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Summary

Intracellular RIG-I-like receptors (RLRs, including RIG-1, MDA-5, and LGP-2) recognize viral
RNAs as pathogen-associated molecular patterns (PAMPSs) and initiate an antiviral immune
response. To understand the molecular basis of this process, we determined the crystal structure of
RIG-1 in complex with double-stranded RNA. The dsRNA is sheathed within a network of protein
domains that include a conserved “helicase” domain (regions HEL1 and HEL?2), a specialized
insertion domain (HEL2i), and a C-terminal regulatory domain (CTD). A V-shaped pincer
connects HEL2 and the CTD by gripping an a-helical shaft that extends from HEL1. In this way,
the pincer coordinates functions of all the domains and couples RNA binding with ATP
hydrolysis. RIG-1 falls within the Dicer-RIG-I clade of super family 2 of helicases and this
structure reveals complex interplay between motor domains, accessory mechanical domains and
RNA that has implications for understanding the nanomechanical function this protein family and
other ATPases more broadly.

Keywords
RIG-1; RNA helicase; innate immunity; X-ray crystallography

Introduction

The innate immune system utilizes sensory molecules that detect and respond to pathogens.
RIG-I-like receptors (RLRs: retinoic acid-inducible gene I, RIG-I; melanoma
differentiation-associated gene 5, MDA-5; and laboratory of genetics and physiology 2,
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LGP-2) sense viral RNAs in the cellular environment and activate extensive host
immunological responses against viral infection (Yoneyama et al., 2005; Yoneyama et al.,
2004). The conserved “helicase” core of RIG-1 and MDA-5 is connected to two caspase
activation and recruitment domains (CARDSs) at the N-terminus and a Zn2*-containing
regulatory domain at the C-terminus. LGP-2 has similar domain architecture, although it
contains no CARDs. RIG-1 and MDA-5 share similar signaling pathways and adaptor
molecules, although RIG-I and MDA-5 complement each other by responding to diverse
types of non-self RNAs from different viruses (Yoneyama et al., 2005). The function of
LGP-2 is less clearly defined, as it can act positively or negatively upon activation by
different viruses (Saito et al., 2007; Satoh et al., 2010). Upon binding and activation by viral
dsRNA or triphosphorylated RNA, RIG-I recruits the adaptor IPS-1 (also known as MAVS,
CARDIF or VISA) on the outer membrane of the mitochondria through the CARDs (Fujita
et al., 2007; Meylan et al., 2005). This activates several transcription factors, including
IRF3, IRF7 and NF-xB, and leads to the production of type I interferon (IFN) and
inflammatory cytokines (Fujita et al., 2007). Post-translational modifications of RIG-I,
including ubiquitination, phosphorylation and SUMOylation, are reported to be important
for its function (Gack et al., 2010; Gack et al., 2007; Mi et al., 2010). Moreover, RIG-I
displays an apoptosis-inducing property in tumor cells (Kubler et al., 2010; Poeck et al.,
2008). Effective therapeutic RIG-1 agonists could serve as a new approach for the treatment
of both viral infections and cancer (Zitvogel and Kroemer, 2009).

