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ABSTRACT We recently reported that the segment-specific noncoding regions
(NCRs) of the hemagglutinin (HA) and neuraminidase (NA) segments are subtype
specific, varying significantly in sequence and length at both the 3’ and 5’ ends. In-
terestingly, we found that nucleotides CC at positions 13 and 14 at the 3’ end and
GUG at positions 14 to 16 at the 5’ end (termed 14’ and 16’ to distinguish them
from 3’ positions) are absolutely conserved among all HA subtype-specific NCRs.
These HA segment-specific NCR nucleotides are located in the extended duplex re-
gion of the viral RNA promoter. In order to understand the significance of these
highly conserved HA segment-specific NCR nucleotides in the virus life cycle, we
performed extensive mutagenesis on the HA segment-specific NCR nucleotides
and studied their functional significance in regulating influenza A virus replica-
tion in the context of the HA segment with both RNP reconstitution and virus
infection systems. We found that the base pairing of the 3’-end 13 position with
the 5’-end 14’ position (3'13-5"14’) position is critical for RNA promoter activity
while the identity of the base pair is critical in determining HA segment packag-
ing. Moreover, the identity of the residue at the 3’'-end 14 position is function-
ally more important in regulating virus genome packaging than in regulating vi-
ral RNA synthesis. Taken together, these results demonstrated that the HA
segment-specific NCR nucleotides in the extended duplex region of the promoter
not only form part of the promoter but also play a key role in controlling virus
selective genome packaging.

IMPORTANCE The segment-specific complementary nucleotides (13 to 15 in the 3’
end and 14’ to 16’ in the 5’ end) in the extended duplex region of the influenza vi-
rus RNA promoter vary significantly among different segments and have rarely been
studied. Here, we performed mutagenesis analysis of the highly conserved HA
segment-specific nucleotides in the extended duplex region and examined their ef-
fects on virus replication in the context of the influenza A/WSN/33 (WSN) virus infec-
tion. We found that these HA segment-specific nucleotides not only act as a part of
the RNA promoter but also play a critical role in HA segment packaging. Therefore,
we showed experimentally, for the first time, the requirement of the nucleotides in
the extended duplex region for the RNA promoter and also identified specific non-
coding residues in regulating HA segment packaging. This work has implications for
the development of attenuated vaccine strains and for elucidation the mechanisms
of the virus genome packaging.

KEYWORDS HA segment-specific noncoding nucleotides, influenza A virus, viral RNA
promoter, genome packaging
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nfluenza A virus has long been a major pathogen causing significant concerns to

human health. Further understanding the molecular basis for the influenza A virus
replication strategies is still of great importance to prevent and control influenza
epidemics or pandemics. The genome of influenza A virus consists of eight single-
stranded RNA segments (virion RNA, vVRNA) in the negative sense, designated PB2, PB1,
PA, hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), M, and NS segments
(1). Unlike the single-stranded RNA viruses, the eight VRNA segments of influenza A
virus contain different noncoding regions (NCRs) varying from 17 to 60 nucleotides at
the two extremities of their open reading frames (ORFs) (1, 2). The noncoding region of
each segment consists of a highly conserved promoter region followed by the
segment-specific NCR at the 3’ and 5’ ends (1, 3, 4). An evolutionary analysis of the
influenza virus NCR has demonstrated that the segment-specific noncoding region has
extremely low divergence and that its evolutionary rate is lower than that of the coding
region (5). It is well known that the NCRs of influenza virus play important roles during
synthesis of the three species of viral RNAs (VRNA, cRNA, and mRNA) and during
selective genome packaging (6, 7). However, the detailed mechanisms need further
clarification.

