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A competition assay for RNA binding by the influenza virus NS1 protein using model
RNAs, U6-45, corresponding to U6 snRNA revealed that deletion of each of the three
bulged-out parts reduced the NS1 protein binding and, in contrast, by deleting all
three of the bulged-out parts, simultaneously, and thus producing a double-stranded
RNA, the binding was recovered. A common feature of target RNAs of the NS1
protein, U6 snRNA, poly(A) and viral RNA, is the stretch of ‘bulged-out’ A residues.
Thus, the NS1 protein was found to recognize either the stretch of ‘bulged-out’
A residues or dsRNA which is also a target of the NS1 protein. Furthermore, a basic
peptide, NS1-2, derived from the helix-2 of the RNA binding site of NS1 protein was
designed and its binding to the U6 snRNA was analysed by using a model RNA for U6
snRNA, U6-34. The NMR signals due to H8/H6 and H1’' of U6-34 were assigned and
their changes upon binding of NS1-2 were analysed. It was indicated that NS1-2
interacts with the residues in the bulge-out region of U6-34. These results suggest
that NS1-2 recognizes the U6 snRNA in a similar manner to NS1 protein.

Key words: gel shift, influenza virus, NMR, NS1 protein, RNA-binding protein,
U6 snRNA.

Abbreviations: dsRNA, double-stranded RNA; PAGE, polyacrylamide gel -electrophoresis; NSI1,
non-structural protein 1; snRNA, small nuclear RNA.

Non-structural protein 1 (NS1) of influenza virus type A,
consisting of 202-237 amino acid residues, is encoded on
the smallest segment, the eighth segment, and forms a
homo-dimer (I-5). The NS1 protein consists of at least two
functional domains: the RNA-binding domain, located on
the N-terminal half, and the effector domain (6).
Between the two domains, an elF4GI-binding domain
was also found (7). The NS1 protein affects several steps
of host translation, including the inhibition of nuclear
export of mature cellular mRNA by binding to the
3’ poly(A) tail (8), and the inhibition of mRNA splicing
by binding to the U6 snRNA and U6atac snRNA (9-11).
The NS1 protein also binds to double-stranded RNA
(dsRNA) (12, 13), which inhibits the antiviral activity
of the IFN-o/B-induced 2'-5'-oligo(A) synthetase/RNase L
pathway (14). Furthermore, the NS1 protein binds to
viral RNAs (15-17) and increases their translation level
in combination with binding to eIF4GI (7). Thus, NS1
protein binding to different kinds of RNA with various
sequences and structures is important for its function.
The solution and crystal structures of an RNA binding
domain of NS1 protein, NS1(1-73), have been reported
(18, 19). The NS1(1-73) consists of the amino acid
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residues 1-73 of the NS1 protein, and forms a dimer
with the same RNA-binding activity as the full-length
protein (5). The NS1(1-73) protein monomer was found
to consist of three o-helices, with no B-sheets (Fig. 1A).
U6 snRNA is one of the members of small nuclear RNAs,
and interacts with U2 and U4 snRNA during the pre-
mRNA splicing reaction (for review, see 20).

Mutagenesis experiments suggested that RNA binding
requires the dimer formation and the arginine residue at
position 38 and the lysine residue at position 41, both of
which are located in the second helix of each monomer,
are the only amino acid residues that are absolutely
required only for RNA binding, but not for the dimeriza-
tion (18). However, the mechanism of the binding of NS1
protein to its RNA targets is still not known.

Figure 2A shows the secondary structure of human
U6 snRNA (21, 22). The NS1 protein-binding site was
reported to be in the range of residues 37-43 and 88-95
including the 5 bulge-out residues by Qin, Y. et al. (10).
This region was shown to include a stem structure by
Harada et al (21) as shown in Fig. 2A whereas Rinke
et al. (22) showed that the region forms an internal loop
structure.

