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ABSTRACT

Influenza virus mRNA synthesis by the RNA-dependent RNA polymerase involves binding and cleavage of capped cellular
mRNA by the PB2 and PA subunits, respectively, and extension of viral mRNA by PB1. However, the mechanism for such a dy-
namic process is unclear. Using high-throughput mutagenesis and sequencing analysis, we have not only generated a compre-
hensive functional map for the microdomains of individual subunits but also have revealed the PA linker to be critical for poly-
merase activity. This PA linker binds to PB1 and also forms ionic interactions with the PA C-terminal channel. Nearly all
mutants with five-amino-acid insertions in the linker were nonviable. Our model further suggests that the PA linker plays an
important role in the conformational changes that occur between stages that favor capped mRNA binding and cleavage and
those associated with viral mRNA synthesis.

IMPORTANCE

The RNA-dependent RNA polymerase of influenza virus consists of the PB1, PB2, and PA subunits. By combining genome-wide
mutagenesis analysis with the recently discovered crystal structure of the influenza polymerase heterotrimer, we generated a
comprehensive functional map of the entire influenza polymerase complex. We identified the microdomains of individual sub-
units, including the catalytic domains, the interaction interfaces between subunits, and nine linkers interconnecting different
domains. Interestingly, we found that mutants with five-amino-acid insertions in individual linkers were nonviable, suggesting
the critical roles these linkers play in coordinating spatial relationships between the subunits. We further identified an extended
PA linker that binds to PB1 and also forms ionic interactions with the PA C-terminal channel.

Influenza A virus is a major public health problem, infecting as
many as 500 million people a year worldwide and causing more

than 500,000 deaths (1). Its RNA-dependent RNA polymerase
(RdRp) consists of the PA (polymerase acidic), PB1 (polymerase
basic 1), and PB2 (polymerase basic 2) subunits and has been the
focus of a great deal of research (2–6). The nearly complete crystal
structure of the bat influenza virus polymerase was recently pub-
lished, providing a physical map of the subunits (7). Although it is
a promising drug target, its multiple functions and how they relate
to specific structures within the heterotrimer have not yet been
fully elucidated.

Once the virus has invaded the host cell nucleus, the RdRp
transcribes the vRNA genome into capped and polyadenylated
mRNAs. The cap-binding domain of the PB2 subunit binds the 5=
7-methyl-guanosine cap structure of a cellular pre-mRNA (8, 9),
and subsequently the N-terminal region of the PA subunit endo-
nuclease (PAn) is thought to cleave off and snatch the 10 to 15
nucleotides (nt) downstream of the cap (10, 11), allowing them to
serve as a primer for mRNA synthesis on the vRNA template
through a conformational change in PB2. The ends of the single-
stranded vRNAs then reassociate to restore the dsRNA promoter
structure, leading to PB1 initiating polyadenylation of the viral
mRNA (8, 12). The N terminus of PB2 (PB2n) also is responsible
for binding with the C-terminal region of PB1 (PB1c) and the
replication of the vRNA genome, using cRNA intermediates as
templates (8, 13, 14). The C terminus of PB2 (PB2c) carries a
bipartite nuclear localization signal (NLS), which is thought to be

responsible for �5 importin binding (15, 16). However, the func-
tions of many microdomains of the influenza virus’s heterotri-
meric replication machinery remain unclear.

Our approach has involved using a transposon mutagenesis
system to generate short in-frame insertions and create �105 dif-
ferent insertion clones from a single reaction for each subunit
gene. This nonbiased high-throughput analysis provides a rapid
and effective method to pinpoint microdomains of individual
subunits for further functional studies. Here, we have shown the
first structure-function analysis of the entire influenza polymerase
complex, including catalytic regions and nine linkers connecting
different microdomains. Information we acquired from this ap-
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proach has led us to discover the function of an extended PA
linker, which binds to PB1 and also forms ionic interactions with
the PA C-terminal (PAc) channel. Our data also have highlighted
the critical and previously uncharacterized role influenza A virus
linkers play in coordinating the spatial interactions and functions
of the polymerase complex.

