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Nucleocytoplasmic transport of viral ribonucleoproteins (vRNPs) is an essential aspect of the replication
cycle for influenza A, B, and C viruses. These viruses replicate and transcribe their genomes in the nuclei of
infected cells. During the late stages of infection, vRNPs must be exported from the nucleus to the cytoplasm
prior to transport to viral assembly sites on the cellular plasma membrane. Previously, we demonstrated that
the influenza A virus nuclear export protein (NEP, formerly referred to as the NS2 protein) mediates the export
of vRNPs. In this report, we suggest that for influenza B and C viruses the nuclear export function is also
performed by the orthologous NEP proteins (formerly referred to as the NS2 protein). The influenza virus B
and C NEP proteins interact in the yeast two-hybrid assay with a subset of nucleoporins and with the Crm1
nuclear export factor and can functionally replace the effector domain from the human immunodeficiency virus
type 1 Rev protein. We established a plasmid transfection system for the generation of virus-like particles
(VLPs) in which a functional viral RNA-like chloramphenicol acetyltransferase (CAT) gene is delivered to a
new cell. VLPs generated in the absence of the influenza B virus NEP protein were unable to transfer the viral
RNA-like CAT gene to a new cell. From these data, we suggest that the nuclear export of the influenza B and
C vRNPs are mediated through interaction between NEP proteins and the cellular nucleocytoplasmic export
machinery.

Influenza A, B, and C viruses are human pathogens of the
Orthomyxoviridae family. These negative-sense RNA viruses
replicate and transcribe their genomes in the nuclei of infected
cells. The genomes of influenza A and B viruses are composed
of eight segments, while influenza C virus genomes have seven
segments (46, 48). These RNA segments are encapsidated by
the nucleoprotein (NP) and are associated with the viral poly-
merase (the three P proteins), which together are termed the
viral ribonucleoprotein (vRNP) complex (4, 23). After the ini-
tial binding, penetration, and uncoating of the viral particle,
the vRNPs are released into the cytoplasm of the infected cell.
Influenza A vRNP transport into the nucleus is mediated by
soluble cellular nuclear import factors karyopherin a, karyo-
pherin b, Ran, and p10 by a direct interaction between the viral
NP protein and karyopherin a (42, 43, 58). Genomic vRNPs
are amplified within the nucleus and then must exit the nucleus
to accumulate with other viral proteins at the plasma mem-
brane, where packaging and assembly of viral particles occur.

The majority of cellular and viral RNA export from the
nucleus is thought to be protein mediated. The export of hu-
man immunodeficiency virus type 1 (HIV-1) unspliced RNA,
for example, is mediated by the virally encoded export protein,
Rev. The Rev protein interacts with both a cis-acting sequence

present on the viral RNA (the Rev-responsive element, or
RRE) and with the karyopherin b family member, Crm1 (re-
viewed in reference 12).

It was originally suggested by competitive inhibition of RNA
transport in Xenopus oocytes and genetic analyses or RNA
transport in Saccharomyces cerevisiae that there are several
distinct pathways for the export of specific classes of RNA (for
recent reviews see references 35 and 52). Crm1 is thought to
specifically mediate the transport of export factors that contain
the Rev class of nuclear export sequences (NES) and are rich
in bulky hydrophobic amino acids, such as leucine and methi-
onine (16, 19). In addition to HIV-1 Rev-bound RNA, cellular
U snRNA and 5S RNAs also exit the nucleus in a Crm1-
dependent manner, whereas mRNA export, for example, is
thought to be Crm1 independent. Furthermore, Crm1-medi-
ated export requires the GTP-bound form of Ran (2, 27).
Export of leucine-rich export factors (and their RNA cargo)
occurs upon formation of a trimolecular complex between the
NES motif, Crm1, and Ran-GTP. The specific steps following
formation of this complex leading to active transport through
the nuclear pore are poorly understood.

We and others, using several distinct experimental ap-
proaches, have shown that the influenza A virus NEP (nuclear
export protein) is required for proper nuclear egress of vRNPs
(20, 37, 38, 44). Originally named the NS2 (for nonstructural 2)
protein, the influenza A viral NEP has since been found to be
associated with purified viral particles and is, therefore, by
definition a structural protein (47, 60). Furthermore, the func-
tion of nuclear export can now be assigned to this influenza A
viral protein. We therefore proposed that the influenza A virus
NS2 protein be renamed NEP.
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Influenza B and C virus genomic RNAs are also amplified
within the nucleus and must also be transported to the cyto-
plasm prior to assembly into progeny viral particles at the
cellular plasma membrane. The influenza B and C viruses
share a common replication strategy with influenza A virus and
have several functionally homologous proteins. However, sev-
eral of the viral proteins possess different activities. For exam-
ple, the glycoprotein of influenza C virus has an esterase ac-
tivity (4, 24, 32, 53) not found with the influenza A and B
viruses. The genomic organizations of influenza A, B, and C
viruses have several differences from each other (4). For ex-
ample, the neuraminidase (NA) gene of influenza B virus
codes for two open reading frames (49) while those of influ-
enza A viruses code for only one open reading frame and
influenza C viruses lack an NA gene. Furthermore, an amino
acid comparison of the second open reading frame (ORF) of
the influenza A, B, and C viral NS genes shows limited se-
quence identity (data not shown). In this report, we have func-
tionally characterized the second ORFs (NS2 proteins) of the
influenza B and C viral NS genes (1, 7, 8, 33, 34) and found that
they demonstrate properties indicating their role as nuclear
export factors. We therefore propose that the NS2 proteins
from influenza B and C viruses also be renamed NEP.