In the present study, to analyse the RNA binding
properties of the NS1 protein, the affinity of its RNA
binding domain to model RNAs, U6-45 corresponding to
the U6 snRNA (Fig. 2B), was analysed by a competitive
gel shift assay in vitro. Our results indicate that the NS1
protein recognizes either the stretch of ‘bulged-out’ A
residues or dsRNA. Furthermore, we also designed two
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Fig. 1. Amino acid sequence of a protein and peptides used
in this study. Amino acid sequence of the RNA binding domain of
NS1 protein is shown with the position of the three a-helices
indicated by underlines (A). Residues involved in direct RNA
binding, Arg38 and Lys41, are indicated by arrowheads (26). The
mutant peptides were derived from the helices-2 and -3 of the
RNA-binding domain and three hydrophobic residues are replaced
by alanine, indicated by italic font, for each peptide (B).
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Fig. 2. Secondary structures of human U6 snRNA (A) and
model RNAs, U6-45 (B), and U6-34 (C). The NS1 binding site of
human U6 snRNA is indicated by broken lines according to Qin et al.
(10). U645 was designed to include the NS1 binding site. The two
strands were connected with the stable UUCG loop, and the
terminal base pairs were changed to GC pairs to increase the
production yield for in vitro transcription by using the T7 RNA
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peptides derived from NS1 protein; NS1-2 and NS1-3
correspond to the helices -2 and -3, respectively (Fig. 1B).
For each peptide, some hydrophobic residues are replaced
by alanine residues to increase the water solubility. The gel
shift assay using these peptides and a shorter model RNA,
U6-34 (Fig. 2C) indicated that the short peptide NS1-2
possesses the RNA binding activity. It was confirmed by
NMR experiments that NS1-2 binds to the bulge-out
region of U6-34.

MATERIALS AND METHODS

Preparation of the Influenza NS1 Protein and Related
Peptides—The influenza NS1 protein (A/PR/8/34 strain)
was overproduced and fractionated essentially as described
by Young et al. (23), except that the host strain for the
expression plasmid pAS-NS (a gift from Dr S. Nakata) was
Escherichia coli strain N4830-1 (Amersham Pharmacia
Biotech). We added an extra purification step, involving
anion-exchange column chromatography, with a linear
gradient of 50-200 mM NaCl in 40 mM Tris—HCI (pH 8.0).
The purity of NS1 protein was analysed by 15% SDS-PAGE
using Coomassie Brilliant Blue staining. Peptide samples
were purchased from Sawady Technoloty Co. Ltd.
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polymerase. A model RNA, U6-34, includes the NS1 protein binding
site (C). Two strands were also connected with the stable UUCG
loop, and the GU base pair closing the UUCG loop was changed to
a GC pair. These modifications are indicated by italic font. The
residue number is defined for U645, which does not correspond
to that of U6 snRNA for convenience. The secondary structure of
U6-34 reflected the result of the present NMR analysis.
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Preparation of RNA Samples—5'-fluorescein-labelled
U6-45 RNAs were chemically synthesized with a DNA/
RNA synthesizer (Expedite 8909, Perseptive) using
fluorescein phosphoramidite (Glen Research). After
deprotection, the 5'-fluorescein-labelled RNAs were
purified using 20% polyacrylamide gel electrophoresis
(PAGE) under denaturing conditions with 8 M urea, and
extensively desalted by ultrafiltration. Non-labelled
U6-45 and its mutant RNAs were also synthesized by
the same method.

For NMR measurements, U6-34 RNAs were enzyma-
tically synthesized by an in vitro transcription reaction
using T7 RNA polymerase. To improve the resolution of
NMR signals, semi-selective [*3C,'®N] labelling was
introduced to A/U, A, G and C using [U-'3C,'>N]NTPs
(Taiyo Nippon Sanso). The transcripts were purified by
15% PAGE under denaturing conditions with 7M urea,
and extensively desalted by ultrafiltration.

For purified RNA samples were annealed by heating at
95°C for 5min and snap-cooling on ice. The formation of
the hairpin structure for each RNA sample was con-
firmed by PAGE under native condition.

RNase Probing Analyses—For the RNA digestion
reaction, 5'-fluorescein-labelled RNA (0.1 M) was used.
RNA samples were dissolved in 20mM Tris—HCI
(pH 7.8), 5mM MgCly, 100mM NaCl and 1mM dithio-
threitol. The reactions were carried out on ice for
5-15min in the presence of 1, 6 and 0.02 units of
RNase T4, Ty and V;, respectively. The digests were
analysed by 20% PAGE with an acrylamide:bis ratio of
19:1, in 80 mM Tris-borate (pH 8.3), 2mM EDTA and
8 M urea, and a plate size of 200 x 400 mm. Detection and
analysis of RNAs were performed using the gel analysis
system, FLA-2000G (Fuji Photo Film Co., Ltd).

