








PB1 from the cytosolic fraction to the nuclear fraction in the
presence of PB2 and PA (Fig. 3A, compare lanes 3 and 4),
suggesting that PB2 and/or PA are required for the nuclear
accumulation of PB1.

Effect of PA on the nuclear accumulation of PB1. In infected
cells, PB1 is detected predominantly in the cell nucleus (1, 18,
30). In order to identify the factor(s) required for the efficient
accumulation of PB1 in the nucleus, we coexpressed PB1-GFP
with PB2 or PA (Fig. 4A to F). The coexpression of PB2 did
not affect the localization of PB1-GFP (Fig. 4D). In contrast, in
the presence of PA, PB1-GFP efficiently accumulated in the
cell nucleus (Fig. 4A). Moreover, when PA-GFP was coex-
pressed with PB1, we observed efficient accumulation of PA-
GFP in the cell nucleus (Fig. 4G). PB2 had no effect on PA-
GFP localization (Fig. 4J). We obtained similar results when
we used COS-7 and 293T cells and either WSN- or PR8-
derived polymerase subunits (data not shown). The coexpres-

sion of nucleoprotein (NP), which is known to bind PB1 (5, 22,
23), did not affect the localization of PB1 (results not shown).

These data suggest that an interaction between PB1 and PA
is required for their efficient nuclear accumulation. The fol-
lowing scenarios can be envisaged. Individually expressed PB1
or PA could shuttle between the nucleus and the cytoplasm,
but they could be retained in the nucleus if they were coex-
pressed and formed a dimeric complex. Dimer formation be-
tween PB1 and PA could lead to the exposure of a nuclear
retention signal or masking of a nuclear export signal. How-
ever, treatment of cells with leptomycin B, an inhibitor of
CRM1-dependent nuclear export, did not affect the localiza-
tion of PB1-GFP or PA-GFP (results not shown). Although we
cannot rule out the possibility that PB1 and PA use another,
CRM1-independent pathway for nuclear export, these results
suggest that PB1 and PA are not shuttling proteins. We favor
an alternative scenario in which PB1 and PA are imported into

FIG. 3. (A) Intracellular distribution of PB1 in the absence or presence of PB2 and PA. 293T cells expressing PB1 (lanes 1 and 2) or PB1, PB2,
and PA (lanes 3 and 4) were fractionated into cytoplasmic (C) and nuclear (N) fractions, and equivalent amounts were subjected to SDS-PAGE
and Western blotting with a polyclonal anti-PB1 antibody. (B) Expression and binding to PB1 of mutant PA proteins. Extracts from 293T cells
expressing PA (wild type [WT] or the indicated deletion mutants) and TAP-tagged PB1 (37) were analyzed by SDS-PAGE and Western blotting
with a polyclonal anti-PA antibody before (left panel) and after (right panel) purification. Note the cross-reaction of PB1-TAP in the left panel
due to the presence of the TAP tag. Sizes (in kilodaltons) are indicated on the left.
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FIG. 4. Effect of PA or PB2 on the localization of PB1-GFP and effect of PB1 or PB2 on the localization of PA-GFP in transfected Vero cells.
Cells expressing the indicated combinations of proteins (see bottom left of each panel) were analyzed directly for the GFP-tagged polymerase
subunits (A, D, G, and J) and stained for the nontagged subunits with the corresponding subunit-specific primary and Cy3-conjugated secondary
antibodies (B, E, H, and K). The three panels in each row show the same field of cells. The method of detection (GFP, Cy3, or DAPI) is indicated
in the bottom right corner of each panel.
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FIG. 5. Effect of mutations in PA and PB1 on the nuclear accumulation of PB1. PA deletion mutants (A, D, G, and J) and the PB1 NLS12
mutant (M and P) were detected with rabbit polyclonal anti-PA and anti-PB1 antibodies, respectively, followed by staining with a Cy3-conjugated
anti-rabbit secondary antibody. PB1-GFP (E and K) and PA-GFP (Q) were detected directly by fluorescence microscopy. The three panels in each
row show the same field of cells. The method of detection (GFP, Cy3, or DAPI) is indicated in the bottom right corner of each panel.
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the nucleus as a heterodimer. Interactions between PB1 and
PA in the cytoplasm might induce a conformational change
resulting in the exposure of a strong NLS on either PB1 or PA
or both. Recognition of this signal by the cellular nuclear
transport system could promote efficient transport of the
dimeric PB1-PA complex into the nucleus.

To address this latter possibility, we studied the effect of PA
deletion mutants on the localization of PB1 (Fig. 5A to L). A
deletion mutant with a C-terminal deletion of 24 amino acids
[PA(�694–716)] and with no detectable transcriptional and
replicative activities (12) was unable to induce the nuclear
accumulation of PB1 (Fig. 5E). In agreement with previous
results (41, 43), this PA mutant had a greatly reduced ability to
bind to PB1, as determined by purification of TAP-tagged PB1
with the TAP method (37) and copurification of PA from
transfected 293T cells (Fig. 3B, lane 10). These results show
that the interaction of PA with PB1 is essential for induction of
the nuclear accumulation of PB1. Moreover, a deletion mutant
of PA lacking the N-terminal 256 amino acids [PA(�1–256)]
failed to induce the nuclear accumulation of PB1 (Fig. 5K),
although it was able to bind to PB1 (Fig. 3B, lane 9). Since the
N-terminal one third of PA is reported to contain an NLS (29),
it is possible that the transport of the PB1-PA dimer is pref-
erentially driven by the NLS present in the N terminus of PA.
Alternatively, we cannot exclude the possibility that in the
absence of the N terminus, PA(�1–256) could not induce a
conformational change in PB1 that might be required for its
nuclear accumulation.

