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ABSTRACT

The influenza A virus nuclear export protein (NEP) plays crucial roles in the nuclear export of the viral ribonucleoprotein com-
plex through the chromosome region maintenance 1 (CRM1)-mediated cellular protein transport system. However, the detailed
mechanism of NEP nucleocytoplasmic trafficking remains incompletely understood. Here, we investigated the subcellular local-
ization of NEP from two strains of HIN1 influenza A virus and found that 2009 swine-origin HIN1 influenza A virus A/Califor-
nia/04/2009 (CA04) NEP displayed a distinct cellular distribution pattern, forming unique nuclear aggregates, compared to
A/WSN/33 (HIN1) (WSN) NEP. Characterization of the nucleocytoplasmic transport pathways of these two NEPs showed that
they both enter the nucleus by passive diffusion but are exported through the nuclear export receptor CRM1-mediated pathway
with different efficiencies. The two identified nuclear export signals (NESs) on the two NEPs functioned similarly despite differ-
ences in their amino acid sequences. Using a two-hybrid assay, we confirmed that the CA04 NEP interacts less efficiently with
CRM1 and that a threonine residue at position 48 is responsible for the nuclear aggregation. The present study revealed the dis-
similarity in subcellular NEP transport processes between the 2009 pandemic (H1N1) influenza A virus CA04 and the laborato-
ry-adapted HIN1 virus WSN and uncovered the mechanism responsible for this difference.

IMPORTANCE

Because the efficiency of the nucleocytoplasmic transport of viral components is often correlated with the viral RNA polymerase
activity, propagation, and host range of influenza viruses, the present study investigated the subcellular localization of NEP from
two strains of HIN1 influenza virus. We found that the NEPs of both A/California/04/2009 (HIN1) (CA04) and A/WSN/33
(HIN1) (WSN) enter the nucleus by passive diffusion but are exported with different efficiencies, which were caused by weaker
binding activity between the CA04 NEP and CRM1. The results of the present study revealed characteristics of the nuclear im-
port and export pathways of NEP and the mechanism responsible for the differences in the cellular distribution of NEP between

two H1N1 strains.

I nfluenza A viruses are major human and animal pathogens that
cause seasonal epidemics and occasional pandemic infections,
posing a severe public health threat. Although wild aquatic fowl
are their nature host, influenza A viruses occasionally cross the
species barrier to infect domestic birds and certain mammalian
species, including humans (1). The genome of type A influenza
virus consists of eight segments of single-stranded, negative-sense
RNA that are bound to viral RNA polymerases (PB2, PB1, and PA)
and the nucleoprotein (NP) to form viral ribonucleoprotein
(VRNP) complexes and encodes 14 viral proteins (2-5). Influenza
A virus is unusual among RNA viruses for performing its RNA
synthesis in the nucleus of infected cells (6). After invading a host
cell, influenza virus delivers its vVRNPs into the nucleus, where the
viral RNAs are transcribed and replicated. After synthesis in the
cytoplasm, the viral RNA polymerases and NP are transported
into the nucleus to form new vRNPs (7). The assembly of viral
components and the process of budding, however, occur at the
plasma membrane. Therefore, progeny vRNPs must be exported
from the nucleus to the cytoplasm at the late stage of infection to
complete the viral life cycle.

Active transport of macromolecules across the nuclear mem-
brane is often accomplished with the involvement of certain trans-
port receptors (8). Studies have shown that the nuclear export of
influenza vRNPs is mediated by the cellular protein CRM1 (chro-
mosome region maintenance 1) (9), a member of the importin 3
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superfamily of nuclear transport receptors, and can be blocked by
the specific and irreversible inhibitor leptomycin B (LMB) (10—
13). The matrix protein (M1) is considered necessary in this pro-
cess, along with the viral nuclear export protein (NEP), which was
formerly called nonstructural protein 2 (NS2) (14, 15). NEP is
encoded by the spliced-form mRNA derived from the eighth
VRNA segment of the influenza A virus genome (16-18). NEP
interacts with certain components of the nuclear pore complex
(NPC) and the nuclear export receptor CRM1 (19, 20). An anti-
NEP antibody can block the export of VRNPs when microinjected
into the nucleus of an infected cell, and recombinant viruses lack-
ing NEP expression are deficient for the nuclear export of vVRNPs
(15). Evidence from several research groups confirms that the
CRM1-interacting region of NEP is located in its N-terminal do-
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FIG 1 The cellular localization pattern of CA04-NEP is different from that of WSN-NEP when overexpressed in cells. (
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A) N-terminally c-Myc-tagged NEP from

