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Previous biochemical data identified a host cell fraction, designated RAF-2, which stimulated influenza virus
RNA synthesis. A 48-kDa polypeptide (RAF-2p48), a cellular splicing factor belonging to the DEAD-box family
of RNA-dependent ATPases previously designated BAT1 (also UAP56), has now been identified as essential for
RAF-2 stimulatory activity. Additionally, RAF-2p48 was independently identified as an influenza virus nucleo-
protein (NP)-interacting protein, NPI-5, in a yeast two-hybrid screen of a mammalian cDNA library. In vitro,
RAF-2p48 interacted with free NP but not with NP bound to RNA, and the RAF-2p48–NP complex was
dissociated following addition of free RNA. Furthermore, RAF-2p48 facilitated formation of the NP-RNA
complexes that likely serve as templates for the viral RNA polymerase. RAF-2p48 was shown, in both in vitro
binding assays and the yeast two-hybrid system, to bind to the amino-terminal region of NP, a domain essential
for RNA binding. Together, these observations suggest that RAF-2p48 facilitates NP-RNA interaction, thus
leading to enhanced influenza virus RNA synthesis.

The genome of influenza A virus consists of eight single-
stranded RNA segments of negative polarity. These viral RNA
(vRNA) segments exist as ribonucleoprotein (vRNP) com-
plexes with nucleocapsid proteins (NP) and viral RNA poly-
merases as components. Each RNA segment contains highly
conserved 39- and 59-terminal untranslated regions which func-
tion as regulatory signals for transcription and replication of
the genome. The partially hybridized terminal regions have
been referred to as panhandle (9), fork, hook, and corkscrew
(14, 15, 25, 44) forms. In vRNP complexes prepared from
purified virions, viral RNA polymerase is found bound to the
panhandle region (33), and NP is bound to vRNA such that
each NP monomer occupies approximately 20 nucleotides (6,
56).

Studies using the vRNP isolated from virions have revealed
that viral RNA polymerase and NP are essential for transcrip-
tion (3, 21, 24). The viral RNA polymerase consists of PB2,
PB1, and PA subunits and is capable of initiating primer-
dependent RNA synthesis (20, 27). However, for synthesis of
full-length RNA, NP is required (21, 22). Transcription is ini-
tiated by recognition by PB2 of the cap structure of nuclear

pre-mRNA. PB2 truncates the capped RNA at 10 to 13 bases
downstream from the 59 end (3, 42). After the capped oligo-
nucleotide is cleaved, it serves as a primer for viral mRNA
synthesis catalyzed by PB1 (17). Elongation of the RNA chain
proceeds until the polymerase reaches a polyadenylation sig-
nal, consisting of five to seven U residues located near the
59-terminal region of the vRNA (29). The viral RNA polymer-
ase polyadenylates the nascent RNA chain, possibly by a slip-
page mechanism at the U stretch (43). Replication of vRNA is
a primer-independent two-step reaction: first, cRNAs are syn-
thesized from vRNA templates; and second, the progeny vR-
NAs are amplified from cRNA templates. Genetic analyses
suggest that PA participates in the replication process. How-
ever, vRNP complexes isolated from virions are incapable of
catalyzing replication reactions.

It has been reported that in vitro RNA synthesis systems
utilizing nuclei or nuclear extracts prepared from infected cells
are capable of supporting transcription for viral mRNA syn-
thesis and viral genome replication wherein both cRNA and
progeny vRNA synthesis occurs (2, 8, 47, 52). However, vRNP
complexes prepared from nuclear extracts of infected cells
through centrifugation, or those prepared from solubilized viri-
ons, cannot catalyze replication and catalyze transcription with
efficiency lower than that obtained using crude nuclear ex-
tracts. Addition of either the supernatant fraction, separated
from the vRNP complexes, or free NP restores the replication
activity of vRNP. Also, addition of supernatant fractions de-
pleted of free NP by treatment with anti-NP antibody does not
restore the activity. Therefore, free NP and/or a factor(s) as-
sociated with NP is presumed to be required for cRNA and
progeny vRNA synthesis.
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Since the systems described above are dependent on endog-
enous vRNA templates, precise replication and transcription
mechanisms including those for initiation reactions are difficult
to assess. To address this issue, we constructed a novel in vitro
vRNA synthesis system using nuclear extracts prepared from
infected cells and an exogenous model influenza virus genome
RNA (31, 48). The artificial viral genome, consisting of the 59-
and 39-terminal regions of the eighth segment, contains the
cis-acting signals essential for transcription and replication.
The system can also be reconstituted using two complementing
fractions: vRNP complexes from purified virions, and nuclear
extracts from uninfected cells. This suggests that viral RNA
polymerase and NP are essential and other factors present in
host cells are required for efficient RNA synthesis. In fact, we
have previously identified host factors which influence influ-
enza virus RNA synthesis using a biochemical complementa-
tion assay in which fractions from uninfected HeLa cell nuclear
extracts are added to vRNPs (31, 48). Among the recovered
fractions, we found significant stimulatory activity for the RNA
polymerase in a fraction that is not adsorbed to a phosphocel-
lulose column. This fraction stimulates RNA synthesis from
both vRNA and cRNA templates. The fraction containing the
stimulatory activity was further separated into two distinct frac-
tions, designated RNA polymerase-activating factor 1 (RAF-1)
and RAF-2.

Here we further purified RAF-2 and showed that highly
purified RAF-2 contains 48- and 36-kDa polypeptides, desig-
nated RAF-2p48 and RAF-2p36, respectively. RAF-2p48 was
found to be identical to BAT1/UAP56, a cellular splicing fac-
tor belonging to the DEAD-box family of RNA-dependent
ATPases. The 48-kDa RAF-2 component, BAT1/UAP56, was
separately identified as an NP-interacting protein, designated
NPI-5, in a yeast two-hybrid screen of a mammalian cDNA
library (38). Biochemical and yeast two-hybrid analyses reveal
that RAF-2p48 interacts with the amino-terminal region of
NP, and biochemical analyses indicate that RAF-2p48 facili-
tates formation of NP-RNA complexes. These data suggest
that RAF-2p48 is a host cell factor that regulates influenza
virus RNA synthesis.

