JOURNAL OF VIROLOGY, May 2003, p. 6007-6013
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.10.6007-6013.2003

Vol. 77, No. 10

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Threonine 157 of Influenza Virus PA Polymerase Subunit Modulates
RNA Replication in Infectious Viruses

Maite Huarte,! Ana Falcon,' Yuri Nakaya,” Juan Ortin," Adolfo Garcia-Sastre,?
and Amelia Nieto'*

Centro Nacional de Biotecnologia, Cantoblanco, 28049 Madrid, Spain," and Department of Microbiology,
Mount Sinai School of Medicine, New York, New York 10029*

Received 1 November 2002/Accepted 18 February 2003

Previous results have shown a correlation between the decrease in protease activity of several influenza A
virus PA protein mutants and the capacity to replicate of the corresponding mutant ribonucleoproteins (RNPs)
reconstituted in vivo. In this work we studied the phenotype of mutant viruses containing these mutations.
Viruses with a T162A mutation, which showed a very moderate decrease both in protease and replication
activities of reconstituted RNPs, showed a wild-type phenotype. Viruses with a T157A mutation, which pre-
sented a severe decrease in protease activity and replication of RNPs, showed a complex phenotype: (i)
transport to the nucleus of PAT157A protein was delayed, (ii) virus multiplication was reduced at both low and
high multiplicities, (iii) transcriptive synthesis was unaltered while replicative synthesis, especially cRNA, was
diminished, and (iv) viral pathogenesis in mice was reduced, as measured by loss of body weight and virus
titers in lungs. Finally, recombinant viruses with a T157E mutation in PA protein, which resulted in a drastic
reduction of protease and replication activities of RNPs, were not viable. These results indicate that residue
T157 in PA protein is important for the capacity of viral polymerase to synthesize cRNA.

The influenza virus RNA polymerase is a complex composed
of three subunits, PA, PB1, and PB2. The polymerase, together
with the nucleoprotein (NP) and the viral RNA template, form
viral ribonucleoproteins (RNPs), which carry out viral tran-
scription and replication. The polymerase complex synthesizes
three different RNA classes: (i) mRNAs that contain a cap
structure and 10 to 15 nucleotides derived from host cell
mRNAs at their 5’ end and a poly(A) tail at their 3’ end; (ii)
virion RNAs found in the viral particle (VRNAs); and (iii)
cRNAs that are full-length complements of VRNA molecules
and act as replicative intermediates (19, 24).

The PB1 subunit contains the polymerase active site, with
sequence motifs characteristic of viral RNA-dependent RNA
polymerases (34) which are essential for its activity (5). It also
contains sites for sequence-specific binding to the conserved
5’- and 3’-terminal sequences of the VRNA and cRNA mole-
cules (10, 11, 22). The PB2 protein binds capl1 structures (6, 15,
43). Although previous evidence indicated that the endonu-
cleolytic activity responsible for the cleavage of host mRNA
precursors could be contained on this subunit (7, 23), it has
been proposed that the endonucleolytic activity lies on the PB1
subunit (21). Because it is responsible for cap-binding activity,
PB2 is involved in transcription, but recently, we identified
mutations in the PB2 subunit that specifically altered viral
RNA replication (9a). The phenotype of viral temperature-
sensitive mutants suggests that the PA subunit may be involved
in the transition from mRNA transcription to cRNA and
VRNA synthesis (reviewed in reference 24), but its precise role
in this process is unknown at present. A recent report identi-
fied a mutation in the PA protein that shows a phenotype in
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cap-snatching activity but not in RNA replication of reconsti-
tuted RNPs (8).

The PA subunit induces a generalized proteolytic process
when expressed from cloned cDNA (37). Hara et al. reported
that the PA subunit is in fact a chymotrypsin-like protease
having its catalytic site at serine 624 (14). However, by muta-
tion analysis, we observed that the ability of PA to induce in
vivo protein degradation lay within the 247 N-terminal amino
acids of the protein, threonine 157 being involved in this ac-
tivity (32, 39). The PA protein is phosphorylated in vivo and is
a substrate of casein kinase II in vitro (38). Mutation of the
N-terminal potential casein kinase II phosphorylation sites,
especially positions T157 and T162, which are conserved
among all strains of influenza type A viruses, led to protease-
deficient PA mutants (32, 39). Viral RNPs reconstituted in vivo
with these PA mutants showed reduced replication of model
vRNAs that correlated with their protease phenotypes (32).
Naffakh et al. (26) confirmed these results, although a muta-
tion at cysteine 241 did not show such a correlation.

