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A B S T R A C T

The emergence of influenza virus A pandemic H1N1 in April 2009 marked the first pandemic of the 21st century.
In this study, we observed significant differences in the polymerase activities of two clinical 2009 H1N1 influenza
A virus isolates from Chinese and Japanese patients. Sequence comparison of the three main protein subunits
(PB2, PB1, and PA) of the viral RNA-dependent RNA polymerase complex and subsequent mutational analysis
revealed that a single amino acid substitution (E206K) was responsible for the observed impaired replication
phenotype. Further in vitro experiments showed that presence of PAE206K decreased the replication of influenza A/
WSN/33 virus in mammalian cells and a reduction in the virus’s pathogenicity in vivo. Mechanistic studies
revealed that PAE206K is a temperature-sensitive mutant associated with the inability to transport PB1–PA complex
to the nucleus at high temperature (39.5 �C). Hence, this naturally occurring variant in the PA protein represents
an ideal candidate mutation for the development of live attenuated influenza vaccines.
1. Introduction

The influenza A virus is an important human respiratory pathogen,
responsible not only for seasonal epidemics resulting in significant
morbidity and mortality annually, but also for influenza epidemics and
pandemics worldwide, representing a significant threat to public health.
In April 2009, a novel H1N1 influenza virus A of swine origin, named
pdm09, emerged in Mexico and spread globally (Avit et al., 2009; Smith
et al., 2009). Since then, the pandemic H1N1 has led to approximately
284,500 deaths, with more than 214 countries with confirmed H1N1
influenza A cases. Currently, A(H1N1)pdm09 is still circulating season-
ally among humans (Mishra et al., 2010; Sherbany et al., 2014; Nogales
et al., 2018; Palese and Shaw, 2013); thus, further characterisation of this
virus is of great importance for controlling the pandemic influenza A
virus.

The influenza A virus is a member of theOrthomyxoviridae family with
a negative-sense, single-stranded, segmented RNA genome that consists
of eight viral RNA (vRNA) segments that encode at least 10 major pro-
teins (Wise et al., 2012; Krumbholz et al., 2011; Muramoto et al., 2013;
Selman et al., 2012). Its viral ribonucleoprotein complex (vRNP) is made
of an RNA-dependent RNA polymerase (RdRp) and nucleoproteins (NPs),
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and is the minimal functional unit for transcription (vRNAþmRNA) and
replication (mRNA þ cRNA þ vRNA) to occur in the nucleus of infected
cells. The RdRp of influenza A virus is a heterotrimeric complex that
comprises the polymerase basic protein-1 (PB1), polymerase basic
protein-2 (PB2), and polymerase acidic protein (PA). PB1 is the core of
the RdRp of influenza, containing the enzyme motifs required for viral
RNA polymerization activity; PB2 subunit is responsible for the recog-
nition and binding to the host pre-mRNA cap structures; and the endo-
nuclease activity of PA cleaves the cap structure to initiate capped
RNA-primed transcription. vRNA replication is facilitated by a trans--
acting polymerase, and the initiation of cRNA and vRNA synthesis is
primer-independent. Thus, to fulfil its functions in the nucleus, the effi-
cient assembly of RdRp from individually cytosolic expressed PB1, PB2,
and PA subunits is a prerequisite. Sufficient evidence supports that PB1
and PA are assembled into a dimeric complex and transported into the
nucleus where the PB1-PA dimer is assembled with individually trans-
ported PB2 into a trimeric RdRp complex, which will then interact with
vRNA and NPs to form the vRNPs.

Crystallography studies revealed that RdRp is a compact particle with
PB1 at its centre, capped on one face by PB2, and clamed between the two
globular domains of PA. The PA subunit is 716 amino acids (aa) long and
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differs from the other subunits in that it has an overall negative charge.
The PA protein is divided into two main domains: an endonuclease
domain (1–197 aa) and a large C-terminal domain (257–716 aa). The N-
and C-terminal domains of PA are connected by a PA linker (198–256
aa), which offers the PA protein a degree of conformational flexibility
(Stevaert et al., 2016; Stubbs et al., 2014; Meyer et al., 2016). The PA
subunit has been shown to possess protease activity that degrades both
viral and host proteins, and regulates vRNA synthesis (Rodriguez--
Frandsen et al., 2015; Hu et al., 2015; Fodor et al., 2013). Recently, PA
has also been reported to be interacted with innate immunity. Influenza
virus PA could block IRF3 activation and suppress IFN-β production (Yi
et al., 2017). Avian influenza virus PA protein strongly suppresses host
antiviral defense by interacting with and degrading Janus kinase 1
(JAK1) (Yang et al., 2023).

