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Many replication events are involved in the influenza A virus life cycle, and they are accomplished by different virus proteins
with specific functions. However, because the size of the influenza virus genome is limited, the virus uses different mechanisms
to express multiple viral proteins from a single gene segment. The M2 and NS2 proteins are produced by splicing, and several
novel influenza A virus proteins, such as PB1-F2, PB1-N40, and PA-X, have recently been identified. Here, we identified novel
PA-related proteins in influenza A virus-infected cells. These newly identified proteins are translated from the 11th and 13th in-
frame AUG codons in the PA mRNA and are, therefore, N-terminally truncated forms of PA, which we named PA-N155 and PA-
N182, respectively. The 11th and 13th AUG codons are highly conserved among influenza A viruses, and the PA-N155 and PA-
N182 proteins were detected in cells infected with various influenza A viruses isolated from different host species, suggesting the
expression of these N-truncated PAs is universal in nature among influenza A viruses. These N-truncated PAs did not show poly-
merase activity when expressed together with PB1 and PB2; however, mutant viruses lacking the N-truncated PAs replicated
more slowly in cell culture and had lower pathogenicity in mice than did wild-type virus. These results suggest that these novel
PA-related proteins likely possess important functions in the replication cycle of influenza A virus.

Influenza A virus is a pathogen of a wide range of avian and
mammalian species, including humans. It is an enveloped neg-

ative-strand RNA virus whose genome comprises eight viral RNA
(vRNA) segments. Initially, each of the eight vRNA segments was
shown to encode a single virus polypeptide, PB2, PB1, PA, HA,
NP, NA, M1, or NS1 (1, 2). Later, transcripts of the M and NS
genes were found to be spliced to produce M2 and NS2 as splicing
variants (3, 4). Thus, until recently, the influenza viral genome was
thought to encode 10 viral proteins in total (5).

However, since the beginning of the 21st century, several novel
influenza A virus proteins have been identified. In 2001, a viral
protein, PB1-F2, was discovered as a second polypeptide made
from the PB1 mRNA (6). PB1-F2 is translated from the fourth
AUG codon in an alternative reading frame of PB1, and its expres-
sion is thought to occur by leaky ribosomal scanning of the three
upstream AUG codons. PB1-F2 modulates the host response to
influenza A virus infection and is a virulence factor of influenza A
virus (6–10). N-terminally truncated forms of PB1-F2 are also
synthesized from AUG codons further downstream (i.e., the sev-
enth, eighth, and ninth AUGs) of the PB1-F2 start codon (6, 7).
PB1-N40 was then identified as a third major polypeptide synthe-
sized from the PB1 mRNA (11). PB1-N40, an N-terminal 39-
amino-acid-truncated form of PB1, is translated from the fifth
AUG codon that is in-frame with the PB1 start codon, most likely
as a result of leaky ribosomal scanning. Although virus that lacks
PB1-N40 shows slower replication kinetics, the functions of the
protein remain unclear. More recently, the novel influenza A virus
protein PA-X was discovered. PA-X is a ribosomal frame-shifting
product that comprises the N-terminal domain of PA (191 amino
acids) with a short C-terminal domain (61 amino acids) encoded
by an alternative reading frame of PA (12). PA-X modulates the
host response and viral virulence. Further as-yet-unidentified vi-
ral proteins important for efficient virus replication may be found.

