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The NS2 (NEP) protein of influenza A virus contains a highly conserved nuclear export signal (NES) motif
in its amino-terminal region (,,ILMRMSKMQL,,, A/WSN/33), which is thought to be required for nuclear
export of viral ribonucleoprotein complexes (VRNPs) mediated by a cellular export factor, CRM1. However,
simultaneous replacement of three hydrophobic residues in the NES with alanine does not affect NS2 (NEP)
binding to CRM1, although the virus with these mutations is not viable. To determine the extent of sequence
conservation required by the NS2 (NEP) NES for its export function during viral replication, we randomly
introduced mutations by degenerative mutagenesis into the region of NS cDNA encoding the NS2 (NEP) NES
and then attempted to generate mutant viruses containing these alterations by reverse genetics. Sequence
analysis of the recovered viruses showed that although some of the mutants possessed amino acids other than
those conserved in the NES, hydrophobicity within this motif was maintained. Nuclear export of vVRNPs
representing all of the mutant viruses was completely inhibited in the presence of a CRM1 inhibitor, lepto-
mycin B, as was the transport of wild-type virus, indicating that the CRM1-mediated pathway is responsible
for the nuclear export of both wild-type and mutant vRNPs. The vRNPs of some of the mutant viruses were
exported in a delayed manner, resulting in limited viral growth in cell culture and in mice. These results
suggest that the NES motif may be an attractive target for the introduction of attenuating mutations in the

production of live vaccine viruses.

The life cycle of influenza A virus, whose genome harbors
eight single-stranded RNA segments, differs from that of many
other negative-strand RNA viruses, as it involves a nuclear
phase of genomic replication. After their attachment to cell
surface receptors, the influenza A virions enter cells by recep-
tor-mediated endocytosis. Within the endosome, after M2 ion
channel-mediated acidification of the virion interior, viral ri-
bonucleoprotein (VRNP) complexes of viral genomic RNA,
nucleoprotein (NP), and three polymerase subunit proteins
(PA, PB1, and PB2) dissociate from the M1 protein, are re-
leased into the cytoplasm, and are then transported to the
nucleus, where transcription and replication of viral RNAs
occur. Subsequently, the newly synthesized vRNPs in the nu-
cleus must be exported to the cytoplasm to be incorporated
into progeny virions. Although the mechanism(s) of vVRNP
nuclear export are only partly understood, some appreciation
of this process has begun to emerge. During nuclear export,
proteins and VRNPs are ushered through the nuclear pore
complexes by specialized receptor proteins.

Export receptors of the importin B-like family bind to the
nuclear export signals (NESs) of cargo molecules in the pres-
ence of Ran-GTP, the GTP-bound form of the small GTPase
Ran. After translocation to the cytoplasm, the intrinsic GTPase
activity of Ran is activated by cytoplasmic Ran-GTP-binding
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proteins and a Ran-GTPase-activating protein, resulting in the
release of cargo from the export receptor (12, 20, 21). NESs
are generally short stretches of amino acids characterized by
multiple hydrophobic residues with typical spacing (e.g.,
PXXXPX XX, where | indicates important hydrophobic
residues such as leucine, isoleucine, methionine, valine, or
phenylalanine) that interact with export receptors (5, 18).
CRML1, a member of the importin B-like family of transport
receptors, is one of the receptors that export cargo molecules
carrying NESs (9, 18).

O’Neill et al. (27) demonstrated that the NS2 (NEP) protein
of influenza A virus interacts with cellular nucleoporins in a
yeast two-hybrid system and that a stretch of sequence in the
amino-terminal region of NS2 (NEP) can functionally replace
the NES of human immunodeficiency virus type 1 Rev protein.
They also proposed that a region containing a stretch of hy-
drophobic residues in the NS2 (NEP) of WSN virus (i.e.,
1.ILMRMSKMQL,,) serves as an NES for this protein. We
then showed that NS2 (NEP) interacts with CRM1 in a mam-
malian two-hybrid system, suggesting that influenza vRNPs are
exported by a CRM1-mediated pathway with NS2 (NEP). In
fact, a mutant virus containing alterations in the NS2 (NEP)
NES (replacement of three hydrophobic residues with alanine)
was not viable (23). Moreover, in the absence of NS2 (NEP),
vRNPs remained in the nucleus. In the mammalian two-hybrid
system, however, alteration of the NS2 (NEP) NES did not
affect the protein’s interaction with CRMI1. These findings
demonstrate that the NS2 (NEP) NES is indeed crucial for
VRNP export, but the sequence required for NS2 (NEP) func-
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TABLE 1. Degenerate NS2 NES sequences”

