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ABSTRACT: The influenza virus nonstructural protein 1 encoded by influenza A virus (NS1A protein) is
a multifunctional protein involved in both protein-protein and protein-RNA interactions. NS1A binds
nonspecifically to double-stranded RNA (dsRNA) and to specific protein targets, and regulates several
post-transcriptional processes. The N-terminal structural domain corresponding to the first 73 amino acids
of the NS1 protein from influenza A/Udorn/72 virus [NS1A(1-73)] possesses all of the dsRNA binding
activities of the full-length protein. Both NMR and X-ray crystallography of this domain have demonstrated
that it is a symmetric homodimer which forms a six-helix chain fold, a unique structure that differs from
that of the predominant class of dsRNA-binding domains, termed dsRBDs, that are found in a large number
of eukaryotic and prokaryotic proteins. Here we describe biophysical experiments on complexes containing
NS1A(1-73) and a short 16 bp synthetic dsRNA duplex. From sedimentation equilibrium measurements,
we determined that the dimeric NS1A(1-73) binds to the dsRNA duplex with a 1:1 stoichiometry, yielding
a complex with an apparent dissociation constant (Kd) of ≈1 µM. Circular dichroism and nuclear magnetic
resonance (NMR) data demonstrate that the conformations of both NS1A(1-73) and dsRNA in the complex
are similar to their free forms, indicating little or no structural change in the protein or RNA upon complex
formation. NMR chemical shift perturbation experiments show that the dsRNA-binding epitope of NS1A-
(1-73) is associated with helices 2 and 2′. Analytical gel filtration and gel shift studies of the interaction
between NS1A(1-73) and different double-stranded nucleic acids indicate that NS1A(1-73) recognizes
canonical A-form dsRNA, but does not bind to dsDNA or dsRNA-DNA hybrids, which feature B-type
or A/B-type intermediate conformations, respectively. On the basis of these results, we propose a three-
dimensional model of the complex in which NS1A(1-73) sits astride the minor groove of A-form RNA
with a few amino acids in the helix 2-helix 2′ face forming an electrostatically stabilized interaction
with the phosphodiester backbone. This mode of dsRNA binding differs from that observed for any other
dsRNA-binding protein.

Influenza virus infection is a major human health problem.
In nonpandemic years, influenza infection causes some
20000-30000 deaths per year in the United States alone (1).
In addition, there are countless losses in both productivity
and quality of life for people who overcome mild cases
of the disease in just a few days or weeks. Nonstructural
protein 1 from influenza A virus (NS1A protein)1 is required
for virus replication (2). The NS1A protein is a multi-
functional protein that participates in both protein-protein
and protein-RNA interactions. Its primary RNA target is
double-stranded RNA (dsRNA) (3-5), and it binds and

inhibits the function of two cellular proteins that are
required for the 3′-end processing of cellular pre-mRNAs:
the 30 kDa subunit of the cleavage and polyadenylation
specificity factor (CPSF) and poly(A)-binding protein II
(PABII) (6-9). For these reasons, the NS1A protein is
potentially an important target for rational design of antiviral
drugs. However, to date no biophysical studies of NS1A in
a complex with its dsRNA or specific protein targets have
been reported.
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The dsRNA-binding domain of the NS1A protein is
located at its amino-terminal end (10, 11). An amino-terminal
fragment, which is comprised of the first 73 amino-terminal
amino acids [NS1A(1-73)], possesses all the dsRNA binding
properties of the full-length protein (11). NMR solution and
X-ray crystal structures of NS1A(1-73) have shown that in
solution it forms a symmetric homodimer with a unique six-
helix chain fold (12, 13). Each polypeptide chain of the
NS1A(1-73) domain consists of three helices corresponding
to residues Asn4-Asp24 (helix 1), Pro31-Leu50 (helix 2), and
Ile54-Lys70 (helix 3). Preliminary analysis of NS1A(1-73)
surface features suggested two possible nucleic acid binding
sites, one involving the solvent-exposed stretches of helices
2 and 2′ comprised largely of basic side chains and the other
at the opposite side of the molecule that includes some lysine
residues of helices 3 and 3′ (12). Subsequent site-directed
mutagenesis experiments indicated that the side chains of
two basic amino acids (Arg38 and Lys41) in the secondR-helix
are the only amino acid side chains that are required for the
dsRNA binding activity of the intact dimeric protein (14).
These studies also demonstrated that dimerization of the
NS1A(1-73) domain is required for dsRNA binding.
Replacing Arg38 with Lys had no detectable effect on RNA
binding, whereas Ala substitution abolished this activity,
indicating that a positively charged basic side chain at this
position is required for these dsRNA-protein interactions.

These initial studies indicate that the NS1A(1-73) dsRNA-
binding domain differs in its mechanism of RNA recognition
from the predominant class of dsRNA-binding motifs, termed
dsRBDs, that are found in a large number of eukaryotic and
prokaryotic proteins (15-19). Proteins which contain the
dsRBD domain include eukaryotic protein kinase R (PKR)
(15), a kinase that plays a key role in the cellular antiviral
response,Escherichia coli RNase III (16), Drosophila
melanogasterStaufen (17, 18), and Xenopus laeVis RNA
binding protein A (19). Isolated dsRBD domains adopt an
R-â-â-â-R topology that folds into a compact structure
in which the two R-helices are packed against a three-
stranded antiparallelâ-sheet (15-17). Structures of dsRBD3
from D. melanogasterStaufen and X1rbpa fromX. laeVis
in complex with dsRNA (18, 19) revealed the following
characteristics of dsRNA binding by dsRBD domains: (i)
complex formation does not involve significant structural
changes to the protein or the A-form RNA duplex, (ii)
protein-RNA interaction is mediated by residues in the
R-helices and certain loops, (iii) protein-RNA interactions
are consistent with selective but sequence-independent bind-
ing to dsRNA, and (iv) the mode of binding in the two cases
was not identical.

In this paper, we report the first biophysical studies
of NS1A(1-73) in complex with a dsRNA target. These
experiments, using a complex of NS1A(1-73) bound to a
short synthetic 16 bp dsRNA duplex, identify key features
of the mode of protein-RNA interaction. This dsRNA
molecule has a sequence derived from a commonly used
29 bp dsRNA-binding substrate which can be generated in
small quantities by annealing the sense and antisense
transcripts of the polylinker of the pGEM1 plasmid (11, 20).
On the basis of sedimentation equilibrium measurements,
the stoichiometry of binding of NS1A(1-73) to this synthetic
16 bp dsRNA duplex in solution is 1:1 (one protein dimer
with one dsRNA duplex molecule), with a bimolecular

dissociation constant (Kd) in the micromolar range. NMR
chemical shift perturbation experiments demonstrate that the
dsRNA-binding epitope of NS1A(1-73) is associated with
antiparallel helices 2 and 2′, as has been previously indicated
by site-directed mutagenesis studies (14). Circular dichroism
(CD) spectra of the purified NS1A(1-73)-dsRNA complex
are essentially identical to the sum of CD spectra of free
dsRNA and NS1A(1-73), demonstrating that little or no
change in the conformations of either the protein or its
A-form dsRNA target occurs as a result of binding. More-
over, because we show that NS1A(1-73) binds to neither
the corresponding DNA-DNA duplex nor DNA-RNA
hybrids, NS1A(1-73) appears to recognize specific confor-
mational features of canonical A-form RNA. Taken together,
these results suggest a model in which one dimeric NS1A-
(1-73) protein binds to one 16 bp dsRNA mediated by
electrostatic interactions between the positive side chains in
helices 2 and 2′ of the protein and the negatively charged
phosphodiester backbone of the dsRNA molecule. This well-
characterized, homogeneous 1:1 protein-RNA complex is
a suitable reagent for more extensive structural studies.

