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Abstract Sequence analysis of the nucleoprotein (NP) of

swine-origin influenza virus H1N1 (S-OIV) reveals a

number of atypical characteristics including an early start

codon and a highly conserved, non-aromatic residue at

position 313. Using an in vitro viral polymerase reconsti-

tution assay, we found that the polymerase complex con-

taining the NP of S-OIV (NPS-OIV) yielded substantially

lower activity than those assayed with NP derived from

other influenza virus strains. Moreover, alteration of the

early start codon or introduction of an aromatic residue at

position 313 (V313Y) did not increase but instead exac-

erbated the poor polymerase activity. Interestingly, when

NPS-OIV was allowed to compete with that of a mouse-

adapted influenza virus (A/PR/8/34) to form progeny viri-

ons, only progeny bearing NPS-OIV were produced, despite

the low polymerase activity associated with NPS-OIV. Our

results indicated that NPS-OIV requires both the early start

codon and the V313 residue for its optimal function. These

characteristics are required for a strong compatibility

between the S-OIV polymerase subunits and its indigenous

NP over that of other strains, which might explain why

productive reassortment between S-OIV and seasonal

influenza viruses has yet to occur in nature.

Introduction

Although considered relatively mild, the pandemic swine-

origin influenza virus H1N1 (S-OIV) has been known to

cause severe disease in certain groups of individuals, such as

young children, pregnant women and those with an under-

lying lung condition [1–3]. Like other seasonal influenza

viruses, S-OIV has been reported to transmit rapidly among

humans. Nevertheless, the molecular mechanism underlying

this phenomenon has not been clearly understood. Charac-

teristics known to be associated with human adaptation, such

as E627K and D701N mutation of the PB2 polymerase

subunit, are not found in S-OIV [4–6]. Recently, the pres-

ence of a basic residue at position 591 (R591 or K591) of the

PB2 protein of S-OIV has been proposed to be associated

with its high transmissibility in mammals [7, 8], suggesting

that the polymerase complex of S-OIV might be responsible

for the high transmissibility of the virus.

Given the fact that S-OIV has been co-circulating

worldwide with seasonal human influenza viruses H1N1

and H3N2 or highly pathogenic avian influenza virus

H5N1, it is feared that reassortment between S-OIV and

other unrelated viral strains might take place, giving rise to

a new reassortant with a pandemic potential. Surprisingly,

despite more than a year of circulation in humans, there has

been no report of reassortment between S-OIV and

other influenza viruses in humans. The recent study of

Vijaykrishna et al. [9] has reported reassortment between

S-OIV and another swine influenza virus in pigs. However,

only one variant was identified; its genetic constellation

was found to harbor only the NA segment of S-OIV, while

other segments, especially those of the polymerase com-

plex, still belong to the triple-reassortant virus.

The influenza virus polymerase complex, comprising

PB2, PB1 and PA subunits, plays critical roles in viral
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replication, especially in steps involving RNA replication

and transcription. The subunits form heterotrimeric com-

plexes within virus particles or in the nuclei of infected

cells. The function of the heterotrimeric complex depends

largely on its assembly into a ribonucleoprotein particle

(RNP), in which the vRNA segment is associated with the

nucleoprotein (NP) and the three polymerase subunits.

Originally derived from a classical swine influenza virus,

the NP of S-OIV (NPS-OIV) still possesses some charac-

teristics that are not commonly found in viruses of human

or avian origin. The NP segment of the majority of S-OIV

isolates ([99%) harbors adenosine instead of cytosine at

position 28 in the 3’ untranslated region (UTR), resulting in

an early start codon and consequently six extra amino acids

at the N terminus. Moreover, a highly conserved residue at

position 313, which typically bears an aromatic side chain

– tyrosine (Y313) for human and phenylalanine (F313)

for avian and swine influenza viruses – has been substituted

by valine in virtually all S-OIV isolates [10, 11]. Whether

these uncommon characteristics of NPS-OIV have any

functional implications has never been explored.