Proteins containing the conserved sequences typical of “helicase superfamily 2” (SF2,
(Gorbalenya et al., 1989)) are involved in virtually all aspects of nucleic acid metabolism,
displaying diverse functions that include translocation along nucleic acids, duplex
unwinding, strand annealing, RNA chaperone activity, and protein displacement or
recruitment (Fairman-Williams et al., 2010; Pyle, 2008). RIG-I belongs to an eponymous
SF2 subfamily known as the “RI1G-I-like Receptors”, or RLR proteins, which are also
related to Dicer and orthologous motor proteins involved in gene silencing (the Dicer-RIG-I
clade). RLRs have a conserved core architecture that is similar to SF1 and SF2 helicases,
consisting of two RecA-like domains (a.k.a. Rossmann Fold with repeating a/p topology
(Rao and Rossmann, 1973)) that form an active site for ATP binding and hydrolysis at their
interface. Adjacent to the active site are conserved motifs that form a platform for
recognition and remodeling of nucleic acids. The uniqueness of RLR helicases comes from
their accessory domains, which include N-terminal CARDs, an insertion domain within the
helicase core, and a C-terminal regulatory domain. In the case of RIG-I, the CARDs are
responsible for downstream signal transduction (Fujita et al., 2007; Yoneyama et al., 2004),
but the role of the insertion domain has remained unclear. The CTD helps recognize non-self
RNAs within the cellular environment (Fujita et al., 2007; Wang et al., 2010b). It is
generally accepted that RIG-I can be activated by 5’triphosphate (5’ppp) sSSRNA or dsRNA
(Hornung et al., 2006; Kato et al., 2006; Lu et al., 2010; Pichlmair et al., 2006; Wang et al.,
2010b). Although blunt dsRNA is an effective activator of RIG-I, the presence of a 5’ppp
increases the potency of dsRNA activation, highlighting the importance of both chemical
and structural features of the substrate. Here, we report the first crystallographic structure of
RIG-1 (ACARDs) in complex with dsRNA. Analysis of the sequence and structure provides
important insights into RNA induced RIG-I activation. In addition, this system expands our
understanding of RNA recognition by SF2 proteins and reveals complex mechanical
strategies for RNA signaling and remodeling.

Overview of the RIG-I (ACARDs) dsRNA10 complex structure

To focus on the molecular basis for RNA recognition by RIG-I, we designed a deletion
construct (RIG-1 (ACARDs)) lacking the N-terminal CARDs (residues 1-229). We co-
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crystallized the protein with a 10-mer palindromic duplex RNA that has 5’OH blunt ends (5
GCGCGCGCGC 3’) (Fig.1A) and determined the structure of the complex to a resolution of
2.5 A (Table S1, Fig. S1).

A striking feature of the complex is that RIG-I completely surrounds the RNA and encloses
it within an elaborate network of interactions (Fig. 1B). The central cavity of the protein has
dimensions of 30 x 30 x 50 A and buries the entire dsSRNA10 (Fig. 1B,C). HEL1, the first
Rec-A like domain, contains seven a-helices and seven B-strands. HEL1 faces the minor
groove of the RNA and interacts with the RNA backbone of both strands (Fig. 2A). A
sulfate ion is present at the ATP binding site and stabilizes the otherwise flexible Walker A
motif (a.k.a. phosphate binding loop, P-loop). There is a relatively open conformation
between HEL1 and HEL2. Almost half of HEL2, including the conserved motifs (1Va, Va,
Vb, and V1), is disordered in the present structure. This may be attributable to the lack of
direct interactions between HEL2 and RNA, or to the absence of ATP. An intriguing
insertion domain (HEL2i) is present between the B,1 strand and the ay, helix of HEL2 (Fig.
1). Similar to the insertion domain that is present in Pfu Hef (Nishino et al., 2005), HEL2i
consists of five a-helices and adopts an a-helical bundle structure. HEL2i is an important
component of the ring that grips dsRNA by directly interacting with the minor groove of the
RNA backbone. Strikingly, HEL2 and the CTD are connected through a V-shaped structure
that is composed of two long a helices (ap1 - app) (Fig. 1 and Fig. 3). This V-shaped pincer
grips an a-helix that projects from HEL1 like a shaft (aq7), thereby establishing extensive
interactions and a mechanical connection between HEL1, HEL2 and the CTD. The CTD
interacts with RNA in a manner similar to previously-reported CTD domain structures.
However, the orientation of the dsRNA relative to the CTD varies in all of these cases (Fig.
4A,B). The inner face of the CTD cavity is positively charged in order to accommodate the
dsRNA (Fig. 1D). The dsRNA10 maintains an A-form conformation and there is no
evidence of destabilization or partial unwinding.

