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ABSTRACT

Influenza A is a negative sense RNA virus of significant public health concern. While much is understood about the life cycle of
the virus, knowledge of RNA secondary structure in influenza A virus is sparse. Predictions of RNA secondary structure can
focus experimental efforts. The present study analyzes coding regions of the eight viral genome segments in both the (+) and (-)
sense RNA for conserved secondary structure. The predictions are based on identifying regions of unusual thermodynamic
stabilities and are correlated with studies of suppression of synonymous codon usage (SSCU). The results indicate that secondary
structure is favored in the (+) sense influenza RNA. Twenty regions with putative conserved RNA structure have been identified,
including two previously described structured regions. Of these predictions, eight have high thermodynamic stability and SSCU,
with five of these corresponding to current annotations (e.g., splice sites), while the remaining 12 are predicted by the
thermodynamics alone. Secondary structures with high conservation of base-pairing are proposed within the five regions having
known function. A combination of thermodynamics, amino acid and nucleotide sequence comparisons along with SSCU was

essential for revealing potential secondary structures.
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INTRODUCTION

Influenza A virus is a significant public health threat causing
more than an estimated 200,000 severe infections and 41,400
deaths each year in the United States (Dushoff et al. 2006).
The influenza A virus is a negative (—) sense RNA virus com-
posed of eight discrete genomic segments. Each segment is
packaged as a ribonucleoprotein (RNP) complex that con-
tains multiple structural NP proteins and the heterotrimeric
polymerase consisting of the PB1, PB2, and PA protein
subunits (Compans 1972; Noda et al. 2006; Ye et al. 2006).
Each genome segment serves as a template for the synthesis
of two distinct positive (+) sense RNA molecules within the
nucleus of infected cells. The (+)RNAs serve protein coding
(mRNA) and genomic replication (cRNA) functions and are
generated by distinct mechanisms in vivo (Bouloy et al. 1978;
Plotch et al. 1981; Shapiro and Krug 1988).

In general, RNA secondary structure is important for
viral viability. For example, internal ribosome entry sites
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(IRES), which allow mRNA to internally initiate translation
and bypass canonical ribosomal scanning, are heavily
structured and found in many viruses (Kieft 2008). Other
examples are the Hepatitis Delta Virus (HDV) ribozyme that
is used for maturation of the viral RNA (Kuo et al. 1988), the
tRNA-like structures found in the 3’ untranslated region
(UTR) of many plant viruses (Weiner and Maizels 1987;
Dreher 2009), the frameshifting signals that allow some
viruses to encode overlapping open reading frames (ORFs)
(Jacks et al. 1988; Dam et al. 1990), viral packaging signals
(Clever et al. 1995), and many more. Recently, widespread
secondary structure of an HIV-1 genome was deduced using
free energy minimization coupled with chemical probing
(Watts et al. 2009).

The de novo discovery of structured regions in long RNA
strands, such as viral RNAs, has been approached with a
variety of techniques (Washietl et al. 2005a; Schroeder 2009;
Mathews et al. 2010). One method is based on searching for
regions predicted to be unusually stable thermodynamically
(Washietl et al. 2005b; Uzilov et al. 2006). When the search
occurs in coding regions, it is possible to also consider the
effect of RNA structure on codon evolution (Pedersen et al.
2004). In particular, RNA structural constraints lead to
suppression of variation in the third (wobble) position of
amino acid codons. Suppression of synonymous codon
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usage (SSCU) has been used to identify structured RNA
elements in viral genomic RNAs (Simmonds and Smith 1999;
Tuplin et al. 2004). Here, we use a combination of thermo-
dynamics, SSCU, amino acid and RNA sequence comparison
to reveal potential secondary structures in influenza.

The influenza virus is an interesting target for structural
analysis because it uses RNA exclusively throughout its life
cycle; no DNA intermediate is involved. Each (—)RNA
carries conserved 5’ and 3’ sequences that can base-pair to
circularize the molecule (Hsu et al. 1987). This pairing
provides a binding site for the heterotrimeric polymerase
that carries out the synthesis of both mRNA and cRNA
molecules (Hagen et al. 1994). Additionally, two studies have
described structures in the segment 8 (+)RNA that encode
the nonstructural (NS1) and nuclear export protein (NEP,
formerly NS2) (Gultyaev et al. 2007; Ilyinskii et al. 2009).
Segment 8 (+)RNA has been the most extensively studied
with regard to secondary structure. RNA secondary and
tertiary structures have also been proposed to be important
in the splicing of segment 8 mRNA (Plotch and Krug 1986;
Nemeroff et al. 1992) and in viral packaging of (—)RNA
(Muramoto et al. 2006; Marsh et al. 2007, 2008; Hutchinson
et al. 2008; Liang et al. 2008). Outside of segment 8, very
little is known about RNA secondary structure.

Improved knowledge of secondary structure in influenza
may shed light on important aspects of influenza biology
and lead to new therapeutic targets. RNA structural motifs
may be targeted with oligonucleotides (Childs et al. 2002,
2003; Disney et al. 2004) or small molecules (Mei et al. 1998;
Sucheck and Wong 2000; Wilson and Li 2000; Gallego and
Varani 2001; Childs-Disney et al. 2007; Disney et al. 2008;
Lee et al. 2009; Pushechnikov et al. 2009) to disrupt viral
function.

MATERIALS AND METHODS

Sequences

Sequence data were obtained from the National Center for
Biotechnology Information (NCBI) Influenza Virus Resource page
(Bao et al. 2008). For prediction of conserved structural RNA, six full
influenza A genome sets were used from human, avian, and swine
strains, H5N1 and HINI (Taxonomy IDs: 755298 [Human H5N1],
279728 [Avian H5N1], 287864 [Swine H5N1], 865618 [Human
HINT1], 768723 [Avian HIN1], 762299 [Swine HIN1]). For analysis
of synonymous codon suppression, sets of sequences were obtained
for each separate segment by downloading all nonredundant in-
fluenza A sequences.

Prediction of conserved structural regions

The six influenza A genome sets were divided by segment. Coding
regions were translated in silico with BioEdit (Hall 2001), and
protein sequences were aligned with ClustalW (Larkin et al. 2007)
using the default protein parameters. The aligned sequences were
converted back into nucleotides, now aligned based on the protein
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sequence, and submitted to RNAz 2.0 (Gruber et al. 2010) for
prediction of potentially conserved structures. It was important to
use protein-based alignments, as the quality was much improved
over nucleotide alignments. The amino acid alignments also allowed
analysis of how RNA structure may influence codon evolution.

RNAz predictions were run in both strand orientations (+/—)
using a 120-nt window size, 10-nt step size, and with the program’s
default filtering parameters. RNAz uses a support vector machine
(SVM) to make predictions based on the following five criteria:
minimum predicted free energy (MFE) from single sequence
structure calculations, Z-score, structure conservation index
(SCI), average pairwise sequence identity (APSI), and number of
sequences in the alignment. The Z-score measures the “excess”
predicted minimum free energy of folding for a native sequence
versus random sequence. A dinucleotide shuffling model for
calculating Z-scores was used that reduces background over the
default mononucleotide model setting. The SCI is the consensus
structure free energy divided by the average of the individual
sequence free energies in the alignment and is a measure of how
well represented the consensus structure is in individual sequence
folds. Based on the above criteria, RNAz assigns a classification
value, herein referred to as p-class, to indicate the probability that
a given region contains structure. For this study, RNAz predictions
with a p-class of >0.5 are considered structured. RNAz was trained
on representative sequences including rRNAs, spliceosomal RNAs,
tRNAs, miRNAs, small nucleolar RNAs, nuclear RNase P, and SRP
RNA (Gruber et al. 2010).