In this study, we compared the RdRp activities of two naturally
derived 2009 H1N1 influenza A viruses isolated from Chinese and Jap-
anese patients, and identified a single aa substitution (E206K) in the
linker region of the PA protein that was significantly associated with
RdRp activity in vRNP reconstitution systems. We investigated the reg-
ulatory mechanism of PAK206 in the genetic background of the influenza
A/WSN/33(H1N1) virus (WSN virus).

In vitro viral growth and mouse virulence were evaluated, revealing
that PAE206K was associated with decreased viral growth in the early step
of the virus replication cycle in mammalian cells, which consequently
resulted in later death and less weight loss in mice compared with the
wild-type virus. Furthermore, we found that PAE206K exhibited a
temperature-sensitive phenotype in vitro. Overall, our findings suggest
that 206 aa of PA protein plays a major role in the regulation of virus
growth.

2. Materials and methods

2.1. Cells

Human lung carcinoma cell line A549, human embryonic kidney cell
lines 293T and 293A, chicken fibroblast cell line DF-1, and Madin–Darby
canine kidney cell line (MDCK) were purchased from the American Type
Culture Collection (Manassas, VA, USA). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific,Waltham,MA, USA) supplementedwith penicillin (100U/mL),
streptomycin (10 mg/mL), and 10% foetal bovine serum (Gibco) at 37 �C
in a humidified incubator with 5% CO2 in air and split 1:2 at confluence.

2.2. Plasmids and antibodies

pcDNA plasmids for the in vitro reconstitution of the ribonucleopro-
tein system of influenza A/Beijing/2009 (H1N1) and A/Kurume/2009
(H1N1) were designed based on the RNA sequences of the respective
viruses. pcDNA plasmids for the reconstitution of the ribonucleoprotein
system of A/WSN/33(H1N1) were kindly provided by Prof. Ervin Fodor
(University of Oxford, UK). Rabbit anti-influenza HA antibody was pur-
chased from Sino Biological (Beijing, China). The mouse anti-influenza
NP antibody (MAB8251) was purchased from Merck Millipore (Bur-
lington, MA, USA). Rabbit anti-actin antibody was purchased from Cell
Signalling Technology (Danvers, MA, USA). Rabbit anti-PB1, anti-PA,
and anti-PB2 antibodies were purchased from GeneTex Technology
(Irvine, CA, USA).

2.3. Reverse genetics

Recombinant viruses (influenza A/WSN/33 virus and PAE206K mutant
virus) were generated using the pHW2000 eight-plasmid system (Hoff-
mann et al., 2000). HEK293T cells (5 � 105) and MDCK cells (5 � 105)
were transfected with pHW2000-PB2, pHW2000-PB1, pHW2000-PA
72
(wild-type or PAE206K), pHW2000-HA, pHW2000-NP, pHW2000-NA,
pHW2000-M, and pHW2000-NS. At 24 h post-transfection, DMEM con-
taining 10% FBS was replaced with DMEM containing 0.5% FBS. The
virus supernatant was harvested at 48 h and stored at �80 �C.

2.4. Western blotting

Cells were collected and lysed with a cytobuster (Merck Millipore,
Burlington, MA, USA) for 25 min at 25 �C, and debris were removed by
centrifugation at 10,625 �g for 15 min. The lysates were separated by
sodium dodecyl-sulfate polyacrylamide gel electrophoresis, transferred
onto nitrocellulose membranes, and immunoblotted with the indicated
antibodies and IRDye secondary antibodies (LI-COR Bioscience, Lincoln,
NE, USA). Protein bands were detected using the Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE, USA), and their
relative levels were analysed using the integrated software of the Od-
yssey system.

2.5. Immunofluorescence assay

293T cells were transfected with PB1-GFP and pcDNA-PA (wild-type)
or pcDNA-PAE206K. After 24 h, the cells were fixed with 4% para-
formaldehyde and permeabilised with 0.2% Triton X-100 for 20 min. The
cells were then blocked with 0.5% bovine serum albumin for 2 h at room
temperature, incubated with the primary antibody overnight, and further
incubated with the secondary antibody Alexa Fluor 594 goat anti-rabbit
IgG (Zhongshan Jinqiao Biotech Co., Beijing, China) for 1 h at room
temperature. The nuclei of the cells were labelled with 4’, 6-diamidino-2-
phenylindole (Sigma-Aldrich, St. Louis, MO, USA). The cells were
examined using a TCS SP5 laser scanning confocal microscope (Leica,
Wetzlar, Germany).