In this study, we demonstrated that the early start codon

and the presence of a non-aromatic residue are crucial for

the compatibility of NPS-OIV with the polymerase complex

of S-OIV and provided evidence indicating that selective

compatibility between the NP protein and the polymerase

complex of S-OIV might contribute, at least in part, to the

restriction of reassortment with those of other influenza

viruses.

Materials and methods

Cells and viruses

Madin-Darby canine kidney (MDCK) and human embryo-

nated kidney (HEK293T) cells were cultured in Opti-MEM

medium (Invitrogen) supplemented with 10% heat-inacti-

vated fetal bovine serum (FBS) and antibiotics. Cell cul-

tures were maintained at 37�C in a humidified 5% CO2

incubator. Unless otherwise indicated, influenza viruses

were grown in MDCK cells or 10-day-old embryonated

chicken eggs for 48 h at 37�C. Culture supernatants or

allantoic fluids were collected and cleared by centrifugation

at 1,000 x g for 10 min before determining the presence of

virus by the hemagglutination assay using type-O human

red blood cells.

Plasmid construction

The construction of pHW2000 plasmids expressing all

eight genes of S-OIV were carried out as described pre-

viously [12]. Briefly, full-length cDNA of each gene was

generated by RT-PCR (TAKARA) from viral RNA

extracted from egg-derived A/Nonthaburi/102/09 (H1N1)

using universal primer pairs as described [13]. The PCR

products were digested with BsmBI or BsaI before cloning

into BsmBI-digested pHW2000 plasmid. The plasmids that

were obtained were subjected to nucleotide sequencing to

ensure that no unwanted mutations were present. Site-

specific NP mutations were performed by PCR of

pHW2000 expressing NP of PR8 or S-OIV with mutagenic

primers designed to include the desired mutations. After

PCR amplification by Hi-fidelity DNA polymerase (KAPA

Biosystems), the reaction mixture was digested with DpnI

and subsequently used to transform competent cells.

The plasmid expressing EGFP-NP fusion protein

(pEGFP-NP) was constructed by first introducing an MluI

restriction site into the 3’-UTR region of plasmids

expressing each variant of the NP gene by PCR-based site

directed mutagenesis. The full-length EGFP was then

amplified from the pCruz-EGFP plasmid (Santacruz Bio-

technology) using the primers 5’- TATAACGCGTACC

ATGGGATCCGTGAGCAA-3’ and 5’- TATAACGCG

TGAATTCCTTGTACAGCTCGTC-3’ (MluI restriction

site underlined). The modified plasmid and PCR product

were digested with MluI and ligated together, giving rise to

a plasmid expressing EGFP fused in-frame with the NP

protein. All of the plasmids expressing fusion proteins were

verified by sequencing before they were used in subsequent

experiments.

The construction of the reporter plasmid, designated

PolI-sNA-GFP, was carried out by replacing the ORF of

segment 7 of A/PR/8/34 expressed in the backbone of a

bidirectional plasmid, pHW2000, with a combination of a

globular head region of NA of A/Vietnam/DT/036 (H5N1)

engineered to contain the murine Ig j chain signal peptide

sequence (METDTLLLWVLLLWVPGSTGD) followed

by IRES of EMCV and GFP, resulting in the plasmid

pHW-sNA-GFP. Consequently, the sNA-IRES-GFP tran-

script was flanked by the 3’UTR and 5’UTR of segment 7

of influenza A virus. The CMV promoter of plasmid pHW-

sNA-GFP was then removed to allow only expression of

negative-sense RNA from a human RNA polymerase I

promoter, giving rise to the final construct, PolI-sNA-GFP.

The PolI-driven Ds-Red plasmid was constructed using the

same strategy.