MATERIALS AND METHODS

Protein Sample Preparation. E. coli BL21(DE3) cell
cultures were transformed with a pET11a expression vector
encoding NS1A(1-73), grown at 37°C, and then induced
with 1 mM IPTG at an OD600 of 0.6 for 5 h in MJminimal
medium (21) containing uniformly enriched15NH4Cl and
[13C6]glucose as the sole nitrogen and carbon sources,
respectively. Cells were broken by sonication, followed by
centrifugation at 100000g and 4°C for 1 h. Proteins were
then purified from the supernatant by ion exchange and gel
filtration chromatography using Pharmacia FPLC systems
according to a procedure described previously (11). The
overall yield of purified NS1A(1-73) was ∼5 mg/L of
culture medium. Protein concentrations were determined by
the absorbance at 280 nm (A280) using a molar extinction
coefficient (ε280) for the monomer of 5750 M-1 cm-1.

Synthesis and Purification of RNA Oligomers. Two single-
stranded (ss) 16-nucleotide RNAs, CCAUCCUCUACAG-
GCG (sense) and CGCCUGUAGAGGAUGG (antisense),
were chemically synthesized using standard phosphoramidite
chemistry (22) on a model 392 DNA/RNA synthesizer
(Applied Biosystems, Inc.). Both RNA oligomers were then
desalted over Bio-Rad Econo-Pac 10DG columns and
purified by preparative gel electrophoresis on 20% (w/v)
acrylamide, 7 M urea denaturing gels. The appropriate
product bands, visualized by UV shadowing, were cut out,
crushed, and extracted into 90 mM Tris-borate, 2 mM EDTA,
pH 8.0 buffer by gentle rocking overnight. The resulting
solutions were concentrated by lyophilization and desalted
again using Econo-Pac 10DG columns. Purified RNA
oligomers were then lyophilized and stored at-20 °C.
Analogous 16 nt sense and antisense DNA strands containing
the same sequence were purchased from Genosys Biotech-
nologies, Inc. Concentrations of nucleic acid samples were
calculated on the basis of the absorbance at 260 nm (A260)
using the following molar extinction coefficients (ε260, at
20 °C): 151 530 M-1 cm-1 for (+) RNA, 165 530 M-1 cm-1

for (-) RNA, 147 300 M-1 cm-1 for (+) DNA, 161 440
M-1 cm-1 for (-) DNA, 262 580 M-1 cm-1 for dsRNA,
260 060 M-1 cm-1 for RNA-DNA hybrids, 273 330 M-1
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cm-1 for DNA-RNA hybrids, and 275 080 M-1 cm-1 for
dsDNA. The extinction coefficients for the single strands
were calculated from the extinction coefficients of monomers
and dimers at 20°C (23), assuming that the molar absorp-
tivity is a nearest-neighbor property and that the oligonucle-
otides are single-stranded at 20°C. Molar extinction
coefficients for the duplexes were calculated from theA260

values at 20 and 90°C using the expressionε(260,20°C) )
[A(260,20°C)/A(260,90°C)]ε(260,90°C,calc), where ε(260,90°C,calc) is the
molar extinction coefficient at 90°C obtained from the sum
of the single strands assuming complete dissociation of the
duplex at this temperature.

Polyacrylamide Gel Shift Binding Assay. The single-
stranded 16 nt synthetic RNA and DNA oligonucleotides
were labeled at their 5′ ends with [γ-32P]ATP using T4
polynucleotide kinase and purified by denaturing urea-
PAGE. Approximate 1:1 molar ratios of single-stranded (ss)
sense RNA (or DNA) and antisense RNA (or DNA) were
mixed in 50 mM Tris, 100 mM NaCl, pH 8.0 buffer.
Solutions were heated to 90°C for 2 min and then slowly
cooled to room temperature to anneal the duplexes. NS1A-
(1-73), at a final concentration of 0.4µM, was added to
each of the four double-stranded (ds) nucleic acids [dsRNA
(RR), RNA-DNA (RD) and DNA-RNA (DR) hybrids, and
dsDNA (DD), 10 000 cpm, final concentration of≈1 nM]
in 20µL of binding buffer [50 mM Tris-glycine, 8% glycerol,
1 mM dithiothreitol, 50 ng/µL tRNA, and 40 units of RNasin
(pH 8.8)]. The reaction mixture was incubated on ice for
30 min. The protein-nucleic acid complexes were resolved
from free ds or ss oligomers by 15% nondenaturing PAGE
at 150 V for 6 h in 50 mMTris-borate, 1 mM EDTA, pH
8.0 buffer at 4°C. The gel was then dried and analyzed by
autoradiography.

Analytical Gel Filtration Chromatography. Micromolar
solutions of the four 16 nt duplexes (RR, RD, DR, and DD)
were prepared in 10 mM potassium phosphate, 100 mM KCl,
50 µM EDTA, pH 7.0 buffer and annealed as described
above. These duplexes were then purified from unannealed
or excess single-stranded species using a Superdex-75 HR
10/30 gel filtration column (Pharmacia), and adjusted to a
duplex concentration of 4µM. Each double-stranded (ds)
nucleic acid was then combined with 1.5 mM NS1A(1-73)
(monomer concentration) to give a 1:1 molar ratio of protein
to duplex. Gel filtration chromatography was performed on
a Superdex 75 HR 10/30 column (Pharmacia). This column
was calibrated using four standard proteins: albumin (67
kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa),
and ribonuclease A (13.7 kDa). Chromatography was carried
out in 10 mM potassium phosphate and 100 mM KCl, 50
µM EDTA, pH 7.0 buffer at 20°C using a flow rate of 0.5
mL/min. Samples of the protein and duplex in a 1:1 molar
ratio were applied to the column, and the fractions were
monitored for the presence of nucleic acid by theirA260; the
contribution to the UV absorbance from NS1A(1-73) was
ignored because of its relatively smallε260 compared to the
nucleic acid duplexes.

Purification of the NS1A(1-73)-dsRNA Complex. The
fraction corresponding to the first peak eluted in the gel
filtration chromatography of the 1:1 mixture of the NS1A-
(1-73) dimer and dsRNA was collected and concentrated
to less than 1 mL using Centricon concentrators (Amicon,
Inc.). This sample was then reloaded onto the same gel

filtration column, and the main fraction was collected again.
The concentration of this purified NS1A(1-73)-dsRNA
complex was determined by measuring the UV absorbance
at 260 nm. The purity and stability of this complex were
also examined using analytical gel filtration by loading 100
µL samples at 5-10 µM immediately following preparation
and after 1 month.

Sedimentation Equilibrium.Sedimentation equilibrium
experiments were carried out using a Beckman XL-I instru-
ment at 25°C. Analyses were conducted separately for
dimeric NS1A(1-73) and dsRNA, using Beckman eight-
channel 12 mm path (“short column”) charcoal Epon cells
at speeds of 30K-48K rpm, at loading concentrations of
0.2-2 and 0.2-0.6 mg/mL, respectively, to independently
evaluate the behavior of these free components. Data were
acquired using a Rayleigh interference optical system. To
investigate the association behavior of the NS1A(1-73)
dimer and dsRNA, analyses were conducted on samples of
the complex purified by gel filtration chromatography, using
Beckman six-channel 1.2 cm path (“long column”) charcoal
Epon cells at speeds of 16K-38K rpm. These data were
acquired using a UV absorbance optical system at 260 nm
and loading concentrations of 0.3, 0.5, and 0.6 absorbance
unit. To ensure sample equilibration, measurements were
taken every 0.5 h for 4 h for the short column and every
1-6 h for 8-28 h for the long column. Equilibrium was
determined to have been established when the difference
between two scans taken 1 h apart, calculated using the
program WINMACH (developed by D. A. Yphantis and J.
Larry, distributed by the National Analytical Ultracentrifu-
gation Facility at The University of Connecticut, Storrs, CT),
was within 0.005-0.008 fringe for the Rayleigh interference
optics, or∼0.005 OD260 unit for absorbance optics.