2.6. Primer extension analysis

Primer extension analysis was performed as previously described
(Fodor et al., 2002). The primers used were the following:
50–TGGACTAGTGGGAGCATCAT–30 to detect vRNA, 50–TCCAGTAT
GGTTTTGATTTCCG–30 to detect mRNA and cRNA, and 50–TCCCAGG
CGGTCTCCCATCC–30 to detect 5S RNA. Transcription products were
resolved on 6% polyacrylamide gels containing 7 mol/L urea and
visualised by autoradiography.

2.7. Plaque assay

MDCK cells (2.5 � 105) were seeded on 12-well plates and incubated
at 37 �C for 24 h. Recombinant wild-type and mutant viruses were
serially diluted from 10�1 to 10�6 before infecting the cells and incu-
bated at room temperature for 1 h. After deserting the viruses, 1%
agarose/DMEM media containing 0.5 μg/mL TPCK-trypsin was added to
the wells and incubated for 72 h at 37 �C. The cells were fixed with 4%
formalin (Sigma-Aldrich) and stained with 1% crystal violet (Merck
KGaA, Darmstadt, Germany). The number of plaque-forming units (PFU)
was calculated based on the dilution factors.

2.8. Median tissue culture infectious dose (TCID50) assay

For H1N1(A/California/04/2009) and H1N1(A/California/04/2009)
PAE206K, quantification of viral progenies was performed by the TCID50
method. MDCK (1.5 � 104) cells were seeded on 96-well plates and
incubated at 37 �C for 24 h. Recombinant viruses were serially diluted
from 10�1 to 10�6 before infecting the cells, and incubated at room
temperature for 1 h. At 72 h post-infection (hpi), infected cells were
scored for cytopathic effects under a microscope. The TCID50 titres were
calculated using the Reed-Muench method.
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2.9. Mouse pathogenicity experiments

To determine the survival of infected mice, 6-week-old BALB/c fe-
male mice (Weitong Lihua Laboratory Animal Technology Co., Beijing,
China) were anaesthetised with pentobarbital and infected intranasally
with wild-type and PAE206K virus at 104 PFU in 30 μL. Body weight was
monitored daily for 15 days and the mice were observed for morbidity.
For histopathological analysis, the lungs were removed on days 2 and 4
post-infection, fixed with 4% paraformaldehyde overnight, and dehy-
drated in 30% sucrose. The samples were frozen, cut into 10 μm-thick
sections, and stained with haematoxylin and eosin.

2.10. Statistical analysis

Two-tailed independent Student’s t-test was used to determine the
significance of two-group comparisons. P-values <0.05 were considered
statistically significant.

3. Results

3.1. Two clinical 2009 H1N1 influenza virus isolates have different RdRp
activities

Since the RdRp of the influenza A virus is a key determinant of path-
ogenicity and host range, we compared the RdRp activities of two clinical
2009 H1N1 influenza virus isolates: A/Beijing/2009 isolated from a pa-
tient from Beijing (China) and A/Kurume/2009 isolated from an outpa-
tient at Kurume University Hospital (Japan). The RdRp activities of the
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Fig. 1. Polymerase activities of influenza A/Beijing/2009 and A/Kurume/2009 viru
expressing plasmids of A/Kurume/2009 or A/Beijing/2009, together with pPOLI-H
then lysed. The lysates were analysed by Western blotting. B 293T cells were transfect
A/Beijing/2009, together with pPOLI-NA-RT (WSN virus). Total RNAs were extract
analysis. C Viral polymerase activity in 293T cells were compared among wild-typ
polymerase activity in 293T cells was compared among wild-type and variant viruses
HA values were standardized to the actin levels and normalized to those of HA in
Kurume/2009. Data are shown as mean � standard error of the mean of three inde
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viruses were compared using an in vitro RNP reconstitution system in
mammalian cells. Briefly, 293T cells were transfected with pcDNA plas-
mids (pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pcDNA-NP) expressing PB2,
PB1, PA, and NP proteins derived from A/Beijing/2009 or A/Kurume/
2009, along with an RNA-expressing plasmid (pPOLI-HA-RT) encoding
the viral HA segment of H1N1 viruses. At 24 h post-transfection, the HA
protein levels, which acts as a reporter for the polymerase activity, were
measured byWestern blotting and the steady-state levels of the three viral
RNA species (mRNA, vRNA, and cRNA) of the HA segment were measured
by primer extension analysis. Overall, the RdRp activity was found to be
markedly different between the two viruses (Fig. 1A), with A/Beijing/
2009 showing a lower polymerase activity than A/Kurume/2009. Despite
PB1, PB2, PA, and NP levels were comparable between the two vRNP
reconstitution systems, the levels of HA derived from A/Beijing/2009
were significantly lower than those of HA fromA/Kurume/2009. Next, we
examined the synthesis of the three RNAs in the vRNP reconstitution
system derived from each virus. Therefore, we performed primer exten-
sion to examine the levels of the three RNA sequences in the vRNP system,
in which we replaced the pPOLI-HA-RT plasmid with pPOLI-NA-RT for
convenience of detection. The levels of vRNA, cRNA, and mRNA in A/
Beijing/2009 were generally lower than those in A/Kurume/2009
(Fig. 1B); thus, we then excluded the possibility that NP was responsible
for the reduced polymerase activity of A/Beijing/2009. Substitution of A/
Beijing/2009 NP protein with A/Kurume/2009 NP protein or vice-versa
in the vRNP reconstitution system further showed that the substituted
NP protein did not change the difference between the two vRNP systems
(Supplementary Fig. S1), suggesting that the NP protein is not responsible
for the reduced polymerase activity of the A/Beijing/2009 virus.
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Fig. 2. PAE206K reduces polymerase activity of influenza A virus in vitro. A 293T
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293T cells were transfected with A/WSN/1933 virus RNP reconstitution system
plasmids (pcDNA-PB1, pcDNA-PB2, pcDNA-NP, and pPOLI-NA-RT), along with
pcDNA-PA or pcDNA-PAE206K. Total RNAs were extracted and the levels of the
three RNA species were analysed by primer extension analysis. D Statistical
analysis of viral RNAs in (C). Values of the viral RNAs were standardized to the
levels of 5S rRNA and normalized to those of viral RNAs in cells transfected with
control vector. Data are represented as mean � standard error of the mean of
three independent experiments.
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3.2. Identification of polymerase activity determinants of 2009 H1N1
viruses in human cells