Through a yeast two-hybrid assay we have determined that
the NEP proteins from influenza B and C viruses are able to
interact with nucleoporins and with the Crm1 nuclear receptor.
Second, we show that when fused to a Rev mutant which
contains a functional RRE-binding domain but which lacks an
NES (amino acids [aa] 1 to 69 of the wild-type Rev protein)
(44), influenza B and C viral NEP proteins are able to promote
the export of an RRE-containing reporter. Third, in a newly
established virus-like particle (VLP) assay for influenza B vi-
rus, the NEP protein was shown to be essential to transfer a
viral RNA-like chloramphenicol acetyltransferase (CAT) gene
to a new cell. We propose that in a process analogous to that
of influenza A virus, the influenza B and C viral NEP proteins
facilitate nuclear export of the vRNPs by bridging the interac-
tion between vRNP complexes and the cellular Crm1 export
pathway.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) and 293T (generous
gift of Y. Kawaoka, University of Wisconsin) cells were maintained in Dulbecco’s
modified Eagle medium (DMEM; Gibco Life Technologies, Grand Island, N.Y.)
supplemented with 10% fetal calf serum. Influenza virus strains B/Yamagata/73,
B/Lee/40, and C/California/78 were used in this study. Virus was propagated in
MDCK cells at 35 or 33°C for 72 h. Infections of MDCK cells were performed
in DMEM supplemented with 0.1% bovine albumin (BA) and 1-mg/ml concen-
trations of trypsin 1:250 (Difco Laboratories, Detroit, Mich.)

Eukaryotic expression constructs. Influenza B virus cDNAs were cloned into
the vector pCAGGS containing a multiple cloning site (kindly provided by Y.
Kawaoka) using standard techniques (41). The PB1, PB2, PA, M1, and BM2
ORFs were amplified from purified influenza B/Yamagata/73 virus RNA by
reverse transcription-PCR (RT-PCR) and inserted between the EcoRI and XhoI
restriction sites of pCAGGS to generate the plasmids pCAGGS-B/Yamagata/
73/PB1, pCAGGS-B/Yamagata/73/PB2, pCAGGS-B/Yamagata/73/PA, pCAGGS-
B/Yamagata/73/M1, and pCAGGS-B/Yamagata/73/BM2. The B/Lee/40 NP
cDNA was cloned into the KpnI and XhoI sites of pCAGGS. The B/Lee/40 HA
cDNA was subcloned from the construct pT3-BHALEE (3) into the EcoRI and
XhoI sites of this vector. pCAGGS-B/Yamagata/73/NANB (encoding both NA
and NB ORFs) was generated by subcloning the full-length cDNA of B/Yama-
gata NA from pT3-BNAYA#6 between EcoRI and XhoI sites. To generate
pCAGGS-B/Lee/40/NEP, the BNEP cDNA was subcloned from pEG202-BNS2
into EcoRI and XhoI sites (see below). For pCAGGS-B/delNES/NEP, specific

primers were designed to PCR amplify aa 20 to 121 of the ORF and to include
a MET initiation codon at position 19. The purified DNA fragment was cloned
between the EcoRI and XhoI sites of the vector pCAGGS. The clone pCAGGS-
A21/B/NEP was constructed by subcloning the EcoRI and SacI fragments from
pCAGGS-A/NEP into the EcoRI and SacI sites of the clone pCAGGS-B/Lee/
40/NEP. pPOLI-B/Lee/40/NSCAT was constructed by PCR using oligonucleo-
tide primers containing the 59 and 39 noncoding ends corresponding to the
sequence of segment 8 from the influenza B/Lee/40 virus and a portion of the
CAT ORF derived from pSV2-CAT (3). The purified PCR fragment was then
cloned between the SapI sites of the vector pPOLI-version II (15).

For the yeast two-hybrid assay, the NEP (NS2) ORFs from influenza B/Lee/40
and C/California/78 viruses were cloned by standard RT-PCR cloning techniques
between the EcoRI and XhoI sites of the vector pEG202 (bait plasmid containing
the LexA DNA binding domain). These constructions resulted in the generation
of the constructs pEG-202-BNEP and pEG-202-CNEP.

To generate the constructs pRev*-BNEP and pRev*-CNEP, the ORFs of
pEG-202-BNEP and pEG-202-CNEP were amplified by PCR and inserted into
the pRev* vector (44). This results in expression of a translational fusion of the
Rev* protein and either the influenza B or C virus NEP proteins. Site-directed
and truncation mutant plasmid derivatives were constructed by standard PCR
mutagenesis techniques. All constructs were confirmed by DNA sequencing.