The elucidation of the structure-function relationship of the
influenza virus replication machinery is indispensable not only for
a profound mechanistic understanding of the virus’s infectivity,
activity, and pathogenesis, but also for designing more effective
therapeutics against this recurring pathogen that has caused and
will continue to cause significant morbidity and mortality.

MATERIALS AND METHODS
Cells and plasmids. Human embryonic kidney 293 cells (HEK293T) and
Madin-Darby canine kidney cells (MDCK) were purchased from the
ATCC and maintained in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum (FBS; Gibco) and penicillin-streptomycin
(100 U/ml and 50 �g/ml, respectively). All cells were incubated at 37°C
and 5% CO2. Plasmid pPolI-CAT-RT and influenza A/WSN/33 virus-
derived plasmids pcDNA-PB2/PB1/PA/NP were described previously (6).

Generation of mutagenesis library of PA, PB1, and PB2. All three
gene segments (PA, PB1, and PB2) of influenza virus A/WSN/33 under-
went Mu transposon-mediated mutagenesis (MGS kit; Finnzymes) ac-
cording to the manufacturer’s instructions. This resulted in three mutant
libraries, with each gene containing a randomly positioned 15-nt inser-
tion that includes the 10-nt unique sequence 5=-TGCGGCCGCA-3=. The
mutated segment and seven wild-type (WT) plasmids were cotransfected
into HEK293T cells for virus packaging (17), and virus then was collected
and used to infect MDCK cells for 24 to 48 h for each of the three consec-
utive passages. The 2nd and 3rd passages in MDCK cells were achieved
through subsequent inoculation of the viral pool at a multiplicity of in-
fection (MOI) of 0.1 from the previous passage. Treatment at an MOI of
0.1 still maintains genetic diversity and does not introduce artificial sto-
chastic bottlenecks. To ensure that there was no contamination with DNA
used for transfection, the medium was replaced 12 h postinfection. Total
RNA of the mutant pool from all passages of virus was isolated using
TRIzol and converted to cDNA with iScript (Life Technology). The mu-
tants were genotyped by PCR amplification with gene-specific forward
primers and a Vic-labeled reverse primer against the 10-nt insertion. To
minimize PCR bias, we designed forward primers to hybridize 300 to 500
nt apart to ensure complete coverage of each gene (see Table S1 in the
supplemental material). The final product was sequenced using a 96-cap-
illary DNA Analyzer with the size standard Liz 500 (3730xl DNA Analyzer;
Applied Biosystems) at the UCLA GenoSeq Core facility. Sequencing data
were analyzed for clarity using the ABI software with the following crite-
ria: (i) all data passed the standard default detection level; (ii) the first 70
nt were removed due to nonspecific background noise; (iii) all data were
aligned to the nearest nucleotide or amino acid position in the specific
gene; and (iv) all genotyping experimental data were normalized with WT
WSN, nontransfected cells, and a different gene library as controls. This
eliminated nonspecific data from the PCR, primers, and DNA analyzer.

Viral packaging assay. A packaging reporter was constructed by re-
placing nt 67 to 2158 of the PB1 coding sequence (in the PB1 plasmid from
the 8-plasmid reverse genetics system) with the open reading frame of
green fluorescent protein (GFP). The resulting construct contains GFP
flanked by the minimal signal for efficient packaging of the PB1 segment
(i.e., the untranslated regions [UTRs] plus 66 nt and 50 nt of the PB1
coding sequence at the 3= and 5= ends, respectively) (18). Mutants con-
taining 15-nt insertions at the indicated positions were generated by site-
directed mutagenesis. For the viral packaging assay, 293T cells were trans-
fected with the 8-plasmid system plus the packaging reporter. Forty-eight
hours later, supernatants from transfected cells were collected, cleared by
centrifugation, and used for infection on fresh target cells. At 16 h postin-

fection, cells were stained with an anti-NP antibody (AA5H) to quantify
total infection. A GFP� NP� double-positive population indicates infec-
tion by viruses that have packaged the GFP packaging reporter. Packaging
efficiency was calculated by dividing the percentage of GFP� NP� double-
positive cells by the percentage of NP� cells.