Nucleotide sequence analysis revealed that A/Beijing/2009 and A/
Kurume/2009 are highly homogeneous. Thus, to identify which of the
polymerase subunits was responsible for the reduced polymerase activity
of the A/Beijing/2009 virus, we compared the sequences of PB1, PB2,
and PA of A/Beijing/2009 and A/Kurume/2009. Sequence alignment
revealed a total of four mutations between A/Beijing/2009 and A/Kur-
ume/2009 (Table 1): two PB1 mutations (R353K and I435V), one PB2
mutation (R251K), and one PA mutation (K206E).

To identify the aa residues in the A/Beijing/2009 and A/Kurume/
2009 RdRp proteins responsible for the difference in polymerase activity,
we individually introduced A/Kurume/2009 residues into the A/Beijing/
2009 background at the four identified sites and then compared the
polymerase activity of the mutants and wild-type viruses in 293T cells.
Most of the point mutations and the double mutants did not enhanced the
A/Beijing/2009 polymerase activity (Fig. 1C), suggesting that PB1R353K,
PB1I435V, and PB2R251K were not crucial for the reduced A/Beijing/2009
polymerase activity. In contrast, PAK206E led to 3-fold increased poly-
merase activity compared with the wild-type virus, indicating that the
PAK206 residue is the main contributor to A/Beijing/2009 polymerase
activity regulation (Fig. 1D and E). Noteworthily, the effects of these
mutations was not due changes on PB1, PB2, or PA levels (Fig. 1C).

Furthermore, we compared the aa sequences of the human H1N1,
avian H1N1, and avian H5N1 (Table 2). After alignment of more than
2,000 unique PA protein sequences from the Influenza Virus Database of
the National Center for Biotechnology Information from different years,
we found that the 206 residue in PA is highly conserved in all human and
avian influenza A viruses, with 99.8% human H1N1 strains and 100%
avian H5N1 strains showing Glu (E) at point 206 of the PA protein,
consistent with A/Kurume/2009. Interestingly, we also found a Lys (K) at
position 206 of PA in most influenza B and C viruses. These findings
implied that PA 206 residue may play a key role in regulating influenza
virus characteristics.

3.3. Effect of PAE206K on the replication of WSN virus

Minireplicon system data indicated that a single aa mutation altered
the reporter gene (HA) levels, which were driven by polymerase activity.
To determine whether this alteration could influence viral replication,
recombinant viruses were generated using reverse genetics. To ensure
laboratory safety, we introduced PAE206K into the influenza A/WSN/
33(H1N1) virus (WSN virus). In agreement with our previous results with
A/Beijing/2009, introduction of PAE206K led to reduced polymerase ac-
tivity (by 1.9-fold) of WSN virus (Fig. 2A and B). Next, we examined
whether PAE206K could impact on the viral RNA synthesis machinery of
Table 1
Amino acid mutations identified from BJ09 and Kurume 09.

