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Influenza A Virus PB1-F2 Protein Expression Is Regulated in a Strain-
Specific Manner by Sequences Located Downstream of the PB1-F2
Initiation Codon
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Translation of influenza A virus PB1-F2 occurs in a second open reading frame (ORF) of the PB1 gene segment. PB1-F2 has been
implicated in regulation of polymerase activity, immunopathology, susceptibility to secondary bacterial infection, and induction
of apoptosis. Experimental evidence of PB1-F2 molecular function during infection has been collected primarily from human
and avian viral isolates. As the 2009 HIN1 (HIN1pdmO09) strain highlighted, some swine-derived influenza viruses have the ca-
pacity to infect human hosts and emerge as a pandemic. Understanding the impact that virulence factors from swine isolates
have on both human and swine health could aid in early identification of viruses with pandemic potential. Studies examining
PB1-F2 from swine isolates have focused primarily on HIN1pdm09, which does not encode PB1-F2 but was engineered to carry a
full-length PB1-F2 OREF to assess the impact on viral replication and pathogenicity. However, experimental evidence of PB1-F2
protein expression from swine lineage viruses has not been demonstrated. Here, we reveal that during infection, PB1-F2 expres-
sion levels are substantially different in swine and human influenza viruses. We provide evidence that PB1-F2 expression is regu-
lated at the translational level, with very low levels of PB1-F2 expression from swine lineage viruses relative to a human isolate
PB1-F2. Translational regulation of PB1-F2 expression was partially mapped to two independent regions within the PB1 mRNA,

located downstream of the PB1-F2 start site. Our data suggest that carrying a full-length PB1-F2 ORF may not be predictive of

PB1-F2 expression in infected cells for all influenza A viruses.

Translation of influenza A virus (IAV) PB1-F2 initiatesin a +1
open reading frame (ORF) relative to the PB1 gene via a leaky
ribosomal scanning mechanism as a result of the 43S ribosomal
complex bypassing the PB1 start codon and two additional inter-
vening AUG codons that translate short ORFs (sORFs) (1, 2).
Previously, Wise et al. showed that PB1-F2 translation initiation is
regulated as a result of differences in Kozak sequence strength,
with the PB1 and two intervening sORF start codons having weak
to moderate-strength Kozak sequences, while the PB1-F2 ORF
start codon has a strong Kozak sequence (2). Leaky ribosomal
scanning, in combination with reinitiation of PB1 mRNA, is also
responsible for translation of a third protein known as N40, which
is encoded from a fifth AUG located in the same ORF as the PB1
gene but missing 39 amino (N)-terminal amino acids from the
PBI1 protein (3). Modification of the upstream start codons, Ko-
zak sequences, and ORF nucleotide length has been shown to af-
fect the level of PB1-F2 expression (2, 3).

In early studies, PB1-F2 was found to have proapoptotic activ-
ity when expressed either independently or during influenza virus
infection. Chen et al. first determined that PB1-F2 was proapop-
totic either when exposed to cells in synthetic form or in the con-
text of cells infected with either wild-type or PB1-F2-deficient
A/Puerto Rico/8/34 (PR8) IAV (1). In addition, the carboxyl (C)-
terminal portion of PB1-F2 has also been shown to interact with
mitochondrial antiviral stimulating protein (MAVS), resulting in
decreased mitochondrial membrane potential and prevention of
transcriptional upregulation of type I interferon (IFN), as well as
other interferon-stimulated genes (4, 5). Conversely, other studies
have shown that PB1-F2 promotes the production of type I IFN,
particularly IFN-, in human lung epithelial cells and is detrimen-
tal to successful virus infection (6). PB1-F2 has also been shown to
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increase susceptibility to secondary bacterial infection through
promotion of proinflammatory cytokine expression, which leads
to increases in viral and bacterial replication rates, infiltration of
monocytes into the lungs, severity of disease, and mortality (7—
10). These divergent findings may suggest that the IFN modula-
tion properties of PB1-F2 are cell type or virus isolate specific.
PBI-F2 proteins from different IAV isolates do not possess
each function described for the protein. In fact, much of the mo-
lecular work done on PB1-F2 has been performed using a limited
number of viral isolates, such as PR8, A/WSN/1933 (WSN),
A/Brevig Mission/1918 (1918 Spanish flu), and avian H5N1 iso-
lates (1,7, 11, 12). Because full-length PB1-F2 ORFs are present
at various levels of prevalence in IAV, it is necessary to have a
complete understanding of how PB1-F2 proteins from IAV
isolates from different host species contribute to IAV replica-
tion or virulence. The 2009 swine origin HIN1 pandemic virus
(HIN1pdm09) was a stark reminder that swine-derived 1AV is
capable of infecting and adapting to humans and emerging as a
pandemic (13). Although not highly pathogenic, HIN1pdm09 il-
lustrates the potential threat that swine IAV poses to human
health (14). While HIN1pdm09 did not express full-length PB1-
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F2, recent IAV reassortants between HIN1pdm09 and H3N2
strains circulating in swine herds have infected humans (H3N2v
strains), and although human-to-human transmission of these
viruses is considered rare, they do appear to encode the capacity to
express PB1-F2 (15). Thus, it is necessary to have a proper under-
standing of the molecular function and virulence potential of
swine isolate-derived PB1-F2 proteins.

The majority of published studies examining the function of
swine PB1-F2 have focused on measuring phenotypic differences
in vitro and in vivo using wild-type isolates or recombinant
HIN1pdm09 viruses engineered to carry a full-length PB1-F2
OREF. Conclusions from these studies about PB1-F2 effects on
swine IAV infection conflict. For example, Hai et al. and Pena et al.
found that restoring the PB1-F2 coding sequence to HIN1pdm09
resulted in increased growth kinetics and higher viral titers in cell
culture, while Ozawa et al. showed that the presence of PB1-F2
had no affect on viral replication in vitro (16-19). Restoration of
the PB1-F2 coding sequence had little to no effect on viral patho-
genicity in infected mice or ferrets in these studies, although a
slight increase in pathogenicity was noted at early times in infec-
tion of pigs (16—18). Other work using recombinant A/swine/Wis-
consin/14094/99 viruses showed an increase of virus replication in
primary alveolar macrophages but no differences in viral replica-
tion or pathogenicity in swine tissue explants or infected pigs (20).
In all of the studies examining PB1-F2 function in swine IAV
infection, PB1-F2 protein expression was not evaluated either in
vitro or in vivo.

In this study, we determined that PB1-F2 protein expression
from representative swine isolates is substantially decreased rela-
tive to that from a previously highly studied human isolate. Addi-
tionally, we determined that PB1-F2 expression is primarily regu-
lated at the level of translation and identified two elements
downstream from the PB1-F2 AUG that are involved in this reg-
ulation.

MATERIALS AND METHODS

Phylogenetic comparison of PB1-F2 nucleotide sequences. IAV PB1-F2
nucleotide coding sequences (nucleotides [nt] 119 to 391) from A/swine/
Ohio/511445/2007(HIN1) (OHO07), A/Mexico/4108/2009(HIN1) (Mx09),
A/swine/Nebraska/02013/2008(HIN1), A/swine/Indiana/A00968373/
2012(H3N2), A/Puerto Rico/8/1934(HIN1) (PR8), A/Brevig Mission/1/
1918(HIN1) (1918 Spanish Flu), A/Vietnam/1203/2004(H5N1), and
A/Indonesia/CDC1047/2007(H5N1) were collected from NCBI. Using
the Influenza Virus Resource database tool (NCBI), a nucleotide consen-
sus sequence of swine PB1-F2 was established by comparing 310 unique
PB1-F2 coding sequences from HIN1 and H3N2 viruses isolated from
pigs in North America from 2000 to the present. A phylogram was then
created using Phylogeny.fr (21, 22) and annotated using Adobe Illus-
trator.