The promoter region of the influenza virus NCR is formed by the terminal 12 and 13
nucleotides (nt) at 3’ and 5’ NCRs that are highly conserved among different RNA
segments and virus strains (8). According to the two-dimensional (2D) corkscrew model
proposed for the VRNA promoter and recent advances in three-dimensional (3D) viral
ribonucleoprotein (VRNP) structure analyses, the noncoding nucleotides at the 3’ and
5’ ends fold back and base pair to form a duplex region followed by terminal stem-loop
structures that are bound by the heterotrimeric RNA-dependent RNA polymerase (PB2,
PB1, and PA) (9-14). The duplex region, formed by the nucleotides at positions 10 to 12
in the 3’ terminus (3'-UCC-5") and positions 11’ to 13’ in the 5’ terminus (5'-AGG-3’)
(nucleotide positions at the 5’ end of the promoter are designated with a prime to
distinguish them from positions at the 3’ end) (3, 15), has been shown to be necessary
for cap snatching (16), transcription initiation (10), polyadenylation (17), and virus gene
packaging (18). According to the sequence of the segment-specific NCR, the duplex
region is most likely to be further extended by 1 to 4 base pairs by segment-specific
nucleotides, and the identities of the base pairs vary among different segments (8, 19).
The biological significance of the extended duplex region for each segment during
virus replication is still unclear.

We recently performed systematic bioinformatics analyses and found that nucleo-
tides in the HA segment-specific NCRs are also subtype specific and vary significantly
in sequence and length among 16 different HA subtypes. Interestingly, we found that
among these HA subtype-specific NCRs, nucleotides CC at 3'-end positions 13 and 14
and GUG at 5'-end positions 14’ to 16’, located in the extended duplex region of the
viral RNA promoter, are absolutely conserved (4, 15, 20). In order to understand the
biological significance of these HA segment-specific nucleotides, we conducted a
mutagenic analysis on these HA segment-specific nucleotides and examined their
effects on viral RNA synthesis and virion RNA packaging. We found that these nucle-
otides play not only an important role in ensuring the activities of viral RNA promoter
but also a critical role in determining the packaging efficiency of the HA segment into
progeny viruses during virus multiplication in cell culture.

RESULTS

Nucleotides at positions 13 to 14 at the 3’ end and positions 14’ to 16’ at the
5’ end are highly conserved among all subtype-specific NCRs of HA segments. We
have recently bioinformatically analyzed the NCRs of all eight segments of influenza A
viruses and found that the segment-specific NCRs of HA and NA segments are also
subtype specific (4). We also noticed that the nucleotides at positions 13 to 14 at the
3’ end and 14’ to 16’ at the 5’ end are highly conserved among all subtype-specific
NCRs of the HA segment (referred to as HA segment-specific NCR nucleotides) but not
in the NA segment (4, 15). In the corkscrew model of influenza A virus promoter, a
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FIG 1 The HA segment-specific nucleotides in the extended duplex region of the viral RNA promoter and
the mutagenesis strategies used in this study. (A) Representation of HA segment-specific nucleotides
next to the viral RNA promoter in the corkscrew configuration. The common stretch of uridine residues
is also shown. The extended duplex region potentially formed by the HA segment-specific nucleotides
is highlighted with red, blue, and yellow rectangles at the 13-14’, 14-15', and 15-16', positions,
respectively. Base pairs are indicated with a connecting line. (B to D) Mutations introduced at the HA
segment-specific nucleotide sites. Mutations made at the 3’-end position 13 and/or 5’-end position 14’
belong to the G1 mutants. Mutations made at the 3’-end position 14 and/or 5’-end position 15" belong
to the G2 mutants. Mutations made at 3’-end position 15 and/or 5’-end position 16’ belong to the G3
mutants.

duplex region is formed by Watson-Crick base pairing between 3’-end positions 10 to
12 and 5’-end positions 11’ to 13’ (2, 3, 21) (Fig. 1A). The evolutionary analyses of NCRs
of influenza viruses have shown that the duplex region could be extended by one to
four Watson-Crick base pairs by segment-specific NCRs: 4 bp for the PA segment; 3 bp
for the PB2, NP, NA, M and NS segments; 2 bp for the PB1 segment; and only 1 bp for
the HA segment (Table 1). According to the sequence, the duplex region of all HA
segments is extended by only a C-G base pairing of the 3’-end 13 position with the
5’-end 14’ position (3'13->"14’) (Fig. 1A). The nucleotide C at the 3’-end position 14 is
not paired with the U at the 5’-end position 15’. The G at the 5’-end position 16" is
facing either U or A at the 3’-end position 15 (4, 15, 20).

