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Transcription by the influenza virus RNA-dependent RNA polymerase is dependent on cellular RNA pro-
cessing activities that are known to be associated with cellular RNA polymerase II (Pol II) transcription,
namely, capping and splicing. Therefore, it had been hypothesized that transcription by the viral RNA
polymerase and Pol II might be functionally linked. Here, we demonstrate for the first time that the influenza
virus RNA polymerase complex interacts with the large subunit of Pol II via its C-terminal domain. The viral
polymerase binds hyperphosphorylated forms of Pol II, indicating that it targets actively transcribing Pol II.
In addition, immunofluorescence analysis is consistent with a new model showing that influenza virus poly-
merase accumulates at Pol II transcription sites. The present findings provide a framework for further studies
to elucidate the mechanistic principles of transcription by a viral RNA polymerase and have implications for
the regulation of Pol II activities in infected cells.

There is increasing evidence suggesting that RNA polymer-
ase II (Pol II) transcription and RNA processing are coupled
in vivo (11, 12, 27). An important role in orchestrating the
coordinated sequence of processing steps has been assigned to
the C-terminal domain (CTD) of the large subunit of Pol II.
The CTD is phosphorylated differentially during the transcrip-
tion cycle and interacts with a number of factors involved in all
steps of mRNA maturation (26). Pol II transcription and RNA
processing are influenced not only by cellular factors such as
CTD kinases and phosphatases but also by viral proteins (30).

For influenza A virus, a functional link between viral tran-
scription and cellular transcription by Pol II has been assumed
for a long time (2, 7, 17, 21). Even though influenza viruses
encode their own RNA-dependent RNA polymerase, cellular
activities related to Pol II transcription are required for the
production of mature viral mRNAs. Thus, viral mRNA tran-
scription is initiated by use of short capped RNA oligonucle-
otides as primers, which are obtained by endonucleolytic cleav-
age of cellular pre-mRNAs by the viral polymerase complex
(18, 25). In addition, two transcripts are spliced by the cellular
splicing apparatus (17). Moreover, in an artificial system, in-
fluenza virus transcripts, which are normally polyadenylated by
the viral polymerase, were cleaved and polyadenylated by the
respective cellular machineries (7).

Despite this functional link, no biochemical evidence of in-
teraction between influenza virus RNA polymerase and Pol II
has yet been provided. Therefore, we set out to determine
biochemically whether or not influenza virus polymerase com-
plexes were associated with Pol II.

MATERIALS AND METHODS

Plasmids. The pcDNA-PB1, pcDNA-PB2, and pcDNA-PA protein expression
plasmids for the three polymerase subunits of influenza A/WSN/33 virus have

been described elsewhere (6). Plasmid pcDNA-PB1-TAP was described previ-
ously (8). pcDNA-PB2-TAP was generated by replacing the green fluorescent
protein (GFP) open reading frame (ORF) of pcDNA-PB2-GFP (8) with the
tandem affinity purification (TAP) sequence (28). pcDNA-TAP-CTD, expressing
the full-length CTD of the large subunit of mouse Pol II fused to a N-terminal
TAP tag, was constructed by inserting the CTD sequence (a gift from P. Uguen,
University of Oxford) between the NotI and XbaI sites of pcDNA3A (6). The
N-terminal truncated TAP tag, consisting of two immunoglobulin G (IgG) bind-
ing domains of Staphylococcus aureus protein A and a tobacco etch virus (TEV)
protease cleavage site, was inserted upstream of the CTD-coding region between
the BamHI and NotI sites. pcDNA-GFP-CTD was generated by replacing the
TAP ORF of pcDNA-TAP-CTD with the GFP ORF. To generate pcDNA-GFP-
TAP, the TAP ORF derived from pcDNA-PB2-TAP by NotI-XbaI digestion was
inserted into the pcDNA-GFP(NX) construct (8).

