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We have developed a novel helper-virus-free reverse genetic system to genetically manipulate influenza A
viruses. The RNPs, which were purified from the influenza A/WSN/33 (WSN) virus, were treated with RNase
H in the presence of NS (nonstructural) cDNA fragments. This specifically digested the NS RNP. The NS-
digested RNPs thus obtained were transfected into cells together with the in vitro-reconstituted NS RNP. The
NS-digested RNPs alone did not rescue viruses; however, cotransfection with the NS RNP did. This protocol
was also used to rescue the NP transfectant. We obtained two NS1 mutants, dl12 and N110, using this protocol.
The dl12 NS gene contains a deletion of 12 amino acids at positions 66 to 77 near the N terminus. This virus
was temperature sensitive in Madin-Darby bovine kidney (MDBK) cells as well as in Vero cells. The translation
of all viral proteins as well as cellular proteins was significantly disrupted during a later time of infection at
the nonpermissive temperature of 39°C. The N110 mutant consists of 110 amino acids which are the N-terminal
48% of the WSN virus NS1 protein. Growth of this virus was significantly reduced at any temperature. In the
virus-infected cells, translation of the M1 protein was reduced to 10 to 20% of that of the wild-type virus;
however, the translation of neither the nucleoprotein nor NS1 was significantly interfered with, indicating the
important role of NS1 in translational stimulation of the M1 protein.

Influenza A virus contains eight species of negative-sense
viral RNAs as the genome. The viral RNAs, together with the
nucleoprotein (NP) and three polymerase proteins, form RNP
complexes (for reviews, see references 13 and 14). The RNPs
have biological activity, and transfection of the RNPs into cells
rescue viruses. Previously, a technique to genetically manipu-
late infectious influenza A viruses had been developed (6, 7,
18), in which RNPs were reconstituted in vitro by transcribing
RNAs from cloned cDNA in the presence of NP and the three
polymerase proteins. The in vitro-reconstituted RNPs were
then transfected into cells which were infected with helper
viruses. The transfectant viruses thus obtained had to be del-
icately isolated from the progeny of the helper viruses. Since
the helper virus was essential in this system, this technique
allowed us to obtain limited mutants. As a result, we have
developed a novel helper-virus-free RNP transfection proto-
col.

Influenza virus NS1 protein has multiple functions including
interference with splicing (9, 16, 27, 29) and interference with
poly(A) addition and resultant inhibition of nuclear export (2,
20, 25, 26) of the cellular mRNAs of the infected cells. The
NS1 protein is also involved in translational regulation of the
viral mRNAs (3, 5, 23), as well as inactivation of the RNA-
dependent protein kinase PKR (17). To understand the func-
tion and structure of the NS1 protein in virus-infected cells, we
have isolated NS1 mutants by using this system. Previously,
some naturally occurring NS1 deletion mutants had been iso-
lated. The influenza virus temperature-sensitive (ts) mutant
CR43-3, derived by recombination from the A/Alaska/6/77 and
the cold-adapted and ts A/Ann Arbor/6/60 viruses, has been
shown to have a 36-nucleotide deletion mutation in the NS1
gene (1, 28). However, the mechanism of ts phenotype during

virus replication had not been characterized. A mutant A/Tur-
key/Oregon/71 virus has been shown to have a long carboxyl-
terminal deletion resulting in an NS1 protein of only 124
amino acids, which lacks a predicted effector domain (22).
Such naturally occurring mutants might have some compensa-
tory mutations in the same or other genes. Therefore, we de-
cided to use our RNP transfection system to isolate the NS1
transfectant containing similar mutations in the genetic back-
ground of the well-characterized influenza A/WSN/33 (WSN)
virus. In this report, we demonstrate the important role of the
NS1 protein in translational regulation by characterizing these
transfectants.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby bovine kidney (MDBK) cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS). Vero cells were maintained in serum-free AIM-V medium
(GIBCO BRL). WSN virus and transfectant viruses were grown in MDBK cells
in DMEM containing 0.2% bovine serum albumin (BSA).

