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Summary

Cellular factors which associate with the influenza A viral ribonucleoprotein (vRNP) are presumed
to play important roles in the viral life cycle. To date, interaction screens using individual vRNP
components, such as the nucleoprotein or viral polymerase subunits, have revealed few cellular
interaction partners. To improve this situation, we performed comprehensive, proteomics-based
screens to identify cellular factors associated with the native vRNP and viral polymerase complexes.
Reconstituted vRNPs were purified from human cells using Strep-tagged viral nucleoprotein (NP-
Strep) as bait, and co-purified cellular factors were identified by mass spectrometry (MS). In parallel,
reconstituted native influenza A polymerase complexes were isolated using tandem affinity
purification (TAP)-tagged polymerase subunits as bait, and co-purified cellular factors were again
identified by MS. Using these techniques, we identified 41 proteins which co-purified with NP-Strep-
enriched vRNPs, and 4 cellular proteins which co-purified with the viral polymerase complex. Two
of the polymerase-associated factors, importin-β3 and PARP-1, represent novel interaction partners.
Most cellular proteins previously shown to interact with either viral NP and/or vRNP were also
identified using our method, demonstrating its sensitivity. Co-immunoprecipitation studies in virus-
infected cells using selected novel interaction partners, including nucleophosmin (NPM), confirmed
their association with vRNP. Immunofluorescence analysis further revealed that NPM is recruited
to sites of viral transcription and replication in infected cells. Additionally, overexpression of NPM
resulted in increased viral polymerase activity, indicating its role in viral RNA synthesis. In summary,
the proteomics-based approaches used in this study represent powerful tools to identify novel vRNP-
associated cellular factors for further characterization.

Introduction

The genome of influenza A virus is composed of eight segments of single-stranded RNA of
negative polarity (vRNAs). The viral RNA segments exist as ribonucleoprotein (vRNP) with
nucleoprotein (NP) and the viral RNA dependent RNA polymerase.1 The polymerase itself
consists of the three subunits PB1, PB2 and PA.1 After infection, vRNPs are transported into
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the nucleus where viral transcription and the replication of the viral genome take place.1 The
untranslated sequences at the 5′ and the 3′ end of each genomic RNA segment act as promoter
elements which are recognized by the viral polymerase. Initiation of transcription of viral
mRNA requires a 5′capped primer.2 The PB2 subunit of the polymerase has a cap-binding
function and together with the PB1 subunit, which harbors an endonuclease function, is
involved in the generation of the 5′capped primer from host pre-mRNA. The role of PA in the
process of transcription is still unknown. The mRNA is elongated until the polymerase reaches
a uridine rich sequence at the 5′ end of the vRNA. This sequence serves as a termination and
polyadenylation signal.1 The soluble virus proteins are translated by free ribosomes in the
cytoplasm and subsequently accumulate in the nucleus. This accumulation of viral proteins in
the nucleus is thought to be responsible for the switch from viral transcription to viral genome
replication. vRNA is also copied in a primer-independent manner into complementary
(uncapped, non-polyadenylated) cRNA, which in turn becomes encapsidated by the NP and
serves as a template for the novo synthesis of vRNAs. vRNAs assemble with NP, PB1, PB2
and PA to form vRNPs which bind to the viral matrix protein. The viral matrix protein M1 is
thought to mediate the binding of the viral nuclear export protein (NEP) to vRNPs, thereby
initiating a crm-1-dependent exit of the vRNP from the nucleus3 vRNPs are guided to the
plasma membrane where they assemble with the cytoplasmic parts of the viral membrane
proteins. This assembly is apparently mediated by the M1 protein which has also been
hypothesized to be the driving force in the budding process.4

The various functions of vRNP during the viral life cycle suggest that many cellular factors
associate to this complex, fulfilling different functions. In addition, the interaction of vRNP
components with cellular proteins may also determine the host specificity of influenza virus.
However, to date only few cellular factors have been described which interact with these
components. These include importin-α2, which recognizes unconventional nuclear localization
signals of NP5, thereby mediating the nuclear import of vRNPs and NP.6 Biochemical
purification studies also revealed the RNA helicase BAT17 as a factor that specifically interacts
with monomeric NP. It is believed that this interaction stimulates the association of NP to viral
RNA, thus promoting viral RNA synthesis.7 Similarly, binding of heat shock protein 90
(HSP90) to PB2 stimulates the viral polymerase activity.8 The large subunit of the host cell
polymerase II represents another influenza polymerase-interacting factor.9 Although the
functional significance of this interaction remains to be shown, it is believed that this interaction
triggers premature polymerase II termination.10 The inducible heat shock protein 70 was
shown to block nuclear export of vRNP by binding to this complex,11 whereas the role of the
PA-interacting protein hCLE, a protein of unknown function, remains unclear.12 Finally, it is
believed that the interaction of NP with the cytoskeleton component F-actin causes retention
of vRNPs in the cytoplasm and prevents their re-import into the nucleus.13

The majority of the above described cellular factors were identified by either yeast-two-hybrid
screens with individual components of vRNP, including polymerase subunits, or co-
immunoprecipitation experiments using antibodies directed against a suspected cellular
interaction partner. 5, 8, 9, 12, 13 It is therefore reasonable to assume that not all interaction
partners have been identified, especially those proteins interacting with native vRNPs or
polymerase complexes. To identify cellular factors associated to these native viral complexes
we purified reconstituted vRNPs by Strep-tagged viral nucleoprotein (NP-Strep) and the viral
polymerase by tandem-affinity-purification (TAP)-tagged polymerase subunits from human
cells and analyzed the co-purified cellular factors by mass spectrometry (MS). These analyses
revealed the identification of 41 cellular proteins, including 5 of the 7 previously described
interaction partners. Four cellular proteins were found to co-purify with the viral polymerase
complex, two of which, importin-β3 and the poly-adenyl-ribosyl-polymerase (PARP-1),
represent new interaction partners. Co-immunoprecipitation studies confirmed the association
of selected interaction partners to vRNP in virus-infected cells. Functional studies with a newly
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identified factor, nucleophosmin (NPM), revealed that this protein is not only recruited to the
sites where viral replication and transcription occurs but also increases the viral polymerase
activity. These data demonstrate that the proteomic-based approaches used in this study
represent powerful tools to identify novel cellular factors of vRNPs and the polymerase
complex for further functional characterization.