Early reports by Akkina et al. (13, 14) suggested that influenza
A viruses express proteins that are reactive with an antibody to PA
but are smaller than authentic PA; the nature of these proteins has
remained unclear. Therefore, here, we focused on the PA gene and
examined whether unidentified PA-related proteins are translated
from the PA mRNA. The PA protein, which is a subunit of the
RNA polymerase complex, is the main product of the PA gene and
possesses endonuclease, cap binding, and promoter binding activ-
ities (15–18). We found small proteins produced from the PA
segment and identified the translation initiation codons of these
proteins on the PA mRNA by use of mutational analysis. We also
evaluated the importance of these novel PA-related proteins for
the replication of influenza A virus.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney 293T cells, 293 cells, and
African green monkey kidney Vero E6 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum, penicillin-
streptomycin, and amphotericin B. Madin-Darby canine kidney (MDCK)
cells were maintained in Eagle’s minimal essential medium containing 5%
newborn calf serum and antibiotics. All cells were maintained at 37°C
under 5% CO2. Influenza A/WSN/33 (H1N1; referred to as WSN), A/Cal-
ifornia/04/2009 (H1N1; Cal04), A/Yokohama/2017/2003 (H3N2; Yoko-
hama), and A/swine/Ontario/41848/97 (H3N2; Sw/Ontario) were prop-
agated in MDCK cells. A/duck/Mongolia/301/2001 (H3N2; Dk/
Mongolia) was propagated in 10-day-old embryonated chicken eggs.
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Antibodies. Mouse anti-A/Puerto Rico/8/34 (PR8)-PA monoclonal
antibodies 9/1, 37/6, 39/2, 65/4, 185/1, and 58/1 and mouse anti-PR8-PB1
monoclonal antibody 45/10 were available in our laboratory (19). An-
ti-PA 58/1 recognizes the N-terminal region of the PA protein (amino acid
positions 101 to 107), whereas the other five anti-PA antibodies recognize
other regions of PA (19). Rabbit monospecific antiserum to the WSN-PA
protein (20) was also used.

Protein analyses. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blotting were performed according to
standard procedures. Plasmid-transfected cells were lysed in SDS-PAGE
sample buffer and separated on a 7.5% PAGE Tris-glycine gel (Cosmobio,
Tokyo, Japan). The blots were probed with a mixture of five mouse an-
ti-PA antibodies (9/1, 37/6, 39/2, 65/4, and 185/1) and a Vectastain ABC
kit (Vector Laboratories, CA) and visualized by using immunostaining
with HRP-1000 (Konica Minolta, Tokyo, Japan).

Radiolabeling and immunoprecipitation. MDCK cells were infected
with each influenza virus at a multiplicity of infection (MOI) of 1 to 10. At
3 h postinfection (p.i.), the cells were radiolabeled for 3 h in [35S]methio-
nine/cysteine-containing medium. The labeled cells were lysed in lysis
buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1% Nonidet P-40, 0.1%
SDS, 0.5% sodium deoxycholate, 2 mM EDTA, and Complete Mini pro-
tease inhibitor mixture [Roche, Basel, Switzerland]). After clarification by
centrifugation to remove cell debris, the supernatants were treated with
1% SDS and incubated at 37°C for 40 min to dissociate the three polymer-
ase proteins from each other. After the SDS treatment, the cell lysates were
diluted in lysis buffer that did not contain SDS (SDS�) to bring the SDS
concentration to 0.1%; they were incubated with a mixture of five mouse
anti-PA monoclonal antibodies or with rabbit anti-PA antiserum for 14 h
at 4°C. Protein G magnet beads (NEB, MA) were then added to each
sample, and the samples were incubated for 3 h at 4°C. The antigen-
antibody-protein G-magnet complexes were washed four times with
SDS� lysis buffer, lysed in SDS sample buffer, and then analyzed by means
of SDS-PAGE, followed by visualization by autoradiography.

Virulence in mice. To determine the 50% mouse lethal dose (MLD50)
(i.e., the dose required to kill 50% of the infected mice) of N-truncated
PA-deficient viruses, groups (n � 3 per group) of 6-week-old female
BALB/c mice (Japan SLC, Shizuoka, Japan) were anesthetized with isoflu-
rane and infected intranasally with 50 �l of serial 10-fold dilutions of
viruses. The mice were monitored daily for clinical signs of infection for
14 days p.i. MLD50 values were calculated by using the method of Reed
and Muench (21).

To compare the replication of N-truncated PA-deficient viruses in the
lungs of mice, groups (n � 10 per group) of mice were intranasally in-
fected with 102 PFU of each virus and euthanized on days 3 and 6 p.i. Lung
tissues were collected to titrate virus infectivity with MDCK cells.

Mini-genome assays. To assess the contributions of the viral PA mu-
tants to polymerase activity, a luciferase activity-based mini-genome assay
was performed as described previously (22) by using the following
plasmids: expression plasmids for WSN-PB2, -PB1, and -NP (50 ng
each); pPolI-NP(0)luc2(0) (2.5 ng), which expresses the firefly lucif-
erase gene between the noncoding regions of the WSN-NP gene; and
pGL4.74[hRluc/TK] (5 ng; Promega, WI). The luciferase activity in the
plasmid-transfected 293 cells was quantified by using the Dual-Luciferase
Reporter Assay System (Promega, WI) at 24 h or 40 h posttransfection
(p.t.).