Nucleotide sequence encoding amino acid’:

NES region

part Ile Leu Met Arg Met Ser Lys Met Gln Leu
Whole region ATA CTG ATG AGG ATG TCA AAA ATG CAG TTG
NESlN NNN NNN * %k * k ok * Kk ok * Kk * k% * k% * k ok * Kk ok
NESZN * Kk * k k NNN NNN * Kk k * Kk * k k * kK * k ok * Kk k
NES3N * %k * k Kk * k% * k k NNN NNN * %k * k k * k ok * Kk
NES4N * %k * k% * k% * k k * k * * %k NNN NNN * k k * %k
NESSN * %k * %k % * k% * % % * % * * k k * k% * % % NNN NNN

“ Asterisks represent nucleotides identical to those found in the wild-type
sequence.
® The NES region contains amino acid residues 12 to 21.

tion in vRNP nuclear export in the context of viral replication
is not fully understood. Here we generated mutant viruses with
altered NS2 (NEP) NES sequences in an effort to provide this
information and to further elucidate the molecular basis of
vRNP nuclear export in the influenza A virus life cycle.

MATERIALS AND METHODS

Cells. 293T human embryonic kidney cells and Madin-Darby canine kidney
(MDCK) cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum and in minimal essential medium containing
5% newborn calf serum, respectively. The 293T cell line is a derivative of the 293
line into which the gene for the simian virus 40 T antigen was inserted (7). All
cells were maintained at 37°C in 5% CO,.

Deg ative PCR mutag is. To generate plasmids containing random
mutations in the NES coding sequence, we performed degenerative PCR mu-
tagenesis. The NES region (amino acid residues 12 to 21) was divided into five
parts (NESIN to NES5N; six bases per part), and nucleotides in each part were
degenerated to NNNNNN (Table 1). We first constructed a template plasmid for
degenerative PCR in which a mutant form of the cDNA of the WSN NS gene
(pPolI-WSN-NS) was amplified by inverse PCR (26) by using the back-to-back
primers NEStemF and NEStemR (Table 2), which have both restriction enzyme
EcoRI and BsmBI sites at the 5’ end. The PCR products were digested with
EcoRlI, self-ligated, and propagated in Escherichia coli strain DH5q, resulting in
the pPoll-NStemplate plasmid. pPolI-NStemplate, which has a 20-base insertion
(one EcoRI site, two BsmBI sites, and two additional bases) in the middle of the
region encoding NES, was then subjected to inverse PCR with the back-to-back
primers NEStemF and NESIN-R, NES2N-R, or NES3N-R and NES4N-F or
NESSN-F and NEStemR (Table 2). These primers have a BsmBI site at their 5
ends. The PCR products were digested with BsmBI and self-ligated, resulting in
pPolI-NESIN, pPolI-NES2N, pPolI-NES3N, pPolI-NES4N, and pPolI-NES5N.
These ligated plasmids were used directly in the reaction mixtures for the reverse
genetics procedure. NS viral RNA (VRNA) derived from pPolI-NStemplate
carried over in the reaction mixture would not support viral replication because
it contains insertions that would lead to the introduction of 17 unrelated amino
acids as well as a frameshift after the insertion.

Plasmid-based reverse genetics. Influenza A viruses were generated with plas-
mids possessing the cDNA of A/WSN/33 (WSN; HIN1) viral genes under the
control of an RNA polymerase I promoter and terminator (referred to as Poll
plasmids) and the eukaryotic protein expression vector pPCAGGS/MCS (con-
trolled by the chicken B-actin promoter) (15, 25) as described by Neumann et al.
(22). Transfectant viruses were harvested at 48 h posttransfection and plaque
purified twice, and stock viruses were made with MDCK cells.

