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Abstract

Influenza A is a negative-sense RNA virus with an eight-segment genome. Some segments code
for more than one polypeptide product, but how the virus accesses alternate internal open reading
frames (ORFs) is not completely understood. In segment 2, ribosomal scanning produces two
internal ORFs, PB1-F2 and N40. Here, chemical mapping reveals a MgZ* dependent pseudoknot
structure that includes the PB1-F2 and N40 start codons. The results suggest that ribosome
interactions with the pseudoknot may affect the level of translation for PB1-F2 and N40.

Influenza A is a negative-sense RNA virus composed of eight discrete segments. Influenza
infections are predicted to cause 25,000 deaths annually in the United States.! The
possibility of pandemic influenza strains, illustrated by the recent H5N1 and H7N9
outbreaks, makes this virus a public health concern.2:3 While each segment of influenza A
virus codes for a main protein product, segments 2, 3, 7, and 8 also code, respectively, for
additional polypeptide products by ribosomal scanning, ribosomal frame shifting, and, for 7
and 8, alternative splicing.*~’ Segment 2 (PB1) codes for the alternative polypeptide
products PB1-F2 and N40, the former acting as a pro-apoptotic factor and the latter of
unknown function.8:2 While ribosomal scanning past the main PB1 start codon is
responsible for accessing the internal PB1-F2 and N40 open reading frames (ORFs), there
may be other factors that control initiation at the proper start codon.

RNA secondary structure is a well-known mechanism for facilitating non-canonical
translation. For example, frameshifting pseudoknots and internal ribosome entry sites
(IRES) represent structured RNA domains that provide alternative ORFs by causing,
respectively, the translating ribosome to “slip” backwards or bypass standard cap dependent
translation initiation by serving as an internal ribosome binding domain.10-11 To search for
potential secondary structures containing the start codons for PB1-F2 and N40, a consensus
sequence was derived for the local region. When the program, DotKnot,12 was used to scan
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the consensus sequence, a conserved pseudoknot was predicted. Base pairing frequencies
determined from an alignment of all available unique influenza sequences for this region are
consistent with this folding, but revealed no compensatory changes (see Figure 11 in ref 16).
Computational predictions of pseudoknots in biologically relevant sized sequences without
any chemical mapping or phylogenetic data predicts as few as 5% of pseudoknotted base
pairs correctly.13 Here, chemical mapping in vitro with NMIA, DMS, and CMCT!4 is
shown to be consistent with the possible pseudoknot, and the folding is found to depend on
Mg?2* (Figure 1). As a reminder, NMIA modifies the ribose 2 -OH group of flexible (single-
stranded) nucleotides, DMS modifies the pairing faces of single-stranded A’s and C’s, while
CMCT similarly modifies U’s. All chemical mapping data can be found in the SNRNASM
database (see supplementary Materials & Methods section).

Absence of significant chemical modification at positions 65-69 and 102-106 in the
presence of Mg2* is consistent with a pseudoknotted helix at these positions. Moreover,
when the NMIA data were incorporated into the ShapeKnots program, the model in Figure 1
was predicted to be the most stable conformation. The topology of this pseudoknot is
unusual because the pseudoknotted helices are not coaxially stacked on each other.

An important characteristic of pseudoknots is their dependence on multivalent cations, such
as Mg?*, to stabilize their formation.29 As shown in Figure 1, there are important differences
between chemical reactivity in the presence and absence of Mg2*. In particular, increased
chemical reactivity at positions 69, 86, 101, and 107 in the absence of Mg2* indicates
destabilization of the folded RNA. Approximate initial melting temperatures determined
with UV absorbance were 53 °C and 72 °C in the absence and presence of Mg2",
respectively, and the melting curve in the presence of Mg2* suggests additional transition
above 95 °C (Figure S1). These results further indicate that Mg2* stabilizes the pseudoknot.
No cooperative structural changes were observable at 37 °C, thus indicating that the
structure is completely folded under the conditions used for chemical mapping experiments.

To further investigate the folding of this RNA, two sets of mutant sequences predicted to
disrupt and rescue either of the pseudoknotted helices were synthesized. Chemical mapping
reveals that the sequence in Figure 2A disrupts Helix 1, as demonstrated by increased
chemical reactivity at nucleotides 69 and 103-106 in the presence of Mg2*. Compensatory
mutations to restore Helix 1 provide protection to nucleotides 69 and 103-106, but only in
the presence of Mg2* (Figure 2B). These results are consistent with formation of a
pseudoknot.

The sequence in Figure 2C is predicted to destabilize Helix 2 by reversing the orientation of
nucleotides 93-97. This is confirmed by increased chemical reactivity for nucleotides 116,
117, 119, and 121 in the absence of Mg2* and 119 and 121 in the presence of Mg?*. When
the orientations of nucleotides 115-120 are also reversed to restore base pairing, the
nucleotides of Helix 2 are protected from chemical modification (Figure 2D). The resulting
reactivity pattern in the presence of Mg2* is similar to those shown in Figures 1 and 2B,
consistent with the proposed pseudoknot model.
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Chemical mapping experiments of the native, destabilized, and compensatory mutant
sequences strongly favor formation of a pseudoknot at nucleotides 65-126 of influenza A
segment 2, which contains the PB1-F2 and N40 start sites. The results suggest a structural
role of this pseudoknot in regulating translation initiation and therefore expression of PB1-
F2 and N40. In light of PB1-F2 pro-pathogenic characteristics, this pseudoknot may provide
a target for rational drug design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
DMS Dimethyl sulfate
CMCT 1-cyclohexyl-(2-morpholinoethyl)carbodiimide metho-p-toluene
NMIA N-methylisotoic anhydride
SHAPE Selective 2"-hydroxyl acylation analyzed by primer extension
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Figure 1.
Structural models of the influenza A segment 2 (PB1) 65-126 nucleotide region. To

optimize SP6 polymerase efficiency the identities of nucleotides 63 and 64 (not shown) are
both A’s, however in the wild-type sequence the nucleotides are A and U, respectively. The
structure without Mg?* is predicted with RNA structurel® where strongly reactive
nucleotides were forced to be single-stranded. The structure shown in the presence of Mg2*
is the one most consistent with the model based on sequence comparison.16 This structure is
also predicted by ShapeKnots.17 Predicted free energy at 37 °C for the structure without
Mg?2* is reported at the bottom left.1> Predicted free energies at 37 °C from two pseudoknot
prediction models are reported at the bottom right.18-19 Red boxes indicate the start codons
for PB1-F2 and N40 ORFs, respectively. Colored dots represent strong chemical mapping
hits for the reagent identified in the key. H1: Helix 1, H2: Helix 2.
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Figure2.
Chemical mapping results for four mutant sequences with and without Mg2*. Red

nucleotides indicate predicted destabilizing nucleotide changes and green represents
compensatory changes. Predicted non-pseudoknotted structures were modeled with RNA
structure as in Figure 1. Predicted pseudoknotted structures (B and D with Mg?*) were
previously modeled with ShapeKnots and overlaid with chemical mapping results. (A)
Destabilizing mutant sequence for Helix 1. (B) Compensatory mutant sequence for Helix 1.
(C) Destabilizing mutant sequence for Helix 2. (D) Compensatory mutant sequence for
Helix 2. Other figure annotations are as in Figure 1.
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