Immunofluorescence and confocal microscopy. 293 cells grown on
glass-bottom dishes were transfected with expression plasmids for PB1
and PA or mutant PA. The cells were fixed at 24 h p.t. with 4% parafor-
maldehyde for 1 h, permeabilized with phosphate-buffered saline (PBS)
containing 0.1% Triton X-100, and incubated with anti-PB1 and anti-PA
antibodies for 1 h at room temperature. After being washed with PBS, they
were incubated with Alexa Fluor 594 goat anti-mouse immunoglobulin G
(IgG) (Invitrogen/Molecular Probes, OR) and Alexa Fluor 488 goat anti-
rabbit IgG (Invitrogen/Molecular Probes, OR) or Alexa Fluor 488 goat
anti-mouse IgG (Invitrogen/Molecular Probes, OR). Nuclei were stained

with Hoechst 33342 (Invitrogen, CA). Microscopic observation was per-
formed with an LSM510 microscope (Carl Zeiss, Oberkochen, Germany).
The z-stack image was reconstructed with five images through 3.54-�m z
thickness by using the Zeiss LSM Image Browser.

RESULTS
Identification of novel viral proteins translated from PA mRNA.
To seek as-yet-unidentified viral proteins expressed from the PA
gene of influenza A virus, we transfected pPolI-PA, the plasmid for
the expression of PA vRNA, from WSN (H1N1) into 293T cells,
along with pCAGGS-WSN-PB2, -PB1, -PA, and -NP, to provide
polymerases and the NP protein. Forty-eight hours later, the cell
lysates were analyzed by Western blotting using a mixture of five
anti-PA monoclonal antibodies. Two bands, migrating to approx-
imately 62 and 60 kDa, that were reactive with the anti-PA anti-
bodies were detected, in addition to a strong signal for the full-
length PA (83 kDa) (Fig. 1A, third lane from the left).

We speculated that translation initiations at downstream AUG
codons are involved in the expression of the additional smaller
PA-related proteins, as is the case with PB1-F2 and PB1-N40 from
the PB1 gene (6, 11). Based on their molecular weights and the
presence of Kozak initiation consensus sequences, we hypothe-
sized that the 11th AUG codon at amino acid position 155 and the
13th AUG codon at amino acid position 182 on the PA gene were
used as the initiation codons for these additional PA gene prod-
ucts.

First, we mutated these two AUG codons to CUA, which en-

FIG 1 Expression of N-truncated PAs in plasmid-transfected cells. (A) 293T
cells were transfected with a plasmid for the expression of PA vRNA or PA
mutant vRNA (pPolI-PA or PA mutants) in combination with expression
plasmids encoding WSN-PB1, -PB2, -NP (1 �g each), and -PA (0.2 �g); an
expression plasmid, pCAGGS-PA; or N-truncated PAs (1 �g). Forty-eight
hours later, total cell lysates were analyzed by Western blotting for the detec-
tion of the full-length PA and the N-truncated PAs by using a mixture of
anti-PA monoclonal antibodies. (B) Schematic representation of N-truncated
forms of PA. N-truncated PAs are translated from the indicated AUG codons
at amino acid positions 155 and 182.
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codes leucine. The smaller PA-related proteins expressed from the
PA mutant plasmids were analyzed by Western blotting using a
mixture of anti-PA monoclonal antibodies (Fig. 1A). When the
CUA mutation was introduced on the 11th AUG codon (PA-
M155L), a full-length PA and a smaller protein were detected, but
the upper, smaller PA-related protein was undetectable. For the
PA-M182L construct, which contains the AUG-to-CUA mutation
on the 13th codon, the lower, smaller PA-related protein was un-
detectable. For the PA-DM construct, which possesses the AUG-
to-CUA mutation at both the 11th and 13th codons, neither
smaller PA-related protein was detected. To further confirm that
the 11th and 13th AUG codons are the initiation codons for these
smaller PA-related proteins, we made a plasmid encoding a PA-
N155 protein, which is an N-terminal 154-amino-acid-truncated
form of PA, and a plasmid encoding a PA-N182 protein, which is
an N-terminal 181-amino-acid-truncated form of PA (pCAGGS-
PA-N155 and pCAGGS-PA-N182) (Fig. 1B), and analyzed them
by Western blotting. These N-truncated PAs comigrated with the
smaller proteins expressed from the PA gene. In addition, trans-
fection of an expression plasmid encoding PA (pCAGGS-PA) also
produced these smaller PA-related proteins, although the band for
PA-N182 is weak due to the low expression level. These results
indicate that, in addition to authentic PA protein, N-terminally
truncated forms of PA gene products, PA-N155 and PA-N182, are
produced from the 11th and 13th AUG codons, respectively, in
cells transfected with plasmids carrying PA genes (Fig. 1B).