Mutagenesis of the HA segment-specific NCR nucleotides and examinations of
their effects on virus RNA synthesis and protein production. Since the HA segment-
specific NCR nucleotides are located in the extended duplex region of the promoter, we
mutated these nucleotides and analyzed their effects on viral RNA synthesis and
protein production initially. We divided mutants into three groups (named G1, G2, and
G3) according to their locations in forming potential Watson-Crick base pairs (Fig. 1A).
All mutations made at the 3’-end position 13 and/or 5’-end position 14’ belong to the
G1 mutants. Three point mutations, 13G, 14’U, and 14’A, were constructed to destroy
the base pairs. To reform alternative base pairs, additional double mutants were
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TABLE 1 Conservative nucleotides and base pairs at 3’-end positions 13 to 15 and 5’-end
positions 14’ to 16’

Base pairing at the indicated

Segment and/or 3’-end positions 5’-end positions PeEE
subtype(s) 13-15 14'-16’ 13-14' 14-15’ 15-16’
PB2 AGU UCG \V vV X
PB1 GUU CAU \V \ X
PA AUG UAC vV \ vV
NP CAU GUA \V V4 \V
M AUC UAC \V V4 X
NS CAC GUG \V vV \V
HA
1-16 CCXa GUG \V X \/ or X
NA
1,2,4,5 8 UCA AGU v \ \V
6,7 CAC GUG \V v \V
3 ACG UGC A4 v A4
9 CAG GUC V4 \ V4
aX represents either A or U at position 15 in the 3’ end that is variable among different HA subtype
segments.

bThe presence (\/) or absence (X) of base pairing is indicated.

generated by introducing a complementary base at the corresponding positions
(13G-14'C, 13A-14'U, and 13U-14’A) (Fig. 1B). The G2 mutants contain the mutations
made at either the 3’-end position 14 or 5’-end position 15’. We introduced 14G, 14A,
14U, 15'G, and 15’A, in which a Watson-Crick base pair could be formed at position
14-15’ for the 14A and 15’G mutants (Fig. 1C). In the G3 mutants, we constructed two
point mutations (16'C and 16’A) at 5'-end position 16" and a U-to-G mutation (15G) at
3’-end position 15 (Fig. 1D).

We then examined the capabilities of these mutants on viral RNA synthesis and
protein production in an RNP reconstitution system. The pPol I-HA-WT (where Pol | is
polymerase | and WT is wild type)-based RNA-expressing plasmids containing the
corresponding mutations shown in Fig. 1 were individually cotransfected with pcDNA-
PB2, pcDNA-PB1, pcDNA-PA, and pcDNA-NP plasmid in 293T cells. At 24 h posttrans-
fection, the total RNAs of the cells were extracted, and levels of three species of viral
RNAs (mRNA, cRNA, and vRNA) were detected by primer extension analysis. In the
meantime, we also performed Western blot analysis to examine the levels of HA
production with the above crude lysates of the transfected cells.

Among the group 1 (G1) mutants, the 13G, 14'U, and 14’A mutants that disrupted
the 13C-14'G base pairing resulted in significantly reduced RNA synthesis of their
corresponding RNPs. In contrast, the double mutants that reformed the base pair at
positions 13 and 14’ (13G-14'C, 13A-14'U, and 13U-14’A) rescued RNA synthesis more
or less. It can be seen that the 13G-14'C mutant completely recovered the RNA levels
to the wild-type level, while the 13A-14'U and 13U-14’A mutants increased the levels
of RNA synthesis in comparison with that of the single 14’U and 14’A mutants (Fig. 2A
and B). Primer extension of the G2 mutants showed that 14G, 14U, and 15’A mutants,
which could not form a base pair at the 14-15" position resulted in reduced viral RNA
(mRNA, cRNA, and vRNA) synthesis. In contrast, the 14A and 15’G mutants that allowed
formation of a base pair at the 14-15" position showed significantly increased viral RNA
levels: the 14A showed comparable levels to that of the wild type, and 15'G mediated
even higher RNA levels (especially for cRNA and vRNA levels) than the wild-type levels
(Fig. 2C to F). In comparison with the G1 and G2 mutants, all G3 mutants made at the
3’-end 15 position and 5’-end 16’ position did not affect viral RNA synthesis (Fig. 2G
and H).

