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Human respiratory syncytial virus (RSV) nonstructural protein 2
(NS2) inhibits host interferon (IFN) responses stimulated by RSV
infection by targeting early steps in the IFN-signaling pathway.
But the molecular mechanisms related to how NS2 regulates these
processes remain incompletely understood. To address this gap,
here we solved the X-ray crystal structure of NS2. This structure
revealed a unique fold that is distinct from other known viral IFN
antagonists, including RSV NS1. We also show that NS2 directly
interacts with an inactive conformation of the RIG-I-like receptors
(RLRs) RIG-1 and MDAS5. NS2 binding prevents RLR ubiquitination, a
process critical for prolonged activation of downstream signaling.
Structural analysis, including by hydrogen-deuterium exchange
coupled to mass spectrometry, revealed that the N terminus of
NS2 is essential for binding to the RIG-I caspase activation and
recruitment domains. N-terminal mutations significantly diminish
RIG-I interactions and result in increased IFNp messenger RNA lev-
els. Collectively, our studies uncover a previously unappreciated
regulatory mechanism by which NS2 further modulates host re-
sponses and define an approach for targeting host responses.
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he human respiratory syncytial virus (RSV) is a major cause

of lower respiratory tract infections and hospitalizations of
young children, the elderly, and immunocompromised individuals
worldwide (1, 2). RSV infection results in immune dysregulation
and can exacerbate existing conditions, including asthma and
chronic obstructive pulmonary disease. Furthermore, there are high
rates of reinfection, as prior exposure to RSV does not lead to long-
lasting immunity. Despite the significant burden of RSV on global
health, there are limited prophylactic and therapeutic treatment
options available. Our incomplete understanding of the viral com-
ponents and of host responses that are elicited during RSV infec-
tion is a significant limitation.

RSV is a nonsegmented, negative-strand RNA virus and a
member of the Pneumoviridae family (3). The RSV genome en-
codes two multifunctional nonstructural (NS) proteins, NS1 and
NS2. Homologs or orthologs of NS1 and NS2 are lacking in other
Mononegavirales members, including the related human meta-
pneumovirus; therefore, the significance of these proteins to RNA
viruses is unique and unlikely to be informed by studies of other
viruses. Both NS1 and NS2 are implicated as interferon (IFN)
antagonists and are known to play key roles in modulating host
responses during early stages of infection. Recombinant viruses
lacking NS1 or NS2 are attenuated in cell culture; infection with
NS1/NS2-deleted viruses results in increased IFNp messenger
RNA (mRNA) levels compared with infection with wild-type
(WT) RSV-infected cells, supporting the idea that NS1 and NS2
controls the host response (4-17). It was also noted that recombi-
nant viruses lacking the NS2 gene display slower growth kinetics,
suggesting that NS2 may play a role in replication of the WT virus
due to its role in immune evasion (18). Infection of these NS2
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deletion recombinant viruses in airway epithelial cells resulted in
increased IFNP mRNA levels that were not as high compared with
a virus with a NS1 gene deletion or NS1/NS2 gene deletions (8,
16-18), indicating that NS2 may work in concert with NS1 to en-
hance the effect of NS1. NS2 does not have sequence homology to
any known protein (19, 20). This underscores the need to further
characterize NS2 to understand its functionally distinct role(s) in
facilitating the viral pathogenesis of RSV, which remains poorly
defined.

The retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) are host pattern recognition receptors that include RIG-
I and melanoma differentiation-associated gene 5 (MDAS) and
are known targets of RSV NS1 and NS2 (21-25). RIG-I and
MDAS each contain a cytoplasmic DEXD/H box helicase do-
main and can detect viral infection by recognizing pathogen-
associated molecular patterns (PAMPs), such as viral replica-
tion by-products (26, 27). Both RIG-I and MDAS contain two
N-terminal caspase activation and recruitment domains (CARDs)
that are linked to the helicase domain and followed by a
C-terminal domain (CTD) (28, 29). In the absence of any PAMPs,
RIG-I adopts an autoinhibited conformation, where the CARDs
are sequestered from interactions with other CARD-containing
molecules (30-33). Binding of viral RNAs to the helicase/CTD
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relieves RIG-I autoinhibition, releasing the N-terminal CARDs.
MDAS likely exists in an equilibrium between the autoinhibited
and extended conformation, where the N-terminal CARDs as-
semble into oligomers to form filaments (34, 35). Important for
the complete activation of RIG-I and MDAS is the dephosphor-
ylation of CARDs as well as ubiquitination by several E3 ubiquitin
ligases, including TRIM25, Riplet, TRIM4, and MEX3C (36-40).
Activation of RIG-I and MDAS then allows for binding to the
mitochondrial antiviral signaling protein (MAVS; also known as
Cardif/VISA/IPS-1) (41-44). MAVS activation leads to down-
stream signaling and activation of transcription factors including
IRF3, IRF7, and NF-xB. Phosphorylation of these transcription
factors is critical for them to translocate into the nucleus and
stimulate IFN o/p production, which can then trigger antiviral
IFN-stimulated gene (ISG) expression.

Early studies suggested that RIG-I plays a predominant role in
detecting RSV during the early phases of infection in airway
epithelial cells to mount a rapid antiviral response (45-47). Small
interfering RNA knockdown of RIG-I inhibited NF-xkB and
IRF3 activation post infection with RSV (45, 47). RSV infection
also appeared to be restricted in RIG-I knockout cells, resulting
in reduced expression of several IRF-3—dependent ISGs when
compared with MDAS knockout mouse embryonic fibroblast cells,
which displayed delayed expression (46). However, subsequent
studies demonstrated that MDAS may have a more significant role
in response to RSV infections than previously appreciated. Both
MDAS and RIG-I expression were found to be up-regulated in the
nasopharyngeal washes from RSV-infected infants (48). MDAS
directly drives NF-kB activation in response to RSV infection that
is RIG-I independent (47) and is required to prevent premature
degradation of IRF3 (49). Furthermore, MDAS and MAVS were
found to colocalize with RSV genomic RNA and nucleoprotein in
inclusion bodies to attenuate IFN signaling (50). Collectively,
these studies suggest that MDAS may play a previously under-
appreciated role during RSV infection.