VLP assay. 293T cells were cotransfected with 11 plasmids, including 10
protein expression plasmids and pPOLI-B/Lee/40/NSCAT (Table 1, WT) to
generate VLPs. DNA mixtures were adjusted to 250 ml with OPTI-MEM (Gibco-
BRL) containing 12 ml (1 mg/ml) of Lipofectamine 2000 reagent (Gibco-BRL)
and 106 cells in suspension (5). In some assays, the plasmid pCAGGS-B/Lee/40/
NEP was omitted (Table 1, 2NEP). Transfection medium was removed 6 h later
and replaced with 2 ml of DMEM supplemented with 0.1% BA (ICN Biomedi-
cals, Aurora, Ohio) and 1-mg/ml concentrations of trypsin 1:250. Seventy-two
hours posttransfection cells and media were harvested and separated by low-
speed centrifugation (5,000 3 g for 5 min). Cells were assayed for CAT activity
using previously described assay conditions (44). Supernatants were further clar-
ified by high-speed centrifugation (14,000 3 g) for 5 min. Clarified supernatant
was used to infect confluent 35-mm-diameter dishes of MDCK cells, which were
superinfected with influenza B/Yamagata/73 virus at a multiplicity of infection of
1 or mock superinfected with phosphate-buffered saline (PBS). After 1 h of viral
adsorption at room temperature cells were washed five times with PBS supple-
mented with 0.1% BA. Two milliliters of DMEM containing 0.1% BA and 1 mg
of trypsin 1:250 per ml was added to the cells, which were incubated in a
humidified incubator at 35°C for 12 h. Cells and media were harvested as
described above. Cell extracts were assayed for CAT activity, and supernatants

Table 1. Constructs transfected to generate VLPsa

Plasmid
Amt (mg) of construct used

WT A21/B/NEP delNES/NEP 2NEP

pCAGGS-B/Yamagata/73/PB1 1 1 1 1
pCAGGS-B/Yamagata/73/PB2 1 1 1 1
pCAGGS-B/Yamagata/73/PA 1 1 1 1
pCAGGS-B/Lee/40/HA 1 1 1 1
pCAGGS-B/Lee/73/NP 1 1 1 1
pCAGGS-B/Yamagata/73/NANB 1 1 1 1
pCAGGS-B/Yamagata/73/M1 1 1 1 1
pCAGGS-B/Yamagata/73/BM2 1 1 1 1
pCAGGS-B/Yamagata/73/NS1 1 1 1 1
pCAGGS-B/Lee/40/NEP 1 0 0 0
pCAGGS-A21/B/NEP 0 1 0 0
pCAGGS-B/delNES/NEP 0 0 1 0
pPOLI-B/Lee/NSCAT 1 1 1 1

a Eukaryotic expression plasmids were constructed for the influenza B virus
gene products and used to generate VLPs after transfection into 293T cells. WT,
the plasmids corresponding to the complete set of plasmids representing the
entire set of influenza B virus gene products, including a viral RNA-like CAT
gene. A21/B/NEP replaces the wild-type NEP with the construct pCAGGS-A21/
B/NEP. In the column labeled delNES/NEP, wild-type NEP is replaced with a
mutant version of NEP lacking the first 20 aa. 2NEP, the complete set without
the plasmid encoding the NEP protein from influenza B virus. In all cases 1 mg
per plasmid was transfected for a total of 10 or 11 mg (2NEP or others,
respectively). Supernatants of transfected cells showed HA titers of log 25 in
repeated experiments.
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were assayed for hemagglutination (HA) titer to confirm consistent infection
efficiencies.

Rev nuclear export assay. Duplicate 35-mm-diameter dishes of 293T cells were
transfected with the reporter plasmid pDM128 and either pRev*-BNEP or
pRev*-CNEP (26, 30, 36, 44) using the liposomal reagent DOTAP (Roche
Molecular Biochemicals, Indianapolis, Ind.) as previously described. The plas-
mid pDM128 was a generous gift of Tristram G. Parslow (University of Califor-
nia, San Francisco). Transfection efficiencies were normalized using the b-ga-
lactosidase-expressing reporter plasmid pCH110 (Pharmacia, Piscataway, N.J.)
according to the manufacturer’s instructions. Cells were collected 48 h posttrans-
fection and assayed for CAT activity by previously described methods (44).

Yeast two-hybrid assay. S. cerevisiae (MATa trp1 ura3 his3 LEU::pLEX-Aop6-
Leu2), pEG202, and pSH18-34 were kindly provided by R. Brent (The Molecular
Sciences Institute) and have been previously described (22, 43, 59). Yeast two-
hybrid constructs encoding the yeast nucleoporins yRip1, yNup100, yNup1, and
yCrm1 in the vector pJG4-5 (prey plasmid containing an acidic activation do-
main) were generously provided by M. Rosbash (Brandeis University). pVP16/
RAB was provided by B. R. Cullen (Duke University). In addition, the ORFs
from influenza B and C virus NEP proteins were expressed as fusion proteins
with the LexA protein from the vector pEG-202 (bait plasmid; see above).
b-Galactosidase expression in yeast cells transformed with various combinations
of bait and prey plasmids was analyzed as described previously (43).