Data analysis was performed using program WINNL106,
a Windows 95 version based on the original nonlinear least-
squares program NONLIN (24). The data were fit either
separately for each data set at a specific loading concentration
and speed or jointly by combining several sets of data with
different loading concentrations and/or speeds. The global
fit refers to the fitting conducted by using all data sets and
with the association constant (lnK) treated as a common
parameter. To avoid the complications caused by the
deviation from Beer’s law, the absorbance data were edited
with an OD cutoff value ofe1.0 from the base region, unless
otherwise noted.

The partial specific volume of NS1A(1-73),VjNS1, and the
solvent density,F, were calculated to be 0.7356 and 1.01156,
respectively, at 25°C using the program Sednterp (25). The
specific volume of dsRNA,VjRNA, was determined experi-
mentally to be 0.5716 unit by sedimentation equilibrium of
dsRNA samples (see Results for details). The specific volume
of the NS1A(1-73)-dsRNA complex,Vjcomplex, was calcu-
lated to be 0.672 unit assuming a 1:1 stoichiometry, using
the method of Cohn and Edsall (26).

Calculation of the Dissociation Constant. Our calculation
of the dissociation constant of a 1:1 NS1A(1-73)-dsRNA
complex is based upon the assumption that there are equal
molar amounts of free NS1A(1-73) protein and free dsRNA
in the original solution. This assumption is valid if the gel
filtration-purified sample of the complex used in these
measurements exists in fact in a 1:1 stoichiometry. In this
case, the amount of free dsRNA and the amount of free
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NS1A(1-73) correspond to the amounts which dissociated
from the 1:1 complex. In addition, since the reduced
molecular masses (defined below in eq 2) of the NS1A(1-
73) dimer and dsRNA differ only by 3%, which is well
within our experimental error of 4-7%, the two free
macromolecules are treated as the same hydrodynamic
species during sedimentation.

The concentration distribution of theith species of an ideal
system at sedimentation equilibrium can be expressed as (24)

whereCi(r) is the weight concentration of theith component
at a radiusr andr′ is a reference position inside the solution
column. Theσi in eq 1 is the reduced molecular weight (27):

whereMi and Vji in eq 2 are the molecular weight and the
partial specific volume of theith species, respectively,R is
the gas constant,T is the absolute temperature, andω is the
angular velocity. The concentration is normally expressed
on a weight concentration scale (milligrams per milliliter);
however, in our case, it is more convenient to use the molar
concentrationm (mi ) Ci/Mi).

On the basis of the principle of conservation of mass (28),
we can write for the dsRNA

wherem0 refers to the concentration of the original solution
andm(r) refers to the concentration at radiusr at sedimenta-
tion equilibrium. The subscripts RNA,t, RNA,free, and
RNA,x refer to the total amount of dsRNA, free dsRNA,
and dsRNA in the NS1A(1-73)-dsRNA complex, respec-
tively; rm andrb are radius values at the meniscus and base
of the solution column, respectively. To simplify the results
to follow, r′ is set to be at the position ofrm. Integration of
eq 3 then yields

wherem(rb)RNA,free andm(rb)RNA,x are the concentrations of
the dsRNA free and in complex with NS1A(1-73), respec-
tively, at the base of the solution column. We can also write
the same equation for the NS1A(1-73) protein. Under the
condition thatm0

RNA equalsm0
NS1, we have

Making use of the fact thatσRNA = σNS1, for this particular
protein-RNA complex, we determine from eq 5 that
m(r′)RNA,free ) m(r′)NS1,freeat the reference position, and thus,
m(r)RNA,free ) m(r)NS1,freeat any radiusr.

Finally, the absorbance at radiusr at sedimentation
equilibrium can be expressed as

In eq 6, Ex ) (εRNA + εNS1)l, where ε is the extinction
coefficient and l is the optical path length.Ka is the
association constant at a molar concentration scale, and can
be expressed as a function ofmx and mRNA (eq 7), when
mRNA ) mNS1.

Thus, the association system of NS1A(1-73) and dsRNA
is reduced to a simple system of two components during
sedimentation. It can be easily fit with an ideal monomer-
dimer self-associating model of NONLIN with the fit
parameterK2 ) Ka/Ex, and the dissociation constant of the
NS1A(1-73)-dsRNA complex,Kd, can be calculated from
the following equation

NMR Spectroscopy. All NMR data were collected at 20
°C on Varian INOVA 500 and 600 NMR spectrometer
systems equipped with four channels. The programs VNMR
(Varian Associates), NMRCompass (Molecular Simulations,
Inc.), and AUTOASSIGN (29) were used for data processing
and analysis. Proton chemical shifts were referenced to
internal 2,2-dimethyl-2-silapentane-5-sulfonic acid;13C and
15N chemical shifts were referenced indirectly using the
respective gyromagnetic ratios: 0.251449530 for the13C:
1H ratio and 0.101329118 for the15N:1H ratio (30).

Sequence Specific Assignments of NS1A(1-73). NMR
samples of free [13C,15N]NS1A(1-73) used for assignment
were prepared at a dimer protein concentration of 1.0-1.25
mM in 270 µL of 95% H2O/5% D2O solutions containing
50 mM ammonium acetate and 1 mM NaN3 at pH 6.0 in
Shigemi susceptibility-matched NMR tubes. Backbone1H,
13C, 15N, and13Câ resonance assignments were determined
by automated analysis of triple-resonance NMR spectra of
13C- and 15N-enriched proteins using the computer pro-
gram AUTOASSIGN (29). The input for AUTOASSIGN
includes peak lists from 2D1H-15N HSQC and 3D
HNCO spectra along with peak lists from three intraresidue
[HNCA, CBCANH, and HA(CA)NH] and three interresidue
[CA(CO)NH, CBCA(CO)NH, and HA(CA)(CO)NH] experi-
ments. Details of these pulse sequences and optimization
parameters are reviewed elsewhere (31). Peak lists for
AUTOASSIGN were generated by automated peak picking
using NMRCompass and then manually edited to remove
obvious noise peaks and spectral artifacts. Side chain
resonance assignments (except for the13C assignments of
aromatic side chains) were then obtained by manual analysis

A260(r) ) Exm(r′)RNAeσRNA(r2/2-r ′2/2) +

(1/Ex)Ka[Exm(r′)RNAeσRNA(r2/2-r ′2/2)]2 (6)

Ka )
mx

mRNA
2

(7)

Kd ) 1
ExK2

(8)

Ci(r) ) Ci(r′)eσi(r2/2-r ′2/2) (1)

σi ) [Mi(I - VjiF)ω2]/(RT) (2)

m0
RNA,t(rb

2/2 - rm
2/2) )

∫rb

rmm(r)RNA,freee
σRNA(r2/2-r ′2/2)r dr +

∫rb

rmm(r)xe
σx(r2/2-r ′2/2)r dr (3)

m0
RNA,t(rb

2/2 - rm
2/2) )

m(rb)RNA,free - m(r′)RNA,free

σRNA
+

m(rb)RNA,x - m(r′)RNA,x

σx
(4)

m(r′)RNA,free

σRNA [m(rb)RNA,free

m(r′)RNA,free

- 1] )

m(rb)NS1,free

σNS1 [m(rb)NS1,free

m(r′)NS1,free

- 1] (5)
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of 3D HCC(CO)NH TOCSY, HCCH-COSY, and15N-edited
TOCSY experiments and 2D TOCSY spectra recorded with
mixing times of 32, 53, and 75 ms.

