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Abstract

Nonstructural protein 1 (NS1) is a multifunctional virulence factor of influenza virus. The effector
domain (ED) of influenza viruses is capable of binding to a variety of host factors, however, the
molecular basis of the interactions remains to be investigated. The isolated NS1-ED exists in
equilibrium between the monomer and homodimer. Although the structural diversity of the dimer
interface has been well-characterized, limited information is available regarding the internal
conformational heterogeneity of the monomeric NS1-ED. Here, we present the solution NMR
structure of the NS1-ED W187R of the 1918 influenza A virus, which caused the “Spanish flu.”
Structural plasticity is an essential property to understand the molecular mechanism by which
NS1-ED interacts with multiple host proteins. Structural comparison with the NS1-ED from
influenza A/Udorn/1972 (Ud) strain revealed a similar overall structure but a distinct
conformational variation and flexibility. Our results suggest that conformational flexibility of the
NS1-ED might differ depending on the influenza strain.
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Introduction

Influenza virus is responsible for seasonal flus, resulting in 30,000 deaths every year in the
United States alone [1]. The 1918 influenza A virus (1918 1AV) caused the worst flu
pandemic by killing more than 50 million people worldwide [2]. The genome of the 1918
IAV was determined in 2005 [3,4], however, the molecular determinants of its high virulence
remain unclear.

Nonstructural protein 1 (NS1) is a multifunctional virulence factor of influenza viruses [5].
The NS1 protein plays diverse roles in suppressing anti-viral immune responses of host cells
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during the infection cycle [6]. NS1 consists of three domains [6,7], an RNA-binding domain
(RBD), an effector domain (ED) and a disordered C-terminal tail (Figure 1A). The NS1-ED
interacts with a number of host factors, including cellular 30 kDa subunit of the cleavage and
polyadenylation specificity factor (CPSF 30) [8,9], phosphoinositide 3 kinase (P13K) [10],
tripartite motif-containing protein 25 (TRIM25) [11,12], and CT-10 regulatory of kinase
(CRK) [13,14,15]. These interactions contribute to the suppression of innate immune
responses [6] to promote viral replication. Thus, the NS1-ED is considered a potential target
for the development of anti-influenza reagents [16,17].

Structural plasticity was suggested to be essential for NS1 to sample a conformational space,
that is necessary to bind multiple host factors [18,19]. Moreover, the variability in the
interactions mediated by the NS1-ED was suggested to contribute to strain-specific
pathogenesis of influenza viruses [9,20,21]. Therefore, studies on the conformational
flexibility of NS1-ED proteins are important to understand the molecular mechanism by
which NS1 binds to diverse host factors.

The isolated NS1-ED forms a homodimer through either strand-strand [22] or helix-helix
[23,24] dimer interfaces. The homodimerization plays a role in enhancing the affinity of the
RBD to dsRNA in full-length NS1 [25,26]. However, recent structural studies showed that
the monomeric NS1-ED is important for binding to host proteins such as CPSF30 [9], PI3K
[27], and TRIM25 [28]. Therefore, studies on the structure and dynamics of the NS1-ED
monomer are important for elucidating the underlying molecular mechanisms by which NS1
binds host proteins.

Here we present the solution NMR structure of the 1918 NS1-ED W187R. We find that the
1918 NS1-ED W187R exists as a monomer in solution. We also characterize the intrinsic
conformational plasticity in the 1918 NS1-ED. By comparing the solution NMR structures
of the 1918 and Ud (A/Udorn/307/1972) NS1-ED [25,29] proteins, we reveal that the spatial
distribution of conformationally flexible regions are different between the two proteins. Our
results indicate that the difference in the conformational flexibility of the NS1-ED should be
considered to fully understand strain-specific functions of NS1.

Materials and methods

Protein sample preparation

Genes encoding the 1918 NS1-ED was prepared by gene-synthesis service from Genscript.
NS1-ED W187R was expressed in BL21 (DE3) E. coli cells with a Hisg and SUMO tags,
and purified by Ni2* NTA column and gel-filtration chromatography. Purity of protein
samples was confirmed using SDS-PAGE. For stable isotope labeling, 2 L bacterial cultures
were grown in LB media to an ODgqg of ~0.6 and then, bacteria were spun-down to transfer
to 1 L of M9 minimal media supplemented with 1 g/L of 15N NH,CI and 2g/L 13C D-
glucose. Protein expression was then induced with 0.5 mM IPTG for 4 h at 37 °C.

NMR sample preparation

The NMR sample of the 1918 NS1-ED was prepared in an NMR buffer consisting of 20 mM
sodium phosphate (pH 7.0), 80mM NaCl, 1ImM EDTA, 10% D,0, 10 mM DSS (4,4-
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dimethyl-4-silapentane-sulfonate). For resonance assignment and structural determination
13C, 15N-labled NS1-ED was concentrated to 150 uM in NMR buffer.

