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The influenza A virus RNA-dependent RNA polymerase consists of three subunits—PB1, PB2, and PA. The
PB1 subunit is the catalytically active polymerase, catalyzing the sequential addition of nucleotides to the
growing RNA chain. The PB2 subunit is a cap-binding protein that plays a role in initiation of viral mRNA
synthesis by recruiting capped RNA primers. The function of PA is unknown, but previous studies of temper-
ature-sensitive viruses with mutations in PA have implied a role in viral RNA replication. In this report we
demonstrate that the PA subunit is required not only for replication but also for transcription of viral RNA.
We mutated evolutionarily conserved amino acids to alanines in the C-terminal region of the PA protein, since
the C-terminal region shows the highest degree of conservation between PA proteins of influenza A, B, and C
viruses. We tested the effects of these mutations on the ability of RNA polymerase to transcribe and replicate
viral RNA. We also tested the compatibility of these mutations with viral viability by using reverse-genetics
techniques. A mutant with a histidine-to-alanine change at position 510 (H510A) in the PA protein of influenza
A/WSN/33 virus showed a differential effect on transcription and replication. This mutant was able to perform
replication (vRNA3cRNA3vRNA), but its transcriptional activity (vRNA3mRNA) was negligible. In vitro
analyses of the H510A recombinant polymerase, by using transcription initiation, vRNA-binding, capped-RNA-
binding, and endonuclease assays, suggest that the primary defect of this mutant polymerase is in its
endonuclease activity.

Influenza A virus is a negative-strand RNA virus containing
eight segments of single-stranded RNA as its genome (39).
The RNA genome is transcribed and replicated by the viral
RNA-dependent RNA polymerase in the cell nucleus (21).
The viral RNAs (vRNA) are transcribed into mRNAs and
replicated through a cRNA intermediate to produce more
vRNA molecules. Synthesis of these three RNA species re-
quires different modes of initiation and termination (reviewed
in references 23 and 34). Synthesis of mRNAs is primed by
short capped RNA fragments that are generated from cellular
pre-mRNAs by endonucleolytic cleavage. Consequently, viral
mRNA molecules contain a 9- to 17-nucleotide (nt) capped
host-derived RNA sequence at their 5� ends. On the other
hand, the synthesis of cRNA and vRNA molecules is initiated
in a primer-independent manner, resulting in triphosphory-
lated 5� ends. Synthesis of mRNAs is prematurely terminated
16 to 17 nucleotides from the 5� end of the vRNA template at
a sequence of 5 to 7 uridines that acts as a polyadenylation
signal (30, 47, 49). The poly(A) tail is synthesized by the viral
RNA polymerase by repeated copying of the U sequence (47).
During the synthesis of cRNA molecules, the polyadenylation
signal is ignored, resulting in full-length copies of vRNA.

All three reactions, i.e., vRNA3mRNA (transcription),
vRNA3cRNA (first step of replication), and cRNA3vRNA
(second step of replication) are catalyzed by the viral RNA

polymerase complex. The polymerase complex consists of
three subunits: polymerase basic protein 1 (PB1), polymerase
basic protein 2 (PB2), and polymerase acidic protein (PA). The
PB1 component functions as the polymerase by catalyzing the
sequential addition of nucleotides to RNA transcripts. It con-
tains the conserved motifs characteristic of RNA-dependent
RNA polymerases (1, 2, 46). The sequence S-D-D at amino
acids 444 to 446 is the most likely candidate for the active site
of RNA polymerization (29). The PB2 subunit of the viral
RNA polymerase binds to cap-1 structures of host pre-mRNA
molecules. The cap-binding site has recently been localized to
amino acid residues between 533 and 564 (29). Honda et al.
(19), however, proposed that two separate regions of PB2,
amino acids 242 to 282 and 538 to 577, constitute the cap-
binding site. Early studies indicated that PB2 is also responsi-
ble for endonucleolytic cleavage of cellular pre-mRNAs (3,
53), but a recent report suggests that the endonuclease domain
resides in the PB1 subunit (29). It has been proposed that
amino acids 508 to 522, a region containing three essential
acidic amino acids, form the endonuclease active site of PB1.

The role of the PA subunit in the replication cycle of the
virus is essentially unknown, although early work with temper-
ature-sensitive (ts) virus mutants suggested that it was involved
in vRNA replication (31). PA can induce a generalized prote-
olysis of both viral and host proteins (50). It is not clear,
however, whether this protease activity is a property of PA or
of a host protease induced by PA. Deletion analysis of PA
showed that the N-terminal one-third of the molecule (amino
acids 1 to 247) is sufficient for this activity (52). The role of the
proteolysis-inducing activity of PA in viral transcription and
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replication is controversial. Perales et al. (42) reported that the
replication activity of the polymerase was linked to the capacity
of PA to induce proteolysis. In particular, point mutations at
amino acid positions 157 and 162 of PA, potential sites for
phosphorylation by casein kinase II, resulted in decreased pro-
teolytic induction. This decreased activity correlated with a
reduced ability to synthesize cRNA from the vRNA template,
but the ability of these mutants to transcribe vRNA into
mRNA was unaffected. The observed replication-defective
phenotype of polymerases with mutant PA proteins was in line
with the phenotype of viral ts mutants in which the PA gene
was affected (31). In contrast, Naffakh et al. (35) found that
proteolysis induced by the PA subunit is not correlated with
the transcription-replication activity of the polymerase. Muta-
tions at position 241 of PA reduced proteolytic activity, but the
transcription-replication activity of the polymerase was not
affected. More recently, Hara et al. (18) reported that PA was
a chymotrypsin-like serine protease with S624 at the active site,
but the role of this activity in the replication cycle of the virus
remains to be elucidated.

The exact nature of the polymerase complexes involved in
the synthesis of the three different RNA species—mRNA,
cRNA, and vRNA—is not known. The distinct functions—
endonuclease cleavage to generate primers, transcription, and
replication—must presumably be performed by different poly-
merase-promoter structures. PB1 alone has been reported to
transcribe RNA templates in vitro and catalyze cRNA synthe-
sis in vivo (22, 37). PB1 together with PA (in the presence of
NP but without PB2) appears to replicate vRNA and synthe-
size uncapped poly(A)� transcripts (36). Others, however,
have reported that all three polymerase subunits are required
for efficient synthesis of all three influenza virus RNA tran-
scripts (41). The PB1 subunit forms the core of the polymerase
complex (6). Interactions between PB1 and PB2, as well as
between PB1 and PA, have been demonstrated. PB1 interacts
through its N-terminal region with the C-terminal region of
PA, while the C-terminal region of PB1 is involved in interac-
tion with the N-terminal region of PB2 (16, 40, 43, 44, 55, 56).
A low-resolution three-dimensional structural model of a re-
combinant influenza virus RNP particle generated by electron
microscopy suggests a rather compact structure for the poly-
merase complex (32).

Interactions of the RNA polymerase with the vRNA and
cRNA promoters are crucial in determining the catalytic ac-
tivities of the polymerase. The 5�- and 3�-terminal sequences of
vRNA, which together form the vRNA promoter (11, 12), act
as essential cofactors for several activities of the polymerase
(17, 28). Binding of the polymerase to the 5�-terminal vRNA
sequence is proposed to induce an allosteric change that re-
sults in activation of the cap-binding activity of the PB2 sub-
unit. To induce the capped RNA-specific endonuclease activity
of the polymerase, required for generating capped RNA prim-
ers for transcription initiation, the polymerase has to bind to
both the 5�- and 3�-terminal vRNA sequences (17, 28). De-
tailed mutagenic analyses of the 5� and 3� vRNA sequences
defined the sequence requirements for inducing endonuclease
activity (24, 25, 26). Hairpin loop structures in both the 5� and
3� ends of vRNA, as suggested by the corkscrew model for the
vRNA promoter (8), are required for endonuclease activity.

The PB1 subunit of the polymerase contains the binding

sites for the 5�- and 3�-terminal sequences of vRNA. González
and Ortín (14) have proposed that two separate regions of
PB1, one localized in the N-terminal 83 amino acids and the
other in the C-terminal 264 amino acids, contribute to coop-
erative binding of the 5�- and 3�-terminal vRNA sequences.
According to Li et al. (28), however, the 5�-terminal vRNA
sequence binds to an amino acid sequence centered around
two arginine residues at positions 571 and 572, while the 3�-
terminal vRNA binds to a region at amino acids 249 to 256
containing two phenylalanine residues. The latter sequence
was previously identified as a ribonucleoprotein 1 (RNP1)-like
RNA binding motif in a computer search of PB1 sequences
(13). Although PB1 has been shown to contain the binding
sites for the terminal sequences of vRNA, PB2 and PA might
also play a role in vRNA recognition, because they can be
cross-linked to vRNA sequences (11, 13). Efficient binding of
the 5� end of vRNA has been shown to be dependent on the
formation of a complex between PB1 and PA, suggesting that
PA might play a role in enhancement of the 5�-end vRNA-
binding activity of PB1 (27).