Effect of NLS mutations on the nuclear accumulation of
PB1. We also attempted to generate mutants of PB1 with an
exclusively cytoplasmic localization by introducing mutations
into the proposed NLS sequences and then studying whether
the nuclear localization of the resulting mutants could be res-
cued by the coexpression of PA. Nath and Nayak (27) pro-
posed that two discrete regions containing two stretches of
positively charged amino acid residues, 187-RKRR-190 and
207-KRKQR-211, are essential for the nuclear localization of
PB1. We mutated these sequences to 187-RAAR-190 and 207-
KAAQR-211 (mutated residues are underlined), either indi-
vidually (mutants NLS1 and NLS2, respectively) or together
(mutant NLS12). We also mutated 668-PKRNRSI-674, a stretch
of basic amino acid residues predicted to be a potential NLS in
a computer search (PSORT II) of PB1, to 668-PAANRSI-674
(mutant NLS3). None of these mutants, however, showed an
exclusively cytoplasmic localization (Fig. 5M and results not
shown). Although mutant NLS12 appeared to be more cyto-
plasmic than wild-type PB1 (compare Fig. 5M and Fig. 2A),
NLS12, as well as NLS1, NLS2, and NLS3, could accumulate
efficiently in the cell nucleus when coexpressed with PA (Fig.
5P and results not shown). Moreover, all of these PB1 mutants
were active in transcription and replication (Fig. 1B).

Conclusions. We conclude that, in contrast to previously
published data (1, 27, 39), PB1 requires the coexpression of PA
for its efficient nuclear accumulation. This conclusion is sup-
ported by the observation of Nieto and colleagues (30) that
PB1 stimulates the nuclear accumulation of PA. Taken to-

FIG. 5—Continued.
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gether, these results are consistent with a model in which PB1
and PA interact in the cytoplasm and are transported into the
nucleus as a complex (Fig. 6, model B). However, our results
cannot exclude the possibility that in infected cells, PB2 is also
assembled into the complex in the cytoplasm and the trimeric
PB1-PB2-PA complex is transported into the nucleus (Fig. 6,
model C). Moreover, the presence of PA or of PA and PB2 in
the nucleus might stabilize PB1 and thereby contribute to its
nuclear accumulation. We observed that all three polymerase
subunits accumulated efficiently in the nuclei of MDBK cells
infected with influenza A/WSN/33 virus as early as 2 to 3 h
postinfection (results not shown), in agreement with our model
that PB1 and PA are transported into the nucleus as a complex.
We found no evidence for the previously reported delayed
transport of PA compared to PB1 (1, 30).

Our results show that the N-terminal 256 amino acids of PA
are critical for the induction of the nuclear accumulation of
PB1. Since this region is proposed to contain an NLS (29), we
suggest that the transport of the PB1-PA dimer into the nu-
cleus might be preferentially driven by the NLS present in the
N-terminal one third of PA. This NLS might be sterically
hindered in PA, explaining the inefficient nuclear accumula-
tion of individually expressed PA. However, after a conforma-
tional change induced by PB1 binding, it might become ex-
posed. It is not clear, however, what role the previously
identified NLSs in PB1 (27) play, since their mutation had no
obvious effect on PB1-PA localization.

The observation that a dimeric PB1-PA complex can accu-
mulate efficiently in the nucleus in the absence of PB2 raises
the question of whether the PB1-PA dimer could perform any
of the activities proposed for RNA polymerase. Indeed, several
studies have concluded that PB1 and PA synthesize cRNA in
the absence of PB2 (16, 26). However, these findings have not
yet been confirmed by others (7, 20, 32).

ACKNOWLEDGMENTS

We thank J. Robinson and A. Taylor for DNA sequencing; M. Crow
for plasmids; and S. Inglis, A. Portela, and T. Toyoda for antibodies.
We also thank G. G. Brownlee, O. Engelhardt, F. Vreede, and S. Carr
for helpful discussions.

This work was supported by the MRC (senior nonclinical fellowship
G117/457 to E.F.).

REFERENCES

1. Akkina, R. K., T. M. Chambers, D. R. Londo, and D. P. Nayak. 1987.
Intracellular localization of the viral polymerase proteins in cells infected
with influenza virus and cells expressing PB1 protein from cloned cDNA.
J. Virol. 61:2217–2224.

2. Area, E., J. Martín-Benito, P. Gastaminza, E. Torreira, J. M. Valpuesta, J. L.
Carrascosa, and J. Ortín. 2004. 3D structure of the influenza virus polymer-
ase complex: localization of subunit domains. Proc. Natl. Acad. Sci. USA
101:308–313.

3. Argos, P. 1988. A sequence motif in many polymerases. Nucleic Acids Res.
16:9909–9916.
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