Experimental procedure

Cells and viruses

HEK293T, MDCK and Vero cells were grown in Dulbecco’s modified essential medium high
glucose (DMEM, Invitrogen) supplemented with 10% fetal calf serum, 2 mM L-glutamine and
penicilline/streptomycine. The mouse adapted Influenza A/WSN/33 (WSN) virus (H1N1) was
propagated in MDCK cells.

Plasmid construction

The pCAGGS (pCA)14 based plasmids encoding PB1, PA, PB2 and NP (WSN strain) are
described.15 The dual reporter plasmid pPOLI-FLUA-FF/SV40 Renilla contains the firefly
luciferase gene flanked by the influenza A virus NS gene non-coding regions and a truncated
POLI promoter and the hepatitis delta virus ribozyme, as well as the renilla luciferase under
the control of the SV40 promoter. This plasmid expresses an influenza virus-like vRNA
encoding firefly luciferase and a mRNA encoding renilla luciferase. In order to construct this
plasmid, the firefly luciferase gene flanked by the NS gene non-coding regions was first
inserted into the SapI site of the pPOLI vector,15 and subsequently a BamHI/BglII fragment
derived from pRL-SV40 (Promega) was inserted into the BamHI site of pPOLI-FLUA-FF.
Expression of firefly luciferase is only achieved upon cotransfection with plasmids encoding
functional influenza A virus proteins PB2, PB1, PA and NP. Expression of renilla luciferase
is used to monitor transfection efficiency. The reporter plasmid pPOLI-GFP was constructed
by inserting the GFP ORF flanked by the non-coding regions of the NS gene of influenza A
virus into the SapI site of the pPOLI vector. To obtain expression plasmids coding for C-
terminal TAP-tagged bait proteins, the coding region of the TAP-tag was first amplified by
PCR from plasmids coding for C-terminal tags harboring the calmodulin binding domain, 2 or
4 tobacco etch virus (TEV) protease cleavage sites and 2 protein A units16 and cloned into the
SphI and XhoI sites of pCAGGS.14 Subsequently, the coding region of PA, PB1, PB2 were
PCR amplified and cloned into the EcoRI and the SmaI site of pCAGGS-TAP with 2 TEV
sites. The same was done for NP and pCAGGS-TAP with 4 TEV sites. Similarly, PB1, DDB1
and NPM were cloned into pCAGGS where a HA-or a Flag-tag had been inserted between the
SmaI and the XhoI sites. The pCA-NP-Strep construct was derived from the pCA-NP-TAP
construct with 4 TEV sites. By digesting with MfeI and XhoI 2 TEV sites and the protein A
units were removed and replaced with a linker coding for the Strep II tag.17 This resulted in a
C-terminal tag of NP, including the Strep motif, coding for 72 amino acids (8.2 kDa). The
correct sequence of all constructs described above was verified by sequencing.

Strep-purification

Two 15 cm dishes of 80% confluent HEK 293T cells were transfected by the calcium phosphate
method with 5μg of pCA-PA, pCA-PB1, pCA-PB2, pPolI-GFP, 4μg of pCA-NP and 1μg of
pCA-NP-Strep each. If not otherwise stated all steps were done at 4°C or on ice. Twenty-four
h after transfection, cells were washed with buffered saline phosphate (PBS) and harvested for
the preparation of total cell extracts (TCE) as described.16 Briefly, cells were low speed
centrifuged and resuspended in 6 ml of a hypotonic buffer (10 mM Hepes pH 7,9, 1.5 mM
MgCl, 10 mM KCl, 0,5 mM DTT, 1% protease inhibitors Mix G (Serva, Heidelberg, Germany).
After 5 strokes in a douncer, 2 ml of a hypertonic buffer were added (50 mM Hepes pH 7,5,
1,26 M K-Acetat, 1,5 mM MgCl, 0,5 mM DTT, 1% protease inhibitors), and the cells were
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dounced at least 20 times, incubated for 20 min and then centrifuged at 16000 g for 15 min.
TCE was diluted with 8 ml buffer dilution buffer (10 mM Hepes pH 7,9, 1,5 mM MgCl, 10
mM KCl, 0,5 mM DTT) and a final concentration of 0.1 % NP40, 15% glycerol and 25 u/ml
benzonase was added and incubated for 1 h. After equlibration of a Strep-Tactin column (Iba,
Göttingen, Germany) with 1ml bed volume with an equivalent mixture of all 3 buffers
mentioned above. TCE was applied to the column and purification was further performed
according to the manufacturers’ recommendations. Elution fractions of 500μl were pooled,
precipitated by the trichloric acid method and size fractioned on a 4 to 20 % denaturing SDS-
gel (Invitrogen). Bands were visualized with Sypro-Ruby staining (Molecular Probes), excised
and trypsin digested as described.18 Purification of either influenza NS1 or Borna Disease
Virus phosphoprotein P fused to a Strep II-tag from HEK293T cells was essentially carried
out as described above.