Construction of the polymerase complex model. The influenza virus
polymerase complex functional map was constructed using the published
crystal structure of the complete polymerase complex (7). We adapted the
influenza A virus polymerase complex structure (PDB code 4WSB), and
all mappings were made using UCSF Chimera (19).

Primer extension assay. Plasmid pPolI-CAT-RT and A/WSN/33 vi-
rus-derived plasmids pcDNA-PB2/PB1/PA/NP were described previ-
ously. The primer extension assay has also been described (6).

Minireplicon system for influenza A virus. HEK293T cells were
transfected with Lipo2000 (Invitrogen) in 6-well plates. A/WSN/33-de-
rived PB2-, PB1-, PA-, and NP-expressing plasmids and a luciferase re-
porter plasmid, pPolI-NP-luc, were cotransfected into 293T cells. Renilla
luciferase activity was used for normalizing variation in transfection effi-
ciency. Twenty-four hours posttransfection, firefly luciferase and renilla
luciferase of cell lysates were detected by the Dual-Glo luciferase assay
system (Promega) using a microplate reader (GENios Plus; Tecan). The
activity detected with samples containing WT PA was set to 100%.

Polymerase assay and strand-specific real-time PCR. A minigenome
reporter for influenza virus polymerase activity was constructed. Briefly,
the Gaussia luciferase (GLuc) gene flanked by the UTRs from the PA
segment of the WSN virus was inserted between the human polymerase I
(Pol I) promoter and mouse Pol I terminator in the reverse-sense orien-
tation. Cotransfection of WSN PB1, PB2, PA, and NP expression con-
structs results in the expression of GLuc protein, which was used as an
indicator of polymerase activity. The mRNA, vRNA, and cRNA transcript
levels were quantified using a strand-specific real-time RT-PCR method
developed by Kawakami et al., which has been shown to be able to distin-
guish between the three different types of RNA with high specificity. The
same tags as those described by Kawakami et al. were used, and primers
were designed to target the GLuc gene (20).

Bimolecular luminescence complementation assay (BiLC) assay.
The GLuc gene was divided at site 109 into C- and N-terminal fragments
labeled GC and GN, respectively. PB1 was cloned upstream of GN, and PA
was cloned upstream of GC to create fusion products. Additional con-
structs containing truncated fragments of PA (residues 1 to 195, 196 to
250, 196 to 270, 220 to 250, and 220 to 270) or with a 5-amino-acid
addition (ALGST) at position 196 or 270 and with a 5-amino-acid dele-
tion from position 266 to 270 also were created. The fused proteins were
coexpressed in 293T cells for 24 h. Cells were lysed and protein interac-
tions were assessed with the Gaussia luciferase kit (Promega) using a mi-
croplate reader.

Protein immunoblotting. PB1 and PA were detected by rabbit poly-
clonal serum (1:1,500), and alpha-tubulin was detected by anti-tubulin
antibody (1:2,000). Blots were incubated with primary antibodies for 2 h
at room temperature and then incubated for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:
10,000; Beijing ZSBio).

TAP pulldown of influenza virus polymerase complex. Recombi-
nant PB2-tandem affinity purification (TAP)-tagged influenza virus poly-
merase containing PA and PB1 were purified and then separated by SDS-
PAGE and silver staining as described previously (21).

ApG-primed transcription. Reactions were conducted using recom-
binant heterotrimer polymerase and a model vRNA promoter consisting
of short 15- and 14-nt synthetic 5= and 3= ends in vitro (37°C for 1 h) as
described previously (21).