NMR Chemical Shift Perturbation Experiments. 15N-
enriched NS1A(1-73) was purified and prepared as de-
scribed above. A 250µL solution of 15N-enriched NS1A-
(1-73), 0.1 mM dimer, in 50 mM ammonium acetate, 1 mM
NaN3, and 5% D2O (pH 6.0) was first used for collecting
the1HN-15N HSQC spectrum of the free protein. The 16 nt
sense and antisense RNA strands in a 1:1 molar ratio were
annealed in 200 mM ammonium acetate (pH 7.0), lyophilized
three times, and dissolved in the same NMR sample buffer,
for a final RNA duplex concentration of 10 mM. This highly
concentrated dsRNA solution was then used to titrate the
NMR sample of free15N-enriched NS1A(1-73), making
protein-dsRNA samples with ratios of dimeric protein
concentration to dsRNA concentration of 2:1, 1:1, 1:1.5, and
1:2. To prevent the precipitation of NS1A(1-73), these
samples were prepared by slowly adding the free protein
solution to the concentrated dsRNA. The HSQC spectra of
free15N-enriched NS1A(1-73) were acquired with 80 scans
per increment and 200× 2048 complex data points, and
transformed into 1024× 2048 points after zero filling in
the t1 dimension. HSQC spectra for the dsRNA titration
experiments were collected with the same digital resolution
using 320 scans per increment.

CD Measurements. CD spectra were recorded in the 200-
350 nm region at 20°C using an Aviv model 62-DS
spectropolarimeter equipped with a 1 cmpath length cell.
CD spectra for the four nucleic acid duplexes (RR, RD, DR,
and DD) were recorded for 1.1 mL, 5µM samples in the
phosphate buffer described above. Each duplex was then
titrated with 1.5 mM NS1A(1-73) (monomer concentration)
to form a 1:1 molar ratio of protein to duplex. The CD spectra
of these protein-duplex mixtures were recorded under the
same conditions; the total duplex concentration remained at
5 µM for each sample. The CD spectra of 1.1 mL samples
of free NS1A(1-73) and the column-purified NS1A(1-73)-
dsRNA complex, both at 5µM in the same phosphate buffer,
were also acquired. The calculated CD spectra of protein-
duplex mixtures were obtained using the sum of CD data
from free NS1A(1-73) and from each double-stranded
nucleic acid alone. CD spectra are reported asεL - εR, in
units of M-1 cm-1.

RESULTS

NS1A(1-73) Binds dsRNA but not dsDNA or RNA-DNA
Hybrids. NS1A(1-73) and the full-length NS1A protein have
been shown to bind double-stranded RNAs (dsRNAs) with
no sequence specificity (4, 11, 14), but it has not been
determined if NS1A(1-73) or the NS1A protein binds
RNA-DNA hybrids or dsDNA. To test this possibility, we
incubated NS1A(1-73) with four 32P-labeled duplexes: 16
bp dsRNA (RR), dsDNA (DD), and two RNA-DNA hybrid
duplexes (RD and DR). These mixtures were then analyzed
on a native 15% polyacrylamide gel (Figure 1). As reported
by others (32-34), we observe the following migration
pattern for the free duplexes on the native gel (fastest to
slowest): DD> DR ≈ RD > RR (lanes 1, 3, 5, and 7,
respectively). More importantly, only dsRNA was found to
form a complex with NS1A(1-73) producing a 30% gel shift

(lane 2), whereas all the other duplexes fail to bind to the
protein (lanes 4, 6, and 8). On the basis of these data, we
conclude that NS1A(1-73) specifically recognizes confor-
mational and/or structural features of dsRNA (A-form
conformation) which are distinct from those of dsDNA (B-
form conformation) or RNA-DNA hybrids (intermediate
A-B conformations) under these conditions.

Characterization and Purification of the NS1A(1-73)-
dsRNA Complex by Gel Filtration Chromatography. The four
NS1A(1-73)-nucleic acid duplex mixtures described above
were further analyzed for complex formation using analytical
gel filtration chromatography. The NS1A(1-73)-dsRNA
mixture exhibited two major peaks in the chromatographic
profile monitored at 260 nm (Figure 2A), whereas the
mixtures containing dsDNA and RNA-DNA hybrids eluted
as a single peak (Figure 2B-D). Since the chromatographic
eluates were detected by the absorbance at 260 nm, these

FIGURE 1: Gel shift assay for different duplexes to bind NS1A-
(1-73). This experiment was performed under standard conditions
using indicated32P-labeled double-stranded nucleic acids (1.0 nM)
either with 0.4µM NS1A(1-73) (+) or without (-).

FIGURE 2: Gel filtration chromatography profiles of different
duplexes in the presence of NS1A(1-73): (A) dsRNA, (B) RNA-
DNA hybrid, (C) DNA-RNA hybrid, and (D) dsDNA. The major
peaks between 20 and 30 min correspond to the nucleic acid
duplexes, except for the first peak in panel A which is from the
NS1A(1-73)-dsRNA complex.
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chromatograms reflect the state(s) of the nucleic acid in these
samples. In the dsRNA case (Figure 2A), the faster and
slower eluting peaks correspond to the NS1A(1-73)-
dsRNA complex and the unbound dsRNA duplex, respec-
tively. The elution time and corresponding molecular mass
(∼26 kDa) for the more rapidly eluting peak are consistent
with a complex with a 1:1 stoichiometry (protein dimer to
dsRNA). Approximately 70% of the RNA and protein are
in the complex fraction under the chromatographic conditions
that were used. No peak(s) corresponding to complex
formation was observed for the other samples. These results
confirm that NS1A(1-73) binds exclusively to dsRNA, and
not to dsDNA or the RNA-DNA hybrids studied here.

Gel filtration chromatography was also used preparatively
to purify the NS1A(1-73)-dsRNA complex prior to sub-
sequent experiments (i.e., sedimentation equilibrium and CD)
and to evaluate the long-term stability of the complex (Figure
3). Rechromatographic analysis of the freshly purified NS1A-
(1-73)-dsRNA complex yielded a single peak consistent
with a relatively stable and pure complex (Figure 3A).
However, an increase in the amount of free dsRNA was
observed after storage at 4°C for 1 month (Figure 3B),
suggesting that the complex slowly and irreversibly dissoci-
ates over long periods of time. These results demonstrate
that we can use gel filtration chromatography to purify a
transiently stable NS1A(1-73)-dsRNA complex, but that
this complex slowly dissociates over time.

Sedimentation Equilibrium of Free NS1A(1-73) and
dsRNA. We have used sedimentation equilibrium techniques
to determine the stoichiometry and dissociation constant of
formation of the complex of NS1A(1-73) and the 16 bp
dsRNA duplex. First, we conducted short column equilibrium
runs on purified NS1A(1-73) protein and purified dsRNA

samples with multiple loading concentrations and multiple
speeds. The NS1A(1-73) protein exists as a dimer in
solution with a molecular mass of 16 851 g/mol, and no
obvious signs of dissociation (data not shown). There was
evidence, however, of the presence of large, nonspecific
aggregates in some of the NS1A(1-73) samples used for
these sedimentation experiments. The total amount of ag-
gregate formation varied with each sample and could be
separated from the dimer species at high speeds, indicative
of a slow sample-dependent aggregation process. Conse-
quently, samples of the protein in complex with dsRNA were
purified by gel filtration immediately prior to sedimentation
equilibrium measurements (see Figure 3).