In this study, we tested the relevance of mutations at T157
and T162 during viral infection by rescuing the corresponding
mutant viruses. The results showed that their capacity to rep-
licate in tissue culture and their pathogenicity in mice corre-
lated with their deficiency in protease activity.

MATERIALS AND METHODS

Biological materials. HEK-293T cells and Madin-Darby canine kidney
(MDCK) cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal calf serum. Influenza virus A/Victoria/3/75 strain was
propagated in MDCK cells. Plasmids pGPAT157A, pGPATI1S57E, and
pGPAT162A with point mutations in the PA gene have been described (32).

Virus generation. Recombinant viruses containing viral genes of strains A/Vic-
toria/3/75 and A/WSN/33 in different combinations were generated by the
method of Neumann et al. (29). To introduce PA point mutations in rescued
viruses, EcoNI-Styl fragments from plasmid pGPAT157A or pGPAT157E were
ligated to the PA genomic transfer plasmid digested with EcoNI and StyI. Like-
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TABLE 1. Rescue with PA point mutants”

Gene origin
Series Virus Rescue
WSN strain Victoria strain
A PAwt HA, NA, M, NS PBI, PB2, PA, NP +
PATIS7TA HA, NA, M, NS PBI1, PB2, PA, NP +
PATIS7E HA, NA, M, NS PBI, PB2, PA, NP -
PAT162A HA, NA, M, NS PBI, PB2, PA, NP +
B PAwt HA All except HA +
PATIS7TA HA All except HA +
PATIS7TE  HA All except HA -
PAT162A HA All except HA +

“ Recombinant viruses containing the full length of viral RNAs of strains
A/Victoria/3/75 and A/WSN/33 in different combinations with PAwt and PA
point mutants were generated. The recombinant viruses that could be rescued
are indicated by +, while those that could not are indicated by —.

wise, fragment Sfil-StyI from plasmid pGPAT162A was ligated to the PA
genomic transfer plasmid digested with Sfil and Styl. At different times post-
transfection, aliquots of the supernatants were screened for rescued viruses by
plaquing and amplification on MDCK cells. All rescued viruses were amplified
from a single plaque, and the PA gene was sequenced after reverse transcription
(RT)-PCR amplification.

358 in vivo labeling. For protein synthesis analysis, cultures of MDCK cells
were mock infected or infected with the recombinant viruses at 10 PFU/cell,
starved for 60 min in methionine- and cysteine-free Dulbecco’s modified Eagle’s
medium, and labeled for 1 h with 50 wCi of [**S]methionine-cysteine (Promix;
Amersham) per ml at the indicated times. After the radiolabeling pulse, total cell
extracts were prepared and analyzed by polyacrylamide gel electrophoresis and
autoradiography.

Immunofluorescence. Cultures of MDCK cells were infected with the recom-
binant viruses at a multiplicity of infection of 5 PFU per cell. At different times
after infection, the cells were fixed with methanol at —20°C and stored in
phosphate-buffered saline. Fixed cells were incubated with PA-specific monoclo-
nal antibody 9 (1:3 dilution) (4), anti-RNP serum (1:500 dilution), anti-PB2
monoclonal antibody 22 (1:3 dilution) (4), or anti-PB1 serum (1:100 dilution)
and processed as described elsewhere (30).

RNA assays. Total RNAs were isolated at different times postinfection with
the Ultraspec RNA isolation reagent from Biotex. The accumulation of VRNA,
cRNA, and mRNA in infected cells was performed by real-time RT-PCR with
oligonucleotide primers specific for the M or NP segment. Primer sequences are
available upon request. To detect mRNA, the RT primer contained an oligo(dT)
stretch of 16 to 18 residues fused to the sequence complementary to the 3’
terminus of the M or NP mRNA. These last sequences are also present in the
corresponding cRNAs. Although the melting temperatures of the entire oligo-
nucleotides are higher than if only those common sequences to cRNAs are
considered, some cRNA could be amplified with these primers. Due to the small
number of cRNA molecules present in infected cells compared to that of mRNA
and keeping in mind the above considerations, RNA amplification with the
oligo(dT) oligonucleotides should represent mainly mRNA molecules. The spec-
ificity of cRNA detection was obtained by using an RT primer containing the
sequence of the 5" terminus of M VRNA, not represented in mRNA.