MATERIALS AND METHODS

In vitro vRNA synthesis system. vRNP containing 50 ng of NP/ml was prepared
from purified influenza A/PR/8/34 virus as described previously (56). Micrococ-
cal nuclease-treated vRNP (mnRNP) was prepared by incubation of vRNP at
30°C for 2 h with 1 U of micrococcal nuclease (Roche Molecular Biochemi-
cals)/ml in the presence of 1 mM CaCl2 (45). The nuclease was inactivated by
adding a final concentration of 3 mM EGTA. The 53-nucleotide-long model
vRNA (53-mer Vwt; 59-AGUAGAAACAAGGGUGUUUUUUCAUAUCAU
UUAAACUUCACCCUGCUUUUGCU-39) (39) was synthesized by transcrip-
tion with MEGAscript T7 kits (Ambion) and synthetic DNA template as de-
scribed elsewhere (48). In vitro RNA synthesis was carried out at 30°C for 60 min
in a final volume of 25 ml in the presence of 50 mM HEPES-NaOH (pH 7.9), 3
mM MgCl2, 50 mM KCl, 1.5 mM dithiothreitol, 500 mM each ATP, GTP, and
CTP, 25 mM UTP, 5 mCi of [a-32P]UTP (400 Ci/mmol), 10 U of RNasin, 25 mg
of actinomycin D/ml, 250 mM ApG, 5 ng of a 53-nucleotide-long model RNA
template of negative polarity, and RNP cores (10 ng of NP equivalents) in the
presence or absence of host factor fractions. RNA products were purified, sub-
jected to 10% polyacrylamide gel electrophoresis (PAGE) in the presence of
50% urea, and visualized by autoradiography. For determination of the level of
RNA synthesis, an autoradiogram was scanned with NIH Image analyzing sys-
tem.

Purification of RAF-2. The buffer (buffer H) used for purification of RAF-2
contained 50 mM HEPES-NaOH (pH 7.9), 20% (vol/vol) glycerol, and 1 mM
dithiothreitol plus the appropriate concentration of KCl or (NH4)2SO4. The

uninfected HeLa cell nuclear extracts were prepared by a method described
previously (10). The purification scheme started with nuclear extracts containing
34 mg of protein. Nuclear extracts were loaded onto a phosphocellulose column
(P11; 10-ml bed volume; Whatman) equilibrated with buffer H containing 0.05 M
KCl. The material that was not adsorbed to the column was loaded onto a Mono
Q HR 5/5 column (Amersham Pharmacia Biotech) equilibrated with buffer H
containing 0.05 M KCl. The column was washed with 0.15 M KCl, and proteins
adsorbed to the anion exchanger were eluted with buffer H containing 0.4 M KCl.
The 0.4 M KCl eluate was adjusted with buffer H containing 1 M (NH4)2SO4 so
as to contain 0.5 M (NH4)2SO4 equivalents of salt. The RAF-2 activity was not
adsorbed to a hydrophobic column (phenyl-Superose HR 5/5; Amersham Phar-
macia Biotech) equilibrated with buffer H containing 0.5 M (NH4)2SO4. The
RAF-2 fraction was diluted with buffer H so as to contain 0.15 M KCl equivalents
of salt and applied to a Mono Q column equilibrated with buffer H containing
0.15 M KCl. RAF-2 activity was eluted with a linear gradient of 0.15 to 0.4 M
KCl, concentrated by a small Mono Q column (Mono Q PC 1.6/5; Amersham
Pharmacia Biotech), and subsequently separated through a gel filtration column
(Superose 12 PC 3.2/30; Amersham Pharmacia Biotech).

Yeast two-hybrid screen and mapping. Saccharomyces cerevisiae strain EGY48
(MATa trp1 ura3 his3 LEU::pLexAop6-LEU2), plasmids pEG202, pSH18-34, and
pRFHM1, and the HeLa cell cDNA library were generously provided by R.
Brent (Harvard Medical School). pLexA-NP was generated as described else-
where (37).

The yeast two-hybrid screen has been described previously (37). Briefly, the
screen was performed by transforming the HeLa cDNA library, in which the
cDNAs were cloned as fusions to the B42 transcriptional activation domain, into
an EGY48-derived yeast strain (R100) harboring plasmid pLexA-NP, in which
the pLexA DNA-binding domain is fused to the influenza virus NP protein.
Potential NP-interacting proteins encoded by cDNAs were identified based on
the ability to confer upon the R100 yeast the ability to grow in the absence of
leucine. An interaction between a cDNA-encoded protein and NP would medi-
ate formation of a complex between the B42 transcriptional activation domain
and the LexA DNA-binding domain such that activation of the LEU2 gene would
occur, allowing rescue of the yeast from leucine auxotrophy. Library plasmids
encoding potential interactors were isolated from the yeast, recovered by elec-
troporation into Escherichia coli MH3 cells, and selected on 13 A1amp1
glucose (37) plates.

Specificity of the NP interaction with the cDNA encoding RAF-2p48 (BAT1/
UAP56/NPI-5) was confirmed by transformation of the cDNA-encoding plasmid
into a derivative of the R100 strain. Introduction of the plasmid encoding RAF-
2p48, plasmid pLexA-NP, and plasmid pSH18-34, which encodes b-galactosidase
under the control of a LexA-regulated GAL1 promoter, resulted in induction of
b-galactosidase activity. Introduction of the RAF-2p48 cDNA plasmid into a
yeast strain which was transformed with both pSH18-34 plus pRFHM1, a plasmid
encoding the LexA DNA-binding domain fused to a transcriptionally inert frag-
ment of the Drosophila melanogaster bicoid protein, did not result in induction of
b-galactosidase expression. By similar methods, the RAF-2p48 cDNA was found
not to interact in the yeast two-hybrid system with the influenza A/PR/8/34
(H1N1) virus NS1 protein (data not shown).

