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A very conserved pseudoknot structure 
has been shown to fold in influenza 

virus RNA. The pseudoknot encompasses 
the 3' splice site of segment 8 RNA in both 
influenza A and B viruses. By sequence 
comparison of influenza virus strains, we 
derive a consensus motif that defines a 
novel RNA pseudoknot family. The ori-
entation of the coaxially stacked stems 
in the influenza pseudoknot differs from 
that in classical H-pseudoknots. Apart 
from the size of the loops, the topology 
of the influenza pseudoknot resembles 
that of some long-range pseudoknotted 
conformations. A seed alignment of the 
influenza pseudoknot family, containing 
representative strain sequences together 
with a consensus structure description, 
has been submitted to the RNA families 
(Rfam) database.

Introduction

Many functional RNA motifs are formed 
by RNA pseudoknot structures, in partic-
ular, in viral RNA molecules.1 Recently, a 
pseudoknot structure has been suggested 
to fold close to the intron/exon boundaries 
of segment 8 (or NS segment, coding for 
nonstructural proteins) RNAs from influ-
enza A and B viruses.2 These pseudoknots 
are very similar in the two types of influ-
enza viruses (Fig. 1), despite considerable 
differences between the sequences of these 
homologous segments in influenza A and 
B genomes.3,4 The influenza pseudoknot 
contains only two stems and thus belongs 
to the so-called H-type, although the ori-
entation of the two stems differs from the 
most widespread “classical” H-pseudoknot 
orientation.5,6 While in the classical con-
figuration each of the pseudoknot loops 

bridges the ends of one of the stems, one 
of the loops in the influenza pseudoknot 
bridges the ends of a quasi-continuous 
helix formed by coaxial stacking of the 
two stems (Fig. 1).

Using comprehensive comparisons of 
influenza pseudoknot sequences from all 
phylogenetic lineages, accompanied by 
comparisons with other RNA pseudo-
knot folds, we show here that the influ-
enza virus pseudoknots define a family 
of novel structures with a characteristic 
consensus base-pairing configuration and 
sequence.

Results

Thousands of NS segment sequences from 
different influenza strains are known 
nowadays.7 Sequence comparison shows 
that most of the diversity in the pseudo-
knot regions is determined by differences 
between influenza A and B viruses and 
between two main clades (sometimes 
called “alleles”) of influenza A NS seg-
ments, clade A and clade B.2 This diversity 
is associated with nucleotide covariations 
in the upper stem of the pseudoknot (Fig. 
1). The U.G base pair at the pseudoknot 
junction, mostly observed in clade A seg-
ments of influenza A viruses, is mutated to 
G.A in clade B, suggesting a non-canonical 
interaction. Two covariations at other posi-
tions of this stem are also observed between 
influenza A and B strains. The lower 
stems of the pseudoknots have remark-
ably conserved paired sequences GAGGA/
UCCUC, despite their slightly different 
location in relation to the 3'ends of introns 
that are present in both virus types and 
determine the alternative splicing with two 
encoded proteins, NS1 and NS2.8
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Clade A of influenza A viruses can be 
subdivided into 8 lineages with obvious 
host and/or geographic attributes (Fig. 
3).9,10 One representative strain was selected 
from each of these lineages but one. A group 
of equine strains (A/equine/Prague/1956-
like) was excluded, because these sequences 
contained a mutation (substitution of gua-
nine by adenine at position 562 in the full-
length genome segment) disrupting the 
second base pair in the upper stem, prob-
ably making the pseudoknot conformation 
less likely than an alternative hairpin fold. 
Such a conformational transition was also 
suggested to occur in currently dominant 
H5N1 strains because of a unique C563 
substitution at the neighboring position.2 
Thus, a different representative from the 
H5N1-containing lineage (Eurasian avian 
strains) was selected.

Influenza A clade B sequences, found 
only in avian strains, can be subdivided 
into two major lineages, North American 
and Eurasian, with further minor diver-
gence in more recent isolates as compared 
to the older strains.11 Four sequences were 
selected: two from North American clus-
ter and two from Eurasian one.

Four influenza B representatives were 
selected, following the main clustering of 
the NS-genes (Fig. 3).12 Because represen-
tatives from two of the main four groups 
of influenza B have identical pseudoknot 
sequences, no representative from one of 
them was taken. Instead, a sequence of the 
pseudoknot from the oldest known isolate 
(B/Lee/40), with two unique substitu-
tions in the pseudoknot loop, was added 
to the alignment.

The sequences of the representative 
strains in the Stockholm alignment (Fig. 
2) define the consensus of the pseudoknot 
motif in both influenza A and B viruses, 
with similar stem/loop topology and con-
served sequence GAGGA…UCCUC in 
the “bottom” stem. It should be noted, 
however, that the strong conservation of 
this sequence may be, at least partially, 
determined by a strong pressure to preserve 
amino acid sequences of NS1 and/or NS2 
proteins in the overlapping reading frames.