In this report we address the function of the PA subunit of
the RNA polymerase complex in the processes of vRNA tran-
scription and replication. We present the construction of a set
of PA mutants, their phenotypic characterization, and their
activity in transcription and replication of vRNA.

MATERIALS AND METHODS

Plasmids. The pcDNA-PB1, pcDNA-PB2, pcDNA-PA, and pcDNA-NP pro-
tein expression plasmids for the three polymerase subunits and NP of influenza
A/WSN/33 virus were generated by subcloning the relevant open reading frames
from the pPOLI-PB1-RT, pPOLI-PB2-RT, pPOLI-PA-RT, and pPOLI-NP-RT
plasmids (9), respectively, into pcDNA3 (Invitrogen). Briefly, the pcDNA3 vec-
tor was modified by inserting an AgeI restriction enzyme site into its polylinker,
generating pcDNA3A as follows. pcDNA3 was linearized with HindIII restric-
tion enzyme and ligated to a self-annealed 5�-AGCTTACCGGTA-3� linker,
containing an AgeI site. pPOLI-PB1-RT, pPOLI-PB2-RT, pPOLI-PA-RT, and
pPOLI-NP-RT (9) were digested with NgoMIV, and the PB1-, PB2-, PA-, and
NP-containing cDNAs were inserted into the AgeI site of pcDNA3A. pPOLI-
CAT-RT is a pUC19-based plasmid encoding a vRNA-like RNA containing a
chloramphenicol acetyltransferase (CAT) open reading frame in negative sense,
flanked by the 5� and 3� noncoding regions of the NS vRNA segment of influenza
A/WSN/33 virus (45). pPOLI-cCAT-RT is a pUC18-based plasmid encoding a
cRNA-like RNA containing a positive-sense CAT open reading frame, flanked
by the 5� and 3� noncoding regions of the NS cRNA of influenza A/WSN/33 virus.
Expression of both RNAs is driven by a truncated human RNA polymerase I
promoter (nt �250 to �1). The 3� ends of both RNAs are generated by ribozyme
cleavage (45). The pcDNA-PA-His6 plasmid, based on pcDNA3, encodes the PA
protein of influenza A/WSN/33 virus tagged at its C terminus with a sequence of
six histidines through an Ala-Ala-Ala-Gly-Ser linker. The open reading frame of
PA-His6 lies between the EcoRI and XbaI sites of the pcDNA3 polylinker.
Modifications of the plasmids were prepared by site-directed mutagenesis. Se-
quences of the mutagenic primers are available from us upon request.

Preparation of capped RNA for binding studies and endonuclease assay. A
2�-O-methylated oligoribonucleotide (5�-AmAAUACUCAAG-3�) was chemi-
cally synthesized and 5� diphosphorylated as described previously (4). The 5�-
diphosphorylated oligoribonucleotide was converted into a capped (m7Gppp)
oligoribonucleotide by using guanylyl transferase (Gibco BRL). Capping was
performed in a reaction volume of 7.5 �l containing 100 pmol of RNA, 50 mM
Tris-HCl (pH 8.0), 1.25 mM MgCl2, 60 mM KCl, 2.5 mM dithiothreitol (DTT),
0.1 mM S-adenosylmethionine (New England Biolabs), 30 U of RNasin (Pro-
mega), 1 �M [�-32P]GTP (3,000 Ci/mmol) (Amersham), and 2.5 U of guanylyl
transferase for 1 h at 30°C. The reaction was terminated by the addition of 7.5 �l
of 80% formamide containing 1 mM EDTA, bromophenol blue, and xylene
cyanol dyes. The reaction mixture was heated to 95°C for 2 min and loaded onto
a 16% acrylamide gel containing 7 M urea in Tris-borate-EDTA (TBE) buffer.
The 32P-labeled capped RNA was detected by autoradiography and eluted by

8990 FODOR ET AL. J. VIROL.



soaking the crushed gel piece in 0.5 ml of 0.5 M ammonium acetate (pH 7.5) at
4°C for 16 h. The eluted RNA was precipitated with ethanol in the presence of
20 �g of glycogen carrier and washed with 70% ethanol. Total counts per minute
were determined, and the RNA pellet was dissolved in H2O to 2 � 105 cpm/�l.
The poly(A)�-capped RNA substrate for the endonuclease assay was prepared
by adding a poly(A) sequence to the 3� end of the 32P-labeled capped RNA.
Polyadenylation was performed in a reaction volume of 20 �l containing 32P-
labeled capped RNA (2 � 106 cpm), 600 U of yeast poly(A) polymerase (U.S.
Biochemicals), 1 mM ATP, 10 mM Tris-HCl (pH 7.0), 50 mM KCl, 0.7 mM
MnCl2, 0.2 mM DTT, 2 �g of acetylated bovine serum albumin, and 10%
glycerol at 37°C for 1 h. Poly(A)� RNA was isolated by oligo(dT) chromatog-
raphy using the Micro-FastTrack 2.0 mRNA isolation kit (Invitrogen) and was
eluted in 200 �l of 10 mM Tris-HCl (pH 7.5).

Transfections and CAT assay. DNA transfections were performed in human
kidney 293T cells in suspension in 35-mm dishes (about 106 cells) by using 6 �l
of LipofectAMINE 2000 (Gibco BRL) and 1 �g of each of the pcDNA-PB1,
pcDNA-PB2, pcDNA-PA, pcDNA-NP, and pPOLI-CAT-RT plasmids in 2 ml of
minimal essential medium (MEM) containing 10% fetal calf serum. Cells were
harvested 24 h posttransfection, and cell lysates were prepared by resuspension
of the cells in 100 �l of 250 mM Tris-HCl (pH 7.5) and by three cycles of
freeze-thawing. Fifty microliters of undiluted or diluted cell extracts was incu-
bated in 75-�l reaction mixtures containing 1 mM acetyl coenzyme A (Sigma),
0.1 mM [14C]chloramphenicol (50 mCi/mmol) (Amersham), and 250 mM Tris-
HCl (pH 7.5) for 1 h at 37°C. Reaction products were extracted with ethyl
acetate, separated by thin-layer chromatography, and detected by autoradiogra-
phy. Quantitation was performed visually by comparing activities of serially
diluted samples.

Western blot analysis of recombinant PA proteins. DNA transfections were
performed as described for the CAT assays (see above). About 48 h posttrans-
fection, cells were harvested and resuspended in sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer. Cells were lysed by
heating to 98°C for 5 min, and cell lysates were analyzed by SDS–8% PAGE.
Proteins were electrotransferred to Hybond-C nitrocellulose membranes (Am-
ersham) and probed with a polyclonal anti-PA antibody (6). Bound antibodies
were detected by using a horseradish peroxidase conjugated anti-rabbit immu-
noglobulin G (IgG) secondary antibody (Sigma-Aldrich) and ECL development
(Amersham) according to the manufacturer’s protocol.

RNA isolation and analysis of vRNA, mRNA, and cRNA by primer extension
assay. Human kidney 293T cells in 35-mm dishes were transfected as for the
CAT assays (see above) and harvested 48 posttransfection, and total RNA was
isolated by using TRIzol reagent (Gibco BRL). Primer extension assays were
performed as described elsewhere (10). Briefly, 5 �g of total RNA was mixed
with an excess of DNA primer (about 105 cpm), labeled at its 5� end with
[�-32P]ATP and T4 polynucleotide kinase, in 6 �l of water and denatured by
heating at 95°C for 3 min. The mixture was cooled on ice and transferred to 42°C,
and primer extensions were performed after addition of 100 U of SuperScript
reverse transcriptase (Gibco BRL) in the reaction buffer provided with the
enzyme for 1 h at 42°C. Two CAT-specific primers were used in the same reverse
transcription reaction: 5�-CGCAAGGCGACAAGGTGCTGA-3� (to detect
vRNA) and 5�-ATGTTCTTTACGATGCGATTGGG-3� (to detect mRNA and
cRNA). Transcription products were analyzed on 6% polyacrylamide gels con-
taining 7 M urea in TBE buffer and were detected by autoradiography. The
expected sizes of the products are 158 nt (vRNA), 98 to 106 nt depending on the
length of the capped primer (mRNA), and 89 nt (cRNA). Transcription products
were quantitated by phosphorimage analysis.