The purified dsRNA sample behaved as an ideal solution
with a single component during sedimentation. The estimated
reduced molecular mass obtained by fitting the data to the
single-component model of NONLIN does not change with
the loading concentration and/or speed (data not shown). We
were, therefore, able to calculate the specific volume of
dsRNA from the estimated reduced molecular weight using
eq 2 (see Materials and Methods). The value we obtained
(VjRNA ) 0.57 cm3/g) agrees well with the typical partial
specific volume values of DNA (0.55-0.59 cm3/g) and RNA
(0.47-0.55 cm3/g) (35). The fact that our value ofVjRNA is
closer to that of dsDNA than those of typical RNA samples
may be attributed to its double-stranded conformation. A
conservative estimate of∼7% error in the reduced molecular
weight translates into approximately the same error in the
specific volume. In this analysis, it is assumed that the
formation of the complex has no significant effect on the
specific volume of the dsRNA and the NS1A(1-73) protein.

Stoichiometry and Thermodynamics of Complex Formation
Based on Sedimentation Equilibrium.The association of the
NS1A(1-73) protein with dsRNA was next studied using
samples of the purified NS1A(1-73)-dsRNA complex
prepared as described above and validated as being homo-
geneous by analytical gel filtration (Figure 3A). The stoi-
chiometry of the complex was determined on the basis of
data collected at 16 000 rpm (Figure 4A). At this low speed,
the free dsRNA and NS1A(1-73) protein have aσi value
of <0.5 (eq 2). Under these low-speed conditions, the two
lower-molecular weight species [i.e., free NS1A(1-73) and
free dsRNA] are not significantly redistributed and thus have
baseline contributions to the absorbance profile. Accordingly,
these data were fit to an ideal single-component model using
NONLIN (Figure 4A and Table 1). The estimated apparent
molecular masses (Mapp) of ∼24.4 kDa are very close to that
of a 1:1 NS1A(1-73)-dsRNA complex calculated from the
corresponding amino acid and nucleic acid sequences (27 380
Da). The relatively low rms values and random residual plots
(inset of Figure 4A) indicate a good fit to a 1:1 stoichiometry.
When the data were edited with an OD260 cutoff value of
0.8 from the base of the solution column, the quality of the
fit was further improved (Table 1). The estimated average
molecular mass of 26 100 g/mol is within≈3% of the
formula molecular mass of a 1:1 NS1A(1-73)-dsRNA
complex (27 380 Da). We therefore conclude that this
purified NS1A(1-73)-dsRNA complex has a 1:1 stoichi-
ometry.

On the basis of the 1:1 stoichiometry, the data at three
different loading concentrations and at three speeds were then
fit to the equilibrium monomer-dimer model of NONLIN,

FIGURE 3: Gel filtration chromatograms of the purified NS1A-
(1-73)-dsRNA complex: (A) 4µM, with 100 µL of the fresh
complex sample, and (B) 4µM, with 100µL of the complex sample
after 1 month.
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to estimate the dissociation constant,Kd (Figure 4B). Using
this model, excellent fits to the data were obtained, as judged
by the small rms values and random residual plots. To verify
that the fitting model is correct, the individual data sets were
also fit separately or jointly using different combinations such
as data from a single loading concentration at three different
speeds or data from different loading concentrations but at
one speed, and so on. For each fit, several different models
were compared (data not shown). In all cases, the monomer-
dimer model emerges as the best. One exception is the data
obtained at 16K rpm which fit equally well to both the single-
component system and monomer-dimer models. We also
attempted to edit the data with different cutoff values at the
base of the cell, and found that the final fitting results were
relatively independent of the cutoff between 0.8 and 1.5
absorbance units. TheKd values calculated using eq 8 fall
within a relatively narrow range (Kd ) 0.4-1.4 µM),
depending on the specific fitting that is conducted.

1H, 15N, and13C Resonance Assignments for Free NS1A-
(1-73). Essentially complete NMR resonance assignments
for the free NS1A(1-73) protein, required for the analysis
of its complex with dsRNA by NMR, have been determined.
In all, a total of 65 of 71 (92%) assignable15N-1HN sites
were assigned automatically using AUTOASSIGN (29). This
automated analysis provided 71 of 78 HR, 68 of 73 CR, 64
of 71 C′, and 44 of 68 Câ resonance assignments via
intraresidue and/or sequential connectivities. Subsequent
manual analysis of the same triple-resonance data confirmed
these results of AUTOASSIGN and also completed the
resonance assignments for the remaining backbone atoms
and 60 of 68 Câ atoms. All backbone resonances were
assigned except Met1 NH2, Pro31 N, and C′ of C-terminal
residue Ser73 and Pro-preceding residue Ala30. Complete side
chain assignments of nonexchangeable protons and proto-
nated carbons (the aromatic carbons are not included) were
then obtained for all residues. With regard to exchangeable
side chain groups, all Arg NεH, Gln Nε2H, Asn Nδ2H, and
Trp Nε1H resonances were also assigned, but no Arg NηH
or hydroxyl protons of Ser and Thr were observed in these
spectra. These1H, 13C, and15N chemical shift data for NS1A-
(1-73) at pH 6.0 and 20°C have been deposited in
BioMagResBank (accession number 4317).

The1H-15N HSQC spectrum for15N-enriched NS1A(1-
73) at pH 6.0 and 20°C is shown in Figure 5A. All backbone
amide peaks (except for Pro31 and the N-terminal Met1) are
labeled, as are the side chain resonances of Arg NεH, Gln
Nε2H, Asn Nδ2H, and Trp Nε1H. Overall, the spectrum
displays reasonably good chemical shift dispersion, although
there are a few degenerate15N-1HN cross-peaks. For
example, residues Arg37 and Arg38 have almost the same
chemical shifts for HN, N, C′, CR, HR, and Câ resonances.

Epitope Mapping by Chemical Shift Perturbation. In an
effort to shed light on the local perturbations to the protein
due to dsRNA binding, we monitored the titration of15N-
enriched NS1A(1-73) with the 16 bp dsRNA by collecting
a series of1HN-15N HSQC spectra. The chemical shifts of
both1H and15N nuclei are sensitive to their local electronic
environment and therefore can be used as probes for
interactions between the labeled protein and unlabeled RNA.
Presumably, the strongest perturbation of the electronic
environment will be observed for the residues that either

FIGURE 4: (A) Determination of the stoichiometry based on
sedimentation equilibrium at 16 000 rpm on three samples with
loading concentrations of 0.6 (0), 0.3 (4), and 0.5 (not shown, to
avoid the overlap of data points) absorbance unit. The solid line is
the joint fit of the three sets of data assuming a 1:1 stoichiometry
of the dsRNA-NS1A complex; the inset shows the random residual
plots of the fit. The dotted line is drawn assuming a 1:2
stoichiometry of the dsRNA-NS1A complex [the 2:1 complex has
a concentration distribution profile nearly identical to those shown
by the dotted lines because of the nearly identical reduced molecular
mass of dsRNA and NS1A protein (see Materials and Methods)].
(B) Estimation of the dissociation constant from sedimentation
equilibrium of three samples (see above) at speeds of 16 000 (0),
22 000 (O), and 38 000 rpm (4). Only the data of the sample with
a loading concentration of 0.5 absorbance unit are shown here. The
solid lines are the global fit using an ideal monomer-dimer model
of NONLIN, and the dissociation constant is calculated from the
fitting results using eq 7. The inset shows the residual plots of the
fit.