NMR resonance assignment and structure determination of 1918 NS1-ED

NMR data were collected at 298 K on Bruker Avance 111 600 MHz and 800 MHz
spectrometers equipped with a cryogenic probe at Biomolecular NMR facility (Texas A&M
University). The data were processed using NMRPipe [30] and resonance assignment was
conducted using NMRFAM-Sparky [31]. Backbone and sidechain resonance assignments
were performed using a standard backbone-directed triple resonance experiments in
combination with NOE spectroscopy (NOESY) [32]. Backbone and sidechain chemical shift
assignments have been deposited into the Biological Magnetic Resonance Databank under
the BMRB accession code 12032. The structure of free 1918 NS1-ED was calculated using
simulated annealing methods based on NOESY-derived distance restraints and torsion angle
restraints calculated by TALOS+ [33]. Distance restraints were derived from NOE cross
peaks in 13C-NOESY-HSQC and 15N-NOESY-HSQC spectra with mixing times of 80 and
100 ms. The automated NOESY peak assignment was performed via the CYANA Noeassign
macro [34]. Cross-peak intensities were converted into distances using CYANA. 100
structures were analyzed and the 40 structure with the lowest residual CYANA target
function values were subjected to further energy minimization with R,/R; ratio and explicit
water refinement protocol of Xplor-NIH [35,36]. The resulting 20 lowest structures were
further refined using YASARA webserver [37]. Atomic coordinates have been deposited in
the Protein Data Bank (PDB ID: 6NUO).

NMR 15N relaxation measurements

Measurements for °N R; and R, rate constants were performed at 800 MHz magnetic field
strength as described elsewhere [38]. Briefly, for Ry, five relaxation time points were taken
between 100 ms and 1 s. For Ry, five relaxation time points were taken between 4 and 120
ms. For Ry and Ry, measurements, a recycle delay of 2 s was used between transitions.
Calculation of 1N R4 and R, was conducted using HYDRONMR [39] with the atomic
element radius of 3.1 A.

Results and discussion

Overall structure of the 1918 NS1-ED

The structure of the 1918 NS1-ED W187R (hereinafter 1918 NS1-ED unless otherwise
defined) was determined using solution NMR spectroscopy as described in the Methods.
The ensemble of the 20 lowest energy structures is shown in Figure 1B. The full structural
statistic for the ensemble is shown in Supplementary Table 1

Overall, the solution NMR structure showed an a.-helix p-crescent fold that is common to all
known structures of the NS1-ED. In this study, we incorporated the W187R mutation into
1918 NS1-ED to abolish homodimerization. Both W187R and W187A mutations can
abolish NS1-ED homodimerization; however, the W187R mutation is the only amino acid
substitution allowed for position 187 of NS1 that does not affect the overlapping open
reading frame of NS2, which is an alternatively spliced protein of the NS1 gene [40]. The
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side chain of W187 is exposed to solvent in its monomeric form (Figure 1C). Our NMR
structure also showed that the side chain of R187 is fully exposed to solvent and does not
interact with other residues of the protein (Figure 1C). The side chain of R187 was also fully
exposed to solvent in the NMR structure of the Ud NS1-ED W187R [25]. These results
indicate that the W187R mutation does not affect the overall structure of the 1918 NS1-ED.

The 1918 NS1-ED W187R exists as a monomer in solution

The overall structure of the 1918 NS1-ED W187R was highly similar to the recently
reported crystal structure of the 1918 NS1-ED W187A [41] (PDB ID: 6DGK) (Figure 2A).
However, while the NMR structure is a monomer, the crystal structure of the 1918 NS1-ED
W187A showed a dimeric form [41]. The crystal structure contained two NS1-ED molecules
in an asymmetric unit, although the W187A mutation is supposed to abolish the dimeric
form. Intriguingly, the crystal structure revealed a new dimer interface, the a3-a3 interface,
mediated by W203. However, it remained unclear whether the 1918 NS1-ED W187A or
W187R forms a dimer in solution. This is an important question to address because the
interactions with host factors such as CPSF30, PI3K, and TRIM25 were suggested to be
mediated by the NS1-ED monomer [9,27].

To address whether the 1918 NS1-ED-W187R exists as a monomer or dimer in solution, we
measured the correlation time (z) for the rotational diffusion process of the 1918 NS1-ED
using the NMR 15N R,/R; ratio, which is a highly sensitive probe of molecular size and
shape [39,42]. By only including the residues located in stable secondary structures without
a chemical exchange effect, we estimated that the < is 7.2 ns [43], which is consistent with
the value (T = 7.4 ns) calculated using the software HYDRONMR with a monomeric NMR
structure [39]. Thus, the HYDRONMR-calculated R,/R ratio is consistent with the
experimentally measured value (Figure 2B). This shows that the 1918 NS1-ED W187R
exists as a monomer in solution, although more thorough examination might be needed.