Cells and reagents. MDCK (Madin-Darby canine kidney) and PK-15
(porcine kidney epithelial) cells were maintained in Eagle’s modified es-
sential medium (EMEM) (Mediatech). A549 (human alveolar basal epi-
thelial) cells were maintained in F-12K medium (Kaighn’s Modification
of Ham’s F-12 Medium; Mediatech). 293T (human embryonic kidney)
cells were maintained in Opti-MEM (Life Technologies). CEF (chicken
embryo fibroblasts) were maintained in Dulbecco’s modified essential
medium (DMEM) (Life Technologies). 3D4/2 porcine alveolar macro-
phages were maintained in RPMI 1640 medium (ATCC). BHK-T7 cells
(baby hamster kidney cells expressing T7 polymerase) (23) were main-
tained in DMEM supplemented with L-glutamine (Gibco), nonessential
amino acids (Gibco), and amphotericin B (Fungizone; Gibco). All cell
culture media were also supplemented with 10% fetal bovine serum (FBS)
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TABLE 1 Wild-type and recombinant viruses

Name Description

wtOHO07 Wild-type A/swine/Ohio/511445/2007(HIN1)
rMx09 Recombinant A/Mexico/4108/2009(H1N1)
rPR8 Recombinant A/Puerto Rico/8/1934(H1N1)
rMx/MOM Mx09 expressing PB1/MOM

rMx/PR8 Mx09 expressing PB1/PR8

rPR8/MOM PR8 expressing PB1/MOM

(Atlanta Biologicals) and penicillin/streptomycin (100 TU/ml; Mediat-
ech). The primary antibodies used in this study include mouse anti-NP
(a-NP) (ATCC) (24), rabbit a-PR8 PB1-F2 (Peter Palese, Mount Sinai
School of Medicine), rabbit a-OHO07 PB1-F2 (GenScript; peptide anti-
body against OH07 amino acids 13 to 26), goat a-PB1 (Santa Cruz Bio-
technology, Inc.), mouse a-3XFLAG (Sigma-Aldrich), and rabbit a-f3-
actin (Cell Signaling Technologies). Prior to performing experiments,
antibodies were titrated to identify antibody concentrations in which high
specificity and low background signal were optimized. The secondary
antibodies used in immunofluorescence and immunoblotting experi-
ments in this study were as follows: Alexa 350-, Alexa 488-, or Alexa
594-conjugated donkey or goat a-mouse, a-rabbit, a-goat, or a-human
IgG antibodies (Life Technologies) and alkaline phosphatase (AP)-conju-
gated goat a-mouse and o-rabbit or rabbit a-goat (Bio-Rad Laborato-
ries). MG132 at a final concentration of 0.5 wM was added to cells where
indicated.

Viruses and recombinant viruses. A/swine/OH/511445/2007 (OHO07),
A/Puerto Rico/8/1934 (PR8), and A/Mexico/4108/2009 (Mx09; Alexander
Klimov, CDC) were used to represent HIN1 swine, human, and pan-
demic 2009 isolates, respectively (Table 1). Eight reverse-genetics plas-
mids for PR8 (Richard Webby, St. Jude Children’s Research Hospital)
(25) and Mx09 (Daniel Perez, University of Maryland) were used for
creation of recombinant viruses, as previously described (25). The 11-
amino-acid-truncated Mx09 PB1-F2 sequence was replaced by the full-
length OHO7 PB1-F2 ORF sequence in the Mx09 PBI gene to create PB1/
MOM (details of the construction are provided below). Utilizing parental
or mutant reverse-genetics plasmids, recombinant viruses rMx09,
Mx09+MOM PB1 (rtMx/MOM ), Mx09+PR8 PB1 (rMx/PR8), rPR8, and
PR8-+MOM PB1 (rPR8/MOM) were created (Table 1.).

Plasmid construction. (i) Reverse-genetics plasmids. The OH07 PB1
gene sequence was amplified from virus stock by reverse transcription
(RT)-PCR using universal primers that have been previously described
(26). The resulting PCR product and pHW2000 were digested with BsmBI
and ligated to create pHW2000/OHO07/PB1. To create pDP2002/MOM/
PB1, the OH07 PB1-F2 ORF was PCR amplified using gene-specific prim-
ers flanking the PB1-F2 sequence and pHW2000/OHO07 PB1 as the tem-
plate. The resulting PCR product and pDP2002/Mx09/PB1 plasmid were
digested with BciVI and BstAPI and ligated.

(ii) Expression plasmids. To create pOH07/PB1-F2/EGFP and pPR8/
PB1-F2/EGFP, the PB1-F2 sequence from pHW2000/OHO07/PB1 and
pHW2000/PR8/PB1 was amplified using gene-specific primers contain-
ing Xhol and HindIII restriction sites. pEGFP-N1 and amplification
products were digested with Xhol and HindIII and ligated. pPOH07/PB1-
F2/pET21a was created by PCR using gene-specific primers containing
Ndel and Xhol digestion sites and pHW2000/OHO07/PB1 as the template.
The resulting PCR product and pET21a were digested with Ndel and Xhol
and ligated. To create pOHO07/PB1-F2/3 XFLAG, a gene-specific 3XFLAG
tag containing forward and reverse primers and a pHW2000/OHO07/
PB1-F2 template were used to amplify PB1-F2. The resulting PCR product
and pCi-Neo were digested with Xhol and Xbal and ligated. pPR8/PB1-
F2/3 XFLAG was created by inserting annealed oligonucleotides contain-
ing the 3XFLAG tag flanked by KpnlI and Xbal sites into KpnI- and Xbal-
digested pPR8/PB1-F2/EGFP.

(iii) Translational-mapping plasmids. pOOO/3XFLAG and
PMOM/3XFLAG were created by inserting annealed oligonucleotides
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containing the 3XFLAG tag flanked by Pasl and BstAPI sites into PasI-
and BstAPI-digested pHW2000/OHO07/PB1 and pDP2002/MOM/PBI.
pPPP/3XFLAG was created by PCR amplification using gene-specific
primers and pPR8/PB1-F2/3XFLAG as a template. The amplified product
was ligated into pHW2000/PR8/PB1 using BstAPI and BfuAl digestion
sites. pPMMM/3XFLAG was created using gene-specific primers and
pDP2002/Mx09/PB1 and pMOM/3 XFLAG as the templates in an overlap
PCR. The resulting product was inserted into pDP2002/Mx09/PB1 using
BsaAl and BstAPI sites. pMxKI/3XFLAG was created using pMMM/
3XFLAG as a template in overlap PCR mutagenesis to remove stop
codons within PB1-F2 (27). Nucleotides that introduced stop codons
were replaced as follows: 152A to C, 291A to G, and 381A to G. The PCR
product was then ligated into pDP2002/Mx09/PB1 using BsaAl and
BstAPI restriction sites. Additional translational plasmids constructed for
this study to map PB1-F2 translational regulatory regions are listed in
Table 2. The vector, insert PB1 nucleotide sequence, and methods used to
create each plasmid are shown. These methods are PCR amplification
with gene-specific primers, overlap PCR using gene-specific primers for
amplification and fusion of sequences (27), and subcloning between plas-
mids containing identical restriction sites. All plasmids were selected by
restriction digest and confirmed by sequencing. Primer sequences are
available upon request.

Production of recombinant PB1-F2. Escherichia coli Rosetta was
transformed with pOH07/PB1-F2/pET21a using an Eppendorf Multipo-
rator (Eppendorf) set to 1,700 V with a time constant of 5 ms. The cells
were resuspended in 1 ml of Luria broth (LB), incubated in a 37°C shaking
incubator for 30 min, and plated on Luria agar containing 50 pg/ml am-
picillin (AMP) for overnight incubation at 37°C. Colonies were picked
and grown in LB containing 50 pg/ml AMP. The following day, the cul-
tures were diluted 1:100 in the same medium formulation with the addi-
tion of 1 mM isopropyl-B-p-L-thiogalactopyranoside (IPTG) for 4 h. Pel-
lets were collected and purified using a BioLogic protein purification
system (28). Expression of PB1-F2 in each 5-ml fraction of the purified
protein was confirmed using immunoblotting.