In order to further examine the levels of protein synthesis, we performed Western
blotting on protein samples from the above RNP transfected cells. We found that the
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FIG 2 Effects of nucleotide substitutions at the 3’-end positions 13 to 15 and 5’-end positions 14’ to 16’ on RNA
synthesis in an RNP reconstitution system. (A, C, E, and G) Primer extension analysis to assess the RNA levels derived
from wild-type and mutant templates as showed in Fig. 1 in a PR8-derived RNP reconstitution system. The wild-type
and mutant RNPs were reconstituted in 293T cells, and the levels of mMRNA, cRNA, and vRNA were detected by a
primer extension assay at 24 h posttransfection. The vVRNA levels in negative-control (NC) lanes represent the viral
RNA template transcribed from the input pPoll plasmid. (B, D, F and H) Quantification of the levels of mRNA, cRNA,
and vVRNA in panels A, C, E, and G by phosphorimager analysis. Values were normalized against cellular 5S RNA. The
data are presented as means = standard deviations of three independent experiments. *, P < 0.05; **, P < 0.01;
*** P < 0.001; ns, nonsignificant.

levels of HA protein expressed by the above RNPs are generally consistent with the
mRNA levels (Fig. 3), except that a slight reduction (<10%) in HA protein synthesis was
observed for the 13G-14'C mutants. These results imply that mutations made in the
extended duplex region generally are not involved in regulating gene expression at the
translation level. Taking these observations together, we concluded that the base
pairing between the 13-14' position is primarily important for the promoter activity,
while a base pairing at 14-15" is favored, and a base pairing at 15-16" is not required
for viral RNA synthesis.

The effects of the HA-specific NCR nucleotides on virus replication. We then
further examined the virus replication efficiencies with the HA segment-specific NCR
nucleotide mutants in the context of virus infection. We attempted to rescue recom-
binant influenza A viruses containing all G1 to G3 mutations within an influenza
A/WSN/33 (WSN) virus background (22). After performing five independent rescue
experiments, we found that, among all G1, G2, and G3 mutants, none of the G1 mutants
except for the 13G-14'C could be rescued, and all G2 and G3 mutants could be rescued.
The inability to rescue most of the G1 mutants was further confirmed within the
influenza A/PuertoRico/8/34 (PR8) virus rescue system (data not shown). These results
indicate that nucleotides at the 13-14’ position are more critical than the nucleotides
at other positions within the extended duplex region for virus survival. We then
examined virus growth efficiencies of all rescued mutant viruses in MDCK cells. It can
be seen in Fig. 4 that the growth in MDCK cells of the only rescued G1 mutant,
WSN-HA(13G-14'C) virus, was reduced by approximately 1 log unit compared to that of
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FIG 3 Effects of nucleotide substitutions at 3’-end positions 13 to 15 and 5’-end positions 14’ to 16’ on protein
productions in the RNP reconstitution system. (A, C, E, and G) Western blotting to examine the HA proteins
expressed by the wild-type and mutant RNPs (the same as above). The wild-type and mutant RNPs were
reconstituted in 293T cells individually, cells were harvested at 24 h posttransfection, and lysates were analyzed by
Western blotting; B-actin was detected as a loading control. (B, D, F, and H) Quantification of the HA protein levels
obtained from the experiments shown in panels A, C, E, and G by densitometry analysis, respectively. The values
were expressed as percentages relative to the level of the HA protein expressed from the wild-type RNP system.
Data in panels B, D, F, and H represent the means * standard deviations of three independent experiments. *, P <
0.05; ***, P < 0.001; ns, nonsignificant.

wild-type WSN (maximum titer of 4.9 X 105 versus 1.1 X 107) (Fig. 4A). Among the G2
mutants, we also found that virus containing a 14A, 14U, or 15’A mutation [WSN-
HA(14A), WSN-HA(14U), or WSN-HA(15'A)] was attenuated approximately 1 log com-
pared to the level of the wild-type virus, while viruses containing the 14G or 15'G
mutation replicated as efficiently as wild-type virus (Fig. 4B and C). In contrast, all
mutations made at the 3’-end position 15 and 5’-end position 16’ had no detectable
effect on virus growth (Fig. 4D).