NS2 interferes with RLR signaling by targeting molecules in
the IFN-signaling pathway that are distinct steps in the pathway
from NSI1. Overexpression of NS2 inhibits RIG-I-mediated
IRF3 activation when stimulated with a 5'ppp RNA (11).
Coimmunoprecipitation (colIP) studies suggest that NS2 binds to
RIG-I through interactions with the N-terminal CARDs (11).
NS2 expression also decreases STAT2 expression levels when
transfected into human tracheobronchial epithelial cells (51).
RNA interference of NS2 expression in cells infected with RSV
resulted in a loss of STAT2 inhibition. Furthermore, a ANS2
deletion virus lost the ability to suppress STAT2 expression or
PKR when compared with WT or a ANS1 deletion virus (51),
which may be associated with a role for NS2 to modulate ubig-
uitination of cellular proteins like STAT2 and to facilitate deg-
radation (52-54). Altogether, these observations suggest that NS2
is capable of performing multiple functions as a viral antagonist of
type I IFN signaling independent of NS1. While much insight has
been gained through these studies, the molecular mechanisms for
how NS2 mediates these functions remain undefined, including
the lack of an atomic structure for RSV NS2. Lack of these in-
sights limits our understanding of the unique role that NS2 plays in
facilitating RSV pathogenesis and our ability to develop and treat
RSV infections that are targeted to RSV nonstructural proteins.

To address this gap, we solved the X-ray crystal structure of
RSV NS2, which revealed a unique fold that is distinct from
other known IFN antagonists, including RSV NS1. Using the
structure as a basis, we conducted a series of studies aimed at
defining the molecular basis for NS2-mediated immune antago-
nism. We demonstrate that RSV NS2 directly interacts with both
inactive RIG-I and MDAS and that the binding of NS2 prevents
RLR ubiquitination, activation, and downstream signaling. Our
biochemical and structural analyses identified NS2 residues that
are important for binding to RIG-I, which were subsequently
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validated by functional studies. Together, our results provide in-
sights into the mechanism by which RSV NS2 modulates host
pattern recognition receptors and define a molecular framework
that defines a role of NS2 in host IFN antagonism.

Results

The RSV NS2 X-Ray Crystal Structure Represents a Unique Fold. RSV
NS2 is a viral antagonist of IFN signaling. Like RSV NS1, NS2
targets multiple host factors to limit host responses during in-
fection. Recent studies, including those from our group, initiated
structure—function analyses to define the immunoregulatory func-
tions of NS1 (55). RSV NS2 is transcribed from a region near the
5'UTR and expressed at high levels in the host cytoplasm. NS2 is
also thought to be multifunctional. However, unlike NS1, little is
known about NS2, leaving a large gap in our understanding of how
these two small nonstructural proteins facilitate immune modula-
tion, viral replication, and viral pathogenesis. To gain additional
insight, we generated crystals of selenomethionine-labeled NS2 (S
Appendix, Fig. S14) and solved the X-ray crystal structure of NS2
by single-wavelength anomalous diffraction at 2.8 A resolution
(Fig. 14 and SI Appendix, Table S1). The asymmetric unit contains
three nearly identical molecules in the asymmetric unit (molecule
A, molecule B, molecule C) (SI Appendix, Fig. S1B). While the
solvent-accessible surface area is large enough to suggest homo-
oligomerization of NS2 within the asymmetric unit, solution stud-
ies, including size-exclusion chromatography coupled to multiangle
light scattering (SEC-MALS), do not support NS2-NS2 interac-
tions (SI Appendix, Fig. S1C).

The X-ray structure of NS2 is a single globular domain with a
mixed o/p fold (Fig. 1 A and B). In the structure, the N terminus
contains a cluster of four alpha helices followed by a three-
stranded, antiparallel beta sheet. Missing electron density for
the N-terminal 22 residues and the C-terminal 7 residues indi-
cates that these regions may be disordered in this X-ray crystal
structure. The C-terminal proline residue (P124) appears to
N-cap the helix a2, which may function to further stabilize the
unique NS2 fold (Fig. 1C). Analysis of the electrostatic surface of
NS2 shows two charged pockets composed of basic residues,
including K68, K72, K77, K79, and K80, in helices a3 and a4
(Fig. 1 A and B).

Based on sequence alignments, no known functional motifs
were identified from comparisons with the NS2 structure. Com-
parison of the NS2 structure with other existing protein structures
using the DALLI server (56) revealed no significant structural ho-
mology. The top-scoring hit is a yeast ubiquitin carboxyl-terminal
hydrolase (Protein Data Bank [PDB] ID: 4W4U; Z score: 5.6;
rmsd: 2.8). Although there is some similarity in the secondary
structural elements that comprise the structure, there is no sig-
nificant alignment to the NS2 structure that would suggest struc-
tural homology or functional correlations. Structural comparison
of NS2 with our previously solved structure of RSV NS1 (PDB
5VJ2) showed no similarity to each other, with the exception of
the four identical residues located at the C terminus of each
molecule (amino acids 121-DLNP-124) (Fig. 1C). NS2 and NS1
have overlapping functions, but they lack sequence similarity and,
as revealed through our comparisons here, these two proteins also
lack structural homology. These findings further suggest that NS1
and NS2 may target different proteins in the host IFN induction
and response pathways through distinct mechanisms to achieve
synergistic regulation of host responses.