Infections and transfections. MDCK, A549, PK-15, 3D4/2, or
BHK-T7 cells or CEF were plated to a final density of 2.5 X 10°/well
(6-well plate) or 5 X 10°/60-mm dish and 293T cells to a final density of
2 X 10°/60-mm dish for transfections and infections. Infections were
carried out using EMEM or F-12K medium containing 0.4% bovine se-
rum albumin (BSA), penicillin-streptomycin (100 IU/ml), and 1 wg/pl
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin.
Viral titers were determined for each cell line using the 50% tissue
culture infective dose (TCID5,) and a working estimate of the number
of PFU/ml was calculated (PFU/ml = TCID;, X 0.7; ATCC [http:
/Iwww.atcc.org/support/faqs/48802/Converting%2bTCID50%2bto%
2bplaque%2bforming%2bunits%2bPFU-124.aspx]). Infections were
carried out at a multiplicity of infection (MOI) of either 2 for immuno-
fluorescence (IF) assay and RT-quantitative PCR (qPCR) or 5 for immu-
noblots. For PB1-F2 degradation assays, infected MDCK cells were incu-
bated with MG132 for 4 h prior to harvest. MDCK, A549, and PK-15 cells
were transfected using Lipofectamine 2000 (Invitrogen), and 293T, BHK-
T7,and MDCK (pulse-chase experiments only) cells were transfected us-
ing TransIT-LT1 (Mirus) according to the manufacturer’s instructions.

Immunofluorescence microscopy. Cells plated on coverslips were
transfected for 24 h or infected for the indicated times and then fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) (137 mM
NaCl, 3 mM KCl, 8 mM Na,HPO, [pH 7.5]), permeabilized with PBS
containing 0.2% Triton-X, and blocked by incubation in 2% BSA in PBS.
Samples were incubated with primary antibodies in 2% BSA in PBS for 45
min and washed three times with PBS-Tween (PBS-T), followed by incu-
bation with secondary antibodies in 2% BSA in PBS for 45 min. The cells
were washed an additional three times with PBS and mounted on slides
using Prolong Antifade with or without DAPI (4',6-diamidino-2-phe-
nylindole) (Life Technologies). Stained cells were visualized using a Zeiss
Axiovert 200 inverted microscope equipped with fluorescence optics and
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Axiovision software (Zeiss). Images were prepared using Adobe Photo-
shop and Illustrator software (Adobe). PB1-F2 expression was quantified
by counting NP (infected)- or PB1 (transfected)-expressing cells and then
counting PB1-F2 or 3XFLAG-expressing cells within this subset to deter-
mine the percentage of infected or transfected cells expressing PB1-F2. All
quantifications were done in triplicate on independent experimental sam-
ples to calculate averages and standard deviations and for statistical com-
parison.

RT-qPCR. MDCK cells were infected with either OHO7 or PR8 virus
for 12 h. Total RNA was extracted from each sample using TRIzol reagent
according to the manufacturer’s directions (Invitrogen). cDNA was cre-
ated using Superscript III First-Strand Synthesis SuperMix (Invitrogen)
with oligo(dT) primer. RNA was removed by treating samples with RNase
A for 3 h. Tenfold serial dilutions of sample cDNA were quantified using
an iScript One-Step RT-PCR with SYBR green kit (Bio-Rad). Primers
against either PB1 (Forward, 5'-GGCCCTTCAGTTGTTCATC-3'; Re-
verse, 5'-GCAGACTTCAGGAATGTG-3’) or NP (Forward, 5'-GCGTC
TCAAGGCACCAAAC-3'; Reverse, 5'-TCAAAAGCAGAGAGCACCAT
T-3") were used for amplification of cDNA samples. The qPCR mixture
for each sample consisted of 7.5 ul 2X SYBR green RT-PCR mixture, 5 pl
of nuclease-free water, 0.6 pl of each primer, 0.3 wl iScript RNase H+
reverse transcriptase, hot-start iTaq DNA polymerase mixture, and 1 pl of
diluted cDNA template. The qPCR samples were detected with a MyiQ
iCycler real-time PCR detection system (Bio-Rad), and each experiment
contained three replicates of each sample, with two experimental repli-
cates performed. Samples were then compared using the Pfaffl method in
reference to PR8 readings (29).

Immunoprecipitation. Twenty microliters of MagnaBind protein A
beads (Thermo Scientific) per transfected sample was added to 400 pl
RAF buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1%
NP-40) containing Halt Protease Inhibitor cocktail (Thermo Scientific).
The beads were washed three times with RAF buffer. Immunoprecipitat-
ing antibodies were added to aliquots of washed beads and incubated at
4°C with constant inversion mixing for 2 h. Antibody-bead complexes
were washed six times and resuspended in 100 pl of RAF buffer per sam-
ple; 48 h posttransfection, the cells were washed using PBS, harvested, and
pelleted into a 1.5-ml tube. RAF buffer with protease inhibitors (800 1)
was added to each sample and vortexed four times for 30 s at 10-min
intervals with incubation on ice between vortexing periods. Cellular de-
bris from lysed transfected samples was removed by centrifugation, and
400 pl of supernatant was added to new 1.5-ml tubes with antibody-bead
complexes. Samples were incubated at 4°C with constant inversion mix-
ing overnight and then washed six times with RAF buffer with protease
inhibitors and resuspended in 15 pl of 2X sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer (100 mM Tris
[pH 6.8], 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, and
10% glycerol).

Immunoblotting. Immunoprecipitated (IP) samples, infected or
transfected cell lysates, or recombinant OHO07 PB1-F2 protein was sepa-
rated by 10% (PB1 and actin) or 15% (PB1-F2 and FLAG) Tris-glycine
SDS-PAGE. The gels were transferred via electroblotting in transfer buffer
(25 mM Tris, 192 mM glycine, 20% methanol [pH 8.3]) onto 0.45-pwm
nitrocellulose (Bio-Rad) at 70 V for 70 min. The membranes were blocked
using 5% milk in Tris-buffered saline with 0.5% Tween 20 (TBS-T) for 30
min and incubated with 5% milk in TBS-T containing primary antibodies
at room temperature overnight. The blots were washed three times with
TBS-T and incubated for 4 h with the appropriate AP-conjugated second-
ary antibody in 1% milk in TBS-T. The blots were washed three times with
TBS-T and exposed to chemiluminescent reagent (Lumiphos; Thermo
Scientific). Images were captured using a ChemiDocXRS imager and
Quantity One imaging software (Bio-Rad). The images were processed
using Adobe Photoshop and Illustrator software (Adobe).

Pulse-chase analysis. MDCK cells were mock transfected or trans-
fected with either pOH07/PB1-F2/3 XFLAG or pPR8/PB1-F2/3 XFLAG.
Twenty-four hours posttransfection, 100 pg/ml cycloheximide was added
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to samples, and at 0, 30, 60, 120, and 240 min post-drug treatment, lysates
were collected using 1% SDS in 50 mM Tris-HCI, pH 8.0, and immuno-
blotted with 3XFLAG antibody as described above. As a control to con-
firm cycloheximide efficacy, additional mock-transfected samples were
either left untreated or treated with cycloheximide for 30 min, at which
pointL-azidohomoalanine (1-AHA) (Invitrogen) was added at a final con-
centration of 50 wM for an additional 4 h. Samples were lysed with 1%
SDS in 50 mM Tris-HCI, pH 8.0, and proteins that had incorporated
L-AHA in the absence and presence of cycloheximide were labeled with
biotin-alkyne as previously described (30), The biotin-labeled proteins
were separated on SDS-PAGE, transferred to nitrocellulose membranes,
and detected via incubation with alkaline phosphatase-conjugated
streptavidin (Invitrogen), followed by exposure to chemiluminescence
reagent.

Statistical analysis. Samples from infection studies were compared
using paired ¢ test analysis, and statistically different groups (P < 0.05) are
indicated. Translation clone and mapping studies were compared using
single-factor analysis of variance (ANOVA) and were grouped based upon
sequence. Statistically significant groups (P < 0.01) are indicated. All
statistical analyses were computed using Excel 2007 with the Analysis
ToolPak add-on (Microsoft).