Viral rescue. Rescue of recombinant viruses was performed as described
elsewhere (9, 38) with modifications. Briefly, human kidney 293T cells (about 1
106 cells) in suspension in 35-mm dishes were transfected with 6 �l of Lipo-
fectAMINE 2000 and 1 �g of each of 12 plasmids. Eight pPOLI plasmids encode
the eight vRNA segments of influenza A/WSN/33 virus, as described elsewhere
(9). Four pcDNA plasmids encode mRNAs for PB1, PB2, PA, and NP, the
minimal set of viral proteins required for transcription-replication of vRNA, as
described above. Transfection was performed in MEM containing 10% fetal calf
serum. Eighteen to 24 h posttransfection, the medium was replaced with MEM
containing 0.5% fetal calf serum, penicillin, and streptomycin, and the cells were
incubated for another 24 to 48 h. Rescued viruses were amplified and plaqued on
Madin-Darby bovine kidney (MDBK) cells.

Preparation of nuclear extracts containing recombinant influenza virus RNA
polymerase. Nuclear extracts were prepared by using a modification of a recently
developed method (4a). Human kidney 293T cells in suspension in 8.5-cm dishes
(about 3 � 106 cells) were transfected with 30 �l of LipofectAMINE 2000
transfection reagent and 7 �g of each of pcDNA-PB1, pcDNA-PB2, and
pcDNA-PA in 10 ml of MEM containing 10% fetal calf serum. About 48 h

posttransfection, cells were harvested and washed in 10 ml of ice-cold phosphate-
buffered saline (PBS). The cell pellet was resuspended in 1 ml of cell lysis buffer
A (10 mM Tris-HCl [pH 7.8], 10 mM KCl, 1 mM EDTA, 1 mM DTT, 0.1%
Nonidet P-40, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and incubated
on ice for 10 min. Nuclei were pelleted and resuspended in 250 �l of nuclear lysis
buffer B (50 mM Tris-HCl [pH 7.8], 200 mM KCl, 0.2 mM EDTA, 1 mM DTT,
0.5% Nonidet P-40, 25% glycerol, and 1 mM PMSF) and incubated at 4°C for 30
min. Nuclear extracts were clarified by centrifugation at 1,000 � g and precipi-
tated by adding an equal volume of 3 M ammonium sulfate (pH 7.5). The protein
pellet was dissolved in 25 �l of nuclear lysis buffer B per transfected dish and
stored at �20°C. The protein concentration of nuclear extracts was about 2 �g/�l
as determined by a Bradford assay (Pierce).

Transcription assays in vitro. Transcription reactions in vitro were performed
(based on reference 4a) in a total reaction volume of 2.5 �l containing 1.25 �l of
nuclear extracts (see above), 25 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM
MgCl2, 0.1 mM EDTA, 2 mM DTT, 0.25% Nonidet P-40, 12.5% glycerol, 4 U of
RNasin (Promega), 0.5 mM PMSF, 1 mM ATP, 0.5 mM UTP, 0.5 mM CTP, 0.1
�M GTP, 0.15 �M [�-32P]GTP (3,000 Ci/mmol) (Amersham), 4 pmol of 3�-end
vRNA (5�-GGCCUGCUUUUGCU-3�) (Dharmacon), 4 pmol of 5�-end vRNA
(5�-AGUAGAAACAAGGCC-3�) (Dharmacon), and 1 mM ApG. In the globin
mRNA-primed in vitro transcription assays, the ApG was replaced with 0.03 �g
of globin mRNA (Gibco BRL). In the capped RNA-primed transcription assays,
the ApG was replaced with an 11-nt 32P-labeled capped RNA (about 5,000 cpm;
see above) and 0.5 mM GTP was used instead of [�-32P]GTP. Transcription
reactions were performed at 30°C for 1 h and terminated by addition of 7.5 �l of
80% formamide containing 1 mM EDTA, bromophenol blue, and xylene cyanol
dyes. The reaction mixture was heated to 95°C for 3 min and loaded onto a 16%
acrylamide gel containing 7 M urea in TBE buffer. Transcription products were
detected by autoradiography and quantitated by phosphorimage analysis.

Endonuclease assay. Endonuclease assays were performed in a total reaction
volume of 4 �l containing 2 �l of nuclear extracts (see above), poly(A)�-capped
RNA substrate (about 2,500 cpm; see above), 25 mM Tris-HCl (pH 7.8), 100 mM
KCl, 5 mM MgCl2, 1 mM DTT, 40 U of RNasin (Promega), 0.05 mM EDTA,
0.2% Nonidet P-40, 10% glycerol, 0.3 mM PMSF, 2 pmol of 5�-end vRNA
(5�-AGUAGAAACAAGGCC-3�), and 2 pmol of 3�-end vRNA (5�-GGCCUG
CUUUUGCU-3�). Endonuclease reactions were performed at 30°C for 30 min
and terminated by addition of 7 �l of 80% formamide containing 1 mM EDTA,
bromophenol blue, and xylene cyanol dyes. The reaction mixture was heated to
95°C for 3 min and loaded onto an 18% acrylamide gel containing 7 M urea in
TBE buffer. Cleavage products were detected by autoradiography and quanti-
tated by phosphorimage analysis.

RNA-binding assay. RNA probes corresponding to 5�-end vRNA (5�-AGUA
GAAACAAGGCC-3�) and 3�-end vRNA (5�-GGCCUGCUUUUGCU-3�) were
5� end labeled with [�-32P]ATP and T4 polynucleotide kinase for 1 h at 37°C.
Reactions were terminated by addition of an equal volume of 80% formamide
containing 1 mM EDTA, bromophenol blue, and xylene cyanol dyes. The reac-
tion mixture was heated to 95°C for 2 min and loaded onto a 16% acrylamide gel
containing 7 M urea in TBE buffer. The 32P-labeled RNAs were detected by
autoradiography and eluted by soaking the crushed gel piece in 1 ml of H2O for
16 h at 4°C. The eluted RNA was desalted on NAP-10 columns (Pharmacia) and
lyophilized by freeze-drying. The RNA pellet was dissolved in H2O to a final
concentration of approximately 0.1 pmol/�l. Gel shifts were performed according
to the work of Tiley et al. (54) with modifications. Briefly, binding reactions were
performed in a total volume of 10 �l containing 5 �l of nuclear extracts (see
above), 5,000 cpm of RNA probe, 25 mM HEPES (pH 7.5), 125 mM KCl, 2 mM
MgCl2, 1 mM DTT, 0.5 mM EGTA, 0.05 mM EDTA, 1 mM PMSF, 8 U of
RNasin (Promega), and 15% glycerol. Reaction mixtures were incubated at
room temperature for 10 min, and reactions were terminated by addition of
heparin (Sigma) to a final concentration of 5 �g/�l. Complexes were resolved by
native gel electrophoresis (4% acrylamide-bisacrylamide [37.5:1], 3% glycerol,
0.5� TBE buffer; 12 V/cm; 4°C) and visualized by autoradiography.

Isolation of His-tagged recombinant influenza virus RNA polymerase. Human
kidney 293T cells in suspension in 8.5-cm dishes (about 3 � 106 cells) were
transfected with 7 �g of each of pcDNA-PB1, pcDNA-PB2, and pcDNA-PA-
His6 by using 30 �l of LipofectAMINE 2000 transfection reagent in 10 ml of
MEM containing 10% fetal calf serum. Three dishes were used per preparation.
About 48 h posttransfection, cells were pooled, washed twice in 10 ml of ice-cold
PBS, resuspended in 0.9 ml of lysis buffer (50 mM sodium phosphate [pH 8.0],
200 mM NaCl, 25% glycerol, 0.5% Nonidet P-40, 1 mM �-mercaptoethanol, 0.1
mM PMSF, and 1 Complete Mini EDTA-free protease inhibitor cocktail tablet
[Roche] per 10 ml), and incubated on ice for 15 min. All subsequent steps were
performed at 4°C. The cell lysate was centrifuged at 13,400 � g for 15 min, and
the supernatant was transferred into a fresh 1.5-ml tube. A 100-�l volume of a
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nickel-nitriloacetic acid (NTA) agarose (Qiagen) suspension, washed in lysis
buffer, and imidazole to a final concentration of 5 mM were added to the cell
lysate. After gentle mixing for 2 h, the Ni-NTA agarose was collected by cen-
trifugation at 13,400 � g for 2 min and washed twice in lysis buffer containing 10
mM imidazole. Proteins were eluted from Ni-NTA agarose in 100 �l of lysis
buffer containing 100 mM imidazole.