NS2 Binds to Inactive RIG-1 and MDAS and Prevents Activation. Early
studies suggested that NS2 inhibits host signaling early in the
IFN induction pathway (Fig. 1D) (25, 57); furthermore, these
studies suggested that RIG-I, but not MDAS, was important for
RSV-mediated IFN inhibition (11, 27, 46). Subsequent studies,
however, suggested a greater role for MDAS in response to RSV
infections (11, 45, 48-50). To further probe these interactions,
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Fig. 1. RSV NS2 adopts a unique mixed alpha-beta fold. (A) Cartoon representation of the X-ray crystal structure of NS2 (Top). Surface electrostatic rep-

resentation of NS2 (Bottom). Red, white, and blue represent negative, neutral, and positive electrostatic potential, respectively (-5 to +5 kgT e™"). Orientation
in Bottom is the same as in Top. (B) Wiring diagram of the secondary structural elements in NS2. Figure was generated using PDBSum. (C) Structural com-
parison of RSV NS2 (Left) and RSV NS1 (Right, PDB 5VJ2). The terminal four residues, DNLP, are highlighted in stick representation. (D) RLR function in IFN}
signaling. RIG-I and MDAS5 contain two tandem caspase activation and recruitment domains (CARDs, pink) at the N terminus followed by a DEXD-box helicase
domain (blue) and a CTD (green). RIG-I and MDAS exists in an autoinhibited conformation that is relieved upon binding to immunostimulatory RNAs, ex-

posing the CARDs for interaction with other CARD-containing proteins, including the mitochondrial-associated MAVS protein.

ectopically expressed FLAG-tagged full-length RIG-I (RIG-If;)
or FLAG-tagged full-length MDAS (MDASg; ) were coexpressed
with hemagglutinin (HA)-tagged NS2 in HEK 293T cells. Coim-
munoprecipitation assays were performed using anti-FLAG resin.
We found that NS2 interacted with both RIG-Ir; and MDASgp
(Fig. 24 and SI Appendix, Fig. S1D). Because RIG-I and MDAS
undergo conformational changes and are activated upon binding
to viral RNA PAMPs (Fig. 1D), co-IP assays were also performed
on transfected HEK 293T cells that were treated with polyl:C
(27), a synthetic double-stranded RNA mimic. NS2 interacts with
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RIG-Ir,. and was similar in the presence of polyl:C; NS2 inter-
actions with MDASg; appear to be slightly enhanced with polyl:C
(Fig. 2 A, Bottom, and SI Appendix, Fig. S1D). To further validate
which domains of RIG-I and MDAS are required for NS2 inter-
action, FLAG-NS2 was coexpressed with either the HA-RLR
CARD domains, which form protein—protein interactions with
other CARD-containing proteins, or an HA-tagged-tethered RLR
helicase/C-terminal domains (ACARDs) in HEK 293T cells. The
co-IP results demonstrate that NS2 binds to RIG-Icarps, consis-
tent with previous studies (11), and to MDAScarps (Fig. 2B and
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Fig. 2. RSV NS2 coimmunoprecipitates with RIG-l and MDADS. (A) Empty expression plasmid (empty vector), FLAG-full-length RIG-I (FLAG-RIG-I¢,) or FLAG- full-
length MDAS (FLAG-MDAJSg,) were cotransfected with HA-tagged NS2 expression plasmid in HEK 293T cells in the absence (Top) or presence (Bottom) of poly
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SI Appendix, Fig. S1D). We did not observe an NS2 interaction
with either RIG-I or MDAS helicase/CTD domains (Fig. 2C and
SI Appendix, Fig. S1D).

In contrast to RLR CARDs, MAVS, a mitochondrial-
associated protein that also contains a single CARD domain at
the N terminus, did not show binding. To test NS2 binding to the
MAVS CARD, HEK 293T cells were cotransfected with
HA-RLRs-CARDs, HA-MAVS, and FLAG-NS2. The colP as-
says were performed 24 h post transfection. Our results reveal
that NS2 does not interact with MAVS; in contrast, NS2 can
readily bind to RIG'ICARDS and MDASCARDS (Flg 2D and
SI Appendix, Fig. S1D).

In addition to RNA binding, activation of RLRs is enhanced
by their dephosphorylation and ubiquitination. These posttrans-
lational modifications are thought to occur prior to interaction
with MAVS and subsequent downstream signaling (Figs. 1D and
34). To identify which RLR state NS2 binds to, HEK 293T cells
were cotransfected with FLAG-tagged RIG-Ig. or MDASE; and
HA-tagged ubiquitin after treatment with polyl:C. FLAG colP
results show that both RIG-Ig. (Fig. 3 B, Right) and MDASE,
(Fig. 3 C, Right) are ubiquitinated. To test if NS2 binding prevents
ubiquitination of RLRs, we repeated the same experiment in the
presence of increasing concentrations of HA-tagged NS2. Expres-
sion of NS2 inhibited ubiquitination of RIG-Ir;, and MDASE, in
the absence or in the presence of polyl:C and in a concentration-
dependent manner. These results are consistent with NS2 binding to
an inactive state of the RLRs.

We next tested how the presence of NS2 affects RLR inter-
action with the MAVS protein, which is immediately downstream
of RLR binding, with nonself RNA (Fig. 1D). HEK 293T cells
were cotransfected with either FLAG-RIG-Ig; or FLAG-MDASE;,
HA-MAVS, along with increasing concentrations of HA-tagged
NS2. Without polyl:C, coIP results show that MAVS does not in-
teract with RIG-Ig;, or MDASE in the presence of NS2 (Fig. 44).
When the cells are treated with polyl:C prior to performing the co-
IP, we find that both RIG-Ig;, and MDASE;. now bind to MAVS,
but that these interactions are diminished in the presence of in-
creasing concentrations of NS2 (Fig. 4 A, Bottom). These results are
consistent with previous studies demonstrating that RNA binding
activates a conformational change in the RLRs, where RNA
binding releases the CARDs to bind to MAVS (30-35). Our results
here further support that NS2 binds to an inactive form of the
RLRs, suggesting that NS2 binding likely prevents RLR activation.