Considering the effects of the G1, G2, and G3 mutants on viral RNA synthesis, the
most surprises came from the 13A-14'U, 13U-14'A, 13G-14'C, and 14A mutants. They
showed viral RNA synthesis capabilities comparable to those of the wild type, whereas
the 13A-14'U and 13U-14’A mutations were fatal while the 13G-14'C and 14A mutants
reduced virus replication efficiencies significantly (Fig. 4A and B). Therefore, we con-
cluded that in addition to the effects on viral RNA synthesis, the mutations at the 13-14’
and 14 positions could also be involved in regulating other aspects of the virus life
cycle.

The effects of the HA segment-specific NCR nucleotides on virion RNA pack-
aging. Our previous studies have shown that HA subtype-specific NCRs play a critical
role in regulating HA segment packaging efficiency into virions (4, 23, 24). In this study,
we observed that the effects of some mutations on RNA synthesis in the RNP recon-
stitution system were not consistent with their effects on virus replication efficiencies,
such as the 13G-14'C, 14A, and 14U mutants. Therefore, in order to further clarify the
reasons for the attenuation of the mutant viruses, the effects of the mutations on virus
genome packaging efficiency were analyzed by virion RNA staining and reverse
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FIG 4 Effects of nucleotide substitutions at 3'-end positions 13 to 15 and 5’-end positions 14’ to 16’ on
virus replication efficiency. (A to D) Growth curves of the wild-type WSN virus and recombinant viruses
with the indicated mutation(s). A total of 5 X 105 MDCK cells were infected with the indicated viruses
at an MOI of 0.001. The numbers of infectious particles in supernatants were determined at the indicated
time points by plaque assay in MDCK cells. The data represent means = standard deviations of three
independent experiments.

transcription-quantitative PCR (RT-qPCR) from purified viruses (4, 23). The silver staining
of the virion RNAs obtained from WSN-WT and WSN-HA(13G-14'C) virus showed that
the HA VRNA content of the WSN-HA(13G-14'C) virus was significantly reduced from
that of the WSN-WT virus (Fig. 5A and B). To further investigate whether the mutation
affects the packaging efficiency of other segments, we analyzed the virion RNA by
RT-gPCR. Consistent with the RNA silver staining result, the HA packaging efficiency was
significantly reduced with WSN-HA(13G-14'C) virus in comparison with that of the
WSN-WT virus. Meanwhile, we observed a slight reduction in the packaging of the PB2,
PB1, and PA segments (Fig. 5C).