Antibodies. The antibodies used were rabbit polyclonal anti-PA, anti-PB1, and
anti-PB2 antibodies (gifts from T. Toyoda, Kurume University, Kurume, Japan);
anti-CTD antibody 8WG16, anti-phosphoserine 2 CTD antibody H5, and anti-
phosphoserine 5 CTD antibody H14 (Covance); anti-CTD antibody 4H8 (Up-
state); anti-NP monoclonal antibody F8 (Advanced Immunochemical Inc.); rab-
bit polyclonal antibody against PCNA (Abcam); and rabbit polyclonal antibody
against active caspase-3 (BioVision). Bacterially expressed His-tagged fragments
of PB1 (amino acids [aa] 1 to 180), PB2 (aa 1 to 180), and PA (aa 490 to 716)
were used to immunize rabbits to obtain polyclonal sera (Eurogentec; gifts from
G. Brownlee, S. Carr, T. Deng, and T. Jung, University of Oxford).

Immunoprecipitations. Human embryonic kidney (293T) cells (about 6 � 106

cells) were infected with influenza A/WSN/33 virus at a multiplicity of infection
(MOI) of 5 or were mock infected. Cells harvested at 6 h postinfection were
resuspended in 600 �l of cell lysis buffer (50 mM Tris-HCl [pH 8.0], 200 mM
NaCl, 2 mM MgCl2, 0.5% Igepal CA-630 [Sigma], 10 mM sodium fluoride, 10
�M sodium pervanadate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl flu-
oride [PMSF], 25% glycerol, one Complete Mini EDTA-free protease inhibitor
cocktail tablet [Roche]/10 ml) containing 60 U of Benzonase nuclease (Novagen)
and incubated for 1 h at 4°C. Immunoprecipitations were performed in a final
volume of 450 �l containing 150 �l of cell lysates, 5 mg of protein A-Sepharose
(Sigma), and 7.5 �l of a rabbit polyclonal anti-PA antibody or 7.5 �l of a control
antibody (active caspase-3 rabbit polyclonal antibody). The Protein A Sepharose
was washed three times with 1 ml of wash buffer (10 mM Tris-HCl [pH 8.0], 150
mM NaCl, 0.1% Igepal CA-630, 1 mM PMSF). Bound proteins were released by
heating samples at 100°C for 5 min in 80 �l of sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis sample buffer.

Purification of TAP-tagged proteins. TAP-CTD, PB2-TAP, PB1-TAP, or
GFP-TAP and interacting proteins were purified by using the TAP method (28)
as described previously (8). Briefly, cell lysates prepared from transfected 293T
cells in the presence (for Fig. 2) or absence (for Fig. 3) of Benzonase nuclease
were incubated with IgG-Sepharose and bound proteins released by cleavage
with TEV protease (Invitrogen). Purified protein samples were analyzed on
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sodium dodecyl sulfate–8% polyacrylamide gels, followed by silver staining with
the SilverXpress silver staining kit (Invitrogen) according to the manufacturer’s
instructions.

Transcription assay in vitro. Transcription reactions in vitro with recombinant
influenza RNA polymerase were performed as described previously (6). Briefly,
influenza virus polymerase copurified with TAP-CTD was used to transcribe a
short (14-nucleotide) viral RNA template in the presence of an ApG dinucle-
otide primer. Transcription products were extracted with phenol-chloroform
(1:1), precipitated with ethanol, and analyzed on a 16% polyacrylamide gel
containing 7 M urea. Transcription products were detected by autoradiography.