Tap-Purification

Influenza polymerase subunits and TAP fusions proteins encoding pCAGGS vectors (total
amount 15 μg) were transfected into HEK 293t cells in a 10 cm dish using Metafectene
(Biontex) according to the manufacturers recommendations. 24 h after transfection cells were
harvested and TAP purification was carried as described19 with modifications. Briefly, TCE
was obtained by incubating the cells for 10 min with 900ml lysis buffer containing 25%
glycerol, 50 mM Tris HCl pH8.0, 0.5% Nodinet P 40, 200 mM NaCl, 1 mM β-mercaptoethanol,
1 mM PMSF and 1% protease inhibitors. After spinning down the cell debris at 16000 g, TCE
was diluted in 4,6 ml 110 mM NaCl solution and incubated for 2 h at 16°C with 100μl packed
IgG-beads, which had been washed 3x in binding buffer (10 mMTris pH8, 1% Glycerol, 0,2%
Nonidet P40, 150 mM NaCl, 1mM PMSF). The charged beads were washed 3 × with binding
buffer containing 0,1 mM dithiothreitol (DTT). Subsequently, the bait proteins were released
into the supernatant by cleavage with the auto protease resistant mutant of TEV20 at 16°C.
The recovered supernatant from the IgG beads was diluted with 4 ml binding buffer containing
4 mM CaCl2 and 2 mM imidazole. This mixture was rotated with 100μl of packed calmodulin
binding beads (Stratagene) in a 0.8×4 Polyprep column (Bio Rad) at 16°C. After washing with
5 ml of binding buffer containing 4 mM CaCl2 and 2 mM imidazole proteins were eluted with
4 × 150 μl elution buffer (5 mM EGTA and 10 mM Tris pH 8.0). The elution fractions were
treated as in the Strep-purification. For Fig. 1B the pooled and precipitated proteins were run
on a denaturing 8% SDS-gel and the bands were visualized by silver staining.

Mass Spectrometric Protein Identification

Tryptic peptides of each fraction were resuspended in 5 μl of 5% acetonitrile (ACN) and 0.2%
formic acid (v/v) in water, and loaded on laboratory-made silica capillary columns (inner
diameter of 75 μm, length of 9 cm; BGB Analytik AG, Bockten, Switzerland) packed with
C18 reversed phase material (Magic C18 resins; 5 μm, 200-Å pore; Michrom BioResources,
Auburn, CA, USA). The peptide mixture was separated and eluted by a gradient from 5 to 65%
ACN over 2 h followed by an increase up to 80% during an additional 15 min. The flow rate
at the tip of the column was adjusted to ca. 200 nl/min. LC was coupled on line to an LCQDeca
XP ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA) equipped with a
nanospray ionization source. Mass analysis was performed with a spray voltage of 2.0 – 2.5
kV and one MS full scan followed by three data-dependent MS/MS scans of the three most
intense parent ions. The dynamic exclusion function was enabled to allow two measurements
of the same parent ion during 1 min followed by exclusion for 1 min.

Analysis and Interpretation of MS-data

MS/MS data were interpreted according to the standards proposed by Carr and colleagues.21

The SEQUEST software (Thermo Finnigan) was used to search the NCBI non-redundant
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protein data base (www.ncbi.nlm.nih.gov, downloaded 06/13/2003). Data files were created
by the SEQUEST software for every MS/MS scan with a total ion count of at least 5×104,
minimal peak count of 35, and a precursor ion mass in the range of 300–2000 m/z. Data were
searched against the data base restricted to tryptic peptides without modifications (except for
carboxyamidomethylated cysteines 57.0513 and oxidized methionines 15.9994) allowing a
parent mass error tolerance of 2 Da and daughter ion error tolerance of 0.8 Da. To assess false
positive identification rates statistically, we performed Peptide and Protein Prophet data
analyses.22, 23 These statistical models allow for the assessment of false positive identification
rates and we chose a cutoff of >0.9, for accepting protein identity suggesting a false positive
identification rate of less than 10%. To further decrease the likelihood of false positive protein
identifications, we manually analyzed all spectra for correct peak assignment.

Co-immunoprecipitation

HEK 293T cells were transfected in 35 mm dishes using Lipofectamin 2000 (Invitrogen).
Approximately 48 h post transfection cells were washed with PBS and lysed in 500 μl of lysis
buffer (50 mM Tris (pH 8.0), 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 10%
glycerol, 1 mM DTT). After centrifugation at 10000 g for 15 min., 250 μl of whole cell extract
were incubated rotating for 3 h at 4°C with 20 μl of monoclonal α-HA agarose beads (Sigma),
which have been washed 3 x with lysis buffer before use. For endogenous co-IP a confluent
10 cm dish of MDCK cells was infected with influenza A/WSN/33 (MOI 0,5) and 8 h post
infection the cells were collected, washed with PBS and lysed in 1 ml of lysis buffer (50 mM
Tris-HCl (pH 8.0), 280 mM NaCl, 0.5% IPEGAL (or NP40), 0.2 mM EDTA, 2 mM EGTA,
10% Glycerol) supplemented with complete protease inhibitor cocktail (Roche). After
centrifugation at 10000 g for 15 min. 300 μl of the supernatant (whole-cell-extract) was
incubated with 2 μl of polyclonal NP antibody for 2 h at 4°C. After incubation with 30 μl of
protein A agarose beads for further 1 h, beads were washed 5 x with 1 ml of lysis buffer.
Samples were analyzed by western blotting using primary polyclonal antibody (AB) against
HA (Sigma, dilution 1:1000), Flag (Sigma, 1:1000), NP24 1:500), PB1 (kindly provided by P.
Palese (Mount Sinai School of Medicine, NY), 1:250) as well as monoclonal AB against NPM
(Chemicon, 1:2000) and DDB1 (Zymed, 1:500). Secondary antibodies included horseradish
peroxidase-linked α-rabbit IgG and α-mouse IgG (both Amersham Biosciences, 1:5000),
respectively.

Immunofluorescence analysis

MDCK cells were transfected in suspension using Lipofectamine 2000 (Invitrogen), plated in
a 24 well dish containing glass cover slips and infected with WSN virus 24 h post transfection.
Cells were fixed in 2,5 % paraformaldehyde in PBS for 30 minutes, washed once with PBS
and permeabilized with PBS containing 0,5 % NP-40 for 30 min. After washing with PBS,
cells were incubated with 1 % bovine serum albumine (BSA) in PBS overnight at 4°C to block
unspecific binding of antibodies. Next, the primary antibody-mix (polyclonal α-NP 1:500;
monoclonal α-Flag 1:2000 (Chemicon) in PBS containing 1% BSA was added for 1h at RT.
Cells were washed 3x with PBS before the secondary antibody mixture (FITC linked α-rabbit
IgG 1:100 and Texas red linked α-mouse IgG 1:100 in PBS containing 1% BSA) was added
for 30 min. at RT. In a final step, cells were washed 3× with PBS, rinsed with water before
mounting the cover slips on microscope slides.