Table 1: Apparent Molecular Mass of the NS1A(1-73)-dsRNA
Complex

NONLIN fitting

OD cutoffb of ∼1.0 OD cutoff of∼0.8

Ct
0 a rmsc Mapp

d Mapp/Mx
e rmsc Mapp

d Mapp/Mx
e

0.6 0.0061 27.5 1.02 0.0051 28.8 1.07
0.5 0.0043 23.3 0.86 0.0040 26.0 0.96
0.3 0.0063 24.9 0.92 0.0065 24.4 0.90
joint fit 0.0056 24.4 0.91 0.0054 25.2 0.94

a The concentration of the initial solution measured by absorbance
at 260 nm.b OD260 data greater than the cutoff value were not included
in the fit. c The root-mean-square value of fitting in units of absorbance.
d The apparent molecular mass, in kilograms per mole, estimated by
fitting the data to an ideal solution with single component (Figure 4A).
The data were fit either individually at each loading concentration or
jointly for all three data sets together.e Ratio of apparent molecular
mass (Mapp) based on sedimentation equilibrium data to the molecular
mass of a 1:1 NS1A(1-73)-dsRNA complex calculated from the
amino acid and nucleic acid sequence (Mx).
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come into direct contact with RNA or are involved in major
conformational changes upon binding to RNA.

Four HSQC spectra were recorded on samples containing
an NS1A(1-73) dimer concentration of 0.1 mM with
decreasing molar ratios of dimeric protein to dsRNA of 2:1,
1:1, 1:1.5, and 1:2. Protein was induced to precipitate when
this ratio reached above 5:1. In the HSQC spectrum of the
2:1 ratio sample,1HN-15N cross-peaks are very broad and
difficult to analyze, suggesting that the protein may form
higher-molecular mass complexes with dsRNA. The spectra
with e1:1 stoichiometry exhibited only one set of peaks,

despite the improvement in sensitivity when more dsRNA
was introduced.

Because of the large size of the NS1A(1-73)-dsRNA
complex,de noVo backbone assignments for NS1A(1-73)
in the complex have not been completed to date. However,
by comparison of HSQC spectra for free and dsRNA-bound
NS1A(1-73) (Figure 5B and data not shown generated in
the titration experiments described above), it was observed
that while no backbone-amide chemical shifts in helices 3
and 3′ are affected by complex formation, almost all residues
in helices 2 and 2′ exhibit 15N and 1H shift perturbations
upon complex formation. In addition, several residues in
helices 1 and 1′ also exhibit chemical shift perturbations upon
complex formation. Changes in15N and1H chemical shifts
upon binding are mapped onto the three-dimensional struc-
ture of free NS1A(1-73) in Figure 6. All of the significant
chemical shift perturbations observed upon complex forma-
tion (represented in cyan) correspond to NS1A(1-73)
backbone atoms that are either in helices 2 and 2′, which
contain numerous arginines and lysines, or in helices 1 and
1′, which have close contact with helices 2 and 2′ (Figure
6B). However, residues whose backbone NH groups do not
undergo significant chemical shift change, indicative of little
or no structural alteration (represented in pink), tend to be
distant from the apparent binding epitope. These results
confirm our previous identification of the dsRNA binding
epitope in regions in or around antiparallel helices 2 and 2′,
as indicated previously by site-directed mutagenesis studies
(14), and further indicate that, as the chemical shifts of
amides distant from the binding epitope are not perturbed
by complex formation, the overall structure of NS1(1-73)
is not altered by dsRNA binding.

Circular Dichroism (CD) Spectroscopy.Circular dichroism
provides a useful probe of the secondary structural elements
and global conformational properties of nucleic acids and
proteins. For proteins, the 180-240 nm region of the CD
spectrum mainly reflects backbone conformation (36). Changes
in the CD spectrum observed above 250 nm upon formation
of protein-nucleic acid complexes arise primarily from
changes in the nucleic acid secondary structure (37). The
CD profiles of the four 16 bp duplexes (RR, RD, DR, and
DD) are distinct and characteristic of their respective duplex
types (Figure 7, red traces) (38-43). The RR duplex features
a slight negative band at 295 nm, a strong negative band at
210 nm, and a positive band near 260 nm, characteristic of
the A-form dsRNA conformation (Figure 7A) (42-43). The
DD duplex has roughly equal positive and negative bands
above 220 nm, with a crossover resulting in a positive band
at 260 nm typical of B-DNA (Figure 7D) (41-43). The two
hybrids, RD and DR, exhibit traits that make them distinct
from each other, yet both are roughly intermediate between
A-form dsRNA and B-form dsDNA structures (Figure 7B,C)
(32-34, 42, 43). In addition, the intensity of the positive
band at 260 nm appears to be most sensitive to the A-like
character of the hybrid duplex (43).

CD spectra of NS1A(1-73) in the presence of an
equimolar amount of RR, RD, DR, or DD duplex are shown
in Figure 7 (yellow traces). In the dsRNA case (Figure 7A),
the gel filtration-purified NS1A(1-73)-dsRNA complex
was used to avoid interference due to the presence of free
dsRNA (see Figures 2 and 3). In each case, the spectrum of
free NS1A(1-73) is also shown (blue traces). NS1A(1-

FIGURE 5: (A) Two-dimensional1H-15N HSQC spectrum of 2.0
mM uniformly 15N-enriched NS1A(1-73) at 20°C and pH 6.0 in
a 95% H2O/5% D2O mixture containing 50 mM ammonium acetate
and 1 mM sodium azide. The cross-peaks are labeled with respective
resonance assignments indicated by the one-letter code of amino
acids and a sequence number. Also shown are the side chain NH
resonance of the tryptophan and side chain NH2 resonances for
glutamines and asparagines. The peaks assigned to Nε-Hε reso-
nances of arginines are folded in the F1 (15N) dimension from their
positions further upfield. (B) An overlay of represented1HN-15N
HSQC spectra for15N-enriched NS1A(1-73) uncomplexed (red)
and complexed (blue) with 16 bp dsRNA at pH 6.0 and 20°C.
Labels correspond to amide backbone assignments of well-resolved
cross-peaks of the free protein.
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73) backbone amide bands dominate the CD spectra in the
200-240 nm range, while structural information for the
nucleic acid duplexes dominates the 250-320 nm region.
On the basis of gel shift assay and gel filtration data described
above, we have established that only the dsRNA substrate
forms a complex with NS1A(1-73). However, as shown in
Figure 7A, complex formation (yellow trace) does not result
in significant changes to the 250-320 nm region of the CD
spectrum that is most sensitive to nucleic acid duplex
conformation. Furthermore, the CD spectrum of the dsRNA-
NS1A(1-73) complex (yellow) and a spectrum computed
by simply adding the spectra of free NS1A(1-73) and free
dsRNA (green) are essentially identical in the 200-240 nm
region, indicating the NS1A(1-73) backbone structure is also
not extensively altered by complex formation. Although
NS1A(1-73) does not to bind the other duplexes, the CD
spectra for each RD, DR, and DD mixed with an equimolar
amount of NS1A(1-73) were obtained as controls (Figure
7B-D). These data confirm that the detected CD spectra of
these mixtures are equal to the sum of separate duplex and
protein spectra when the structures of these molecules are
not changed. Overall, these CD data demonstrate that the
RNA duplex retains its A-form conformation in the dsRNA-
NS1A(1-73) complex.

