times with PBST (0.05% Tween 20
[Sigma] in PBS), incubated in biotinylated anti-rabbit or anti-goat secondary
antibody for 1 h, washed three times with PBST, and incubated in reagent A and
reagent B solution (Vectastain ABC kit; Vector Laboratories, Inc., Burlingame,
Calif.) for 30 min. The blots were then washed and incubated in Lumi-Light
Western blotting substrate (Roche Biochemica) for 5 min and exposed to X-ray
film (Kodak).

Establishment of BM2 protein-expressing cell lines. MDCK cells were co-
transfected with plasmid pRHyg (a derivative of pREP7 [Invitrogen Corpora-
tion, Carlsbad, Calif.] from which the EBNA-1 and oriP genes were deleted),
possessing the hygromycin resistance gene, and plasmid pCABLeeBM2 and
cultured under hygromycin selection (150 ng/ml). Hygromycin-resistant cell
clones were tested for the expression of BM2 protein with rabbit anti-BM2
peptide serum in an indirect immunofluorescence assay. One of these clones
(designated BM2CK#1-3) was used for the experiments.

Replicative properties of viruses. MDCK and BM2CK#1-3 cells were infected
with 103 TCIDs,, of viruses and overlaid with minimal essential medium contain-
ing 0.5 pg of trypsin per ml. Supernatants were examined for viral titers at
different times with BM2CK#1-3 cells.

Immunostaining assay. MDCK and BM2CK#1-3 cells were infected with 10*
TCIDjs, of virus and overlaid with 1.0% agarose. The cells were fixed at different
times with 3% formaldehyde (in PBS) for 1 h at room temperature, followed by
treatment with 0.1% Triton X-100, and then processed as described previously
(16). Viral antigens in cells were detected with mouse anti-influenza virus type B
(nucleoprotein) monoclonal antibody, clone INFLB71 (Research Diagnostics
Inc., Flanders, N.J.).

RESULTS

Generation of BM2 protein-knockout viruses. Recently, we
and others (7, 8, 10) established reverse genetics systems for
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FIG. 1. Mutations introduced around the pentanucleotide stop-

start region of the M segment. (A) M genes with mutations around the
initiation codon of BM2 protein were amplified by PCR and cloned
into a Poll plasmid vector. The resulting constructs were designated
pPolBLeeBM2stop#1, pPolBLeeBM2stop#2, pPolBLeeBM2stop#3,
and pPolBLeeBM2stop#4. Mutations are indicated with asterisks (*),
the stop codons generated by these mutations are indicated with
dashed lines (- - -), and deletions are indicated with single dashes (—).
The numbers shown are nucleotide positions. (B) Amino acid dele-
tions and mutation at the N terminus of the protein expressed from
pPolBLeeBM2stop#3. Amino acids are designated in the single-letter
code.

generating influenza B virus entirely from cloned cDNAs,
based on the in vivo synthesis of viral RNA by RNA polymer-
ase I. Using this system with influenza B/Lee/40 virus, we
attempted to generate mutant viruses that did not express the
BM2 protein to assess the importance of BM2 in the influenza
B viral life cycle. The first two constructs that we produced
expressed the mutant M viral RNA by RNA polymerase I
and were designated pPolBLeeBM2stop#1 and pPolBLee
BM2stop#2 (Fig. 1A). To eliminate BM2 expression, we con-
verted the sequence around the stop-start pentanucleotide of
the M gene from TAATGc (capital letters represent the stop-
start pentanucleotide) to TAACCc, a mutation that eliminated
BM2 expression in a plasmid expression system (9), in
pPolBLeeBM2stop#1 or to TAATAa in pPolBLeeBM2
stop#2. When these plasmids were transfected together with
protein expression vectors for polymerase proteins and NP,
proteins reactive with a rabbit antiserum raised to the BM2
peptide (amino acid residues 95 to 109 of BM2 protein) were
detected (Fig. 2 and 3); however, the amount of BM2 protein
expressed from pPolBLeeBM2stop#2 was lower than that
from the wild-type M Poll (pPolBLeeM) construct and
pPolBLeeBM2stop#1 (Fig. 3). By Western blot analysis, the
molecular sizes of these mutant proteins appeared identical to
that of the wild-type BM2 protein (Fig. 3).
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FIG. 2. Reactivity of cells expressing proteins from wild-type and mutant M viral RNA segments with anti-BM2 peptide serum in an
immunofluorescence assay. 293T cells were transfected with four protein expression plasmids for the polymerase proteins and NP of B/Lee/40 and
the wild-type or mutant BM2 Poll construct. Antigens were detected with rabbit anti-BM2 peptide serum as a primary antibody and FITC-
conjugated anti-rabbit IgG as a secondary antibody. Wild-type, cells transfected with pPolBLeeM; #1, #2, #3, #4, 4Met—, and del, cells
transfected with pPolBLeeBM2stop#1, pPolBLeeBM2stop#2, pPolBLeeBM2stop#3, pPolBLeeBM2stop#4, pPolBLeeBM2stop#1(4Met—), and
pPolBLeeBM2del, respectively; mock, cells transfected with only the four protein expression plasmids for polymerase proteins and NP.