However, we note that long-term solubility of 1918 NS1-ED W187R was limited. For
example, the protein was precipitated by ~20% over a week in the NMR condition, in which
protein concentration was about 150 uM. The limited solubility suggests that even NS1-ED
W187R undergoes oligomerization in slower timescale despite that its mechanism and
relationship to biological function remain to be determined. We speculate that the slow-
timescale precipitation could be induced by a.3-a3 or strand-strand dimeric interfaces,
which are not suppressed by W187R mutation.

Intrinsic conformational plasticity of the 1918 NS1-ED

Conformational plasticity might be important for the NS1-ED to adopt slightly different
conformations to bind to diverse host factors. However, most NS1-ED structures have been
determined by crystallography, and thus, it has remained unclear whether the conformational
variations were due to crystal contacts or the intrinsic structural plasticity of the protein.

Therefore, we first examined the conformational plasticity of the 1918 NS1-ED. For this
purpose, we compared the lowest energy NMR and crystal structures (PDB 1D: 6DGK). The
root-mean-square-deviation (RMSD) between the two structures was considerably large (> 2
A) in the following four regions (Figure 3A and 3B). Region-A (residues 87 — 88)
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corresponds to the short N-terminal B1 strand. Region-B (residues 134 — 142) includes parts
of the B4 and B5 strands and a flexible loop connecting the two f strands (B4-p5 loop). We
also noticed that the region has relatively high B-factors in the crystal structure (Figure 3A).
Region-C (residues 164 — 169) is a Pro-rich loop connecting the 6 strand and x2 helix (6-
a2 loop). This region showed the highest B-factors in the crystal structure (Figure 3A).
Region-D (residues 199 — 205) corresponds to the C-terminal a3 helix. The RMSD in this
region is due to the difference in the orientation of the a3 helix between the two structures.
Although the B-factors of this region are lower than the other three regions (Figure 3A), this
may be because the region is stabilized by the crystallographic dimer interface (i.e., a3-a3
interface). Therefore, the a3 helix would have more motional freedom in the solution state
as reflected in our NMR structure.

To further examine the intrinsic conformational flexibility of the 1918 NS1-ED in the sub-ns
timescale, we calculated the random-coil index (RCI)-derived backbone order parameters
[44]. Three regions were identified to be conformationally flexible (S2 < 0.7), including
residues 154 — 155, 165 — 169 (region-C), and 203 — 205 (region-D) (Figure 3C). This result
showed that the conformational variation in regions-C and -D is mainly due to the intrinsic
flexibility of the 1918 NS1-ED in the ps — ns timescale. Residues 154 — 155 correspond to a
loop connecting the B3 and B4 strands. Although the region did not show a noticeable
RMSD between the NMR and crystal structures, it showed slightly elevated B-factors in the
crystal structure, indicating reasonably high conformational flexibility of the region. This
loop is involved in the binding site for CPSF30 [9]. Intriguingly, regions-C and -D are also
parts of the binding interface for TRIM25 [28]. Thus, our result suggests that the flexibility
might have a role in binding to host proteins.

Comparison of conformational plasticity between the 1918 and Ud NS1-ED proteins

Detailed understanding of the conformational plasticity of NS1-ED proteins from diverse
influenza viruses is important because it may provide structural insights into the strain-
specific interactions of NS1 with host factors [21,29,45,46]. First, we sought to test whether
there is a difference in conformationally plastic regions among NS1-ED proteins from
different influenza viruses. To this end, we compared the conformational heterogeneity in
the following two NMR ensemble structures: the 1918 and Ud NS1-EDs (PDB ID: 2KKZ)
(Figure 4A). We chose NMR structures to avoid effects from crystal contacts. Moreover,
structures of both free and CPSF30-bound forms are available for the Ud NS1-ED [9], and
this allowed us to examine the conformational plasticity of the CPSF30-binding site in the
NS1-ED.

Figure 4B shows the average RMSD plots of the 20 lowest energy structures of each protein.
Although the two proteins have virtually identical overall structure, they showed stark
differences in the spatial distribution of the conformationally plastic regions. The Ud NS1-
ED showed significantly higher conformational heterogeneity in the N-terminal g1 strand
(region A) than the 1918 NS1-ED. In contrast, the 1918 NS1-ED showed higher RMSD in
region-B than the Ud NS1-ED. Both proteins showed a high RMSD in region-C; however,
conformational variation in the Ud NS1-ED was extended to a larger extent in the primary
sequence than in the 1918 NS1-ED. This difference might be due to a single amino acid
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change in this region; residue 166 is Leu in the 1918 and Phe in the Ud strain. While the side
chain of F166 in the Ud NS1-ED is exposed to solvent, the side chain of L166 is partially
exposed to solvent in the 1918 NS1-ED; partially buried L166 might stabilize the loop
conformation.