Reverse genetics of influenza virus

Construction of recombinant influenza viruses was carried

out by 8-plasmid transfection following previously descri-

bed protocols [12, 14]. Briefly, co-cultures of HEK293T-

MDCK cells were transfected with plasmids expressing

each gene of influenza virus using TransIT-LT1 (Mirus

Corporation). Cells were incubated with transfection
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mixture for 8 h before being washed and replaced with fresh

Opti-MEM medium. At 24 h post-transfection, 2.0 lg/ml

of TPCK-treated trypsin (Sigma-Aldrich) was added into

the co-culture. Once a cytopathic effect was observed, the

supernatant was harvested, inoculated into 10-day-old

embryonated chicken eggs, and incubated at 37�C for 48 h.

Allantoic fluids were harvested and subjected to hemag-

glutination assay to determine the presence of the virus.

Total RNA of progeny viruses generated from plasmids

bearing specific mutations was extracted and subjected to

RT-PCR followed by nucleotide sequencing to confirm the

presence of mutations.

Influenza virus polymerase reconstitution assay

The experiments were carried out according to Wanitchang

et al. [15] with slight modifications. In brief, HEK293T

cells (1 9 106 cells) were transfected with a plasmid

mixture containing either PR8- or S-OIV-derived PB2-,

PB1-, PA- and NP-expression plasmids as well as the PolI-

sNA-GFP as a reporter plasmid. The transfection mixture

also contained a plasmid expressing Ds-Red to normalize

for variation in transfection efficiency. The polymerase

activity was assessed 48 h post-transfection by visually

monitoring the expression of GFP using fluorescent

microscopy or by quantifying the NA activity in the

supernatant using 2’-(-4methylumbelliferyl)-a-D-N-acet-

ylneuraminic acid (MU-NANA) as described previously

[16]. For assays using EGFP-NP fusion protein, a PolI-

driven plasmid transcribing DsRed (PolI-DsRed) was used

as a reporter plasmid, and analysis was performed by

fluorescent microscopy.

NP competition assay

HEK293T cells (5 9 106 cells) were trasfected with vari-

ous amounts of pHW2000 plasmid expressing the NP of

PR8 using Fugene HD transfection reagent (Roche). At

12 h post-transfection, S-OIV was allowed to adsorb to

transfected cells (MOI = 0.01) for 1 h at 37�C before the

culture was washed and the medium replaced with Opti-

MEM medium containing 2 lg TPCK-trypsin. At 24 h

postinfection, cell supernatants were then harvested and

used to infect the MDCK monalayer until CPE was

observed. Culture supernatants were subjected to viral

RNA extraction. An equal amount of total RNA (100 ng)

was treated with DNase-I and used for amplification of the

NP fragment by one-step RT-PCR (TAKARA) using a

primer pair specific for the NP of S-OIV or PR8 that was

designed to distinguish each RNA transcript. The sequen-

ces of primers are available upon request. As an internal

control, primers specific for the HA of S-OIV were used to

normalize for the amount of RNA template.

Western blotting

HEK293T cells, transfected as described for the polymer-

ase reconstitution assay, were lysed in mammalian cell

lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1%

NP-40). The extracts were separated by SDS-PAGE and

blotted onto the nitrocellulose membranes (Amersham).

The membranes were blocked for 1 h in TBS containing

5% milk, followed by incubation with rabbit anti-NP

(eEnzyme) or rabbit anti-GFP (Santacruz Biotechnology)

for 1 h. After several washes, the membranes were incu-

bated with horseradish peroxidase (HRP)-conjugated goat

anti-rabbit IgG antibodies (Santacruz Biotechnology) for

1 h and developed using a SuperSignal West Pico kit

(Thermo Scientific) according to the manufacturer’s

instructions.