Immunofluorescence analysis. MDCK cells grown on cover glasses were in-
fected with influenza A/PR8/34 virus at an MOI of 5 or were mock infected. At
4 h postinfection, cells were fixed in 4% paraformaldehyde in 250 mM HEPES
for 15 min at room temperature. Cells were permeabilized in 1% Triton X-100
in phosphate-buffered saline (PBS) for 10 min, blocked in PBS containing 4%
normal donkey serum (Jackson ImmunoResearch Laboratories), and incubated
with primary antibodies diluted in PBS containing 4% normal donkey serum as
indicated in the figure legends. Secondary antibodies were donkey anti-mouse
and donkey anti-rabbit polyclonal antibodies conjugated to Cy2 or Cy3 (Jackson
ImmunoResearch Laboratories). DNA was stained with To-Pro-3 iodide (Mo-
lecular Probes). Cover glasses were mounted in Mowiol (Calbiochem) containing
DABCO (Sigma). Images were acquired with a Radiance 2000 (Bio-Rad) con-
focal system attached to a Nikon Eclipse TE300 microscope with a 60�/1.40 oil
objective. Individual channel (Cy2, Cy3, and To-Pro-3 iodide) images were re-
corded separately, employing Kalman filtering. Images were exported to Adobe
Photoshop, contrast stretched, and overlaid electronically. Analysis of colocal-
ization percentages was done with Metamorph software (Universal Imaging
Corporation); pixels with fluorescence intensity values within the top 40% in
each nucleus were identified by thresholding, and the percentages of colocalized
pixels between two channels were determined from at least 30 nuclei per sample.
The percentages of pixels in channel A colocalizing with pixels in channel B
(A/B) are listed in Table 1. Student’s t test was used to determine the statistical
significance of differences in colocalization percentages. The same strategy was
used to create the images showing colocalized pixels.

In situ extraction of nuclei. MDCK cells grown on cover glasses were infected
with influenza A/PR8/34 virus at an MOI of 1 or were mock infected. Extraction
was done essentially as described previously (9). At 7 h postinfection, cells were
washed once in cold PBS and once in cold CSK [10 mM piperazine-N,N�-bis(2-
ethanesulfonic acid) (PIPES) (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3 mM
MgCl2, 1 mM EGTA, 1.2 mM PMSF], permeabilized in CSK containing 0.5%
Triton X-100 for 3 min on ice, washed in cold CSK, treated for 30 min at room
temperature with RQ1 DNase (5 U/ml) in DB (10 mM PIPES [pH 6.8], 50 mM
NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 1.2 mM PMSF, 0.5% Triton
X-100), and extracted for 2 min each on ice first in 0.25 M (NH4)2SO4 in DB and
then in 2 M NaCl in DB. After each step, aliquots of cells were fixed in 4%
paraformaldehyde. Staining for immunofluorescence was carried out as de-
scribed above, and analysis was done on an MRC1024 confocal system attached
to a Nikon Diaphot200 microscope with a 60�/1.40 oil objective.

RESULTS

Influenza A virus polymerase interacts with cellular RNA
polymerase II. Coimmunoprecipitation analysis was performed
to evaluate whether or not influenza A virus RNA polymerase
was found in a complex with cellular Pol II. In order to obtain
a cell lysate containing influenza virus RNA polymerase and
both transcriptionally active, engaged Pol II and nonengaged
Pol II, we prepared total cell lysates from infected 293T cells by
including a promiscuous nuclease in the cell lysis buffer (see
Materials and Methods). Nuclease treatment is known to re-
sult in the release of the actively transcribing, hyperphosphor-
ylated form of Pol II (14). Cell lysates were incubated with an
antibody against the PA subunit of the viral polymerase or a
control antibody. Immunoprecipitated proteins were analyzed
by Western blotting. The anti-PA antibody coprecipitated cel-
lular Pol II (Fig. 1, top panel, lane 4) from lysates of infected
cells but not from lysates of mock-infected cells (lane 3). The
unrelated control antibody serving as a specificity control did

not bring down Pol II from either lysate. An analogous co-
immunoprecipitation experiment with a polyclonal antibody
against the PB2 subunit gave similar results (data not shown).

Interestingly, we noticed that influenza virus polymerase
brought down Pol II forms with slow mobility, whereas the
fastest-migrating species was not detectable in the immuno-
precipitate (Fig. 1). This suggested that it interacted with the
hyperphosphorylated form of Pol II (Pol IIo) as well as with
some intermediately phosphorylated species. To analyze the
phosphorylation status of the coprecipitated Pol II in more
detail, the immunoprecipitates were also probed with mono-
clonal antibodies H5 and H14 which recognize the phospho-
serine 2 and phosphoserine 5 versions of the CTD, respec-
tively. As shown in Fig. 1, the anti-PA antibody brought down
the phosphoserine 5 form of Pol II recognized by antibody
H14, but we were unable to detect significant levels above
background of the phosphoserine 2 form recognized by anti-
body H5. Since phosphorylation of serine 5 of the CTD is
associated with early events in the transcription cycle (11, 12,
26), these results suggest that the viral polymerase interacts
with Pol II that is engaged in transcription.