Sequence analysis. First-strand cDNAs were synthesized from the total RNA
of virus-infected cells with a commercial reagent (Isogen; Nippon Gene) and a
primer (5'-AGCAAAAGCAGGGTGACAAAGACAT-3'; nucleotides 1 to 25
of the WSN NS gene) together with Moloney murine leukemia virus reverse
transcriptase (GIBCO-BRL). PCR was performed with Pfu DNA polymerase
(Promega) with the above primer and an additional primer (5'-ACTAGAAAC
AAGGGTGTGTTTTTATT-3'; nucleotides 890 to 866 of the WSN NS gene).
Reverse transcription-PCR products were sequenced by means of a dye-termi-
nator cycle sequencing system (Applied Biosystems).

Immunostaining assay. Cells were fixed with 4% paraformaldehyde in phos-
phate-buffered saline and permeabilized with 0.5% Triton X-100. Antigens were
detected with an anti-WSN NP monoclonal antibody as the primary antibody and

TABLE 2. Primers used for degenerative PCR?

Reverse primer

Forward primer

Resulting

Sequence (5'-3")

Sequence (5'-3") Name

Name

plasmid

CGGAATTCCGTCTCTTGACATCCTCATCAGTATGT

NEStemR

CGGAATTCCGTCTCAAAAATGCAGTTGGGGTCCTCAT

NEStemF

pPolI-NStemplate
pPoll-NESIN

CGCGCGCGTCTCATTTTTGACATCCTCATNNNNNNGTCCTGGAAGAGA

NESIN-R

CGGAATTCCGTCTCAAAAATGCAGTTGGGGTCCTCAT

NEStemF

GGGCAGTGGT
CGCGCGCGTCTCATTTTTGACATNNNNNNCAGTATGTCCTGGAAGAGA

CGCGCGCGTCTCATTTTNNNNNNCCTCATCAGTATGTCCTGGAA

CGGAATTCCGTCTCTTGACATCCTCATCAGTATGT

NES2N-R
NES3N-R

CGGAATTCCGTCTCAAAAATGCAGTTGGGGTCCTCAT

NEStemF

pPolI-NES2N
pPolI-NES3N
pPolI-NES4N

CGGAATTCCGTCTCAAAAATGCAGTTGGGGTCCTCAT

NEStemF

CGCGCGCGTCTCTGTCANNNNNNCAGTTGGGGTCCTC NEStemR

NES4N-F

ATCGGAGGACTT
CGCGCGCGTCTCTGTCAAAAATGNNNNNNGGGTCCTC

CGGAATTCCGTCTCTTGACATCCTCATCAGTATGT

NEStemR

NESSN-F

pPoll-NES5N

ATCGGAGGACTT

“ Mutations within the primers are shown in boldface type. EcoRI and BsmBI sites within the primers are identified by double and triple underlining, respectively. Additional bases removed by BsmBI digestion are

underlined once.
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TABLE 3. Amino acid sequences of NES-like regions of mutant viruses®
pPoll plasmid used for reverse No. of viruses
. genetics (no. of plaques analyzed/ Name of O: Of VITUSCS NES Growth Associated
Virus type X with identical N .
no. of mutants found/no. of mutant virus mutations sequence competency” mutations in NS1
transfections performed)”
None (consensus sequence) WXXXWXXP X
Wild type I L MRMSKMQL +++ HTDEDVKNAVG
Mutant pPolI-NESIN (23/15/6) 112L/L13F 1 LF****xxxxxe NT/ LY * % % % % x
IlzL/L13R 1 LR******** NT PkY********
IlzL/LlSH 1 LH******** NT L*Y********
IlzC/L13V 6 CV******** +++ LRA’********
I]2T/L]3V ‘l TV******** NT *CY********
IlzL 2 L********* +++ PV'\I********
L13T 2 *T******** NT *HN********
L13H 1 *H**‘k***** NT **Y********
pPolI-NES2N (13/1/6) M14Y 1 R Gl ++ *HNSHE *x Kk x
pPolI-NES3N (16/5/6) M16I/S17R 2 Rl B = NT kKK GQER KK
M‘16L ‘l * Kk k % L***** ++ ****ALQ***
Sl7C 2 *****Ck*** +++ ******Q\'***
pPoll-NES4N (7/3/6) K18S/M19V 1 xRk ok kk Q\kx + *ok kK k ok x RS *
K18R/M19F 1 * k k *k k% RF** ++ ******TFS**
K18C 1 ******C*** NT ******M_I***
pPolI-NESS5N (12/5/6) Q20L/L21C 5 FrREF XXX C ++ Rk k kR W