Results

Unique characteristics of NPS-OIV are required

for its optimized function in polymerase assays

with the polymerase complex of S-OIV

We first assessed the activity of the polymerase complex in

which NP derived from various strains of influenza viruses,

i.e., A/PR/8/34 (PR8; Genbank EF190983.1), A/Brisbane/

59/2007 (Seasonal H1N1; Genbank CY064975.1),

A/Nonthaburi/102/09 (S-OIV; Genbank GQ166232.1), and

A/open-billed stork/Bangkok/LBD0511F/04 (H5N1; Gen-

bank EF112294.1), were complexed with three polymerase

subunits derived from PR8 or S-OIV. As shown in Fig. 1,

the level of polymerase activity of the RNP bearing NPS-OIV

was substantially lower than that of RNPs complexed with

NPs of other strains. Surprisingly, even though the poly-

merase subunits of S-OIV were assayed with NPS-OIV, the

resulting polymerase activity was still lower than that

observed with the other NPs tested in this study.

To determine whether the extra amino acids of NPS-OIV

resulting from an early start codon play any role in the

polymerase activity, we performed site-directed mutagen-

esis to change the first ATG to CTG and subsequently

assessed polymerase activity when this NP was complexed

with the polymerase subunits of S-OIV or PR8. Moreover,

we altered the second ATG to CTG to determine if the first

start codon was required for optimal function of NPS-OIV

(Fig. 2A). As a control, we also constructed an S-OIV-like

version of NPPR8 by introducing an early start codon in the

3’-UTR of NPPR8 (Fig. 2A). Interestingly, the absence of

the early start codon in the 3’-UTR of NPS-OIV resulted in a

decrease in polymerase activity relative to wild-type NPS-OIV

(Fig. 2B). However, the polymerase activity of NPS-OIV with

the early start codon alone was notably higher than that of
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wild-type NPS-OIV (Fig. 2B). It is also important to note that

the absence of the early start codon showed only a marginal

effect on the polymerase activity when assayed with the

polymerase subunits of PR8 (Fig. 2B). Of note, the presence

of an early start codon in NPPR8 did not appear to affect the

overall polymerase activity in the same manner observed

with NPS-OIV. In fact, introduction of an early start codon in

NPPR8 resulted in a slight decrease in polymerase activity

when tested with the polymerase subunits of both PR8 and

S-OIV (Fig. 2C). Taken together, these data suggest that the

early start codon of NPS-OIV, or the presence of the extra

N-terminal amino acids, is required for the optimal function

of the protein when specifically assembled with the poly-

merase subunits of S-OIV.

It is notable that the position of the early start codon in

the 3’-UTR of NPS-OIV does not meet the criteria of a

strong Kozak consensus sequence [17]. As shown in

Fig. 2A, the early start codon has T at nucleotide position

?4 and A at position -3, which is in contrast with the

second start codon, which contains G at both positions ?4

and -3. It is thus likely that leaky ribosomal scanning

would occur to bypass the early start codon, giving rise to a

mixture of wild-type NP and the N-terminally extended

species, analogous to the translation of various proteins

from PB1 mRNA reported previously [18]. To address this

hypothesis, we modified the early start codon by shifting

the reading frame to the ?1 position to create an altered

amino acid sequence for this ORF (NPS-OIV?1) and deter-

mined the effect of NP function in comparison with the

wild-type NPS-OIV using the polymerase reconstitution

assay. As shown in Fig. 2D, when assayed with the poly-

merase subunits derived from PR8, there was no significant

difference in the polymerase activity generated from the

two NPS-OIV constructs. However, when NPS-OIV?1 was

assayed with the polymerase proteins of S-OIV, the poly-

merase activity was substantially lower than when using

wild-type NPS-OIV (Fig. 2D). These data indicate that

translation of NPS-OIV mRNA gives rise to a mixture of

long and normal-size proteins, presumably through leaky

ribosomal scanning process. Moreover, in line with results

presented in Fig. 2B, the presence of NPS-OIV with extra

N-terminal amino acids could augment the polymerase

activity of the S-OIV polymerase complex.