RESULTS
Generation of high-throughput mutagenesis profiles of the PA,
PB1, and PB2 proteins. We created three mutant libraries com-
prised of �105 random in-frame insertions of a 15-nucleotide
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sequence, 5=-NNNNNTGCGGCCGCA-3=, in the PB1, PB2, and
PA gene segments of influenza A/WSN/1933 H1N1 (WSN) using
a Mu-transposon mutagenesis method previously described (22).
We used the reverse genetics system of influenza virus to transfect
mutant plasmid libraries of each polymerase gene segment with
the complementary 7 segments of WT WSN into HEK293T cells,
creating a mutant virus library (Fig. 1A; also see Fig. S1 and S2 in
the supplemental material). High-throughput genotyping of each
library shows a low level of insertion tolerance, which is expected
given the vital role of polymerase genes. However, we found that
�50% of the clones that were observed in the passage 1 popula-
tion remained in passage 3 (Fig. 1B to D, peaks represent mean
fluorescence intensity; also see Table S5). One advantage of using
Mu-transposon mutagenesis is that it generates random insertions of
5 amino acids in all 3 reading frames without producing stop codons.
To verify this, we selected 152 single insertion mutant clones from all
3 libraries and examined polymerase activity (see Table S2 to 4). We
found that the viability and the polymerase activity of the single
clones strongly supported the high-density mutagenesis results (see
Fig. S3 and S4), and 40/42 single clones could express protein at the
WT level (data not shown). These data provide the fundamental jus-
tification that our insertional mutation method can be used as a high-
throughput loss-of-function analysis tool.

After three rounds of passaging in MDCK cells, we mapped the
viable clones of the PA, PB1, and PB2 libraries onto a linear sche-

matic and the published three-dimensional (3D) protein struc-
ture (Fig. 2A to C) (7, 23). The regions we identified where viable
insertion mutants could not be recovered matched the previously
identified functional domains, confirming their importance. For
instance, we confirmed that the PB1 library recovered no viable
mutations from the vRNA-binding regions (233-249 and 560-
574) or the conserved motifs preA to preD (225-252, 300-317,
403-426, 440-452, and 475-487) (24–26). Several mutants in the
PB1c-PB2n-binding region were recovered from passage 1, but
only one remained by passage 3. The newly discovered PB1 prim-
ing site and the � hairpin loop (7), which were suggested to inter-
act with the template and vRNA, tolerated only one insertion mu-
tant. However, we found many viable mutations outside those
functional regions (see Fig. S4B in the supplemental material).
Several mutants in the single-partite nuclear localizing signal
(NLS) regions at amino acid positions 205, 206, 207, and 210
survived through all passages.

In the PB2 schematic shown in Fig. 2C, the PB1c- and NP-binding
sites both are located at PB2n and overlap. No viable mutants were
discovered in the PB2n-PB1c-binding domain. The newly discovered
Lid domain, which may open to allow template exiting, tolerates few
mutations at the nonflexible � helixes (7). No mutants were recov-
ered within the two suggested cap-binding regions. Mutations in
close proximity to amino acid 627, which plays a crucial role in viral
transmission, also failed to produce virus. In contrast to the PB1 NLS

FIG 1 High-throughput mutagenesis profiling of the PA, PB1, and PB2 proteins. (A) The flowchart for the generation of a PB1, PA, and PB2 mutant library pool. Peaks
from the PA (B), PB1 (C), and PB2 (D) plasmid library pool demonstrate the total coverage of each subunit, which is cotransfected with 7 WT WSN plasmids in 293T
cells and 3 passages in MDCK cells. The in vitro replication efficiency of the entire mutant pool was determined by genotyping of the cell lysates as mean fluorescence
intensity (MFI). The list of all viable mutants of each mutant library from passage 1 to 3 can be found in Table S5 in the supplemental material.
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region, no viable mutants were found in the bipartite NLS regions in
PB2c (736-739 and 752-755, respectively).