RESULTS

Detection of swine PB1-F2 in transfected and infected cells. A
phylogram was created comparing PB1-F2 nucleotide coding se-
quences from OH07, Mx09, PR8, a swine consensus sequence (de-
rived from unique PB1-F2 sequences from 2000 to the present),
1918 Spanish flu, two highly pathogenic avian H5N1 isolates, and two
other swine IAVs. Comparison of the OH07 PB1-F2 nucleotide se-
quence with a consensus sequence and other swine PB1-F2 sequences
using the phylogram indicated that the OH07 PB1-F2 sequence used
in our studies is highly representative of PB1-F2 sequences from
swine influenza virus isolates, including a swine-origin H3N2 variant
strain (H3N2v; A/Swine/Indiana/A00968373/2012) recently isolated
from an infected pig.

In order to study swine PB1-F2 expression, peptide antibodies
against OHO07 PB1-F2 amino acid sequence residues 13 to 26 (TE
HTNIQKKGNGRQ) were obtained from a commercial vendor
(GenScript). The antibody was first tested for its ability to recog-
nize swine PB1-F2 in transfected cells. Plasmids were constructed
that express OHO7 PB1-F2 fused in frame with a C-terminal en-
hanced green fluorescent protein (EGFP) (pOHO07/PB1-F2/
EGFP) or 3XFLAG (pOHO07/PB1-F2/3XFLAG) tag. MDCK cells
were transfected with these plasmids, and the fusion proteins were
visualized using the OHO07 PB1-F2 antibody, the 3XFLAG anti-
body, or the inherent fluorescence of EGFP. The PB1-F2 antibody
staining revealed that the OHO07-derived fusion proteins were lo-
calized throughout the nucleus and cytoplasm of cells in a pattern
that was similar to that of the 3XFLAG antibody and EGFP fluo-
rescence (Fig. 1B), strongly suggesting the antibody recognized
the OHO7 PB1-F2 fusion proteins. Additional plasmid constructs
encoding N-terminal 3XFLAG and EGFP PB1-F2 fusion proteins
showed similar colocalization of the PB1-F2 antibody staining
with the 3XFLAG antibody or inherent EGFP fluorescence (data
not shown).

To examine swine PB1-F2 expression in infected cells, we
wanted to utilize both wild-type and recombinant viruses. How-
ever, for reasons that are unclear, we were unable to create a re-
combinant OHO7 virus from reverse-genetics plasmids despite
multiple attempts using a variety of protocols. Because of this, we
instead developed a recombinant virus system in which we re-
placed the truncated PB1-F2 nucleotide sequences in the PB1 re-
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verse-genetics plasmid from an HIN1pdmO09 (Mx09) viral isolate
with the OHO07 PB1-F2 nucleotide sequence (nt 128 to 445, de-
noted PB1/Mexico/Ohio/Mexico or pDP2002/MOM/PB1) (Fig.
1C). The seven other Mx09 plasmids plus pDP2002/MOM/PB1
were then transfected into cells to produce recombinant virus
(rMx/MOM). It should be noted that the PBI protein produced
from pDp2002/MOM/PBI contains a single conserved mutation
of isoleucine to valine compared to pDp2002/Mx09/PB1 using
Blastp (NCBI). MDCK, A549, and PK-15 cells were infected with
wild-type OHO7 (wtOHO07), Mx09, or rMx/MOM viruses, and at
12 h postinfection (p.i.), the cells were stained with antibodies
against the NP protein and OHO7 PBI1-F2 to visualize swine
PB1-F2 expression in infected cells (Fig. 1D). Distinct nuclear
PB1-F2 staining was visible in some wtOHO07- and rMx/MOM-
infected cells, whereas no PB1-F2 staining was detected in Mx09-
infected cells, strongly suggesting our antibody specifically recog-
nized swine PBI-F2 in cells infected with wild-type and
recombinant viruses expressing PB1-F2 from OHO7.

PB1-F2 expression levels differ between viral isolates. Upon
examination of PB1-F2 expression in infected cells, we noticed a
striking difference in the number of OHO07-infected cells express-
ing detectable amounts of PB1-F2 relative to cells infected with the
human laboratory-adapted strain PR8. This led us to hypothesize
that there may be a strain-specific difference in the number of
infected cells expressing PB1-F2 between swine and human origin
isolates. To examine this hypothesis, we infected cells with OHO07,
rMx/MOM, or rPR8 and determined the number of infected cells
expressing detectable amounts of PB1-F2 in each sample over a
48-h time course (Fig. 2A). Surprisingly, these studies suggested
that at all times p.i., the number of cells expressing PB1-F2 in the
swine virus-infected samples (<1% of infected cells expressing
PB1-F2 for every sample) was statistically significantly lower than
in PR8 virus-infected cells (peaking at just over 14% of infected
cells expressing PB1-F2 at 12 h p.i.) (Fig. 2A). These experiments
were repeated in A549, PK-15, and 3D4/2 cells and CEF with sim-
ilar results (Fig. 2B and data not shown), suggesting that this phe-
notype is not cell type specific.

Levels of PB1-F2 protein expression in cells infected with
OHO07 were further examined using immunoblot analysis. In these
experiments, we were unable to detect OH07 PB1-F2 from in-
fected cells prepared under multiple experimental conditions us-
ing the OHO7 PB1-F2 antibody, even though the samples were
confirmed to be 95 to 100% infected (MOI = 5) by immunofluo-
rescence using a monoclonal antibody against the influenza virus
nucleoprotein (Fig. 2C and data not shown). We could easily de-
tect a recombinant OHO7 PB1-F2/3 XFLAG protein at the appro-
priate molecular weight from transfected cell lysates with the
OHO7 PB1-F2 antibody (Fig. 2C), suggesting the antibody has the
capacity to recognize OHO07 PB1-F2 using immunoblot analysis.
Moreover, serial dilutions of the OH07 PB1-F2 protein purified
from E. coli were detected down to 25 ng (Fig. 2C), further illus-
trating that the antibody has the capacity to detect low levels of
OHO07 PB1-F2 by immunoblot analysis. These findings support
our immunofluorescence data showing that there is little to no
detectible PB1-F2 protein present in cells infected with the virus.

To confirm that the low expression levels of PB1-F2 observed
in these experiments were representative of swine IAV isolates,
MDCK cells were infected for 12 h with two additional swine
viruses that are predicted at the sequence level to express a full-
length PB1-F2 protein [A/Swine/Nebraska/02013/2008(H1N1)
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FIG 1 Swine PB1-F2 expression in transfected and infected cells. (A) Nucleotide phylogram comparing A/swine/Ohio/511445/2007(H1IN1), A/Mexico/4108/
2009(HIN1), A/swine/Nebraska/02013/2008(HIN1), A/swine/Indiana/A00968373/2012(H3N2), A/Puerto Rico/8/1934(HIN1), A/Brevig Mission/1/
1918(H1IN1), A/Indonesia/CDC1047/2007(H5N1), A/Vietnam/1203/2004(H5N1), and swine consensus PB1-F2 sequence. The swine consensus sequence was
established using unique HIN1 and H3N2 PB1-F2 sequences collected from 2000 to the present. Bootstrap values are either shown above the branches or
indicated by the dotted lines. (B) MDCK cells were transfected with pOHO07/PB1-F2/3 XFLAG (top row) or pOH07/PB1-F2/EGFP (bottom row). Twenty-four
hours posttransfection, the cells were fixed and stained with swine PB1-F2 antibody (middle column) and anti-FLAG antibody (top left) or inherent EGFP
fluorescence (bottom left). A merged image is also shown. (C) Diagram of reverse-genetics plasmid encoding the OH07 PB1-F2 in the context of the Mx09 PB1
gene. pro, promoter; term, terminator. (D) MDCK, A549, and PK-15 cells were infected with OHO07 (top row), rMx/MOM (middle row), and rMx09 (bottom
row). At 12 h p.i., the cells were immunostained with antibodies against NP (left columns) and OHO7 PB1-F2 (right columns), followed by Alexa Fluor-

conjugated secondary antibodies. Bars, 10 wm.