Detection of N-truncated PAs in influenza A virus-infected
cells. Next, we investigated whether PA-N155 and PA-N182 are
detectable in virus-infected cells. The WSN PA mutant viruses,
M155L, M182L, and DM, were generated by use of reverse genet-
ics. These viruses possess replacements of methionine (AUG) with
leucine (CUA) at amino acid position 155 (M155L), 182 (M182L),
or both (DM). MDCK cells were infected with wild-type WSN or
with each of the PA mutant viruses and then radiolabeled with
[35S]methionine/cysteine. The cell lysates were treated with 1%
SDS to disrupt noncovalent interactions among the polymerase
subunits and then immunoprecipitated with a mixture of five an-
ti-PA monoclonal antibodies, followed by SDS-PAGE and auto-
radiography. Two smaller PA-related proteins, in addition to the
full-length PA, were detected in WSN-infected cells (Fig. 2A). One
smaller protein was not detected in each of the M155L- and
M182L-infected cells. The DM-infected cells expressed neither of
these two proteins. In addition to the two smaller proteins and the
wild type, a fourth band was detected in WSN- and PA mutant-
infected cells (indicated by the asterisk in Fig. 2A). Although the
nature of this protein remains unknown, the signal intensity of
this fourth band was weaker in a non-SDS-treated sample (right
lane), indicating that the fourth protein may be a cleavage product
of PA. These results indicate that both N-truncated PAs, PA-N155
and PA-N182, are synthesized in WSN virus-infected cells.

To evaluate the importance of PA-N155 and PA-N182 in in-
fluenza viruses in general, we analyzed the conservation of the
11th and 13th AUG codons at amino acid positions 155 and 182,
respectively, among influenza viruses by using publically accessi-
ble PA genes in GenBank. While these AUG codons were not
conserved among influenza B and C viruses (17, 23), the AUG
codon at position 155 was highly conserved among influenza A
viruses, being absent in only 10 strains of the 11,023 PA sequences
of influenza A virus examined (Table 1). The AUG codon at po-
sition 182 was also well conserved, being absent in 79 strains of the

11,023 PA sequences examined (Table 2). The viruses possessing
non-AUG codons at position 182 were mainly avian and swine
H9N2 viruses (Table 2), indicating that these viruses could spread
at least among these hosts and that the AUG at position 182 may
be dispensable for the viruses. In contrast, viruses possessing non-
AUG codons at position 155 were isolated only sporadically, sug-
gesting that the viruses could not spread efficiently. In addition,
we found no strain that lacked both AUG codons at positions 155
and 182 in the PA gene. These results suggest that these AUG
codons, especially that at position 155, might be important in the
evolution of influenza A virus.

Accordingly, we investigated whether the expression of PA-
N155 and PA-N182 is common among influenza A viruses.
MDCK cells were infected with a human-pandemic H1N1 2009
virus, a seasonal H3N2 virus, a swine virus, and a duck virus, in
addition to the WSN strain. The radiolabeled cell lysates were
immunoprecipitated with anti-PA monoclonal antibodies or
anti-PA antiserum as described above. The PA and N-truncated
PAs expressed in WSN-infected cells were immunoprecipitated by
anti-PA antiserum, as well as by anti-PA monoclonal antibodies