In the PA schematic shown in Fig. 2A, PAn, which is responsible
for endonuclease activity, surprisingly can tolerate multiple inser-
tions, but not at position K102, D108, or K134. What is known is that
the function of the endonuclease relies on a negatively charged se-
quence in these residues (11, 21). The high tolerance we observed also
correlates with Hiromoto et al.’s finding that PAn has been the most
mutated region in the PA subunit over the course of evolution (27).
In contrast to the many viable mutants in the endonuclease domain,

we found no mutants in the “mouth” region, particularly the �11,
�21, and �22 helixes, or the “brain” of PAc (291-716), which consists
of the channel domain and the RNA-binding groove (28). These
findings demonstrate that genome-wide insertion mutagenesis can
provide important clues in identifying functionally important re-
gions in less characterized proteins.

Characterization of critical PB1 microdomains using inser-
tion mutagenesis. The template-binding and catalytic channel
(TBC) is crucial for binding template, substrates, and cofactors, as
well as catalyzing the nucleotidyltransferase reactions (26, 29–31).

FIG 2 Structure and functional characterization of the influenza virus polymerase complex. Graphical illustration of PA (A), PB1 (B), and PB2 (C) functional
domains (based on previous literature; shown in purple) overlapping the passage 3 mutant library as square dots on top of the bar (green). Using the same color
scheme, we mapped all of the viable and nonviable (light blue) mutants from passage 3 into the recently identified influenza crystal structure (PDB code 4WSB)
(7, 23). The viable and functional regions were highlighted using the surface display.

Importance of Influenza Polymerase Linkers

March 2016 Volume 90 Number 6 jvi.asm.org 2941Journal of Virology

http://www.rcsb.org/pdb/explore/explore.do?structureId=4WSB
http://jvi.asm.org


The third passage of the PB1 library revealed that residues inside
the TBC could not tolerate insertions, in contrast to residues
on the surface away from the TBC (data not shown). We hypoth-
esized that the TBC is involved in RNA synthesis. Therefore, we
isolated five individual mutant clones from the PB1 mutant plas-
mid library (see Table S2 in the supplemental material) with in-
sertions in the TBC and tested their RdRp activity and mRNA,
vRNA, and cRNA synthesis efficiency using a minireplicon assay
(Fig. 3A). We found that these mutant clones lacked any RdRp
activity, were unable to proceed with any step in RNA synthesis,
and were unable to produce viable virions when transfected, sup-
porting the critical role of this channel.

In addition, our mutational analysis uncovered two interesting
nonviable PB1 mutants with insertions at amino acid positions
756 and 766, which are at the end and outside the coding region,
respectively (Fig. 3B). When we isolated these mutants and tested
their RdRp activity, we found levels similar to that of WT PB1,
suggesting that polymerase functions related to heterotrimeric in-
teractions and RNA binding were unaffected. However, results
from a viral packaging assay showed that these mutants had de-
fects in viral assembly (Fig. 3C and D). This additional involve-
ment in later stages of viral replication suggests that the PB1 3=
UTR plays a more crucial role in viral packaging than previously
thought (32, 33).

The heterotrimeric interfaces of the influenza virus polymer-
ase complex. To elucidate the interactions between the subunits
of the RdRp, we mapped the viable mutants of PA, PB1, and PB2
recovered from passage 3 onto the polymerase complex protein
structure (Fig. 4A). There are several locations where all three
subunits share the same interface (Fig. 4C to E). These encompass
the entire PA subunit (PAn, PAc-head, and PAc-mouth), the N
terminus of PB2 (40-256), and the C terminus of PB1 (425-749;
see Fig. S4 in the supplemental material). Our mutational studies
were able to recover only a few viable mutants at these sites. PB1
and the entire PB2-N1 domain (1-250) also share an interface.
Functional analysis of individual insertion mutants we isolated
from these domains showed that they lacked any polymerase ac-
tivity (see Fig. S4 and Table S3).