Structural predictions in both the (+)RNA and (—)RNA strand
orientation can arise for the same window because base-pairing is
also possible in the reverse complement sequence of the strand that
contains the true or functionally conserved structure (Reiche and
Stadler 2007). To check predictions for these structural “echoes,”
fragments corresponding to overlapping RNAz hits were concate-
nated and submitted to the program RNAstrand (Reiche and Stadler
2007), which uses an SVM to predict strand bias. RNAstrand uses
four criteria for identifying asymmetries between structure in the
(+)RNA and (—)RNA strand orientations: average folding free
energy of individual sequences in the alignment, folding free energy
of the consensus secondary structure as calculated by RNAalifold
(Bernhart et al. 2008), mean free energy Z-score of the individual
sequences in the alignment, and SCI. The resulting “P-value” ranges
from 0 to 1, where 1 implies high likelihood for structure in the
given strand orientation. The RNAstrand SVM was trained on
a similar set of structures as RNAz (Reiche and Stadler 2007).

Analysis of suppression of synonymous codon usage

All nonredundant sequences for each segment were aligned using
MAFFT (Katoh et al. 2002, 2005) with the FFT-NS-1 strategy
optimized for very large alignments. A Perl script was written to
randomly select sequences from the alignment while simulta-
neously restricting the APSI to <95% to avoid selecting very
similar sequences. For segments 4 and 6, the two segments
encoding the antigenic proteins, 300 sequences were selected,
while 100 sequences were used for all other segments. In each case,
the larger sequence sets were appended to the alignments used in
the RNAz analysis. Gaps were removed from the sequences, which
were then translated in silico and submitted to ClustalW as above.

The resulting amino acid alignments were converted back into
RNA sequences (now aligned with respect to encoded amino
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acids) and submitted to the Simmonics package (Simmonds and
Smith 1999) for analysis of the suppression of synonymous codon
usage (SSCU). Sequence scans were run analyzing the synony-
mous sites using mean pairwise distance measurements. The
SSCU was calculated for windows of 15 nt, with a 3-nt step size.
In segments 7 and 8, the calculation of SSCU was done separately
for each alternatively spliced product. This analysis was repeated
with resampled alignments to check for sampling bias, and results
were not significantly different.

Secondary structure modeling

Preliminary structural models were built when RNAz or strong
SSCU predictions correlated with functional annotations. Initial
models were built with RNAalifold (Bernhart et al. 2008), the same
algorithm used to calculate the free energies in RNAz and RNAs-
trand. RNAalifold was run with the default program parameters. The
alignments submitted to RNAalifold contained the six genome
sequences used for the RNAz analysis or the alignments used for
the SSCU analysis. The RNAalifold secondary structure predictions
were compared to predictions from Dynalign (Mathews and Turner
2002; Mathews 2004; Harmanci et al. 2007), which simultaneously
optimizes sequence alignment and consensus structure for two
sequences. The Dynalign calculation input consisted of the two
most distant sequences (by APSI) in the alignment. Sequence
comparison for each secondary structure model was carried out
with all available unique sequences. Free energies for non-
pseudoknot structures were predicted using nearest-neighbor
free energy parameters (Xia et al. 1998; Mathews et al. 2004).

To scan for potential pseudoknots, which are forbidden in the
RNAz and Dynalign prediction algorithms, the program DotKnot
was used (Sperschneider and Datta 2010). DotKnot is a heuristic
algorithm that searches for stems in long RNAs from a secondary
structure prediction dotplot and then assembles candidate pseu-
doknots (Sperschneider and Datta 2010). When RNAs were
>1000 nt in length, the maximum length allowed in DotKnot,
they were cut into overlapping windows (~100 nt overlap) and
submitted to the program. Free energies for pseudoknots were
predicted using published parameters optimized either by com-
parison of predictions to known structures (Dirks and Pierce
2003) or to results from a diamond lattice model (Cao and Chen
2006, 2009).

In vitro folding of RNA

Representative cluster a (5'-GGGUGAUGCCCCAUUCCUUGAUC
GGCUUCGCCGAGA UCAGAAGUCCCUAAGAGGAAGAGGCAG
CACUC-3') and cluster b (5'-GGGUGAUGCUC CCUUUGAUGAC
AGACUCAGAAGAGAUCAAAAGGCAUUAAAGGGAAGAGGCAG
CACUC-3") sequences for segment 8 region 81148 were synthesized
from deoxyoligonucleotide templates with an Ambion MEGAscript
T7 transcription kit. Purified RNA was 5'-end-labeled with
[y->*P]ATP and purified with an Ambion NucAway spin column.
Labeled RNA was renatured in 10 mM Tris-HCI (pH 7.0) and 100
mM KCI by heating for 2 min to 90°C and then slow-cooling to
37°C. MgCl, was added to a final concentration of 5, 10, or 15 mM,
and the RNA was incubated for 20 min at 37°C. Folded RNAs were
fractionated on a nondenaturing 8% polyacrylamide gel. The dried
gel was exposed to a phosphorscreen, and bands were detected with
a Bio-Rad Personal Molecular Imager.

RESULTS

Evidence for conserved RNA secondary structure
in influenza virus genome segments

Segment 8 (NS1/NEP)

Segment 8 is the smallest influenza RNA and one of the two
(+)RNA segments that undergoes splicing. The alignment of
six sequences used in the RNAz analysis has a length of 838
nt and APSI of 86.4%. Of all the influenza segments, segment
8 has the most widespread distribution of RNAz predictions
of conserved secondary structure, which is consistent with its
having the most negative average Z-score across the align-
ment [—0.95 in the (+)RNA sense] (Table 1). It also has the
highest average RNAz p-class of any segment [0.30 in the
(+)RNA sense]. Thus, segment 8 has the strongest bias
toward predicted structure in the (+)RNA (Tables 1, 2).

Three regions are predicted to contain conserved sec-
ondary structure in segment 8 (+)RNA (Fig. 1; Table 2).
Region 371-690 has the most favorable single window
Z-score, p-class, and SSCU of any predicted region in any
segment (—3.70, 1.00, and 0.00, respectively). This region
also contains the 3’ splice site at position 487. After 487, the
codon use in the NS1 ORF is severely suppressed because of
overlap with the frameshifted NS2 ORF. Codon suppres-
sion in the NS2 OREF starts to abate toward the end of the
structural region at 371-690 (Fig. 1).

Regions 21-180 and 181-300 of segment 8 have moderate
values for Z-score, SCI, p-class, and SSCU (Table 2). Region
21-180, however, has individual windows with values that
strongly predict structure. The fifth most favorable local
Z-score occurred in 21-180. Strong SSCU occurs near
positions 60, 150, and 550. The 5’ splice site of segment 8
occurs at position 30.

Segment 7 (M1/M2)

Segment 7 is the second smallest viral segment and is also
spliced to produce two protein products. The alignment

TABLE 1. Average values of metrics used for structured RNA
prediction

(=)RNA (+)RNA
Z-score SCl p-class Z-score SCI p-class SSCU
SEG8 -0.33 059 0.12 -0.95 0.65 030 0.33
SEG7 -0.22 080 0.16 —-0.55 0.78 0.15 0.39
SEG6 -0.03 0.66 0.01 -0.22 0.71 0.04 0.55

SEG5 -035 0.64 003 —-0.44 0.64 0.07 0.61

SEG4 -0.24 0.21 0.00 -0.29 0.22 0.01 0.57
SEG3 0.17 0.79 0.06 0.18 0.78 0.03 0.56
SEG2 -0.06 0.67 002 -0.10 0.70 0.02 0.49
SEG1 -0.18 0.65 0.03 -0.16 0.62 0.02 0.52
Average —0.16 0.63 0.05 —-032 064 0.08 0.50

StdDev 0.17 0.18 0.06 0.34 0.18 0.10 0.10
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TABLE 2. Summary of RNAz and SSCU scans for predicted structural region