We then generated viruses possessing these mutant M genes. nate the possibility that the translation of BM2 protein origi-
Upon sequencing the M genes of the generated viruses after nated from ATG codons at a site downstream of the stop-start
five passages in MDCK cells, we found no mutations other pentanucleotide in these mutant M segments, we converted
than those intended to eliminate BM2 expression. To elimi- four ATG codons at the 21st, 70th, 77th, and 98th codons in
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FIG. 3. Detection of BM2 protein in 293T cells by Western blot
analysis. The 293T cells transfected with four protein expression plas-
mids for the polymerase proteins and NP and the wild-type or mutant
BM2 Poll construct were lysed in sample buffer and separated on a
15% Tris—glycine gel. Resolved proteins were transferred to nitrocel-
lulose membranes and detected with rabbit anti-BM2 peptide serum
(A) or goat anti-influenza B virus matrix protein serum (B). The
positions of molecular size markers are indicated.

the BM2 reading frame of pPolBLeeBM2stop#1 to GCG,
designating the resultant mutant pPolBLeeBM2stop#1
(4Met—). A protein reactive with the BM2 peptide anti-
serum was still detected at an expression level and intracel-
lular localization similar to those of the wild-type virus (Fig.
2 and 3), although virus possessing this mutant M gene could
not be produced. Thus, the methionines downstream of the
pentanucleotide do not seem to serve as an initiation codon,
but alteration of one or more of these amino acids may have
caused the BM2 protein to malfunction.

Since the suggested open reading frame of BM2 starts at
nucleotide position 532 of the M segment, the initiation codon
might be located upstream of the pentanucleotide. However,
since there is no ATG codon in the reading frame of BM2
upstream of the pentanucleotide, we considered that this pro-
tein might be translated from an alternative initiation codon.
To examine this possibility, we constructed plasmids with the
mutant M segment and a stop codon (TAG or TGA) at codon
=5, =27, —46, —74, or —86 in the suggested BM2 reading
frame upstream of the pentanucleotide (ATG in the pen-
tanucleotide are designated position 0) without changing the
amino acids of the M1 protein. These mutations did not abol-
ish the production of a protein reactive with antiserum against
the C terminus of the BM2 protein, indicating that translation
does not seem to originate upstream of the pentanucleotide
(data not shown).

We next constructed pPolBLeeBM2stop#3 and pPolBLee
BM2stop#4 (Fig. 1A), which possessed stop codons and a
one-nucleotide deletion at sites downstream of the mutated
initiation codon of the BM2 protein. In pPolBLeeBM2stop#3,
the above-described alteration created a new ATG codon,
predicted to result in a three-amino-acid deletion and an L-to-I
amino acid substitution at the N terminus of BM2 (Fig. 1B).
Despite these changes, proteins reactive with the BM2 peptide
antiserum were detected in transfected 293T human embry-
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FIG. 4. Schematic diagram of Poll plasmids encoding wild-type and
mutant NA and M viral RNA segments. pPolBLeeNA encodes wild-
type NA viral RNA. pPolBNAMCS was constructed by PCR and
linker insertion and consists of 200 bases of the 3’ end of NA viral
RNA, a multiple cloning site, and 344 bases of the 5’ end of NA viral
RNA. The initiation codons of the NA and NB proteins in this con-
struct were changed to GCG (shown as X). pPoIBNAGFP was con-
structed by introducing the cyto-GFP gene between the EcoRI and
BgllI sites of pPoIBNAMCS. pPolBNABM?2 was constructed by intro-
ducing the BM2 coding region with a Kozak sequence (GCCGC
CACC) upstream of the initiation codon of BM2 protein, between the
EcoRI and Xhol sites of pPoIBNAMCS. pPolBLeeM encodes wild-
type M viral RNA. pPolBLeeBM2del encodes M viral RNA lacking
the entire BM2 coding region. MCS, multiple cloning site; NA, the
coding region of B/Lee/40 NA protein; cyto-GFP, the coding region of
cyto-GFP; M1, the coding region of B/Lee/40 M1 protein; BM2, the
coding region of B/Lee/40 BM2 protein.