“ Reverse transcription-PCR products from mutant viruses were directly sequenced.

> The total number of plaques analyzed and the total number of mutants found are listed. The remaining viruses contained the wild-type sequence (e.g., for
pPolI-NESIN, among 23 plaques examined, 15 were mutant, and 8 were wild-type viruses).

¢ Growth properties in comparison to the wild-type. +++, grew as well as the wild type; ++, grew at least 1 log lower than the wild type; +, grew over 3 logs lower

than the wild type (for details, see Fig. 1).

4 indicates hydrophobic residues, including leucine, isoleucine, methionine, valine, and phenylalanine. X indicates any amino acid (see references 5 and 18).
¢ Asterisks represent amino acids identical to those found in the wild type. Hydrophobic residues are shown in boldface type.

/' NT, not tested.

fluorescein isothiocyanate-labeled anti-mouse immunoglobulin G (Cappel Lab-
oratories) as the secondary antibody (Kirkegaard & Perry Laboratories).

Replicative properties of transfectant viruses. MDCK cells in duplicate wells
of 24-well plates were infected with virus at a multiplicity of infection (MOI) of
0.01 PFU/cell, overlaid with minimal essential medium containing 0.3% bovine
serum albumin, and incubated at 37°C. At different times, supernatants were
measured for infectious virus in plaque assays with MDCK cells.

Experimental infection. Four-week-old female BALB/c mice, anesthetized
with isoflurane, were intranasally infected with 50 pl (10, 10% or 10° PFU) of
each virus. Survival and body weights were monitored for 16 days postinfection.

RESULTS

Generation of mutant viruses with an altered NS2 (NEP)
NES sequence. To determine the sequence required by the
NES of NS2 (NEP) to function as a nuclear export signal for
VRNPs in the context of viral replication, we attempted to
generate mutant viruses with random mutations in the NES
motif. We produced a pool of degenerative PCR-generated
pPoll NS constructs in which every six nucleotides, represent-
ing two successive amino acids, within this region were ran-
domly replaced. Reverse genetics with five sets of pPoll NS
constructs, covering the entire region of the NS2 (NEP) NES
sequence (Table 1), yielded a number of mutant viruses. We
analyzed a total of 71 plaques formed by the transfectant vi-
ruses from six independent experiments for each set of prim-
ers, which yielded 16 mutant viruses, each containing different
substitutions. The numbers of mutant viruses obtained for each
set may reflect differences in the flexibility of each test region.
After plaque-cloning, each virus was analyzed for the sequence
in the NS2 (NEP) NES region (Table 3). Five hydrophobic
residues (leucine, isoleucine, methionine, valine, and phenyl-
alanine) are known to be important for NES function (5).
Reverse genetics with the pPollI-NESIN construct, character-
ized by the substitution of two hydrophobic residues (;,IL;5) in