Minireplicon assays

HEK 293T cells were transfected by Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions with expression plasmids encoding influenza virus proteins (pCA-
PB1, pCA-PB2, pCA-PA, pCA-NP, 50ng each), a reporter plasmid (50 ng) coding the firefly
luciferase under the control of a Pol I promoter (to measure the influenza polymerase activity)
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and for renilla luciferase under the control of a SV40 promoter (for normalization). The activity
of firefly and renilla luciferase was measured 48 h post transfection by using the Dual-luciferase
reporter assay system (Promega) according to the manufacturer’s instructions. To measure an
effect of other proteins on the polymerase activity, cells were additionally transfected with
empty plasmid or different amounts of a NPM-, DDB1- or GFP-expression plasmid
(250/500/1000ng). All transfections contained the same amount of DNA to ensure that the
transfection efficiency was the same in all wells. TAP-tagged polymerases were tested for
functionality by replacing the corresponding expression plasmid coding for the untagged
subunits with plasmids expressing the TAP-tagged polymerase subunit.

Results and Discussion

Identification of cellular interaction partners of influenza virus RNP

Cellular factors associated to influenza virus RNP are thought to play important roles in the
viral life cycle. However, only few cellular interaction partners (CIP) had been previously
identified, mainly by yeast-two-hybrid screens. To identify novel CIP by a proteomic-based
approach, we purified reconstituted viral RNPs from human cells using a Strep-tagged viral
nucleoprotein and identified the co-purified factors by MS. Initial attempts to purify vRNP
components by TAP-tagged NP failed due to inefficient yields, although the tag itself did not
impair the function of this protein (data not shown). Part of the TAP-tag was therefore replaced
with a Strep-tag (see also experimental procedure). The Strep-tag is a small molecule ligand
that specifically binds to strep-tactin, a derivate of streptavidin.17 HEK 293T cells were
transfected with expression plasmids encoding the polymerase subunits (PA, PB1 and PB2),
the viral nucleoprotein NP, an NP-Strep fusion protein and a plasmid transcribing an influenza
virus minigenome RNA (Pol I-Minigenome) expressing the green fluorescence reporter protein
(Fig. 1A). Since each vRNP contains many NP molecules, we transfected NP as well as Strep-
NP at a ratio of 5:1, to prevent tagged vRNPs from binding too tightly to the affinity matrix.
Total cell extract was prepared 24 hours post transfection when successful replication and
transcription of the reconstituted viral RNPs had occurred as indicated by strong intracellular
GFP signals (data not shown). To allow purification of polymerase-associated factors the cell
extract was treated with benzonase, a nonspecific nuclease that degrades DNA and RNA, as
described by Engelhard et al. 9 However, this treatment may partially attack the encapisdated
viral minigenome RNA, 25 and some cellular interaction partners that depend on the integrity
of RNP-bound RNA might have been lost. Native NP-Strep complexes were isolated by a
single-step purification using Strep-tactin columns and purified complexes were subjected to
SDS-PAGE electrophoresis. As shown in Fig. 1A, the native NP-Strep protein complex
released from these beads by desthiobiotin was composed of several proteins with different
sizes. LC-MS/MS analysis revealed NP-Strep (64.4 kDa) and NP (56.2 kDa) to be the major
protein bands purified (Fig. 1A). In addition, all polymerase subunits (PA, PB1 and PB2) were
identified (Fig. 1A, supplemental Table 4). This suggests the successful purification of viral
RNPs although the total amount of vRNP purified is difficult to judge, since it is impossible
to differentiate between vRNP and other complexes such as NP/polymerase subunit complexes.
26, 27 After tryptic digestion of individual gel slices of the SDS-polyacrylamide gel shown in
Fig. 1A and LC-MS/MS analysis, a total of 41 cellular proteins were identified (Table 1). The
minority of these factors (n=8) was identified by single hits, whereas the identity of the majority
of co-purified proteins was based on independent peptide information (Table 1, supplemental
Table 2). Most cellular factors previously shown to interact with either the viral nucleoprotein
NP and/or vRNP, 5, 7, 11, 13 6, 28–30 including the spliceosome RNA helicase BAT1, HSP70,
actin and Importin-α2 (Supplemental Table 1), were also identified in this experiment (Table
1), confirming the sensitivity of this method. However, the large subunit of the cellular
polymerase II, which is suspected to bind to the vRNP via the viral polymerase complex,9 was
not detected. To rule out the possibility that threshold levels of vRNP-bound polymerase II
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were insufficient for MS detection, we performed Western blot analysis using a
phosphorylation-specific antibody recognizing multiple Ser-5-phosphorylated sites at the C-
terminal domain (CTD) of this protein.9 This confirmed the presence of this protein in the NP-
Strep-eluted fraction, whereas the Pol II CTD was not detected in control purifications using
Strep-NS1 as bait (Supplemental Fig. 1).

The CIP identified (Table 1) can be separated into functional categories. These include
components of the ubiquitination machinery, for example the ubiquitin carboxyl-terminal
hydrolase 10 or the DNA-damage binding protein 1 (DDB1), as well as proteins involved in
translation such as the ribosomal proteins of the 60S and 40S subunits, elongation factor 1α or
tRNA synthetases. Furthermore, various heat shock proteins belong to the group of chaperones,
while interleukin enhancer-binding factor 3 and transcription intermediary factor 1β represent
transcription factors. In addition, CIP such as actin and various isoforms of tubulin constitute
members of the cellular cytoskeleton family.