Preparation of plasmids. The pUC119-derived plasmid pT7/WSN-NS express-
ing the WSN virus NS gene under the T7 phage polymerase promoter and
terminal HgaI restriction enzyme site was constructed by inserting a PCR prod-
uct into XbaI and EcoRI sites. The PCR product was obtained using WSN NS
cDNA as a template and primers 59-GCGCGCTCTAGACGCCCGGGAGCA
AAAGCAGGGTGACAAAGACAT-39 and 59-GCGCGCGAATTCTTAATAC
GACTCACTATAAGTAGAAACAAGGGTGTTTTTTATTA-39. Plasmid pT7/
NHE-NS, containing the NheI site in the WSN NS gene, was obtained by
inserting two PCR products into the SalI and EcoRI sites of pUC119. The first
PCR product was obtained using pT7/WSN-NS as a template and primer pair
M13RV (59-CAGGAAACAGCTATGAC-39) and NHENS1 (59-GGTACGCTA
GCCATGGTCATTTTG-39) and was digested with SalI and NheI. The second
PCR product was obtained using primers NHENS2 (59-GTTTTCCCAGTCAC
GAC-39) and M13M4 (59-GTTTTCCCAGTCACGAC-39) and was digested with
NheI and EcoRI. Plasmid pT7/DL12-NS was constructed by inserting two PCR
products into the SalI and EcoRI sites of plasmid pUC119. The first PCR
product was obtained using primers 59-GGTACGCTAGCCATGGTCATTTTC
ACTATTTGCTTTCCAGCACGGGTG-39 and M13RV and was digested with
SalI and NheI. The second PCR product, obtained using NHENS2 and M13M4,
was digested with NheI and EcoRI. Plasmid pT7/N110-NS was constructed by
inserting two PCR products into the XbaI and EcoRI site of pUC119, where the
first PCR product, obtained using primers M13RV and 59-GATACCTCGAGG
GCCTTACTATTTCTGCTTGGGCATGAGCATG-39, was digested with XbaI
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and XhoI. The second PCR product was obtained using primers 59-GGCCCTC
GAGGTATCAGAATGGACCAGGCG-39 and M13M4, and it was digested
with XhoI and EcoRI. Plasmid pT7/XHO-NP was constructed by inserting two
PCR products into the SalI and EcoRI sites of plasmid pUC119. The PCR
product was obtained using 59-CGCGCGTCGACTCTTCGAGCAAAAGCAG
GGTAGATAATCACT-39 and 59-TCCTGGGATCCATTCCTGTGCGAAC
AAGAGCTCGAGTCCTCTGGTAA-39 as primers and WSN NP cDNA as a
template, and it was digested with SalI and BamHI. The PCR product obtained
by using primers 59-TTACCAGAGGACTCGAGCTCTTGTTC-39 and 59-CGC
GCGAATTCTAATACGACTCACTATAAGTAGAAACAAGGGTATTTTT
CTTTA-39 was digested with BamHI and EcoRI.

RNP transfection. The coding region of the NS or NP cDNA was amplified by
PCR using primers 59-ATGGATCCAAACACTGTGTC-39 and 59-AATAAGC
TGAAACGAGAAAG-39 for NS or ATGGCGTCTCAAGGCACCAA and 59-
ATTGTCGTACTCCTCTGCAT-39 for NP. The PCR products were partially
digested with 0.05 U of RQ DNase I (Promega) per mg of DNA for 5 min at
37°C. This digestion condition was determined using different amounts of RQ
DNase I. Characterization by RNA gel electrophoresis of the digested RNP
showed that this condition gave the optimum length of cDNA fragments for the
minimum background without increasing nonspecific RNA digestion. These
cDNA fragments were purified and used for RNase H reaction.