Cap-binding assay. A UV-cross-linking assay (13) was used to test the cap-
binding activity of recombinant RNA polymerases. Initially, 5 �l of partially
purified His-tagged polymerase (see above) was mixed with 5 pmol of 5�-end
vRNA (5�-AGUAGAAACAAGGCC-3�) in a total reaction volume of 8 �l
containing 10 mM HEPES (pH 7.5), 100 mM KCl, 2 mM MgCl2, 0.5 mM EGTA,
1 mM DTT, 8 U of RNasin (Promega), and 10% glycerol in order to allow
binding of the polymerase to the 5�-end vRNA. After 15 min at 30°C, 2 �l of
capped RNA (40,000 cpm), labeled with 32P in the cap-1 structure (see above),
was added to the reaction mixture. The mixture was incubated for another 15 min
at 30°C, then transferred into a U-bottom 96-well plate, and irradiated on ice for
10 min in a UV Stratalinker (Stratagene) equipped with G8T5 bulbs (254 nm).
The cross-linked products were denatured at 95°C for 5 min, analyzed by
SDS–8% PAGE, and detected by autoradiography. To determine which poly-
merase subunits were cross-linked to the capped RNA, cross-linked complexes
were disrupted by 0.1% SDS treatment and immunoprecipitations were per-
formed as described previously (13).

RESULTS

Strategy of mutagenesis. In order to investigate the function
of the PA subunit of the influenza virus RNA polymerase in
the processes of transcription and replication of vRNA, we
decided to perform a mutational analysis of the protein. Sim-
ilarity between the PA proteins of influenza A, B, and C viruses
and Thogoto virus is limited, revealing no clear indication of
the possible roles of the different regions of the protein. The
PA proteins of influenza A and B viruses are the most closely
related, exhibiting about 36% amino acid identity (Table 1).
Influenza C virus PA proteins show about 25% identity with
PA proteins of both influenza A and B viruses. The PA protein
of Thogoto virus, a virus related to influenza viruses and there-
fore classified in the Orthomyxoviridae family, is the most dis-
tant, showing only about 15% amino acid identity with any of
the influenza virus PA proteins. A similarity plot of influenza
A, B, and C virus PA proteins revealed that the C-terminal
one-third exhibited the highest degree of similarity among the
three PA proteins (Fig. 1). When only the C-terminal one-third
of the protein (amino acids 500 to 716 for influenza A virus) is
considered, the identity of amino acids between influenza A
and B virus proteins rises from 36 to 48% and the influenza C
virus protein also shows a higher degree of identity to both
influenza A and B virus proteins (about 32%) (Table 1).
Therefore, we decided to focus on the C-terminal region of the
protein, arguing that the higher degree of similarity suggests
the presence of an evolutionarily conserved domain(s) crucial
for PA function(s). We introduced alanine mutations at those
amino acid positions that were conserved in an alignment of

the PA proteins of influenza A, B, and C viruses and Thogoto
virus (Fig. 2). In addition, we included several amino acids that
were not absolutely conserved, because they were implicated in
various functions, e.g., nucleotide binding (S509) (5), phos-
phorylation (S526) (51), or serine protease activity (S624) (18),
or were present in a region of PA originally implicated in
interaction with a cellular protein (L425) (M. Huarte, J. Sanz-
Ezquerro, J. Ortín, and A. Nieto, Abstr. 11th Int. Conf. Neg-
ative Strand Viruses, abstr. 94, 2000). Moreover, during the
cloning procedure, two mutants with deletions were isolated.
One of the deletion mutants, Q654A(	655-658), contained a
glutamine-to-alanine mutation at position 654 and a deletion
of four highly conserved amino acids, LEGF, between posi-
tions 655 and 658. The other deletion mutant, C693A(	694-
716), contained a cysteine-to-alanine mutation at position 693
and lacked the C-terminal 23 amino acids. Mutations were
introduced into the pcDNA-PA protein expression plasmid by
site-directed mutagenesis.

Functionality of the mutant PA proteins. To test the func-
tionality of the mutant PA proteins, we used an in vivo tran-
scription-replication assay based on in vivo reconstitution of
viral RNP complexes and expression of a CAT reporter gene
(45). Mutant PA proteins were coexpressed in 293T cells with
influenza virus PB1, PB2, and NP proteins (the minimal set of
influenza virus proteins required for transcription and replica-
tion of vRNA) and a vRNA-like CAT-RNA, encoding a neg-
ative-sense CAT reporter gene. Cell extracts were tested for
CAT activity 24 h posttransfection. Surprisingly, we found that
most of the mutations had little if any effect on CAT activity
(Table 2). Only three single-amino-acid mutants (G502A,
H510A, and E524A) resulted in 
1% or undetectable CAT
activity relative to that of the wild-type control. The two dele-
tion mutants [Q654A(	655-658) and C693A(	694-716)] also
showed CAT activities below the level of detection. All the
other mutants showed significant CAT activity levels (more
than 1% relative to that of the wild type). It is unlikely that the
proteolytic activity of the mutant PA proteins showing 
1% or
undetectable CAT activities was affected, since (i) all the mu-
tations tested are located in a region distinct from that impli-
cated in the induction of proteolysis (52) and (ii) all mutants
with low or undetectable CAT activity were expressed at levels
similar to those of the wild type, as determined by Western blot
analysis with an anti-PA antibody (Table 2)—a result incon-
sistent with autoproteolysis (52).

Generation of recombinant influenza viruses with muta-

FIG. 1. Amino acid sequence similarity plot of influenza A, B,
and C virus PA proteins. Influenza A/WSN/33, B/Panama/45/90, and
C/JJ/50 virus PA sequences (GenBank accession numbers J02152,
AF005738, and M28062, respectively) were aligned, and similarity was
calculated and plotted for a window of 10 amino acids with programs
in the Genetics Computer Group software package. Horizontal line,
average level of overall similarity in the plot.

TABLE 1. Amino acid sequence identities between the PA proteins
of influenza A, B, and C viruses and Thogoto virus

Proteina
% Identity between virusesb

A vs B A vs C A vs D B vs C B vs D C vs D

PA (aa1–716) 36 25 15 24 15 14
PA (aa500–716) 48 31 19 32 18 23

a Numbering refers to amino acid (aa) positions in A/WSN/33.
b Influenza A/WSN/33 virus; B, influenza B/Panama/45/90 virus; C, influenza

C/JJ/50 virus; D, Thogoto virus.
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tions in PA. Since most of the single-amino-acid mutations had
only a marginal or no effect on CAT activity, we proceeded to
perform viral rescue. We used the plasmid-based rescue meth-
od for generating recombinant influenza viruses from cDNA
(9). The mutations were subcloned into the pPOLI-PA-RT
plasmid to express mutant PA vRNA. These were cotrans-
fected into 293T cells with seven pPOLI plasmids, encoding
the remaining seven vRNA segments, and four protein expres-
sion plasmids, encoding PB1, PB2, PA (wild-type), and NP
proteins. Only six of the PA mutants could not be rescued into
infectious virus (Table 2). These included the three single-

amino-acid mutants showing 
1% or undetectable CAT activ-
ities and the two deletion mutants. In addition, the K539A
mutant could not be rescued, although it showed wild-type
activity in the CAT reporter assay. All the recombinant viruses,
with the exception of the W406A, E410A, R638A, and E656A
mutants, produced stocks of at least 106 PFU/ml in MDBK
cells, indicating that their growth in cell culture was not se-
verely compromised (data not shown). The W406A, E410A,
R638A, and E656A mutants grew poorly, producing pinhead-
sized plaques on MDBK cells, which made any further char-
acterization difficult.