RESULTS

Influenza B and C virus NEP proteins interact with nucleo-
porins and with Crm1. For both HIV-1 Rev and influenza A
virus NEP, a positive correlation has previously been demon-
strated for the ability to bind particular nucleoporins and Crm1
in yeast and/or mammalian two-hybrid systems and function as
a nuclear export chaperon (14, 17, 18, 29, 37, 40, 44, 50, 51).
The NEP proteins from influenza B and C viruses were also
tested for the ability to interact with cellular nucleoporins and
the Crm1 nuclear export receptor in the yeast two-hybrid assay.
Three distinct types of nucleoporins were tested: Rab/hRip1,
which contains an XXFG type of repeat; yNUP100, which
contains a GLFG type of FG repeat; and yNUP1p, which has
an FXFG type of FG repeat. The NEP proteins from influenza
B and C viruses demonstrated a positive interaction with Rab/
hRIP1, yRip1, and yNup100 but did not interact with yNup1p
(Fig. 1). We were able to confirm a positive interaction be-
tween the influenza A viral NEP and Crm1 and were also able
to identify an interaction between the influenza B and C viral

NEP proteins and this cellular protein. These results are con-
sistent with results obtained in other studies for both the in-
fluenza A virus NEP and the HIV-1 Rev protein. (Fig. 1 and
reference 37).

Influenza B and C virus NEP proteins can functionally
replace the Rev effector domain. The interaction of the influ-
enza B and C NEP proteins with nucleoporins and Crm1 sug-
gested a role for these proteins in nucleocytoplasmic traffick-
ing. We therefore took advantage of a Rev-based nuclear
export assay to test the ability of these proteins to mediate the
transport of CAT mRNA transcribed from the reporter plas-
mid pDM128 (26, 30, 36, 44). The reporter plasmid pDM128
expresses a CAT messenger mRNA, in which the ORF is
within an intron containing an RRE. CAT expression requires
the function of Rev to promote the nuclear export of unspliced
mRNA.

Rev* lacks a functional NES (Fig. 2) and cannot promote
the nuclear export of the unspliced CAT mRNA. Without a
functional NES (i.e., Rev* [see Fig. 2]), the Rev* protein can
interact with the reporter RNA via its RRE but not with the
cellular export machinery. In this case, unspliced transcripts
are retained in the nucleus and CAT activity is reduced. How-
ever, if a protein containing a functional NES (such as the
influenza A viral NEP) is fused to Rev*, the chimeric protein
is then able to interact with both the reporter RRE and with
the nuclear export machinery and CAT activity can be detected
(44). Using this system we show that the NEP proteins from

FIG. 1. Yeast two-hybrid analysis of NEP interactions. Influenza A,
B, and C virus NEP proteins were fused to a LexA binding domain and
used as bait to test for interaction with nucleoporins and Crm1, which
were fused to an acidic activation domain (for details see Materials and
Methods). A b-galactosidase gene containing upstream LexA binding
sites was used as a reporter. The number of plus signs indicates the
relative strength of blue color on 5-bromo-4-chloro-3-indolyl-b-D-ga-
lactopyranoside indicator plates. The scoring system is 1 for the weak-
est relative strength to 3 for the strongest relative strength. Rev (wild-
type) and influenza A virus NEP protein results are included for
comparison (6, 14, 37, 40, 44, 51)

FIG. 2. Influenza virus Rev*-NEP fusions can promote the nuclear
export of CAT mRNA. (A) Full-length HIV-1 Rev (aa 1 to 116)
contains both an RRE and a nuclear export signal (aa 75 to 83) and is
therefore able to promote the nuclear export of pDM128 reporter
mRNA. In Rev* (aa 1 to 69), the NES has been removed (44). Rev*,
therefore, cannot interact with the cellular export machinery to pro-
mote the export of unspliced CAT mRNA containing an RRE. Fusion
of the influenza A, B, and C virus NEP proteins (not drawn to scale)
to Rev* results in the nuclear export of pDM128 mRNA, indicating
the presence of a functional NES within the NEP. Rev*-ANEP con-
tains 190 aa. Rev*-BNEP contains 191 aa. Rev*-CNEP contains 252
aa. (B) Thirty-five-millimeter-diameter dishes of 293T cells were trans-
fected with pDM128 reporter (2 mg) and the indicated Rev* fusion
plasmid (3 mg). Cell lysates were harvested 48 h posttransfection, and
CAT assays were performed as described in Materials and Methods.
CAT values are the mean percentages of duplicate transfections and
are normalized to levels induced by Rev*-ANEP.
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influenza B and C viruses substitute for the Rev effector do-
main (Fig. 2B). When fused to Rev*, full-length influenza B
and C virus NEP proteins had 53 and 87% activity of the
Rev*-ANEP fusion protein, respectively.