Duplex RNA recognition by RIG-I

Three different RIG-I1 domains (HEL1, HEL2i and the CTD) clasp the duplex RNA,
enfolding it within a network of interactions that are dominated by polar contacts (Fig. 2A).
Numerous contacts are formed between 2’-hydroxyl groups on the RNA and protein amide
groups, located either on the main chain or side chains of conserved Q and N residues at the
protein interface. Less numerous are highly electrostatic contacts between nonbridging
phosphoryl oxygens of the RNA backbone and charged residues, such as lysine. The pattern
of molecular contacts observed here thus explains the specific role of RIG-I in recognizing
duplex RNA and it is consistent with previous studies showing that stimulatory RNAs
bearing 2’-modifications are inhibitory to RIG-I function (Uzri and Gehrke, 2009; Wang et
al., 2010b).

HEL1 is of particular interest because it interacts with both strands at the same time, in a
manner that has never been observed previously for RNA recognition (Fig. 2B). Motifs Ia,
Ib, and Ic interact with the bottom RNA strand, displaying the 3’ to 5’ directionality and a
binding mode that are common to all SF2 helicases (Appleby et al., 2010; Bono et al., 2006;
Gu and Rice, 2010; Luo et al., 2008; Pyle, 2008). A specialized motif (motif lla, located
three amino acids after motif 11, Fig. 3, Fig. S2) interacts with the top strand of the dSRNA.
The Q380 residue in motif lla interacts with RNA through main chain atoms of the peptide
backbone, which may explain the low sequence conservation of this motif (Fig. 2A and Fig.
3, top panel). The close proximity between motif 11 (essential for divalent metal ion binding
and ATP hydrolysis) and motif Ila (important for second-strand RNA binding) also suggests
direct mechanical coupling between these two activities of RNA helicase enzymes (Schutz
et al., 2010). It is worth noting that, in the absence of dSRNA, motif Ila is completely
disordered in MDA-5 HEL1 (Fig. 4D) (Karlberg et al., 2007).

Cell. Author manuscript; available in PMC 2012 April 14.
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HEL2i plays an important role in the specific recognition of RNA (Fig. 2C). One hydrogen
bond is established between Q511 and the 2’OH of residue G5 on the RNA bottom strand.
Q511 is conserved among RLRs (Fig. 3), suggesting that it plays a critical role in RNA
recognition by RLR proteins in general (Fig. S2). Indeed, when Q511 is mutated to an
alanine, the RNA-stimulated interferon response is greatly reduced (Fig. 5A). Together with
Q511 on the apjp helix, a stretch of amino acids (Q498-1499-Q500-N501) unique to RIG-I
creates a concave binding surface for the bottom strand RNA (Fig. 2C). Interestingly, a
disulfide bond is formed between C520 on apj, and C535 on ay;3 helix, potentially providing
additional structural support for the RNA binding site (Fig. 2C). The cysteines comprising
this disulfide bond are invariant among all RIG-I orthologs (Fig. 3), but not related RLR
proteins (Fig. S2). A stretch of sequence unique to MDA-5 HEL2i (with characteristic two-
thirds acidic N-terminus and one-third basic C-terminus) is inserted between ayjs and ayis
(Fig. S2). The homologous domain from Hef has been suggested to be responsible for
recognition of forked DNA substrates (Nishino et al., 2005).

The CTD of RIG-I (ACARDS) interacts with dsSRNA in a manner similar to that observed
previously for the isolated CTD (Fig. 2, Fig. 4AB) (Lu et al., 2011; Lu et al., 2010; Wang et
al., 2010b). For example, hydrophobic stacking between residue F853 and the terminal base
pair are observed, together with polar contacts involving H830, S854, K861, S906-K907-
W908-K909 and the dsRNA backbone (Lu et al., 2011; Lu et al., 2010; Wang et al., 2010b).