onic kidney cells (Fig. 2 and 3). However, the intracellular
localization of the proteins expressed from these constructs
differed from that of those produced by the wild-type,
pPolBLeeBM2stop#1, and pPolBLeeBM2stop#2 plasmids
(Fig. 2).

Western blot analysis demonstrated that the molecular size
of the presumed BM2 protein expressed from pPolBLee
BM2stop#3 was slightly smaller than that of the wild-type
BM2 protein, possibly due to the three-amino-acid deletion at
the N terminus of BM2. The expression level of the protein
from this construct was also lower than that of the wild-type
construct. By contrast, the molecular size of the presumed
BM2 protein from pPolBLeeBM2stop#4 was identical to that
of the wild-type BM2 protein, but the former was expressed at
a substantially lower level, detectable only when increased
amounts of cell lysate (more than twice the wild-type amount)
were loaded onto gels (Fig. 3 and data not shown). Even
though we detected proteins reactive with the anti-BM2 pep-
tide serum, we were unable to generate viruses possessing
these mutant M genes.

To completely eliminate the expression of proteins from the
BM2 coding region, we next constructed pPolBLeeBM2del,
which encodes a mutant M segment with a deletion of the
entire BM2 coding region (Fig. 4). This mutant M segment did
not express proteins detectable with the anti-BM2 peptide
serum when cells were transfected with pPolBLeeBM2del and
with protein expression plasmids for polymerase proteins and
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FIG. 5. Detection of proteins encoded by the NA segment in virus-
infected MDCK cells. (Left panel) BNAGFP virus after five passages
in MDCK cells. (Right panel) BNABM?2 virus after five passages in
MDCK cells.

NP (Fig. 2 and 3). A mutant virus possessing this M segment
was not generated. We considered the possibility that muta-
tions in the above-described construct might have affected the
expression of M1 protein, but the results in Fig. 3 indicate
negligible differences in the production of M1 by mutant and
wild-type constructs.

Generation of a mutant virus expressing BM2 protein from
the NA but not the M segment. To confirm the importance of
BM2 protein in the viral life cycle, we attempted to generate a
mutant virus whose BM2 protein was provided from the NA
segment. We recently generated an influenza A virus whose
NA coding sequence was replaced with a reporter gene by
exogenously supplementing the viral sialidase activity with a
bacterial sialidase (4). Using this strategy, we attempted to
generate a mutant virus that expresses BM2 protein from the
NA segment. We first constructed plasmid pPolBNAMCS,
containing a gene cassette (200 bases of the 3’ end of NA viral
RNA, a multiple cloning site, and 344 bases of the 5" end of
NA viral RNA) (Fig. 4) that was flanked by the human RNA
polymerase I promoter and the mouse RNA polymerase I
terminator. In this construct, the initiation codons of the NA
and NB proteins were changed to GCG to eliminate the ex-
pression of any proteins. A cyto-GFP or BM2 gene with a
Kozak sequence (GCCGCCACC) upstream of the initiation
codon of BM2 protein was introduced into the multiple cloning
site of pPoIBNAMCS, yielding pPoIBNAGFP and pPolB
NABM?2, respectively (Fig. 4).