The WSN virus RNP was purified from virions as described previously (18).
Briefly, the purified virion was digested with lysophosphatidylcoline and Triton
N-101 in the presence of human placenta RNase inhibitor (RNsin; 500 U/ml;
Takara, Kyoto, Japan). The RNsin was not used in the previous system (18) but
was essential in this protocol. The RNP was then purified through glycerol
centrifugation. This RNP preparation contained approximately 0.1 mg of RNA/
ml. This RNP (10 ml) was incubated for 5 min at 37°C in the presence of 0.6 ml
of 5 M NaCl (final concentration, 0.4 M) and 1 to 2 mg of NS or NP cDNA
fragments. This RNP was then diluted with 40 ml of 12.5 mM Tris-HCl (pH 8.0),
5 mM MgCl2, and 1.25 mM dithiothreitol. Thirty units of RNase H (Takara) was
then added, and the reaction mixture was incubated for 5 min at 37°C. The
cDNA fragments in the reaction were then completely digested with 4 U of RQ
DNase I together with 25 U of RNsin for 5 min at 37°C. Meanwhile, the NS and
NP RNPs were reconstituted in vitro as described previously (6) by in vitro
transcription in the presence of influenza virus NP and polymerase proteins in a
50-ml reaction. The RNase H-treated and in vitro-reconstituted RNPs were
immediately cooled on ice after the reaction and then purified together through
a Quick Spin Column Sephadex G-50 Fine (Boehringer Mannheim, Tokyo,
Japan) equilibrated with phosphate-buffered saline (PBS) containing 0.01% gel-
atin. The eluate (approximately 100 ml) was immediately transfected into MDBK
cells (approximately 20 to 30% confluency) in a 35-mm-diameter dish for 1 h as
described previously (18). MDBK cells (106) in 2 ml of DMEM containing 10%
FCS were then added into this dish, and the cells were incubated for 1 to 2 h at
37°C. Then the medium was removed, and the cells were overlaid with 2 ml of
DMEM containing 0.2% BSA and 0.6% agarose. Viral plaques were formed
during 3 to 4 days at 34 or 37°C. Viruses were purified and amplified in the
MDBK cells.

Analysis of protein synthesis. MDBK cells (106) in a 35-mm-diameter dish
were infected with influenza WSN, dl12, or N110 virus (multiplicity of infection
[MOI] of 3) for 30 min at room temperature. After incubation in DMEM
containing 0.2% BSA at 39°C, the cells were washed twice with prewarmed PBS
and were labeled for 30 min in 0.5 ml of DMEM containing 50 mCi of [35S]me-
thionine-cysteine (NEN EXPRE35S35S protein labeling mix).

Labeled proteins were immunoprecipitated with protein G-Sepharose and
with either anti-WSN virus rabbit serum supplemented with anti-NP and anti-M1
antibody or anti-NS1 antibody for the analysis of the NS1 protein. Proteins were
then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on a 10 to 20% gradient (ATTO, Tokyo, Japan).

Slot blot hybridization analysis of the viral RNAs in infected cells. Poly(A)1

and poly(A)2 RNAs were purified from infected whole cells or the cytoplasmic
fraction of the cells by using a QuickPrep Micro mRNA purification kit (Amer-
sham Pharmacia Biotech). These RNAs were diluted with 0.05 N NaOH and
applied to a Hybond-N1 membrane (Amersham Pharmacia Biotech) using a
Bio-Dot SF microfiltration instrument (Bio-Rad). Hybridization was performed
using a 32P-labeled plus- or minus-sense probe as described previously (5). The
M1-specific probe (nucleotide positions 290 to 427, a region which does not
contain M2 sequence) or the NS1-specific probe (nucleotide positions 256 to 360,
a region which does not contain NS2 sequence) was used for hybridization of the
M1 or NS1 mRNA.

Indirect immunofluorescence of the NS1 protein. The WSN, dl12, and N110
viruses were used to infect MDBK cells in Nunc eight-well chamber slides (Inter
Med Japan) at an MOI of 3. The infected cells were incubated for 3 or 6 h at
39°C and then fixed in acetone for 20 min at 220°C. Immunofluorescence was
examined using anti-NS1 antibody followed by fluorescein isothiocyanate-labeled
second antibody.