WSN or CA04 was transiently expressed in 293T cells. At 24 h posttransfection, the cells were treated with 100 ng/ }.LI of cycloheximide for 3 h to block protein
synthesis. LMB (11 nM) was added to the medium along with the cycloheximide for LMB treatment. (B and C) Western blotting confirmed the different cellular
localizations of the two NEPs. 293T cells transfected with WSN-NEP or CA04-NEP were lysed with whole-cell lysis buffer (B) or nucleus (“N”)-cytoplasm (“C”)
fractionation buffer (C) at 24 h posttransfection and prepared for Western blotting. An anti-c-Myc monoclonal antibody was used for protein detection. DAPI
(4'-6-diamidino-2-phenylindole) was used for nuclear staining. Results shown are representative images.

main, though mutation of a putative nuclear export signal (NES)
between residues 12 and 21 (NES1) does not abolish this interac-
tion, suggesting that another portion of NEP may participate in
the export process (20, 21). Recently, a second CRM1-dependent
NES in the NEP of an H5N1 avian influenza virus was discovered
between residues 31 and 40 (NES2) that is crucial for viral prop-
agation and the nuclear export of vVRNPs (22). Evidence from that
study demonstrates that both NES1 and NES2 contribute to the
subcellular localization of NEP.

Because the efficiency of the nucleocytoplasmic transport of
viral components is often correlated with the viral RNA polymer-
ase activity, propagation, and host range of influenza viruses, the
present study investigated the subcellular localization of NEP
from two strains of HIN1 influenza virus. We found that the NEPs
of both A/California/04/2009 (HIN1) (CA04) and A/WSN/33
(HIN1) (WSN) enter the nucleus by passive diffusion but are
exported with different efficiencies caused by weaker binding ac-
tivity between the CA04 NEP and CRM1. The results of the pres-
ent study revealed characteristics of the nuclear import and export
pathways of NEP and the mechanism responsible for the differ-
ence in the levels of cellular distribution of NEP between two
HINT strains.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Madin-Darby canine kidney (MDCK)
cells, human embryonic kidney (293T) cells, and human adenocarci-
nomic alveolar basal epithelial (A549) cells were grown in Dulbecco mod-
ified Eagle medium (DMEM) (Gibco-BRL, Inc., Gaithersburg, MD) con-
taining 10% fetal bovine serum (FBS) (Gibco-BRL, Inc., Gaithersburg,
MD) and antibiotics at 37°C with 5% CO,. Influenza viruses A/WSN/33
(HIN1) (WSN) and A/California/04/2009 (HIN1) (CA04) were propa-
gated in MDCK cells.

Anti-NP rabbit polyclonal antibody and anti-M1 mouse monoclonal
antibody were obtained by immunizing animals with hexahistidine-
tagged NP and M1 as previously described (23, 24). Anti-c-myc (9E10)
and anti-FLAG (M2) mouse monoclonal antibodies were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and Sigma-Aldrich (St.
Louis, MO), respectively. The anti-NEP rabbit polyclonal antibody was
purchased from GenScript USA Inc. (Piscataway, NJ). The goat anti-
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mouse tetramethyl rhodamine isocyanate (TRITC)-conjugated and goat
anti-rabbit fluorescein isothiocyanate (FITC)-conjugated secondary an-
tibodies were purchased from Baihuizhongyuan Biotechnology Inc. (Bei-
jing, China).

Plasmid construction. The cDNAs encoding the WSN and CA04 NEP
genes were amplified by reverse transcription-PCR (RT-PCR) of viral
RNA exacts, and the products were digested and inserted between the
EcoRI and Xhol sites of the eukaryotic protein expression plasmid
pCMV-myc or the Sall and EcoRV sites of the pBIND vector for mam-
malian two-hybrid assays. The pACT-hCRM1 plasmid for mammalian
two-hybrid assays was kindly provided by Ze Chen. To construct the
simian virus 40 large T-antigen (SVLT)-NEP chimera protein, DNA frag-
ments encoding SVLT and NEP were amplified with a Thr-Thr-Thr-Thr-
Gly-Ser linker downstream of the SVLT coding region and subcloned into
the Kpnl and Xhol sites of a modified pCDNA3.0 plasmid which encodes
an N-terminal FLAG tag.