Segment Site BJ09 Kurume09

PA 206 K E
PB1 353 R K

435 I V
PB2 251 R K

Table 2
Amino acid frequencies at position 206 in PA of human H1N1, avian H1N1 and avia

PA amino acid at position 206 by virus

Human H1N1 (n ¼ 1740) Avian H1N1 (n ¼ 395)

Residue Frequency (%[n]) Residue

E 99.8% (1737) E
K 0.1% (2) K
V 0.1% (1) V
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WSN virus. Primer extension showed that the levels of vRNA, cRNA, and
mRNA of PAE206K viruses were generally lower than those of the wild-
type WSN in the vRNP reconstitution system (Fig. 2C and D). These re-
sults indicate that the presence of 206K in PA protein significantly re-
duces its ability to support viral polymerase activity.

3.4. Effect of PAE206K on influenza A virus growth in vitro

To understand the role of PAE206K in influenza virus replication in
cultured cells, a PAE206K mutant virus was generated using the WSN
background. To compare the replication of wild-type and PAE206K WSN
viruses, their single-step replication kinetics were examined at 4, 6, and
8 h in A549 cells infected at a multiplicity of infection (MOI) of 1. It
showed that wild-type WSN grew more rapidly and up to a higher titre
than PAE206K WSN (Fig. 3A). Similarly, multistep replication kinetics
analysis of the two viruses in MDCK cells infected at an MOI of 0.001 also
showed that the wild-type virus achieved a significantly higher titre than
the PAE206K WSN virus at 12 and 24 hpi (Supplementary Fig. S2), but
n H5N1.

Avian H5N1 (n ¼ 122)

Frequency (%[n]) Residue Frequency (%[n])

100%(395) E 100%(122)
0 K 0
0 V 0



Fig. 3. PAE206K impairs replication of influenza A virus in vitro. A A549 (left) or MDCK (right) cells were infected with wild-type or PAE206K WSN ( H1N1 PAE206K)
viruses at an MOI of 1 (left) or 0.01 (right) and cultured at 37 �C. Viral titres were measured by plaque assays at the indicated time points. Error bars represent the
standard deviations of the results of three independent experiments. B A549 cells were infected with wild-type or PAE206K WSN viruses (MOI¼1). At the indicated time
post-infection, total RNAs were extracted and the levels of the three RNA species were analysed by primer extension analysis. C Statistical analysis of viral RNAs in (B).
(D) A549 cells were infected with wild-type or PAE206K WSN viruses (MOI¼1). At the indicated time post-infection, cells were harvested and lysed for Western blotting
analysis. E Values of HA were standardized to the actin levels and normalized to those of HA in cells infected with wild-type virus. Data are represented as mean �
standard error of the mean from three independent experiments.
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similar virus titres were observed between the two viruses at 36, 48, 60,
and 72 hpi (Supplementary Fig. S2A). Collectively, these results suggest
that the E206K substitution in PA protein impairs the viral growth ca-
pacity in human and mammalian cells.

We then conducted assays to evaluate the performance of vRNP po-
lymerase in viral transcription and replication of wild-type and PAE206K

WSN viruses (MOI ¼ 1.0) in A549 cells. Primer extension assays showed
that mRNAs, cRNAs, and vRNAs levels were significantly lower in A549
cells infected with WSN PAE206K than in those with wild-type WSN at 4
and 6 hpi (Fig. 3B and C). These data demonstrated that PAE206K reduces
viral transcription and replication in human A549 cells. Moreover,
Western blot analysis indicated that WSN PAE206K produced significantly
lower levels of HA proteins at 4 and 6 hpi (Fig. 3D and E). Similarly,
MDCK infected with H1N1 (A/California/04/2009) viruses harbouring
PAE206K showed lower growth rates than wild-type H1N1 (Fig. 3A), as
determined by the TCID50 method. Moreover, Western blot analysis
showed that the levels of viral NP and PB1 proteins were lower in H1N1
PAE206K infected cells than in wild-type H1N1 infected cells at 6 hpi
75
(Supplementary Fig. S2B). Taken together, these data showed that
PAE206K impairs viral replication in MDCK and A549 cells, particularly
during the initial 12 h of infection.

3.5. Effect of PAE206K on the pathogenicity of influenza A virus in vivo

Next, we examined the growth and pathogenicity of PAE206K in mice.
Six-week-old female BALB/c mice were intranasally infected with 102,
103, 104, or 105 PFU of wild-type or PAE206K WSN. A mortality rate of
100% and fatality rate of 83.3% were observed in mice infected with 105

and 104 PFU of wild-type WSN virus, whereas 100%mortality and a 50%
fatality rate were observed in mice infected with 105 and 104 PFU ofWSN
PAE206K (Supplementary Fig. S3). Mouse median lethal dose values for
wild-type and mutant WSN were 102.40 and 103.40 PFU, respectively.
Thus, 11 mice were intranasally infected with 104 PFU of either virus,
and survival rates and body weight were monitored daily for 15 days.
Overall, mice infected with wild-type WSN exhibited more weight loss
and a higher fatality rate than mice infected with WSN PAE206K virus