Critical role of the interdomain linkers in the dynamics and
functions of influenza polymerase complex. The structure of the
influenza virus RdRp reveals a tightly interlocking architecture
between the PA, PB1, and PB2 subunits. The gaps between do-
mains are spanned by numerous interdomain linkers. Using ge-
nome-wide profiling, we found that most of the linker regions in
all three polymerase proteins do not tolerate any insertional mu-
tations (Fig. 5A), which is unusual given the flexible and noncon-
served role typically observed in other proteins with linkers of this

FIG 3 Characterization of PB1 TBC region and viral packaging signals. (A) The effects of individual insertion mutants on the m/c/vRNA synthesis of influenza
virus detected using qPCR. (B) The polymerase activity and PFU value of individual PB1 mutants. (C) Viral packaging assay. (D) Packaging signal detection using
fluorescence microscopy.
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length. We hypothesize that the RdRp’s linkers play an indispens-
able role in achieving multiple polymerase functions.

Although they are spread far apart from each other, the do-
mains of PB2 are connected by an interdomain linker (highlighted
in yellow in Fig. 5A). The N1 linker (33-42) and the N1-Lid linker
(100-152) of the PB2 subunit connect the N1 and Lid domains and
are packed closely against PB1c as well as PAn. No viable mutants
were discovered in any of these regions, and insertion at nucleo-
tide position 115 completely abolished the polymerase activity
(see Fig. S4C in the supplemental material). The Lid-Mid linker
(212-251) and Cap-627 linker (483-538) were highly intolerant of
mutation, as was the Mid-Cap linker (316-322), which was pro-
posed to facilitate the conformational change in PB2 (7, 23). None
of the single clones found in the linker regions had polymerase
activity (see Fig. S4A and Table S3). The PB1 subunit is the central
subunit of the influenza polymerase complex. We found two dis-
tinct linker regions (highlighted in blue in Fig. 5B) at PB1c and
PB1n, which are mainly involved in binding PB2 and PA, respec-
tively, and are very intolerant to mutation. The PAc and PAn
domains are spread far apart and are proximal to different sides of
PB1. The PA linker (196-257; highlighted in red in Fig. 5C) that
bridges them, of which a portion has been identified previously
and studied (34), circles around PB1 (7). Here, we also have ana-
lyzed a region of PB1 (315-345) which directly interacts with the

PA linker �7, �8, and �9 helixes (201-257). Using randomly se-
lected single clones, we found that insertions in the PB1-PA linker
interaction sites greatly reduce polymerase activity (see Fig. S4A
and Table S2). Furthermore, we highlighted two additional link-
ers, the extended PA linker (258-290) and the PA arch (366-397),
which may interact with PAc and vRNA, respectively. None of the
three linkers in the PA subunit are very tolerant of insertion mu-
tations. Linear schematics of the mutants recovered from passage
3 of each library mapped onto the linker positions are depicted in
Fig. 5C. Our data suggest that genome-wide insertion mutagenesis
also can be used to highlight key protein-protein interaction do-
mains for further studies.

Critical ionic interaction between the channel and linker of
the PA protein. Genome-wide mutagenesis of the PA subunit
confirmed the importance of the PA linker and channel regions,
which have been poorly understood. To further clarify why almost
all of the insertion mutants in these regions were nonviable, we
generated specific mutations in the PA linker region.

Previous research on the crystal structure of the PAc domain
has revealed the presence of a channel-like structure in proximity
to the putative RNA-binding groove (28). Although several amino
acid residues around this area are known to affect polymerase
activity and/or viral growth (6, 35), the biological significance of
this channel has yet to be demonstrated and its function remains

FIG 4 Heterotrimeric interfaces of the influenza polymerase complex. (A) Mapping of all viable mutants onto the crystal structure of the influenza polymerase
complex. (B) Schematics of the heterotrimer interfaces. (C to F) The interface locations labeled on the polymerase structure. The viable mutants from passage 3
are labeled in green.
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elusive. Therefore, we systematically mutated the amino acid res-
idues that line the inner surface of the channel (K461, E524, K536,
and E410) as well as those that connect the channel to the RNA-
binding groove (R566 and K539) (Fig. 6A). Alanine substitution
of any of these amino acids resulted in a significant reduction of
both binding affinity to PB1 and polymerase activity, with E524A
showing the most dramatic effect (Fig. 6B and C).