Transfection, energy depletion, and LMB treatment. 293T cells
grown on glass coverslips in 24-well tissue culture plates to 70% to 90%
confluence were transfected with plasmids (0.8 pg of plasmid DNA per
well) using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. The cells were cultured for 24 h to allow gene expres-
sion.

For energy depletion assays, the cells were incubated in an energy
depletion medium composed of glucose-free DMEM (Invitrogen), 6 mM
2-deoxy-p-glucose (Sigma), and 10 mM sodium azide (Sigma) and sup-
plemented with 10% FBS for 3 h at 37°C prior to fixation.

For LMB treatment, cells were incubated in DMEM containing 11
ng/ml LMB (Sigma) and 10% FBS for 3 h before fixation. Cells treated
with solvent were used as negative controls.

In vitro transport assay. In vitro transport assays were performed as
described by Adam et al. (25). 293T cells grown on coverslips were per-
meabilized by immersion in ice-cold transport buffer containing 40
mg/ml digitonin for 5 min. Then, cells were washed and stored in cold
transport buffer. The coverslips were then inverted over a drop of com-
plete transport mixture on a sheet of parafilm in a humidified box. The
complete transport mixture contained 50% to 75% fluorescent protein
diluted with transport buffer to give the following final conditions: ap-
proximately 25 to 35 mg/ml fluorescence-tagged fusion protein in trans-
port buffer (20 mM HEPES [pH 7.3], 110 mM potassium acetate, 5 mM
sodium acetate, 2 mM dithiothreitol [DTT], 1.0 mM EGTA, 1 mM ATP,
5 mM creatine phosphate [Sigma], 20 U/ml creatine phosphokinase
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FIG 2 Different subcellular distributions of viral proteins in CA04- and WSN-infected cells. A549 cells were infected with WSN or CA04 atan MOI of 1 and fixed
at8h, 10 h, and 24 h postinfection (h.p.i). The subcellular localization of NEP, M1 (A), and NP (B) was examined with corresponding antibodies. DAPI was used

for nuclear staining.

[Sigma], and protease inhibitor cocktail [Roche]). The entire box was
then floated in a water bath at 30°C. At the end of the assay, each coverslip
was rinsed and mounted in a small amount of transport buffer with DAPI
(4',6-diamidino-2-phenylindole) and observed using a confocal micro-
scope.

Fluorescence microscopy. At the indicated time points, cells were
rinsed in phosphate-buffered saline (PBS), fixed with 4% paraformalde-
hyde for 30 min at room temperature, and permeabilized with PBS-T
(PBS containing 0.5% Triton X-100) for 15 min. To detect the indicated
proteins, the coverslips were blotted within PBS-T and incubated with the
corresponding antibodies for 1 h at 37°C. After five washes with PBS-T,
the cells were incubated for 1 h at 37°C with appropriate secondary anti-
bodies, washed with PBS-T, and counterstained with DAPI. Then, the
coverslips were rinsed with PBS and mounted on a glass slide. Cell samples
were imaged using a Olympus FV500 confocal laser scanning microscope
(LSCM).

Mammalian two-hybrid assay. 293T cells were cotransfected with 300
ng pBIND fusion construct, 300 ng pACT fusion construct, and 300 ng
reporter gene construct pG5/uc (Promega) per well in 24-well culture
plates using Lipofectamine 2000 to analyze the interaction of various NEP
proteins with CRM1 in mammalian cells. Twenty-four hours after trans-
fection, the cells were harvested, washed twice with cold PBS, and lysed
with passive lysis buffer (Promega). Luciferase assays were performed
using a dual-luciferase reporter assay system (Promega) according to the
manufacturer’s instructions. Renilla luciferase activity was used to correct
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for the variation in transfection efficiency. After sequential quantification
of firefly and Renilla luciferase activities in cell lysates, the binding activity
between the two proteins was calculated as the ratio of firefly activity to
Renilla activity. Experiments were performed in triplicate, and luciferase
activity was determined using a T20/20 luminometer (Turner Designs,
Sunnyvale, CA).