Fig. 4. Pathogenicity of wild-type and PAE206K WSN in vivo. BALB/c mice were intranasally inoculated with 30 μL PBS (Mock) or 104 PFU (in 30 μL) of wild-type or
PAE206K viruses (n ¼ 11 per group). Mouse body weights (A) were monitored daily for 15 days and the survival rates (B) were calculated. C Lung sections were stained
with haematoxylin and eosin. Magnification: �100. D Viral titres from mice lung on days 2 and 4 post-infection. Data are shown as mean � standard error of the mean
(n ¼ 3).
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(Fig. 4A and B). Histological analyses further showed that the wild-type
virus caused more severe pathology than the mutated virus, with more
severe inflammatory cell infiltration, alveolar injury, and other patho-
logical changes on days 2 and 4 post-infection (Fig. 4C). Consistently,
virus titres in the lungs of WSN PAE206K-infected mice were decreased by
0.7 and 0.6 log on days 2 and 4 post-infection compared with those
infected with wild-typeWSN (Fig. 4D). These data suggest that PAE206K is
less pathogenic than the wild-type virus.

3.6. PAE206K is a temperature-sensitive mutant

It has been shown that the PA protein contains two domains con-
nected by a 58-residue linker (198 to 256 aa). Moreover, the PA linker
region was shown to have an identical structure in influenza A and B
virus polymerases (Fan et al., 2019; Lukarska et al., 2017), and several
positions in this domain have been confirmed to display a
temperature-sensitive phenotype (Da Costa et al., 2015; Meyer et al.,
2016). To test whether the herein identified PAE206K variant displayed a
temperature-sensitive phenotype in mammalian cells, we measured the
polymerase activity in two RNP reconstitution systems at different tem-
peratures. Upon co-transfection of 293T cells with pPLOI-HA and
pcDNA-PB1, pcDNA-PB2, pcDNA-PA (wild-type)/pcDNA-PAE206K, and
pcDNA-NP at 33, 37, and 39.5 �C, the HA levels were measured as a
reflection of the overall polymerase activity. PAE206K showed to promote
a temperature-sensitive phenotype in the RNP reconstitution system,
with a level of polymerase activity of 80%, 55%, and 30% of that of the
wild-type activity at 33, 37, and 39.5 �C, respectively (Fig. 5A and B).
Next, analysis of the replicative abilities of the recombinant mutant vi-
ruses in MDCK cells (MOI¼ 0.001 PFU/mL) also showed that the growth
of theWSN PAE206K virus was markedly delayed at 39.5 �C, with the virus
titres at 24 hpi being of 0 PFU/mL, in contrast to 103 PFU/mL for
wild-type WSN (Fig. 5C). At 37 and 33 �C, the mutants replicated less
efficiently than the wild-type virus and displayed similar multiplication
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kinetics in MDCK cells (Supplementary Fig. S4). These results suggest
that the mutant PAE206K exhibits a temperature-sensitive phenotype.

3.7. PAE206K disruptes the cellular distribution of PB1 at high temperatures

The transcription and replication of the influenza virus occurs in the
nucleus, which differs from those of other RNA viruses. Recent studies
have indicated that efficient polymerase assembly and import to the
nucleus are limiting factors for the viability of reassortant viruses
(Watanabe et al., 2010; Hutchinson et al., 2012). To determine whether
the PAE206K mutant could interfere with the nuclear import of the PA
protein or the PA–PB1 complex, we co-transfected PB1-GFP and
wild-type PA- or PAE206K-expressing plasmids into 293A cells. Notably,
PB1 localised to the nucleus when wild-type or mutated PA was
co-expressed with PB1 at 37 �C. In contrast, PB1 and PAE206K were found
mainly in the cytoplasm and were absent in the nucleus at 39.5 �C
(Fig. 6A). Our findings suggest that the temperature sensitivity of PAE206K

is associated with the inability of PA subunits to transport PB1 to the
nucleus. Further analysis of the interaction between PA and PB1 at 37
and 39.5 �C showed that PAE206K was weakly associated with PB1 at 39.5
�C, but was similar to that of wild-type PA and PB1 at 37.5 �C (Fig. 6B).
Hence, PAE206K can disturb the interaction between PA and PB1 at high
temperatures.