Some CIP may represent components of larger cellular protein complexes. Thus, not only direct
interactors might have been isolated by co-purification, but also proteins linked to the vRNP
or NP complexes through bridging proteins. This could explain the identification of NPM and
nucleolin (Table 1), which are known to form a complex in the nucleus.31 Furthermore, NPM
binding may also account for the co-purification of ribosomal proteins, since this protein is
associated with pre-ribosomal particles.32, 33 It is also possible that some of the CIP, including
the ribosomal proteins, the various isoforms of tubulin and heat shock proteins (Table 1),
represent unspecific binding partners. However, we performed as controls purifications with
N-terminally Strep-tagged Influenza NS1 or Borna disease virus phosphoprotein. In these
assays, heat shock proteins were co-purified, but not ribosomal proteins nor tubulin (data not
shown). This suggests that tubulin and ribosomal proteins represent specific CIP of influenza
virus RNPs but still do not exclude the possibility that heat-shock proteins specifically interact
with vRNPs.

Some of the CIP identified in this study are known to be recruited by other viruses, and this
may therefore provide clues about their potential functions during influenza virus infection.
For example, NPM is a multifunctional protein34 that was described to interact with Hepatitis-
D virus (HDV) small and large antigen, thereby promoting viral transcription.35 It also
interacts with HIV Rev protein and stimulates the nuclear import of this protein.36 The
translation elongation factor 1α represents an essential co-factor of the viral polymerase of
vesicular stomatitis virus (VSV).37 The DNA-damage binding protein 1 (DDB1) interacts with
the viral protein HBx of Hepatitis B Virus (HBV) and this interaction is necessary to establish
efficient viral replication,38 possibly by preventing DDB1 from binding to the promoter of the
protein kinase R (PKR), thereby reducing the antiviral response of the host cell.39 Interestingly,
another CIP of influenza virus RNP components, the heterogeneous nuclear ribonucleoprotein
A1, cooperates with DDB1 in the regulation of the PKR promoter. Additionally, DDB1 has
been shown to be a core subunit of the Cul4A-based ubiquitin ligase complex.40 To escape
the innate immune system, the V proteins of several paramxyoviruses form a complex with
DDB1 and STAT proteins (key signal transducers in the interferon pathway) to initiate their
proteasomal degradation.41–43 Furthermore, Poly-adenyl-ribosyl-polymerase 1 (PARP-1) is
a multifunctional protein participating in the regulation of both DNA repair and transcription.
44 Recognition of DNA single strand breaks activates PARP-1 to synthesize polymers of ADP-
ribose and transfer them to itself and to specific acceptor proteins for DNA repair.44 However,
PARP-1 is also known to influence host gene transcription by modification of topoisomerases,
transcription factors, p53 and other proteins.44 In addition, PARP-1 is a negative regulator of
HIV-1 viral transcription.45 Although there is no immediate link explaining a possible function
of PARP-1 during influenza virus infection, infection of primary cells lacking PARP-1 resulted
in 20-fold decreased virus titers as compared to wild-type cells (Mayer, M., Hassa, P., Hottiger,
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M. and Schwemmle, M., unpublished), suggesting that this protein contributes to viral
replication. Further studies will be needed to investigate the role of CIPs of the influenza virus
RNPs in viral replication.

Identification of cellular interaction partners of the influenza virus polymerase complex

To isolate cellular factors that bind to the trimeric polymerase complex only, we expressed two
untagged and one C-terminally TAP-tagged polymerase subunits in 293T cells as described in
Fig. 1B and purified the complex by the TAP-method.9 The activity of the TAP-tagged fusion
proteins was comparable to unmodified polymerase subunits when assayed in an influenza
virus minireplicon system (data not shown). MS analysis revealed that purification of the
polymerase complex using PA-TAP as bait resulted in the co-purification of the two untagged
polymerase subunits (Fig. 1B, lane 3), in addition to HSP90 (Fig. 1B, lane 3, Table 2,

Supplemental Table 3), a previously described factor known to interact with the PB2
polymerase subunit8 (Supplemental Table 1). Furthermore, MS analysis identified importin-
β3 and PARP-1 as components of the silver-stained band at approximately 120 kDa (Fig. 1B,
lane 3). Moreover, importin-β3 and PARP-1 were not co-purified when all three polymerase
subunits were expressed without the TAP-tag (Fig. 1B, lane 1), demonstrating the specific co-
purification of both proteins. In addition, expression of PA-TAP alone failed to co-purify these
two factors (Fig. 1B, lane 2). Similar to the NP-Strep-purification, the presence of the large
subunit of the cellular polymerase II was not detectable by MS. However, using the highly
sensitive phosphorylation-specific antibody recognizing the multiple Ser-5-phosphorylated
sites of this protein, we could again confirm the presence of this protein by Western blot analysis
(data not shown). Unfortunately, accompanying unspecific cellular proteins with molecular
masses of < 50000 which were purified by the TAP procedure, independently of the presence
of bait proteins (Fig. 1B), prevented the identification of specific low molecular weight CIP.

Importin-β3 represents a novel CIP which co-purified with the polymerase complex only. This
protein recognizes and initiates nuclear translocation of its substrate by direct binding and
without the need of additional import factors.46 Since the assembly of the polymerase subunits
occurs in the nucleus and is independent on the presence of the viral nucleoprotein, it seems
likely that the nuclear import of either PB2 or the complex consisting of PA and PB1 that is
preformed in the cytoplasm47 is mediated by importin-β3. Since importin-β3 binds to the TAP-
purified PB1/PA complex (data not shown) but not to PA-TAP (Fig. 1B), we speculate that
importin-β3 recognizes PB1 and thereby promotes the nuclear import of PB1/PA complex.
Importin-β3 was not found to be associated with vRNP (Table 1), most likely because it is
released after transport of its cargo to the nucleus, and thus prior to polymerase binding to the
vRNP. In addition to importin-β3, we also identified PARP-1 as a new CIP of the polymerase
complex. Notably, this nuclear factor was identified with both purification strategies (Fig. 1A
and B), indicating that PARP-1, in contrast to importin-β3, is also associated with the RNP-
bound polymerase complex.