FIG 2 Detection of N-truncated PAs in virus-infected cells. MDCK cells were
infected with WSN and PA mutant viruses (A) or several different influenza A
virus strains (B) and at 3 h p.i. radiolabeled for 3 h in [35S]methionine/cys-
teine-containing medium. After cell lysis, the supernatants were immunopre-
cipitated (IP) with a mixture of mouse anti-PA monoclonal antibodies
(MAbs) or rabbit anti-PA antiserum and analyzed by SDS-PAGE, followed by
visualization by autoradiography. The asterisk indicates a fourth band whose
nature remains unknown.
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(Fig. 2B). In all viruses tested, we detected smaller PA-related pro-
teins whose mobilities were slightly different among viruses but
similar to those of PA-N155 and PA-N182 expressed in WSN-
infected cells (Fig. 2B); similarly, the mobilities of the full-length
PA proteins differed among the viral strains. An unidentified
fourth short band was also detected in all samples (indicated by
the asterisk), which was likely identical to the fourth band detected
in Fig. 2A (asterisk). In addition to these proteins, several other
bands were detected, although the nature of these bands is un-
known. These results suggest that the expression of N-truncated
PAs is not limited to the WSN strain but is a universal feature of
influenza A viruses.

Growth properties of N-truncated PA-deficient viruses. To
assess the importance of these N-truncated forms of PA in virus
replication, we compared the growth properties of mutant viruses
that were unable to express the N-truncated PAs with those of
wild-type WSN in MDCK cells (Fig. 3). The M182L mutant rep-
licated as well as wild-type WSN. In contrast, the titers of the
M155L mutant, which lacks PA-N155, and the DM mutant, which
lacks both PA-N155 and PA-N182, were significantly lower than
that of wild-type WSN at every time point (P � 0.05). The differ-
ences between these mutants and the wild type were particularly
remarkable at the early time points (24, 28, and 32 h p.i.); for

example, the titers of the M155L and DM mutants were about 1.1
and 1.5 log10 units lower than that of the wild type at 24 h p.i.,
respectively, indicating that the M155L and DM mutant viruses,
which lack the expression of PA-N155, showed slower replication
kinetics in cells. These results suggest that even though the N-
truncated PAs are not essential for replication, PA-N155 possesses
some functions that are important for efficient virus replication.

Pathogenicity of N-truncated PA-deficient viruses in mice.
To assess whether the N-truncated forms of PA are important for
viral pathogenicity in vivo, we compared the MLD50s of the PA
mutant viruses with that of wild-type WSN. Although the patho-
genicity of the M182L mutant was similar to that of the wild-type
virus, the M155L and DM mutants were attenuated compared
with the wild-type virus (the MLD50 value was approximately 1.5
log10 units higher than that of the wild-type virus) (Table 3). In
addition, the virus titers in the lungs of mice infected with the
M155L and DM mutants were more than 1.0 log10 unit lower than
that of wild-type WSN on day 3, although the differences in virus
titers between the PA mutants and WSN on day 6 were smaller
than on day 3 (Fig. 4). These results suggest that PA-N155 likely
plays important roles in virus pathogenicity in animals.

Polymerase functions of mutant PA proteins. To understand
the mechanisms behind the reduced growth of the mutant viruses

TABLE 1 Influenza A virus strains lacking the AUG codon at amino acid position 155 of PA in GenBank

Host Virus strain Subtype

Position 155

Accession no.Codon Amino acid

Human A/Waikato/102/2003 H3N2 AUA I CY012093
A/New York/392/2004 H3N2 AUA I CY002069
A/Azerbaijan/011–162/2006 H5N1 CUG L EU146863

Avian A/unknown/New York/Sg-00359/2001 H7N2 CUG L CY036320
A/chicken/Yokohama/aq134/2002 H9N2 CUG L AB256713
A/goose/Yunnan/3798/2006 H5N1 CUA L CY030904
A/chicken/Iran/SR110/2007a H9N2 AAG K EU157931
A/duck/Korea/112–25/2008 H6N1 GUG V GQ414839

Swine A/Swine/Minnesota/55551/00 H1N2 AUA I AF455718
A/swine/Cotes d’Armor/016007/2005 H1N1 CUG L AM921757

a A note in the database indicates that the sequence data for the region around amino acid position 155 might not be correct.