RESULTS

The subcellularlocalization of CA04 NEP is distinct from that of
WSN. In April 2009, a swine-origin A (HIN1) influenza virus
containing a previously undescribed combination of gene seg-
ments was isolated from humans (26). The mechanism for human
adaption of this influenza virus is still not fully understood. Be-
cause NEP plays a compensating role for human adaption of the
H5N1 avian influenza virus by regulating the activity of viral RNA
polymerase (27), we attempted to characterize the NEPs from one
of the first isolated 2009 (HIN1) influenza A viruses, A/Califor-
nia/04/2009 (CAO04). First, its subcellular localization was com-
pared to that of the laboratory-adapted HIN1 virus WSN. 293T
cells were transfected with plasmids encoding WSN-NEP and
CA04-NEP, respectively. The cells were treated with cyclohexi-
mide to block new protein synthesis and with LMB or vehicle, as
indicated, at 24 h posttransfection and processed for immunoflu-
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orescence microscopy. In contrast to the cytoplasm distribution of
WSN-NEP, the CA04 NEP displayed distinct nuclear aggregation
in transfected cells. This nuclear accumulation was increased by
LMB treatment for both proteins, indicating that the CRM1-me-
diated nuclear export pathway is commonly used by NEP from
different viral strains (Fig. 1A). Western blotting revealed that the
two proteins had similar expression levels in the whole cells
(Fig. 1B). The nuclear and cytoplasmic fractionation also con-
firmed that the CA04-NEP had a preference for nuclear local-
ization (Fig. 1C).

We next examined this phenomenon in cells infected with in-
fluenza viruses. A549 cells were infected with WSN or CA04 at a
multiplicity of infection (MOI) of 1, and the cells were fixed at 8 or
10 h postinfection, respectively. Localization of M1 and NEP
within the same cells was detected with corresponding antibodies.
Due to the detection limit of fluorescently tagged secondary anti-
bodies, the distribution of NP was separately stained with an an-
ti-NP polyclonal antibody at the same time points. As shown in
Fig. 2A, at 8 and 10 h postinfection, NEP was evenly distributed
through the nucleus and cytoplasm at the late phase of the viral life
cycle within cells infected with WSN virus. WSN-M1 was mainly
located in the cytoplasm and colocalized with NEP. As in tran-
siently transfected 293T cells, CA04-NEP was aggregated inside
the nucleus of infected A549 cells at the indicated time points, and
the nuclear export of CA04—M1 was appreciably restricted in
NEP-expressing cells compared to that of WSN. As an indication
of levels of progeny vRNPs, the localization of NP within infected
cells was also analyzed (Fig. 2B). At 8 h postinfection in WSN-
infected A549 cells, NP was located at the perinuclear domain and
cytoplasm but was predominantly cytoplasmic at 10 h postinfec-
tion, indicating that the nuclear export process of newly assem-
bled vRNPs was achieved. In contrast, the NP of CA04 was mainly
located in the nucleus of infected cells at the same time points,
which likely resulted from the nuclear aggregation of NEP and M1
because these two proteins are mediators for the nuclear export of
progeny vVRNPs. These results demonstrated that the CA04 virus
has a NEP subcellular localization pattern distinct from that of the
WSN virus, as well as impaired nuclear transport of vRNPs.