Competitive Gel Shift Assay—The 5'-fluorescein-
labelled RNA was mixed with the NS1 protein in the
presence of various concentration of non-labelled RNA,
and the formation of a labelled RNA-NS1 protein complex
was analysed by PAGE under the native condition. Prior to
PAGE analysis, samples were mixed in binding buffer
containing 5mM Tris-HCI (pH 7.8), 50mM KCI, 8%
glycerol and 1mM dithiothreitol, and were incubated at
4°C for 30 min. The sample concentrations in the binding
buffer were 0.05 uM for labelled RNA, 0.12 uM for the NS1
protein as the monomer and 0-1 pM for non-labelled RNA.
The NS1-protein bound RNAs were separated from the
unbound RNA by 6% PAGE with acrylamide:bis ratio of
59:1, in 20mM Tris—borate (pH 8.3), 0.5 mM EDTA and a
plate size of 100 x 100 mm. The relative amounts of free
and bound RNAs were determined by using the gel
analysis system FLA-2000G.

Gel Shift Assay for Peptides—Prior to gel shift assay
with PAGE, samples were mixed in a binding buffer
containing 30mM sodium phosphate buffer (pH 6.9)
and 50mM NaCl, and incubated at 4°C for 30min.
Concentrations of the samples in the binding buffer were
0.05mM for the RNA and 0-1mM for each peptide. The
peptide-bound RNA was separated from free RNA by
10% PAGE with a condition of acrylamide:bis=19:1,
45mM Tris-borate (pH 8.3), 1mM EDTA. The electro-
phoresis was performed for 90min at 100V/cm with
a plate of 100 x 100 mm under the ambient temperature
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of 4°C. After the electrophoresis, the gels were stained
with Toluidinblau O (Chroma Gesellschaft Schmidt &
Co.) to visualize RNA containing bands.

NMR Measurements—RNA samples in 30 mM sodium
phosphate buffer (pH 6.9) containing 50 mM NaCl were
concentrated to 0.1-0.9mM by ultrafiltration. Peptide
samples were dissolved in 30mM sodium phosphate
buffer (pH 6.9) containing 50 mM NaCl. NMR spectra
were recorded on a DRX-500 or DRX-600 spectrometer
(Bruker) at probe temperatures of 22-32°C. Signals of
the exchangeable protons were assigned by using the 2D
NOESY spectrum measured in HoO with a mixing time
of 250 ms using the jump-and-return scheme. Signals of
non-exchangeable protons were assigned by using the 2D
NOESY and 2D TOCSY spectra with mixing times of 300
and 50 ms, respectively. 2D HCCH-COSY and 2D HCCH-
TOCSY spectra of the labelled samples were used to
assign sugar spin systems (24). H2 protons of adenosine
were assigned using the 2D HCCH-TOCSY and 2D
HSQC spectra of the labelled sample (25).

RESULTS

Design of the Model RNAs and RNA Digestion
Analyses—According to the results of Qin et al., a
model RNA, U6-45, was designed for the present study
(Fig. 2B). In addition to the RNA with the wild-type
sequence, four mutants lacking some or all of the bulge-
out residues were constructed, as shown in Fig. 3; each of
the three bulged-out regions is deleted in M1-M3, and
all of them were deleted in M4. We used fluorescein-
labelled RNA for the competitive gel mobility shift assay.
Combined with the use of the imaging analyzer,
comparable sensitivity is obtained as with the method
using radioisotopes.

The secondary structures of the model RNAs are
analysed by enzymatic probing with RNase 7T;, RNase
T, and RNase V;. The digestion patterns are shown in
the Supplementary Fig. 1 and the results of digestion
analysis are shown in Fig. 3. The UUCG loop region was
digested by RNase 77 and RNase T, equally for each
RNA, indicating the formation of the loop structure.
G7-A10 and A40-A41 in the stem region was digested by
RNase V; equally for each RNA, indicating the formation
of the stem structure. Thus, it was confirmed that each
RNA forms the desired hairpin structure, although some
differences were found around the bulged-out residues.