FIG. 2. Alignment of amino acid sequences of PA proteins of influenza A, B, and C viruses and Thogoto virus. PA sequences of influenza
A/WSN/33, B/Panama/45/90, and C/JJ/50 viruses and Thogoto virus (GenBank accession numbers J02152, AF005738, M28062, and 2253293,
respectively) were aligned with CLUSTAL W from the Genetics Computer Group software package by using the default parameters (details
available from us on request). Inclusion of the Thogoto virus PA sequence, the most divergent of the four PA sequences used in the alignment,
could result in alternative alignments of some amino acid regions if different parameters of CLUSTAL were used. Amino acids selected for
mutagenesis are boldfaced. Numbers refer to amino acid positions in the A/WSN/33 sequence. Only the C-terminal halves of the PA sequences
are shown (amino acids 355 to 716 for A/WSN/33).
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Synthesis of mRNA, cRNA, and vRNA by polymerases with
mutant PA subunits. Since early work with viruses carrying ts
mutations in their PA genes has indicated that PA is involved
in replication, but not necessarily in the transcriptional activity
of the polymerase (31), we were particularly interested in
whether any of the mutations generated affected viral tran-
scription and replication differentially. Therefore, we set up
a “single-tube” primer extension assay to compare mRNA,
cRNA, and vRNA levels in cells expressing the three influenza
virus RNA polymerase subunits, NP, and a vRNA-like CAT-
RNA. Two primers were used in the same primer extension
reaction, one specific for the negative-sense RNA (vRNA) and
the other specific for the positive-sense RNAs (mRNA and
cRNA). Because mRNA and cRNA differ at their 5� ends, it
was possible to distinguish the signals originating from the two
RNA species, based on their different lengths. Analysis of total
RNA isolated from cells expressing wild-type PB1, PB2, PA,
NP, and a vRNA-like CAT-RNA resulted in three radiola-
beled bands of the expected sizes for vRNA, mRNA, and
cRNA (Fig. 3A, lane 5). While the vRNA and cRNA signals
appear as discrete bands, the mRNA signal is a “wide” band
representing RNA species of various lengths, due to the het-
erogeneity in the size of the capped RNA primers used by the
influenza virus polymerase to initiate mRNA synthesis. Primer
extension performed on poly(A)� and poly(A)� fractions of
total RNA—isolated by oligo(dT) chromatography—showed
that the poly(A)� fraction was enriched in, while the poly(A)�

fraction was depleted of, RNA species producing mRNA sig-
nals. On the other hand, the poly(A)� fraction was depleted of,
and the poly(A)� fraction was enriched in, RNA species pro-
ducing the cRNA and vRNA signals (data not shown). Anal-
ysis of total RNA from nontransfected cells produced no ra-
diolabeled bands at the expected positions for vRNA, mRNA,
or cRNA signals (Fig. 3A, lane 2). If the pPOLI-CAT-RT
plasmid was transfected alone or the PA protein expression
plasmid was omitted from the transfection mixture, a faint
vRNA signal was observed (Fig. 3A, lanes 3 and 4, respective-
ly). This signal represents vRNA transcribed by cellular RNA
polymerase I from the pPOLI-CAT-RT plasmid. These results
demonstrate that in the presence of PB1, PB2, and NP, but in
the absence of PA, no significant vRNA-dependent transcrip-
tion can occur in vivo (Fig. 3A; compare lanes 4 and 5).

Having established a simple method for analyzing vRNA,
mRNA, and cRNA levels in transfected cells, we proceeded to
test the effects of PA mutations on viral transcription and
replication (Fig. 3A through C). We found that most of the
single-amino-acid mutations had no effect or only a subtle
effect on RNA levels (L425A, K461A, S509A, D514A, S526A,
V542A, L563A, R583A, G622A, S624A, Q654A, E656A,
G657A, F658A, E692A, C693A, N696A, P698A, and N708A),
indicating that none of these positions is crucial for transcrip-
tion and replication. Mutants W406A and E410A resulted in a
general decrease in levels of all three RNA species, while
mutants G502A and E524A and the two deletion mutants
[Q654A(	655-658) and C693A(	694-716)] showed no detect-
able levels of RNAs. We observed good correlation between
CAT activities (Table 2) and mRNA levels expressed by the
PA mutants (Fig. 3), with the exception of the G657A and
E692A mutants, which showed 1 to 10% CAT activity but only
a subtle effect on mRNA levels. It should be noted that CAT
activities were analyzed 24 h posttransfection, while mRNA
levels were determined 48 h posttransfection, possibly account-
ing for the discrepancies.

More interestingly, the remaining three mutants, H510A,
K539A, and R638A, showed differential effects on transcrip-
tion and replication (Fig. 3A, lanes 12 and 16, and Fig. 3C, lane
6). The H510A mutant, which showed less than 1% CAT
activity and could not be rescued into infectious virus (Table
2), expressed only background levels of mRNA (
1% com-
pared to the wild type) (Fig. 3A, lane 12). Surprisingly, how-
ever, we observed significant levels of both cRNA and vRNA.
Although, cRNA levels produced by this mutant were reduced
about fivefold, vRNA levels were close to that of the wild type
(Fig. 3A; compare lanes 5 and 12). Thus, the H510A mutation
specifically inhibits the vRNA-templated transcriptional activ-
ity (mRNA and cRNA synthesis) of the RNA polymerase,
while its cRNA-templated transcriptional activity (vRNA syn-
thesis) is apparently not affected. Although both mRNA syn-
thesis and cRNA synthesis were inhibited by the mutation,
mRNA synthesis was inhibited 20 times more than cRNA
synthesis, indicating that the H510A mutation primarily affects
the transcriptional (mRNA synthesis) activity of the RNA
polymerase.

The K539A mutant showed wild-type CAT activity levels
but, surprisingly, did not produce infectious virus (Table 2).
Analysis of RNA levels revealed that this mutant produced
wild-type levels of mRNA, in agreement with the CAT assay

TABLE 2. Phenotypic analyses of mutant PA proteins

Mutation
(amino acid) CAT activitya Proteinb Viral rescuec

WT ��� � �
W406A �� � �
E410A �� � �
L425A ��� NT �
K461A ��� NT �
G502A — � —
S509A ��� NT �
H510A � � —
D514A ��� NT �
E524A — � —
S526A ��� NT �
K539A ��� � —
V542A ��� NT �
L563A ��� NT �
R583A ��� NT �
G622A ��� � �
S624A ��� � �
R638A ��� � �
Q654A ��� � �
E656A ��� � �
G657A �� � �
F568A ��� NT �
E692A �� NT �
C693A ��� NT �
N696A ��� NT �
P698A ��� NT �
N708A ��� NT �

Q654A(	655–658) — � —
C693A(	694–716) — � —

a ���, 10 to 100%; ��, 1 to 10%; �, 
1%; —, not detectable.
b �, expressed to wild-type levels; NT, not tested.
c �, yes; —, no viral rescue was achieved.
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results, but produced about 10-fold less cRNA and vRNA
than the wild type (Fig. 3A; compare lanes 5 and 16). Thus,
the K539A mutation selectively inhibits replication. The low
vRNA levels produced by this mutant might explain why no
infectious virus carrying the K539A mutation could be rescued
(Table 2).

The R638A mutant, which showed 10 to 100% CAT activity
but produced pinhead-sized plaques when rescued into a virus
(Table 2), exhibited about a fivefold increase in vRNA levels
over that of the wild type. In contrast, the mRNA levels pro-
duced by this mutant were reduced fivefold (Fig. 3C; compare
lanes 4 and 6). Thus, the R638A mutation in the PA subunit
results in upregulation of the replicative and downregulation of
the transcriptional activity of the RNA polymerase.