We then further examined the effects of G2 mutants (mutation constructed at the
3’-end position 14 and 5’-end position 15’) on virus genome packaging. The mutant
viruses [WSN-HA(14G), WSN-HA(14A), and WSN-HA(14U)] containing point mutations at
3’-end position 14 showed differential effects on HA segment packaging in both virion
RNA staining and RT-gPCR analysis. It can be seen that WSN-HA(14A) and WSN-HA(14U)
viruses showed significant defects in HA vRNA packaging while the WSN-HA(14G) virus
did not (Fig. 5D to F). In conjunction with the reduction of HA segment packaging, we
also observed slight reductions in PB1 and PB2 segment packaging and a slight
increase in PA segment packaging with the WSN-HA(14A) and WSN-HA(14U) viruses. In
contrast, the WSN-HA(14G) virus behaved similarly to the WSN-WT virus. These results
suggest that the nucleotide identity at the 3'-end 14 position plays a critical role in
regulating HA segment packaging. In the case of the mutant viruses [WSN-HA(15'G)
and WSN-HA(15'A)], we observed only a slight reduction on HA segment packaging
with the WSN-HA(15’A) mutant while we observed a slight increase in HA segment
packaging with the WSN-HA(15’'G) mutant. Surprisingly, we found that both viruses
with a mutation at the 5’-end 15’ position increased the level of the PA segment
dramatically (Fig. 5G to I). Taken together, these results suggested that conservative
nucleotides at the 3'-end 13 and 14 positions and the 5’-end 14’ and 15’ positions of
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FIG 5 Effects of nucleotide substitutions at 3’-end positions 13 and 14 and 5’-end positions 14’ and 15’ on virus genome packaging. (A, D, and G) Analysis
of the packaging efficiency of each individual vVRNA with silver staining gel. Wild-type and mutant viruses [WSN-HA(13G-14'C), WSN-HA(14G), WSN-HA(14A),
WSN-HA(14U), WSN-HA(15'G), and WSN-HA(15’A)] were amplified on MDCK cells and purified by ultracentrifugation through a 30% sucrose cushion. Then, the
virion VRNAs were extracted with TRIzol reagent, analyzed on a 2.8% denaturing polyacrylamide gel, and visualized by silver staining. (B, E, and H) Statistical
analysis of the HA vVRNA packaging efficiencies from the experiments shown in panels A, D, and G by densitometry analysis. The band intensities were quantified
using ImageJ software. The HA/NP VRNA ratio in the WT virus was set as 1. The relative HA/NP vRNA ratios in mutant viruses were calculated (means and
standard deviations of three independent experiments). (C, F, and 1) Statistical analysis of packaging efficiency of each individual vRNA by RT-qPCR. The data
represent means * standard deviations of three independent experiments. The relative ratio of each vRNA segment to NP vVRNA was calculated. The standard
deviations were derived from three independent virus preparations, with vVRNA levels quantified in duplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns,
nonsignificant.

the HA segment play critical roles in mediating HA segment incorporation. Mutations
in HA segments may also affect packaging of three polymerase gene segments.

DISCUSSION

The noncoding region of influenza A viruses contains two parts: the highly con-
served promoter region followed by the segment-specific region. The two parts have
been shown to play respective biological functions during virus replication (25-29). The
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promoter region is responsible for binding viral RNA polymerase and initiating viral
RNA synthesis, while the segment-specific region, together with the terminal coding
regions, has been shown to act as the packaging signal for selective virus genome
packaging (4, 7, 23). However, the exact biological function(s) of a few segment-specific
nucleotides which extend the duplex region of the promoter for 1 to 4 bp remains
vague. In the case of the HA segments, the duplex region is extended by only 1 bp with
the HA segment-specific NCR nucleotides. Our extensive mutational analyses revealed
that the Watson-Crick base pairing at the 3'13->"14’ position is required for significant
viral RNA syntheses and HA protein production. On top of that, we found that the
identities of the base pairing at 3'13->"14’ position is critical in determining HA segment
packaging efficiency (i.e, WT 13C-14'G is ideal; 13G-14'C is acceptable with about a
20% reduction; 13A-14’U and 13U-14’A are unacceptable). Moreover, we showed that
the identity of the residue at 3’ position 14 is involved in regulating both viral RNA
synthesis and virus genome packaging whereas the identities at 3’ position 14 are more
functionally important in regulating virus genome packaging than in regulating viral
RNA synthesis. These results, for the first time, not only emphasize the important roles
of the nucleotides adjoining the promoter region and the segment-specific region but
also reveal that the nucleotides at the beginning of the segment-specific NCR play key
roles in controlling virus genome packaging.