3.8. PAE206K also affects influenza virus polymerase activity in DF-1 cells

The source of the 2009 H1N1 pandemic comprised genes derived
from avian (PB2 and PA), human H3N2 (PB1), and classical swine (HA,
NP, and NS) lineages (Smith et al., 2009), highlighting that adaptation of
viral polymerase is necessary for efficient viral replication in new host
species. Our results show that PAE206K reduced the viral polymerase ac-
tivity of H1N1 in a vRNP reconstitution system in 293T cells. In agree-
ment with this observation, PAE206K also significantly impaired the viral



Fig. 5. Replication Kinetics of wild-type and PAE206K WSN viruses at different temperatures. A Viral polymerase activity was determined in a vRNP reconstitution
system in 293T cells at different temperatures (33, 37, and 39.5 �C). B Statistical analysis of the HA levels in (A). Values of HA were standardized to the actin levels and
normalized to those of HA in cells transfected with wild-type vector. C MDCK cells were infected with wild-type or PAE206K WSN at a multiplicity of infection of 0.001
at different temperatures (33, 37, and 39.5 �C) in A549 cells. Virus titres were determined via plaque assays at 24 h post-infection. Data represent the mean � standard
error of the mean of three independent experiments.
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polymerase activity in DF-1 cells compared with the wild-type poly-
merase complex (Supplementary Figs. S5A and B). Furthermore, we
introduced the mutation PAE206K in the context of A/Quail/Hong
Kong/G1/97 (H9N2) reconstitution system and then compared the po-
lymerase activities between PAE206K and wild-type polymerase (Supple-
mentary Fig. S5C). Similarly, we also found that the presence of the
introduced mutation PAE206K [A/Quail/Hong Kong/G1/97 (H9N2)]
could reduce the activity of polymerase in vRNP reconstitution system in
293T cells. Hence, PAK206 does not contribute to viral adaptation in new
host species.

4. Discussion

The PA protein is one of the three subunits that consists of the het-
erotrimeric RNA-dependent RdRp of influenza viruses, and contributes to
host adaptation and virulence of these viruses (Lee et al., 2017; Mehle
et al., 2012; Bussey et al., 2011; Song et al., 2009). The 2009 pandemic
H1N1 virus contains a unique combination of gene segments from swine,
avian, and human viruses (Zhang et al., 2009; Trifonov et al., 2009); thus,
similar to other influenza A viruses, this pandemic H1N1 may be asso-
ciated with influenza A viruses co-infections. Therefore, it exhibits a
change in replication and virulence. A previous study reported that the
PA genes of the H1N1 pandemic virus increased vRNP activity and
virulence of seasonal H1N1 when introduced into the genome of the
seasonal virus, suggesting that PA may serve as a virulence factor of the
H1N1 pandemic virus (Hsieh et al., 2011). In this study, we focused on
the contribution of the PAE206K mutation in the 2009 pandemic H1N1
influenza virus.

Comparing the identity of PA sequences between two H1N1
pandemic influenza viruses (A/Beijing/2009 and A/Kurume/2009), the
protein sequences of the two strains showed a high level of identity for
the PA gene. Nevertheless, a novel PA substitution was identified
(E206K), which reduces the polymerase activity and viral replication in
mammalian cells. Most notably, few mutations that alter aa in
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polymerase complex subunits have been found to substantially affect
polymerase activity, replication, virulence, or pathogenicity in mammals,
as well as adaptation to new host species. Nevertheless, several studies
have identified the aa positions in PA that affect replication and/or
virulence. For example, PAT162A leads to a moderate decrease in protease
activity and cRNA synthesis (Perales et al., 2000), and the PAR638A mu-
tation destabilises the PA-RNA template interaction during elongation by
promoting the synthesis of defective interfering RNAs, and causes severe
attenuation of viral growth in cell culture. Moreover, the PA subunit has
been shown to be involved in host adaptation; the avian H9N2 virus with
PAK356R showed increased levels of viral transcription and virus pro-
duction in human A549 cells; PAK356R along with PB2E627K may render
avian H9N2 viruses adapted for human viruses (Xu et al., 2016); the
PAK185R mutation of the H5N1 virus affects viral replication in both
mammalian cells and mouse pathogenicity (Fan et al., 2014); and the aa
substitution T157 in PA modulates polymerase activity for viral cRNA
synthesis (Huarte et al., 2003).