RESULTS

A novel RNP transfection system. A schematic protocol of
the novel RNP transfection is illustrated in Fig. 1. During the

establishment of this protocol, we first determined the opti-
mum condition which specifically digests the NS RNP without
inactivating other RNPs. We considered NaCl concentration,
annealing temperature, and the amount and length of the
cDNA fragments as well as the following RNase H concentra-
tion (data not shown). In addition, we purified highly active
RNPs (transfection of 0.1 ml of the RNP rescued .102 plaques
in a 35-mm-diameter dish). Consequently, we obtained the
optimum condition which specifically digests the specific RNP.
Data for digestion of the NS RNP are shown in Fig. 2A. Some
shorter bands were visible after digestion, indicating that some
RNase H-sensitive regions might be present, but we have not
characterized them further. The NS-digested RNPs thus ob-
tained were then transfected into MDBK cells. The NS-di-
gested RNPs alone did not rescue viruses; however, cotrans-
fection with the in vitro-reconstituted NS RNP did (Fig. 2B).
At the optimum condition, .102 plaques were obtained in a
35-mm-diameter dish by infectious center assay. The genetic
markers of rescued viruses were then characterized by reverse
transcription-PCR (RT-PCR) of the viral RNA (vRNA) fol-
lowed by restriction enzyme NheI or XhoI digestion for NS or
NP transfectants, respectively (Fig. 3). The data indicate that
this protocol is generally applicable to the influenza virus ge-
nome. In addition, the protocol may be modified in some
respects; for example, the transfected cells can be incubated
with serum-free medium, and the rescued viruses can be iso-
lated from the supernatant.

FIG. 1. Scheme for the novel RNP transfection protocol. WSN virus RNPs
purified from the virion were treated with the cDNA fragment for the target
genome and RNase H as described in Materials and Methods. The RNP was
reconstituted in vitro by the conventional method (7), i.e., by transcribing from
the cloned cDNA in the presence of PB1, PB2, PA, and NP. These RNPs were
purified and transfected together into MDBK cells. Transfectant viruses were
obtained by infectious center assay.
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Rescue of the NS1 mutants. We then applied this protocol to
rescue NS1 mutants. WSN virus-derived transfectant dl12 con-
tains a deletion of 12 amino acids near the predicted RNA
binding domain of the NS1 protein (25) (Fig. 4A, dl12). An-
other virus contains 52% deletion of the C terminus of the NS1
protein, which deletes the effecter domain (25) (Fig. 4A,
N110). The resulting NS1 protein consists of 110 amino acids.
The mutations in the rescued viruses were confirmed by nu-
cleotide sequencing of the viral genome (data not shown). The
viruses expressed the expected size of the proteins in vivo (Fig.
4B). The growth of the viruses were then characterized. The
dl12 virus was ts (Fig. 5A), and infectious virus formation was
less than 1022 of wild-type virus formation at 39°C (Fig. 5B).
Previously, it was reported that the NS1 protein was not es-
sential in Vero cells (10). Therefore, we examined the growth
of the dl12 virus in Vero cells, but the virus was ts (data not
shown). On the other hand, growth of the N110 virus was
attenuated at any temperature, but it was not ts (Fig. 5).

Translational defects of the mutant viruses. We then char-
acterized the translation, transcription, and replication of these
viruses in vivo. In the dl12 virus-infected cells, translation of all
viral proteins was inhibited during the later stages of the in-
fection (at 6 to 7 h postinfection [hpi]) at the nonpermissive
temperature of 39°C (Fig. 6A, dl12). In the N110 virus-infected
cells, translation of the late viral proteins including HA (hem-
agglutinin) and M1 was lower (10 to 20% of that of wild-type
virus) at any time point; however, that of the early proteins
including NP and NS1 was not significantly altered (Fig. 6A,
N110). This result was consistent with another recent study (4,
19). Meanwhile, the NS1 protein was shown to be involved in
the translational shutoff of host mRNAs. Therefore, we ana-

lyzed whole protein synthesis of the infected cells (Fig. 6B).
Translation of all viral and cellular proteins was extremely
disrupted in the dl12 virus-infected cells. On the other hand,
the N110 NS1, which lacks an essential effector domain, had a
defect in the shutoff of host protein synthesis as expected.