For U6-45, the stem between the bulged-out residues
was digested weakly by RNase V;, indicating that the
region is flexible. M1 showed a similar digestion pattern
with U6-45, except for the region around G12 and U14.
This region was digested more than that of U6-45 by
RNase Vi, indicating that the stem region became more
stable, due to the removal of the bulged-out residue, A13.
M2 also showed a similar pattern to that of the wild-type
RNA, and again, the stem region was stabilized by the
removal of A17. M3 lacking A31-G33 was cleaved by
RNase T at U14-A17, whereas RNase V; also cleaved
the region, suggesting that M3 still forms a similar stem-
bulge conformation with U6-45 and M1. In contrast, the
analyses indicated that M4 forms a simple hairpin
structure.
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Fig. 3. Results of RNase digestion analysis summarized on
the secondary structures. Filled and open arrows indicate the
sites digested by RNase 7; and T, respectively. Open
characters indicate the sites digested by RNase V;. For all
cases, a larger arrow or character indicates stronger digestion.
The mutation sites are indicated by arrows.
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Binding of NS1 Protein to Model RNAs—To compare
the binding affinities of the model RNAs to the NS1
protein, a competition assay was performed. The results
of the self-competition assay using non-labelled U6—45 as
competitor and fluorescein-labelled U6-45, are shown in
Fig. 4. With the addition of the competitor RNA, the
amount of labelled U6-45 in the complex was decreased,
indicating that the competition works well. In contrast,
with the addition of M1, lacking a bulged-out residue,
the U6-45 complex could be observed even with a high
concentration of the competitor RNA, indicating that M1
has lower affinity to the NS1 protein than U6-45
(Fig. 4B). This was also found for M3, as shown in
Fig. 4D. M2, lacking the single bulged-out residue, also
showed weak inhibition (Fig. 4C). However, M4 competed
as well as U6-45 (Fig. 4E). Clearly, M4 recovers the
NS1 binding affinity and M2 showed weaker binding,
as compared to U6-45 and M4. From the analysis in
Fig. 4, the dissociation constants for U6-45 and M4 to
the NS1 protein were both estimated to be 2 x 1079 M.
The ratio of complex and free-labelled RNAs is summa-
rized in the Supplementary Fig. 2.

Design of Peptide Derived from NS1 Protein and Gel
Shift Assay—The RNA binding domain of NS1 protein
consists of three a-helices as shown in Fig. 1A. Helix-1, -2
and -3 contain 2, 6 and 3 basic amino acid residues,
respectively, and the basic amino acid residues except for
Arg19, located in the helix-1, are exposed to solvent in
the structures of NS1(1-73) (18, 19). Thus, it is expected
that the helix-2 is responsible for the RNA binding. This
is consistent with the fact that Arg38 and Lys41 located
in the helix-2 are involved in direct RNA binding (26).
Accordingly, a peptide, NS1-2, derived from the helix-2
was constructed. The other peptide, NS1-3, derived from
helix-3, was also constructed as a reference. In order to
increase the water solubility, hydrophobic residues
located inside of the NS1 protein were replaced by
alanine residues in the designed peptides as show in
Fig. 1B. Both of helix-2 and -3 are amphiphilic and the
replaced leucine and isoleucine residues are located in
the hydrophobic side of the helices (Supplementary
Fig. 3). Both peptides showed enough water solubility
to be used even for the NMR measurements. None of oH
proton signals were observed in the lower magnetic field
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Fig. 4. Competitive gel shift assay. Each lane contains 0.05 uM
of U6-45. Lanes 2—7 each contain 0.12 uM of NS1 protein. Lanes

2 345 67 2 345 67 2 345 67

3—7 contain 0.05, 0.25, 0.5, 0.75 and 1.0 uM of competitor RNA,
respectively. The competitor RNAs are indicated for each panel.
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than the signal of water (data not shown), suggesting
that two peptides do not form a B strand. The free
peptides might form a random coil structure because no
NOEs indicating the formation of the o-helix were
observed.