The NEPs of WSN and CA04 enter the nucleus by passive
diffusion. To determine the mechanism for the localization dif-
ferences between the NEPs of the two viral strains, we first exam-
ined the NEP nuclear import pathway. Indeed, despite substantial
evidence supporting the crucial role NEP plays during the nuclear
export process of influenza vVRNPs, the nuclear import mecha-
nism of NEP remains unclear. Analysis of the amino acid se-
quences of the WSN and CA04 NEPs predicted the absence of
nuclear localization signals (NLSs), suggesting that their nuclear
import is passive. An in vitro NEP transport assay was performed
to characterize their transport mode. An enhanced green fluores-
cent protein-NEP (EGFP-NEP) fusion protein was initially ex-
pressed in 293T cells. The cells were then lysed, and the extracts
were added to 293T cells permeabilized by digitonin treatment
with all of the components needed for the in vitro transport assay.
Wheat germ agglutinin (WGA), a lectin that can inhibit NLS-
dependent active nuclear transport, was used to investigate
whether the NEPs entered the nucleus by active transport (28).
Fluorescence microscopy imaging revealed that both EGFP-NEP
fusion proteins were able to enter the nucleus of permeabilized
cells. The EGFP and WSN-M1 fusion protein was used as a posi-
tive control in the assay. In agreement with previous studies sug-
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FIG 3 NEP enters the nucleus by passive diffusion. (A) In vitro NEP transport
assay. EGFP-NEP (upper panel) and EGFP-M1 (lower panel) fusion proteins
were separately expressed in 293T cells, and cell lysates in transport buffer were
added to digitonin-treated 293T cells. For WGA treatment (WGA+), the per-
meabilized cells were incubated in transport buffer containing 50 pg/ml WGA
before addition of cell lysates. Images revealed fluorescence signals of EGFP
from fusion proteins. (B) Energy depletion assay of the nucleocytoplasmic
transport of NEP. N-terminally myc-tagged NEP was expressed in 293T cells.
N-terminally FLAG-tagged SVLT was expressed as a positive control. At 24 h
posttransfection, the cells were incubated with energy depletion medium
(ATP—) or normal culture medium (ATP+) for 3 h before fixation and visu-
alization. Anti-myc and anti-FLAG monoclonal antibodies were used for the
detection of the indicated proteins.

gesting that M1 undergoes NLS-dependent, importin-mediated
nuclear import (29), WGA strongly blocked the nuclear accumu-
lation of EGFP-M1 in treated cells, whereas the nuclear localiza-
tion of EGFP-NEP remained unaffected (Fig. 3A). To further con-
firm the energy requirement of NEP transport, the subcellular
localization of NEP was observed in an energy depletion assay.
Under these conditions, Ran-dependent active nucleocytoplasmic
transport is blocked, whereas passive diffusion is unaffected (30).
The large T-antigen of simian virus 40 (SVLT) possesses a classic
NLS mediating its nuclear import through a Ran-dependent path-
way and thus was used as a positive control in the assay (31); its
nuclear import was completely inhibited under energy depletion
conditions. N-terminally myc-tagged WSN-NEP or CA04-NEP
was expressed in 293T cells for use in the same assay. Energy de-
pletion of the transfected cells resulted in enhanced accumulation
inside the nucleus of both proteins, demonstrating that they are
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FIG 4 Evaluation of the nuclear export activity of SVLT-NEP fusion proteins. (A) Schematic representation of the SVLT-NEP chimeric protein. (B) 293T cells
were transfected with plasmids encoding SVLT, SVLT-NEP (WSN), or SVLT-NEP (CA04). At 24 h posttransfection, the cells were treated with 100 ng/ul
cycloheximide for 3 h to block protein synthesis. LMB (11 nM) was added to the medium along with the cycloheximide for LMB treatment. (C) A Western blot
assay of 293T cells transfected with FLAG-SVLT or SVLT-NEP fusion protein constructs was carried out at 24 h posttransfection. An anti-FLAG monoclonal
antibody was used to detect the target proteins.
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were transfected with plasmids expressing fusion proteins of EGFP and NESs. At 24 h posttransfection, the cells were treated with 100 ng/pl cycloheximide for
3 h to block protein synthesis prior to fixation. The cells were then permeabilized with PBS-T, mounted with DAPI-containing medium, and imaged by

fluorescence microscopy.

able to passively diffuse from the cytoplasm into the nucleus of
transfected cells.

The nuclear export activity of CA04-NEP is less efficient than
that of WSN-NEP. Because both CA04-NEP and WSN-NEP pas-
sively enter the nucleus, the difference in subcellular localization
between the two proteins might be caused during nuclear export.
To address this issue, a vector expressing a chimeric SVLT-linker-
NEP protein was constructed (Fig. 4A). This fusion protein is
imported into the nucleus immediately after synthesis in the cy-
toplasm due to the SVLT NLS and then exported through the NES
on the NEP. The chimeric protein between SVLT and WSN-NEP
displayed a predominantly cytoplasmic distribution in transfected
293T cells, whereas only a very small amount of the chimeric pro-
tein of SVLT-CA04-NEP was transported out of the nucleus (Fig.
4B). LMB treatment completely restrained both types of fusion
protein inside the nucleus, suggesting that the observed cytoplas-
mic localization occurred due to nuclear export mediated by
CRM!1 and, thus, that CA04-NEP export is less efficient. Western
blot analysis was carried out to confirm the intactness of fusion
proteins, and the result showed that all three constructs were ex-
pressed at similar levels and in accordance with the expected mo-
lecular size (Fig. 4C).