We previously reported that the NS1 protein plays an im-
portant role in viral translation but not in transcription or
replication (5). Therefore, we expected that such defects may
be explained during translation. We then characterized the
vRNAs in the infected cells. In dl12 virus-infected cells, repli-
cation and transcription were 30 to 70% of levels for the WSN
virus at 6.5 hpi (Fig. 7A to C, dl12). This reduction may be
explained by the reduced expression of the viral polymerase
and NP proteins, however, this moderate reduction of the
mRNA level cannot explain the complete inhibition (.95%)
of translation. On the other hand, RNA replication of the NP
and M genomes was relatively stimulated in the N110 virus-
infected cells (two- to threefold compared to that of the WSN
virus at 6.5 hpi) (Fig. 7A, N110), which may be explained by the
reduced expression of the M1 protein. Importantly, the tran-
scriptional levels of NP and M1 were similar between WSN
and N110 (Fig. 7B and C, N110). The data were consistent with
our prediction. We also characterized the NS RNAs, and the
data were the same as for NP and M RNAs (data not shown).

Intracellular localization of the mutant NS1 proteins. Influ-
enza virus NS1 protein contains two nuclear localization sig-
nals, NLS1 and NLS2. Therefore, NS1 protein accumulates in

FIG. 2. Rescue of transfectant virus using the novel transfection protocol.
(A) WSN RNP (10 ml) was treated with 1 or 2 mg of NS cDNA fragment in the
presence of 0.4 M NaCl for 5 min at 37°C; then it was diluted and treated with
30 U of RNase H for 5 min at 37°C as described in Materials and Methods. The
purified RNA was loaded onto a 3.2% polyacrylamide gel containing 7.7 M urea
and visualized by silver staining as described previously (6). An asterisk indicates
one of the shorter bands which may be digested fragments. (B) The NS-digested
RNPs were transfected into MDBK cells with or without reconstituted NS RNP.
Viral plaques were formed by infectious center assay. 3Ps, PB1, PB2, and PA.

FIG. 3. Analysis of transfectant viral genome. (A) RT-PCR and NheI diges-
tion of the NS transfectant vRNA (T). Plasmid pT7/NHE-NS DNA (C) or WSN
vRNA (W) was used as the control. (B) RT-PCR and XhoI digestion of the NP
transfectant vRNA (T). Plasmid pT7/XHO-NP DNA (C) or WSN vRNA (W)
were used as the control.

FIG. 4. Rescue of NS1 mutants. (A) Genome structure of the NS1 mutants.
The dl12 NS1 contains a 12-amino-acid deletion (12aa del) at amino acid posi-
tions 66 to 77. N110 NS1 contains the amino-terminal 110 amino acids. The
predicted RNA binding domain (25), NLS1 and NLS2 (11), and predicted
effector domain (25) are indicated. (B) Protein expression of the NS1 mutants in
vivo. MDBK cells in a 35-mm-diameter dish were infected with virus at an MOI
of 3. After 4 h of incubation at 34°C, cells were labeled with [35S]methionine-
cysteine (100 mCi/ml) for 1 h. The cell lysates were immunoprecipitated with
anti-NS1 antibody and analyzed by SDS-PAGE (10 to 20% gel).
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the nucleus during the early stages of the infection. During the
later stages, the NS1 protein is exported to the cytoplasm and
is involved in the translational regulation. Previously, the ef-
fector domain was shown to be essential for this nuclear export
(15). Therefore, intracellular localization of these mutant NS1
proteins was characterized by indirect immunofluorescence.
The dl12 NS1 protein accumulated in the cytoplasm during
virus infection at 39°C. In contrast, the N110 NS1 protein had
a defect in the nuclear export and accumulated in the nucleus
during the later stage of the virus infection (data not shown).