Segment Strand® Region Z-score scibe p-class®© SscuP

8 +/— (0.00) 21-180 —1.84 (-2.39) 0.78 (0.87) 0.69 (0.92) 0.26 (0.10)

8 + (1.00) 181-300 —1.41 0.62 0.63 0.42 (0.33)

8 + (1.00) 371-690 —2.27 (=3.70) 0.77 (0.94) 0.74 (1.00) 0.21 (0.00)

7 +(0.91) 71-330 —1.70 (-2.81) 0.84 (0.92) 0.60 (0.99) 0.40 (0.02)

7 + (1.00) 841-990 —1.58 (-1.79) 0.86 (0.89) 0.56 (0.78) 0.20 (0.03)

6 + (1.00) 531-670 —1.31 (-2.05) 0.90 (0.92) 0.58 (0.94) 0.52 (0.39)

5 + (1.00) 1-160 —1.98 (-3.01) 0.83 (0.88) 0.81 (0.97) 0.56 (0.23)

5 +/— (0.22) 441-560 —0.36 0.67 0.00 0.68 (0.54)
—2.05 0.78 0.89

5 +(0.52) 1031-1250 —1.32 (-2.85) 0.65 (0.74) 0.20 (0.81) 0.59 (0.43)

5 +(0.98) 1381-1494 —1.64 (—1.83) 0.91 (0.93) 0.86 (0.95) 0.19 (0.05)

4 +/— (0.00) 961-1080 —2.30 0.28 0.54 0.62 (0.53)

3 +/— (0.15) 41-290 —0.28 (—1.07) 0.73 (0.88) 0.00 (0.02) 0.55 (0.34)
—1.22 (=2.11) 0.93 (1.00) 0.63 (0.99)

3 +/— (0.00) 1161-1280 —0.91 0.64 0.01 0.57 (0.43)
—1.32 0.84 0.59

3 + (1.00) 1611-1860 —1.06 0.87 0.29 0.63 (0.44)
—1.50 0.84 0.53

3 + (1.00) 1941-2120 —1.23 (—1.88) 0.97 (1.00) 0.69 (0.96) 0.33 (0.09)

2 +/— (0.3 51-170 —2.25 0.92 0.96 0.33 (0.15)
—1.44 0.89 0.58

2 +/— (0.00) 491-610 —-0.75 0.68 0.00 0.52 (0.38)
—2.38 0.85 0.97

1 +/— (0.06) 831-960 —1.45 (-1.49) 0.73 (0.73) 0.22 (0.25) 0.50 (0.33)
—1.81 (—1.83) 0.83 (0.87) 0.83 (0.90)

1 +/— (0.00) 1041-1160 —0.46 0.59 0.00 0.51 (0.32)
—1.36 0.84 0.52

1 + (1.00) 2101-2220 —1.68 0.88 0.71 0.35 (0.07)

“Here +/— indicates regions where predicted conserved structure favors the (—)RNA but with low RNAstrand (Reiche and Stadler 2007) probability.

[RNAstrand P-values for (+) and (+/—) regions are in parentheses.]

PAverage values across overlapping windows are shown. The most favorable value for a window in a region, when not equal to the average, is

shown within parentheses.

“Italicized values are for the (—)RNA calculations and appear beneath the (+)RNA results.

used in the RNAz analysis has a length of 982 nt and an
APSI of 92.5%. As shown for (+)RNA in Table 1, segment 7
has the second most favorable average Z-score (—0.55) and
the second strongest average SSCU and RNAz p-class (0.39
and 0.15), indicating a high overall probability of structure
in the (+)RNA (Table 1).

RNAz predicts a high probability of structure in two
regions of segment 7 (Fig. 1; Table 2). Regions 71-330 and
841-990 have a high RNAstrand probability for structure
in the (+)RNA. Region 841-990 is notable for having, re-
spectively, the second and third strongest average and single
window SSCU with respect to all other segments. The SSCU
that overlaps with this region continues upstream and
also overlaps with the nearby 3’ splice site at position 715
(Fig. 1).

Region 71-330 has moderate values for Z-score, SCI,
p-class, and SSCU, but single window values are very strong
(Table 2). This region has the second strongest single
window p-class and SSCU value of any region. This
predicted structural region occurs just downstream from
the 5" RNA splice site at position 26, which falls within the
region of suppressed synonymous codon usage (Fig. 1).
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Segment 6 (NA)

The alignment for segment 6 is 1460 nt in length and has an
APSI of 86.7%. As shown in Table 1, segment 6 has the
third highest average SCI for the (+)RNA, but the Z-score
of —0.22 averaged over the entire coding region predicts
a roughly average amount of structure for segment 6 when
compared to the other segments.

RNAz predicts a moderate probability of structure in
region 531-670, but the single window 551-670 has favor-
able values for Z-score, SCI, and p-class (Fig. 2; Table 2).
The RNAz predictions are for structure in the (+)RNA,
consistent with RNAstrand predictions (Fig. 2; Table 2).
Synonymous codon usage appears to be highly suppressed
only at positions 100-250, which does not overlap with the
RNAz predicted conserved structural regions (Fig. 2).

Segment 5 (NP)

The alignment for segment 5 is 1494 nt in length and has
an APSI of 88.1%. Average Z-score across the alignment
is —0.35 and —0.44 for the (—)RNAs and (+)RNAs,
respectively, suggesting an above average amount of
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structure in segment 5 compared to the other segments
(Fig. 2; Table 1).

In segment 5, RNAz predicts a high probability of
structure solely in (+)RNA at regions 1-160, 1031-1250,
and 1381-1494, and of ambiguous RNAstrand predicted
strand bias at position 441-560 (Fig. 2; Table 2). Region
1-160 has the fourth most favorable average Z-score of any
(+)RNA region (Table 2).

Toward the ends of segment 5, there are two regions with
strong SSCU that match up with the two high-probability
RNAz predicted regions of structure in the (+)RNA. The
region of SSCU that overlaps with region 1381-1494 is, on
average, the strongest for any region (Table 2).

Segment 4 (HA)

The alignment for segment 4 is 1770 nt in length and has an
APSI of 73.4%. On average, segment 4 has the lowest SCI of
any of the influenza segments in both strands (0.21 and 0.22)
(Fig. 3; Table 1). Average Z-scores of —0.24 and —0.29 in the
(—)RNA and (+)RNA, respectively, suggest a slightly above
average amount of structure in segment 4 compared to the
other segments (Table 1).

In segment 4, RNAz predicts a single conserved structural
region at 961-1080 in the (+)RNA (Fig. 3), but RNAstrand
favors structure in the (—)RNA with very low confidence
(Table 2).

There is below average SSCU corresponding to the RNAz
prediction at 961-1080 (Fig. 3). There is also moderate
SSCU toward the 5 end of the RNA, which does not
correspond to any RNAz predictions (Fig. 3).

Segment 3 (PA)

The alignment for segment 3 is 2151 nt in length and has an
APSI of 91.9%. The positive Z-scores of 0.17 and 0.18 for the
(—)RNA and (+)RNA, respectively, suggest a lack of overall
conserved structure in both strands (Table 1).

In segment 3, however, RNAz predicts four regions with
potentially conserved structure (Fig. 3). Two regions are
predicted by RNAstrand to have bias for structure in the
(+)RNA, 1611-1860, and 1941-2120, while regions 41-290
and 1161-1280 are predicted to have ambiguous strand
bias (Table 2).

Region 1941-2120 has the highest average SCI of any
(+)RNA region, a high average and single window p-class,
and strong SSCU (Table 2). Another region, ~500-800, has
strong SSCU but does not occur near any RNAz predictions
of structure or any known features of the viral RNA.