In summary, purification of the viral polymerase complex identified 4 CIP, including two new
(Importin-β3 and PARP-1) and two known factors. Co-purification of the two previously
described factors, the large subunit of polymerase II and the PB2-interacting protein HSP90,
further demonstrated the feasibility of this purification method to identify CIP of the viral
polymerase. hCLE, a protein of unknown function, described to interact with the PA
subunit12 was not identified in our study. This might be due to a protein concentration below
the limit necessary for detection by MS analysis or loss during the purification procedure.

The cellular proteins NPM and DDB1 specifically associate with the viral RNP

We selected two vRNP-interacting proteins, DDB1 and NPM (Table 1), to confirm specific
interaction by co-immunoprecipitation (co-IP) experiments, since we could not exclude the
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possibility that some CIP might represent unspecific factors. For this purpose we reconstituted
the viral RNP in 293T cells by transfection of expression plasmids coding for the viral
minigenome, NP, PB2, PA and the HA-tagged polymerase subunit PB1 (PB1-HA) together
with C-terminally Flag-tagged DDB1 or NPM, respectively. After 24 hours a cell extract was
prepared and the viral RNPs were immunoprecipitated by specific antibodies directed against
the HA-tag of PB1-HA. This resulted not only in the co-precipitation of the viral nucleoprotein
but also in the co-precipitation of DDB1-Flag (Fig. 2A, lane 3) or NPM-Flag (Fig. 2B, lane 3),
indicating that both factors interact with reconstituted vRNPs. In control IPs, using untagged
PB1 or no viral polymerase subunits neither DDB1 nor NPM were detected in the precipitates
(Figs. 2A and 2B, lane 2). Next we wanted to demonstrate association of endogenous DDB1
and NPM with authentic viral RNPs. After infection of MDCK cells with WSN virus for 8
hours, a cell extract was prepared and vRNP were precipitated using NP-specific antibodies
(Fig. 2C). Successful IP of the vRNP could be demonstrated by the presence of NP as well as
the enrichment of PB1 (Fig. 2C, lower panels). In addition, both DDB1 and NPM were
successfully co-immunoprecipiated, whereas in control IPs using mock-infected cells (Fig. 2,
lane 3), no DDB1 or NPM was detectable. In summary these results indicate that DDB1 and
NPM specifically associate with the viral RNP.

NPM is relocated in virus-infected cell and promotes viral polymerase efficiency

NPM is a major nucleolar protein involved in the ribosome biogenesis. Although NPM is found
primarily in the nucleolus it has the ability to shuttle between the nucleus and cytoplasm.48

Since influenza virus replication and transcription occur in the nucleoplasm and not in the
nucleolus,49 we wondered whether NPM might be relocated from the nucleolus to these sites.
To test this hypothesis, we analyzed the sub-cellular localization of NPM during the course of
an influenza virus infection. Since no suitable NPM-specific antibodies were available to detect
endogenous NPM by IFA, we first transfected MDCK cells with NPM-Flag, then infected
these cells 12 hours later with influenza virus and performed IFA using Flag-tag- and NP-
specific antibodies. As shown in Fig. 3A, early in infection (3 to 4 hours) NPM-Flag resides
in the nucleolus35 whereas the majority of the viral nucleoprotein is found primarily in the
nucleoplasm. In contrast, at later time points (6–8h) NPM-Flag was found in the nucleoplasm,
partially co-localizing with the nucleoprotein (Fig. 3 A and B). These results indicated that
NPM is recruited to the sites of the viral RNP. After 8 hours of infection the viral nucleoprotein
is partially found in the cytoplasm as mature vRNPs are transported into the cytoplasm to
become incorporated into virus particles.50 As shown in Fig. 3B, NPM was not detectable in
the cytoplasm at an intermediate stage of infection,51 suggesting that this protein is only
associated with the nuclear vRNPs during viral replication and transcription.

Since NPM is known to increase hepatitis delta virus (HDV) transcription by binding to the
HDV antigens,35 we speculated that over-expression of NPM might also increase the influenza
virus polymerase activity. To test this, vRNPs were reconstituted in 293T cells using an
influenza virus minigenome coding for the luciferase protein, which allows the quantification
of the polymerase activity. Increasing concentrations of an NPM-expression plasmid resulted
in enhanced polymerase activity, with a maximum two-fold increase (Fig. 4). In contrast,
similar concentrations of GFP-expressing plasmids had no impact on the polymerase activity.
NPM is known to possess chaperone activity in its N-terminal region, whereas a nucleic acid
binding domain was mapped to its C-terminal region.52 It is believed that the chaperone
activity prevents protein aggregation of ribosomal proteins in the nucleolus and therefore
facilitates the ribosome assembly process.52 Increasing concentrations of an expression
plasmid coding for the N-terminal 134 aa of NPM (NPMΔC134), harboring the chaperone
activity,52 also resulted in an enhanced polymerase activity, with a maximum 4-fold increased
(Fig. 4). Similar to the function of BAT1, which also enhances viral RNA synthesis by
facilitating NP-RNA interaction, we speculate that NPM might support correct assembly of
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vRNPs by its chaperone activity rather than having a direct effect on the vRNP-bound
polymerase. However, NPM can also interfere with the activation of the interferon-induced
protein kinase R (PKR),53 which is activated by double-stranded RNA53 and also reside in
the nucleus 54, 55. Therefore, recruitment of NPM to the sites of viral replication and
transcription, where dsRNA formation may occur, might prevent the activation of PKR in the
nucleus resulting in increased viral transcription and replication.