We next sought to examine the functional implications

of the highly conserved residue at position 313 of NPS-OIV.

We altered valine at position 313 of NPS-OIV to tyrosine

(V313Y) as well as tyrosine at the same position of NPPR8

to valine (Y313V) and subsequently measured the poly-

merase activity assayed with polymerase proteins of PR8

or S-OIV. As shown in Fig. 3A and B, it is clear that

mutation of residue 313 of both NPPR8 and NPS-OIV could

substantially affect the polymerase activity of RNP of PR8

and S-OIV. While the Y313V mutation of NPPR8 aug-

mented the polymerase activity of S-OIV RNP more than

twofold, this particular variant, when assayed with the

polymerase subunits of PR8, resulted in a sharp reduction

in polymerase activity (Fig. 3A). Moreover, the V313Y

mutation of NPS-OIV was found to substantially impair the

function of NPS-OIV when assembled with the polymerase

complex of S-OIV. However, this decrease in activity was

not observed when it was tested with the polymerase

complex of PR8 (Fig. 3B). Of note, we cannot rule out the

possibility that the altered NP function observed in the

polymerase reconstitution assay of each NP variant was

due to the compromised stability of the mutant protein. To

investigate this issue, we performed polymerase

Fig. 1 Polymerase activity of RNP of PR8 and S-OIV assayed
with different NP proteins. HEK293T cells were transfected with

plasmid pHW2000 expressing NP of S-OIV, PR8, seasonal influenza

virus H1N1 (sH1N1) or avian influenza H5N1 together with those

expressing PB2, PB1 and PA of S-OIV or PR8, using PolI-sNA-GFP

as a reporter plasmid. Transfected cells were cultured at 37�C for

48 h. The supernatants were harvested, and the NA activity was

determined. Polymerase activity was calculated relative to that

obtained from assays using NP derived from the same source of the

three polymerase subunits. The results shown are the average of at

least three independent experiments. Error bars represent standard

deviation
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reconstitution assays using PB2, PB1 and PA of PR8 and

all variants of NP proteins including NPPR8, NPPR8-Y313V,

NPS-OIV, NPS-OIV-V313Y, NPS-OIV-DATG1 and NPS-OIV-DATG2

using PolI-sNA-GFP plasmid as a reporter and assessed the

expression of the NP protein as well as GFP by western

blot analysis. As depicted in Fig. 4A, while commercially

available polyclonal antibodies raised against the NP of

influenza A virus strongly reacted with NPPR8 and its

mutant, they were unable to react with any of the variants

of NPS-OIV. Since the bands of GFP could be detected in the

blot, we believe that failure to detect the band of NPS-OIV

was due to antigen-antibody incompatibility rather than

loss of protein stability. To explore this issue further, we

constructed a fusion protein in which EGFP was fused in-

frame with the N-terminal region of all of the NP variants.

When HEK293T cells were transfected with plasmids

expressing the EGFP-NP fusion protein, we observed

comparable EGFP expression level with all constructs

(Fig. 4B). Of note, EGFP was found to be predominantly

expressed in the nuclei of transfected cells, which is con-

sistent with the localization of the NP protein reported

elsewhere [19, 20]. To our surprise, we found that the

EGFP-NP fusion proteins were functionally active in the

polymerase reconstitution assay. Using the PolI-driven

Fig. 2 The early start codon at the 3’UTR of NPS-OIV is required
for its optimal function when assayed with the polymerase
complex of S-OIV. (A) Schematic representation of the NP segment

showing differences in the 3’-UTRs of PR8 and S-OIV. Start codons

are underlined. (B, C) pHW2000 expressing NPS-OIV or NPPR8 was

modified to harbor only the first or second start codon and

subsequently tested in the polymerase reconstitution assay together

with the polymerase complex of PR8 or S-OIV. Polymerase activity

was determined based on the NA activity in the supernatants of

transfected cells and calculated relative to those obtained using wild-

type NP. The results shown are the average of at least three

independent experiments, and error bars represent standard deviation.