Discussion

An interesting aspect of the influenza 
pseudoknot is the unusual orientation 

sequence/structure alignment in the so-
called Stockholm format, that may serve 
as a general description of the conserved 
base pairs and structural motif.

In order to elucidate consensus features 
of the pseudoknot motif, in the construc-
tion of the Stockholm alignment (see Suppl. 
Material) we aimed to cover the diversity 
of pseudoknot sequences in the main phy-
logenetic lineages of NS genes in influenza 
virus strains9-12 (Fig. 3), while excluding 
strains where a conformational shift from 
the pseudoknot to an alternative structure 
could occur.2 The selection of representa-
tive strains from the lineages (Table 1) was 
assisted by analysis of alignments in order 
to maximize sequence diversity.

The lengths of the influenza pseudo-
knot stems and loops are very conserved, 
making the construction of an alignment 
of structures from both A and B viruses 
(Fig. 2) rather straightforward. There is 
only one gap in the sequence/structure 
alignment: insertion of a nucleotide in 
the loop of influenza B pseudoknot as 
compared to that of influenza A. Note, 
however, that this difference seems to be 
a result of “sliding” of the 5'-proximal part 
of the stem along the homologous posi-
tions rather than of an insertion or dele-
tion of a single nucleotide which would 
create a shift of reading frame in the 
unspliced NS1 mRNA. In this way, it is 
possible to construct a consistent RNA 

Figure 1. Examples of conserved pseudoknot structures in segment 8 mRNAs of influenza virus 
strains.2 The arrows indicate the 3' splice sites. The location of the pseudoknot region in the 
influenza A segment 8 is also shown in relation to the NS1 and NS2 coding regions. The nucle-
otide numbering corresponds to the complete lengths of genome segments. The orientation 
of stems in the influenza pseudoknot is compared schematically with that in common classical 
H-pseudoknot.5,6
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of the two pseudoknotted stems (Fig. 
1). It corresponds to one of the three 
stem stacking topologies proposed for 
the so-called H-type (hairpin) pseudo-
knots.5,6,13,14 Due to the handedness of 
the RNA double helix and polarity of 
the polynucleotide chain, different ori-
entations of coaxially stacked stems in 
pseudoknots define different stereo-
chemical locations of the loops bridging 
the stem ends. The stem configuration 
in the influenza pseudoknot differs from 
the most widespread orientation of clas-
sical H-pseudoknot.

In the classical H-pseudoknot (Fig. 
1), the loop bridging the ends of the 
“upper” stem crosses the deep groove and 
the other loop spans the shallow groove 
of the “lower” stem.15,16 In the suggested 
influenza pseudoknot, the first pseudo-
knot loop should span both stems. The 
3D-modeling of such a configuration6,13,14 
suggests that this loop does not cross any 
groove, while the second loop should cross 
the deep groove of the upper stem. To 
the best of our knowledge, the pseudo-
knot loops in similar orientation have 
been observed only in structural context 
of long-range tertiary interactions, e.g., in 
various ribozymes13,17-20 and in long-range 
pseudoknot in bacteriphage Qβ RNA.21 In Figure 3. Phylogenetic relationships between the main lineages of NS genes in influenza A and B 

viruses.9-12

Figure 2. The Stockholm sequence/structure alignment of pseudoknots from representative strains. The full strain names are given in Table 1. The 
base-pairing is indicated with combinations of brackets, <<<…>>>, and capital/lower case characters, AAA…aaa. Sequences conserved in all repre-
sentatives are shown in bold type.
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pseudoknot should not make any differ-
ence in the constraints for this type of 
loop:13 for instance, a single nucleotide 
in the loop can span the P11 stem in the 
group I intron pseudoknot as well (Fig. 4). 
Therefore, the loop of 12–13 nucleotides 
in the influenza pseudoknots (Figs. 1 and 
4), with relatively long polynucleotide 
chain spanning a short distance, may have 
a loose structure or be involved in other 
interactions. For instance, a topologically 
similar loop of 11 nucleotides in the glmS 
ribozyme pseudoknot interacts with the 
other loop of the pseudoknot, resulting in a 
complex double pseudoknot structure.19,20

Thus the pseudoknot structures, folded 
in the NS segments of influenza A and B 
viral genomes, can be classified as a sepa-
rate family of conserved RNA motifs. 
Their function is yet to be elucidated. The 
close proximity to splicing sites (Fig. 1) 
suggests their probable involvement in the 
regulation of RNA processing, but other 
roles cannot be excluded.