Previous studies of PA implied a role for PA only in cRNA
and vRNA synthesis (31, 42), and therefore we decided to
study the H510A mutant, which showed a defect in mRNA
synthesis, in more detail. First, we confirmed that the observed
differences in the ratios of vRNA, mRNA, and cRNA synthe-
sized by this mutant are reproducible with a cRNA-like CAT-
RNA template. Analysis of total RNA isolated from cells ex-
pressing wild-type PB1, PB2, PA, NP, and cRNA-like CAT-
RNA resulted in a pattern of vRNA, mRNA, and cRNA
signals comparable to that obtained with the vRNA template
(compare lane 5 in Fig. 3E to lane 5 in Fig. 3A). The H510A
mutant produced significant amounts of cRNA and vRNA, but
only background levels of mRNA, in agreement with the pre-

FIG. 3. In vivo RNA synthesis mediated by mutant PA proteins. (A
through D) Primer extension assays of vRNA, mRNA, and cRNA
isolated from cells expressing influenza virus polymerase proteins and
vRNA-like CAT-RNA. 293T cells were transfected, as indicated above
the lanes, either with pcDNA3 (indicated by “C”), with pPOLI-CAT-
RT, with pPOLI-CAT-RT, pcDNA-PB1, and pcDNA-PB2 (�PA), or
with pPOLI-CAT-RT, pcDNA-PB1, pcDNA-PB2, and wild-type (WT)
or mutant pcDNA-PA. (E) Primer extension assays of vRNA, mRNA,
and cRNA isolated from cells expressing influenza virus polymerase
proteins and cRNA-like CAT-RNA. 293T cells were transfected, as
indicated above the lanes, either with pcDNA3 (indicated by “C”),
with pPOLI-cCAT-RT, with pPOLI-cCAT-RT, pcDNA-PB1, and
pcDNA-PB2 (�PA), or with pPOLI-cCAT-RT, pcDNA-PB1, pcDNA-
PB2, and wild-type (WT) or mutant (H510A) pcDNA-PA. pcDNA-NP
was included in all transfections except the negative controls C,
pPOLI-CAT-RT, and pPOLI-cCAT-RT. Isolation of RNA and primer
extension assays were performed as described in Materials and Meth-
ods. Positions of vRNA, mRNA, and cRNA signals are indicated on
the right. Stars indicate nonspecific priming on cellular RNAs. M,
32P-labeled 1-kb DNA ladder (Gibco BRL); sizes are indicated on the left.
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vious results with the vRNA template (compare lane 6 in Fig.
3E to lane 12 in Fig. 3A). This supports the idea that the
cRNA3vRNA synthesizing activity of the H510A polymerase
is not affected.

If the pPOLI-cCAT-RT plasmid was transfected alone or
the PA protein expression plasmid was omitted from the trans-
fection mixture, a faint cRNA signal was observed (Fig. 3E,
lanes 3 and 4, respectively). This signal represents cRNA tran-
scribed by cellular RNA polymerase I from the pPOLI-cCAT-
RT plasmid. These results demonstrate that in the presence of
PB1, PB2, and NP, but in the absence of PA, no significant
cRNA-dependent transcription can occur in vivo (Fig. 3E;
compare lanes 3 and 4). Thus, in the absence of PA, neither
vRNA- nor cRNA-dependent RNA synthesis can occur at sig-
nificant levels in vivo.

We also tested the effects of two other amino acid mutations
at position 510 of PA (Fig. 3D). In contrast to the H510A
mutation, a conservative amino acid change (H510K) had no
effect on the transcriptional activity of the polymerase, result-
ing in wild-type levels of mRNA (Fig. 3D, lane 6). A basic-to-
acidic amino acid mutation (H510E), however, abolished not
only mRNA but also cRNA and vRNA synthesis (Fig. 3D, lane
5). Neither of these mutations could be rescued into infectious
virus (data not shown).

In vitro transcriptional activity of the H510A polymerase.
The transfection-based in vivo experiments showed that the
H510A mutant could synthesize significant amounts of cRNA
and vRNA but undetectable amounts of mRNA. Because the
cRNA3vRNA synthesizing activity of the polymerase was not
affected, it was unlikely that the H510A mutation in the PA
affected the processivity of the polymerase. It was more likely
that this mutant was deficient in some specific function re-
quired for vRNA-dependent RNA synthesis, in particular
mRNA synthesis. The synthesis of viral mRNA molecules is
dependent on the ability of the RNA polymerase to generate
capped RNA primers for transcription initiation, while repli-
cation is independent of capped RNA primers. Therefore, we
decided to compare the activities of recombinant RNA poly-
merases containing wild-type or H510A mutant PA subunits in
a transcription initiation assay using either ApG dinucleotide
or capped RNA primers in vitro.

Crude nuclear extracts containing recombinant polymerase
from cells expressing wild-type PB1, PB2, and PA were able to
transcribe a 14-nt 3�-end vRNA template in both ApG- and
globin mRNA-primed transcription reactions in vitro (Fig. 4A,
lanes 2 and 5). The ApG-primed product appeared as a triplet,
the slowest-moving band of which represented the full-length
(14-nt) transcription product (4a). We speculate that the fast-
er-moving bands (12 and 13 nt) are the results of nuclease
digestion of the RNA template or transcription product, or
both. The globin mRNA-primed transcription product ran
more slowly than the ApG-primed product due to the presence
of the capped RNA sequence at its 5� end. It also appeared as
a triplet, either due to cleavage at multiple sites of the capped
primer or due to nuclease digestion, or both. Nuclear extracts
from nontransfected cells were inactive (Fig. 4A, lanes 1 and
4). Nuclear extracts from cells expressing PB1 and PB2, but not
PA, produced no detectable activity, indicating that PA is re-
quired for efficient transcription initiation in vitro with both
ApG and capped RNA primers in agreement with previous

findings (4a) (data not shown). The activity of the recombinant
RNA polymerase was also dependent on the presence of a
15-nt RNA containing the 13 conserved 5�-terminal vRNA
residues, as observed previously (4a). If the 5�-end RNA was
omitted from the reaction, only low levels of activity were
observed with the ApG primer (estimated at 
10%) (data not
shown). No transcription products could be detected in the
absence of the 5�-end vRNA if globin mRNA was used as a
primer (data not shown). Although NP is essential for tran-
scription and replication of influenza virus RNA in vivo, the
presence of NP is known not to be required for endonuclease
cleavage of capped RNA primers or for synthesis of short 14-nt
RNA transcripts (4a, 17, 27), and therefore it was not included
in our in vitro assays.

Having established the conditions of the in vitro transcrip-
tion reaction using recombinant RNA polymerase, we pro-
ceeded to test the activity of the H510A mutant. We found that
the H510A mutant was able to initiate transcription with the
ApG primer as efficiently as the wild type (Fig. 4A; compare
lane 3 to lane 2). In contrast, the H510A mutant showed
dramatically reduced activity with the globin mRNA primer
(Fig. 4A; compare lane 6 to lane 5). Although the activities of
the individual recombinant polymerase preparations varied, we
consistently observed a greater degree of reduction in the
activity of the H510A mutant with capped RNA primers than
with the ApG primer. On average, the H510A mutant was
about 10-fold less efficient in priming with capped RNA than
with ApG. These results suggested that the defect of the
H510A polymerase could, at least in part, be directly related to
its reduced ability to initiate with capped RNA primers.

Endonuclease and RNA-binding activities of the H510A poly-

FIG. 4. In vitro RNA synthesis mediated by the H510A polymer-
ase. (A) Transcription initiation primed with ApG and globin mRNA
primers. Transcription reactions were carried out in vitro with nuclear
extracts from cells transfected either with pcDNA3 (C) (lanes 1 and 4)
or with pcDNA-PB1, pcDNA-PB2, and wild-type (WT) (lanes 2 and 5)
or mutant (H510A) (lanes 3 and 6) pcDNA-PA in the presence of
ApG dinucleotide (lanes 1 to 3) or globin mRNA (lanes 4 to 6)
primers. The positions of transcription products (TP) are indicated.
The star indicates the position of a nonspecific band. (B) Transcription
initiation primed with a capped RNA primer. Transcription reactions
were carried out in vitro with nuclear extracts from cells transfected
either with pcDNA3 (C) (lane 1) or with pcDNA-PB1 and pcDNA-
PB2 either without pcDNA-PA (�PA) (lane 2) or with wild-type (WT)
(lane3) or mutant (H510A) (lane4) pcDNA-PA in the presence of an
11-nt 32P-labeled capped RNA. The positions of transcription products
(TP) and the primer are indicated.
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merase. In order to initiate transcription with capped RNA
primers, the RNA polymerase must be able to perform several
activities. It must bind to both ends of vRNA, because the 5�
vRNA sequence acts as an activator of the cap-binding activity
of the polymerase and, in addition, binding to 3�-end vRNA is
required for the endonuclease activity. Since the H510A mu-
tant is active in ApG-primed transcription initiation in vitro
and this activity is dependent on both 5�-end and 3�-end RNAs
(see above), it is unlikely that the H510A polymerase is defi-
cient in template RNA binding. To test this further, we ana-
lyzed the vRNA-binding activity of the H510A polymerase in a
gel shift assay. We found that the ability of the mutant poly-
merase to bind 5�- or 3�-end vRNA was not significantly af-
fected (Fig. 5A, compare lanes 3 and 4; and data not shown).
Next we tested the ability of the H510A mutant polymerase to
bind capped RNA in a UV-cross-linking assay. However, be-
cause of the presence of a cellular protein in the crude recom-
binant RNA polymerase preparations that cross-linked to the
radiolabeled capped RNA and produced a strong signal at

around 90 kDa on protein gels—at the expected position of the
influenza virus polymerase proteins—it was not possible to
study cap-binding functions with the polymerase preparations
that we used in the in vitro transcription assay (see above).
Therefore, we prepared partially purified recombinant poly-
merases with wild-type or H510A mutant PA subunits. To this
end, we fused a short histidine tag to the C terminus of the PA
protein to enable purification on a Ni affinity column. Partially
purified wild-type RNA polymerase, cross-linked to capped
RNA radiolabeled in its cap structure, produced two distinct
bands on protein gels (Fig. 5B, lane 2). Immunoprecipitation
of the cross-linked RNA polymerase subunits, after disruption
of the complex with 0.1% SDS treatment, confirmed that the
band with lower mobility corresponded to PB1 and the band
with higher mobility corresponded to PB2 (data not shown).
These results are in agreement with a previous report (29)
showing that a capped RNA could be cross-linked to PB1, in
addition to the cap-binding PB2 subunit, possibly because PB1
contains the endonuclease domain involved in cleaving capped
RNAs.