The ability of RAF-2p48 to interact with NP deletion mutants was determined
by assessing the ability of the mutants, when fused to the LexA DNA-binding
domain, to activate b-galactosidase expression using the methods described
above. The NP mutants were generated by PCR and cloned as LexA fusions in
plasmid pEG202 using standard methods. The mutants were confirmed by DNA
sequencing.

Preparation of recombinant proteins. The plasmid constructs used in this
study were confirmed by DNA sequencing. The full-length RAF-2p48 cDNA was
cloned from HeLa cell total RNA as follows. Total RNA was prepared from 106

HeLa cells by the guanidine thiocyanate method (5); then single-stranded com-
plementary DNA was synthesized with Moloney murine leukemia virus reverse
transcriptase (TOYOBO) and oligo(dT) primers. The double-stranded RAF-
2p48 cDNA was PCR amplified using LA-Taq polymerase (TaKaRa), with a
portion of the cDNA as template and two specific primers, 59-CCGGATCCAT
GGCAGGAACGATGTGGACAATGAG-39 and 59-CCGGATCCTGCAGCT
ACCGTGTCTGTTCAATGTAGGAGG-39, corresponding to RAF-2p48 ami-
no-terminal and RAF-2p48 carboxyl-terminal regions, respectively. For prepa-
ration of the hexahistidine-tagged RAF-2p48 (His-p48) expression vector, the
amplified cDNA fragments were digested with PstI and BamHI and then cloned
into pQE-9 vector (Qiagen) that was predigested with the same enzymes. A
cDNA for recombinant RAF-2p48 mutant Arg3803Gln380 was constructed by
PCR using a primer containing a CAG codon for Gln instead of a CGG codon
for Arg. The resulting plasmids were used for transformation of E. coli M15,
which harbors pREP4 for expression of the lac repressor protein (12).
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For preparation of the glutathione S-transferase (GST)-tagged RAF-2p48
(GST-r48) expression vector (pGEX-p48), the RAF-2p48 cDNA fragment was
prepared by digestion of the PCR product with BamHI, followed by cloning into
pGEX-2T vector (Amersham Pharmacia Biotech) and amplification of the re-
sulting plasmid in E. coli DH5a. After confirmation of the DNA sequence,
pGEX-p48 was introduced into E. coli BL21. For preparation of GST-p48 de-
letion mutants, pGEX-p48 was digested with BamHI and BglII, resulting in three
DNA fragments that correspond to the vector, the amino terminus of RAF-2p48,
and the carboxy terminus of RAF-2p48. For pGEX-p48-N, the DNA fragment
corresponding to the amino-terminal region of RAF-2p48 was cloned into
pGEX-2T at the BamHI site. For pGEX-p48-C, cohesive ends of the pGEX-2T
vector fragment and the 547-bp-long DNA fragment corresponding to the car-
boxyl-terminal region of RAF-2p48 were blunted with the Klenow fragment
(TOYOBO) before subsequent ligation.

For preparation of recombinant NP, NP-N, and NP-C, the NP cDNA frag-
ments were PCR amplified from plasmid pSP-NP, containing a cDNA of influ-
enza A/PR/8/34 virus, using KOD DNA polymerase (TOYOBO) and a combi-
nation of specific primers 59-GGAATTCATATGGCGTCTCAAGGCACCAA
ACG-39, 59-GGAATTCTTAATTATCGTATTCCTCTGCATTGTCTCCG-39,
59-GGAATTCTTATGTTCCAACTCCTTTGACTGCAGCAC-39, and 59-GGA
ATTCATATGGTGATGGAATTGGTCAGAATGATCAAAC-39. The primers
contain EcoRI sites, allowing the cDNA fragments to be cloned into pGEX-2T
at EcoRI sites. For the preparation of histidine-tagged NP, we used plasmid
pET-14b (Novagen).

The histidine- and GST-tagged proteins were purified using Ni-nitrilotriacetic
acid and glutathione-conjugated resin, respectively, treated with RNase A (200
ng/ml), and further purified with a Mono Q column by KCl gradient elution.

Preparation of rabbit anti-RAF-2p48 antibody. Affinity-purified recombinant
His-p48 was further purified by sodium dodecyl sulfate (SDS)-PAGE and used
for immunization. Polyclonal rabbit antiserum against RAF-2p48 was generated
by immunization of a female rabbit (New Zealand White; Japan SLC, Inc.) with
250 mg of His-p48 in complete Freund’s adjuvant (Sigma), followed by two boosts
of 150 mg of His-p48 in incomplete Freund’s adjuvant (Sigma) at 2-week inter-
vals. For immunoblotting analysis, antiserum was used at a dilution of 1:1,000.
The anti-RAF-2p48 antibody was purified from antiserum against RAF-2p48 by
blot affinity purification (36). RAF-2p48 antigen (50 mg) was blotted onto a
polyvinylidene difluoride (PVDF) membrane (Millipore) and blocked with 10%
bovine serum albumin (BSA) in PBS. The PVDF membrane strip was incubated
in 1 ml of the antiserum against RAF-2p48 at 4°C for 12 h, followed by washing
with 1% Tween 20 in PBS. The anti-RAF-2p48 antibody was eluted from the
strip with 300 ml of 0.2 M glycine (pH 2.8) at 4°C for 2 min, immediately followed
by addition of BSA to 10% and dialysis against 500 ml of PBS at 4°C for 6 h. For
indirect immunofluorescence assay, purified rabbit anti-RAF-2p48 antibody was
used without dilution.