Determination of the regions within B and C viral NEPs
which confer nuclear export activity. To further characterize
the nuclear export activity of the influenza B and C virus NEP
proteins, attempts to define the NES signals were made. Al-
though the influenza A and B virus NEP proteins share limited
overall amino acid sequence identity (less than 25% identity
using the CLUSTAL program [data not shown; CLUSTAL
analysis was provided by the Institute of Computational Bio-
medicine, Mount Sinai School of Medicine of New York Uni-
versity]), a 10-aa peptide located near the N terminus of the
influenza B virus NEP is 50% identical (5 out of 10 aa) to the
NES of influenza A virus NEP (37, 44). We hypothesized that
this region may represent the NES for the influenza B virus
NEP protein. In order to test this possibility, bulky hydropho-
bic residues representing a potential Rev-like export sequence
within this region were mutated to alanine. The exact residues
altered are depicted in Fig. 3A. The mutant and wild-type
constructs were then tested in the Rev assay for nuclear export
function. Mutation of the bulky hydrophobic residues to ala-
nine resulted in greater than 90% reduction of CAT activity
compared to that of wild type (Fig. 3B).

We were unable to identify peptides that were similar to the
NES of influenza A virus NEP by examination of the amino
terminus of the influenza C virus NEP protein sequence.
Therefore a series of N-terminal and C-terminal deletion mu-
tants were constructed and tested in the Rev assay to directly
assay for such activity (Fig. 4B). The C-terminal 94 aa were
sufficient to restore nuclear export activity to the Rev* mutant
(Fig. 4B and 3C). Within these 94 aa, two potential NESs were
identified by comparison of influenza C virus NEP amino acid
sequences corresponding to a Rev-like NES (Fig. 4A). Again,
key hydrophobic residues within the Rev-like NES were mu-

tated to alanine and tested in the Rev assay. Mutation of either
signal resulted in the inability of the Rev* fusion to catalyze the
nuclear export of the CAT-containing mRNA. Both mutants
had less than 10% CAT activity compared to that of the wild-
type influenza C virus Rev*-NEP fusion (Fig. 4C).

NEP protein from influenza B virus is essential for passage
of a viral RNA-like CAT gene in a VLP assay. In order to test
the significance of the nuclear export function of the influenza
B virus NEP protein in formation of functional viral particles,
we have established a VLP system for influenza B virus. Similar
systems have previously been established for influenza A virus
(31, 38) and Thogoto virus (54). Using this VLP system we
tested whether the influenza B virus NEP protein is an essen-
tial protein to transfer a functional viral RNA-like CAT gene
to a new cell. The ORFs of the eleven viral proteins coded for
by the influenza B virus genome were cloned into the eukary-
otic expression vector pCAGGS (41). An influenza viral RNA-
like CAT gene construct was engineered containing the CAT
ORF inserted between the 59 and 39 NC (noncoding) regions
from an influenza B virus NS segment (3) flanked by a trun-
cated human polymerase I promoter and a hepatitis delta virus
ribozyme (15, 39, 45). When transfected into 293T cells, this
construct produces a precise negative-sense RNA that will only
be replicated and transcribed by the influenza B virus polymer-
ase (3, 11, 28).

FIG. 3. Mapping of the NES for the influenza B virus NEP protein.
(A) The amino acid sequence of influenza A and B virus NEP proteins
are compared, and a 10-aa stretch with homology to the influenza A
virus NEP NES was observed. Key hydrophobic residues (underlined)
within the influenza B virus NEP NES motif were mutated to alanine
and tested in the pDM128 CAT reporter assay. (B) CAT values are the
mean percentages of duplicate transfections and are normalized to
levels induced by Rev*-BNEP.

FIG. 4. Mapping of the influenza C virus NEP putative NES. (A)
Within the C-terminal 94 aa, two Rev-like nuclear export signals were
detected. Key hydrophobic amino acids (underlined) were mutated to
alanine in each motif separately and tested in the CAT export assay.
(B) A series of N- and C-terminal deletion mutants in the influenza C
virus NEP ORF were made and fused to Rev*. The C-terminal 94 aa
were found to be sufficient to promote the export of the CAT reporter
gene. Plus signs indicate a positive CAT signal comparable to that of
the full-length Rev*-CNEP fusion. A minus sign indicates CAT activity
at or below background levels. (C) CAT values are the mean percent-
ages of duplicate transfections and are normalized to levels induced by
Rev*-CNEP.
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Cotransfection of the 10 plasmids expressing influenza B
viral proteins along with a viral RNA-like CAT reporter con-
struct into 293T cells resulted in the formation of VLPs, as
determined by detection of HA activity in the supernatant 48 h
posttransfection (Table 1). Both transfected cell supernatants
(Table 1, WT and 2NEP) were positive for HA (HA titer 5
32), suggesting that influenza B virus VLPs were released into
the transfected cell media and that the process of hemagglu-
tinating particle formation is NEP protein independent. Trans-
fected cell lysates were assayed for CAT activity (Fig. 5A). In
independent experiments the absence of the influenza B virus
NEP protein resulted in an approximately 1-log increase in
detected CAT activity (Fig. 5A and 6).