Recombinant partially purified His-tagged H510A polymer-
ase produced a similar pattern of cross-linked PB1 and PB2
bands, although the intensity of the bands was weaker than
with the wild type, suggesting that the cap-binding activity of
the H510A mutant was affected (Fig. 5B, lane3). We cannot,
however, exclude the possibility that the C-terminal His tag
perturbs the function of PA to some extent, and it might do so
to a greater extent in the case of the H510A mutant than in the
case of the wild type. Indeed, preliminary studies suggest that
a recombinant polymerase containing a His-tagged H510A
mutant PA subunit results in slightly reduced CAT reporter
expression compared to that for a polymerase containing non-
His-tagged H510A mutant PA (data not shown). Nevertheless,
it is clear that the H510A mutant polymerase retains a signif-
icant level of capped RNA-binding activity.

It was unlikely that the observed reduction in capped RNA
binding could fully explain the severe inhibition of the ability of
the H510A mutant to prime transcription with capped RNA.
Therefore, we proceeded to test whether recombinant RNA
polymerases containing wild-type or H510A mutant PA sub-
units were active in endonucleolytic cleavage of capped RNAs.
As a substrate, we used a synthetic 11-nt capped RNA, radio-
labeled with 32P in its cap structure, that was extended by a
poly(A) polymerase in vitro, resulting in capped and poly(A)-
tailed products. Because the substrate contained RNA mole-
cules with poly(A) tails of various lengths, it ran as a “smear”
rather than a discrete band near the top of the gel (Fig. 5C,
lane 1). Incubation of wild-type recombinant polymerase with
the substrate RNA resulted in the appearance of a discrete
band (Fig. 5C, lane 3) that comigrated with an 11-nt capped
RNA marker (data not shown) and a cleavage product gener-
ated by influenza virus cores (lane 5). This band was absent if
the RNA substrate was incubated with nuclear extracts from
cells expressing no influenza virus polymerase proteins (Fig.
5C, lane 1) or expressing only PB1 and PB2, but no PA (lane
2). These results showed that the wild-type recombinant RNA
polymerase possessed the specific endonuclease activity char-
acteristic of influenza virus RNA polymerases. In contrast, we
observed only low levels of specific cleavage products with the
H510A mutant polymerase (Fig. 5C, lane 4).

FIG. 5. RNA-binding and endonuclease activities of the H510A
polymerase. (A) 5�-end vRNA-binding activity of the H510A polymer-
ase. Nuclear extracts from cells transfected either with pcDNA3
(lane 1), with pcDNA-PB1 and pcDNA-PB2 (�PA) (lane 2), or with
pcDNA-PB1, pcDNA-PB2, and either wild-type (WT) or H510A mu-
tant pcDNA-PA (lanes 3 and 4, respectively) were used in gel shifts
with 32P-labeled 15-nt 5�-end vRNA as described in Materials and
Methods. The position of the polymerase complex (3P) is indicated.
The star indicates a nonspecific band. (B) Capped RNA-binding ac-
tivity of the H510A polymerase. His-tagged polymerases, partially pu-
rified from cells transfected either with pcDNA-PB1 and pcDNA-PB2
(�PA) (lane1) or with pcDNA-PB1, pcDNA-PB2, and either pcDNA-
PA-His6 wild-type (WT) or H510A mutant pcDNA-PA-His6 (lanes 2
and 3, respectively), were cross-linked to 32P-labeled capped RNA as
described in Materials and Methods. The positions of the PB1 and PB2
bands are indicated. (C) Endonuclease activity of the H510A polymer-
ase. Nuclear extracts from cells transfected either with pcDNA3 (lane
1), with pcDNA-PB1 and pcDNA-PB2 (�PA) (lane 2), or with
pcDNA-PB1, pcDNA-PB2, and either wild-type (WT) or H510A mu-
tant pcDNA-PA (lanes 3 and 4, respectively) were incubated with
poly(A)�-capped RNA, and cleavage products were analyzed as de-
scribed in Materials and Methods. As a positive control, endonuclease
cleavage was carried out with viral cores isolated from purified virus
(RNP) (lane 5). The position of the specific cleavage product (CP) is
indicated. The poly(A)�-capped RNA (indicated) runs as a smear due to
the variety in the length of the poly(A) tail.
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We speculated that if the major defect of the H510A poly-
merase was in its endonuclease activity, as suggested by the
results described above, it might be able to initiate transcrip-
tion with short capped RNA primers not requiring endonucle-
ase cleavage. To address this question, we tested the activity of
the recombinant RNA polymerase preparations with an 11-nt
capped RNA primer which has been previously shown to act as
a primer in transcription initiation reactions in vitro without
the need for endonuclease cleavage (4). We found that the
H510A mutant polymerase could extend the capped RNA
primer almost as efficiently as the wild type (Fig. 4B; compare
lanes 3 and 4). We detected no specific extension products if
we used nuclear extracts from nontransfected cells or nuclear
extracts containing only PB1 and PB2 (Fig. 4B, lanes 1 and 2,
respectively).

Taken together, these results suggest that the severe inhibi-
tion of the capped RNA-priming activity of the H510A mutant
could be primarily due to a defect in its endonuclease cleavage
activity.

DISCUSSION

We have identified an amino acid position in the PA subunit
of the influenza A virus RNA polymerase complex that is
required for the endonuclease activity of the polymerase. Mu-
tation of a histidine at amino acid position 510 to an alanine
resulted in inhibition of the transcriptional activity of the poly-
merase complex in vivo. In agreement with this, the H510A
mutant showed severely reduced activity (
1%) in a CAT
reporter gene expression assay. In addition, no mutant virus
could be constructed with an H510A mutation in the PA pro-
tein, most likely due to the low transcriptional activity and,
consequently, the low protein levels expressed in cells. Surpris-
ingly, however, this mutant RNA polymerase was active in
RNA replication, as determined by analysis of RNA levels in
transfected cells.

Detailed analyses of the activities of the H510A mutant in
vitro revealed that the endonuclease activity of this polymerase
was severely affected. Although cap-binding activity appeared
to be reduced, this reduction could not fully account for the
reduction in endonuclease activity. In support of this, the H510A
mutant was able to initiate transcription efficiently when pro-
vided with a short capped RNA primer that did not require
cleavage prior to transcription initiation. To our knowledge,
this is the first report suggesting a specific role of PA in tran-
scription initiation and in endonuclease activity in particular.

Early work with ts virus mutants suggested that PA is in-
volved in RNA replication (31), but its role in RNA transcrip-
tion was not appreciated. Our results clearly indicate that PA
is required for transcription initiation, possibly by directly
participating in the endonuclease cleavage of cellular pre-
mRNAs. Early work suggested that the endonuclease domain
resides in the PB2 subunit (3, 53); however, a more recent
study proposed that the PB1 subunit of the polymerase is
responsible for the cleavage of capped pre-mRNAs (29). Al-
though the PB2 subunit contains the cap-binding motif, the
actual cleavage is performed by the PB1 subunit. In support of
this, a capped RNA can be cross-linked to both PB1 and PB2,
and amino acid sequences involved in binding and cleaving
capped RNA have been identified. Three acidic amino acids
(E508, E519, and D522) of PB1 have been shown to be crucial

for the cleavage reaction (29). Our results suggest that PA
forms an active part of the influenza virus cap-dependent en-
donuclease, although we have found no evidence as yet that a
capped RNA could be directly cross-linked to PA (data not
shown).