Interestingly, we noticed that parts of the CPSF30-binding site in the NS1-ED showed the
opposite pattern of the conformational heterogeneity between the two proteins. For example,
while the backbone of F103 showed considerable RMSD among the ensemble of Ud NS1-
ED, the same position was well-converged in the 1918 NS1-ED, resulting in low RMSD.
F103 interacts with hydrophobic residues of CPSF30 [9], stabilizing the tetrameric complex
with CPSF30. Moreover, the B3-B4 loop (residues 150 — 155) is also involved in the
CPSF30-binding site and showed large RMSD in the Ud-NS1, while it was well-converged
in the 1918 NS1-ED. This result suggests that the 1918 and Ud NS1-ED proteins may have
different binding properties, such as Ky, to CPSF30.

The CPSF30-binding interface consists of 27 residues in the Ud NS1-ED (Figure 4A). These
residues are conserved in the 1918 NS1-ED except for two residues; E112 and 1119 in the
Ud NS1-ED are replaced by A112 and M119 in the 1918 NS1-ED, respectively.
Interestingly, these two positions were well-converged in both ensemble structures despite
the sequence variation. However, the effects of these mutations on the binding affinity to
CPSF30 remain to be investigated.

These results indicate that the spatial distribution of conformationally plastic regions varies
among NS1-ED proteins from different influenza viruses. A caveat in this analysis should be
noted. The conformational heterogeneity of the NMR structure could be affected by
nonstructural reasons such as lack of enough distance-constraints during structural
calculations. Although it is beyond the scope of this report, a systematic NMR dynamics
study on NS1-ED proteins from various influenza viruses would be highly informative to
reveal the strain-specific conformational flexibility of NS1-ED proteins. Moreover, it would
be important to examine whether the conformational heterogeneity and dynamics of NS1-
ED proteins would affect differential recognition of host factors. The contribution of
conformational plasticity and dynamics to molecular recognition was highlighted in recent
studies [47,48]. Thus, the binding thermodynamics and kinetics between the NS1-ED and
host factors might be different for different influenza viruses, although further studies will
be needed to test this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Solution NMR structure of the NS1-ED of the 1918 influenza A virus

. NS1-ED W187R of the 1918 influenza A virus exists as a monomer in
solution

. The 1918 NS1-ED is structurally plastic in the binding sites for host proteins

. Spatial distribution of structurally plastic regions might vary among NS1-ED
proteins
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Figure 1.
Structure of the 1918 NS1-ED. (A) Domain organization of NS1. (B) Ensemble view of the

20 lowest energy structure of 1918 NS1-ED. (C) Conformations of W187 and R187 in Ud
and 1918 NS1-ED are shown in magenta and cyan, respectively.
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Figure 2.
1918 NS1-ED exists as a monomer in solution. (A) Crystal structure of 1918 NS1-ED

W187A (PDB ID: 6DGK). The a3-a3 dimeric interface is shown in blue. For comparison,
NMR structure of 1918 NS1-ED W187R (shown in green) is superimposed to chain A of the
crystal structure. (B) The NMR Ry / Ry ratio as a function of primary structure of 1918 NS1-
ED. The experimental and HY DRONMR-calculated values of conformationally rigid
residues are shown in black and red circles, respectively.
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Figure 3.

Conformational plasticity of 1918 NS1-ED. (A) Black line corresponds to the backbone
(Ca) RMSD between the NMR and crystal structures of 1918 NS1-ED. Red line
corresponds to the Ca B-factor of the crystal structure. The four regions that have a large
RMSD between the two structures are marked using blue bars. (B) Superimposed structures
of four conformationally plastic regions in the 1918 NS1-ED. NMR and crystal structures
are shown in green and wheat, respectively. Other regions in both structures are shown in
gray. (C) RCI-derived order parameters of the 1918 NS1-ED.
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Figure 4.
Structural comparison of 1918 and Ud NS1-ED. (A) Solution NMR structures of 1918 (left

panel) and Ud (right panel) NS1-ED. The CPSF30-binding sites in Ud NS1-ED are shown in
red. Residues 112 and 119 are shown as a stick model. (B) The RMSD plots of the 20 lowest
energy structures of 1918 and Ud NS1-ED are shown in red and black, respectively.
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