Indirect immunofluorescence assay. HeLa cells on coverslips were infected
with influenza A/PR/8/34 (H1N1) virus at a multiplicity of infection of 10 and
fixed with 3% paraformaldehyde in PBS at 9 h postinfection. Permeabilization of
the cells was carried out with 0.5% Triton X-100 in PBS, and the coverslips were
then soaked in 1% nonfat dry milk in PBS. Samples were incubated at 4°C for 1 h
with primary antibody, either affinity-purified rabbit anti-RAF-2p48 antibody or
mouse anti-SC35 monoclonal antibody (PharMingen) as a spliceosome marker.
After being washed twice with PBS, samples were incubated at 4°C for 30 min
with secondary antibody, either rhodamine-conjugated goat anti-rabbit or fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin. After
washing, samples were incubated at room temperature for 5 min with 3 mM 49,
69-diamidino-2-phenylindole (DAPI). Coverslips were finally mounted on glass
plates, and cells were observed in a confocal laser scanning microscope
(LSM410; Carl Zeiss).

GST pull-down assay. A 30-pmol aliquot of each RNase A-treated GST-
tagged recombinant protein in solution was fixed on a 10-ml bed volume of
glutathione-Sepharose beads (Amersham Pharmacia Biotech). The binding re-
action was carried out at 37°C for 60 min in a final volume of 100 ml containing
50 mM HEPES-NaOH (pH 7.9), 3 mM MgCl2, 50 mM KCl, 1.5 mM dithiothre-
itol, and the affinity beads in the presence or absence of test proteins. After the
adsorption, the beads were washed three times with a wash buffer containing 20
mM Tris-HCl (pH 7.9), 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40. Proteins
bound to affinity beads were eluted by boiling in SDS-PAGE loading buffer and
then subjected to SDS-PAGE on a 10% gel. For the identification of RAF-2p48
and NP, rabbit anti-RAF-2p48 and anti-vRNP antisera, respectively, were used
in immunoblotting analyses.

Glycerol density gradient centrifugation. Fifty nanograms of 32P-labeled 53-
mer RNA probe was mixed with 300 ng of the recombinant His-NP and incu-
bated at 30°C for 30 min in a final volume of 50 ml. Binding was carried out in

buffer containing 50 mM HEPES-NaOH (pH 7.9), 3 mM MgCl2, 50 mM KCl, 2.5
mM dithiothreitol, and 10 ng of BSA/ml and in the presence or absence of 800
ng of recombinant His-p48. Samples were layered onto a 1.25-ml 15 to 35%
linear glycerol gradient in a buffer containing 50 mM HEPES-NaOH (pH 7.9),
3 mM MgCl2, 50 mM KCl, and 2.5 mM dithiothreitol. Centrifugation was carried
out at 4°C for 15 h at 54,000 rpm with a TLS-55 rotor (Beckman). Fractions
(100 ml each) were collected from the top of centrifuge tubes. An aliquot of each
fraction (20 ml) was loaded onto a 5% polyacrylamide gel, and the RNA probe
was visualized by autoradiography.

RESULTS

Identification and purification of RAF-2. Details of the pu-
rification of RAF-2 were described previously (31) and are
summarized in Fig. 1A. The chromatographic behavior of
RAF-2 suggests that it is highly acidic and hydrophilic. In the
final purification step, chromatography on a gel filtration
column, RAF-2 was recovered in the 60- to 80-kDa fraction
(Fig. 1B). SDS-PAGE revealed that the RAF-2 fraction con-
tained approximately equal amounts of a 48-kDa and a 36-kDa
polypeptide, designated RAF-2p48 and RAF-2p36, respec-
tively (Fig. 1C). The RAF-2 fraction could stimulate about
fivefold vRNA synthesis from the 53-mer model vRNA but had
no effect on RNA synthesis from endogenous vRNAs derived
from vRNP which was added as the enzyme source (Fig. 1D).
The RAF-2 fraction could stimulate about twofold RNA syn-
thesis from the 53-mer model vRNA when mnRNP was used
as the enzyme source. These observations indicate that RAF-2
interacts with the viral RNA polymerase and/or NP and facil-
itates their recruitment to naked RNA templates. Since en-
dogenous vRNAs are in advance complexed with the RNA
polymerase and NP and the mnRNP supplies proteins free of
RNA, RAF-2 may have less effect on RNA synthesis from
endogenous vRNAs and that from the 53-mer model vRNA
when mnRNP is used. Effects of RAF-2 on 53-mer and 172-
mer model vRNA templates were compared (Fig. 1E). The
levels of stimulation by RAF-2 from both templates are not
significantly different, although RNA synthesis from the 53-
mer model vRNA is slightly more than that from the 172-mer
model vRNA.

To determine which protein, RAF-2p48 or RAF-2p36, is
responsible for the activity of RAF-2, a portion of the purified
RAF-2 fraction was electrophoresed on an SDS-polyacryl-
amide gel, and RAF-2p48 and RAF-2p36 were individually
eluted from the gel and renatured (19). In the in vitro RNA
synthesis system, stimulatory activity was detected for RAF-
2p48 but not RAF-2p36 (data not shown). Since RAF-2p36
was not soluble and was recovered in aggregations after rena-
turation, we cannot rule out the possibility that RAF-2p36
itself has stimulatory activity. However, the finding that rena-
tured RAF-2p48 and a recombinant RAF-2p48 (see below)
stimulate RNA synthesis suggests that RAF-2p48 is, at least,
an active component of RAF-2.

RAF-2p48 is identical to the splicing factor BAT1/UAP56
and interacts with the influenza virus NP in the yeast two-
hybrid system. To determine the identity of RAF-2p48, oli-
gopeptides prepared from RAF-2p48 were analyzed with ma-
trix-assisted laser desorption–ionization time-of-flight mass
spectrometry (MALDI-TOF MS). A portion of RAF-2 was
electrophoresed on an SDS-polyacrylamide gel and electro-
phoretically blotted to a PVDF membrane. After staining with
Ponceau S, blotted RAF-2p48 was excised and digested into
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oligopeptides with a lysyl endopeptidase, Achromobacter pro-
tease I (23). Comparison of the molecular masses for the
oligopeptides determined by MALDI-TOF MS to those in the
database indicated that all determined molecular masses are
identical to those derived from a known human protein, a

428-amino-acid 48-kDa putative ATP-dependent RNA heli-
case designated UAP56/BAT1 (Table 1; GenBank accession
number Z37166).