the NES sequence, generated a total of eight mutant viruses.
Sequencing of their NS genes revealed that one or both of the
two residues was still hydrophobic, suggesting that one hydro-
phobic residue at these two positions is a minimal requirement
for a functional NES. Although use of the pPoll-NES2N con-
struct resulted in the generation of only a single mutant
(M14Y), it indicated that methionine at position 14 is not
essential for the NES sequence. With the pPoll-NES3N con-
struct, three mutant viruses were generated, in which the me-
thionine at position 16 was maintained (S17C) or substituted
for hydrophobic isoleucine or leucine, suggesting the func-
tional importance of the hydrophobic residue at this position in
the NES sequence. Similarly, all three mutant viruses gener-
ated with the pPolI-NES4N construct still possessed a hydro-
phobic residue at position 19. The pPoll-NES5N construct
resulted in the generation of a mutant virus possessing leucine
at position 20 instead of position 21. All of the mutant viruses
generated in this study have concomitant mutations at amino
acid positions 169 to 179 of the NS1 (Table 3). Overall, these
results demonstrate the flexibility of the NES sequence in
maintaining a functional molecule and suggest that the hydro-
phobicity of the sequence may exert an important influence on
vRNP nuclear export.

Growth property of NES mutants in cell culture. Although
the mutations introduced into the NS2 (NEP) NES sequence
did not prevent virus replication, we could not rule out an
effect on growth. Thus, we compared the growth properties of
the mutant viruses with that of wild-type virus in MDCK cells
(Fig. 1). Cells were infected with a virus at an MOI of 0.01, and
the kinetics of virus yields were monitored. Three growth phe-
notypes were apparent. First, the 112C/L13V, I12L, and S17C
viruses grew as well as the wild-type virus, indicating that none
of the amino acid mutations introduced into these viruses had
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FIG. 1. Growth curves of NES mutant and wild-type WSN viruses. MDCK cells were infected with the indicated virus at an MOI of 0.01. At
6 to 48 h postinfection, virus titers in the supernatant were determined. The values are means of the results from duplicate experiments. The

standard deviation is less than 0.59 for each sample.

affected viral replication in cell culture and, hence, that one
hydrophobic residue at position 12 or 13 is sufficient for opti-
mal NES function. Second, the peak titers of the KISR/M19F,
M14Y, M16L, and Q20L/L21C mutants were at least 1 log
lower than that of the wild-type virus. Finally, one virus, K18S/
M19V, had a peak titer that was more than 3 logs lower than
that of the control (wild-type) virus. All of the viruses with
slower growth rates had a mutation in one of the hydrophobic
residues (M14, M16, M19, or L21) thought to be required for
optimal NES function (5). Interestingly, a mutation from one
hydrophobic residue to another hydrophobic residue (M16L,
M19V, or M19F) affected viral growth. Taken together, these
findings indicate that the methionine at positions 14, 16, and 19
and the leucine at position 21 of the sequence contribute im-
portantly to optimal NES function.

VRNP nuclear export of the mutant viruses. We next as-
sessed whether restricted growth of the mutant viruses resulted
from reduced vRNP nuclear export by the mutations intro-
duced into the NS2 (NEP) NES sequence. Immunofluores-
cence assays with an anti-NP monoclonal antibody revealed a
delay in nuclear export of vVRNPs for all mutant viruses com-
pared with results for the wild-type virus (Fig. 2A) (Q20L/
L21C, depicted as a representative mutant), although there
were no appreciable differences in the expression levels among

the NS2 mutants by Western blot analysis with an anti-NS2
monospecific antibody (data not shown). Leptomycin B, which
is a highly specific and potent inhibitor of CRM1 function (10,
16, 17), completely inhibited nuclear export of the vRNPs of all
mutant viruses as well as that of wild-type virus (Fig. 2B),
implicating the CRM1 pathway in vVRNP export. Thus, the NS2
(NEP) NES mutations appear to have resulted in suboptimal
formation of a ternary export complex, NS2 (NEP)/CRM1/
Ran-GTP, leading to reduced vVRNP nuclear export and re-
stricted growth of the mutant viruses.