NES1 and NES2 on the two NEPs have similar functions. To
further clarify the mechanism responsible for the difference in
nuclear export efficiency between WSN-NEP and CA04-NEP, we
compared the functions of their NESs. Data from previous studies
reveal that two leucine-rich, CRM1-dependent NESs are present
in the N-terminal domain of NEP (20, 22). Alignment of the two
NES motifs within WSN-NEP and CA04-NEP showed that four
residues in NES2 differ between the NEPs, including replacement
of a highly conserved leucine at position 40 of WSN-NEP with an
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isoleucine in CA04-NEP (Fig. 5A). To characterize their func-
tions, oligonucleotides encoding these NES motifs were synthe-
sized and cloned into the pEGFP-C1 vector to express EGFP-NES
fusion proteins. When expressed in cells, functional NESs bind to
CRM1 and direct the fusion protein from the nucleus to the cyto-
plasm. As shown in Fig. 5B, EGFP alone was evenly distributed in
the nucleus and cytoplasm due to passive diffusion. Despite the
discrepancy in the amino acid sequences, the EGFP-NESI and
EGFP-NES?2 fusions of the two NEPs exhibited similar intracellu-
lar localization patterns in transfected cells. These results demon-
strate that NESI and NES2 on the NEPs from WSN and CA04
have comparable activities with respect to exporting the fusion
proteins from nucleus into the cytoplasm as an independent func-
tional unit.

Nuclear aggregation of CA04-NEP is caused by inefficient in-
teraction with CRM1. The nuclear export of molecules through
the CRM1-mediated pathway normally requires direct interaction
between the receptor and the cargo. To evaluate the interaction
between WSN-NEP or CA04-NEP and CRM1, a two-hybrid assay
in mammalian cells was performed. 293T cells were cotransfected
with pBIND-WSN-NEP or CA04-NEP, pACT-CRM], and the re-
porter plasmid pG5luc, encoding firefly luciferase, as indicated.
We found that the binding activity of CA04-NEP with CRM1 was
~50% of that between WSN-NEP and CRM1, indicating that the
efficiency of CRM1-mediated nuclear export of CA04-NEP was
lower than that of WSN-NEP, which may have caused the nuclear
aggregation of CA04-NEP (Fig. 6A). The expression levels of
CA04-NEP and WSN-NEP were also assessed by Western blotting
to rule out the possibility that the nuclear aggregation of CA04-
NEP was caused by overexpression in the transfected cells
(Fig. 6B).
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FIG 6 The nuclear aggregation of CA04-NEP is caused by inefficient interaction with Crm1. (A) Mammalian cell two-hybrid assays were used to detect the
binding of NEPs (and their mutants) with Crm1. 293T cells were cotransfected with the same amounts of pBIND-NEP encoding point mutants, pACT-Crml1,
and pG5luc. At 24 h posttransfection, the cells were lysed, and luciferase activity assays were performed. The length of each bar represents the relative level of
luciferase activity, calculated as the ratio of firefly activity to Renilla activity. Results shown are the means * standard deviations (SD) from three independent
experiments. (B) Western blotting with an anti-NEP monoclonal antibody confirmed that all constructs expressed similar levels of NEP. (C and D) 293T cells
were transfected with a plasmid expressing myc-tagged CA04-NEP or point mutants. At 24 h posttransfection, the cells were treated with 100 ng/pl cycloheximide
for 3 h to block protein synthesis and processed for immunofluorescence microscopy. (C) The numbers of cells transfected with myc-CA04-NEP or point
mutants exhibiting nuclear aggregation were counted, and ratios to total examined cells were calculated. Approximately 90 to 100 cells were counted for each
replicate. Results shown are the averages from three independent experiments. (D) Cellular localizations of wild-type and point mutant proteins were detected
with anti-myc monoclonal antibodies, and images representing the whole population are shown.