The crystal structures of the RdRp revealed that the polymerase
complex is formed by PB1 enclosed by the PA linker on one side and the
N-terminal domain of PB2 on the other side (Fan et al., 2019; Lukarska
et al., 2017; Hengrung et al., 2015). Using high-throughput mutagenesis
and sequencing analysis, Chen et al. found that the PA linker is critical for
polymerase activity and the formation of ionic interactions with the PA
C-terminal channel. Furthermore, they indicated that the linker regions
of PA do not tolerate insertional mutations, with deletions or insertions
on the PA linker region impairing its binding with PB1, polymerase ac-
tivity, and RNA synthesis. The PA linker plays a key role in the formation
of a functional polymerase complex, which requires spatial arrangement
(Wang et al., 2015). The aa at position 206 is located in the PA linker α7,
α8, and α9 helices (201–257). Our data showed that mutation of Glu (E)
to Lys (K) at position 206 in PA dramatically decreased polymerase ac-
tivity and attenuated WSN virus growth in mammalian cells and mice.
Two nuclear localization signals (NLSs) of the PA protein have been
identified: NLS1 comprises the 124–139 aa and NLS2 comprises the
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186–247 aa (Yamaji et al., 2015). NLSs are recognised by host proteins,
and allow viral and host protein complexes to pass through the nuclear
pore complexes. As PAE206K belongs to NLS2, it may affect the efficient
nuclear import of the viral genome in human cells. Interestingly, our data
showed that PAE206K does not interfere with the PA–PB1 complex
transport to the nucleus at 37 �C, whereas PB1 is mainly found in the
cytoplasm when co-transfected with PAE206K at 39.5 �C. Moreover, our
results also showed the PAE206K does not alter the interaction strength
between PA and PB1 at 37 �C. Some host proteins that interact with PA
affect the polymerase activity and viral replication (Hsu et al., 2013,
Huarte et al., 2001). The majority of PA residues that affect polymerase
activity in a host-specific manner are concentrated on the surface of the
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polymerase complex, and the linker region is also exposed to the surface.
Thus, we speculate that the E206K substitution in the PA linker may
interact with host factors, and that it is the strength of these interactions
that affects viral polymerase activity.

Generation and characterisation of temperature-sensitive mutants are
powerful tools for investigating essential steps in a virus life cycle.
Recently, several temperature-sensitive mutations have been identified in
PB1, PB2, and PA. The PA subunit is critical for modulating vRNP activity
under thermal stress (Bussey et al., 2011; Zhang et al., 2012). In partic-
ular, a large series of PA linker mutants exhibit a temperature-sensitive
phenotype, with nine aa positions (T201P, K213P, D216P, L219P,
P221A, N222P, F223P, S225P, and L226P) in the PA linker being
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identified as appropriate for engineering temperature-sensitive mutants.
The temperature-sensitive phenotype of these mutants is associated with a
defect in the transport of the PA–PB1 complex into the nucleus (Da Costa
et al., 2015). Meyer et al. indicated that aa deletions at positions 207, 208,
209, and 210 in the PA linker result in temperature sensitivity and
attenuated phenotypes (Meyer et al., 2016). Furthermore, they found that
PB1 and PAΔ206were mainly observed in the cytoplasm andwere absent
from the nucleus at 39.5 �C, where were transported into the nucleus at
33 �C. These findings suggest that PAK206 may be unable to recruit PB1 to
the nucleus at a higher temperature, which agrees with our results. In
addition, they found that deletion of position 206 of PA does not allow
virus recovery, suggesting that PA 206 residue may play a key role in the
protein structure or function. Our results showed that PAE206K reduces
viral replication in both mammalian cells and mice. Taken together, all
these results suggest that this mutation can severely impair the PA
structure and/or function.

It is well known that influenza vaccines can prevent influenza infec-
tion through immunisation. The global threat of pandemic influenza and
H7N9 avian influenza highlighted the importance of vaccines, and pro-
moted the development and evaluation of candidate vaccines. Currently,
inactivated influenza vaccines (IIVs) and live attenuated vaccines (LAIVs)
are the two main types of influenza virus vaccines available. Unlike IIV,
which can induce a serum antibody response, seasonal LAIV induces
serum andmucosal antibody responses, as well as T-cell responses. Cross-
protection against antigenic drift variants of LAIV is attractive for con-
trolling pandemic influenza (Subbarao et al., 2020). Most notably, some
countries have continued to use LAIV as the vaccine of choice, based on
these characteristics. Considering the different temperatures between the
upper and lower respiratory tracts, temperature-sensitive viruses are a
logical approach for vaccine development (Treanor et al., 2020; Wein-
berg et al., 2020; Lopez et al., 2020). Our results show that PAE206K

displays a temperature-sensitive phenotype and attenuates influenza
virus in vitro and in vivo, suggesting that the PAE206K variant can be used
to design LAIVs.

5. Conclusions

In summary, in this study we identified a key mutation in PA (at
position 206) that affects polymerase activity. This position lies in the PA
linker that is responsible for binding PB1 and is involved in recruiting
PB1 to the nucleus. Moreover, substitution of aa in this position results in
temperature-sensitive phenotypes. Hence, our findings further our un-
derstanding on PA protein function.
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