Previous to RNA detection, the samples were boiled and chilled on ice. The
RNA determination was done in two steps. First, the RT reaction was carried
out, and after denaturation of the enzyme at 95°C for 15 min, the reverse
oligonucleotide was added and PCR was continued. Quantitation was carried out
with the Sybr Green RT-PCR kit from Applied Biosystems as recommended by
the manufacturer. A standard curve was obtained with RNA isolated at late
times after high-multiplicity infection with influenza virus. Only determinations
that led to a standard curve with a fit better than 0.99 were considered. Dena-
turation curves of each reaction verified that it contained a single amplification
product of the expected melting temperature. All RNA determinations were
repeated at least seven times and assayed in duplicate.

Mice. Mice were infected intranasally with 5 X 10° PFU of influenza virus
A/Victoria/3/75 strain or rescued viruses containing wild-type PA (PAwt) or
PAT157A or were mock infected. Their body weights were measured daily, and
at different days after inoculation mice were sacrificed and their lungs were
excised. Lungs were homogenized in phosphate-buffered saline-0.3% bovine
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FIG. 1. Multiplication of recombinant viruses. MDCK cells were
infected at either high (A) or low (B) multiplicity. At the indicated
times, aliquots were taken, and virus infectivity was evaluated by
plaque assay.

serum albumin in a Dounce homogenizer, and viral titers were measured in the
supernatants by plaque assay.

RESULTS

Rescue of recombinant mutant viruses. The rescue of influ-
enza viruses containing mutations in positions 157 and 162 of
the PA subunit (32) was attempted with the procedures de-
scribed by Neumann et al. (29). As we wanted to study the
phenotype of the rescued viruses in a mouse model and the
A/Victoria/3/75 strain is much less infectious in mice than the
A/WSN/33 strain, we tried to rescue two different series of
viruses. First we constructed the A series, having the RNP
genes from the A/Victoria/3/75 strain and all other genes from
the A/WSN/33 strain, and second, we constructed the B series,
with all genes derived from the A/Victoria/3/75 strain except
the WSN hemagglutinin (HA) gene, as a control to distinguish
the recombinant viruses from other wild viruses used in the
laboratory (Table 1). With this approach, we generated viruses
containing wild-type PA and the T157A and T162A mutants in
both genetic backgrounds. In contrast, recombinant viruses
carrying the T157E mutant could not be rescued, although
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FIG. 2. Kinetics of nuclear transport of wild-type and mutant PA proteins in infected cells. Cultures of MDCK cells were infected with wild-type
and PA mutant viruses. At the indicated times, the cultures were fixed and processed for immunofluorescence with PA- and NP-specific antibodies
as indicated in Materials and Methods.
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several trials were made. This result is in agreement with the
low replication activity of recombinant RNPs with the T157E
mutation (32). All studies in infected cultured cells were done
with the rescued viruses of series A.

PAT157A mutant virus is affected in PA nuclear transport
and replication. We first investigated the effect of PA muta-
tions on viral multiplication in tissue culture. MDCK cells were
infected with mutant or wild-type viruses at 5 PFU/cell, and the
production of infectious virus was evaluated by plaque assay.
The results are presented in Fig. 1A. Recombinant virus with
the PAT162A mutation produced a higher virus yield than the
wild-type virus, while recombinant PAT157A mutant virus
showed a final titer 10 to 100 times lower than that obtained
with wild-type recombinant virus. The production of infectious
viruses was also studied in a multiple-cycle infection at a mul-
tiplicity of 1072 PFUj/cell. The results are presented in Fig. 1B
and show that under these conditions there was a delay in virus
production for the PAT157A virus, although the final titers
were similar for all viruses. These results indicate that viruses
with the PAT157A mutation have a defect in virus amplifica-
tion, while the PAT162A mutant virus is similar to the wild-
type virus.