A shorter model RNA consisting of 34 nucleotide
residues, U6-34, was designed for NMR measurements
(Fig. 2C). The conformation of the model RNA was
confirmed to be the predicted hairpin structure by PAGE

NS1-2 NS1-3

mllll\l\ll‘

- mul\l\lll‘

1 2 3 4 5 6 7

Fig. 5. Gel shift assay for the RNA-binding ability of
the peptides. RNA samples were analysed by non-denaturing
PAGE. The concentration of RNA was 0.05mM for each lane in
5 ul of the loading buffer. Lane 1 is RNA alone. Lanes 2—4 (5-7)
contain 0.25, 0.5 and 1.0mM of NS1-2 (NS1-3).

Chemical shift (ppm)

Fig. 6. Peptide titration of imino proton spectra of U6-34.
The concentration of U6-34 was 0.1 mM and the molar ratios of
U6-34 and NS1-2 (A) or NS1-3 (B) were indicated for each row.
The signal assignments are shown in the bottom row of (A).
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and NMR analyses as described below. Binding of the
peptides to the model RNA, U6-34, was analysed by the
gel shift assay and the result was shown in Fig. 5. It is
noted that no band corresponding to the dimer duplex
was observed for the free RNA (Lane 1). By adding
NS1-2, the band of U6-34 in the free state was
decreased and the band of U6-34 in the complex was
observed, indicating that NS1-2 binds to U6-34 (Lanes
2-4). The band of the complex was smear due to the
dissociation of the peptide during the run, indicating the
affinity is weak. In contrast, NS1-3 did not bind to
U6-34 (Lanes 5-7). Thus, it is clearly confirmed that the
helix-2 of NS1 protein is responsible for the RNA binding
at least for the U6 snRNA. The free RNA band was still
observed in the lane 2 in Fig. 5, containing 0.05 mM of
RNA and 0.25mM of peptide and the dissociation
constant was estimated to be 1074-107°M.

NMR Analysis of U6-34—In order to elucidate the
NS1-2 recognition site of U6-34, we conducted NMR
experiments. Imino proton signals were assigned by
using the 2D NOESY spectrum. NMR signals of H5/H6
of pyrimidine and HS8 of purine, and ribose H1" protons of
U6-34 were assigned with the conventional method (27)
by mainly using the 2D NOESY and 2D TOCSY spectra.
Semi-selective [*3C/*®N] RNAs were used to confirm
the assignment especially for residues in the bulge-out
region.

The bottom spectrum of Fig. 6A corresponds to the
free RNA and characteristic signals for the UUCG loop
were observed at 11.5 and 10.4 ppm (28), indicating that
U6-34 forms the desired hairpin structure. For each of
G7 and G8, two imino proton signals were observed due
to heterogeneity of the 3’ terminal which commonly
happens in the transcription reaction with the T7 RNA
polymerase. Sharp imino proton signals were not

Chemical shift (ppm)

A total of 600 MHz 'H-NMR spectra were measured at a probe
temperature of 22°C. For each experiment, 400 of scans were
accumulated and 3.0 Hz of line broadening was applied prior to
the Fourier transformation.
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Fig. 7. Chemical shift perturbation of U6-34 upon binding
of NS1-2. For the complex, the concentrations of U6-34 and
NS1-2 were 0.1 and 1.8 mM, respectively. (A) 2D NOESY spectra
of U6-34 in the absence (left) and presence (right) of NS1-2. The
NOE connectivity is depicted by lines. The residue number labels
indicate intra residue H6/H8-H1' cross peaks. (B) Mapping of
the chemical shift change on the secondary structure. Medium

observed for the regions including residues U14-C16 and
G28-G30 between the bulge-out residues. The NOE
between H2 of A15 and H1' of G30 which is the typical
NOE for a regular A-type stem was not observed, whereas
the NOEs between H2 of A31 and H1' of C16 as well as H2
of A32 and H1' of Al5 were observed, suggesting the
interaction between A31 and A15 as well as A32 and U14.
Thus it was indicated that the regular A-type stem
structure is not formed in this region as shown in Fig. 2C.