and A/Swine/Indiana/A00968373/2012(H3N2)], and the percent-
age of PB1-F2-expressing infected cells was determined. Similar to
OHO07, less than 0.5% of the cells infected with these swine viruses
expressed PB1-F2 (data not shown), suggesting that a low expres-
sion level of PB1-F2 is a common swine IAV phenotype.
Strain-specific differences in PB1-F2 expression are depen-
dent on the PB1 gene. To determine if any of the other IAV gene
segments impact the different PB1-F2 protein levels measured in
Fig. 2, additional recombinant viruses were constructed that com-
bined either the PR8 PB1 gene with the seven other Mx09 gene
segments (rMx/PR8) or the MOM PB1 gene with the seven other
PR8 gene segments (rPR8/MOM). MDCK cells were inoculated
with rPR8, rMx/PR8, rMx/MOM, or rPR8/MOM, and at 12 h p.i.,
the cells were immunostained and the percentage of infected cells
expressing detectable amounts of PB1-F2 was determined (Fig. 3).
While there was a small but significant (P < 0.05) decrease in the
number of cells expressing PB1-F2 in the rMx/PR8 virus-infected
cells relative to rPR8-infected cells, there was no significant in-
crease in the number of cells expressing PB1-F2 in the rPR8/
MOM-infected cells relative to rMx/MOM-infected cells. More-
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over, the rPR8- and rMx/PR8-infected cells had greatly increased
numbers of PB1-F2-expressing cells compared to rMx/MOM- or
rPR8/MOM-infected cells. These results strongly suggest that dif-
ferences outside the PB1 gene do not contribute substantially to
PBI1-F2 protein expression levels. Taken together with the results
in Fig. 2A, these findings suggest that PB1-F2 expression levels are
differently regulated between influenza virus isolates in a manner
dependent on the PB1 gene and independent of the cell line and
virus genetic backbone. Importantly, these data also suggest that
these isolates of swine influenza virus do not express substantial
amounts of PB1-F2, even though they encode the capacity to do so
at the nucleotide level.

PB1-F2 expression is primarily regulated at the level of trans-
lation. To identify the step in which PB1-F2 expression is differ-
ently regulated in PR8 versus OHO07, we examined PB1 mRNA
levels and PB1-F2 protein stability in infected cells. In order to
determine if OHO07 PB1 mRNA levels were significantly decreased
relative to PR8, MDCK cells were infected with rPR8 or wtOH07
atan MOI of 2. At 12 h p.i., total RNA was isolated from infected
cells and subjected to reverse transcription and RT-qPCR using
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FIG 2 PBI1-F2 expression is differentially regulated in a strain-specific man-
ner. (A) MDCK cells were infected with OHO07, rMx/MOM, or rPR8 virus at an
MOI of 2. At the indicated times p.i., the cells were immunostained with NP
and PB1-F2 antibodies, followed by Alexa Fluor-conjugated secondary anti-
bodies. (B) MDCK, A549, and PK-15 cells were infected with OH07, rMx/
MOM, or rPR8 virus at an MOI of 2, and at 12 h p.i., the cells were immuno-
stained for NP and PB1-F2. The percentage of NP-expressing cells also
expressing PB1-F2 was determined and plotted on a graph. Statistically signif-
icant groups (P < 0.05) compared to PR8-infected samples are denoted with
asterisks. The error bars indicate standard deviations. (C) Sample lysates (400
wg) from mock- or pOHO07/PB1-F2/3 X FLAG-transfected BHK-T7 cells and
OHO7-infected (MOI = 5; 12 h p.i.) MDCK cells (left) or serial dilutions of
pOHO7/PB1-F2/pET21 bacterially expressed purified protein ranging from 25
to 400 ng (right) were separated on SDS-PAGE, transferred to nitrocellulose
membranes, and immunoblotted with antibodies against OH07 PB1-F2 or
{3-actin, as indicated, followed by AP-conjugated secondary antibodies.

PB1 and NP gene-specific primers to determine the OHO07
PB1/NP RNA ratios relative to PR8 in infected cells (Fig. 4A).
These experiments indicated that the wtOHO7-infected cells con-
tained slightly higher PB1/NP mRNA ratios than rPR8-infected
samples, suggesting that decreased OH07 PB1-F2 protein levels do
not result from a decrease in PB1 mRNA levels.

It has previously been reported that the PB1-F2 protein from
some IAV isolates is unstable and in some cases can be stabilized
by pharmaceutical inhibition of the proteasome (1). To determine
the inherent stability of the OHO7 PB1-F2 protein, we investigated
its accumulation in the absence and presence of proteasome inhi-
bition. While we measured a significant increase in the number of
rPR8-infected cells expressing PB1-F2 following proteasome inhi-
bition (P < 0.05), MG132 had no significant effect on the number
of cells expressing PB1-F2 in wtOHO7-infected cells (Fig. 4B). We
were unable to detect OHO7 PB1-F2 from infected cells to exam-
ine protein stability via immunoblot analysis (see above), and
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FIG 3 Differential PB1-F2 expression is dependent on the PB1 gene. MDCK
cells were infected with rPR8, rMx/PR8, rPR8/MOM, or rMx/MOM atan MOI
of 2, and at 12 h p.i., the cells were fixed and immunostained with antibodies
against NP and PB1-F2, followed by Alexa Fluor-conjugated secondary anti-
bodies. The percentage of NP-expressing cells also expressing detectable
amounts of PB1-F2 was determined and plotted on a graph. Statistically sig-
nificant groups (P < 0.05) compared to PR8-infected samples are denoted
with asterisks. The error bars indicate standard deviations.

therefore, we instead examined OH07/PB1-F2/3 XFLAG stability
relative to PR8/PB1-F2/3XFLAG. A pulse-chase analysis was per-
formed on MDCK cells transfected with either pOH07/PB1-F2/
3XFLAG or pPR8/PB1-F2/3XFLAG and incubated with cyclo-
heximide for 0, 30, 60, 120, and 240 min (Fig. 4C). Control
samples treated or not with cycloheximide and labeled with the
methionine analog L-azidohomoalanine confirmed that cyclohex-
imide inhibited protein synthesis. These experiments showed that
both OH07 and PR8 PB1-F2/3XFLAG proteins undergo degrada-
tion over time, with OHO07 PB1-F2 appearing, qualitatively, to
degrade more rapidly than PR8 PB1-F2. However, aside from a
slight but statistically significant difference at the 60-min time
point, quantitative analysis of immunoblots from multiple exper-
iments show that the degradation rate of OH07 PB1-F2 is not
statistically significantly different from that of PR8 PB1-F2 (Fig.
4D). These results also show that the OH07 PB1-F2 half-life is
between 30 and 60 min. While this instability may marginally
impact our ability to detect the protein in infected cells, it should
not result in the near absence of expression that we see by both
immunofluorescence and immunoblot analyses in highly infected
cells. Taken together with the results from Fig. 4A, this suggests
OHO7 PB1-F2 protein levels are likely regulated in a strain-depen-
dent manner at the level of protein translation.