The Stockholm alignment, shown in 
Figure 2, can be used as a seed align-
ment in the search of other sequences 
satisfying this motif, using the proce-
dures of the Rfam database.25,26 This 
SEED alignment should be considered 
as an update and revision of the one 
used in building the Rfam family (Rfam 
Accession RF01099) for the influenza A 
pseudoknot, with the addition of influ-
enza B motif and the selection of repre-
sentative pseudoknot-containing virus 
strains. Two representative pseudoknot 
sequences of influenza A and B viruses 
are also submitted to the pseudoknot 
database PseudoBase23,24 (Accessions 
PKB273, PKB274).

Materials and Methods

The genomic sequences of influenza virus 
strains were retrieved from the Influenza 
Virus Resource database.7 The available 
options of this database were also used for 
the selections of sequences from particular 
virus groups and multiple sequence align-
ments. The database of RNA pseudoknots 
Pseudobase,23 with its option to sort pseudo-
knot structures, was used for the statistics 
of loop lengths in classical pseudoknots. 
In the database estimates of the number 
of pseudoknot loops with one nucleotide, 

the suggested influenza pseudoknot the 
upstream paired region is rather close to 
the hairpin, resulting in a relatively short 
loop of only 11 nucleotides.

Although additional interactions of the 
influenza pseudoknot loops with distant 
RNA regions cannot be excluded, these 
loops themselves do not seem to form 
internal secondary structures.2 The loop 
connecting the ends of a putative quasi-
continuous helix of two stems with 11–12 
base pairs in total has to span approxi-
mately one turn of A-form helix and thus 
can be located on one side of RNA duplex 
without wrapping it. Apparently, the loop 
length of 11 nucleotides, as seen in both 
influenza A and B pseudoknots (Fig. 1) 
would not present any restriction here. 
The other loop, crossing the deep groove 
of the top stem, is actually significantly 
longer than what is required to connect 
the ends of the stem with 5–6 base pairs 
across the deep groove. Such a loop can be 
as small as just one nucleotide in a classi-
cal pseudoknot,15,22 and indeed, at least 66 
entries out of 309 pseudoknot structures 
stored in the pseudoknot database23,24 do 
have such a loop. Furthermore, the non-
classical configuration of the influenza 

all these cases, the loop bridging the ends 
of two coaxially stacked stems is relatively 
large and contains one or more structured 
domains (Fig. 4).

For instance, in the so-called P11/P7 
pseudoknot, conserved in the subgroup 
IA1 group I introns,13 the 5'region of the 
pseudoknot loop is folded into a hair-
pin (P6b) which is coaxially stacked on 
the pseudoknot stem P11 (Fig. 4). The 
remaining part of the pseudoknot loop is 
involved in pairing to other regions result-
ing in stems P6a, P6 and P7. Structured 
regions and pseudoknot loop interactions 
with distant RNA regions are also formed 
in other pseudoknots of this kind.17-21 In 
principle, the formation of such long-dis-
tance pseudoknots is equivalent to base-
pairing between 3'-proximal nucleotides 
of hairpin loops with distant upstream 
regions of the RNA.13 In phage Qβ and 
ribozyme pseudoknots, these upstream 
regions are located rather far from the 
hairpins they bind, and are separated by 
the regions involved in the interactions 
elsewhere, so that the highly-ordered 
region connecting the ends of two coaxi-
ally stacked pseudoknotted stems can 
hardly be called a loop. In contrast, in 

Table 1. Representative virus strains selected for the SEED alignment of the influenza RNA 
pseudoknot family

Virus type, clade and strain names Lineage Accession

Influenza A, clade A:

A/Udorn/8/1972 (H3N2) human V01102

A/swine/Iowa/15/1930 (H1N1) classical swine M80965

A/chicken/Brescia/1902 (H7N7) fowl plague L37798

A/budgerigar/Hokkaido/1/1977 (H4N6) Eurasian avian M80942

A/mallard/New York/6750/1978 (H2N2) North American avian M80945

A/equine/Fontainebleau/1979 (H3N8) equine M80953

A/gull/Maryland/704/1977 (H13N6) gull M80959

Influenza A, clade B:

A/duck/Alberta/60/1976 (H12N5) North American J02105

A/chicken/New York/23164-9/2005 (H7N2) North American CY031703

A/chicken/Germany/n/1949 (H10N7) Eurasian CY014675

A/turkey/Italy/1351/2001 (H7N1) Eurasian CY021425

Influenza B:

B/Victoria/02/1987 III CY018761

B/Lee/40 I J02096

B/GL/54 I M19797

B/Argentina/218/97 IV AF100403

The lineages are given according to the published phylogenetic trees.9-12 Influenza A virus sub-
types are indicated in parentheses.
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