We next tested whether the viral RNA polymerase complex
alone, in the absence of other viral proteins and viral RNA,
would interact with endogenous Pol II. For this purpose, 293T
cells were transfected with three plasmids expressing the viral
polymerase subunits, PB1, PB2, and PA, or with plasmids
expressing a TAP-tagged PB1 (PB1-TAP) as well as PB2 and
PA, or with empty vector plasmid. Lysates from the transfected
cells were purified on IgG-Sepharose, which retains the TAP
tag, and bound material was released by cleavage with TEV
protease. Using this strategy, the PB2 and PA subunits copu-
rified in approximately stoichiometric amounts with PB1-TAP
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FIG. 1. Coimmunoprecipitation of Pol II with influenza virus poly-
merase. Immunoprecipitations (IP) from lysates of 293T cells infected
with influenza virus A/WSN/33 or mock infected were performed with
a polyclonal anti-PA antibody (lanes 3 and 4) or with a polyclonal
anti-caspase 3 antibody (lanes 5 and 6). Immunoprecipitates (lanes 3 to
6) and lysates (lanes 1 and 2) were analyzed by Western blotting with
monoclonal anti-Pol II CTD antibody 8WG16, monoclonal anti-phos-
phoserine 2 Pol II antibody H5, and anti-phosphoserine 5 Pol II anti-
body H14, as indicated on the left.
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(Fig. 2D), but all subunits were absent when only untagged
subunits were expressed. Western blot analysis showed that Pol
II, as detected by monoclonal antibody 4H8, which detects the
CTD, also copurified with PB1-TAP (Fig. 2A, bottom panel,
lane 3). Furthermore, the recombinant viral polymerase dis-
played the same specificity as the viral polymerase immuno-
precipitated from infected cells; i.e., the phosphoserine 5 form
of Pol II copurified with the recombinant polymerase, whereas
the phosphoserine 2 form did not (Fig. 2B and C).

The trimeric complex of influenza virus polymerase inter-
acts with the Pol II CTD. The results presented above sug-
gested that the interaction of Pol II with influenza virus poly-
merase was mediated by the phosphorylated CTD of Pol II. To
confirm this, a plasmid coding for a fusion (TAP-CTD) of the
TAP tag (28) and the CTD of mouse Pol II, which differs from
the human CTD by only one amino acid, was transfected into
293T cells together with plasmids expressing the three influ-
enza virus polymerase subunits. As controls, we substituted the
TAP-CTD plasmid for a plasmid expressing GFP-TAP. Ly-
sates of transfected cells were purified by using IgG-Sepharose;
bound proteins were released by cleavage with TEV protease.
Western blot analysis showed that the influenza virus polymer-
ase subunits copurified with TAP-CTD (Fig. 3A, bottom pan-

els, lanes 6 and 10), indicating that the CTD was sufficient for
the interaction between Pol II and influenza virus polymerase.
These results could be due to interaction of Pol II with the
trimeric influenza virus polymerase complex or with the indi-
vidual polymerase subunits. To distinguish between these pos-
sibilities, 293T cells were also transfected with a plasmid ex-
pressing TAP-CTD as well as with single plasmids expressing
individual subunits and processed as before. None of the indi-
vidually expressed influenza virus polymerase subunits copuri-
fied with TAP-CTD, suggesting that the trimeric complex was
the entity recognized by the CTD (Fig. 3A, bottom panels,
compare lanes 2, 4, and 8 with lanes 6 and 10). We also tested
all possible combinations of coexpression of two subunits;
again, copurification of influenza virus RNA polymerase sub-
units was observed only when all three subunits were coex-
pressed (data not shown), lending further support to the idea
that the trimeric polymerase complex interacts with Pol II. It
should be noted that these results do not exclude indirect
interaction between the CTD and the influenza virus RNA
polymerase complex. In vitro transcription reactions were per-
formed in order to ascertain whether the polymerase com-
plexes copurifying with TAP-CTD were functional. As shown
in Fig. 3B, only the sample purified from cell lysates containing
TAP-CTD and polymerase subunits yielded the expected tran-
script. Since it is known that only the complex of all three
subunits is active in this viral transcription assay (3), this again
indicated that the viral holoenzyme was interacting with the
CTD.