Validation of a plasmid-based system to identify PB1 se-
quences involved in regulation of PB1-F2 expression. In order to
determine if specific sequences within the PB1 gene played a role
in differentially regulating PB1-F2 protein expression between in-
fluenza virus isolates, we developed a method to evaluate PB1-F2
expression independent of infection using plasmid expression
vectors. Parental plasmids were constructed from the full-length
PB1 gene in the reverse-genetics plasmid backbones of OH07
(pOOO/3XFLAG), PBI/MOM (pMOM/3XFLAG), and PR8
(pPPP/3XFLAG) in which a 3XFLAG tag was inserted in frame at
the C terminus of the PB1-F2 ORF (Fig. 5A). The insertion of the
3XFLAG tag resulted in the addition of 25 non-PB1 amino acids
between residues 121 and 122 of the PB1 protein but did not
disrupt the PB1 protein ORF. In order to validate our plasmid-
based translational system, we examined the expression levels of
PB1-F2/3XFLAG relative to PB1 using pPPP/3XFLAG, pOOO/
3XFLAG, and pMOM/3XFLAG plasmids. MDCK cells were
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FIG 4 Differential PB1-F2 expression is regulated primarily at the level of translation. (A) MDCK cells were infected with OHO7 or PR8 at an MOI of 2. RNA was
extracted at 12 h p.i. and used in two-step RT-qPCRs. A 10-fold dilution series of rPR8 samples was utilized to develop a standard and used for comparison to
OHO7. Triplicate samples from two experimental duplicates were tested and compared using the Pfaffl method. (B) MDCK cells were infected with OH07 or PR8
atan MOI of 2. At8 hp.i., MG132 (0.5 nM) was added to the cells, and at 12 h p.i., the cells were fixed and immunostained for NP and PB1-F2, followed by Alexa
Fluor-conjugated secondary antibodies. The percentage of NP-expressing cells also expressing PB1-F2 was determined and plotted on a graph. Statistically
significant groups (P < 0.05) are indicated by asterisks. (C) (Left) MDCK cells were mock, pOH07/PB1-F2/3XFLAG, or pPR8/PB1-F2/3 XFLAG transfected, and
at 24 h posttransfection were incubated in the presence of 100 pg/ml of cycloheximide for pulse-chase analysis of PB1-F2 degradation. At the indicated times
post-drug addition, samples were harvested and proteins were separated on SDS-PAGE and immunoblotted with antibodies against 3X FLAG or -actin. (Right)
Mock-transfected samples were left untreated (U) or treated with cycloheximide for 30 min (T), and then L-AHA was added for 4 h to label the proteins. Cells
were harvested, and the labeled proteins were biotinylated, precipitated, and separated on SDS-PAGE and detected using AP-conjugated streptavidin. (D) OHO07
and PR8 PB1-F2/3 XFLAG protein levels were normalized to B-actin levels, and the percent PB1-F2 protein at each time point relative to that at time zero was
quantified. Means and standard deviations were determined from five independent experiments and graphed, and statistically significant differences (P < 0.05)

compared to PR8 PB1/3XFLAG samples at each time point are denoted with an asterisk. The error bars indicate standard deviations.

transfected with each plasmid, and at 24 h posttransfection, the
cells were fixed and immunostained with FLAG- and PB1-specific
antibodies. Cells expressing PB1 were examined for PBI1-F2/
3XFLAG protein expression, and the number of cells expressing
PB1-F2/3XFLAG relative to the total number of PB1-expressing
cells was determined. In these experiments, similar to what was
measured in infection, cells transfected with pPPP/3XFLAG ex-
pressed PB1-F2 in a much higher percentage of cells (66%) than
either pOOO/3XFLAG (13%) or pMOM/3XFLAG (11%) (Fig.
5B). To confirm these data, immunoprecipitation of PB1-F2/
3XFLAG and PB1 proteins expressed in transfected 293T cells was
performed using 3XFLAG- and PB1-specific antibodies, and pro-
tein expression levels were analyzed using immunoblot analysis.
Again, while cells transfected with pPPP/3XFLAG expressed de-
tectable levels of PB1-F2, there was no detectable PB1-F2 expres-
sion in pOOO/3XFLAG- or pMOM/3XFLAG-transfected cells.
The levels of PB1 protein immunoprecipitated were similar be-
tween plasmids, suggesting (i) that there were no substantial dif-
ferences in PB1 mRNA levels between plasmids and (ii) that the
differences in PB1-F2 protein expression from these plasmids
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were specific to the PB1-F2 ORF (Fig. 5C). Interestingly, a second
faint band was detected below the PBI protein in these experi-
ments that may be the N40 protein, a protein product of the PB1
mRNA that initiates downstream of the PB1-F2 start codon (2).

Based on the similarity between OH07 and Mx09 sequences
(Fig. 1A), we hypothesized that knock-in of PB1-F2 in Mx09 may
not result in substantial increases in PB1-F2 expression. To exam-
ine this, we created a plasmid in which single nucleotide changes
in the third position of the premature stop codons within the
Mx09 PB1-F2 ORF were replaced with coding sequence (152A to
C, 291A to G, and 381A to G) and cloned into the PB1/3XFLAG
plasmid backbone (pMxKI/3 XFLAG) (Fig. 5A). Similar to OO0/
3XFLAG and MOM/3 XFLAG, levels of PB1-F2 expression from
the MxKI/3XFLAG plasmid were very low in transfected cells
compared to PPP/3XFLAG (Fig. 5B and C), suggesting that rein-
troduction of the full-length PB1-F2 ORF into the Mx09 PB1 gene
does not result in substantial expression of PB1-F2.

The PB1-F2 ORF and downstream PB1 sequences regulate
PB1-F2 expression levels. To determine if sequences in the PB1
gene play a role in regulation of PBI-F2 expression, PB1-F2/
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FIG 5 Differential PB1-F2 expression is replicated in a plasmid model system. (A) Diagrams of plasmids created to examine PB1-F2 expression in transfected
cells. A C-terminal 3XFLAG tag was inserted in frame with the PB1-F2 ORF in the pHW2000/PB1 or pDP2002/PB1 plasmid from PR8 (pPPP/3XFLAG), OH07
(pOOO/3XFLAG), MOM (pMOM/3 XFLAG), and an Mx09 PB1 gene mutated to restore the PB1-F2 ORF (pMxKI/3 XFLAG). (B) The indicated plasmids were
transfected into MDCK cells, and at 24 h posttransfection, the cells were immunostained with antibodies against PB1 and 3XFLAG, followed by Alexa
Fluor-conjugated secondary antibodies. The percentage of PBl-expressing cells also expressing PB1-F2/3XFLAG was determined and plotted on a graph.
Statistically significant groups (P < 0.01) compared to PPP/3XFLAG are indicated with asterisks. The error bars indicate standard deviations. (C) The indicated
plasmids were transfected into 293T cells, and at 48 h posttransfection, the cells were lysed and immunoprecipitated with antibodies against 3X FLAG or PB1. The
immunoprecipitated proteins were separated on SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with 3XFLAG or PB1 antibodies.
Lysates from the transfections were immunoblotted with antibodies against 3-actin as a control for protein input levels in immunoprecipitation.

3XFLAG plasmids were constructed in which the PB1 gene was
divided into three regions: the 5’ region prior to the PB1-F2 AUG
(5" PB1), the PBI-F2 ORF (F2 ORF), and the 3’ region down-
stream of the PB1-F2 stop codon (3’ PB1). It should be noted that
though large portions of sequence are being interchanged between
plasmids, relatively few changes are made to the amino acid se-
quence of the PB1 proteins, because all three PB1 proteins (OHO07,
PR8, and Mx09) are relatively conserved, with 95 to 98% of the
amino acids identical and with 98 to 99% either identical or con-
served (data not shown). Utilizing this approach, all possible com-
binations of these PB1 chimeric genes between Mx09, PR8, and
OHO7 were created (Fig. 6A). Each construct was named based on
the first letter of the virus from which each PB1 sequence section is
derived. For example, the parental PR8 plasmid described above is
denoted pPPP/3 X FLAG because the 5’ region before the PB1-F2
ORF is from PR8, the PB1-F2 ORF is from PR3, and the 3’ region
following the PB1-F2 stop codon is from PR8.

Each of the chimeric plasmids was transfected into MDCK
cells, and at 24 h posttransfection, the cells were fixed and stained
with PB1- and FLAG-specific antibodies and the percentage of
cells expressing PB1 that also expressed PB1-F2/3XFLAG was de-
termined. PB1-F2 expression from these plasmids fits into three
distinct groups, i.e., low expressers (13 to 18% positive cells), me-
dium expressers (26 to 38% positive cells), and high expressers (59
to 66% positive cells) (Fig. 6B). Grouping of the low-, medium-,
and high-PB1-F2-expressing plasmids resulted in the identifica-
tion of a clear pattern of PB1-F2 expression. The 5’ region up-
stream of PB1-F2, which harbors the PB1 AUG and Kozak se-
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quence, 2 additional AUGs that include short ORFs, and the
PBI1-F2 Kozak sequence, had no significant impact on the num-
bers of cells expressing detectable amounts of PB1-F2 in this sys-
tem, as low, medium, and high expressers were found to have this
region from both swine and PR8 origins. However, when both the
F2 ORF and 3" PB1 regions originated from swine lineage gene
segment 2 (OHO07 and Mx09), PB1-F2 expression was low. Simi-
larly, when both the F2 ORF and 3’ PB1 regions originated from
PR8, PB1-F2 expression was high. Finally, when the origins of the
F2 ORF and the 3’ PBI regions were mixed (one swine origin and
one PR8 origin), PB1-F2 was expressed at a medium level. Thus,
sequences within the F2 ORF and the 3’ PB1 regions play roles in
the regulation of PB1-F2 expression from the influenza A virus
PB1 gene.