(D) pHW2000 expressing NPS-OIV was modified to shift the first start

codon to the ?1 position (NPS-OIV?1) and subsequently used to

measure the polymerase activity with polymerase subunits of PR8 or

S-OIV in comparison to wild-type NPS-OIV. Polymerase activity was

determined based on the NA activity in the supernatants of transfected

cells and calculated relative to that obtained from assays using wild-

type NPS-OIV. The results shown are the average of at least three

independent experiments. Error bars represent standard deviation
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DsRed plasmid as the reporter, we observed comparable

expression of EGFP but substantially different DsRed

expression when NPS-OIV and NPS-OIV-V313Y were assayed

with the polymerase proteins of S-OIV (Fig. 4C), indicat-

ing that the alteration of amino acid position 313 and the

presence of extra amino acids at the N terminus have no

effect on the stability of the NP protein, be it of PR8 or

S-OIV origin. Collectively, these results demonstrate the

highly specific and strong compatibility of polymerase

proteins with NPS-OIV. Furthermore, the presence of a non-

aromatic amino acid, most likely valine, at position 313 of

NPS-OIV is necessary for the RNP of S-OIV to function

optimally.

NPS-OIV limits reassortment between S-OIV

and another influenza virus

Given that NPS-OIV has unique characteristics that were

never found in other NPs of human influenza viruses and

that reassortment between S-OIV and other human

influenza viruses has never been reported, it is possible that

these characteristics might serve as a restriction factor

limiting the chance of S-OIV reassorting with other influ-

enza virus strains. To address this hypothesis, we first

attempted to use reverse genetics to construct a recombi-

nant influenza virus, designated S-OIVNP-PR8, in which

seven genes were derived from S-OIV and the NP was

from PR8. Despite a successful rescue of wild-type S-OIV,

no productively growing S-OIVNP-PR8 could be rescued

either from cells or embryonated eggs in at least three

independent experiments (data not shown). These results

suggest that the NPPR8 might impair the growth of S-OIV.

To further analyze whether the compatibility of NP and the

polymerase complex of S-OIV was responsible for growth

restriction of the reassortant virus, we first transfected

HEK293T cells with an excess amount of plasmid

expressing NPPR8 followed by infection of transfected cells

by wild-type S-OIV. Progeny virions were subsequently

propagated in MDCK cells for at least three passages to

ensure that the resulting progeny represented those with the

Fig. 3 The valine residue at
position 313 of NPS-OIV is
critical for optimal function
when assayed with the
polymerase complex of S-OIV.

(A) pHW2000 expressing

NPPR8 and (B) pHW2000

expressing NPS-OIV were

subjected to site-directed

mutagenesis to modify the

conserved amino acid residue at

position 313, Y313V for NPPR8

and V313Y for NPS-OIV.

Subsequently, the modified

plasmid was tested in the

polymerase reconstitution assay

in combination with PB2, PB1

and PA subunits of PR8 or

S-OIV. Polymerase activity was

determined based on the NA

activity in the supernatants of

transfected cells and calculated

relative to those obtained from

assays using wild-type NPPR8 or

NPS-OIV. The results shown are

the average of at least three

independent experiments. Error

bars represent standard

deviation

1036 A. Wanitchang et al.

123



fittest phenotype. As expected, most, if not all, progeny

virions contained NPS-OIV (Fig. 5A). Notably, reverse-

genetics-derived PR8 virus bearing NPS-OIV could be res-

cued, but compared with the wild-type PR8, it showed

retarded growth characteristics both in MDCK cells and

embryonated chicken eggs (Fig. 5B). Collectively, these

data indicate that a strong and highly specific compatibility

between NP and the polymerase complex of S-OIV plays a

crucial role in restricting viral reassortment in infected

cells.

Fig. 4 Changes in the
function of mutant NP is not
due to loss of protein stability.