We used a bimolecular luminescence complementation assay
(BiLC) to examine protein-binding affinity. The PA linker fused with
the N-terminal half of Gaussia luciferase (GN), when expressed
together with the full-length PB1 protein fused with the C-termi-
nal half, showed strong luciferase activity. We found that a frag-
ment of the PA linker region (196-250; �7-�9 helices of PA shown
in Fig. S5 in the supplemental material) could bind to PB1 but not

FIG 5 Critical role of the interdomain linkers in the dynamics and functions of influenza polymerase complex. (A) The locations of each linker from the subunit
of the entire RdRp complex are highlighted. (B) Each identified linker for PB2, PB1, and PA are highlighted in yellow, cyan, and red, respectively. The viable
mutants from passage 3 were labeled using the surface display. (C) Schematics of the linker and viable mutants from passage 3 from each subunit are shown.
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FIG 6 Critical ionic interaction between the linker and channel of PA protein. (A) Residues within the PAc channel region (K461, E524, K536, and E410), as well
as those that connect the channel to the RNA-binding groove (R566 and K539), are labeled in the PA protein structure. (B) We used BiLC to examine protein
binding affinity. The luminescence of Gaussia luciferase (GLuc)-fused PA linker is shown for the indicated mutants. (C) The RdRp activity was measured using
the minireplicon assay. (D and E) PA linker truncations were generated to examine their aversion to PB1. Relative binding aversion to PB1 using BiLC was shown.
Additional PA linker mutants were generated. The negative control is labeled NC. (F and G) To analyze the level of m/c/vRNA synthesis in the PA mutants,
A/WSN/33 virus-derived PB1, PB2, NP, and the indicated PA mutants were coexpressed in 293T cells with pPolI-NA, which can produce NA vRNA. Total RNA
was analyzed using a primer extension assay. The relative polymerase activity (H) and PB1 binding affinity (I) of the PA mutant were shown using the
minireplicon assay and BiLC, respectively. (J and K) PB1-PA linker and PA linker-PAc interactions between the truncated PA linker mutants and PA channel
region were shown using coimmunoprecipitation. IB, immunoblot; IP, immunoprecipitation.
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220-250 or 220-270 (Fig. 6D and E). We made a series of deletion
and insertion mutants at three different locations in the PA linker
(amino acids 196, 265, and 285, respectively) to further explore its
functions. We found that insertion or deletion of five random
amino acids (Ala-Leu-Gly-Ser-Thr) at PA-196 did not affect PB1-
binding affinity but did abolish polymerase activity and RNA syn-
thesis (Fig. 6F, H, and I). Deleting or inserting at PA-265 and
PA-285 severely impaired its binding affinity to PB1 as well as
RdRp polymerase activity. Remarkably, simultaneous insertion
and deletion in the original sequence to maintain the length of the
linker completely or partially restored binding affinity, polymer-
ase activity, and RNA synthesis. This finding supports our model
that the lengths of the linkers are critical for polymerase binding
and function.

A short peptide comprised of residues 279 to 289 in the ex-
tended PA linker occupies the channel. The structural model sug-
gests that two positively charged amino acids in this peptide (R279
and K281) can interact with the two negatively charged amino
acids on the inner surface of the channel (E410 and E524, respec-
tively). Although alanine substitution in R279 and K289 did not
alter the binding affinity to PB1, the polymerase activities of
R279A, K281A, and K289A were significantly reduced. We con-
firmed that R279A and K289A retain the heterotrimeric form of
the influenza virus polymerase complex using TAP pulldown of
the influenza virus polymerase complex (see Fig. S6 in the supple-
mental material). We performed additional mutagenesis studies
to further explore the nature of these interactions. It appears that
electrostatic interaction is critical, since changing the residues to
the opposite charge completely abolished PA function, and neu-
tralizing the negative charges of E410 and E524 through E-to-Q
mutations also severely compromised polymerase activities (Fig.
6C). We also showed that positively charged E410R and E524K
mutations abolish the heterotrimeric assembly of the purified in-
fluenza virus polymerase proteins (see Fig. S6). Furthermore, we
performed an in vitro replication assay using ApG-primed tran-
scription and found that ionic interaction also is functionally im-
portant for RNA synthesis (see Fig. S7). We showed that oppo-
sitely charged but not similarly or uncharged mutations in
residues E410, E524, K279, and K281 could completely abolish
RNA synthesis (Fig. 6F and G). The PA linker coimmunoprecipi-
tation supports the model in which the linker is not only crucial
for binding with PB1 but also mediates specific interactions with
PAc via charged residues (channel region; Fig. 6J and K).