Next, a series of single-amino-acid mutants of CA04-NEP was
constructed by introducing substitutions with the corresponding
residues in WSN-NEP. The cellular localization of the CA04-NEP
mutants and their binding to CRM1 were examined. For each
mutant, over 100 cells were examined, and the ratios of cells ex-
hibiting nuclear NEP aggregation were calculated. Among all

restricted inside the nucleus, resulting in aggregate formation, due
to an inefficient interaction with CRM1, and that the T48 residue
in CA04-NEP was crucial for the reduced CRM1 binding activity
and the cellular localization distinct from that of WSN-NEP.

DISCUSSION

tested mutants, the T48A substitution in CA04-NEP decreased
nuclear aggregation (Fig. 6D). Furthermore, the mammalian two-
hybrid assay confirmed that the T48A mutation increased the
binding of CA04-NEP to CRM1 to a level similar to that seen with
WSN-NEP (Fig. 6A). These results indicated that CA04-NEP is
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Asinfluenza A viruses are among the very few known RNA viruses
that replicate in the nucleus, regulation of the nuclear transport of
viral proteins and RNP in both directions is crucial. Though in-
vestigations into this topic have been reported, many questions
remain to be answered. In the present study, we compared the
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pathways taken by the NEP of two strains of HIN1 influenza A
virus to achieve nucleocytoplasmic translocation. For the first
time, we demonstrated that CA04-NEP prefers to form aggregates
inside the nucleus of transfected or infected cells due to inefficient
binding to the nuclear export receptor CRM1.

Generally, proteins with molecular masses of <40 kDa can
passively shuttle through nuclear pore complexes (32). Though
the molecular mass of NEP is much lower than 40 kDa, there is no
experimental evidence confirming its nuclear localization path-
way. By using in vitro transport and energy depletion assays, we
found that the nuclear import of WSN-NEP and CA04-NEP is
NLS and energy independent. Structural research indicating that
NEP exists as a compact monomer in solution also supports our
deduction that it passively diffuses into the nucleus (33).

The crystal structure of the protease-resistant C-terminal do-
main (amino acids 54 to 121) of NEP has been solved, but there is
no structural information available for the protease-sensitive N-
terminal domain (amino acids 1 to 53) (21). Though locating
outside the NES region, the threonine at position 48 in CA04-NEP
may reduce the steric accessibility of NES2 for binding to CRM1.
Because the two NESs on NEP may work coordinately for the
interaction with CRM1, this could result in the restricted nuclear
export activity of CA04-NEP.

It is important for us to investigate the relationship between
the cellular localization of CA04-NEP and its impact on the viral
replication and pathogenicity. Unfortunately, due to the lack of a
reverse genetic system and a VRNP reconstitution system of CA04
virus, we are unable to determine the effect of this phenotype on
viral infectivity directly at this time. Under these conditions, we
replaced the NS gene in the WSN reverse genetic system with the
CAO04-NS gene and performed a virus rescue assay to investigate if
the aggregation of NEP had an effect on the replication of WSN
virus. The titers and the growth rates of the rescued recombinant
viruses were comparable, whereas the patterns of localization of
NEP were quite different (data not shown). Although these results
suggest that the nuclear aggregation of NEP has no significant
impact on the replication of WSN, the possibility cannot be ruled
out that this phenotype is correlated with the infectivity and
pathogenicity of CA04 virus, because, according to a study by
Mangz et al., the regulation of viral polymerase activity by NEP
involves direct association with the PB2 subunit (27). NEP also
interacts with several nuclear proteins, including nucleolin, ribo-
somal proteins, and histones, and participates in the regulation of
the transcription and replication of the viral genome (34-37). The
presence of the nucleus-aggregated form of CA04-NEP implies a
unique interactome with host cellular factors or a regulatory func-
tion for viral polymerase activity that is worthy of further study.

In summary, we investigated and compared the characteristics
of nucleocytoplasmic transport of NEP from different strains of
HINTI influenza A virus and provided new perspectives for re-
search into the biological functions of NEP during the influenza
virus life cycle.
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