Segment 2 (PB1/PB1-F2)

The alignment for segment 2 is 2151 nt in length and has an
APSI of 89.3%. The average Z-score for segment 2 in the
(+)RNA is —0.10 (Table 1), suggesting a below average
amount of conserved structure compared to the other

segments. Nevertheless, RNAz predicts structure in two
regions, 51-170 and 491-610: RNAstrand predictions are
ambiguous in both regions (Fig. 4; Table 2).

Region 51-170 has strong RNAz scores in the (+)RNA,
while region 491-610 has strong RNAz scores in the (—)RNA.
Segment 2 has two regions with strong SSCU (Fig. 4). One
region spans positions 50150, which corresponds to both
the RNAz-predicted region of structure at 51-170 and the
start of the internal ORF for PB1-F2 at position 91 (Fig. 4).
The second region with SSCU is at the 3’ end of the RNA
and does not overlap with known or predicted features of
the RNA.

Segment 1 (PB2)

The alignment for segment 1 is 2280 nt in length and has an
APSI of 88.8%. The average Z-scores of —0.18 and —0.16 for
the (—)RNA and (+)RNA, respectively, suggest the presence
of an average amount of conserved structure in segment 1
compared to the other segments (Table 1).

In segment 1, RNAz predicts three regions with poten-
tially conserved secondary structure: 831-960, 1041-1160,
and 2101-2220 (Fig. 4). Only region 2101-2220 has un-
ambiguous strand bias, as predicted by RNAstrand (Table
2). This region is also the only one to overlap with an area
of strong SSCU (Fig. 4; Table 2). Toward the 5’ end of the
RNA is another region that shows SSCU (Fig. 4).

Comparisons to previous predictions
of RNA structures

Two of the RNAz-predicted regions of conserved structure
in segment 8 contain previously predicted secondary struc-
tures (Gultyaev et al. 2007; Ilyinskii et al. 2009). Region 21—
180 contains a fragment that has been proposed to fold into
a structure that influences NS protein expression (Ilyinskii
et al. 2009). Using the RNAz alignment, RNAalifold predicts
a consensus structure for this region similar to the published
one (Fig. 5). Using the SSCU alignment for RNAalifold,
however, results in a different predicted secondary structure
(Fig. 6). The two models are identical at the basal stem, but
the nucleotides between positions 90 and 139 are folded
differently (Figs. 5, 6). In the alternative model of Figure 6,
the multi-branch loop from nucleotides 100-130 (Fig. 5) is
folded into a tetraloop hairpin. The tetraloop model has less
mutational support, a slightly lower (81.3% vs. 83.6%)
conservation of canonical base-pairing, and much less favor-
able predicted free energy (—9.6 vs. —19.7 kcal/mol at 37°C)
than the multi-branch loop in Figure 5. A similar tetraloop
structure has been proposed for clade B influenza strains
(Gultyaev et al. 2010).

To test whether a subset of sequences prefers the tetraloop
structure, sequences were clustered using the Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) (Sokal
and Michener 1958). All unique sequences clustered into
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FIGURE 5. RNAalifold predicted secondary structure from the RNAz alignment for fragment of 5’ predicted secondary structure region from
segment 8 (+)RNA. This structure was also predicted by Ilyinskii et al. (2009). Base pairs are color annotated with information from base pair counts
(tabulated to the right of the structure) from an alignment of all available unique sequences. The color annotation key is given below the table. Pairing
type is given at the top of the table; canonical pairs to the leff, and noncanonical to the right. The “%can” column gives the percentage of canonical
pairs found in those aligned positions. Italicized alignment positions (i—j) are for symmetric internal loop bases. The average percent conservation of
the whole structure is given below the table. Base pair counts for all unique sequences and cluster b sequences are given without and with parenthesis,
respectively. Cluster b consensus sequence is indicated by light blue nucleotides. The predicted free energies of folding, AGs;° (Mathews et al. 2004),
for the consensus sequence of all unique sequences is —19.7 kcal/mol and for cluster b sequences is —8.6 kcal/mol. Nucleotide composition by
alignment position is summarized at the bottom of the figure. The structure is notated in bracket notion, codon position is indicated by roman
numerals, and consensus amino acid sequence is notated at the top of the table. The percent conservation for each position is also given.

two broad groups consistent with the previously described
phylogeny for segment 8 (Kawaoka et al. 1998; Basler et al.
2001). As shown in the table in Figure 6, a cluster of 110
sequences (cluster b) increases the average canonical pairing
of the tetraloop structure to 98.8%, much higher than the
68.5% for cluster b in the multi-branch loop structure (see
table in Fig. 5). Specifically, cluster b has canonical base pairs

1000 RNA, Vol. 17, No. 6

at positions 93-132, 96129, 97-128, 98-127, and 99-126.
For cluster b, the predicted free energies for the multi-branch
loop versus the tetraloop structure are —8.6 and —23.8 kcal/
mol at 37°C, respectively. The results provide strong support
for the tetraloop structure in cluster b sequences. The limited
understanding of all factors affecting in vivo folding of
RNA, however, leaves both the multi-branch and tetraloop
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FIGURE 6. Alternative secondary structure for the region shown in Figure 5. This was predicted by RNAalifold using the SSCU alignment of
segment 8 sequences. Figure annotations and base pair counts are as described in Figure 5. Base pair counts for all unique sequences and cluster
b sequences are given without and with parentheses, respectively. Cluster b consensus sequence is indicated by light blue nucleotides. The
predicted free energies of folding, AG3,° (Mathews et al. 2004) for the consensus sequence of all unique sequences is —9.6 kcal/mol and for cluster

b sequences is —23.8 kcal/mol.

structures as viable alternatives for all influenza sequences.
To test whether cluster a and b sequences adopt different
conformations, in vitro—synthesized RNA was folded under
different Mg"" concentrations at 37°C. As shown in Figure 7,
cluster b sequences migrate distinctly from cluster a and
appear to adopt two different folds.

The other previously described structure in segment 8
occurs in the 440-690 region, which encompasses the 3’
splice site. The RNAalifold predicted consensus structure for
this region contains a hairpin identical to previous reports
(Fig. 8, top; Gultyaev et al. 2007). The predicted secondary
structure of this fragment did not change with the SSCU
alignment and is also predicted by Dynalign. The overall
conservation of canonical base-pairing in this hairpin is
92.8%, and the predicted free energy at 37°C is —18.9 kcal/
mol. An alternative pseudoknot conformation has been
proposed for this region with average canonical pairing of
95.3% (Fig. 8, bottom; Gultyaev et al. 2007). The predicted

free energy for the pseudoknot is —9 kcal/mol at 37°C,
using parameters from Dirks and Pierce (2003) or Cao and
Chen (2009). Current knowledge, however, does not allow

cluster a cluster b

T
13 A

FIGURE 7. Nondenaturing 8% polyacrylamide gel of in vitro folded
cluster a and cluster b sequences from Figures 5 and 6 (see Materials
and Methods). Final Mg™ concentrations are 0, 5, 10, and 15 mM.
Two bands are apparent in the clade b samples: slower and faster
migrating products that account for 57% and 43% of the integrated
band intensity, respectively.
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FIGURE 8. Secondary structure models for fragment of 3’ predicted secondary structure region from segment 8 (+)RNA. The top structure is for
the hairpin predicted by RNAalifold on the SSCU alignment, while the alternative pseudoknot conformation is shown below. These structures
were also predicted by Gultyaev et al. (2007). Figure annotations and base pair counts are as described in Figure 5. The predicted free energy of

folding, AG3;° (Mathews et al. 2004), for the consensus hairpin is —18.9
—9 kcal/mol (Dirks and Pierce 2003; Cao and Chen 2009).

inclusion of tertiary interactions in these predictions. Such
interaction can be very favorable (Theimer et al. 1998; Liu
et al. 2009). Gultyaev et al. (2007) provided evidence for
equilibrium between hairpin and pseudoknot structures in
some strains of influenza.