The recently solved polymerase-promoter crystal structure with recombinant bat
influenza A polymerase and two synthetic RNA oligonucleotides confirmed that the
duplex region is indeed present and plays critical roles for promoter activity. The duplex
region of the promoter emerges at the interface of all three subunits and projects away
from the polymerase complex (13, 30). Based on this structural information, our
extensive mutagenesis of the HA segment-specific NCR nucleotides at positions 3’ 13
to 15and 5’ 14’ to 16" were unlikely to change the structure of the promoter. However,
we could not rule out the possibilities that the noncanonical base pairs may take effects
in our mutagenesis study. On the other hand, considering that different identities and
numbers of potential Watson-Crick base pairings in the extended duplex region vary
among different segments, the detailed 3D structure may also vary among the eight
segments. Within the context of the HA segment, here we experimentally showed that
the fourth base pair of the duplex region at the 3'13-5"14 position is critical for the viral
RNA synthesis. In contrast, the fifth base pairing at 3'14->"15’ is favored, but not critical,
and the sixth base pairing at 3'15-5"16" is not required for viral RNA synthesis. Mean-
while, the identities of the base pair are also able to modulate promoter activity to
certain extents. Whether these results are also true for other segments regarding the
promoter activities needs further investigation.

The packaging signals reported for the HA vRNA of influenza A virus (WSN, H1N1)
in the coding region have been identified as 9 or 45 nucleotides at the 3’ end and 80
nucleotides at the 5" end (23, 24). However, specific nucleotides in the NCR involved in
HA VRNA packaging were hard to define. In this study, we identified, for the first time,
the HA segment-specific nucleotides that connect the promoter and the HA subtype-
specific NCR that are important for HA VRNA packaging. In particular, the G-C base
pairing at the 13-14’ position is required for the packaging of the HA segment. In
addition, we observed that a reduction in HA packaging often accompanies variations
in PB2, PB1, and PA. We previously also reported that the substitution of HA subtype-
specific NCRs led to reduced HA segment packaging but significantly increased PB1 and
PA segment incorporations (4). These observations imply a link between HA and the
PB2, PB1, and PA during their selective packaging. However, the underlying mechanism
for these observations is still unknown. A study of the NP segment packaging proposed
that the NCR serves as an incorporation signal and that the terminal coding sequence
serves as the bundling signal (31). Whether the HA segment-specific NCR nucleotides
play a role in virus genome bundling needs further clarification.

It has been reported that the levels of the VRNA in infected cells are not directly
correlated with the packaging efficiency of the vVRNA (23, 32). In line with this idea,
when we examined the virus replication efficiencies with the rescued G1, G2, and G3
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mutant viruses, we found that the capacities for viral RNA synthesis were not consistent
with their effects on virus replication efficiencies. In the case of the 13A-14'U and
13U-14’A mutants, the three RNA species could be synthesized to significant levels
whereas they could not be rescued. In addition, we observed that the 13G-14'C and
14A mutant showed wild-type-like viral RNA synthesis capacities but significantly
reduced virus replication efficiencies. In contrast, the 14G mutant showed a reduced
viral RNA synthesis capacity but wild-type-like virus replication efficiency. On the other
hand, the vRNAs were produced by the 15’'G mutation at significantly higher levels than
the wild-type level, while the virus replication of this mutant virus is similar to that of
the wild-type virus. According to the packaging efficiencies of these HA segment
mutants, we concluded that the virus replication efficiency is more closely correlated
with the segment packaging efficiencies than with their viral RNA synthesis capabilities.
Of course, this conclusion is based on a prerequisite that the minimum levels of RNA
synthesis capacities must be retained for genome packaging. This conclusion also
explains that, during long-term evolution, the HA segment may prefer to use subop-
timal mismatched nucleotides at the 3'14-5"15' positions in order to ensure efficient
segment packaging rather than maximum viral RNA synthesis. On the other hand, we
also observed that the ratios of the three virus RNA species was changed with certain
mutations made in the extended duplex region, for example, 13G, 14G, and 15'G
mutations. The underlying mechanism of this needs further clarification. In addition, it
should also be pointed out that, among the eight segments, only the NA segment at
the extended duplex region is polymorphic (Table 1). The reason for this polymorphism
is worth further investigation. Another interesting observation within this region is that
an A14U substitution in the 3’ end of the M segment has recently been found to be
involved in modulating alternative splicing of M segment mRNAs in NS1 deleted virus
(33).