Since RLR signaling leads to phosphorylation and subsequent
nuclear translocation of IRF3, we also examined the effect of
NS2 binding to RIG-I or MDAS on the phosphorylation of
IRF3. Resulting data reveal that the overall levels of endogenous
IRF3 remain relatively constant in the absence or presence of
RIG-Ig. or MDASE, and with or without polyl:C treatment
(Fig. 3 A and B, Bottom Left). When we look at activation of
IRF3 using an antibody that detects phosphorylated IRF3, we
observe an NS2 concentration-dependent decrease in IRF3
phosphorylation in the presence of polyl:C and coexpressed with
ubiquitin. Without polyl:C, the level of IRF3 phosphorylation is
low and unchanged as NS2 expression level increases with both
RIG-Ig. or MDASE, (Fig. 3 A and B, Bottom Left). Collectively,
these results suggest that NS2 interacts with both RIG-I and
MDAS through the CARD domains in a manner that is inde-
pendent of RNA binding and RLR activation.

NS2 Binds Directly to RLR CARDs. To confirm that RSV NS2 directly
binds to RIG-I and MDAS, we performed in vitro pull-down assays
using recombinantly expressed and purified NS2, maltose-binding
protein (MBP)-tagged RIG-Icarps, and MBP-MDAScARrDs.
MBP-RIG-Icarps 0r MBP-MDAS-srps Were immobilized on
amylose resin prior to incubation with NS2. MBP-RIG-Icarps
(Fig. 4 B, Top Left) and MBP-MDAScarps (Fig. 4 B, Top Right)
both pull down untagged NS2, demonstrating a direct interaction
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RIG-1 and MDAS5 that are phosphorylated (red) or ubiquitinated (blue) are
indicated by a single dot. FLAG-colPs (Right) of FLAG- (B) RIG-Ir. or (C)
MDAS5g with HA-ubiquitin and increasing concentrations of HA-NS2 (1, 2,
and 4 pg) and in the absence or presence of polyl:C transfection. Band cor-
responding to Ub-RIG-I and Ub-MDA?5 is denoted by a double asterisk (**).
Unidentified ubiquitinated band is denoted by a single asterisk (*). Immu-
noblotting of phosphorylated IRF3 (p-IRF3), IRF3, and B-tubulin is shown
below. Western blots of WCL are shown on the Left in B and C. Shown are
representative results from experiments repeated in triplicate.

between RLR CARDs and NS2. In contrast, NS2 does not bind
to the MBP protein alone, an important negative control
(Fig. 4 B, Bottom Left) or the amylose resin (Fig. 4 B, Bottom
Right). These results support our co-IP results and show that the
CARDs are important for NS2 binding to RLRs.

NS2 Is Conformationally Dynamic. Next, we used hydrogen deute-
rium exchange coupled to mass spectrometry (HDX-MS) to
characterize structural differences in hydrogen bonding and sol-
vent accessibility of NS2 upon binding to RIG-I CARDs. HDX-
MS, a well-known reporter of protein dynamics, conformational
changes, and secondary structure, identifies changes in solvent
accessibility or hydrogen bonding specifically for backbone amide
groups. Digestion of MBP-NS2 with fungal protease XIII in so-
lution coupled with online pepsin produced 69 unique peptides
and 99% coverage of NS2 (SI Appendix, Fig. S24). No statistically
significant differences in deuterium uptake were observed for the
protein with or without the MBP-tag (SI Appendix, Fig. S2B, black
and blue, respectively).
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Fig. 4. RSV NS2 inhibits the interaction between RLRs and MAVS. (A) The colP between FLAG-RIG-I_ or FLAG-MDASg with HA-tagged MAVS and increasing
concentrations of HA-NS2 (1, 2, and 4 pg) in the absence (Top) or presence (Bottom) of poly I:C. WCL, whole-cell lysate. (B) In vitro pull-down assays between NS2
and RLR CARDs. Recombinantly expressed and purified MBP-RIG-Icarps (Top Left), MBP-MDAScarps (Top Right), or MBP tag alone (Bottom Left) were immobilized
on amylose resin prior to incubation with NS2. NS2 alone was also incubated with amylose resin (Bottom Right) as a negative control. Lanes correspond to the
following: M, marker; 1, bound beads; 2, input; 3, wash 1; 4, wash 4; 5, final beads; 6, elution. Shown are representative results repeated in triplicate.

The HDX-MS kinetic characteristics of MBP-NS2 are con-
sistent with our crystal structure (Fig. 1) for short HDX times; at
longer incubation times, increased HDX occurs (Fig. 5 A-C and
SI Appendix, Fig. S3). The region covering the first 22 residues,
which was missing in the X-ray crystal structure owing to the lack
of electron density, and most of the residues in the N-terminal
helix al undergo fast exchange within 30 s. This indicates a high
degree of flexibility and/or lack of hydrogen bonding for the first
22 residues and suggests that much of helix al is more con-
formationally dynamic than expected for an a-helix, where most
amides are involved in hydrogen bonding. After 3,600 s of D,O
exchange, a high degree of deuterium uptake was also observed
for the loop between helix a2 and o3, the loop connecting to
strand 1 and strand p2 to the C terminus (Fig. 5 A-C), also
consistent with a flexible structure lacking strong hydrogen bonding;
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interestingly, we also observed a high degree of deuterium uptake
after 3,600 s for helix a4, suggesting that helix o4 is also
conformationally dynamic.

A Conformationally Dynamic Surface of NS2 Accommodates Binding
with RIG-1 CARDs. Using HDX-MS assays, we further probed
changes in backbone amide deuterium uptake for the NS2/RIG-
Icarps protein complex (SI Appendix, Fig. S44). Many peptides
covering NS2 show differences in HDX for NS2 alone compared
with the NS2/RIG-I CARDs complex (Fig. 5D and SI Appendix,
Fig. S4B). Both increases and decreases in deuterium incorpo-
ration are primarily localized near the N terminus and proximal
structures (Fig. 5 E-G and SI Appendix, Fig. S4B). Decreased
HDX is consistently observed for the N-terminal 32 residues. The
surface surrounding these residues (i.e., helix a4 and the C-terminal
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Fig. 5. HDX-MS of RSV NS2 reveals regions that are dynamic and protected upon binding to RIG-I CARDs. (A) Heatmap showing the extent of HDX for free
NS2 for incubation times of 10, 30, 300, 900, 3,600, and 14,400 s. The heat maps were smoothed using “light smoothing” with the HDExaminer software.
Secondary structures determined in the crystal structure are shown above. Deuterium uptake extents mapped onto the NS2 structure are shown for (B) 30 s
and (C) 3,600 s, respectively. (D) Peptide-level difference maps showing absolute differences in HDX for all identified peptides after 30, 300, and 3,600 s of
HDX (Top to Bottom). Each peptide is shown as a bar covering the peptide sequence. Global significance limits (black dash) indicate the minimum HDX
difference to be statistically significant (P < 0.01). Increases (warm) and decreases (cool) in HDX are indicated by the gradient and correspond to the structures
on the right (E-G). Secondary structures from A are indicated in gray. Representative peptide-level increases (warm colors) and decreases (cool colors) in HDX
as a function of binding RIG-I CARDs mapped onto the crystal structure of NS2 after (E) 30's, (F) 300 s, and (G) 3,600 s of exchange, respectively. Structures on