Virulence of mutant viruses in mice. Since some of the
mutant viruses in this study showed comparable growth to the
wild-type virus in cell culture, we next assessed the replicative
properties of these mutants in vivo. Mice were intranasally
inoculated with three NES mutant viruses, 1121, 112C/L13V,
and S17C, or the wild-type virus as a control (10°, 10%, or 10°
PFU/50 pl); another mutant, M14Y, with reduced growth in
cell culture was included for comparison. Lethality (Table 4)
and body weight changes (data not shown) indicated that two
of the mutants, I112L and S17C, were as virulent in mice as the
wild-type virus; however, the growth of I112C/L13V was atten-
uated in mice even though it replicated only slightly more
slowly than the wild-type virus during early infection of cell
cultures. The M14Y mutant, whose in vitro replication was
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FIG. 2. Intracellular localization of VRNP. MDCK cells were infected with a mutant (Q20L/L21C) or wild-type WSN virus in the absence (—)
(A) or presence (+) (B) of a CRM1 inhibitor, leptomycin B (LMB; 5 ng/ml). At 4 to 16 h postinfection (h.p.i.), MDCK cells were fixed with
paraformaldehyde and permeabilized with Triton X-100. vRNP localization was assessed by immunofluorescence assay with an anti-NP mono-
clonal antibody. The vVRNP localization for the Q20L/L21C mutant was representative of that for all other mutants.

appreciably slower than that of the wild-type virus, showed
highly attenuated growth properties. These results suggest that
mutation of certain regions of the NS2 (NEP) NES molecule
may generate attenuated influenza A viruses suitable for eval-
uation as live vaccine candidates.

DISCUSSION

Using a series of mutant viruses with alterations in the NS2
(NEP) NES, we show here that the NES sequence does not
have to be completely conserved to retain the motif’s export
signaling function, although some hydrophobic residues ap-
pear to play a critical role. This observation accounts for the

previous finding (23) that a virus containing three alterations in
its NES hydrophobic residues (M16A, M19A, and L21A) was
not viable.

Although the most prevalent NES motif found in many
cellular and viral proteins consists of a leucine-rich amino acid
stretch, which is responsible for their nuclear export through
the CRM1-mediated pathway (9), the NS2 (NEP) NES se-
quence of influenza A virus possesses a methionine-rich amino
acid stretch. In fact, none of our mutant viruses had substitu-
tions from methionine to leucine at position 14 or 19 of the
NES, and a virus with a Leu substitution for Met at position 16
(M16L) showed appreciably reduced growth compared with
that of the wild-type virus. However, all of the mutant viruses
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TABLE 4. Virulence of mutant viruses in mice”

Cumulative no. of dead mice

Amt of virus . . R

Virus inoculated into mice at post infection day:
(PFU/mouse) 5 6 7 8 9 10 11 12 14 16
WSN 10° 013 3 4 4 4 4 4 4
10* 0111 1 1 2 3
103 0
1121 10° o112 3 3 3 3
10* 011 1 2 2 2
10° 0
S17C 10° 02333 3 3 3 3 3
10* 0 1 1 1 1

10°

112C/L13V 10° o1 1 1 1 1
10* 0
103 0
M14Y 10° 0
10* 0
10° 0

“ Four-week-old BALB/c mice (n = 4), anesthetized with isoflurane, were
intranasally infected with 50 pl (10°, 10% or 10° PFU) of each virus. Survival was
recorded for 16 days postinfection.

used the CRM1-mediated pathway for vRNP nuclear export,
as did the wild-type virus. These findings suggest a preference
for methionine over leucine at these positions for optimal NS2
(NEP) NES function, even in the CRM1-mediated pathway. It
was previously suggested that the NS2 (NEP) protein mediates
vRNP nuclear export through an NES-independent interaction
with CRM1, unlike most other proteins relying on CRM1 for
their export function (11, 28). The results of the present study
suggest that methionines in the NS2 (NEP) NES of influenza
A virus contribute to this apparently unique mechanism of
VRNP nuclear export through the formation of the ternary
export complex with Ran-GTP.