TABLE 2 Influenza A virus strains lacking the AUG codon at amino
acid position 182 of PA in GenBank

Host Subtype
No. of
strains

Position 182

Codon(s) (no. of strains)

Amino acid
(no. of
strains)

Human H1N1 2 UUG (2) L (2)
H3N2 2 UUG (1), CUG (1) L (2)

Avian H5N1 1 CUG (1) L (1)
H5N2 1 GUG (1) V (1)
H9N2 63 CUG (57), CUA (4),

UUA (2), GUG (1)
L (63)

Swine H1N1 2 UUG (2) L (2)
H9N2 7 CUG (6), UUG (1) L (7)

Canine H3N2 1 CUG (1) L (1)

FIG 3 Growth kinetics of PA mutant viruses lacking N-truncated PAs in cell
culture. MDCK cells were infected with wild-type WSN or mutant viruses
lacking N-truncated PAs at a multiplicity of infection of 0.0005. At different
time points postinfection, virus titers in the supernatants of the infected cells
were determined by means of plaque assays in MDCK cells. The mean titers
from triplicate independent cultures � standard deviations (SD) are shown.
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M155L and DM, we tested the effects of the PA mutations on
polymerase activity. 293 cells were cotransfected with a plasmid
encoding wild-type PA or each mutant PA protein, along with
plasmids for the expression of PB2, PB1, NP, and a vRNA replicon
possessing the luciferase gene. At 24 and 40 h p.t., luciferase activ-
ity was measured (Fig. 5). All PA mutants, PA-M155L, PA-
M182L, and PA-DM, supported viral RNA replication and tran-
scription at levels similar to that of wild-type PA at both 24 and 40
h p.t. These results indicate that the expression levels of the N-
truncated PAs have little effect on viral polymerase activity. They
also suggest that the reduced replication and lower pathogenicity
of the PA mutant viruses, M155L and DM, were not the result of
reduced polymerase activity of the mutant PAs, at least as detected
by the above-described mini-genome assay.

Functions of N-truncated PA proteins. Since N-truncated
PAs lack the regions required for endonuclease activity (24, 25),
they should not be functionally equivalent to full-length PA. We
therefore tested whether N-truncated PAs support viral polymer-
ase activity in the mini-genome assay, as described above. Only
background levels of luciferase activity were detected in the ab-
sence of the PA protein (empty vector), and both PA-N155 and
PA-N182 also produced only background levels of luciferase (Fig.
6), indicating that the N-truncated PAs lack polymerase activity.
These results also suggest that PA-N155, which was shown to be
important for viral replication in vitro and in vivo, is likely in-

volved in viral replication steps other than the transcription and
replication of the viral genome.

We then investigated whether PA-N155 was an antagonist of
the antiviral response induced by type I interferon by comparing
the growth properties of mutant viruses that lack the N-truncated

FIG 5 Polymerase activities of mutant PAs lacking the expression of N-trun-
cated PAs. 293 cells were transfected with expression plasmids encoding PB2,
PB1, NP, and a vRNA replicon possessing a firefly luciferase gene between the
noncoding regions of WSN-NP vRNA, along with the indicated PA- or PA
mutant-expressing plasmid. Twenty-four or 40 h later, the luciferase activity
was quantified. The data are the means � SD of eight independent experi-
ments plotted as the percent activity with wild-type PA for each experiment.

FIG 6 Functions of N-truncated PAs. (A) Polymerase activities of N-trun-
cated PAs. 293 cells were transfected with expression plasmids encoding PB2,
PB1, and NP and a vRNA replicon possessing a firefly luciferase gene, along
with the indicated PA- or N-truncated PA-expressing plasmid. Twenty-four
hours later, the luciferase activity was quantified. The data shown here are
representative of three independent experiments. An asterisk indicates that the
activity of the N-truncated PA was significantly lower than that of wild-type PA
(P � 0.05). (B) Viral growth kinetics of PA mutant viruses that lack N-trun-
cated PAs in Vero E6 cells. Vero E6 cells were infected with wild-type WSN or
mutant viruses lacking N-truncated PAs at a multiplicity of infection of 0.005.
At different time points postinfection, virus titers in the supernatants of the
infected cells were determined by means of plaque assays. The mean titers from
triplicate independent cultures � standard deviations are shown.