the Left of E, F, and G are shown in the same orientation as those in B and C structures on the Right are rotated 90° along the y axis.

15 residues) exhibit, upon binding, several behaviors including
consistently increased HDX and an interesting “crossing” or com-
posite behavior, where increased HDX at shorter incubation times
is followed by decreased HDX at longer incubation times. Pre-
sumably, the observed increases in HDX occur in select regions
where flexibility increases upon binding. Once some amides satu-
rate with deuterium, other NS2 regions that show protection
dominate the composite HDX and exhibit a slower increase in
HDX at longer times. For example, at early time points for pep-
tides covering helix a4 and nearby loops, we observe a clear in-
crease in HDX of ~0.6 Da occurs. At later time points, we
observed converged HDX and maintained exposure (covering a4
and its C-terminal loop), or we observed binding-induced de-
creased HDX (covering a4 and its N-terminal loop). Together,
this composite behavior reveals both an increase in conforma-
tional flexibility and binding-induced protection by RIG-I CARDs
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for those peptide regions. Interestingly, these structures cover the
conformationally dynamic regions of the unbound state of NS2,
also including the C-terminal 15 residues (Fig. 5 A-C). Finally,
increased HDX occurs for 1, p2, and the loop between o2 and o3,
suggesting changes in conformation or dynamics occurring at a
region remote from the binding site. No statistically significant
differences in HDX are observed for any other regions of NS2
(i.e., for helices a2 and o3) (SI Appendix, Fig. S5). While we ob-
served some protection of the C-terminal end and linker of the
MBP tag for the NS2/RIG-I CARDs complex (SI Appendix, Fig.
S2B, red), we find no direct binding between the MBP-tag and
RIG-I CARDs. This protection is consistent with RIG-I CARDs
binding the N-terminal region of NS2, inducing nonspecific pro-
tection of the proximal MBP tag, and the protection identifies a
continuous RIG-I-binding surface on the NS2 al helix. The
complexities observed in our HDX analysis may represent the
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conformational flexibility of RSV NS2 and widescale RIG-I-
binding—induced increases in flexibility.

NS2 Disrupts RLR-Mediated Signaling. To assess the impact of NS2
binding on RLR-mediated signaling and to validate our struc-
tural findings, we introduced several alanine mutations in the
NS2 N terminus, a dynamic region of RSV NS2 revealed by HDX-
MS. We tested the ability of these NS2 mutants to bind RIG-I.
HEK 293T cells were cotransfected with FLAG-RIG-If;, and in-
creasing concentrations of HA-tagged NS2 WT or HA-tagged
NS2 mutant 24/25/26/32/33A. We find that mutation of NS2 res-
idues in helix a1 significantly reduces binding to RIG-I compared
with NS2 WT (Fig. 64), whereas alanine mutations of a similar
number of residues in other regions, including in the NS2 o3-o4
helix (68/72/77/79/80) that shows increased HDX protection in the
presence of RIG-I CARDs, do not impact interactions with RIG-I
(SI Appendix, Fig. S6A4). To test inhibition of IFNp activation, we
measured the IFN mRNA levels when stimulated by polyl:C by
qRT-PCR. Transfection of WT NS2 showed that NS2 decreased
the IFNB mRNA levels compared with an empty vector control to
levels that are comparable to RSV NS1 and Ebola virus VP35, a
potent IFN antagonist (Fig. 68 and SI Appendix, Fig. S6B)
(58-60). We found that mutation of NS2 residues in helix al,
which shows the greatest levels of HDX in the absence of RIG-I
CARDs and increased protection in the presence of RIG-I
CARDs, showed reduced suppression of IFNf mRNA levels
(Fig. 6B). NS2 mutants 24/25/32A and NS2 24/26/33A show some
increased levels of IFN mRNA whereas NS2 mutants 24/25/26A
and 24/25/26/32/33A show the highest levels of IFNp mRNA.
Mutations in the region N-terminal to helix al (17/19/24A) do not
impact IFNp mRNA levels (Fig. 6B). While the NS2 a3-a4 helix is
not directly involved in RIG-I binding (SI Appendix, Fig. S6A4),
mutation of the charged residues in the NS2 a3-a4 helix (68/72/77/
79/80A) shows partial suppression of IFNp mRNA levels (SI
Appendix, Fig. S6B), suggesting an alternative impact of this more
conformationally dynamic region. Our combined results support a
model in which NS2 antagonizes IFN signaling by binding to RIG-
I and MDAYS, preventing their activation and signaling functions,
through interactions with the CARD region.