To determine if the NA segment of influenza B virus can
stably express a foreign protein, enabling the use of this sys-
tem to express BM2 protein, we transfected 293T cells with
pPolBNAGFP together with seven other viral RNA expression
plasmids and eight plasmids for the expression of three poly-
merase proteins plus HA, NP, NA, M1, and BM2, and NS1 and
NS2. At 48 h posttransfection, supernatant was recovered and
incubated with MDCK cells. Virus grew in MDCK cells to a
TCIDs, of 10°. As shown in Fig. 5, GFP was expressed in
BNAGFP-infected MDCK cells even after five passages in
these cells in the presence of exogenous Vibrio cholerae siali-
dase (1 mU/ml; Roche), used to provide the deleted viral
sialidase activity, indicating that the mutant NA segment was
incorporated into virions and stably maintained. We next at-
tempted to generate a mutant virus whose BM2 protein was
expressed from the NA but not the M segment by transfecting
293T cells with pPoIBNABM?2 (expressing a mutant NA seg-
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FIG. 6. Generation of cells constitutively expressing the BM2 pro-
tein and growth curves for BLeeRG and mutant viruses in MDCK cells
and BM2-expressing cells. (A) BM2CK#1-3 (left panel) and MDCK
cells (right panel) were fixed with 3% formaldehyde solution and
permeated with 0.1% Triton X-100. The BM2 protein was detected
with rabbit anti-BM2 peptide serum, used as a primary antibody, and
FITC-conjugated anti-rabbit IgG as a secondary antibody. (B) MDCK
and BM2CK#1-3 cells were infected with virus (10° TCIDs,) which
had been amplified in BM2CK#1-3 cells. At the indicated times after
infection, the titers of virus in the supernatant from infected MDCK
(upper panel) and BM2CK#1-3 (lower panel) cells were determined
with BM2CK#1-3 cells. The values are means (= standard deviation)
of three determinations.

ment encoding BM2 protein) and pPolBM2del (expressing a
mutant M segment expressing M1 but not BM2) as well as six
other viral RNA expression plasmids and seven protein expres-
sion plasmids (excluding the M1 and BM2 protein expression
plasmids). The transfectant virus was successfully produced
and was able to undergo multiple cycles of replication in
MDCK cells in the presence of exogenous sialidase, achieving
a TCIDs, of 10°. BM2 protein was stably maintained even after
five passages in MDCK cells (Fig. 5).

Virus growth in a BM2-expressing cell line. To further con-
firm the necessity of BM2 protein for virus replication, we
established a cell line expressing BM2 protein (BM2CK#1-3)
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FIG. 7. BLeeRG- and mutant virus-infected MDCK and BM2-expressing cells. MDCK and BM2CK#1-3 cells were infected with 10* TCIDs,
of wild-type BLeeRG, BLeeBM2stop#4, or BLeeBM2del virus (which had been grown in BM2CK#1-3 cells) and overlaid with 1.0% agarose. The

cells were fixed at different times and treated with 0.1% Triton X-100

in 3% formaldehyde solution. The viral proteins were detected by

immunostaining with anti-influenza B virus nucleoprotein monoclonal antibody as the primary antibody and biotinylated secondary antibody with
the Vectastain ABC kit. The left, middle, and right dishes in each row show cells infected with the wild-type BLeeRG, BLeeBM2stop#4, and

BLeeBM2del viruses, respectively.

(Fig. 6A) and attempted to amplify the mutant viruses, which
we were unable to do with normal MDCK cells. Supernatants
of 293T cells which had been transfected with all protein ex-
pression plasmids including the BM2 expression plasmid and
eight Poll plasmids were incubated with BM2CK#1-3 cells.

The BLeeRG, BLeeBM2stop#1, BLeeBM2stop#2, BLeeBM2
stop#4, and BLeeBM2del viruses grew in BM2CK#1-3 cells,
while the BLeeBM2stop#3 and BLeeBM2stop#1(4Met—) vi-
ruses did not (data not shown). Using BLeeRG, BLeeBM2
stop#4, and BLeeBM2del viruses amplified in BM2CK#1-3 cells,
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we next tested their replicative properties in MDCK and
BM2CK#1-3 cells (Fig. 6B and 7). The BLeeBM2del virus, which
lacks the entire BM2 coding region, did not grow in MDCK cells
at all, although this mutant grew as well as the wild-type BLeeRG
virus did in BM2CK#1-3 cells, indicating that the BM2 protein is
necessary for virus growth. Interestingly, BLeeBM2stop#4 virus
grew in MDCK cells up to 10°> TCIDs,, while the mutant viruses
BLeeBM2stop#3 and BLeeBM2stop#1(4Met—) did not grow in
either cell line, suggesting that the BM2 protein expressed from
pPolBLeeBM2stop#4 might be functional to some extent. The
results also suggested that the BM2 protein expressed from
BLeeBM2stop#3 and BLeeBM2stop#1(4Met—) might not be
functional or might function in a dominant-negative manner, in-
terfering with the functions of native BM2 protein expressed in
BM2CK cells, prohibiting virus generation.