We have reported previously that the PA polymerase sub-
unit is a phosphorylated protein (38). Moreover, when the
phosphorylation state of mutant PAT157A was studied with a
vaccinia virus PAT157A recombinant, we observed that this
mutant protein was underphosphorylated (32). Two regions of
PA are involved in its nuclear transport, a region located be-
tween amino acids 124 and 139 and another region between
amino acids 186 and 247 (30). As position 157 is very close to
the PA nuclear localization signal, we tested whether the
T157A mutation had any effect on PA transport in virus-in-
fected cells.

MDCK cells were infected with either wild-type, PAT157A,
or PAT162A virus. At various times after infection, the cells
were fixed and processed for immunofluorescence with anti-
bodies specific for PA and NP proteins. The results are shown
in Fig. 2A. At 4 h postinfection, NP was located in the nucleus
in all three infections. At that time, PA was also nuclear in
wild-type- and PAT162A-infected cells but was mainly in the
cytosol of PAT157A-infected cells. At 6 h postinfection, the
PAT157A mutant was located in both the nucleus and the
cytosol, and at 8 h postinfection it showed mainly a nuclear
localization. The localization of PB2 protein in PAwt- and
PAT157A-infected cells was also studied, and the results are
presented in Fig. 2B. As can be observed, no differences in PB2
localization were observed between cells infected with the two
viruses, and its distribution paralleled that of NP protein.
These results indicate that mutation T157A in PA protein
dissociates its nuclear transport from the rest of the compo-
nents of the RNP and suggest that phosphorylation of PA
protein modulates its nuclear transport.

To study the molecular basis for the defect in viral amplifi-
cation of the PAT157A mutant virus, we first analyzed the
kinetics of viral protein synthesis. MDCK cells were infected
with either wild-type, PAT157A, or PAT162A virus and la-
beled in vivo with [**S]methionine-cysteine for 60 min at var-
ious times after infection. Total cell extracts were analyzed by
polyacrylamide gel electrophoresis and autoradiography. The
results are presented in Fig. 3. Not remarkable differences
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FIG. 3. Kinetics of protein synthesis in PA mutant virus-infected
cells. Cultures of MDCK cells were infected at 10 PFU/cell and radio-
labeled in vivo with [**S]methionine-cysteine for 60 min at the times
indicated (hours postinfection). After the radiolabeling pulse, total cell
extracts were prepared and analyzed by polyacrylamide gel electro-
phoresis and autoradiography. Sizes are shown to the left in kilodal-
tons.

were observed among the three viruses, although the amounts
of protein synthesized were slightly smaller in PAT157A virus-
infected cells than in wild-type- or PAT162A-infected cells.

The phenotype of the PA mutants was also studied with
regard to viral RNA synthesis. MDCK cells were infected with
wild-type or PA mutant viruses, and the accumulation of
mRNA, cRNA, and vRNA was determined at various times
after infection by real-time RT-PCR. Transcription was stud-
ied with NP and M mRNAs as representatives of early and late
viral messengers. The results obtained for M mRNA accumu-
lation are presented in Fig. 4A and are similar to those ob-
tained for NP mRNA (data not shown). A small decrease in
mRNA accumulation was only observed in mutant PAT157A-
infected cells, whereas transcription was indistinguishable in
cells infected with the wild-type and PAT162A viruses. These
results are compatible with those obtained with recombinant
RNPs (32) and with the fact that comparable levels of protein
synthesis were observed in cells infected with these rescued
viruses (Fig. 3). The analysis of replication activity showed that
vRNA was first detectable at 2 h postinfection and its accumu-
lation progressed with the time of infection. No differences
were observed between the wild-type and PAT162A viruses,
but decreased accumulation was observed at a late time of
infection for the PAT157A virus (Fig. 4B, top panel). The
accumulation of cRNA started early in infection and peaked at
3 h postinfection (Fig. 4B, bottom panel). The wild-type and
PAT162A viruses produced similar amounts of cRNA,
whereas the PAT157A mutant produced only around 25% of
the cRNA accumulated by the wild-type virus.