Structure prediction in regions of known function

RNAalifold calculations of the 5" region of segment 7 using
the six sequence RNAz alignment and the SSCU alignment
generate a structure with a stem topped by a multi-branch

1002 RNA, Vol. 17, No. 6

kcal/mol. Predicted free energies for the pseudoknot were calculated as

loop and having 91.2% overall base-pair conservation (Fig.
9). Dynalign calculations of the two most distant sequences
predict the same structure with a predicted free energy of
—30.0 kcal/mol at 37°C (Fig. 9). The size of this structure is
88 nt compared to the 68-nt structure in segment 8 (Fig. 5).
The segment 7 and 8 putative structures are, respectively, 79
and 51 nt downstream from 5 splice sites.

To assess whether the region surrounding the 3’ splice
site of segment 7 could form a pseudoknot structure similar
to the one proposed by Gultyaev et al. (2007) for segment 8
(Fig. 8), the program DotKnot (Sperschneider and Datta



Influenza A secondary structure prediction

140
A Coa
A C
A
Uu—A
C—¢ i j |G €6 AU UA GU UG|GA AG AA GG UU (CC AC UC CA CU |%can
A 105 19253 0 20 0 105 0 0 0 0 0 0 0 221 1 0 0 | 756
G—C 106 191 0 0 910 0 3 0 0 0 1 0 0 0 0 0 0 1 |99.8
Giif cu 107 190 © 0 90 0 11 0 0 0 1 0 0 0 0 0 0 3 996
108 189 0 657 0 9 0 56| 1 1 0 0 2 6 0 0 164 19 | 78.9
U=—A 150 160 C C 109 188| 0 0 878 0 26 0 0 0 1 0 7 0 0 0 0 3 | 988
A A AU 110 187 0 81 0 0 0 7 0 0 0 0 0 0 0 0 17 0 |981
111 186 2 1407 0 3 0 0 0 2 0 65 29 44 4 1 357|451
A—U C—G 112 185/ 0 0o 1 0 94 0|0 ©0 00 0O 0 0 0 0 0 0 [1000
130 G— C U—A 113 184| 0 0 906 0 0 0 0 2 0 0 0 0 6 0 0 1[990
G— C U G=—C 114 1831 0 40 0 519 0 271 0 0 0 0 21 0 0 6 55 2 [908
115 182 0 909 0 0 0 4 0 1 0 1 0 0 0 0 0 0 |99.8
u 116 181 0 1 0 1 0 913] 0 0 0 0 0 0 0 0 0 0 |100.0
u A 117 180 0 109 0 483 0 180 | 3 718 1 0 0 0 0 113 0 |845
A A 118 179 © 0 0 0 913 0 0 0 0 1 0 0 0 0 0 1 |99.8
C—G 170 119 178 0 0 8% 0 2 0 0 0 0 0 0 0 36 0 0 0 |96.1
U—G 120 177132 0 4 0 764 1 3 4 0 5 5 0 0 0 0 1 ]921
C—G 121 176 0 0 0 0 911 0 0 0 0 0 2 0 0 0 0 1 |99.7
Uu—=a 122 175100 19 0 14 0 2 0 0 0 0 0 0 0 0 87 0|38
c A 123 1741 0 2 0 114 0 508] 4 203 16 32 10 0 0 2 2 0 | 705
124 173 0 906 O 0 0 2 0 5 0 0 0 1 0 0 0 0 |99.3
G—uU 125 172 0© 1 0 0 0 93| o 0 0 0 1 0 0 0 0 0 |99.9
120 G—U 126 171 0 708 0 5 0 21| 0 11 1 2 0 0 0 0 166 1 |80.2
A—U 120 154 789 0 0 0 121 0 3 0 0 1 0 0 0 1 0 0 | 995
G 130 153| 858 0 0 0 5 0 7 0 0 0 0 0 0 0 0 0 ]99.2
131 152| 0 0 906 0 3 0 0 0 5 0 0 0 1 0 0 0 |993
U—A 180 132 151] 0 0 0 1 0 0 |247 1 665 0O 0 0 1 0 0 0 |01
Uu=—aG 133 150| © 0 0 85 0 60 1 0 1 0 6 0 0 2 0 0 |98.9
C=—0G 134 149|914 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 [100.0
U— A 135 148|912 0 0 0 3 0] o 0 0 0 0 0 0 0 0 0 [100.0
136 146 0 846 0 0 0 4| 0 15 0 3 0 1 0 0 1 0 |97.8
A=—U 137 145 0 0 0 912 0 2 0 0 0 0 0 0 0 1 0 0 |99.9
G=—U 156 167|902 0 0 0 4 0 1 0 0 0 0 0 5 1 0 0 |[99.2
A= U 157 166 0 0 0 908 3 1 1 0 1 0 1 0 0 0 2 0 995
10 C—G 158 165] 0 892 0 0 0 0 0 1 0 0 0 0 0 0 19 3 |975
A u 159 164 0 0 908 0 4 0 0 0 0 0 1 0 1 0 0 0 |99.8
. 0y
B Average: 91.2%
A—U 190
A=—U
105 G=——C 192
5 3
AA |Lys Asn | Thr | Asp Leu Glu Ala Leu Met Glu [ Trp [ Leu [ Lys [ lle [ Arg [
codon i i i @i 0 di g @ 0 @ @ @i 0 di @ @ di i @ @ @i o di g d o di i § @ @ i i i d i @i 0 i g

nt_|105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148
A 241911901 1 879 0 453 1 914 0 1 0 25 0 91348 0 0 219 5 0 12912 0 0 0 912667 1 0 0 15 0 889914912 3 913 1 911912 1 899 0
G |670 3 11 1 26 0 5914 0 0 1 0 4 914 2 80911 0 36 0 0 2 0 0 914915 3 247 1 915915 3 0 26 1 2 912 2 0 1 2 91316 0
C [0 1 386 3908388 0 1 97909 1 2221 0 1 1882497 1852 5 0 0 0 0 0 0 0880 0 0 1 0 0941 1 1 0 912
U |1 0 067 7 7 69 0 0818 4914664 0 0 6 2 16635 2 91426 19101 0 0 1913 0 0 489150 0 0 0 0 0 2 0 0 0 3
se (( CCCOCOCCOCCOCCOCOCOCOCCCec . o . o0 o o . . o)) )

%cons [0.73 1.00 0.98 0.92 0.96 0.99 0.50 1.00 1.00 0.89 0.99 1.00 0.73 1.00 1.00 0.94 1.00 0.98 0.69 0.99 1.00 0.96 1.00 0.99 1.00 1.00 1.00 0.73 1.00 1.00 1.00 0.93 1.00 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 1.00

AA o [ Mle | tew | ser | Pro | tew | Thr | tys | Gy | e | tew | Gy | Phe | val | Phe
codon| i @i i @i @i i @ @ i i @@ i @i @i i @ W i 0 @i i i @i i @ @ i i W i i @i i @i @ i @ W i i i i i i
nt |149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192
A 08479135 7 3 0 5 1 19100 2 8 0 0 19912 1 9 914912172 0 0 13782 0 3 0 0 617 1 054 0 0 3 17 1 174 1 1 0
G (06 1 00 1 2981 04 0 1 0 0 0831 0 2 0 3 74291491476521 0 64 0 1 297914915311 2 0 1 88 0 714 0 0 0O
C 914 2 1 1 858790 0 0 2 914 0 899911 3 887 1 O 090958 1 0 0 0 1 2 O 0 323 0 0 0 O 6 6 0 79 0 0 &6 0 0 788
U [1 6 090950121913 1 911 0 1 16 1 90427913 3 1 4 850 0 1 1 0 10 0 915814878914 0 0 0 23 907915832 0 914 21 914 914 125
se [y o)y )y O CCC o o o o)) ) )y )y )y )y )

%cons [1.00 0.93 1.00 0.99 0.94 0.86 1.00 0.99 1.00 1.00 0.99 0.98 1.00 0.99 0.97 1.00 0.98 1.00 0.99 0.92 1.00 1.00 0.81 1.00 1.00 0.84 0.98 1.00 0.89 0.96 1.00 0.68 1.00 1.00 0.63 0.99 1.00 0.91 0.98 1.00 0.78 1.00 1.00 0.86

FIGURE 9. RNAalifold predicted secondary structure for fragment of 5 predicted secondary structure region from the RNAz and the SSCU
alignments of segment 7 (+)RNA. Figure annotations and base pair counts are as described in Figure 5. The predicted free energy of folding,
AG3;,° (Mathews et al. 2004), for the consensus sequence is —30.0 kcal/mol.