In passaging experiments, clarified transfected cell superna-
tants (Table 1, WT) were used to infect fresh MDCK cells (Fig.
5C). No CAT reporter gene activity was detectable. This is the
expected result, because vRNPs transferred to the new cells
are not expected to transcribe and replicate to detectable re-
porter gene levels in the absence of a complementing source of
NP, PB1, PB2, and PA protein expression. However, when
VLP-infected MDCK cells were superinfected with wild-type
influenza B/Yamagata/73 virus, the viral RNA-like CAT gene
could be amplified. The superinfecting virus serves as a de
novo source of NP and polymerase to drive replication and
transcription. From these influenza B virus VLP-infected
MDCK cells, CAT reporter gene activity could be detected
12 h postinfection (Fig. 5B). This result suggests that the pro-
duced VLPs are competent in delivering a viral RNA-like gene

into new cells. VLP-mediated passage of the viral RNA-like
CAT gene was inhibited by the addition of neutralizing anti-
bodies or by the omission of the HA and/or the NA expression
plasmids (data not shown). When a preparation of VLPs gen-
erated in the absence of the NEP protein (Table 1, 2NEP) was
used to infect MDCK cells together with influenza B virus, no
CAT activity could be detected (Table 1). Therefore, these
VLPs, which are indistinguishable to wild-type VLPs in HA
activity, proved to be functionally distinguishable in passaging
experiments (Fig. 5B). These results are consistent with the
formation of empty VLPs (without viral RNA) in the absence
of NEP (Fig. 5B).

Influenza A virus NEP NES can substitute for the influenza
B virus NEP NES in the VLP system. To determine that the
function of the proposed NES from influenza B virus NEP is
that of a bona fide NES, we have replaced it with an estab-
lished NES from influenza A virus. The first 20 aa from the
influenza B virus NEP were deleted and a methionine start
codon was added (Fig. 6A, B/delNES/NEP). In place of the
first 20 aa of influenza B virus NEP, the first 21 aa from the
influenza A virus NEP was added (Fig. 6A, A21/B/NEP). The
VLP assay was used to test the ability of each of the con-
structs to deliver a functional viral RNA-like CAT gene to a
new cell. DNA mixtures (Table 1, WT, 2NEP, A21/B/NEP, or
B/delNES/NEP) were transfected into 293T cells. Forty-eight
hours posttransfection cell supernatants were tested for viral
titers. All supernatants contain equal amounts of HA (HA titer
5 32). The same clarified supernatants were used to infect
fresh MDCK cells. Twelve hours postinfection no CAT activity
could be detected (Fig. 6D). When the same supernatants were
mixed with 106 PFU of influenza B virus, comparable CAT
activity could be detected in the wild type and A21/B/NEP, low
levels of activity could be detected in B/delNES/NEP, and no
activity could be detected in 2NEP (Fig. 6C).

DISCUSSION

We have determined that the NEP proteins from influenza
B and C viruses possess characteristics indicative of nuclear
export function. From the data presented in this report, we
postulate that the viral NEP proteins serve as adapters be-
tween influenza vRNPs and the nuclear export receptor Crm1
to form a functional export complex. There are three lines of
evidence to support this hypothesis. First, the NEP proteins
from influenza B and C viruses interact in the yeast two-hybrid
system with a discrete subset of nucleoporins and the nuclear
receptor Crm1 (Fig. 1). Second, the influenza B and C virus
NEP proteins can substitute for the Rev effector domain in a
functional assay when fused to a Rev mutant lacking a func-
tional NES (Fig. 1B, Rev*). Third, when the function of the
influenza B virus NEP protein is assayed in the VLP assay, it is
essential to produce infectious VLPs (Fig. 4B). These three
sets of data suggest that the NEP proteins from influenza B
and C viruses act in a manner similar to that of influenza A
virus for the export of vRNPs from the nucleus to the cyto-
plasm.

Evidence that the NEP proteins from influenza B and C
viruses are factors in promoting nuclear export is the ability of
these proteins to functionally substitute for the effector domain
from the Rev protein in the export of an RRE-containing CAT

FIG. 5. Effect of the NEP protein on the ability to package and
passage a functional viral RNA-like CAT gene. 293T cells were trans-
fected with either wild-type (WT) or NEP-lacking (2NEP) combina-
tions of plasmids (Table 1). Forty-eight hours posttransfection clarified
supernatants were used to infect MDCK cells. Cells were either su-
perinfected with influenza B/Yamagata/73 virus at a multiplicity of 1 or
mock infected with PBS. Twelve hours postinfection cells were har-
vested and assayed for CAT activity. The WT lane shows a positive
signal for passage of the viral RNA-like CAT gene. The supernatant
derived from the 2NEP-transfected cells are not able to passage the
viral RNA-like CAT gene. (A) CAT activity (103 dilution of cell ex-
tract) from the primary transfection; (B) CAT activity (undiluted cell
extract) detected following infection with clarified supernatants shown
in panel A that were superinfected with influenza B/Yamagata/73
virus; (C) CAT activity (undiluted cell extract) from MDCK cells
infected with clarified supernatants shown in panel A or mock super-
infected with PBS.