Independent of the purification of RAF-2, a yeast two-hy-
brid screen of a HeLa cell cDNA library was performed using

FIG. 1. Purification of RAF-2. (A) General scheme for purification of RAF-2. The details of column chromatography and the biochemical
complementation assay system are described in Materials and Methods. (B) Gel filtration profile of RAF-2 activity. RNA synthesis was carried out
in the absence (2) or presence of 0.34 M KCl eluate from the second Mono Q column (input, 1.5 ml) and aliquots of fractions separated through
a gel filtration column (lanes 1 to 11, 1.5 ml of each). Arrowheads indicate the elution positions of molecular weight marker proteins (Bio-Rad).
RAF-2 activity is observed in fractions corresponding to a molecular mass of 60 to 80 kDa (lanes 7 and 8). (C) Proteins present in the RAF-2
fraction. Five microliters of each fraction was loaded onto a 10% polyacrylamide gel containing 1% SDS. Electrophoresis was carried out, and the
polypeptides were visualized by Coomassie brilliant blue staining. The RAF-2 fraction (lanes 7 and 8) contains 48-kDa and 36-kDa polypeptides
as the major components (arrowheads). M, markers. (D) Stimulatory activity of RAF-2 in in vitro RNA synthesis systems containing different
enzyme sources. In vitro RNA synthesis was carried out with mnRNP (lane 1) and vRNP (lanes 2 and 3). The level of RNA synthesis was
determined by scanning the autoradiogram with the NIH Image analysis program. Ratios of the amounts of RNA products synthesized from the
53-mer model vRNA (lanes 1 and 2) or endogenous vRNAs (lane 3) in the presence of purified RAF-2 to those in the absence of purified RAF-2
are indicated as the average of three independent experiments. To determine the level of RNA synthesis from endogenous vRNAs, RNA products
corresponding to all eight segments were included. (E) Stimulatory activity of RAF-2 in in vitro RNA synthesis systems with different RNA
templates. In vitro RNA synthesis was carried out in the absence (lanes 1 and 5) or presence of 0.1 (lanes 2 and 6), 0.2 (lanes 3 and 7), and 0.4
(lanes 4 and 8) ml of purified RAF-2, using equimolar amounts of 53-mer (lanes 1 to 4) and 172-mer (lanes 5 to 8) model vRNA templates. The
172-mer RNA containing the same 59- and 39-terminal sequences as the 53-mer RNA was prepared as described elsewhere (54). RNA synthesis
activity is shown as the ratio (the average of two independent experiments) of the amount of RNA products synthesized in the presence of RAF-2
to the amount synthesized in the absence of RAF-2.
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as bait the influenza A/PR/8/34 virus NP (37). A cDNA cor-
responding to amino acids 60 to 428 of RAF-2p48 was found to
encode the NP-interacting protein NPI-5. The RAF-2p48/NPI-
5/BAT1/UAP56 cDNA obtained in the two-hybrid screen pos-
sessed all of the conserved motifs characteristic of the DEAD-
box protein family. The specificity of the NP–RAF-2p48/
NPI-5/BAT1/UAP56 interaction in the yeast two-hybrid system
was confirmed as described for NPI-1 and NPI-3 (37) (data not
shown). Additionally, RAF-2p48/NPI-5/BAT1/UAP56 did not
interact with the influenza A virus NS1 protein in the yeast
two-hybrid system (data not shown).

RAF-2p48/NPI-5 was first described as BAT1 (HLA-B-as-
sociated transcript 1) protein. The BAT1 gene is located in the
major histocompatibility complex gene class III region (41, 49,
50). In the recently completed nucleotide sequence of the
human major histocompatibility complex gene, some disease-
related genes are found in the vicinity of the BAT1 gene locus
(30). The RAF-2p48 yeast homolog, Sub2 (product of the
ydl084w gene), is essential for vegetative growth of the FY1679
strain (28). RAF-2p48 also appears to be an essential splicing
factor required for the interaction of U2 snRNP with the
pre-mRNA branch point (13). RAF-2p48, designated UAP56
(56-kDa U2AF65-associated protein) in this case, was found
to interact in vitro with the linker region of splicing factor
U2AF65 and to be recruited to pre-mRNA. Because RAF-
2p48 contains ATP-dependent DEAD-box RNA helicase mo-
tifs in its amino acid sequence, it was hypothesized that RAF-
2p48 may mediate conversion of RNA secondary structures
within the U2 snRNA or the branch point (51), although direct
evidence for RNA-unwinding activity of RAF-2p48/NPI-5/
BAT1/UAP56 has not been reported.

RAF-2p48 is concentrated in spliceosomes in uninfected
cells but not in influenza virus-infected cells. In uninfected
cells, RAF-2p48 is localized in nuclei, excluded from nucleoli,
and concentrated at spliceosomes where SC35, a splicing fac-
tor, is present (Fig. 2A to F). This observation is in good
agreement with the notion that RAF-2p48 could be involved in
RNA splicing. RAF-2p48 is observed both diffusely and as
concentrated speckles in the nucleoplasm. It is possible that
RAF-2p48 colocalized with SC35 is present in the splicing

machinery and that diffusive RAF-2p48 is reserved for splicing
reactions and/or participates in the other reactions. It has been
reported that in infected cells, spliceosomes are partially de-
stroyed (16, 54). In fact, speckles of SC35 become small and
separated in infected cells (Fig. 2H and K). Interestingly, in
infected cells, concentrated speckles of RAF-2p48 disappear
(Fig. 2G and J), and substantially less colocalization between
RAF-2p48 and SC35 is seen (Fig. 2I and L).