2010) was used to scan the entire segment 7 (+)RNA coding  (Fig. 10, bottom). Additional base pairs were manually added
sequence from genome set 755298. A potential pseudoknot  in the loop regions between nucleotides 690 and 701. As an
structure was identified that incorporates the 3’ splice site  alternative folding, RNAalifold calculations on alignments
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FIGURE 10. Secondary structures predicted for a fragment of the 3’ region of segment 7 (+)RNA. The top structure is for the hairpin predicted
by RNAalifold on the SSCU alignment, while the alternative pseudoknot conformation is shown below. Figure annotations and base pair counts
are as described in Figure 5. The predicted free energy of folding, AG;,° (Mathews et al. 2004), for the consensus hairpin is —14.3 kcal/mol.
Predicted free energies for the pseudoknot were calculated as —7 (DP) or —4 (CC) kcal/mol, depending on the parameters used (Dirks and Pierce
2003; Cao and Chen 2006). A slipped helix with G691-C700 and A692-U699 pairs results in a more favorable predicted free energy range of
—12 (DP) to —9 (CC), but less favorable percentage of canonical pairing of 79.4% and 89.2%, respectively, for these base pairs.

from this region generated a consensus hairpin where two 10). Predicted free energies for the pseudoknot range from
additional conserved base pairs could be manually added at ~ —7 to —4 kcal/mol at 37°C, using parameters from Dirks
positions 720-729 and 721-728 (Fig. 10, top). Dynalign and Pierce (2003) and Cao and Chen (2006), respectively. If
(Mathews and Turner 2002) calculations of the two most  the bulged C700 is slipped to pair with G691 and an A692—
distant sequences also predict the hairpin with a predicted =~ U699 pair forms, then the predicted free energies range from
free energy of —14.3 kcal/mol at 37°C. The pseudoknot has  —12 to —9 kcal/mol at 37°C using parameters from
slightly higher pair conservation than the hairpin (97.2% vs. Dirks and Pierce (2003) and Cao and Chen (2006), re-
95.3%, respectively) and has more consistent mutations (Fig. ~ spectively. This pairing scheme, however, reduces the pair
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conservation to 79.4% and 89.2%, respectively, for these two
base pairs. Co-transcriptional folding would be expected to
generate preferentially the pseudoknot.

DotKnot (Sperschneider and Datta 2010) was also used
to scan the whole segment 2 (+)RNA sequence from
genome set 755298. Three potential pseudoknot folds are
predicted for the region encompassing positions 65-121.
All three models incorporate the start codon of the PB1-F2
OREF into a helix with base-pair conservation of 98.0% (Fig.
11, nucleotides 93-98 and 116-121). The other helix of the
pseudoknot is formed by bases upstream of and down-
stream from the PB1-F2 start codon. The most conserved
helix predicted is shown in Figure 11. The other possibil-
ities are represented by the blue-shaded nucleotides, which
can base-pair with the red-shaded nucleotides to form two
alternative helices. Predicted free energies for the most
conserved pseudoknot range from —14 kcal/mol (Dirks
and Pierce 2003) to —8 kcal/mol (Cao and Chen 2009) at
37°C. Interestingly, the nucleotides at positions 66 and 105
always form canonical or CA pairs (Fig. 11).

To determine if structurally distinct subsets of sequences
exist for Figures 8—11, an UPGMA analysis was conducted
as described for segment 8. No obvious pattern for these
structures was detected between the different sequence
clusters.

Base-pair and codon conservation in secondary
structure models

Table 3 summarizes the average base-pair composition of
the structures in Figures 5-6 and 8—11. When noncanonical
pairing is observed, it is predominantly AC followed by AG.
Occurrence of AA, UU, GG, and CC is almost always <1%.
The one apparent exception is the 5’ tetraloop model for
segment 8 (Fig. 6), but virtually all of the noncanonical
pairs are confined to the cluster a sequences, which better
support the multi-branch loop structure rather than the
tetraloop structure. If cluster a sequences are eliminated
from the tetraloop percentages, then the pattern for non-
canonical pairing follows the average pattern.

In Table 4, nucleotide conservation is analyzed in the
context of codon position between predicted double-
stranded and single-stranded regions. On average, the
predicted double-stranded regions are more constrained
at all three codon positions. This is statistically significant
for the second and third codon positions (statistical
P-values of 0.05). The only cases in which predicted single-
stranded regions are significantly more constrained than pre-
dicted double-stranded regions are for the 3" HP/PK model
structures in segments 7 and 8. In segment 8 this occurs
mainly where a nucleotide is predicted to be single-stranded
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FIGURE 11. DotKnot (Sperschneider and Datta 2010) secondary structure model for 5" region 65-126 from segment 2 of genome set 755298.
Other predictions by DotKnot for this region are represented by blue shaded nucleotides, which can base-pair with the red shaded nucleotides to
form two alternate 5’ helices leaving nucleotides 65-80 unpaired. Base pair counts from an alignment of all unique segment 2 sequences are
shown to the right. The nucleotides boxed in orange in the 3" pseudoknot helix are the start codon for the internal ORF for the PB1-F2 product.
This OREF is shifted +1 compared to the PB1 coding region. Figure annotations and base pair counts are as described in Figure 5. Predicted free
energies for the pseudoknot were calculated as —14 (DP) or —8 (CC) kcal/mol, depending on the parameters used (Dirks and Pierce 2003; Cao

and Chen 2009).
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TABLE 3. Average base-pair percentage across model structures

Structure® GC/CG AU/UA GU/UG AG/AG AC/CA uC/CU AA uu GG CC
SEG8 5" MBL  48.3 (40.5) 24.5(31.00 109 (16.3) 5.8(4.8) 3.2(700 0.4(0.1) 09(0.1) 0.1(0.1) 0.6(0.00 0.0(0.0)
SEG8 5" TL 46.4 (50.8) 20.0 (38.6) 14.7 (9.5) 1.5(0.3) 6.2(0.8 89(0.0 23(0.00 1.2(0.1) 0.1(0.0) 0.3(0.0)
SEG8 3" HP 32.7 36.1 23.9 0.5 4.0 1.2 0.9 0.5 0.1 0.1
SEG8 3" PK 43.4 29.8 22.2 1.2 1.6 1.5 0.1 0.2 0.0 0.1
SEG7 5" MBL  36.7 35.2 22.6 1.0 2.3 1.3 0.1 0.4 0.2 0.1
SEG7 3" HP 30.4 46.6 14.1 0.6 7.7 0.3 0.1 0.2 0.0 0.0
SEG7 3" PK 39.2 44.2 12.4 1.2 2.5 0.2 0.1 0.1 0.1 0.1
SEG2 PK 56.4 32.1 2.0 1.3 5.3 1.4 0.7 1.3 0.2 0.0
Average 40.6 (40.2) 33.5(36.7) 15.8(15.8) 2.1(1.9 4543) 1.8(0.6) 0.6(0.2) 0.4(0.3) 0.2(0.1) 0.1(0.1)
StdDev 6.9 (7.0) 9.1 (6.2) 6.6 (6.7) 2220 26(3.0 29(0.6) 08(0.3) 04(0.2) 0.2(0.1) 0.1(0.1)

Values in parentheses represent average base-pair conservation for cluster b sequences.
*MBL represents the structures with multi-branch loops (Figs. 5, 9). TL represents the tetraloop structure in Figure 6. HP represents the hairpin
structures in Figures 8 and 10. PK represents the pseudoknot structures in Figures 8, 10, and 11.

in one structure and double-stranded in the other. Many
positions where consistent and compensatory mutations
are observed show lower conservation than average. When
compared to the amino acid sequence, almost all of these
changes maintain the coding potential of protein sequence
and predicted RNA secondary structure. For example, there
are several third codon positions that have fourfold de-
generacy, yet observed mutations are usually restricted to
two nucleotides that preserve predicted base-pairing (Figs.
5, 6, 8-11).