DISCUSSION

Using a variety of biophysical techniques, we have
assessed the interaction of the N-terminal domain of the NS1
protein from influenza A virus with a 16 bp dsRNA formed
from two synthetic oligonucleotides. Our results establish
the following: (i) NS1A(1-73) binds to dsRNA, but not to
dsDNA or the corresponding hetero duplexes, (ii) this NS1A-

(1-73)-dsRNA complex exhibits 1:1 stoichiometry and a
dissociation constant of∼1 µM, (iii) symmetry-related
antiparallel helices 2 and 2′ of NS1A(1-73) play a central
role in binding the dsRNA target, and (iv) the backbone
structures of dsRNA and NS1A(1-73) are not significantly
different in the complex and in the corresponding unbound
molecules. Overall, this study provides important biophysical
evidence for a working hypothetical model of the complex
between this novel dsRNA binding motif and duplex RNA.
In addition, this study establishes that the complex of NS1A-
(1-73) and the 16 bp dsRNA is a suitable reagent for future
three-dimensional structural analysis, namely, that it is a
homogeneous 1:1 complex.

Biophysical Characterization of the NS1A(1-73)-dsRNA
Complex. A wide body of spectroscopic evidence in the
literature, including NMR, X-ray, CD, and Raman spectro-
scopic studies, has established that dsDNA is characterized
by a B-type conformation with C2′-endo sugar puckering,
dsRNA adopts an A-form structure featuring C3′-endo
sugars, and DNA-RNA hybrids exhibit an intermediate
conformation between the A- and B-motifs (see, for example,
refs 44-48). In addition, the surface features of canonical
duplexes differ, with the A-form featuring a wide, shallow
minor groove and the B-form being characterized by a
narrow, deep major groove. Since NS1A(1-73) clearly binds
only to dsRNA, yet without sequence specificity, it is
reasonable to conclude that this protein discriminates between
these nucleic acid helices largely on the basis of duplex
conformation (i.e., A-form conformation). However, the
possibility that the molecular recognition process also
depends on the presence of 2′-OH groups on each strand of
the duplex cannot be ruled out.

FIGURE 6: (A) Ribbon diagram of NS1A(1-73) showing the results of chemical shift perturbation measurements. Residues of NS1A(1-
73) which give shift perturbations in NMR spectra of the NS1(1-73)-dsRNA complex are colored cyan; residues that are not changed in
the chemical shifts of their amide15N and 1H resonances are colored pink, and white represents the chemical shift assignments of the
residues that cannot be identified in 2D HSQC spectra due to overlapping cross-peaks. (B) Same ribbon diagram with key side chains
displayed. All the basic residues are labeled. Note that the binding epitope of NS1A(1-73) to dsRNA appears to be on the bottom of this
structure.
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Our results provide an explanation for the binding of the
full-length NS1A protein and NS1A(1-73) to another RNA
target, a specific stem bulge in one of the spliceosomal small
nuclear RNAs, U6 snRNA (20). On the basis of the studies
of the structural specificity of complex formation described
in this paper, we postulate that this stem bulge of U6 snRNA
forms an A-form structure like dsRNA in solution, allowing
NS1A(1-73) to form a complex with U6 snRNA similar to
that characterized in this work between NS1A(1-73) and
the 16 bp dsRNA fragment.

On the basis of sedimentation equilibrium experiments,
we have established that the NS1A(1-73) dimer binds the
dsRNA duplex in a 1:1 fashion with a dissociation constant,
Kd, of ∼1 µM. Interestingly, ∼30% of the dsRNA is
uncomplexed in size exclusion experiments on 1:1 molar
ratios of dimer to duplex (Figure 2A), and even more free
dsRNA is detected in the gel shift assays (Figure 1). The
fraction of unbound dsRNA was found to vary from one
NS1A(1-73) preparation to another, and was not observed
in gel filtration chromatograms of freshly purified samples
of the complex (Figure 3A). Moreover, we also observed

that complexes slowly dissociate during prolonged storage
(Figure 3B). Therefore, it appears that NS1A(1-73) exhibits
slow irreversible self-aggregation under the conditions used
in our studies. This conclusion is also supported by the
observation of larger molecules (aggregates) in the sedimen-
tation equilibrium experiments when using laser light scat-
tering as the method of detection.

We emphasize that when the purified NS1A(1-73)-
dsRNA complex was reloaded to the gel filtration column,
no excessive free dsRNA was observed. The sample behaved
like a tight complex with aKd in the micromolar range,
consistent with the estimation from sedimentation equilibrium
experiments. Accordingly, complex formation and purifica-
tion by gel filtration provide a mechanism for isolating the
active NS1A(1-73) dimer-active dsRNA complex from
“inactive material” present in the sample. Therefore, regard-
less of the nature of the contaminants, aggregates, and/or
incompetent species, no such factors should affect our
estimations of the stoichiometry and the dissociation constant
based on sedimentation equilibrium experiments using the
purified NS1A(1-73)-dsRNA complex. Further, our dem-

FIGURE 7: CD spectra of the purified NS1A(1-73)-dsRNA complex (A) and the mixtures of duplexes and NS1(1-73): RNA-DNA
hybrid (B), DNA-RNA hybrid (C), and dsDNA (D): yellow for the experimental CD spectra of the mixtures (1:1 molar ratio of duplex
and protein dimer), red for the duplex alone, blue for NS1A(1-73) alone, and green for the calculated sum spectra of the duplex and
NS1A(1-73).
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onstration that the gel-purified complexes behave as tight,
homogeneous complexes indicates that these complexes
should be amenable to structural analysis by X-ray crystal-
lography or NMR.

Comparison with Alternate Estimates of the Affinity and
Stoichiometry of the NS1A(1-73)-dsRNA Complex. Previ-
ous estimates of affinities of the NS1A(1-73)-dsRNA
complex using gel shift measurements have produced values
of apparent dissociation constants (Kd) ranging from 20 to
200 nM (14). These studies were all carried out with small
quantities of longer dsRNA substrates that have sequences
different from that of the substrate used in the biophysical
measurements described above. In this earlier work, it was
observed that the stoichiometry of NS1A(1-73)-dsRNA
binding (based on the size of gel shifts) depends on the length
of the dsRNA substrate, and that the binding is semicoop-
erative (14). Similar semicooperative binding results have
been reported for full-length NS1A (4).

The complex between NS1A(1-73) and a 16 bp dsRNA
duplex molecule described in this biophysical study is a
model of part of the complete set of interactions that occur
when multiple NS1A RNA-binding domains bind along a
longer length of dsRNA, as is thought to occurin ViVo. The
1:1 stoichiometry observed in this model system precludes
the possible protein-protein interactions and other coopera-
tive effects which can occur in a multiple-binding mode of
a larger system. In the binding of the NS1A protein to larger
dsRNAs, the apparent affinity can also be modulated by
configurational entropy effects when there are many possible
sites for nonspecific binding. For example, Wanget al. (14)
have reported that NS1A(1-73) has a 10-fold higher affinity
for a 140 bp dsRNA substrate than for a similar 55 bp dsRNA
substrate. For these several reasons, the affinity constant
reported here for the simple 1:1 complex of the NS1A(1-
73) dimer with a 16 bp segment of dsRNA is lower than the
apparent affinities reported previously for larger cooperative
systems. However, while the model complex described in
this work captures only part of the full structural information
for the complete multiple-binding cooperative system, the
complex described in this work is well-characterized, easily
generated, and more suitable for detailed structural studies
of the protein-dsRNA interactions underlying the NS1A-
RNA molecular recognition process.