Stimulation of vRNA synthesis by RAF-2p48. To further
analyze the function of RAF-2p48, we prepared His-p48 in
E. coli using a system in which the expression level of the
recombinant protein is stringently regulated because of the
toxicity of the protein to the host microbe (see Materials and
Methods). Figure 3 shows that recombinant RAF-2p48 stimu-
lates in vitro vRNA synthesis (lanes 7 to 11), but the stimula-
tory properties are different from those of the purified native
RAF-2 fraction (lanes 12 to 16). The specific activity of recom-
binant RAF-2p48 is lower than that of the RAF-2 fraction, and
adding excess amounts of the recombinant protein attenuates
RNA synthesis. These results suggest that the RAF-2p48 pro-
tein is required for stimulating RNA synthesis and that an
additional factor(s) such as RAF-2p36 could be required for
the optimal activity of RAF-2. In addition, the recombinant
RAF-2p48 mutant Arg3803Gln380 showed the same level of
activity as the wild-type recombinant RAF-2p48 (lanes 2 to 6).
This mutation, located in DEAD-box RNA helicase consensus
motif VI, is analogous to the eIF-4A DEAD-box RNA helicase
mutant Arg3653Gln365, which was defective in ATPase and
helicase activities (40). This result suggests that the putative
RNA-unwinding activity of RAF-2p48 may not be needed for
stimulation of RNA synthesis by recombinant RAF-2p48.

RAF-2p48 interacts with free NP but not with NP-RNA
complexes. To confirm the interaction between RAF-2p48 and
NP, we carried out a GST pull-down assay using GST-p48 (Fig.
4A). GST-p48 immobilized on glutathione beads was incu-
bated with vRNP or mnRNP. In mnRNP, the RNA polymer-
ase complex and NP are depleted of vRNA (46). GST-p48
specifically interacted with NP but not with the RNA polymer-
ase when mnRNP was used (lane 6), while GST-p48 did not
interact with either NP or the RNA polymerase when vRNP

TABLE 1. Molecular masses of lysyl endopeptidase-digested peptides from RAF-2p48 and amino acid sequences corresponding
to the lysyl endopeptidase-digested peptide molecular mass database

No. Predicted amino acid sequence
from database

Mass (Da)

Observed Theoretical Difference

1 EYERFSK 958.48 958.46 10.02
2 EIRPVCRK 1,058.61 1,058.58 10.03
3 VAVFFGGLSIK 1,137.69 1,137.67 10.02
4 HFILDECDK 1,177.55 1,177.52 10.03
5 LTLHGLQQYYVK 1,462.85 1,462.81 10.04
6 GLAITFVSDENDAK 1,479.77 1,479.73 10.04
7 FMQDPMEIFVDDETK 1,844.67 1,844.81 20.14
8 FMQDPMEIFVDDETK{1Met-Ox 1,860.66 1,860.81 20.15
9 FMQDPMEIFVDDETK{2Met-Ox 1,876.70 1,876.81 20.11
10 NCPHIVVGTPGRILALARNK 2,187.25 2,187.22 10.03
11 KNCPHIVVGTPGRILALARNK 2,315.35 2,315.31 10.04
12 MLEQLDMRRDVQEIFRMTPHEK{1Met-Ox 2,818.41 2,818.39 10.02
13 MLEQLDMRRDVQEIFRMTPHEK{2Met-Ox 2,834.38 2,834.39 20.01
14 Ac-AENDVDNELLDYEDDEVETAAGGDGAEAPAKa 3,264.45 3,264.37 10.08

a The amino terminus of p48 was acetylated alanine (position 14).
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was used (lane 4). This result indicates that RAF-2p48 binds to
free NP but not to the NP-RNA complex. This finding suggests
that the NP–RAF-2p48 complex is dissociated by the addition
of RNA. This is indeed the case (Fig. 4B). The addition of
large amounts of RNA dissociated the RAF–2p48-NP com-
plex. Simultaneously, dissociated NP was found to be associ-
ated with RNA (data not shown).

RAF-2p48 interacts with the amino terminus of NP. The
formation of complexes between RAF-2p48 and NP and the
formation of complexes between RNA and NP seem to be
mutually exclusive. This suggested the possibility that the re-
gion of NP required for interaction with RAF-2p48 is located
near its RNA-binding and recognition domain. To test this
hypothesis, NP was divided into two regions (Fig. 5A): one
consisted of the amino-terminal 188 amino acid residues (NP-
N), and the other consisted of the carboxyl-terminal 320 amino
acid residues (NP-C). NP-N contains a region essential for
RNA binding, although NP interacts with RNA through sev-
eral stretches that are widely distributed in its sequence (1, 11,
26). RAF-2p48 was also divided into two regions (Fig. 5A): the
amino-terminal 248 amino acid residues (p48-N), and the re-
maining carboxyl-terminal 180 amino acid residues (p48-C).
p48-N contains (i) the DEAD-box RNA helicase consensus
motifs that participate in ATP binding and (ii) the catalytic

center of RNA unwinding; p48-C contains motif VI, which is
involved in RNA recognition, and other motifs (7). Recom-
binant proteins were purified and extensively treated with
RNase A to remove RNA fragments, if any, in purified frac-
tions (Materials and Methods). When beads fixed with dele-
tion mutants of NP were used, His-p48 interacted with GST–
NP-N (Fig. 5B, lane 2) but not with GST–NP-C (lane 4). The
deletion mutants of RAF-2p48 that were fused with GST at
their amino termini were fixed on beads and incubated at 37°C

FIG. 3. Stimulatory activity of recombinant RAF-2p48. In vitro
RNA synthesis was carried out in the absence (lane 1) or presence of
2, 8, 32, 128, and 512 ng of the RAF-2p48 equivalent of recombinant
His-p48 mutant Arg3803Gln380 (lanes 2 to 6), recombinant His-p48
(lanes 7 to 11), or the purified native RAF-2 fraction (lanes 12 to 16).
The synthesized 53-mer RNA is indicated by an arrowhead.