DISCUSSION

We have isolated two NS1 mutants, dl12 and N110, using a
novel helper-virus-free reverse genetic system. These mutants

have defects in translation in a different manner. The NS1
protein is transported to the nucleus during the early stage
of the infection, and it is involved in the shutoff of cellular
gene expression via interfering nuclear export of the cellular
mRNAs (2, 20, 25, 26). Later during the infection, the NS1
protein is exported to the cytoplasm, where it is involved in
translational regulation of the viral proteins (3, 5, 12, 23). The
N110 NS1 protein accumulated in the nucleus but had a defect
in host shutoff, which may be explained by the deletion of the
effector domain. In addition, translation of HA and M1 was
significantly reduced, which may be explained by the absence
of the NS1 protein in the cytoplasm. Another possibility is that
the C-terminal half of the NS1 protein may contain the func-
tional domain for the interaction with the translational factor

FIG. 5. Growth of the mutants viruses. (A) Plaque morphology of the mutant viruses. MDBK cells in a 35-mm-diameter dish were infected with approximately 102

PFU of the WSN, dl12, or N110 virus, and plaques were formed for 3 days at 34 or 39°C. (B) MDBK cells in a 35-mm-diameter dish were infected with the WSN, dl12,
or N110 virus at an MOI of 3. The culture was incubated for the indicated times at 34 or 39°C. Infectious viruses in the supernatant were determined by plaquing on
the MDBK cells at 34°C.

FIG. 6. Protein synthesis in mutant virus-infected cells. (A) MDBK cells in a 35-mm-diameter dish were infected with the WSN, dl12, or N110 virus at an MOI of
3 then incubated for the indicated times at 39°C. Cells were labeled with [35S]methionine-cysteine (100 mCi/ml) for 30 min. Proteins were immunoprecipitated with
anti-WSN rabbit serum supplemented with anti-NP and anti-M1 or with anti-NS1 antibody. Proteins were analyzed by SDS-PAGE (10 to 20% gel). (B) MDBK cells
in a 35-mm-diameter dish were infected with the WSN, dl12, or N110 virus at an MOI of 3. Cells were labeled with [35S]methionine-cysteine (100 mCi/ml) for 30 min
at 7 hpi. Virus-infected or mock-infected whole cell extracts were analyzed by SDS-PAGE (10 to 20% gel).
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which is required for the regulation. Recently, GRSF-1 was
found to interact with the 59 untranslated region (UTR) of the
NP and NS mRNAs and to stimulate translation (24). The NS1
protein binds the 59 UTR of NP and M1 and stimulates its
translation (5, 23). Interaction of the NS1 protein with such
translational factors might be involved in the translation of late
viral proteins. Interestingly, dl12 NS1 was shown to inhibit not
only viral protein synthesis but also cellular translation. One
possible explanation is that the mutant NS1 might bind to the
host factor which is essential for virus and host translation, but
the NS1 might be ts in binding to the 59 UTR of the viral
mRNAs; consequently, such host factors might be depleted in
the cytoplasm, forming inactive complexes with the mutant
NS1. The dl12 and N110 NS1 might be useful for identification
of such host factors. In addition, we recently introduced a
chloramphenicol acetyltransferase reporter gene downstream
of the short NS1 gene in the N110 virus (M. Enami et al.,
submitted for publication). The N110 virus may be useful for
developing a new vaccine vector.

Recently, two groups independently reported plasmid-based
influenza virus reverse genetics system (8, 21). Their system
may be useful to introduce mutations into multiple genes at the
same time but might be inconvenient for introducing muta-
tions into different viral strains. On the other hand, the present
system may be useful to introduce mutations in a single gene
for various viral strains, because this system does not require

cDNA cloning of all eight genes. Recently, we have applied
this system to introduce an attenuated recombinant H5 HA
gene into avirulent chicken influenza virus in order to generate
a vaccine strain for the virulent H5N1 virus (S. Itamura et al.,
submitted for publication). This may demonstrate one of the
advantages of this system.
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