The NS2 (NEP) protein of influenza A virus associates with
the matrix protein M1 (31, 33), which binds to vVRNP (2) and
whose nuclear localization is essential for vVRNP export (6, 19,
32). Biochemical and two-hybrid assays showed that NS2
(NEP) interacts with CRM1 and with certain nucleoporins
(27), supporting a concept whereby vRNPs are exported from
the nucleus as a complex, NS2 (NEP)-M1-vRNP. Further sup-
port for this notion comes from a recent report on the crystal
structure of the C-terminal domain of NS2 (NEP), suggesting
a strong interaction of this protein with M1 (1). By contrast,
Bui et al. (6) concluded that NS2 (NEP) is not required for
vRNP nuclear export, based on the demonstration that vVRNPs
were retained in the nucleus of virus-infected cells treated with
a protein kinase inhibitor, H7, which downregulates expression
of M1, and that expression of NS2 (NEP) proteins and vVRNA
nuclear export could be restored by providing M1 from an
expression vector. However, it is possible that an undetectable
level of NS2 (NEP) protein may still have been present even in
the presence of H7. Elton et al. (8) suggested that VRNP export
may be mediated by a direct interaction of NP with CRM1,
whereas Huang et al. (13) indicated that the interaction of NP
with VRNA and M1 may lead to translocation of vRNPs from
the nucleus to the cytoplasm. Collectively, these reports raise

J. VIROL.

the possibility of VRNP nuclear export by mechanisms other
than the NS2 (NEP)/CRM1-mediated pathway. Nevertheless,
all mutant viruses generated in this study, including those with
restricted growth, used the CRM1-mediated pathway, under-
scoring its importance as a central mechanism of influenza A
virus vVRNP nuclear export.

We cannot rule out the possibility that mutations in the NS1
protein, introduced together with the NS2 (NEP) NES muta-
tions, may have affected properties of the mutant viruses. In-
deed, all of the mutants generated in this study carry mutations
in NS1 at amino acid positions 169 to 179 (Table 3). As a
multifunctional protein with both N-terminal RNA-binding
and C-terminal effector domains, NS1 mutations could pro-
duce a variety of ancillary effects. For example, the effector
domain has been reported to inhibit the processing and trans-
port of host mRNA or the host innate antiviral response as
well as to stabilize the NS1 dimeric structure (30). However,
we think it highly unlikely that NS1 mutations affected viral
growth properties, since poor growth of the mutants was asso-
ciated with a delay in their vVRNP nuclear export (Fig. 2), a
property directly attributable to changes in the NS2 (NEP)
NES signaling motif.

The NS2 (NEP) NES mutant viruses we studied were gen-
erated by a random mutagenesis protocol with degenerative
PCR. This method can be applied to reverse genetics analyses
on conserved sequences of any viral protein to determine their
biological functions in the virus life cycle. In conventional
mutagenesis strategies, individual mutations are introduced
into cDNA and then mutant cDNAs are used for viral recov-
ery. Some of the resulting mutants are viable while others are
not. Since our degenerative reverse genetics mutagenesis pro-
cedure relies on viral replication as an end point, any mutation
introduced will yield a live virus, allowing us to identify the
minimal sequence in a given motif needed to ensure replicative
competency. Hence, this procedure, which eliminates screen-
ing steps for viability, should be useful in targeting particular
regions of the viral genome to generate attenuated viruses with
potential as live vaccine candidates.

Multiple attenuating mutations must be introduced into vac-
cine strains to prevent their reversion to a virulent phenotype.
Since the NS2 (NEP) NES is also present in influenza B and C
viruses (29), the restricted growth of our mutant viruses in
mice suggests that this site would be a lucrative target for virus
attenuation in the development of live attenuated influenza
vaccines. A live attenuated vaccine (FluMist) licensed in 2003
in the United States was modeled on cold-adapted type A and
B viruses. Five amino acids in the PB1, PB2, and NP segments
are responsible for attenuation of the type A virus (14),
whereas the basis for attenuation of the type B strain remains
unknown. Although these viruses are phenotypically highly
stable, including virulence, they confer clinical symptoms (3, 4,
24) that have led to a restriction on the population eligible to
receive this vaccine (children and adults 5 to 49 years old). This
suggests a need for improved vaccine viruses that show greater
attenuation while retaining their immunogenicity. We con-
clude that further mutation of the NES region of the NS2
(NEP) protein may provide the desired attenuation without
comprising vaccine efficacy.
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