RNA-Binding Site of NS1A(1-73). Alanine scanning
mutagenesis studies on NS1A(1-73) (14) revealed that in
binding to larger dsRNA fragments as well as U6 snRNA
(i) the protein must be a dimer to bind its target and (ii)
only R38 is absolutely required for RNA binding, though
K41 also plays a significant role. The RNA-binding epitope
of NS1A(1-73) identified by chemical shift perturbation of
15N-1H HSQC resonances described in this paper supports
and extends these mutagenesis data. The chemical shifts of
practically all of the backbone amide resonances within
helices 2 and 2′ are altered upon binding to the dsRNA. This
is consistent with a model in which one or more of the
solvent-exposed basic side chains of the residues in helices
2 and 2′, including Arg38 and Lys41 (Figure 6B), are involved
in the direct contact with dsRNA. It is also possible that the
solvent-exposed basic side chains of Arg37 and Arg44, as well
as the partially buried side chains of Arg35 and Arg46 [which
participate in intra- and intermolecular salt bridges (12, 13)],
also interact with dsRNA directly. Moreover, the chemical

shift perturbation data also rule out the involvement of the
proposed potential RNA binding site on helices 3 and 3′ (12),
since most of the backbone1HN and15N atoms of residues
on the third helix do not show any change in chemical shift
upon complex formation, indicating that the binding epitope
is distant from helices 3 and 3′ and that the overall backbone
conformation of NS1A(1-73) is not affected by RNA
binding. Chemical shift differences for some residues on
helices 1 and 1′ in the protein core region can be ascribed
to the local environment changes induced by the RNA
interaction. Overall, these NMR data indicate that the six-
helix chain fold conformation of NS1A(1-73) remains intact
when it binds to dsRNA. This conclusion is completely
consistent with the conclusion from CD studies that neither
NS1A(1-73) nor dsRNA exhibits extensive backbone
structural changes upon complex formation.

A 3D Model of the NS1A(1-73)-dsRNA Complex. Analysis
of all the data presented here for the NS1A(1-73)-dsRNA
complex reveals novel structural features which encode
nonspecific dsRNA binding functions. The binding site of
NS1A(1-73) consists of antiparallel helices 2 and 2′ with
an Arg-rich surface.A hypothetical modelthat is consistent
with our cumulative knowledge of the dsRNA binding
properties of NS1A(1-73) features a symmetric structure
with the binding surface of the protein spanning the minor
groove of canonical A-form RNA (Figure 8).We emphasize
that this picture is just a working model, consistent with the
aVailable data.In thishypothetical model, outward-directed
arginine and lysine side chains of antiparallel helices 2 and
2′ interact in a symmetric fashion with the antiparallel

FIGURE 8: Hypothetical modelthat is consistent with our cumulative
knowledge of the dsRNA binding properties of NS1A(1-73). We
emphasize that this picture is just a working model, consistent with
the aVailable data but useful only for the purpose of designing
experiments to test the implied hyoptheses.Phosphate backbones
and base pairs of dsRNA are shown in orange and yellow,
respectively. All side chains of Arg and Lys residues are labeled
in green. Atomic coordinates for this model are available from the
authors (guy@cabm.rutgers.edu).
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phosphate backbones that form the edges of the major
groove. The strikingly similar spacing between the axes of
helices 2 and 2′ of NS1A(1-73) (∼16.5 Å) and the
interphosphate distance across the minor groove (∼16.8 Å)
adds further credence to a model in which NS1A(1-73) “sits
over” the minor groove of A-form RNA, and requires the
A-form conformation for proper docking. Moreover, these
protein-RNA interactions require little or no sequence
specificity, also consistent with the lack of characterized
sequence specificity in interactions of NS1A with dsRNA
(3, 4, 11).

Comparison with Other Protein-dsRNA Complexes.When
placed in the context of known RNA-protein interactions,
our putative NS1A(1-73)-dsRNA model constitutes a novel
mode of protein-dsRNA complex formation. Arginine-rich
R-helical peptides, such as that derived from the HIV-1 Rev
protein, are known to bind dsRNA through specific interac-
tions in the major groove (49). However, the major groove
in canonical A-form duplexes is too narrow and deep to
accommodate even a singleR-helix. As a result, in the Rev
protein-RNA complex, binding of the Arg-rich helix results
in severe distortions to the structure of the nucleic acid (49).
Hence, an analogous interaction between helices 2 and 2′ of
NS1A(1-73) and the major groove of its dsRNA target can
be ruled out since both the protein and nucleic acid retain
their free-state conformations upon complex formation.

The vast majority of dsRNA-binding proteins typically
contain more than one copy of a ubiquitous ca. 70-amino
acid,R1-â1-â2-â3-R2 module called the dsRNA binding
motif (dsRBD) (50). In the X-ray crystal structure of a
dsRBD fromX. laevis RNA-binding protein A in complex
with dsRNA (19), the two R-helices plus a loop between
two of the strands form interactions collectively spanning a
16 bp windowstwo minor grooves and the intervening major
grooveson one face of the duplex. The NMR structure of
dsRBD3 from theD. melanogasterStaufen protein (18) again
shows that the primary protein-RNA interactions involve
the R-helices and loops (loop 2, betweenâ1 andâ2, and
loop 4, betweenâ3 andR2) from the protein and both the
minor groove (with loop 2) and phosphodiester backbone
(with loop 4 and R2) of the dsRNA. However, in this
structure R1 interacts with a single-stranded stem loop
capping the dsRNA helix. In both dsRBD-dsRNA complex
structures, the protein-RNA interactions do not involve
direct contact with the bases, indicative of sequence-
independent complex formation. Moreover, as is the case
for NS1A(1-73), the protein-nucleic acid interactions in
both of these protein-dsRNA complexes involve only minor
perturbations to the structures of both the protein and dsRNA
upon complex formation. However, unlike our model, in
these dsRBD-RNA complexes, nonhelical regions of the
protein form critical contacts with the nucleic acid. In
addition to including nonhelical conformations that are
essential for nucleic acid recognition, which are not present
in NS1A(1-73) and do not appear to form in NS1A(1-73)
upon complex formation, these dsRBD modules lack the
symmetry features of NS1A(1-73) which are probably
exploited in the molecular recognition process.

Conclusions.This study demonstrates a system for study-
ing interactions between the N-terminal RNA-binding do-
main of NS1A and a short 16 bp synthetic dsRNA. On the
basis of gel filtration and sedimentation equilibrium mea-

surements, the dimeric NS1A(1-73) domain binds to the
dsRNA duplex with a 1:1 stoichiometry, yielding a complex
with an apparent dissociation constant (Kd) of ∼1 µM.
Circular dichroism and NMR data demonstrate little or no
structural change of the protein or RNA upon complex
formation, and that the dsRNA-binding epitope of NS1A-
(1-73) includes residues of helices 2 and 2′. Analytical gel
filtration and gel shift studies of the interaction between
NS1A(1-73) and different double-stranded nucleic acids
indicate that NS1A(1-73) recognizes canonical A-form
dsRNA, but does not bind to dsDNA or dsRNA-DNA
hybrids, which feature a B-type or A/B-type intermediate
conformation, respectively. These studies provide a working
model of the NS1A(1-73)-dsRNA complex, as well as the
basis for designing several assays of NS1A(1-73)-dsRNA
interactions that are useful in screening small molecules for
candidate inhibitors of the association process. The complex
described in this work is well-characterized, easily generated,
and well-suited for detailed structural studies of the interac-
tions underlying the NS1A-RNA molecular recognition
process. Though the actual structure of the NS1A(1-73)-
dsRNA complex remains to be elucidated, it is clear from
the data presented in this paper that mode of binding dsRNA
by NS1A(1-73) is distinct from that used by the dsRBD
modules.
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