DISCUSSION

Mould et al. (14) recently demonstrated that the BM2 pro-
tein has ion channel activity analogous to that of the M2
protein of influenza A virus. In our study, which unequivocally
demonstrates an essential role for the BM2 protein in influ-
enza B virus replication, a virus possessing a mutant BM2
protein with a three-amino-acid truncation at the amino ter-
minus (BLeeBM2stop#3) was not viable. Since the mutant
BM2 protein did not appear to be efficiently transported to the
cell surface and thus was unlikely to be incorporated into
virions, this finding is consistent with the reported function of
BM2 protein as an ion channel. That is, the protein must be
incorporated into virions before it can function during uncoat-
ing.

Although the stop-start translation system (overlapping
codons composed of a stop codon for one gene followed by the
initiation codon for another) is common in prokaryotes but not
in eukaryotes (for a review, see reference 21). This strategy was
suggested to be operational for the expression of BM2 protein.
Our results demonstrate that mutations in the pentanucleotide
and a single-nucleotide deletion downstream of the pen-
tanucleotide did not abolish the production of a protein reac-
tive with antiserum against the C terminus of BM2 protein,
suggesting that the ATG in the pentanucleotide may not be
essential for the initiation of translation of the BM2 protein in
the system tested. Since mutation of the pentanucleotide de-
stroyed the ATG initiation codon, translation might start from
a non-ATG codon around the mutated stop-start pentanucle-
otide lacking this codon. Alternatively, BM2 protein might be
expressed from a spliced mRNA. However, like Horvath et al.
(9), we were unable to detect a spliced mRNA in plasmid-
transfected cells (data not shown). Interestingly, the replace-
ment of the coding region of BM2 protein with that of GFP
resulted in expression of the latter protein, indicating that the
sequence downstream of the stop-start motif does not affect
the stop-start translation system. Direct protein sequencing
will be required to fully understand the BM2 expression strat-
egy.

Since BM2 is essential for influenza B virus replication and
is highly conserved among these viruses, attenuating mutations
can be introduced into this protein for live vaccine develop-
ment, possibly by combining them with NB protein knockout
mutations (7). Two classes of anti-influenza drugs with differ-
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ent inhibitory mechanisms are currently available (for a review,
see reference 2), the M2 ion channel inhibitors amantadine
and rimantadine and the NA inhibitors zanamivir and oselta-
mivir. Since M2 ion channel inhibitors do not inhibit influenza
B virus replication, only NA inhibitors are effective against
influenza B virus infection. Although there has been only one
report of an influenza B virus resistant to the NA inhibitors in
a clinical trial (6), they obviously do emerge. Also, the results
with a BM2-expressing cell line indicated that nonfunctional
BM2 proteins may interfere with native BM2, prohibiting viral
replication. Thus, we consider BM2 a prudent target for the
development of alternative drugs to inhibit influenza B virus
infection.

Yamamoto-Goshima et al. (27) suggested that assembly or
budding of influenza B virus requires the presence of NA at the
plasma membrane, unlike that of influenza A virus. Our results
demonstrate that influenza B virus does not require NA pro-
tein for its replication so long as sialidase activity is provided
exogenously. Thus, by replacing the HA coding sequence with
one encoding a protein with receptor binding and fusion ca-
pability, e.g., vesicular stomatitis virus G protein (25), the NA
segment could be used as a carrier for a foreign gene. This
suggestion expands on the potential of influenza A virus as a
platform for foreign gene delivery and expression in diverse
applications (1, 5, 13, 15, 17, 19, 24, 28). Indeed, an influenza
B virus that we generated maintains the GFP gene stably,
suggesting its candidacy as a gene delivery vector. Further-
more, we established a cell line expressing BM2 protein. This
cell line may be useful for the amplification of large amounts of
a virus whose BM2 coding region has been deleted or replaced
with a foreign gene for the generation of a live attenuated
vaccine or a gene delivery vector. Since influenza B virus in-
fection is limited to humans (26), the risk of its spreading to
other species seems negligible, enhancing its potential as a
human-specific virus vector.
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