Given that the RNA binding interface involves at least three separate protein domains (Fig.
2), free RIG-I is expected to undergo large conformational changes upon binding to dsRNA,
as reflected by limited proteolysis experiments (Takahasi et al., 2008). To experimentally
evaluate the degree of RNA-induced conformational change in the protein, and to determine
whether the solution conformation of RIG-1 (ACARDs):dsRNA is consistent with that
observed in the crystal structure, we conducted small angle X-ray scattering experiments on
RIG-I (ACARDSs) and on the RIG-I (ACARDs):dsRNA complex (Fig. S3). We observe that
the radius of gyration (Rg) of the RIG-I1 (ACARDSs):dsRNA10 complex in solution is 33.2 +
0.4 A, as determined by the Guinier approximation (blue curve, Fig. S3). The distance
distribution function (P(r), the distribution of all interatomic distances in the sample) has the
typical shape for a compact, globular protein with a single major center of mass (blue curve,
Fig. S3). These data are in good agreement with the crystal structure, as the simulated curve
for the RIG-1 (ACARDs):dsRNA10 crystal structure has a calculated Rg value of 30.5 (Fig.
S3A, black curve). By contrast, the radius of gyration for the isolated RIG-1 (ACARDS)
protein is much larger than the complex (Rg = 39.6 + 0.1 A, red curve, Fig. S3A).
Furthermore, the P(r) function shows that isolated RIG-1 (ACARDS) has a bimodal shape
(red curve, Fig. S3B), indicating that the protein has multiple lobes and at least two large
centers of mass that define its shape. Taken together, these data indicate that the RIG-I
(ACARDs):dsRNA complex has approximately the same size and shape in solution as in the
crystal structure. Most importantly, they demonstrate that free RIG-1 (ACARDsS) has an
extended, multi-part shape that collapses into a compact form upon binding of dsRNA.
Double-stranded RNA, therefore, provides the template for RIG-I1 domain assembly.

HEL2: a module for coupling ATP hydrolysis and signaling

In the structure of RIG-1 (ACARDs), HEL? is partially disordered and it does not form
contacts with HEL1 or dsSRNA10 (Fig. 1B). This contrasts with the structures of other SF2
proteins, in which HEL2 is involved in extensive protein-nucleic acid interactions (Fig. S4)
and plays key roles in function of the protein (Bono et al., 2006; Del Campo and
Lambowitz, 2009; Appleby et al., 2010; Gu and Rice, 2010; Luo et al., 2008; Myong et al.,
2007). The HEL2 of RLRs is known to be important for RNA binding and ATP hydrolysis,
as mutations of helicase motifs 1V-VI on HEL2 are detrimental for enzymatic activity and
antiviral signaling (Bamming and Horvath, 2009). Therefore, additional conformation(s) of
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RIG-1 probably exists, in which HEL2 participates directly in RNA binding and/or ATP
hydrolysis. In this structure, while the N-terminal tail of RIG-1 (ACARDSs) points towards
the ATPase active site and HEL2, the N-terminal tail of MDA-5 HEL1 is pointing away
(Fig. 4CD). In this construct, the lack of CARDs may therefore contribute to the partial
disordering of HEL2. It is therefore tempting to speculate that the CARDs play a direct role
in modulating ATPase activity of the HEL1/2 domains in RIG-I (Cui et al., 2008; Gee et al.,
2008; Myong et al., 2009).

The pincer motif coordinates RIG-l domains during ligand binding

The pincer motif (also described as a “bridge” in the accompanying manuscript by
Kowalinski et al.) connecting HEL2 and the CTD is composed of two a-helices (ap1 — apy),
that emerge from the last B-strand of HEL2 (Bog) (Fig. 6). The first helix spans across HEL1
and then makes a 65° turn that connects it with a second long helix, which extends to the
CTD through a stretch of proline-rich sequence (residues 796-804, Fig. 3). That these
sequences contribute to communication between the CTD and HEL?2 is supported by
mutagenesis studies showing that their conversion to alanine reduces the RNA-stimulated
interferon response, and their deletion eliminates the response altogether (Fig. 5 and Fig.
S5). The role of this region in transmitting information between domains is further
supported by direct enzymological studies of ligand coupling, showing that P799-Pgg; are
essential for linking ATPase activity to the binding of RNA (Fig. 5B/C). Thus, while the
pincer is not part of the ATPase core domains, nor is it a direct RNA binding site, it
transmits information between these sites, resulting in behavior that is essential for RNA
sensing by RIG-I (Fig. 5).