NMR Analysis of Interaction between NSI-2 and
U6-34—By adding the NS1-2 to U6-34, most imino
proton signals including G12, G18, G20, U21, G24 and
U26 were broadened and some signals including U26
were slightly, by less than 0.1 ppm, shifted (Fig. 6A). In
contrast, addition of NS1-3 did not change the imino
proton signals (Fig. 6B). These results are consistent
with that of the gel shift assay: NS1-2 binds to U6-34
but NS1-3 does not. Simultaneously, the results suggest
that the NS1-2 binds to the bulge-out region but not to
the stems or the UUCG loop. The concentration of the
RNA and peptides were 0.1 and 1.8 mM, respectively, for
the top spectrum of Fig. 6A, which were higher than
those for lane 4 in Fig. 5, indicating that most of the
RNA forms the complex.

characters indicated the residues whose chemical shifts were
changed by 0.05-0.1 ppm. Large characters indicated the residues
with chemical shift changes of 0.1ppm or more. Open large
characters indicated the residues with large shifts or disappear-
ances. Italic fonts indicate the residues that could not be assigned
in the complex.

We further analysed the effect of NS1-2 on the NMR
signals of U6-34. Figure 7TA shows the difference of the
NOESY spectra of U6-34 in the absence (left) and presence
(right) of NS1-2. For the spectra with NS1-2, the
concentration of the RNA and peptides were 0.1 and
1.8 mM, respectively. Most of non-exchangeable proton
signals were not changed upon addition of NS1-2 except
for signals due to residues U14-A17 and G28-C34. Signals
due to G33 shifted by more than 0.1 ppm and, furthermore,
signals due to H8 and H1' of G28 and G30 and HS8 signal of
A32 could not be assigned in the complex due to a large
shift or disappearance. Residues G28-C34 showed a larger
shift or broadening than residues U14-A17. These results
were summarized in Fig. 7B and it was found that NS1-2
binds to the bulge-out region including the residues
U14-A17 and G28-C34. It is noted that H1’ signals of C27
or U29 were not assigned in the complex due to an overlap
with other signals.

DISCUSSION

RNA-protein interactions are important in many cellular
processes. Recent structural studies of RNA-protein
complexes have revealed that many specific contacts
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are made between amino acids and nucleotides (29). In
some cases, small peptides derived from RNA binding
proteins such as Rev and Tat can recognize the specific
sequence/structure of RNA molecules. Human immuno-
deficiency virus type-1 Rev peptide, consisting of 23
amino acids, forms an o-helix and recognizes an internal
loop region of RRE RNA (30). Bovine immunodeficiency
virus Tat peptide, consisting of 14 amino acids, forms a
B-turn and recognizes dsRNA with bulge-out residues
playing major roles (31). These small peptides provided
excellent model systems for structural analysis of RNA—
protein interaction by NMR spectroscopy. A detailed
structural understanding of the interactions in the
complex may assist in the design of therapeutics for
viral disease.

Most RNA-binding proteins bind to their specific RNA
by recognizing its characteristic structure; the HIV Tat
protein specifically recognizes TAR RNA, and the HIV
Rev protein recognizes the RRE (30-32). In contrast, the
NS1 protein recognizes several kinds of RNAs, as
described above. Thus, it is interesting to elucidate how
such a small protein recognizes different kinds of RNAs.
Since the NS1 protein weakly and non-specifically binds
to RNAs, we used a competitive gel shift assay, rather
than a simple gel shift assay, to analyse the specific RNA
binding by the NS1 protein, which clearly revealed the
different specificities of the NS1 protein for two kinds of
RNAs, RNA containing a bulge and dsRNA. Before
performing the competitive gel shift assay, we checked
the conformations of the prepared RNA samples. The
structural probing experiment showed that the stem-
bulge region of the model RNAs designed in this study
formed the expected secondary structures.