FIG. 2. Localization of RAF-2p48 in influenza virus-infected cells. HeLa cells were infected with influenza A/PR/8/34 virus at a multiplicity of
10 (G to L) or mock infected (A to F). At 9 h postinfection, cells were fixed with PBS containing 3% paraformaldehyde and an indirect
immunofluorescence assay was carried out as described in Materials and Methods. RAF-2p48 (A, D, G, and J) and SC35 (B, E, H, and K) were
detected with rhodamine- and FITC-conjugated secondary antibodies, respectively. Images stained with rhodamine and FITC are merged (C, F,
I, and L). Magnification is indicated by scale bars.
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in the presence of mnRNP (Fig. 5C). NP interacted with GST–
p48-C (lane 4) but not with GST–p48-N (lane 2).

To further examine the region of NP required for interaction
with RAF-2p48, a series of NP deletion mutants was generated
and tested for the ability to interact with RAF-2p48 in the yeast
two-hybrid system (Fig. 6). In agreement with the in vitro
binding data, the amino terminus of NP was required for in-
teraction with RAF-2p48. Further mapping defined the amino-
terminal 20 amino acids of NP as sufficient for binding to
RAF-2p48 (Fig. 6). These results, together with the in vitro
binding data (Fig. 5), suggest that formation of the RAF-
2p48–NP complex involves interaction between domains of NP
and RAF-2p48 which may also be involved in RNA binding by
the individual proteins.

RAF-2p48 facilitates formation of the NP-RNA complex. As
described above, RAF-2p48 binds to the free NP and is re-
leased upon interaction of NP with RNA. Therefore, RAF-
2p48 may act as a chaperon-like factor, facilitating loading of
free NP onto RNA. We therefore examined the effect of RAF-
2p48 on the efficiency of NP-RNA complex formation (Fig. 7).
A labeled RNA probe was incubated with recombinant NP in

the presence or absence of the recombinant RAF-2p48 and
subjected to separation through a 15 to 35% linear glycerol
density gradient. After centrifugation, aliquots were fraction-
ated and the NP-RNA complex was separated by PAGE on a
5% polyacrylamide gel. Mobility of the RNA probe complexed
with NP is slower than that of RNA. Clearly, the formation of
NP-RNA complexes is increased in the presence of RAF-2p48
(compare lanes 5 and 6 and lanes 17 and 18). This result
strongly suggests that RAF-2p48 functions as a chaperon for
NP, facilitating formation of NP-RNA complexes.

DISCUSSION

Possible functions of RAF-2p48 in the formation of NP-RNA
complexes and in the stimulation of RNA synthesis. In this
report, we have identified the 48-kDa host cell splicing factor

FIG. 4. Association/dissociation of RAF-2p48 and NP. A GST pull-
down assay was carried out as described in Materials and Methods, and
proteins were detected by Western blotting analysis with rabbit
anti-vRNP antiserum. As a positive control, 20% of input vRNP was
loaded (Input). (A) Association of NP and RAF-2p48. GST (lanes 3
and 5) or GST-p48 (lanes 2, 4, and 6) was fixed on glutathione-
Sepharose beads and incubated for 1 h at 37°C in the presence of a
100-ng equivalent of vRNP (lanes 3 and 4) or mnRNP (lanes 5 and 6).
(B) Dissociation of RAF-2p48–NP complexes. GST (lanes 1, 2, 8, 9,
and 10) or GST-p48 (lanes 3 to 7) was fixed on glutathione-Sepharose
beads and incubated with mnRNP (lanes 5 to 10) at 37°C for 1 h.
Unbound proteins were washed out, and beads were further incubated
in the presence of 200 ng (lanes 1, 3, 6, and 9) or 1 mg (lanes 2, 4, 7,
and 10) of free RNA (53-mer Vwt).

FIG. 5. RAF-2p48 and NP interaction domains. (A) Schematic
structures of proposed RAF-2p48 and NP functional domains. Loca-
tions of the DEAD-box RNA helicase consensus motifs in RAF-2p48
are indicated by black boxes and roman numerals. NP-N, NP-C, p48-N,
and p48-C indicate the mutant proteins used in panels B and C. GST
pull-down assays (B and C) were carried out as described in Materials
and Methods. RAF-2p48 and NP were visualized by Western blotting
with rabbit anti-RAF-2p48 and anti-vRNP antisera. (B) GST–NP-N
and GST–NP-C were fixed on glutathione-Sepharose beads and incu-
bated at 37°C for 1 h in the absence (2) or presence (1) of recombi-
nant RAF-2p48. (C) GST–p48-N and GST–p48-C were fixed on glu-
tathione-Sepharose beads and incubated at 37°C for 1 h in the absence
(2) or presence (1) of mnRNP.
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RAF-2p48 (BAT1/UAP56/NPI-5), which belongs to the
DEAD-box family of putative RNA helicases, as a factor that
interacts with the influenza virus NP and stimulates the influ-
enza virus RNA polymerase activity. RAF-2p48 was identified
based on its presence in RAF-2, a fraction from uninfected
host cells that stimulates influenza virus RNA synthesis. The
48-kDa RAF-2p48 protein was found to be required for RAF-2

activity. RAF-2p48 was also found to interact with free NP in
vitro and with NP in the yeast two-hybrid system. Further,
RAF-2p48 was found to facilitate formation of NP-RNA com-
plexes.