PA is known to interact with PB1, and the histidine is
present in the region of PA which is proposed to interact with
PB1 (55, 56). Although the proposed endonuclease active site
in PB1 is outside the region that is known to interact with PA
(44), we speculate that in the three-dimensional structure,
H510 might be close to the endonuclease active site of the PB1
subunit. It is possible that the active site is formed on the
interface of the PB1 and PA subunits with amino acids from
both subunits participating. Whether H510 participates di-
rectly in the catalytic mechanism (proposed to be a two-metal
ion catalysis [7]), however, would need further investigation.
Our result that another basic amino acid residue can replace
H510 without loss of transcriptional activity (H510K) suggests
that H510 is not directly involved in catalysis. It should be
noted, however, that no infectious virus could be generated
with an H510K mutation in the PA protein.

Masunaga et al. (33) reported that the cap-dependent en-
donuclease was sensitive to inhibition by monoclonal antibod-
ies targeted against amino acids 401 to 517 of PA and the
N-terminal region of PB1 (amino acids 1 to 222). The anti-PB1
antibody could interfere with the binding of PA to PB1, since
the N-terminal region is implicated in binding PA (44), while
the anti-PA antibody could directly target the region of PA
forming part of the endonuclease active site, as suggested by
this report.

Amino acid position H510 is located just downstream of a
region which has been identified as a putative nucleotide-
binding motif based on a homology search (5). Zürcher et al.
(56) identified the putative nucleotide-binding domain as a
potential active site of PA, based on a mutagenesis study. In
particular, a mutant that had a serine insertion at position 509,
located just upstream of the H510 position, did not show any
polymerase activity, as measured by the expression of a CAT
reporter. However, this mutant bound to PB1, induced pro-
teolytic activity like the wild type, and acted as a dominant-
negative mutant, suggesting that the S509 insertion did not
affect folding. The inhibition of CAT reporter activity indicates
that mRNA synthesis was affected but provides no information
on RNA replication. It would be interesting to see whether this
insertion affected the replicative activity of the polymerase or
whether the inhibitory effect was limited to mRNA synthesis.

The close proximity of H510 to the putative nucleotide-
binding domain might suggest that the H510A mutation inter-
feres with nucleotide binding, but it is difficult to speculate
what role nucleotide binding could play in nuclease activity. As
part of our mutagenesis strategy, we mutated two amino acid
residues, G502 and S509, which form part of the putative nu-
cleotide-binding motif (G502FIIKG507R508S509) (5). The G502A
mutant showed no detectable activity in CAT reporter gene
expression or primer extension analysis of RNA in transfected
cells. In contrast, the S509A was fully active in both assays. A
direct nucleotide-binding assay would be required to evaluate
whether this region of PA is involved in nucleotide binding.

Although the finding that the H510A polymerase retains
many functions, e.g., primer-independent transcription initia-
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tion and RNA elongation, would suggest that the PA is prop-
erly folded and the H510A mutation has a direct effect on
endonuclease activity, we cannot exclude an indirect effect. In
fact, the observation that the H510A mutation in PA also
affects cRNA synthesis, although less dramatically than mRNA
synthesis, but not vRNA synthesis indicates that the H510A
polymerase has a template-specific defect. While the vRNA-
dependent activities of the polymerase were affected, the
cRNA-dependent activity was unaffected. PB1 has been shown
to contain the binding sites for vRNA and cRNA, although
there is some controversy as to exactly which amino acid re-
gions of PB1 form these binding sites (14, 15, 28). Recently,
Lee et al. (27) suggested that PA might act as an enhancer of
the RNA-binding activities of PB1, since they observed binding
of the 5�-end vRNA only when PA was present. In addition, it
was shown that PA can be cross-linked to vRNA and cRNA
terminal sequences, suggesting a role for PA in promoter RNA
binding (11, 13, 48). Although we have not been able to dem-
onstrate significant differences in vRNA-binding properties be-
tween the H510A mutant and the wild type, we cannot exclude
the possibility that the H510A mutation might specifically in-
terfere with vRNA promoter recognition. Subtle differences in
binding, not detectable in gel shifts, might lead to significant
effects in vivo, resulting in inhibition of some vRNA-depen-
dent polymerase activities. On the other hand, cRNA binding
could be performed by a different domain of PB1 (15), which
might be independent of PA or involve a different region of
PA. Therefore, the H510A mutation would not affect cRNA-
dependent polymerase activities. However, the observations
that, in the presence of an ApG primer or a short capped RNA
primer (not requiring cleavage), the H510A polymerase can
initiate transcription in vitro on a 14-nt vRNA-like template as
efficiently as the wild-type polymerase argue against such a
scenario and suggest a more direct role. Further studies with
highly purified recombinant polymerase preparations would be
required to address the question of how the H510A mutation
in PA might affect the binding of individual polymerase sub-
units to vRNA and cRNA promoter sequences in cross-linking
assays.

We tested mutations at several other positions of PA that
were implicated in various functions. Most importantly, we
tested the effect of a serine-to-alanine mutation at position 624
that has been shown by Hara et al. (18) to be at the active site
of a serine protease motif. The S624A mutation had no mea-
surable effect on transcription and replication by the RNA
polymerase, as determined by CAT reporter gene expression
and primer extension analysis of RNA in transfected cells. In
addition, a recombinant virus with an S624A mutation in the
PA protein had growth properties in cell culture comparable to
those of the wild type, indicating that the serine protease ac-
tivity, as determined by Hara et al. (18), is not required for viral
growth in cell culture. The role of the serine protease activity
in the viral life cycle remains to be determined.

Recently, it was reported that PA interacts with a cellular
protein (hCLE) with homology to a family of transcriptional
activators, and it was proposed that this interaction could be
the basis of the mechanism by which PA regulates the tran-
scription and replication activities of the polymerase (20). Sev-
eral of the mutations tested in this report are in regions of PA
that were implicated as important for this interaction. Among

these, H510A showed a differential effect on transcription and
replication, while G502A abolished both transcription and rep-
lication. It would be interesting to test whether these mutations
interfere with the binding of PA to hCLE. None of the other
mutations (L425A, S509A, L563A, and R583A) in the regions
of PA implied in hCLE-binding had a significant effect on
transcription and replication.

It is interesting that all three amino acid mutations that
resulted in differential effects on transcription and replication
(H510A, K539A, and R638A) involve basic amino acid resi-
dues. The H510A mutation severely inhibited transcription but
not replication, the K539A mutation inhibited replication but
not transcription, and the R638A mutation inhibited transcrip-
tion and upregulated replication. Although we have not inves-
tigated how the K539A and R638A mutations induce the ob-
served phenotypes, our observations are consistent with the
view that PA plays a regulatory role in transcription and rep-
lication. Our results, however, also suggest that the hypothesis
that the mere presence or absence of PA determines whether
PB1 acts as a transcriptase or a replicase is too simplistic. In
fact, our data support the view that PA is absolutely required
for both transcription and replication.

In addition, our results with the E656A mutant suggest that
PA might have unrecognized functions that are not directly
related to transcription and replication of viral RNA. This
mutant showed wild-type activity in the CAT reporter gene
assay (Table 2) and expressed wild-type or near-wild-type lev-
els of all viral RNA species (Fig. 3C), yet produced a virus with
pinhead-sized plaques which was severely compromised in its
growth in cell culture.

Perhaps one of the most intriguing findings described in this
paper is that how many evolutionarily conserved amino acids in
the C-terminal region of PA could be mutated without affect-
ing RNA polymerase activity. In particular, individual amino
acid mutations in two clusters of amino acids, at positions 654
to 658 and 692 to 698, that are conserved not only among the
three influenza virus types A, B, and C but also in the homol-
ogous protein of Thogoto virus had very little if any effect on
polymerase activity. The question arises whether these clusters
have a role in a function of PA which is not related to RNA
polymerase activity or, in fact, to viral growth in cell culture,
since viable recombinant viruses with individual mutations in
these clusters could be generated. Experiments in animal mod-
els may be required to answer the question of what role these
highly conserved regions of PA might play.
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15. González, S., and J. Ortín. 1999. Distinct regions of influenza virus PB1
polymerase subunit recognize vRNA and cRNA templates. EMBO J. 18:
3767–3775.
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