Conclusions

Due to their lack of the complete components for sustaining independent life, viruses are
necessarily dependent on their host cells for replication. While many efforts have been
undertaken to identify single interactions between host and viral proteins, these methods have
proven insufficient for uncovering larger numbers of these interactions. This work provides
evidence that proteomics-based approaches are suitable tools to identify CIP of influenza virus
RNP and its components. Co-purification of the majority of previously identified CIP further
confirmed the specificity of these methods. Proof of principle that newly identified factors
interact specifically was demonstrated by co-immunoprecipitations of two CIP associated to
vRNPs from virus-infected cells. Finally, first functional studies indicate that one factor, NPM,
promotes viral polymerase activity. It should be noted that it is also possible that some of the
identified CIP represent negative regulators of influenza virus replication involved in host
innate immune responses. Further experiments can now be designed aiming at the function of
these proteins in the influenza virus life cycle.

Cellular factors that bind to vRNP or the polymerase complex may also represent important
mediators of viral pathogenicity. Previous studies demonstrated that beyond the acquirement
of a polybasic cleavage site in the viral hemagglutinin protein and the suppression of the innate
immune system by the non-structural protein NS1,56, 57 enhanced viral polymerase activities
of highly pathogenic avian influenza viruses of the H5N1 and H7N7 subtype facilitate high
virulence and mediate host tropism in mammalian cells.58–60 Similarly, enhanced viral
replication in human cells mediated by the viral polymerase appears to be responsible, at least
in part, for the high virulence of the pandemic 1918 influenza virus.61 These findings suggest
that optimized interactions of viral polymerase proteins with cellular host factors are molecular
correlates of host adaptation and of pathogenicity. Proteomics-based approaches may therefore
represent an excellent tool with which to identify and characterize such CIP in mammalian and
avian cells, especially since the complete chicken genome was recently sequenced.62
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Purification of cellular interaction partners of influenza virus RNP and polymerasecomplex

A, Purification of NP-Strep from cells transfected with viral RNP components. Left panel: to
reconstitute viral RNPs that can be purified by the Strep procedure, 293T cells were transfected
with the indicated expression plasmids (pCA) encoding the viral nucleoprotein fused C-
terminally fused to STREP-tag (NP-Strep), untagged NP and the polymerase subunits PA, PB1
and PB2 and a plasmid expressing influenza virus minigenome transcripts under the control
of a polymerase-I (PolI) promoter. After 24 hours, when viral RNA replication and
transcription had occurred (data not shown), a cell extract was prepared for Strep purification.
Right panel: Native NP-Strep protein complex bound to Streptactin-beads was released by
desthiobiotin, separated on a denaturing linear 4–20% SDS-PAGE and finally visualized by
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staining with Sypro-Ruby. Numbers on the right side indicate gel slices used for tryptic
digestion with trypsin and analysis by MS. Position of NP-Strep and NP as well as PARP-1,
DDB1 and NPM are indicated.
B, Purification of the influenza virus polymerase complex. Left panel: Cartoon showing the
procedure used to purify the viral polymerase complex using TAP-tagged PA. For this purpose,
293T cell were transiently transfected with the indicated expression constructs encoding for
the TAP-tagged PA and untagged PB1 and PB2. After 24 hours, the native polymerase complex
was purified by the TAP-method (right panel, lane 3). Right panel: HEK 293 T cells were
transfected with plasmids encoding the indicated polymerase subunits in untagged or TAP-
tagged form. Twenty-four hours after transfection a cell extract was prepared for the TAP-
purification. Protein complexes were first bound to IgG-sepharose, released by cleavage with
tobacco etch virus protease, and subsequently bound to calmodulin-binding agarose beads. In
a final step bound protein complexes were eluted with Ca2+, concentrated, separated by 4–
20% SDS-PAGE and visualized by silver staining. The position and names of proteins
identified by mass spectrometry are indicated.
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Fig. 2. Interaction of NPM and DDB1 with viral RNP in transfected cells and in infected cells

A, To confirm the interaction between DDB1 and reconstituted viral RNP by co-
immunoprecipition experiments, 293T cells were transfected with expression plasmids
encoding DDB1-Flag and the components of the polymerase complex (PB1-HA, PB2, PA,
NP) and a plasmid expressing an influenza virus minigenome (lane 3). Cell extract was
prepared 24 hours post transfection and used for immunprecipitation (IP) with HA-specific
antibodies. The presence of DDB1-Flag, PB1-HA and NP in the precipitates (upper panels) as
well as in the cytoplasmic extracts (lower panels) was analyzed by Western blotting using HA-,
Flag and NP-specific antibodies. In control experiments only DDB1-Flag was transfected in
293T cells (lane 1) or all plasmids as in lane 3 with the exception that a plasmid expressing
PB1 and not PB1-HA was used (lane 2). Approximately 3% of total cell extract used for IP
was loaded.
B, Co-immunoprecipitation experiments as in A expressing NPM-Flag.
C, To test whether endogenous NPM and DDB1 interact with influenza RNPs during viral
infection, MDCK cells were infected with influenza A/WSN/33 virus at a MOI of 0.5 or mock
infected. Immunoprecipitation was carried out with total cell extract 12 hours post infection
and anti-NP-specific antibodies. Precipitated cell extracts were analyzed by Western blot using
antibodies specific for NPM (αNPM), NP (αNP) or PB1 (αPB1). Arrows indicate positions of
NPM, NP, IgG heavy chain and PB1. Approximately 3% of total cell extract used for IP was
loaded.
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Fig. 3. Relocalization of NPM-Flag after influenza virus infection

A, MDCK cells were transiently transfected with an expression plasmid coding for NPM-Flag
and subsequently infected with influenza A/WSN/33 virus (MOI 0.5). At the indicated time
points post infection, cells were processed for immunofluorescence analysis using a Flag-
specific monoclonal antibody to detect NMP-Flag and a rabbit polyclonal anti-NP-specific
antiserum to visualize NP.
B Magnification of the dotted region shown in A, panels J-L. Note that early in infection (3–
4h) as well as in non-infected cells the majority of NPM-Flag localizes in the nucleolus,
whereas late in infection (8h) NPM-Flag colocalizes with NP in the nucleus.
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Fig. 4. Expression of NPM increases the influenza virus polymerase activity