(A) pHW2000 plasmids

expressing wild-type NPPR8 and

NPS-OIV and other variants

including NPPR8, NPPR8-Y313V,

NPS-OIV, NPS-OIV-V313Y,

NPS-OIV-DATG1 and

NPS-OIV-DATG2 were assayed

with the polymerase subunit of

PR8 in the polymerase

reconstitution assay using

PolI-sNA-GFP as reporter. At

48 h post-transfection, cells

were lysed and subjected to

western blot analysis using

rabbit polyclonal antibodies

against influenza A NP and GFP

proteins for detecting.

(B) pHW2000 plasmids

expressing EGFP-NP fusion

proteins of wild-type and

mutant NPPR8 and NPS-OIV were

constructed as described in

Materials and methods and used

to transfect HEK293T cells. At

24 h post-transfection,

transfected cells were examined

by fluorescent microscopy.

Images were taken at 40X

magnification. (C) pHW2000

plasmids expressing EGFP-NP

fusion proteins of wild-type

NPS-OIV and NPS-OIV-V313Y

were assayed with polymerase

proteins of S-OIV using

PolI-driven DsRed as reporter

plasmid. At 24 h after

transfection, transfected cells

were examined by fluorescent

microscopy. Images were taken

at 40X magnification
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Discussion

When two or more different influenza viruses infect the

same cell, their segmented genomes can undergo reas-

sortment, which, as a result, generates progeny virions

bearing different combinations of gene segments. Indeed,

the pandemic influenza viruses of 1957, 1968 and 2009

emerged through reassortment of genes derived from dif-

ferent influenza viruses [21, 22]. Interestingly, since its

introduction to the human population in March 2009,

S-OIV, in spite of its highly efficient human-to-human

transmission, has not been reported to reassort with other

human influenza viruses. This observation may have been

due to unfavorable characteristics of reassortant viruses,

that is, their replication efficiency in humans may be

somehow restricted by the specific genetic constellation of

S-OIV. Accumulating evidence has indicated that com-

patibility between influenza polymerase complexes plays a

pivotal role in influenza virus reassortment [23, 24].

Indeed, a recent study by Octaviani and colleagues dem-

onstrated that compatibility between the polymerase com-

plex of S-OIV and H5N1 virus is critical for generation of

reassortant viruses in vitro [25]. Here, we have character-

ized NPS-OIV, a critical protein of the polymerase complex

of S-OIV, and showed that it possesses a number of unique

characteristics that may, at least in part, contribute to the

limited compatibility between the polymerase complex of

S-OIV and those of other strains.

It is interesting to note that results from in vitro poly-

merase reconstitution assays performed to determine the

activity of polymerase subunits of S-OIV with NP derived

from various other influenza viruses revealed that the

activity of the RNP bearing NPS-OIV was the lowest among

all of the ones tested. However, only NPS-OIV can be used

to rescue recombinant S-OIV in vitro. Data from our

reverse genetics and competition assays between NPPR8

and NPS-OIV also showed that virtually all of the S-OIV

progeny contained NPS-OIV. In contrast, while NPS-OIV

could be used to generate recombinant virus in the back-

bone of PR8, the resulting recombinant virus clearly

showed retarded growth characteristics both in MDCK

cells and embryonated eggs compared to wild-type PR8.

Collectively, these data indicate that NPS-OIV is required

for optimal growth of S-OIV despite the low level of

polymerase activity of the S-OIV polymerase complex.

At least two unique attributes of NPS-OIV might be

responsible for the highly selective compatibility with the

S-OIV polymerase complex. The majority of NPS-OIV

possessed an atypical start codon in the 3’ UTR of segment

5 of the viral genome. As a result, NPS-OIV is expected to

possess six additional amino acids at its N terminus. Our

results also indicated that the presence of the early start

codon is more favorable than that of the variant in which

the start codon was changed to the one typically found in

most NPs. However, when NPPR8 was modified to harbor

the early start codon, the level of polymerase activity was

substantially reduced. These data thus strongly indicate that

the favorable effect of the early start codon of NP is spe-

cific for NP and the polymerase complex of S-OIV.