TABLE 3 Comparison of pathogenicities of PA mutant viruses lacking
N-truncated PAs in mice

Virus MLD50 (log10 PFU)a

WSN 3.8
M155L 5.3
M182L 4.0
DM 5.5
a Groups (n � 3 per group) of 6-week-old female BALB/c mice were anesthetized with
isoflurane and infected intranasally with 50 �l of serial 10-fold dilutions of viruses,
thereby creating doses ranging from 102 to 106 PFU. The mice were monitored daily for
clinical signs of infection for 14 days p.i. MLD50 values were calculated by using the
method of Reed and Muench (21).

FIG 4 Replication of PA mutant viruses lacking N-truncated PAs in the lungs
of mice. Eight groups (n � 10 per group) of 6-week-old female BALB/c mice
were infected intranasally with 102 PFU of virus, and 3 and 6 days later, lungs
were collected for virus titration. Each bar represents the mean titer for each
virus. The data are the mean titer and the SD for each virus. An asterisk indi-
cates that the mean titer of the PA mutant virus was significantly lower than
that of the wild-type WSN (P � 0.05). Detection limit, 2 log10 PFU/g tissue.
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PAs with those of wild-type WSN in Vero E6 cells, which do not
produce type I interferon. As is true for virus growth in MDCK
cells, the M182L mutant replicated as well as wild-type WSN (Fig.
6B). The titers of the M155L and DM mutants were significantly
lower than that of wild-type WSN at 12, 24, and 72 h p.i. in M155L
and at 12, 24, and 48 h p.i. in DM (P � 0.05). These results indicate
that mutant viruses that lack PA-N155 exhibit slower replication
kinetics in Vero E6 cells, suggesting that PA-N155 is not an antag-
onist of the antiviral response induced by type I interferon.

We then examined the intracellular distribution of the N-trun-
cated PAs. The PA protein has two nuclear localization signals
(NLSs), which are located at amino acid positions 124 to 139 and
186 to 247 (26). Since both of the N-truncated PAs lack the former
NLS, we hypothesized that the N-truncated PAs would show a
localization pattern different from that of full-length PA. By using
an immunofluorescence assay, we examined the intracellular lo-
calization of PA-N155 and PA-N182 and compared it with that of
full-length PA. To distinguish full-length PA from the N-trun-
cated PAs expressed from the plasmid encoding PA (pCAGGS-
PA) (Fig. 1A), we used both the anti-PA monoclonal antibody
58/1, which recognizes the N-terminal region of the PA protein
(amino acid positions 101 to 107), and anti-PA antiserum, which
recognizes both full-length PA and N-truncated PA (Fig. 2B).

When cells transfected with pCAGGS-PA were treated with the
anti-PA monoclonal antibody 58/1, signals were detected in both
the cytoplasm and the nucleus (data not shown). Cells transfected
with pCAGGS-PA-N155 or pCAGGS-PA-N182 did not react with
the antibody. These results indicate that full-length PA localized to
both the cytoplasm and the nucleus. When we used the anti-PA
antiserum, positive signals were detected in both the cytoplasm
and the nuclei of cells transfected with pCAGGS-PA, and there
was no apparent difference in PA detection between the monoclo-
nal antibody and the antiserum (data not shown). The N-trun-
cated PAs were also located in both the cytoplasm and the nuclei of
the plasmid-transfected cells, and there was no significant differ-
ence in localization between full-length PA and N-truncated PAs
(data not shown).

We then investigated the intracellular localization of the N-
truncated PAs in the presence of PB1, since PA and PB1 interact
with each other in the cytoplasm and are transported into the
nucleus as a heterodimer (27–29) and the N-truncated PAs pos-
sess the regions responsible for binding to PB1 (located at posi-
tions 601 to 692 of PA) (30, 31). In the absence of PA, PB1 was
detected predominantly in the cytoplasm, whereas when PA was
coexpressed, PB1 was largely found in the nucleus (data not
shown). PA was predominantly detected in the nucleus in the
presence of PB1, although it localized to both the cytoplasm and
the nucleus in the absence of PB1 (data not shown), confirming
that PA interacts with PB1 and together they are transported into
the nucleus. The N-truncated PAs showed localization patterns
similar to that of PA; the N-truncated PAs were predominantly
found in the nucleus, as was PB1 in cells expressing both proteins.
These results indicate that PA-N155 and PA-N182 interact with
PB1 and are transported into the nucleus.