DISCUSSION

The bioinformatics analysis of influenza coding regions pro-
vides evidence for many areas with potentially conserved RNA
secondary structure and supports previous SSCU studies of
influenza A (Gog et al. 2007). With the exception of segment
3, Z-scores are negative in both strand orientations across the
eight coding regions. Results for the coding regions predict
more conservation of RNA secondary structure in the
(+)RNA over the (—)RNA. No predicted structured region
strongly favors the (—)RNA (Table 2). This is a reasonable
result as the influenza (—)RNA is tightly
associated with multiple copies of the NP
protein to form viral ribonucleoproteins
(VRNPs) that are packaged into viral

RNAstrand predictions for the remaining nine are ambig-
uous (Table 2). These ambiguous regions occur mainly
where RNAz predicts structure solely in the (—)RNA, but
RNAstrand predicts strand bias toward the (—)RNA with
extremely low probability.

Additional evidence for the predicted structured regions
comes from the observed overlap of RNAz predictions with
areas of strong SSCU and with biologically significant
sections of influenza RNA. In all but segments 2 and 3 (Figs.
3, 4), areas with high SSCU overlapped regions with pre-
dicted conserved RNA secondary structure. The constraint
on synonymous codon site variation may be a manifestation
of the preservation of RNA secondary structure (Simmonds
and Smith 1999; Pedersen et al. 2004; Tuplin et al. 2004).
This is supported by the observed constraint on double-
stranded versus single-stranded RNA at third codon posi-
tions (Table 4).

Especially compelling are the instances in which pre-
dictions of conserved RNA secondary structures overlap
with both SSCU and with known biologically important
regions. In segment 8, there are two regions where the
predicted conserved secondary structure overlaps with sites

TABLE 4. Percent nucleotide conservation by codon position and RNA secondary structure

particles. NP protein binding melts RNA  strycture i (ssRNA) i (dsRNA) i (ssRNA) i (dsRNA) i (ssRNA) iii (dsRNA)
secondary structure (Baudin et al. 1994).
Except for interactions between the SEG8 5" MBL 81.4 93.4 85.6 96.0 65.2 82.3
X . SEG8 5’ TL 89.4 96.4 93.7 96.9 77.5 83.2
(—)RNA UTRs, which are important for  gpGg 3 Hp 97,6 95.3 86.4 97.0 91.7 90.3
associating with viral polymerase (Fodor ~ SEG8 3’ PK 97.0 96.4 99.4 98.1 79.0 88.5
et al. 1994), it is unlikely that most of the SEG7 5’ MBL 88.0 98.3 87.0 99.8 82.4 85.2
(—)RNA possesses extensive conserved ~ SEG7 3" HP 96.3 99.0 99.3 99.6 86.0 80.5
secondary structure in the areas analo- SEG7 3’ PK 98.0 95.5 99.5 98.0 79.0 88.5
R R SEG2 PK 99.7 99.8 99.9 99.8 80.3 84.7
gous to the (+)RNA coding region. Average 93.4 96.8 93.8 98.1 80.1 85.4
Of the 20 structured regions pre- StdDev 6.4 22 6.5 1.5 7.6 3.4
dicted in influenza RNA, 11 are clearly . . -
Codon positions are indicated by lowercase roman numerals i, ii, and iii.

predicted to be in the (+)RNA, while
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of SSCU and with viral splice sites (Fig. 1). Others have also
described structured RNA elements within these regions of
predicted conserved secondary structure (Gultyaev et al.
2007; Ilyinskii et al. 2009). Using the RNAz alignment,
RNAalifold predicted a multi-branch loop for the 5’ region
of segment 8 (Fig. 5) that is similar to the one proposed
previously (Ilyinskii et al. 2009). Additionally, a tetraloop
structure was predicted using the SSCU alignment. This
structure is not as well supported by all unique sequences for
this area. However, the cluster b sequences support this
structure quite well, raising the possibility that some strains
may adopt a tetraloop structure in this region. Perhaps the
RNAalifold calculation revealed the tetraloop structure be-
cause the SSCU alignment was biased toward cluster b strains.
A recent review article also suggests a tetraloop structure as
an alternative fold for clade B influenza strains (Gultyaev
et al. 2010). It is likely that the cluster b described in this
study corresponds to clade B influenza phylogeny (Kawaoka
et al. 1998; Basler et al. 2001). In vitro folding of represen-
tative cluster a and b sequences have distinct migration on
native gels, thus supporting the prediction that these groups
adopt different conformations in nature (Fig. 7).
Interestingly, a reported mutant (NSImut3841) to the
5" region of segment 8 was shown to inhibit NS1 protein
expression (Ilyinskii et al. 2009). It was proposed that this
inhibition occurred due to disruption of RNA secondary

structure. The expanded sequence data set, however, pro-
vides an alternative possibility. A nucleotide count on an
alignment of all unique sequences for this region shows that
four of the five substitutions in NS1mut3841 occur naturally
(Fig. 12). Alignment position 122, however, is never ob-
served to mutate naturally to the C residue in NS1mut3841.
This apparently critical position is predicted to be single-
stranded in both structural models (Figs. 5, 6). Therefore, it
is less likely that RNA secondary structure is responsible for
the inhibition of protein production.

An alternative explanation for the observed inhibition of
protein expression is in the mutant amino acid sequence.
The mutations in NSImut3841 lead to a protein product
with two new alanine residues (only one of which is observed
in the alignment of all unique wild-type sequences) (Fig. 12).
These alanines are separated by two intervening residues
(AXXA). Previous studies have found that AXXA is able to
substitute for RXXL in the destruction box motif (Yamano
et al. 1996) and signal the cell’s proteolytic machinery to
degrade the protein product. The reported effect of the
NS1mut3841 mutation (Ilyinskii et al. 2009) may be due to
AXXA marked protein destruction in the eukaryotic 293
human embryo kidney cell (HEK) expression system used.