Whether the extra amino acids in the N-terminal region of

NPS-OIV have any functional role is not clear. Since the

N-terminal region of all NP proteins harbors a strong

Fig. 5 NPS-OIV is required for S-OIV growth. (A) HEK293T cells

were transfected with various concentrations of pHW2000 expressing

NPPR8 (1, 1.5 and 2 lg). After transfection, S-OIV was allowed to

infect transfected cells (MOI = 0.01), and progeny virions were

further propagated in MDCK cells for three passages. Cell superna-

tants were subjected to viral RNA extraction. Equal amounts of

DNase-I treated viral RNA was analyzed by RT-PCR analysis using

primers specific for NPPR8, NPS-OIV and HAS-OIV. (B) Reverse

genetics was carried out to construct a recombinant PR8 bearing

NPS-OIV. Growth of recombinant virus (7PR8?NP(S-OIV)) was

compared with wild-type PR8 in both embryonated chicken eggs

(n=10) and MDCK cells. Viral titers were determined after 48 h

incubation in eggs or cells by TCID50 assay in MDCK cells. Error

bars represent standard deviation of three independent assays

1038 A. Wanitchang et al.

123



nuclear localization signal and domains believed to interact

with cellular proteins [26], we speculate that additional

amino acids in this region might affect these properties of

NPS-OIV.

While the majority of NPS-OIV proteins possess valine at

position 313 (V313), those of virtually all influenza viruses

harbor aromatic residues, either tyrosine or phenylalanine.

We demonstrated that the presence of V313 is critical for

NPS-OIV to function optimally with the polymerase com-

plex of S-OIV. To our surprise, when tyrosine at position

313 of NPPR8 was substituted by valine (Y313V), the

polymerase activity, when assayed with polymerase com-

plex of S-OIV, was markedly elevated compared to wild-

type NPPR8. In addition, the alteration of V313 of NPS-OIV

to Y313 (V313Y) resulted in a substantial reduction in the

activity of the S-OIV polymerase complex. Notably, both

the Y313V mutation of NPPR8 and the V313Y mutation of

NPS-OIV resulted in a decrease in activity of the PR8

polymerase complex. These results clearly indicate that the

presence of V313 in NPS-OIV did not occur by chance but in

order to enhance the compatibility between NP and the

polymerase complex of S-OIV. Thus far, the functional

implications of V313 of S-OIV have not been clearly

established. Based on the crystal structure of the NP pro-

tein, the side chain of residue 313 is likely to be exposed on

the surface of the protein [27]. This opens the possibility

that this site may be crucial for the direct contact between

NP and other proteins of the polymerase complex. Bio-

chemical evidence from previous studies would predict that

either PB2 or PB1 might be a candidate [28–30], but fur-

ther investigation is necessary to prove this hypothesis. It is

also interesting to note that several amino acids in nearby

positions have been reported to play a critical role in sev-

eral functions of the NP protein. For example, the S314N

mutation was shown to be responsible for the temperature-

sensitive phenotype of A/WSN/33 [29]. Substitution of

asparagine at position 319 to lysine (N319K) was found

to augment viral replication, possibly through enhanced

binding with importin a1 [31]. Whether changing V313 of

NPS-OIV would have an effect on viral replication or viru-

lence is currently being investigated.

In conclusion, our data collectively indicate that unique

characteristics of NPS-OIV, including the early start codon

and the V313 residue in NPS-OIV, are essential for the

compatibility between NPS-OIV and the polymerase com-

plex of S-OIV, which could potentially contribute to

restriction of reassortment between S-OIV and the influ-

enza virus used in this study, and possibly other human

influenza viruses as well.
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