DISCUSSION

Here, we identified two novel influenza virus proteins, PA-N155
and PA-N182, which are N-truncated forms of PA. Given that the
translation initiation codons for these proteins are highly con-
served among influenza A viruses, it is possible that expression of

these N-truncated PAs is a universal feature of influenza A viruses.
This concept is supported by early reports by Akkina et al. (13, 14)
that various influenza A virus strains (i.e., all 18 strains belonging
to H1 to H13) express shorter PA-related polypeptides of 62 and
60 kDa, although the nature of these polypeptides remained un-
clear in those reports. The molecular weights of the polypeptides
described by Akkina et al. are similar to those of the N-truncated
PAs identified in this study, supporting the idea that these N-trun-
cated PAs are commonly expressed in virus-infected cells. The
universal expression of these N-truncated PAs among influenza A
viruses strongly suggests their importance in the life cycle of influ-
enza A viruses.

The mutant viruses M155L and DM, which lack expression of
PA-N155, showed slower replication kinetics in cells and were less
pathogenic in mice than wild-type virus (Fig. 3 and 4). These
mutant viruses possess a point mutation of methionine to leucine
at position 155 in PA. The reason why we replaced methionine
with leucine at this position is that 5 out of 10 influenza A virus
strains lacking methionine in this position possess leucine (Table
1), indicating that the leucine mutation occurs naturally. It should
be noted that mutations near position 155 affect some of the func-
tions of PA. The E154G mutation, which arose spontaneously
during the cDNA cloning of the PA gene, completely abolished
polymerase activity and proteolysis activity (32, 33). A mutation at
amino acid position 157, which is a potential phosphorylation site,
also diminished polymerase activity and proteolysis activity (34–
36). Therefore, we were concerned that the point mutation at
position 155 would disrupt some PA functions and in so doing
impair virus replication and pathogenicity. However, both PA-
M155L and PA-DM supported viral polymerase activity (Fig. 5),
suggesting that the methionine at position 155 is not essential for
this function. Therefore, the reduction in virus replication and
pathogenicity of the M155L and DM mutants is unlikely to in-
volve polymerase functions, but rather, may be due to the lack of
expression of PA-N155.

On the other hand, the mutant virus that lacks PA-N182 rep-
licated as efficiently as wild-type virus. What, then, are the differ-
ences between PA-N155 and PA-N182? Between amino acid po-
sitions 155 and 182 of PA, there are potential sites for
phosphorylation by casein kinase II at positions 157 and 162. A
point mutation at position 157 (T157A) or 162 (T162A) of PA,
which eliminates the phosphorylation site, reduces both the pro-
teolysis-inducing activity and the viral genome replication activity
of PA (36). However, expression of the N-truncated PAs had little
effect on viral polymerase activity (Fig. 5), and PA-N155 possesses no
proteolysis activity (32, 33), suggesting that phosphorylation at posi-
tions 157 and 162 in PA-N155 is not involved in viral transcription
and replication or the proteolysis-inducing activity of PA.

The cRNA promoter binding site is also located between amino
acid positions 155 and 182 on PA (at position 163 to 178) (18),
implying that PA-N155 could contribute to vRNA replication.
However, the expression of PA-N155 had little effect on polymer-
ase activity (Fig. 5), and therefore, it is unlikely that PA-N155
contributes to viral genome replication via the cRNA promoter
binding site. Taken together, our results support a role for PA-
N155 in virus replication, although the exact role remains unclear.
Further work is necessary to understand the contributions of PA-
N155 to the virus replication cycle.

The first AUG codon in the PA mRNA possesses a Kozak con-
sensus sequence that is important for efficient initiation of trans-
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lation (37, 38). However, translation is also initiated downstream
at the 11th and 13th AUG codons in the PA mRNA. The mecha-
nistic basis for the initiation of translation at these downstream
AUG codons remains unclear. In addition, the natures of the sev-
eral PA-related proteins that were detected in influenza A virus-
infected cells also remain unknown (Fig. 2B). These results suggest
that translation is initiated at AUG codons downstream of those
used for known influenza A virus proteins in all viral gene segments,
leading to the production of N-terminally truncated viral proteins.
Further work on the identification of novel influenza A virus proteins
and elucidation of their functions should contribute to a better un-
derstanding of the influenza virus replication cycle.
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