DISCUSSION

Here, we took an unbiased functional genomics approach to gen-
erate a comprehensive functional map of the microdomains of the
influenza RdRp heterotrimer, which allow us to rapidly pinpoint
microdomains of each individual subunit. Guided by these data,
we have identified critical domains in the PA linker and channel
regions. We showed the critical role these linkers play in coordi-
nating the spatial interactions of the polymerase complex. We also
found that the extended PA linker forms ionic interactions with
the PA C-terminal channel.

Transposon-based mutagenesis is a valuable and cost-effective
tool that can identify critical segments of uncharacterized proteins,
guiding further functional analysis (22, 36, 37). We acknowledge that
15-nt insertions are large enough to potentially cause significant
changes to the structure or stability of the protein, which could im-
pact our assessment of the function of that specific targeted region.

Although we do not have the tools to characterize the global confor-
mation changes caused by these insertions, we were able to verify that
subunit expression was only rarely affected in the hundreds of mutant
clones that we screened, as the vast majority had a protein level com-
parable to that of WT samples (data not shown). Given the extensive
coverage of our mutant libraries, the loss of a few individual clones
within each functional region, which span tens to hundreds of amino
acids long, would not be expected to affect our overall observations
about those regions. In addition, functional assays of polymerase ac-
tivity from these clones were consistently in agreement with the via-
bility profile seen in the initial genotyping screen. This confirms that
the mutagenesis resulted in the loss of function of these critical sub-
units.

Guided by the recently solved crystal structure, we highlighted
three heterotrimeric interfaces, and mutations at these locations
almost always resulted in nonviable virus with partially or fully
abolished polymerase activity. The PB1c and PB2n domains are
important for their interactions with each other. However, they
also may play a much larger role in the complex as a whole, as they
share an interface with the entire PA subunit.

A result of our unbiased functional genomics analysis was the
surprise discovery of the critical importance of a sophisticated web
of linkers connecting the different subunit domains. We identified
a total of nine linkers, most of which could not tolerate any inser-
tional mutations and resulted in abolished polymerase activity.
We conclude that the linkers play a critical role in the spatial ar-
rangement required to achieve a functional polymerase complex.

In addition, our data demonstrate the importance of the linker
length, as the insertion of five amino acids at almost any position
in the entire linker region led to nonviable virus. We have also
shown that the deletion of five amino acids at different positions
abolished the polymerase activity, whereas the addition of five
amino acids near the deletion site could partially rescue it. Our
mutational studies have demonstrated the essential function of
the PA linker in supporting polymerase activity, especially when it
affects the interactions between PB1 and PA.

Our comprehensive functional map of the influenza polymer-
ase complex will help in the future design and screening of novel
anti-influenza drugs. One potential target is the TBC of the PB1
protein, in which we have shown that almost all of the surround-
ing residues are conserved. Another strategy is to use small mole-
cules to disrupt the ionic interactions between the linker and the
channel of the PA protein. The size of the channel could permit
small molecules to enter, and we have shown that every ionic
interaction is essential for RNA polymerase activity. Finally, tar-
geting the critical PA linker itself could be the means of fully dis-
rupting influenza virus transcription.
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