In summary, we studied the role(s) of the HA segment-specific NCR nucleotides
located in the extended duplex region of the viral RNA promoter for influenza virus
replication. We found that these nucleotides play dual roles in maintaining viral RNA
promoter activities and in HA segment packaging. Thus, our studies not only clarified
the promoter requirement in the extended duplex region in the context of the HA
segment but also identified specific noncoding residues involved in regulating virus
genome packaging. These findings may facilitate the development of attenuated
vaccine strains and the elucidation of virus genome packaging mechanisms.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. Human embryonic kidney 293T cells and Madin-Darby canine
kidney (MDCK) cells were cultured as described previously (4). The RNP reconstitution system plasmids
(pcDNA-PB2-PR8, pcDNA-PB1-PR8, pcDNA-PA-PR8, pcDNA-NP-PR8, and pPoll-HA-PR8) of influenza
A/PuertoRico/8/34 (PR8) virus were provided by Ervin Fodor (University of Oxford, United Kingdom). The
eight plasmids for generation of recombinant A/WSN/33 (H1N1) viruses (pHW-PB2-WSN, pHW-PB1-WSN,
pHW-PA-WSN, pHW-HA-WSN, pHW-NP-WSN, pHW-NA-WSN, pHW-M-WSN, and pHW-NS-WSN) have been
described previously (22). Mutations described in G1, G2, and G3 were introduced into the VRNA-
encoding plasmid pPoll-HA-PR8 and reverse genetic plasmid pHW-HA-WSN by site-directed mutagenesis
using a QuikChange site-directed mutagenesis kit (Stratagene). Rabbit anti-HA monoclonal antibody
(86001-RM01) was purchased from Sino Biological, Inc. (China). Mouse anti-B-actin monoclonal antibody
was purchased from Cell Signaling Technology.

Virus rescue and viral growth kinetics. Recombinant viruses (the wild-type WSN and mutant
viruses) were rescued by the previously described eight-plasmid rescue system (22). The rescued viruses
were plaque purified and fully sequenced. The viral growth kinetics of the wild-type and mutant viruses
were performed in MDCK cells at a multiplicity of infection (MOI) of 0.001, and PFU titers were
determined by a standard plaque assay in MDCK cells.

Primer extension and Western blotting. To reconstitute RNPs, 1 X 10° 293T cells in 35-mm dishes
were transfected in suspension with 500 ng each of protein expression plasmids encoding PB2, PB1, PA,
and NP of PR8 virus (pcDNA-PB2-PR8, pcDNA-PB1-PR8, pcDNA-PA-PR8, and pcDNA-NP-PR8), along with
500 ng of pPoll-Sapl-Rib-based RNA-expressing plasmids, as needed, using 6 ul of Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. At 24 h posttransfection, total RNAs or proteins
from the transfected cells were extracted and analyzed by primer extension or Western blot analysis.

The primer extension analysis was carried out as described previously (34). The primers used for
detecting HA (PR8) VRNA and mRNA/cRNA were 5'-AGTTCACTGGTGCTTTTGGTC-3" and 5'-TGTCACATT
CTTCTCGAGCAC-3'. The primer used for detecting 55 RNA was 5'-TCCCAGGCGGTCTCCCATCC-3'. West-
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ern blotting was carried out by standard procedures with IRDye secondary antibodies (Li-Cor Biosciences,
Lincoln, NE). Protein expression levels were visualized with an Odyssey Infrared Imaging System (Li-Cor
Biosciences, USA). The relative protein expression level was analyzed using the integrated software of the
Odyssey system.

RNA packaging assays. The packaging efficiencies of virus genome RNAs were examined as
described previously (4). Briefly, MDCK cells were infected with virus at an MOI of 0.001. Forty-eight hours
later, the supernatants were collected and purified by ultracentrifugation through a 30% (wt/wt) sucrose
cushion, and the RNA of the virus pellet was extracted using TRIzol reagent (Invitrogen). The content
of each segment of RNA was further examined by silver staining and RT-qPCR as described
previously (4, 23).

Statistical analysis. GraphPad Prism, version 5, software was used for statistical analysis. One-way
analysis of variance (ANOVA) was used to determine the significance of two-group comparisons.
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