The competition assay showed that the deletion of
each bulged-out region, A13 or A31-G33, decreased the
binding affinity to the NS1 protein, suggesting that these
residues are required for the NS1 protein binding. A17 is
less important for the binding than A13 and A31-33, but
is still required for efficient binding. Although it is not
clear which residue directly interacts with the NS1
protein, we would expect that the specific structure of
U6-45 is required for recognition by the NS1 protein. On
the other hand, the simultaneous deletion of all of the
bulged-out residues restored the binding affinity.
Although the NS1 protein binding to dsRNA has already
been documented (12, 13), the fact that dsRNA competes
with U6-45 for the NS1 protein binding is important.
Together with the fact that the RNA binding domain of
the NS1 protein is as small as about 70 residues, even
though it forms a dimer, the NS1 binding sites for U6
snRNA and dsRNA seem to be identical or, at least,
overlapped. This is consistent with the fact that the
Arg38 and Lys41 residues, located in helix 2 of the NS1
protein, are involved in the interaction with U6 snRNA
and dsRNA (26). It was also indicated that M1, M2 and
M3, as well as U645, were not recognized as dsRNAs.
Probably, the double-stranded part of U6—45 is too short
to be recognized as dsRNA by the NS1 protein. In fact,
Yin et al. recently showed the structural model of NS1-
dsRNA complex in which 16bp RNA is recognized by the
protein (33). The weak affinity of M1, M2 and M3 for the
NS1 protein might be due to the similar conformation of
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U6-45, with its shorter double-stranded region, or to
non-specific affinity.

The NS1 protein binds to poly(A) and influenza viral
RNA, as described above. Hatada et al. suggested that
the A bulge, in a double helix in viral RNA, is the NS1
binding site (I15). A common feature of the three RNAs,
poly(A), viral RNA and U6 snRNA, is the stretch of
‘bulged-out’ A residues with a specific spatial arrange-
ment. Therefore, we can conclude that the NS1 protein
recognizes either the stretch of ‘bulged-out’ A residues or
dsRNA.

Two peptides consisting of 18 amino acid residues were
designed and their RNA binding activities were analysed.
Both helices-2 and -3 of NS1 proteins are amphiphilic
and the leucine and isoleucine residues are located on
the hydorophobic side of the helices and we replaced
some of the hydrophobic residues to increase the water
solubility (Supplementary Fig. 3). Because these hydro-
phobic residues are located inside of the protein in the
structures of the RNA binding domain of NS1 protein
(18, 19), the replacements were expected to be silent for
the RNA binding activity. As expected, NS1-2 containing
six basic residues bound to U6-34, whereas NS1-3
containing three basic residues did not. Probably, three
basic residues are too few to have an effective RNA
binding activity. In fact, the Rev and Tat peptides
contain 11 basic residues out of 23 residues and 7 out
of 14, respectively (30, 31).

A chemical shift perturbation technique is often used to
observe the interaction between two biomolecules. The
surface of the molecule that is interactive can be confirmed
by the change of the NMR signal. However, the signals are
changed even by the influence of the structural change
caused by the formation of the complex. Thus, great care
must be taken to interpret the interaction-induced chemi-
cal shift perturbation. It should be noted that Spitzfaden
et al. (34) have shown that although perturbed resonances
give good initial estimates of a binding surface, the effects
extend beyond the direct contact area. The most likely
explanation of the results of the chemical shift perturba-
tion analysis in this study is that the NS1-2 binding site of
U6-34 is mainly the RNA strand consisting of G28-C34 in
the bulge-out region, including the bulged A31 and A32.
The structure of the opposite strand consisting of U14-A17
might be changed upon the binding. Probably, NS1-2
binds to the major groove side of the bulge-out region as is
the case with other arginine-rich peptides such as Rev and
Tat. NS1-2 might form o-helix upon binding to U6-34 due
to its amphiphilic nature. The observed broadenings of
imino proton resonances corresponding to the base pairs
adjacent to the bulge-out region, G12-C34 base pair, are
probably due to the NS1-2 binding to the bulge-out region.
The imino proton signals due to U21 and G24 of the UUCG
loop also broadened upon binding of NS1-2. This is
probably due to the partial disruption of the stem
consisting of G18-G20 and C25-C27 upon binding of
NS1-2 to the adjacent bulge-out region.

In conclusion, it was shown that the NS1 protein
recognizes either the stretch of ‘bulged-out’ A residues or
dsRNA. Further, NS1-2 peptide binds to G28-C34 in the
bulge-out region of U6-34, including the bulged A31 and
A32, suggesting that NS1 protein also bind to the
‘bulged-out’ A residues in a similar manner.
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Supplementary data are available at JB online.
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