Recombinant virus PAT157A is less pathogenic than wild-
type PA in the murine model. Recombinant PAT157A virus
presents defects in RNA replication and virus amplification in
infected cells. The next step was to study the behavior of this
mutant in an animal model. With that aim, mice were infected
intranasally with 5 X 10° PFU of influenza virus A/Victoria/
3/75 strain or with recombinant viruses containing PAwt or
PAT157A or were mock infected. Both series of recombinant
viruses described above (see Table 1) were used. Six mice were
used for each condition, two of them were sacrificed every 2 or
3 days, and viral titers in the lungs were measured.

The results with series A are shown in Fig. SA. No loss of
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FIG. 4. Kinetics of viral RNA accumulation. MDCK cells were
infected at 10 PFU/ml with wild-type and PA mutant viruses. At the
times indicated, cells were collected, total RNA was isolated, and the
accumulation of the different viral RNA species of segment 7 was
determined by real-time RT-PCR amplification, as described in Ma-
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body weight was observed in mice infected with Victoria wild-
type virus or mock infected. Mice infected with recombinant
PAwt virus showed a 20 to 30% body weight loss 5 to 6 days
after inoculation, whereas mice infected with recombinant
PATI157A virus did not show any significant loss of weight.
Figure 5A (right panel) shows the viral titers in the lungs of
inoculated mice. Two days after inoculation, mice infected with
wild-type Victoria or recombinant PAT157A virus had around
10 to 20 times lower titers than mice infected with recombinant
PAwt virus. The lung titers of rescued PAwt-inoculated mice
increased 2 to 5 days postinoculation and decreased after 7
days. At days 5 and 7, the differences between mice infected
with the Victoria strain and recombinant PAT157A or recom-
binant PAwt virus were 100 and 300 times lower, respectively.
These results indicate that recombinant PAwt virus is more
pathogenic than wild-type virus from the Victoria strain, prob-
ably as a consequence of the genes from WSN strain, which
confer a higher capacity for replication in mice. They also show
that recombinant PAT157A replicated more poorly than re-
combinant PAwt virus.

The results with the viruses of the B series are presented in
Fig. 5B. No significant loss of body weight could be observed in
any of the inoculated mice. The viral titers in the lungs of mice
inoculated either with Victoria wild-type or PAwt rescued vi-
ruses were similar and decreased at day 5 postinoculation. In
all cases the titers in the lungs of mice inoculated with recom-
binant PAT157A were around 100 times lower than the titers
in the lungs of mice inoculated with the wild type. At day 7
postinoculation, no viruses were found in the lungs of any of
the inoculated mice. With this series of viruses, no differences
were found between the Victoria wild-type and recombinant
virus PAwt. For unknown reasons, different viral titers were
detected in mice inoculated with the Victoria wild-type in the
A and B series. Probably this discrepancy represents differ-
ences between litters. These results indicate that a mutation at
position 157 of the PA subunit produces a decrease in viral
replication both in infected cells and in an animal model.

DISCUSSION

In this report we analyzed the phenotype of recombinant
virus mutants affected at positions located between the two
domains that define the PA protein nuclear localization signal
(30). Mutations at these sites, particularly at position T157,
were previously shown to alter several properties of PA pro-
tein, such as its phosphorylation state, its protease activity, and
the capacity of recombinant RNPs to synthesize cRNA (32).
Recombinant virus containing the PAT162A mutation showed
a phenotype undistinguishable from that of the PAwt rescued
virus. The decrease in protease activity and RNA replication of
the PAT162A mutant in reconstituted RNPs was only moder-
ate. This reduction could not be enough to produce an atten-
uated phenotype in infected cells. Some defects in viral repli-
cation could perhaps be observed in mice due to the higher

terials and Methods. (A) mRNA. (B) Top, vVRNA. Bottom, cRNA.
RNA levels are indicated as the mean = half of the standard deviation
values from duplicates samples from at least seven independent ex-
periments.
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FIG. 5. Pathogenicity of wild-type and mutant recombinant viruses
in mice. A total of 5 X 10° PFU of influenza virus A/Victoria/3/75
strain or recombinant (R) viruses corresponding to series A (A) and B
(B) were inoculated intranasally into mice. Six mice were used for each
condition, and every 2 or 3 days, two of them were sacrificed and viral
titers in the lung extracts were measured. Left panels, body weight.
Right panels, viral titers.

requirements for viral function in the animal model. Recom-
binant virus containing the PAT157A mutation showed several
alterations both in infected cells and in inoculated mice.