In a reverse experiment, we tested whether the CTD could
be copurified with viral polymerase. Cells were transfected
with plasmids expressing a fusion of GFP and CTD (GFP-
CTD) as well as the influenza virus polymerase subunits PA,
PB1, and PB2 or a fusion of PB2 and the TAP tag (PB2-TAP),
and lysates were purified on IgG-Sepharose. As expected, the
untagged influenza virus polymerase subunits PA and PB1
were present, after purification, only in the sample containing
PB2-TAP (Fig. 3C). More importantly, GFP-CTD copurified
with the polymerase complex but was absent when PB2-TAP
was replaced with the untagged PB2 (Fig. 3C, second panel,
compare lanes 1 and 2).

Evidence for colocalization between influenza virus poly-
merase and cellular Pol II. In order to determine whether
influenza virus polymerase was associated with cellular Pol II
sites, we performed double immunofluorescence labeling of
the viral PA protein and Pol II in MDCK cells infected with
PR8 virus. As shown in Fig. 4A, panels a to d, a portion of the
PA signal overlapped with the signal for Pol II. Viral RNPs
consisting of viral genomic RNAs and NP are templates for the
viral RNA polymerase. In immunofluorescence analysis, we
observed partial colocalization between the polymerase sub-
unit PA and NP (Fig. 4A, panels e to h), as expected. The fact
that colocalization was only partial is presumably due to the
presence of free NP not bound to viral RNAs and, possibly,
free polymerase subunits or polymerase complexes not en-
gaged in RNA synthesis. As a control, we performed double
labeling with anti-NP and anti-PCNA antibodies; the latter
protein plays multiple roles in DNA replication, DNA repair,
and cell cycle control but does not colocalize with Pol II tran-
scription sites (14). As expected, the degree of overlap between
NP and PCNA was low (Fig. 4A, panels i to l). Statistical
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FIG. 2. Recombinant influenza virus polymerase interacts with Pol
II. Lysates from 293T cells expressing the three subunits of the influ-
enza virus polymerase or the PB2 and PA subunits as well as PB1-TAP
were purified on IgG Sepharose. (A to C) Total cell lysates (top
panels) and purified samples (bottom panels) were analyzed by West-
ern blotting with monoclonal anti-Pol II CTD antibody 4H8 (A),
monoclonal anti-phosphoserine 2 Pol II antibody H5 (B), and mono-
clonal anti-phosphoserine 5 Pol II antibody H14 (C). (D) Purified
material was analyzed on an 8% polyacrylamide gel, and proteins were
detected by silver staining.
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analysis of the degree of overlap confirmed that the overlap
between influenza virus polymerase and Pol II was significantly
higher than the overlap between NP and PCNA (Table 1).

As described above (Fig. 1), in coimmunoprecipitation, in-
fluenza virus polymerase interacted preferentially with a slowly
migrating, hyperphosphorylated form(s) of Pol II. Pol IIo, the
active, engaged form of Pol II, is found mainly in an insoluble
nuclear fraction by biochemical fractionation. We therefore
investigated whether influenza virus polymerase shared solu-
bility properties with Pol IIo by performing in situ extractions
on living cells, followed by double immunofluorescence label-
ing for the phosphoserine 2 form of Pol II and influenza virus

polymerase. As shown in Fig. 4B, stepwise extractions of cells
revealed a more pronounced granular nuclear pattern for hy-
perphosphorylated Pol II. Significantly, influenza virus PB2
protein also resisted, at least in part, high-salt extraction con-
ditions and strongly colocalized with the hyperphosphorylated
active form of Pol II.