Near the 3’ splice site of segment 8, Gultyaev et al. (2007)
described an RNA secondary structure in equilibrium
between a hairpin and pseudoknot. RNAalifold calculations

Pos. | 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125
AA D | R | L I R R | D | Q | K |
|6 A € ¢ 6 6 € U U c 6 € ¢C G A G A U C A G A A G U
HPStr. | ( ( ( . ( ( ( ( ( . ) ) ) . ) ) ) ) )
MLstr. | ( . ( ( ( ( ( . . . ) ) ) ) ) ( ( ( . . . . . ) ) )
Positonl| 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
A |0 97 o0 137 0o 10 2 0 12 8 4 9% 131 1 81 1 942 2 4 933 309 942 819 171 1 0
G |92 2 2 0 91 86 4 1 10 0 98 16 2 91 8 98 1 0 0 8 69 0 124 772 115 1
c | o 1 43 84 o0 3 910 1 262 84 1 80 89 1 1 2 0 158 939 o0 2 1 [ o 3 o
U |1 3 48 1 2 4 7 o940 69 5 0 21 1 0 14 1 0 783 0 1 3 0 0 0 84 0
A 1 0 0 0 1 0 0 [o]

c 0 0 0 4 0 0 0 0

D 936 0 0 0 0 935 0 0

E 0 0 0 0 0 2 0 0

F 0 0 5 0 0 0 0 0

G 2 0 0 0 1 1 0 0

H 0 0 0 2 0 2 4 0

I 0 0 2 0 0 0 0 0

K 0 0 0 2 1 0 4 819

L 0 0 909 0 0 0 1 0

M 0 2 0 0 0 0 0 0

N 0 0 0 0 0 1 0 0

P 0 0 1 0 0 0 0 0

Q 0 0 0 0 0 0 925 0

R 0 939 1 932 939 0 8 124

s 0 0 0 3 0 0 0 0

v 3 0 4 0 0 0 0 0

w 0 1 0 0 0 0 0 0

Y 1 0 0 0 0 1 0 0

FIGURE 12. Segment 8 sequence from nucleotides 100-125 compared to amino acid coding for region with mutations reported by Ilyinskii et al.
(2009). The top row has the alignment positions. Below are given the consensus amino acid sequence and primary nucleotide sequence. Position
102 is a C to represent the consensus sequence for this region, but a U is used at this position in Figure 5 to more accurately represent the
canonical pairing in the structural model. Natural occurrences of the NSImut3841 mutations made by Ilyinskii et al. (2009) are underlined, while

the mutations never observed naturally are boxed.
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on this fragment also predict the hairpin (Fig. 8). As verified
by native gel electrophoresis, Gultyaev et al. (2007) demon-
strated that more evolutionarily recent sequences of H5N1
influenza A favor the hairpin over the pseudoknot. This is
consistent with free energy predictions for the hairpin
(—18.9 kcal/mol) versus the pseudoknot (—9 kcal/mol). How-
ever, nucleotides 493 and 496498 at the bottom of the
hairpin model (Fig. 8, top) exhibit lower conservation than
the rest of the structure and are predicted to be single-
stranded in the pseudoknot (Fig. 8, bottom). Thus, it appears
that some mutations in these sequences favor the pseudoknot.
However, the UPGMA clustering in this analysis did not
reveal any clear pattern for sequences that prefer one structure
over the other.

The proximity of the predicted structured region shown
in Figures 5 and 6 to the 5’ splice site, coupled with the
structured region at the 3’ splice site in Figure 8, suggests
that these structures may be involved in segment 8 splicing.
Others have noted that RNA secondary structure may play
an important role in splicing of influenza virus segment 8
(Plotch and Krug 1986; Nemeroff et al. 1992). Interestingly,
segment 7 RNA displays a similar pattern of predicted
secondary structure surrounding the 5 and 3’ splice sites
(Figs. 9, 10). Both structures have similar sizes and spacing
in relation to the 5" and 3’ splice sites as their segment 8
counterparts. The 3’ splice sites contain a putative hairpin
with a possible alternative pseudoknot conformation in both
segments 7 and 8. The putative structures at the 5’ and 3’
splice sites in segments 7 and 8 suggest experiments to test the
proposed structural models.

Segment 2 provides another correspondence between a
predicted structured region and a known feature of influenza
RNA. The predicted structured region at 51-170 (Fig. 4) has
moderate SSCU and includes the start site of the internal
OREF for PB1-F2, a small protein product thought to increase
virulence through a pro-apoptotic mechanism (Chen et al.
2001; Gibbs et al. 2003; Chanturiya et al. 2004; Zamarin et al.
2005, 2006). DotKnot predicts a pseudoknot in this region
that encompasses the PB1-F2 start codon in a 3" helix that
displays 98.0% base-pair conservation and consistent muta-
tions. Other possibilities predicted by DotKnot for the 5’
helix are described in the Figure 11 caption. AC is the most
common noncanonical pair at position 66-105, which is
intriguing. In fact, AC is the most common noncanonical
pair for almost all structural models (Table 3).

There are many examples where noncanonical base pairs
play important roles in RNA secondary structure (Nagaswamy
et al. 2002). In particular, AC pairs can induce little per-
turbation to the A-form helix and can play a role in protein
recognition (Jang et al. 1998; Lima et al. 2002). AC is the
only noncanonical base pair that can preserve a canonical
C1'-Cl’ distance in the helix. This has been observed
primarily when the N1 position of the adenosine is pro-
tonated (Leontis et al. 2002), but recent NMR spectra reveal
an almost identical C1’—C1’ distance even in the absence of
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protonation (Y Lerman, SD Kennedy, N Shankar, M Parisien,
F Major, and DH Turner, unpubl.). In segment 2, nucleotides
at positions 99-101 and 113-115 (Fig. 11) offer the possibility
of two additional AC base pairs capped with a sheared
purine—purine base pair, similar to the motif found in
helix 8 of the signal recognition particle RNA (Ataide et al.
2011), which would maintain helicity between the pre-
dicted pseudoknot helixes.

Another interesting possibility for this pseudoknot (Fig. 11)
is suggested by the sequences at positions 89-92 and 122-126,
which are identical to the Tetrahymena thermophila group I
ribozyme sequences that facilitate a 180° turn in the 3D
structure (Cate et al. 1996; Guo et al. 2004). Thus, it is possible
that a similar turn orients the helix between nucleotides 75
and 87. The mechanism for expression of PB1-F2 product is
not definitively known but is presumed to occur via ribosomal
scanning (Chen et al. 2001). RNA structure in this region may
facilitate the initiation of translation at the PB1-F2 ORF as
seen in other viruses with expressed internal ORFs (Ryabova
and Hohn 2000; Pooggin et al. 2006).

There are three instances in which predicted structured
regions overlap with strong SSCU but do not correspond to
known annotations: at the 5’ and 3’ ends of segments 5
(Fig. 2) and in the 3’ end of segments 3 and 1 (Figs. 3 and
4, respectively). These are intriguing regions of the in-
fluenza (+)RNA. There is apparent conserved structure that
may be constraining codon variation within regions with
no current annotation. These predictions suggest RNA
structures with novel function in the influenza virus.

The remaining regions with predicted conserved structure
do not overlap with strong SSCU or current annotations.
These may be false positives, or the RNA structure conser-
vation may not be constraining enough to have noticeable
SSCU.

There are also two regions where strong SSCU does not
overlap with predicted structural regions: positions 500-800
in segment 3 and toward the 3’ end of segment 2 (Figs. 3, 4).
These constrained sites may be due to other factors acting on
the evolution of the sequence (e.g., RNA—protein interac-
tions), or they could be due to RNA structure not predicted
by RNAz. Long-range base pairs would be missed in the
structure prediction, which divides sequences into windows.

Although only a subset of sequences was used for SSCU
studies and secondary structure predictions, structural models
are supported by sequence data from all unique sequences for
each region. Examining the conservation of each codon
position in the context of the proposed secondary structure
models adds additional support. Due to the constraint to
maintain amino acid coding potential, few compensatory
mutations were observed. However, Table 4 shows that when
all unique sequences are considered for each structured
region, predicted double-stranded nucleotides are more con-
strained than predicted single-stranded nucleotides. When
nucleotides did vary more than average, it was at tolerant
codon positions that preserve the amino acid identity and
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often resulted in consistent and compensatory mutations
in the structural model (Figs. 5, 6, 8—11). This conserva-
tion recapitulates the global SSCU findings and favors
RNA secondary structure as the source of the suppression.

This analysis paves the way for a focused approach to
experimental secondary structure determination in influenza
A virus. Most importantly, the secondary structures pre-
dicted here surround previously defined functional annota-
tions, therefore maximizing the possibility that they are
functionally important.
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