Discussion

The cytoplasmic RLRs, RIG-I, and MDAS serve critical functions in
detecting initial infection and in stimulating host innate responses.
Many RNA viruses, including RSV, have developed strategies to
circumvent RLR-mediated antiviral responses by directly targeting
RIG-I or MDAS. For example, influenza A virus NS1, SARS-
CoV M protein, human metapneumovirus G protein, enterovirus
71 3C protein, New World arenaviruses Z protein, and severe fever
with thrombocytopenia syndrome virus nonstructural proteins have
been reported to suppress RIG-I signaling by directly interacting with
RIG-I (61-66). Some viruses bind MDAS, including the paramyxo-
virus V protein (67, 68), while others, like West Nile virus NS1, target
both RIG-I and MDAS (69). Here we define key molecular mech-
anisms that allow RSV NS2 to antagonize RIG-I and MDAS.
RSV NS1 has been well characterized for its central role in
facilitating host immune evasion by targeting various points in
the IFN-signaling pathway (8, 10, 12, 14, 16, 17, 19, 70-72) and
for inhibiting gene transcription in the nucleus (55, 73). However,
less is known about RSV NS2 at a molecular and structural level,
partly due to the notion that NS2 plays a reduced and perhaps
redundant function to NS1. Here we show the crystal structure of
NS2, which, until now, remained elusive to the field. Comparison
with other known viral IFN antagonists reveals a unique ar-
rangement of NS2 secondary structural elements that are con-
formationally dynamic. Further comparison with RSV NS1 shows
a lack of any significant structural homology. The significance of
the last four residues remains unknown as these residues do not
comprise a recognizable motif. Our results suggest that NS2 targets
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different molecules from NS1 and likely utilizes distinct mecha-
nisms to mediate IFN antagonism. Consistent with this model, we
demonstrate that RSV NS2 is important for interactions that inhibit
RIG-I activity. We confirmed that NS2 binds to RIG-I through
interactions with the N-terminal CARDs, as was previously shown
(11). Further structural analysis of NS2 revealed that these inter-
actions are mediated through the N terminus of NS2, including the
al helix, which becomes protected from HDX in the presence of
RIG-I CARDs. Mutagenesis of helix al results in reduced RIG-I
binding as well as the ability to inhibit IFN mRNA levels.

Earlier studies established a critical role for RIG-I in sensing
RSV infection and in activating host innate immune responses,
but more recent studies suggest that MDAS likely has a more
critical role in triggering responses that limit infection of RSV and
closely related viruses (49, 50, 74-78). MDAS is important for
sustaining IRF3 activation in cells infected with RSV (49). RSV
infection also stimulates the relocalization of MDAS to inclusion
bodies, which may serve to attenuate IFN responses (50). Here,
our results define a molecular mechanism, one that unifies data
previously observed for both RIG-I and for MDAS by revealing
that RSV NS2 can bind to both proteins. Importantly, our data
support a model for NS2 binding to MDAS through interactions
with the CARDs, an interaction that had not been characterized
previously. This interaction is specific to RLR and NS2 as NS2
does not bind to the MAVS CARD. Our data also revealed that
NS2 likely interacts with the inactive RNA-free forms of RIG-I
and MDAS because NS2 binding occurs even in the absence of
RNA PAMPs. NS2 binding prevents ubiquitination of RLRs, a
posttranslational switch that is important for the sustained acti-
vation of the RLRs (23, 30, 79). We propose that loss of ubig-
uitination and MAVS binding results in the loss of sustained
downstream signaling, which dampens the impact of RLR acti-
vation, thus preventing the RLR-MAVS axis from stimulating the
phosphorylation of IRF3. Together, our studies support a model
where RSV NS2 mediates inhibition of both RIG-I and MDAS to
effectively restrict host immune responses to RSV infection.

Our findings here further support the notion that RNA viruses,
particularly those with negative-sense genomes with limited coding
capacity, appear to use a multipronged strategy to evade host im-
munity. Our previous studies unexpectedly revealed that RSV NS1
is a structural paralog of the RSV matrix protein (55). In contrast,
results here reveal that the NS2 structure bears no similarity to any
other known proteins, including other viral immune antagonists or
host proteins, supporting the unique and diverse functions of RSV
nonstructural proteins that target unique and overlapping host
targets. While we do not experimentally test this hypothesis, the
current data support a model where RSV NS1 and NS2 may work
together synergistically to suppress innate responses. NS1 and NS2
are RSV-specific proteins, not present in other virus genomes from
the same family, and have remained enigmatic, in part due to their
uniqueness. Our recent study of NS1 (55) together with results from
the current study on NS2 fill a critical gap in our knowledge. Data
from this current study also provide additional opportunities for tar-
geted antiviral design and will facilitate studies to guide potential fu-
ture development of attenuated vaccines for protection against RSV.

Materials and Methods

Cells and Plasmids. The human embryonic kidney cell line 293T (American
Type Culture Collection, CCL-3216) was maintained in complete Dulbecco’s
modified Eagle’s medium (ThemoFisher, 11965) supplemented with 10%
heat-inactivated fetal bovine serum (Sigma-Aldrich, F4135). The cells were
incubated at 37 °C with 5% CO..

The coding sequence for RSV NS2 (NCBI accession no. AY904041) (12) was
synthesized in a pCDNA 3.1 vector (ThermoFisher) and then subcloned into
mammalian expression plasmid pCAGGS with an N terminus FLAG tag and
an HA tag. Mutations of NS2 were generated using the overlap PCR method
and verified by sequencing. The full-length sequences of human RIG-I (1 to
226) and MDAS5 (1 to 276) were used as templates to subclone different con-
structs into pCAGGS with an N terminus FLAG tag and HA tag, respectively.
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Fig. 6. Mutation of RSV NS2 N terminus results in a loss of inhibition of IFNp mRNA levels. (A) Immunoblot of Flag-RIG-I colPs in the presence of increasing
concentrations of NS2 WT or NS2 E24A/T25A/T26A/R32A/D33A (Right). WCL (Left), whole-cell lysate. Shown are representative results from experiments repeated
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t test; *P < 0.05 mutants compared with NS2 WT at the respective plasmid concentrations. Western blots of protein expression are shown below.

Cloning, Protein Expression, and Purification. Open reading frames corre-
sponding to proteins of interest were subcloned and expressed in Escherichia
coli (Novagen) by using methods previously described (55). Briefly, vectors
encoding for MBP-tagged NS2 or RLR CARDs were transformed into E. coli
and grown at 37 °C prior to induction with isopropyl p-b-1-thiogalactopyr-
anoside at 18 °C for 14 h. Cells were harvested and lysed using an EmulsiFlex-
C5 Homogenizer (Avestin). Lysate was clarified by centrifugation at 47,000 x
g for 40 min at 4 °C. NS2 was purified using a series of chromatographic
columns, including affinity and ion exchange, prior to Tev protease (New
England Biolabs) cleavage of the MBP tag and final purification on a size
exclusion column. Sample purity was monitored and assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels.