PB1 nucleotides 267 to 335 and 582 to 816 are necessary and
sufficient to modulate PB1-F2 protein expression. In order to
identify specific sequences within the F2 ORF and 3’ PB1 region
involved in regulation of PB1-F2 expression, a series of additional
plasmids were constructed using the MPM/3XFLAG (medium-
expresser) plasmid as the parent and making incremental swaps of
swine and PR8 origin sequence within one or both of these re-
gions. To examine the 3" PB1 region, it was first divided in half,
and Mx09 nt 392 to 1140 [pMPM(P392-1140)/3XFLAG] or 1131
to 2298 [pMPM(P1131-2298)/3XFLAG] from MPM/3XFLAG
was replaced with the same sequence from PR8 (Fig. 7A). While
pPMPM(P1131-2298)/3XFLAG remained a medium expresser
like the parent plasmid, pMPM(P392-1140)/3XFLAG ex-
pressed PB1-F2 at high levels, implicating PB1 nt 392 to 1140 in
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FIG 6 PBI-F2 expression is differentially regulated by the PB1-F2 ORF and 3’
PBI1 regions. (A) Diagrams of chimeric PB1 gene plasmids constructed to
identify sequence requirements for differential PB1-F2 expression. The PB1
gene was divided into three sections consisting of the 5’ region upstream of
PB1-F2, the PB1-F2 ORF, and the 3’ region downstream of PB1-F2 in the
3XFLAG-tagged PB1-F2 plasmids created for Fig. 5. All possible combinations
of the PB1 gene using these regions from OHO07, Mx09, or PR8 were created.
(B) MDCK cells were transfected with the indicated plasmids, and at 24 h
posttransfection, the cells were immunostained with antibodies against PB1
and 3XFLAG, followed by Alexa Fluor-conjugated secondary antibodies. The
percentage of PB1-expressing cells also expressing detectable amounts of PB1-
F2/3XFLAG was determined and plotted on a graph. Statistically significant
groups (P < 0.01) as determined by ANOVA are indicated with a line and two,
three, four, or five asterisks. The error bars indicate standard deviations.

PB1-F2 translational regulation (Fig. 7A). PB1 nt 392 to 816
[PMPM(P392-816)/3XFLAG] and 392 to 586 [pMPM(P392-
586)/3XFLAG] from Mx09 were then replaced with PR8 sequence
in the pMPM/3XFLAG construct and tested for PB1-F2 expres-
sion. pMPM (P392-816)/3 X FLAG was a high expresser; however,
pMPM (P392-586)/3 X FLAG was a medium expresser, suggesting
that PB1 nt 587 to 816 were necessary for PB1-F2 translational
regulation. To determine if PB1 nt 587 to 816 were sufficient for
modulation of PB1-F2 expression, PR8 PB1 nt 582 to 816 were
cloned into pMPM/3XFLAG [pMPM(P582-816)/3XFLAG].
This plasmid was also found to be a high PB1-F2 expresser. These
data implicate PB1 nt 582 to 816 in the 3’ PB1 region as necessary
and sufficient for differential regulation of PB1-F2 translation.

A similar strategy was used to map the F2 ORF translational
regulatory element. In these experiments, the MOM/3XFLAG
plasmid was initially used as the parental construct. Clones were
made in which OHO07 PBI nt 119 to 252 [pM(P119-252)OM/
3XFLAG] or 267 to 391 [pMO(P267-391)M/3XFLAG] from
pPMOM/3XFLAG were replaced with PR8 PB1 nucleotides, and
PBI-F2 expression was measured as previously described (Fig.
7B). While pM(P119-252)OM/3XFLAG remained a low ex-
presser, pMO(P267-391)M/3 X FLAG expressed medium levels of
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PB1-F2, suggesting PB1 nt 267 to 391 modulate PB1-F2 transla-
tion (Fig. 7B).

Combining findings from 5’ PB1 mapping with F2 ORF map-
ping, PR8 PB1 nt 344 to 816 in pMOM/3 XFLAG were replaced
with the OHO7 sequence [pMO(P344-816)M/3 XFLAG], which
resulted in a decrease of PB1-F2 expression to medium levels. In
contrast, replacing OHO07 PB1 nt 267 to 335 with the PR8 sequence
[PMO(P267-335)0(P392-816)M/3 XFLAG] resulted in high-
level expression of PB1-F2. Likewise, replacing PR8 PB1 nt 267 to
343 with the OHO7 sequence in the pPPP/3XFLAG parent
[pPP(0267-343)P/3XFLAG] resulted in medium levels of
PB1-F2 expression. Altogether, these findings suggest PB1 nt 267
to 335 within the PB1-F2 ORF are necessary and sufficient for
PB1-F2 translational modulation.

Using the above data, two final plasmids carrying the minimal
sequences identified above for increasing PB1-F2 expression to
high levels in the pMOM/3XFLAG background (pMOMF2up/
3XFLAG; nt 267 to 335 and 582 to 816 from PR8 PB1 in OHO07/
Mx09 PB1), or, alternatively, for decreasing PB1-F2 expression to
low levels in the pPPP/3XFLAG background (PR8F2down/
3XFLAG; nt 267 to 343 and 587 to 819 from OH07/Mx09 PB1 in
PR8 PB1) (nucleotide sequence discrepancies between these
clones are the result of the availability of restriction digestion sites)
were created and tested for PB1-F2 expression (Fig. 7C). MDCK
cells transfected with pMOMF2up/3 X FLAG expressed the swine-
like PB1-F2 protein in similar numbers of cells as pPPP/3 X FLAG-
transfected cells. Moreover, MDCK cells transfected with
pPR8F2down/3 XFLAG expressed the human-like PB1-F2 pro-
tein in a similar number of cells as pMOM/3 XFLAG, thus illus-
trating that these regions are necessary and sufficient to either
increase or decrease the number of cells expressing detectable
amounts of PB1-F2 to either PR8 or OH07 PB1-F2 levels, respec-
tively.

These data were confirmed by immunoprecipitation of
PB1-F2/3XFLAG and PB1 from 293T cells transfected with
pMOM/3XFLAG, pMOMF2UP/3XFLAG, pPPP/3XFLAG, or
pPR8F2dwn/3 XFLAG, followed by immunoblot assay using
3XFLAG antibodies (Fig. 7D). In these experiments, it was evi-
dent that pPR8F2dwn/3 X FLAG expresses substantially lower lev-
els of PB1-F2 than pPPP/3XFLAG. Likewise, pMOMF2up/
3XFLAG expresses substantially higher levels of PB1-F2 than
pMOM/3XFLAG, supporting our findings that these sequences in
the F2 ORF and 3’ region are sufficient to differentially regulate
PB1-F2 expression. However, these experiments also show that
the total levels of PBI-F2/3XFLAG protein expressed in
PMOMF2up/3 XFLAG do not reach the levels expressed by pPPP/
3XFLAG, suggesting that while these regions regulate the number
of cells expressing PB1-F2, further regulation of the total amounts
of protein per cell may also be present. These data show that
PB1-F2 expression levels are regulated at the translational level by
two regions within the F2 ORF and 3’ PBI1 region and can be
modified to modulate PB1-F2 expression in the influenza A virus
PB1 gene.