HEK 293 T cells were transiently transfected with PB1-, PB2-, NP-, PA-expression plasmids
and a PolI-Minigenome plasmid coding for the reporter protein firefly luciferase to monitor
viral polymerase activity. The transfection mixture also contained a plasmid constitutively
expressing renilla luciferase, which served to normalize variation in transfection efficiency.
The firefly luciferase activity was determined 24 hour post transfection and normalized to the
renilla values. Neg.: transfection reactions without PB2. Pos.: complete set of plasmids. The
transfections with increasing amounts of plasmids (100, 500 and 1000 ng) encoding NPM,
GFP and a NPM mutant lacking the C-terminal 134 amino acids are indicated. The error bars
represent standard deviations.
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Table 1

Cellular proteins identified by Strep purification (vRNP components)
Band No % coverage aa

(mass)
Hits Acc. No Protein name

1 1.0(1.0) 1 Q13085 Acetyl-CoA carboxylase 1
3.5 (3.3) 2 Q16531 Transcription intermediary factor 1-beta

2 7.5 (7.5) 4 Q13263 DNA damage binding protein 1 DDB1
32.8 (32.6) 31 P09874 Poly [ADP-ribose] polymerase-1 PARP-1

9 (8.5) 3 Q14694 Ubiquitin carboxyl-terminal hydrolase 10

3 10.2(10.7) 4 P19338 Nucleolin (Protein C23)
4.4 (4.7) 3 P56192 Methionyl-tRNA synthetase

11.6 (11.8) 3 Q9BV09 Membrane component, chromosome 11, surface marker 1
11.6 (11.8) 1 P09874 Poly [ADP-ribose] polymerase-1

4 8.9 (9.1) 7 P13010 ATP-dependent DMA helicase II, 80 kDa subunit
10.0 (10.2) 3 Q01844 RNA-binding protein EWS (EWS oncogene)
2.2 (2.3) 1 Q12906 Interleukin enhancer-binding factor 3

5 12.8 (12.6) 6 P08107 Heat shock 70 kDa protein 1 (HSP70.1) (HSP70-1/-2)
35.1 (35.6) 24 P11142 Heat shock cognate 71 kDa protein
12.8 (12.5) 5 P12956 ATP-dependent DMA helicase II, 70 kDa subunit
15.9 (15.7) 9 P11940 Polyadenylate-binding protein 1) (PABP 1)
1.4 (1.4) 1 P52272 Heterogeneous nuclear ribonucleoprotein M (hnRNP M)
3.8 (3.7) 1 Q9UHB9 Signal recognition particle 68 kDa protein

11.1 (11.0) 4 Q15046 Lysyl-tRNA synthetase
8.8 (8.8) 4 Q92841 Probable RNA-dependent helicase p72

6 18.6(18.8) 9 P04720 Elongation factor 1 -alpha 1
5.0 (5.5) 2 P11182 Lipoamide acyltransferase component

29.9 (29.6) 11 Q13885 Beta tubulin (Tubulin, beta polypeptide)
6.7 (6.1) 3 Q9Y230 RuvB-like 2
3.5 (3.7) 1 Q13838 Spliceosome RNA helicase BAT1

26.8 (26.6) 8 P05209 Tubulin alpha-1 chain
35.1 (34.8) 15 P05217 Tubulin beta-2 chain
43.5 (43.1) 18 P05218 Tubulin beta-5 chain

7 22.1 (21.8) 6 P05218 Tubulin beta-5 chain
10.4 (10.4) 3 P05209 Tubulin alpha-1 chain

8 12.0 (11.8) 3 P02570 Actin, cytoplasmic 1 (Beta-actin)
3.8 (3.3) 1 P52292 Importin alpha-2

30.9 (30.6) 14 P12268 Inosine-5′-monophosphate dehydrogenase 2
21.3 (20.7) 8 P08670 Vimentin

9 16.0 (15.9) 3 P06748 Nucleophosmin(NPM)

10 26.4 (24.7) 7 P46777 60S ribosomal protein L5
53.6 (52.8) 17 P05388 60S acidic ribosomal protein P0
9.7 (10.1) 2 P09651 Heterogeneous nuclear ribonucleoprotein A1

11 38.5 (38.4) 9 P32969 60S ribosomal protein L9
23.0 (22.0) 5 P46782 40S ribosomal protein S5
21.3 (20.3) 3 P23152 Splicing factor SFR3

12 20.8 (20.3) 2 P32969 60S ribosomal protein L9
6.4 (6.3) 1 P46782 40S ribosomal protein S5

19.6 (19.4) 2 P23821 40S ribosomal protein S7 (S8)

Acc No.: Swissprot/TrEMBL accession number, peptide probabilities were calculated with Protein Prophet with a cut off value of 0.9 (Keller et al., 2002),
the column “hits” provides the number of unique peptides that were identified from each protein with a PeptideProphet score above 0.9 (Keller et al.,
2002). The column “coverage” indicates the percentage of amino acids and molecular mass (in brackets) that are covered by the identified peptides.
Orange: published interaction partners (Supplemental Table 1); Blue: Proteins further characterized in this study.
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Table 2

Cellular proteins identified by the TAP purification of the viral polymerase complex
% coverage aa (mass) Hits Acc. No Protein name

7.4 (7.1) 6 O00410 Importin beta-3
3.8 (3.7) 3 P09874 Poly [ADP-ribose] polymerase-1

10.2 (10.4) 5 P08238 Heat shock protein HSP 90R

Acc No.: Swissprot/TrEMBL accession number, peptide probabilities were calculated with Protein Prophet with a cut off value of 0.9 (Keller et al., 2002),
the column “hits” provides the number of unique peptides that were identified from each protein with a PeptideProphet score above 0.9 (Keller et al.,
2002). The column “coverage” indicates the percentage of amino acids and molecular mass (in brackets) that are covered by the identified peptides.
Orange: published interaction partners (Supplemental Table 1).
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