Antibodies and Reagents. Monoclonal mouse anti-FLAG M2 antibody (F3165),
monoclonal mouse anti-HA antibody (H3663), and monoclonal mouse
anti-p-Tubulin antibody (T8328) were purchased from Sigma-Aldrich. Mono-
clonal rabbit anti-Phospho-IRF-3 (Ser396) antibody (29047) was purchased from
Cell Signaling Technology. Monoclonal mouse anti-IRF-3 antibody (sc-33641)
was purchased from Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-
labeled goat anti-mouse (115-035-003) and goat anti-rabbit (111-035-003) sec-
ondary antibodies were obtained from Jackson ImmunoResearch. Low-
molecular-weight polyl:C was purchased from InvivoGen.

Transfection. HEK 293T cells grown to 80% confluence in six-well cell culture
plates were transfected with targeted plasmids by using Lipofectamine 2000
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transfection reagent (ThemoFisher, 11668019). Briefly, 2 pg of plasmid or
polyl:C and 2 pL of Lipofectamine 2000 were diluted in 150 pL of serum-free
OptiMEM medium (ThemoFisher, 31985070), respectively. After a 5-min in-
cubation, Lipofectamine 2000 OptiMEM was directly pipetted into the me-
dium containing the diluted plasmid and incubated at room temperature for
25 min. Then the DNA-lipid complex was added to the cell culture medium,
and the cells were further incubated for 24 h at 37 °C. The gene expression
efficiency and the interaction between targeted genes were evaluated by
coimmunoprecipitation and immunoblotting.

Coimmunoprecipitation Assays. Twenty-four hours post transfection with the
indicated plasmids, HEK 293T cells were lysed in Nonidet P-40 lysis buffer
(50 mM Tris [pH 7.5], 280 mM NadCl, 0.5% Nonidet P-40, 0.2 mM ethyl-
enediaminetetraacetic acid [EDTA], 2 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid [EGTA], 10% glycerol) containing protease
inhibitors. Anti-HA affinity gel (Sigma-Aldrich, E6779) or anti-Flag M2
magnetic beads (Sigma-Aldrich, M8823) were incubated with lysates for 1 h
at 4 °C, and the resin was then washed three times with cell lysis buffer and
eluted at room temperature for 30 min using either HA peptide (Sigma-Aldrich,
12149) or Flag peptide (Sigma-Aldrich, F3290). Precipitates and whole-cell ly-
sates were analyzed by SDS/PAGE and immunoblotting.

Immunoblotting. After transfection, cells were washed with cold phosphate-
buffered saline (PBS) and incubated on ice with Nonidet P-40 lysis buffer
supplemented with protease inhibitors for 10 min. Cell lysates were then
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clarified by centrifugation at 16,873 x g for 20 min at 4 °C. Equal amounts of
protein samples were diluted in 5x SDS/PAGE loading buffer and boiled for
5 min. Proteins were separated by SDS/PAGE and transferred onto poly-
vinylidene fluoride membranes (Sigma-Aldrich, IPVH00010). After blocking
with PBS containing 5% nonfat milk powder and 0.05% Tween 20
(Sigma-Aldrich, P1397) for 2 h at room temperature, the membrane was in-
cubated with specific primary antibodies overnight at 4 °C and then with the
corresponding HRP-conjugated secondary antibodies at room temperature for
2 h at appropriate dilutions. The protein bands were visualized using a
chemiluminescent HRP substrate (Sigma-Aldrich, WBKLS0500). Images of pro-
tein blots were obtained from an Amersham Imager 600 (GE Healthcare).

In Vitro Pull-Down Assays. Amylose resin (New England Biolabs, E8022) was
pre-equilibrated with buffer (10 mM MES [pH 7], 150 mM NaCl, 5 mM
2-mercaptoethanol) before adding the purified MBP-tagged proteins. Then
the resin containing bait protein was incubated at 4 °C for 10 min, followed
by three washes and subsequent resuspension in the buffer. The targeted
prey proteins were applied to the resin and allowed to incubate at 4 °C for
20 min, and the resin was then washed five times and finally eluted at room
temperature for 20 min in the above buffer containing 1% maltose
(Sigma-Aldrich, M5895). Samples were taken at each step and visualized by
Coomassie blue staining of SDS/PAGE.

HDX-MS Experiments. All chemical reagents used in HDX-MS experiments
were purchased from Sigma-Aldrich unless otherwise noted. Purified MBP-
NS2 and copurified MBP-NS2/RIG-Icarps Were buffer-exchanged into 10 mM
MES (pH 7), 150 mM NaCl, 2 mM Tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP-HCI). HDX was initiated by the addition of the same buffer so-
lution except in pD 7.0 D,O (Cambridge Isotope Laboratories) to afford a
final composition of 90/10% vol/vol D,O/H,0. After 10, 30, 60, 300, 900,
3,600, and 14,400 s of HDX at 4 °C, the reaction was quenched by 60% di-
lution with 3 M Urea and 1 mg protease from Aspergillus satoi type Xl in 1 x
PBS, pH 2.2; the mixture was incubated at 37 °C for 3 min, and the samples
were flash-frozen in N,(/). The thawed samples were injected onto a custom-
built liquid chromatography assembly incorporating on-line digestion with a
custom-packed pepsin column (2 mm x 20 mm), 3 min trapping and desalting
on a ZORBAX Eclipse XDB C8 column (2.1 mm x 15 mm; Agilent) using water/
0.1% trifluoroacetic acid and analytical separation using a 10.5-min gradient
from 4 to 40% acetonitrile/0.1% formic acid on a Hypersil Gold C18 column
(2.1 mm x 50 mm, Thermo Fisher). All valves, tubes, and columns (except for
the pepsin column, which lost activity at low temperature) were submerged in
an ice-water bath to minimize back-exchange. The peptides were then intro-
duced via electrospray ionization into an LTQ fourier transform-ion cyclotron
resonance (LTQ FT-ICR) mass spectrometer (Thermo Fisher). All experiments
were conducted in duplicate unless otherwise indicated. Data analysis of the
continuous HDX results was carried out with HDExaminer (version 2.5.1, Sierra
Analytics). Peptide-level difference Woods' plots were drawn using absolute
differences in deuterium uptake vs. the peptide coverage. Global significance
limits were calculated using a two-tailed t test value (P < 0.01), and the SEM
was calculated from the pooled SD of each state (80, 81).