DISCUSSION

It has been proposed that influenza virus transcription has a
functional link with Pol II transcription (7). In this report, we
show by using biochemical and imaging approaches that influ-
enza virus RNA polymerase is indeed associated with Pol II. It
was found that the CTD of the large subunit of Pol II was
sufficient for the interaction with influenza virus polymerase.
Moreover, the hyperphosphorylated form of Pol II, Pol IIo,
was enriched in immunoprecipitates together with influenza
virus polymerase. The CTD is a versatile protein-protein in-
teraction platform that mediates the association of RNA pro-
cessing complexes with active Pol II and thus ensures that
RNA processing events occur cotranscriptionally (1, 11, 12,
27). It is therefore possible that influenza virus has coopted the
CTD in order to gain access to transcriptionally active Pol II.
In this respect, it is of particular interest that in coimmuno-
precipitation experiments only the H14-reactive, phospho-
serine 5 form of Pol IIo interacted with influenza virus poly-
merase (Fig. 1). Serine 5 of the CTD is phosphorylated early
upon transcription initiation and plays a role in recruitment
and stimulation of capping enzymes (11, 12). By targeting
specifically this form of Pol II, influenza virus polymerase
would bind at a stage in the Pol II transcription cycle when the
capping process of pre-mRNAs is taking place. Thus, influenza
virus polymerase would be at the right place at the right time
for stealing capped RNA oligonucleotides from cellular
pre-mRNAs.

Our data do not rule out that the interaction of influenza
virus RNA polymerase with Pol II is indirect and is mediated
by factors that bind both the hyperphosphorylated CTD and
the trimeric influenza virus polymerase complex (Fig. 5). Since
the phosphoserine 5 form of Pol II was enriched in immuno-
precipitations with anti-influenza virus polymerase antibodies,
proteins involved in capping, or perhaps the cap binding com-
plex, may play such a role. Recently, a number of nuclear host
proteins have been reported to interact with influenza virus
proteins (4, 10, 13, 22–24), two of which (hsp90 and hCLE)
bind to viral polymerase subunits. These could mediate indi-
rect interaction between the viral polymerase and Pol II.

It is known that drugs that interfere with Pol II transcription
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FIG. 3. The trimeric influenza virus polymerase complex interacts
with the CTD of Pol II. (A) Lysates of 293T cells either expressing
individual viral polymerase subunits, as indicated, or coexpressing all
three subunits, as well as TAP-CTD or GFP-TAP, were directly ana-
lyzed by Western blotting with a polyclonal anti-PB1 antibody (which
cross-reacts with PA) (top left panel) or a polyclonal anti-PB2 antibody
(top right panel) or were purified on IgG-Sepharose followed by West-
ern blotting and probing with anti-PB1 (bottom left) or anti-PB2 (bot-
tom right) antibodies. (B) Material purified on IgG-Sepharose from
293T cells expressing the three influenza virus polymerase subunits
together with TAP-CTD or TAP-CTD alone was added to an in vitro
transcription reaction mixture with a short RNA oligonucleotide tem-
plate. Buffer instead of protein sample was used in the reaction mix-
ture loaded in lane 3. The size of a marker RNA of 14 nucleotides (the
expected product) is indicated by an arrow. (C) Lysates of 293T cells
expressing PB1, PA, and either PB2 or PB2-TAP, as well as GFP-CTD,
were analyzed by Western blotting with monoclonal anti-CTD anti-
body 8WG16 (top panel) or were purified on IgG-Sepharose followed
by Western blotting and probing with anti-CTD antibody 8WG16
(second panel), polyclonal anti-PB1 (third panel), or polyclonal an-
ti-PA (bottom panel) antibodies.