Inserted within the resultant VV-shaped structure is an a-helix that protrudes like a shaft from
the RecA core of HEL1 (047), suggesting a mechanical assembly that looks much like the
camshaft in an engine (Fig. 6A, B). The central axle emerges from motif 111 in HEL1, where
it is part of a turn-aq7-turn structure (residues 409-438). The core interface between the V-
shaped pincer and the a-helical shaft is dominated by hydrophobic interactions (Fig. 6B),
which may allow smooth rotational motion of the V-shaped substructure around the shaft.
Specific hydrogen bonds control the spatial orientation of the HEL1 RecA core, the shaft,
and the pincer (K258-E773-S437, K394-Q784-D435, and Q769-T441; residues underlined
are conserved among human RLRs) (Fig. 6C,D). This extensive interaction network could
serve to lock the pincer in a fixed orientation relative to HEL1. That this network is
functionally important is underscored by the phylogenetic conservation of the constituent
amino acids (Fig. 3, bottom panel), and the fact that alanine substitution of even single
residues in this region results in diminished RNA-stimulated interferon response (Fig. 5).
There is a small hydrophobic interface between a beta strand in HEL2 (B5g) and ap; of the
pincer (1748-F460-M755), which may anchor that portion of ap; to the helicase domains
(Fig. 6B). Although the pincer motif by itself does not interact with dsRNA, it connects
functional domains of the protein (HEL1, HEL2 and CTD) and facilitates communication
between them (Fig. 6), potentially acting as a mechanical transmitter for coordinating
quaternary structural rearrangements within RIG-1. The pincer may function by opening and
closing its two arms in response to movements of the CTD and/or HEL2; or it may rotate
around the a-helical shaft, thereby adjusting the relative orientations of HEL2 to HEL1,
CTD to HELZ1, or both, in a dynamic fashion. Similar mechanical coordination by rigid
helical units was recently suggested by the crystal structure of mitochondrial respiratory
complex I (Efremov et al., 2011; Hunte et al., 2011).

Double-stranded RNA: a potent activating ligand for RIG-I

Double-stranded RNA lacking a 5’ppp readily stimulates the IFN response and is therefore a
biologically-relevant PAMP (Lu et al., 2010; Schlee et al., 2009). However, short dSRNAs
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with a 5’ppp blunt end are the most potent activators of IFN response and they are the
highest affinity ligands for RIG-I (Lu et al., 2010; Marq et al., 2010; Marques et al., 2006;
Wang et al., 2010b). There are several structures of the RIG-1 CTD in complex with various
dsRNA substrates (Cui et al., 2008; Lu et al., 2011; Lu et al., 2010; Pippig et al., 2009;
Wang et al., 2010b). Overlaying all structures of RIG-1 CTD dsRNA complexes reveals
multiple orientations of the bound dsRNA (Fig. 4). In all of these structures, the 5’ end of
the top strand is highly superimposable, as F853 of the CTD stacks on the terminal base
pair, and H830 forms a hydrogen bond with the 2°OH of the top strand. However, the
structures then begin to diverge, revealing four distinct orientations of the CTD, including
two for complexes with 5’0OH dsRNA and two for 5’ppp dsRNA (Fig. 4A, 5’0H¥? and
5'ppp?P; See Fig. 4 legend for the nomenclature). Docking these orientations into the
structure of RIG-1 (ACARDs) shows that only one of the RNA orientations observed in the
isolated CTD structures (which also contains a 5’ppp, Fig. 4AB, 5’pppP) is compatible with
the RIG-1 (ACARDs) structure (Fig. 4B). That the structure of RIG-1 (ACARDs):dsRNA
superimposes best with a CTD:dsRNA complex containing a 5’-ppp indicates that we have
captured an activated form of the complex. Steric clashes are observed between the other
two RNAs and HEL2i (Fig. 4AB, 5’0OH2 and 5’ppp?), suggesting that the insertion domain
plays a role in specifying the orientation of the duplex RNA.