DISCUSSION

Our data demonstrate that carrying a full-length PB1-F2 ORF is
not predictive of expression of the protein during infection and
that IAV expresses dramatically different levels of the PB1-F2 pro-
tein in a strain-specific manner. In this study, we were only able to
detect PB1-F2 derived from wild-type swine and recombinant
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FIG 7 PBI1 nucleotides 267 to 343 and 582 to 816 are necessary and sufficient for translational regulation of PB1-F2. (A to C) Diagrams and results for plasmids
used to map sequences necessary and sufficient for PB1-F2 translational regulation. MDCK cells were transfected with the indicated plasmids, and at 24 h
posttransfection, the cells were immunostained with antibodies against PB1 and 3XFLAG, followed by Alexa Fluor-conjugated secondary antibodies. The
percentage of PB1-expressing cells also expressing PB1-F2/3 X FLAG was determined and plotted on a graph. Statistically similar groups based on ANOVA (P <
0.01) are indicated with one or two asterisks. The error bars indicate standard deviations. (D) The indicated plasmids were transfected into 2937 cells, and at 48
h posttransfection, the cells were lysed and immunoprecipitated with antibodies against 3 X FLAG or PB1. The immunoprecipitated proteins were separated on
SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with 3XFLAG or PB1 antibodies. Lysates from transfections were immunoblotted
with antibodies against $-actin as a control for protein input levels in immunoprecipitation.

MOMY/PBI strains of IAV in rare infected cells (less than 1%) (Fig.
2A and B and 3 and data not shown). Because of such low expres-
sion levels, the swine-derived protein may not have a measurable
effect during infection in cells or animals. Our findings may help
explain the lack of impact following introduction of the full-
length PB1-F2 sequence into HIN1pdm09, as PB1-F2 expression
was not demonstrated in the PB1-F2 knock-in mutants used in
prior studies (16-19). It should be noted that in our infection
studies the OHO7 and PR8 PBI1-F2 proteins were detected using
two different antibodies with different reactivities to their respec-
tive proteins, which could feasibly contribute to the differences in
protein expression measured in the study. To minimize this pos-
sibility, the concentration of each PB1-F2 antibody used was op-
timized to detect the maximum level of signal while minimizing
background for experiments in which we compared OH07 and
PR8 protein levels. Additionally, immunoblot detection of both
purified OHO7 PB1-F2 and OHO7 PB1-F2 from transfected cells
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confirmed that the OHO07 antibody had the capacity to detect
PB1-F2 when the protein was present, even at relatively low levels.
Moreover, the strain-specific differences in PB1-F2 levels we mea-
sured in infection were corroborated in our transfection studies,
utilizing a single (3 XFLAG) antibody, suggesting these results are
not likely a result of antibody affinity differences. Finally, these
results are also supported by previous studies that have demon-
strated strain-specific differences in PB1-F2 expression levels us-
ing other methods (31, 32).

Our data show that the presence of the full-length PB1-F2 ORF
in the IAV genome is not a predictor for PB1-F2 protein expres-
sion and suggests that restoring the PB1-F2 protein-coding se-
quence alone in viruses lacking a full-length ORF may not be
sufficient to restore PB1-F2 expression. Additionally, inserting a
PBI1-F2 ORF sequence from one viral isolate into the genome
sequence of another isolate, such as PR3, is likely also misleading
with regard to the expression of the protein in its wild-type virus

jviasm.org 10697


http://jvi.asm.org

Buehler et al.

context because of the contribution of the 3" PBI translational
regulatory region to PB1-F2 expression. As shown here, when the
low-expressing OHO07 PB1-F2 ORF was cloned into the PR8 PB1
gene (POP/3XFLAG), PB1-F2 was expressed at much higher lev-
els than when it was present in a fully swine origin-derived PB1
gene (OOO/3XFLAG and MOM/3XFLAG). When such a chime-
ric gene is introduced into a recombinant virus, PB1-F2 may be
expressed at higher levels than when located in its native PB1 gene
context, and any phenotypic contribution to IAV infection attrib-
uted to PB1-F2 expression would be skewed as a result. Thus, it is
necessary to consider all of the complexities of PB1-F2 translation
in order to determine its level of expression and contribution, if
any, to IAV infection.

There is strong evidence that PB1-F2 protein translation is reg-
ulated at the level of ribosomal leaky scanning and that altering the
5’ sequence upstream of the PB1-F2 ORF can modulate PB1-F2
expression. In particular, mutation of the third PB1 AUG so that
translation initiation is prevented just prior to the PB1-F2 ORF
results in increased expression of PB1-F2 (2). Indeed, we were able
to recapitulate this finding in our studies (data not shown). How-
ever, because the Kozak sequences regulating this PB1-F2 modu-
lation are conserved between OH07/Mx09 and PRS, interchang-
ing the 5" PB1 region using our chimeric PB1 translational clones
had no effect on expression levels in our system. Instead, we have
identified nucleotides 267 to 343 in the F2 ORF region and nucle-
otides 582 to 816 in the 3" PB1 region as additional contributors to
the regulation of PB1-F2 translation. Our studies suggest that each
region can be utilized to increase or decrease PB1-F2 expression,
but when both are present, the effect on PB1-F2 is more dramatic.

The mechanism by which the F2 ORF and 3’ PB1 regions affect
PB1-F2 translation is currently not clear. The fact that these two
regions can impact translation individually and additively sug-
gests that the F2 ORF and 3" PBI regions act independently on
translation regulation of PB1-F2 and, given the unknown nature
of their regulation, that one of the regions could promote PB1-F2
translation while the other inhibits it. One possibility is that one or
both of these regions could affect a previously predicted pseudo-
knot that incorporates the PB1-F2 start codon by either stabilizing
the structure to aid in translation at the PB1-F2 start codon or
inhibiting the formation of the pseudoknot to allow the transla-
tional machinery to scan past the PB1-F2 AUG (33). Alternatively,
one or both of these regions could be involved in forming a novel
RNA structure in the PB1 mRNA. Also, it is possible that one or
both of the regions interact with PB1, N40, or a host RNA binding
protein in order to facilitate PB1-F2 translational regulation.
Thus, a significant amount of work remains in order to extend
these initial mapping studies and fully understand these novel
translational regulatory regions.

Though we do not understand the mechanism through which
these translational regulatory regions contribute to PB1-F2 ex-
pression, they still may be useful as a tool for predicting PB1-F2
expression. As we have illustrated, the F2 ORF and 3’ PB1 regions
described here can be interchanged to modify the level of PB1-F2
expression (Fig. 6 and 7). Therefore, using RNA sequences from
the F2 ORF and 3" PB1 regions of known PB1-F2-expressing vi-
ruses for comparison with viruses with unknown PB1-F2 expres-
sion may allow better prediction of biologically relevant PB1-F2
expression. Studies are under way to narrow the minimal RNA
sequences necessary and sufficient for regulation of PBI-F2 in
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multiple virus strain backgrounds so that accurate predictions of
PB1-F2 expression may be possible.

It is unclear why the full PB1-F2 ORF would be maintained in
some swine origin IAVs and yet these viruses contain regulatory
sequences that result in such low expression levels of the protein in
infected cells. It is possible that PB1-F2 expression is either unnec-
essary or deleterious for productive infection in the swine host and
has therefore been lost either through truncation or through this
novel translational regulatory mechanism. These data corroborate
a publication by Trifonov et al. which suggested that IAVs are
evolving in a manner to make PB1-F2 unnecessary (34). Here, we
have illustrated that expression of PB1-F2 from modern swine
PB1 genes was minimal, and in contrast, expression of PB1-F2
from the PR8 PB1 gene, a laboratory-adapted virus isolated in
1934, expressed PB1-F2 at a higher level. While Trifonov et al.
illustrated that this was occurring through truncation of the
PBI1-F2 ORF, our data suggest that downstream regulatory se-
quences may also play a role in suppression of PB1-F2 protein
expression (34). Nonetheless, spillovers between swine- and hu-
man-adapted viruses are not infrequent events, and it will be im-
portant to further determine both the sequence determinants in-
volved in expression of swine origin PB1-F2 and the consequences
of that expression. Utilizing data from this work, future experi-
ments will include creating recombinant viruses that express
swine origin PB1-F2 at biologically significant levels so that the
molecular function and pathogenic impact of the protein encoded
by these viruses can be fully investigated.
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