TABLE 1. Colocalization between influenza virus
proteins and Pol II

Proteins % Colocalizationa

NP/PA 39.2 � 15.7
PA/NP 17.8 � 9.5
Pol II/PA 16.4 � 10.2
PA/Pol II 37.1 � 21.1
NP/PCNA 4.5 � 3.0
PCNA/NP 10.5 � 9.3

a By Student’s t test, P � 0.001 for all colocalization percentages compared to
NP/PCNA or PCNA/NP, except for Pol II/PA compared to PCNA/NP (P � 0.02)
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FIG. 4. Influenza virus polymerase partially colocalizes with Pol II. (A) MDCK cells infected with influenza A/PR8/34 virus for 4 h were im-
munostained with antibodies against the proteins indicated and analyzed by confocal microscopy. Panels c, g, and k show electronic overlays of the
images displayed in the corresponding panels above. Yellow indicates overlap of the two fluorescent signals. Panels d, h, and l show the pixels that
have signal within the top 40% of fluorescence intensity in both channels (colocalized pixels). (B) A portion of influenza virus polymerase is insoluble
upon high-salt extraction. MDCK cells infected with influenza A/PR8/34 virus for 7 h were either directly fixed (a) or subjected to stepwise extractions;
cells were permeabilized in CSK plus 0.5% Triton X-100 (b), then treated with DNase and extracted in 0.25 M (NH4)2SO4 (c), and finally extracted in
2 M NaCl (d). Electronic overlays of the two separate channels (PB2 is pseudocolored green, and Pol II is pseudocolored red) are shown. Bars, 5 �m.
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inhibit influenza virus (16, 20, 21, 29). This has been inter-
preted as reflecting the need for ongoing cellular transcription
which continuously provides capped pre-mRNAs (2). While we
assume this interpretation to be correct, we add a new dimen-
sion to the link between Pol II transcription and influenza virus
RNA synthesis. By being in a complex with active, engaged Pol
IIo, influenza virus could make use of the locally higher con-
centrations of capped pre-mRNAs and preassembled splicing
factors. Similarly, it has been proposed that cellular transcrip-
tion factories provide high local concentrations of poly-
merases, promoters, and other factors, which leads to effective
and productive transcription of genes tethered to such facto-
ries (5). This scenario predicts influenza virus polymerase to be
found near or at Pol II transcription sites in the nucleus. Our
immunofluorescence analysis indeed supports this prediction
since we observed significant colocalization between Pol II and
viral polymerase. Not surprisingly, colocalization was only par-
tial, because not all engaged Pol II molecules are expected to
interact with viral polymerase. Moreover, our influenza virus
polymerase-specific antibodies do not distinguish between en-
gaged and transcriptionally inactive forms, e.g., viral RNPs
destined for nuclear export. Interestingly, the solubility char-
acteristics of Pol IIo and a portion of influenza virus polymer-
ase were found to be similar in that both were resistant to
high-salt extraction conditions. This indicates that influenza
virus polymerase is associated with structures or complexes
that are firmly attached to nuclear substructures. In accor-
dance with this finding, it was reported previously that influ-
enza virus RNA synthesis took place in so-called “nuclear
cages” or in the nuclear matrix fraction (15, 19). Similarly, it
has been demonstrated that high-salt-resistant Pol IIo, which
can be solubilized by treatment with RNase, is the active frac-
tion of Pol II (14).

Aside from the obvious implications of the interaction be-
tween influenza virus polymerase and Pol II for the production

of viral mRNAs, an intriguing issue is the potential conse-
quence of this interaction for the function of Pol II. Although
recently it has been proposed that the NS1 protein of influenza
virus is a major player in shutting down host protein synthesis
by interfering with the host polyadenylation machinery (4, 24),
it is tempting to speculate that binding of the viral polymerase
to the CTD might contribute to virus-induced host shutoff by
resulting in abortive cellular mRNA transcription. The viral
polymerase might interfere with the function of the CTD ei-
ther by affecting its phosphorylation status or by competing
with cellular proteins that normally bind to the CTD.

In conclusion, this work extends the current model of influ-
enza virus polymerase action in the nucleus of the infected cell
by proposing that the functional interplay between viral poly-
merase and cellular RNA processing events is mediated, either
directly or indirectly, through a physical interaction between
influenza virus polymerase and active, transcribing Pol II.
While this model suggests an attractive mechanism for the
interplay between a viral and a host RNA polymerase, the full
significance of this observation remains to be determined.
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