HDX-MS Mapping Analysis. Peptide mapping of the digests was done to
provide a list of peptides that could be followed during HDX-MS data ac-
quisition and analysis. Product-ion tandem mass spectrometry (MS/MS)
spectra were collected in a data-dependent mode, in which the six most
abundant ions from each scan were selected for MS/MS analysis. For the
mapping of MBP-NS2, the MS/MS files from two parallel runs were analyzed
using Byonic and Byologic (Protein Metrics). Searches were also carried out
against a reverse sequence to discard ambiguous assignments.

X-Ray Crystallography. Crystallization trials of purified NS2 and selenome-
thionine (SeMet)-labeled NS2 were initiated using commercially available
screens (Hampton Research). Initial hits were obtained in 0.4 M K-Na-tar-
trate at a protein concentration of 5 mg/mL at room temperature. Condi-
tions were optimized using in-house reagents to obtain diffraction quality

1. P. L. Collins, B. S. Graham, Viral and host factors in human respiratory syncytial virus
pathogenesis. J. Virol. 82, 2040-2055 (2008).

2. C. Griffiths, S. J. Drews, D. J. Marchant, Respiratory syncytial virus: Infection, detection,
and new options for prevention and treatment. Clin. Microbiol. Rev. 30, 277-319 (2017).

3. B. Rima et al.; Ictv Report Consortium, ICTV virus taxonomy profile: Pneumoviridae.
J. Gen. Virol. 98, 2912-2913 (2017).

4. H. Jin et al., Evaluation of recombinant respiratory syncytial virus gene deletion
mutants in African green monkeys for their potential as live attenuated vaccine
candidates. Vaccine 21, 3647-3652 (2003).

10 of 12 | PNAS
https://doi.org/10.1073/pnas.2020587118

crystals of ~150 x 20 um in size. Crystals were harvested by soaking in
cryoprotectant composed of 0.8 M K-Na-Tartrate with 25% glycerol and
vitrified in liquid nitrogen. Initial phases were obtained by single-
wavelength anomalous diffraction of a SeMet NS2 crystal. Electron density
was improved by density modification using Parrot (82) and automated
model building using Buccaneer (83) to 3 A. The NS2 structure was solved
using MOLREP (84) of a native NS2 crystal to 2.8 A. X-ray diffraction datasets
for both crystals were collected at the Advanced Photon Source, Structural
Biology Center at Sector 19-ID. HKL3000 was used to process datasets (85).
Computational corrections for absorption in a crystal and imprecise calcu-
lations of the Lorentz factor resulting from a minor misalignment of the
goniostat were applied (86, 87). Anisotropic diffraction was corrected to
adjust the error model and to compensate for a radiation-induced increase
of nonisomorphism within the crystal (88-90). The crystal data were merged
to 2.8 A resolution, but diffraction was highly anisotropic with diffraction in
¢ direction reaching only ~3.2 A (<I>/<c(l)>~2 at 3.2 A and ~0.1 at 2.8 A).
Indexing, integration, and scaling indicated P6, symmetry. The space group
ambiguity was resolved by analyzing systematic absences, and the choice
between 6, and 6, was resolved during experimental phasing. The data-
processing statistics are presented in S/ Appendix, Table S1.

The native structure was solved with molecular replacement method using
MOLREP (82) with Se-Met-based model as a search model. The solution was
refined with REFMAC (91, 92) and then rebuilt and refined with REFMAC
with NCS restraints. The final rounds of refinement for both structural models
were performed by iteratively applying REFMAC refinement and manual re-
building and corrections in COOT (93, 94). We also used TLS restraints in re-
finement (95) with the TLSMD server providing the best combination of TLS
bodies (96). The results of refinement are summarized in S/ Appendix, Table S1.
The model quality was validated with Molprobity (97, 98).

SEC-MALS. SEC-MALS experiments were performed using a DAWN-HELEOS I
detector (Wyatt Technologies) coupled to a Superdex SD200 column (GE
Healthcare) in buffer containing 10 mM 2-(N-morpholino)ethanesulfonic
acid (MES) (pH 7), 150 mM NacCl, and 2 mM TCEP. Samples (2 mg/mL) were
injected and raw data were analyzed using ASTRA 6 software (Wyatt
Technologies) to determine the weight averaged molecular mass. Protein
concentrations were determined using the refractive index measured by an
Optilab T-rEX (Wyatt Technologies) and a dn/dc = 0.185 mL3.g~".

qRT-PCR of IFN$ mRNA. Real-time qRT-PCR was used in the study. For mea-
surement of targeted gene expression, total RNA was isolated using RNeasy
Mini Kit (Qiagen, 74104) according to the manufacturer’s protocol. The
following primer sets were used for the human IFNf and GAPDH constant
regions: IFNB, CTAACTGCAACCTTTCGAAGC and GGAAAGAGCTGTAGTGGA-
GAAG; GAPDH, CGCAGAGCCTCGAGGAGAAG and ACAGGAGGACTTTGG-
GAACGAC. Quantitative RT-PCR was performed using the Power SYBR Green
PCR Master Mix (Thermo Fishier Scientific, 4367659) on a StepOnePlus Real-
Time PCR System (Thermo Fishier Scientific). Relative changes in mRNA levels
of genes were assessed using the 274" method and normalized to the
housekeeping gene GAPDH.

Data Availability. The atomic coordinates have been deposited in the Protein
Data Bank, https://www.rcsb.org/ (PDB ID: 7LDK).
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