In general, nucleic acid-binding basic proteins such as his-
tones and viral basic proteins tend to aggregate and be inactive
under physiological conditions in the absence of appropriate
substrates such as DNA, RNA, or possibly chaperons (34).
This could also be the case for free NP. Since free NP is
produced in infected cells, RAF-2p48 may participate in sup-
pression of nonspecific NP aggregation and may assist in de-
livery of NP to vRNA. Newly synthesized NP is transported
into the nucleus with the help of nuclear import factors such as
NPI-1 and -3 (also karyopherin-a1 and -a2) (32, 53). It is
possible that RAF-2p48 binds NP in the nucleoplasm and
facilitates its binding to vRNAs. With regard to this hypothesis,
it is intriguing that the regions of NP required for binding to
RAF-2p48 and for binding to the nuclear import factors NPI-1
and NPI-3 overlap. It has not been clarified whether the asso-
ciation of the NP with viral RNAs is autogenous or mediated
by a factor(s). RAF-2p48 is a possible cellular candidate for
such a cellular factor. Stimulatory effects of RAF-2 on 53-mer
and 172-mer model vRNA templates do not differ greatly (Fig.
1E). This may be interpreted as indicating that RAF-2 facili-
tates the initial binding of NP to RNA rather than the coop-
erative binding of NP to RNA, the latter of which could be
more apparent for the longer RNA template. For dissocia-
tion of a RAF-2p48–NP complex, the addition of relatively
large amounts of RNA is required (Fig. 4B, lane 7). This result
suggests that even if RAF-2p48 is involved in the arrangement
of NP on RNA, there exists a cofactor(s) that assists in RNA
recognition and/or translocation of the RAF-2p48–NP com-
plex to the substrate RNA. In this regard, the translocation of

FIG. 6. The amino-terminal 20 amino acids of NP are required for
interaction with RAF-2p48. The influenza A virus NP deletion mutants
indicated were expressed in yeast as fusions with the LexA DNA-
binding domain and then screened for the ability to interact with
amino acids 60 to 428 of RAF-2p48 when expressed as fusions with the
B42 transcriptional activation domain. Interaction was indicated by
activation of the LexA-regulated b-galactosidase gene encoded on
plasmid pSH18-34. b-Galactosidase gene expression was assessed by
plating the transformed yeast on media containing X-Gal (5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside).

FIG. 7. RAF-2p48-mediated NP-RNA complex formation. 32P-labeled RNA probe mixed with recombinant NP was incubated in the absence
(lanes 1 to 12) or presence (lanes 13 to 24) of recombinant RAF-2p48. After 15 to 35% glycerol density gradient centrifugation, fractions were
collected from the tops of the tubes. An aliquot of each fraction was analyzed by PAGE on a 5% polyacrylamide gel, and the RNA was visualized
by autoradiography. The unbound RNA probe and NP-RNA complexes (lanes 5, 6, 17, and 18) are indicated by arrowheads. The bands shown
in lanes 8 and 9 with less mobility than those in lanes 5, 6, 17, and 18 could be NP-RNA complexes containing more than one NP molecule per
RNA molecule.
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RAF-2p48/UAP56 to the branch point of pre-mRNA is medi-
ated by the splicing factor U2AF65 (13).

RAF-2p48 may be a multifunctional stimulatory factor.
RAF-2p48 contains the canonical ATP-dependent DEAD-box
RNA helicase motifs (41). However, no RNA helicase activity
of RAF-2p48 has been reported. Similarly, we also did not
detect, under a variety of conditions, RNA-unwinding activity
from the purified RAF-2 or from the recombinant RAF-2p48
protein. Furthermore, both the interaction of RAF-2p48 with
NP and the RAF-2p48-mediated NP-RNA complex formation
were ATP independent (data not shown), suggesting that
RAF-2p48 does not require ATP for these reactions. In con-
trast, in vitro vRNA synthesis stimulated by the purified RAF-2
fraction required high concentrations of ATP. The Km values
for ribonucleoside triphosphates in the absence of the RAF-2
fraction have been previously reported to be about 14 mM (52),
suggesting that the affinities of the RNA polymerase to four
kinds of ribonucleoside triphosphates as substrates of polymer-
ization are similar. In contrast, Km of around 95 mM for ATP
was detected in the presence of the RAF-2 fraction. These
observations suggest that there is an ATP consumer in the
purified RAF-2. In fact, the RAF-2 fraction was found to
contain an ATPase activity that was stimulated in the presence
of purified NP and RNA. Furthermore, RAF-2p48 and RAF-
2p36 in the purified RAF-2 were phosphorylated, and the
phosphorylation was stimulated in the presence of NP (data
not shown). However, it is not known whether RAF-2p48,
RAF-2p36, or another protein present in the RAF-2 fraction is
responsible for utilization of ATP.

If RAF-2p48 participated in the vRNA-unwinding processes
as an RNA helicase, there are two possible substrates for
RAF-2p48. The first is the RNA duplex consisting of the tem-
plate vRNA and the newly synthesized RNA; the second is the
partially complementary intramolecular terminal RNA duplex.
Secondary structure models for the terminal region of the
influenza virus genome have been proposed (see the introduc-
tion). We are currently designing an RNA synthesis-coupled
RNA-unwinding system to examine these as potential sub-
strates for RAF-2p48 helicase activity.

Role of RAF-2p48 in vRNA synthesis and splicing. It has
been observed in influenza virus-infected cells that the local-
ization of splicing-related host proteins such as SC35 and NS1-
binding protein is altered (16, 55). Upon infection, large speck-
led forms of SC35 change to small punctate forms, and the
localization of NS1-binding protein in spliceosomes disap-
pears. This alteration is shown to be dependent on the pres-
ence of the viral nonstructural protein NS1. The localization
pattern of RAF-2p48 (a putative splicing factor previously
identified as UAP56) was also affected by influenza virus in-
fection (Fig. 2). In infected cells, drastic inhibition of the host
cellular protein production, termed the shutoff phenomenon,
has been observed (18), possibly due to the inhibition of splic-
ing and 39-terminal processing of pre-mRNA (4, 35, 55). The
alteration of RAF-2p48 localization indicates that it may be
partially responsible for the splicing inhibition or concomi-
tantly be caused by disruption of spliceosomes. Furthermore,
relocalization of RAF-2p48 would contribute to the release of
RAF-2p48 from spliceosomes and facilitate the involvement of
RAF-2p48 in vRNA synthesis.
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