PAT157A mutant virus is affected in nuclear transport of
PA. Immunofluorescence analysis of cells infected with the
PAT157A virus indicated that transport of mutant PA to the
nucleus is delayed compared to the other RNP components
(Fig. 2). This delay was more prominent than the normal
behavior of wild-type PA, whose nuclear transport is also de-
layed compared with that of PB1, PB2, and NP on wild-type
influenza virus (1, 31). This observation indicates that nuclear
transport is particularly uncoupled from the other polymerase
subunits in PAT157A mutant virus-infected cells, in spite of
the fact that PA-PBI interaction is not affected by the T157A
mutation, as measured by two-hybrid assays (T. Zurcher, un-
published results).

Nuclear localization signals have been identified in all three
polymerase subunits, and individually expressed PB1, PB2, and
PA proteins can enter the nucleus (1, 17, 25, 27, 30, 40). These
data, together with the results presented here with PAT157A
recombinant virus, open the possibility that the polymerase
complex might form in the nucleus. The observation that mu-
tant PAT157A protein is underphosphorylated compared to
wild-type protein suggests that nuclear transport and/or proper
formation of the polymerase complex may be phosphorylation
dependent. In this context it should be mentioned that other
viral proteins such as NS1, NP, and M1 are also phosphory-
lated (2, 3, 13, 18, 36) and that nucleocytoplasmic transport of
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the NP and M1 proteins is affected by phosphorylation (28,
44).

Mutation PAT157A leads to defective production of cRNA in
virus-infected cells. The phenotype of the PAT157A mutant
virus with regard to virus-specific RNA accumulation fully
confirms previous results obtained with recombinant RNPs
(32), indicating that the synthesis of cRNA is affected by the
mutation. The delay in PAT157A nuclear transport cannot be
responsible for the defects in RNA synthesis because similar
mRNA accumulation was observed for the PAT157A mutant
and the wild-type virus. Furthermore, increased accumulation
of cRNA and vVRNA in PATI157A virus was not observed
between 3 or 4 h postinfection and 8 h postinfection, although
mutant PA was not completely nuclear until late infection
times (Fig. 2).

The fact that the mutant virus was able to sustain normal
mRNA synthesis (Fig. 4A) rules out that the primary conse-
quence of PATIS7A mutation is in the transcription step.
Moreover, the accumulation of VRNA was less affected than
that of cRNA (Fig. 4B), suggesting that PA is involved in the
transcription-replication shift. cRNA synthesis requires (i) the
switch from capped RNA-primed initiation to unprimed initi-
ation, (ii) the readthrough of the polyadenylation signal, and
(iii) the encapsidation of the nascent RNA chain with newly
synthesized NP. The interaction of the polymerase complex
with the 5’ end of VRNA is essential in the transcriptase mode
of the polymerase, which requires capped RNA binding and
endonuclease activity (9, 35, 41). In contrast, the synthesis of
cRNA is initiated de novo and would not require these activ-
ities.

The region of PB1 that is involved in PA interaction overlaps
the PB1 region that is responsible for the binding of cRNA and
vRNA molecules (12, 33, 42). Although PB1 alone can bind the
5’-terminal vVRNA sequence (10), its binding is more efficient
upon PB1-PA complex formation (20), suggesting a role for
PA in the ability of the polymerase to interact with the VRNA
5’ terminus. A polymerase complex with alterations in the
RNA binding properties could be unsuitable for cRNA syn-
thesis. Additionally, conformational changes in the polymerase
complex that would allow the transcription-replication shift
could be affected by mutations at position T157. In this regard,
the proteolytic activity of the PA subunit and/or its phosphor-
ylation state might be important to allow potential changes in
the conformation of the polymerase. Finally, interaction of the
PA subunit with hCLE, a human protein homologous to tran-
scription activation factors, has been reported in vitro and in
vivo in reconstituted RNPs (16). Although PAT157A interacts
with hCLE with the same strength as PAwt, as measured by
two-hybrid analysis (16), we cannot exclude that mutations at
positions T157 alter the interaction of the polymerase with
hCLE or other cellular factors required for viral RNA repli-
cation.
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