VOL. 75, 2001 INFLUENZA B AND C VIRUS NEP (NS2) PROTEINS 7379



reporter gene (Fig. 2). Previously, this assay had been used to
show that the NEP from influenza A virus could also function-
ally substitute for the Rev effector domain (44). CAT activity is
dependent on the nuclear export of an unspliced CAT reporter
transcript. The ability of full-length NEP proteins from influ-
enza B and C viruses to substitute for the activity of the effector
domain suggests that the NEP molecules contain an authentic
NES (26, 36). The various CAT activities obtained in the Rev
assay may reflect subtle differences in the strengths of the
different wild-type NEP proteins to function as NEP proteins.
Alternatively, these differences may be due to different protein
stabilities or expression levels of the fusion proteins in trans-

fected cells. When translated in vitro using a coupled transcrip-
tion and translation system, wild-type and mutant influenza B
and C virus NEP proteins appeared to be stably expressed
(data not shown). We utilized the Rev nuclear export assay to
further map the regions within the influenza B and C virus
NEP proteins that can functionally complement the Rev effec-
tor domain. The influenza B virus NEP protein contains a
functional NES with a sequence that is highly similar to the
defined sequence for influenza A virus NEP protein. For the
influenza C virus NEP protein, there appear to be two motifs
important for nuclear export. Site-directed mutation of either
motif resulted in less than 10% activity compared to that of

FIG. 6. The NES contained in the influenza B virus NEP can be functionally replaced by the influenza A virus NEP NES. (A) Diagram of
alterations of the influenza B virus NEP gene. B/delNES/NEP is the wild-type NEP with the first 20 aa removed. A MET codon has been added
for proper protein translational initiation. B/NEP is the wild-type NEP gene from influenza B/Lee/40 virus. A21/B/NEP has the first 20 aa of the
influenza B virus NEP replaced with the established NES contained within the first 21 aa of the influenza A virus NEP. Both ORFs were cloned
into the vector pCAGGS. (B through D) 293T cells were transfected with each of the DNA combinations listed in Table 1. Forty-eight hours
posttransfection supernatants were mixed with either 106 PFU of influenza B/Yamagata virus or an equivalent volume of PBS and then used to
infect fresh MDCK cells. (B) Primary transfection refers to the CAT activity (103 dilution of cell extract) from the transfection of 293T cells. (C)
Passage1Virus refers to the CAT activity (undiluted cell extract) detected following infection of MDCK cells with supernatants from the 293T
transfection mixed with influenza B/Yamagata/73 virus. (D) Passage1PBS is the CAT activity from MDCK cells infected with supernatants from
293T transfected cells and mixed with PBS.
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wild-type influenza C virus NEP protein. This preliminary find-
ing may suggest that the influenza C virus NEP protein con-
tains a complex (bipartite) signal. However, at this point we are
unable to exclude the possibility that the mutant proteins are
misfolding or have altered stabilities. This preliminary result
requires further investigation. For the correct sequence of the
NS gene for influenza C virus see the report by Hongo et al.
(25), later confirmed by Alamgir et al. (1). We have confirmed
that there are four G residues at positions 698 to 701 of the NS
gene from influenza C/California/78 virus (data not shown)
and not three G residues, as an earlier report found (33).
Consequently, the deduced number of amino acids for the
influenza C virus NEP protein is changed from 116 to 182.

Yeast two-hybrid studies provided direct evidence of the
ability of the influenza B and C virus NEP proteins to interact
with different components of the cellular nuclear export ma-
chinery. The interaction of these two proteins with nucleopor-
ins and the nuclear export receptor Crm1 paralleled the results
seen with other viral NEP proteins, such as the HIV-1 Rev
protein or the NEP protein from influenza A virus (37, 44). In
a report by Neville et al., the authors found that binding of the
HIV Rev to nucleoporins is bridged by Crm1 (40). In fact, the
NEP proteins from influenza A, B, and C viruses and the
HIV-1 Rev protein interact with a specific subset of nucleo-
porins and not with others. Interaction between the soluble
nuclear export receptor Crm1 and the NEP proteins from
influenza B and C viruses suggests that the influenza A, B, and
C and HIV-1 vRNPs all utilize this specific cellular export
pathway. It should be noted that the influenza B virus NEP
NES mutant retained the ability to interact with Crm1 in the
yeast two-hybrid assay (data not shown). Surprisingly, it was
found that an export dead mutant of the influenza B virus NEP
retained the ability to bind to Crm1. This result may suggest
that a functional signal for nuclear export and a Crm1 recog-
nition motif are separated. This was previously seen for an
influenza A virus NEP NES mutant (37). However, neither of
the putative influenza C virus NEP NES mutants was able to
interact with Crm1 in this assay (data not shown). This may
reflect altered stability, as suggested above, or limited sensitiv-
ity of the yeast two-hybrid assay to detect this specific interac-
tion. The significance of these differences awaits a convenient
genetic system with which to study influenza C virus replica-
tion.

The influenza A virus NEP protein is likely to function as an
adapter molecule between the vRNP complex and the nuclear
pore complex through the Crm1 interaction (37 and this re-
port). However, further work is needed to clarify the specific
steps leading to transport through the nuclear pore following
formation of a functional vRNP/NEP/Crm1/Ran-GTP com-
plex. In addition, specific interactions between the influenza A
virus NEP protein and the vRNP complex are presumably
bridged by the influenza A viral matrix (M1) protein, as this
protein is known to interact with both the NEP protein and
vRNPs (55). Furthermore, several studies have confirmed the
requirement of this influenza A viral protein for vRNP export
(9, 56, 57). Thus, we favor a model where the NEP protein
mediates the export of vRNPs at late times of infection by
binding to both M1-containing vRNPs and to Crm1. However,
a direct interaction between the NEP protein and the vRNP
complex cannot be ruled out. Interactions between the NEP

and M1 proteins or between the NEP protein and vRNPs have
not yet been analyzed for either influenza B or C virus.

Alternative models of vRNP export have been proposed. A
recent report from Bui et al. suggests that the NEP from
influenza A virus is not required for the nuclear export of
vRNPs but rather that the viral M1 protein is sufficient (9).
This conclusion is based on inhibitor studies in virus-infected
cells using a broadly acting kinase inhibitor, H7. The authors
demonstrate by immunofluorescense that in the presence of
the H7 inhibitor, levels of the NEP and M1 proteins are re-
duced. Transfection of the M1 protein from an expression
plasmid was able to complement the defect in nuclear export.
Although this study suggests that the M1 protein may be an
important player in the nuclear export of influenza A vRNPs,
these experiments do not effectively eliminate NEP expression.
Undetectable, catalytic amounts of the NEP protein may be
present and sufficient for export of vRNPs. In contrast, Elton
et al. have reported that the NP protein of influenza A virus
interacts with Crm1 and that a vaccinia T7 virus-driven expres-
sion of the influenza A virus NP protein was retained in the
nucleus in response to the Crm1 inhibitor leptomycin B, sug-
gesting that NP is sufficient for vRNP export (13). The same
group found that the subcellular localization of neither the
NEP nor M1 proteins was sensitive to leptomycin B treatment.
Neither group has studied the packaging of functional vRNPs
into VLPs or recombinant viruses. Careful analyses of the
requirements for vRNP movement through the pore are likely
best accomplished with mutant viruses generated using re-
verse-genetics techniques. (15, 37, 38).

Results using biochemical, VLP, or recombinant virus sys-
tems from different groups have found that the NEP protein
from influenza A virus is essential for the packaging and pas-
saging of functional vRNPs (21, 31, 37, 38, 44). To further
analyze the importance of the influenza B virus NEP protein in
viral replication, the functionality of this viral protein was
tested in an influenza B virus-based VLP assay. When the NEP
protein expression plasmid was omitted from the transfection
mix it was still possible to generate VLPs as measured by HA
titer. However, there was a profound functional difference
between VLPs generated in the presence or absence of NEP
expression. While the former were fully competent for vRNP
delivery into new cells, the latter were unable to perform this
activity. These differences most likely reflect a retention of the
RNA-like CAT gene in the nucleus of cells when NEP expres-
sion is omitted, therefore resulting in the generation of empty
VLPs. When the proposed NES of influenza B virus NEP was
removed, the ability to produce a functional VLP was substan-
tially inhibited. The low levels of delivery of the viral RNA-like
CAT gene to new cells when the wild-type NEP was replaced
by the B/delNES/NEP construct may reflect low levels of bind-
ing to nuclear export factors. Furthermore, the NES from the
influenza A virus NEP was able to substitute for the proposed
NES of influenza B virus NEP.

These data are consistent with the findings from two other
groups using VLP-based experiments from influenza A virus
(21, 31, 38). Mena et al. (31) found that the generation of
infectious VLPs was dependent on NEP expression. However,
another group (20) reported the presence of viral RNA-like
structures using RT-PCR assays. Nevertheless, these authors
could not rule out the possibility that this finding is an artifact
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of their vaccinia virus-based expression system (20). Neumann
et al. confirmed that the influenza A virus NEP protein and the
corresponding NES signal are essential for the export of vRNP
complexes. Importantly, the authors found that recombinant
viruses containing an altered NEP protein were not viable and
attributed the defect in viral replication to the failure of the
vRNP to be properly exported from the nucleus, as demon-
strated by nuclear retention of the viral NP protein in cells
infected with NEP-defective viruses. These data are in com-
plete agreement with previous findings (44) and furthermore
appear to be consistent with the conclusions in this report.

Recently, Bullido et al. suggested that the influenza A virus
NEP downregulates RNA synthesis in a model template RNA
replication/transcription system (10). Although such an activity
may point towards a pleiotrophic effect of the influenza virus
NEP (NS2) proteins, this finding may also be compatible with
the nuclear export function of the NEP (NS2) proteins (37,
44). The transport of RNP complexes out of the nucleus would
reduce the amount of available template for viral RNA tran-
scription/replication.

In summary, the NEP proteins from influenza B and C
viruses show characteristics similar to those of the NEP protein
from influenza A virus. The NEP proteins interact with com-
ponents of the nuclear pore complex and with Crm1. Each of
these viral proteins can functionally substitute for the activity
of the Rev effector domain in a Rev-based export assay. Fi-
nally, the NEP protein from influenza B virus is essential for
the formation of functional VLPs. Taken together we suggest
that the vRNPs from influenza B and C viruses are exported
from the nucleus in an NEP-dependent manner.
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