1dudsnueiy Joyiny [INHH

Oligomerization of RIG-I is triggered by RNA and is dependent on RNA length

Dimerization or oligomerization of RIG-I has been suggested to be essential for its
activation (Saito et al., 2008), and a model for the RIG-I dimer has been proposed (Cui et
al., 2008). To elucidate the nature of RIG-I oligomerization, and to understand the
implications of our structure for the molecular architecture of RIG-1 oligomerization states,
we examined the RNA site size and multimerization of the protein using RNase footprinting
and analytical size exclusion chromatography. We first performed limited RNase digestion
on the RIG-I (ACARDSs):polylC complex and showed that the minimum length of RNA
protected by RIG-1 (ACARDs) is 10-15 bases (Fig. S6). We also performed size exclusion
chromatography (SEC) to study the multimerization of RIG-1 (ACARDSs) as a function of
RNA length (Fig. S7). Examining the RIG-I (ACARDs):dsRNAs complexes (10, 12, 14, 18
and 22 base pairs), we observe a monomeric site size of ~10 base-pairs, consistent with the
footprinting experiments (Fig. S6) and with the functional titration and microscopy
experiments reported in Binder et al (Binder et al., 2011). These experiments also indicate
that dimerization of RIG-1 (ACARDsS) is induced by increasing dsRNA length (Fig. S7).
Significant dimerization is only observed when dsRNA is 18bp or longer (Fig. S7),
indicating that each incoming RIG-1 molecule requires a full RNA site in order to bind and
that the RNA surface, rather than an extensive protein-protein interface, drives
multimerization of the protein. The observed dimerization was not accompanied by apparent
enhancements in ATPase activity (data not shown), but this may be attributable to the
presence of a second 5’-terminus on the 18 and 22-mer duplexes, which may differ from
internal sites on long RNAs. Collectively, these data indicate that dimerization or
oligomerization of RIG-1 is triggered by RNA and is dependent on RNA length. Thus, the
RIG-1 “dimerization” observed upon binding of long RNAs may reflect RNA-templated
multimerization rather than a functional protomer-protomer interface of the protein.

1dudsnuey Joyiny [INHH

The central groove of RIG-1 (ACARDS) is completely engaged in contacts to dSRNA10
(Fig. 1B,C), which corresponds well with the biochemical data of Binder, et al., suggesting
that RIG-1 units bind duplex RNA like beads on a string (Binder et al., 2011). Furthermore,
correspondence between the two studies indicates that RIG-1 (ACARDSs) binds RNA in the
same way as full-length RIG-I protein, indicating that RIG-1 extends the CARDS away from
RNA and into solution for signaling. The RNA length-dependent oligomerization of RIG-I
may appear to stimulate activation by increasing the local concentration of activated RIG-I
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in the cell and activate IPS-1 by promoting IPS-1 oligomerization (Baril et al., 2009; Hou et
al., 2011; Tang and Wang, 2009).

Discussion

Insights into the molecular mechanism of RIG-I activation

For RIG-I (ACARD:S), the process of binding RNA is expected to be highly complex as
multiple RNA binding sites are involved. Furthermore, ATP binding and hydrolysis may
provide additional changes to the mode of RNA recognition. The structure suggests that
substantial quaternary movements in the RIG-1 domains are required for RIG-I to optimize
its fit with various substrates. This process is probably necessary for biological function, as
the activation of RIG-I must be tightly controlled. We surmise that the current structure may
be an intermediate state of dSRNA recognition and RIG-I activation (Fig. 7). Efficient and
effective activation of RIG-1 could well be the consequence of many factors, including the
chemical nature and local concentration of the substrate, post-translational modification
state, sub-cellular localization, and the availability of the downstream signaling proteins.

1dudsnueiy Joyiny [INHH

Based on the structure of RIG-1 (ACARDs) in complex with dSRNA10, along with currently
available experimental data, we propose a simple molecular model for RIG-1 activation (Fig.
7). In this model (Left, Fig. 7), RIG-I, in the absence of an RNA trigger, is in the auto-
inhibited state (Fujita et al., 2007), in which the CARDs fold back to the C-terminal portion
of RIG-1 and interact with either HEL, the CTD or both (Saito et al., 2007). Upon binding of
non-self duplex RNA (Center, Fig. 7), RIG-I undergoes extensive structural rearrangements,
resulting in the core structure that has been visualized crystallographically. Fully-activated
RIG-1 (Right, Fig. 7) releases its N-terminal CARDs for display in solution and initiates the
antiviral signaling cascade (Fujita et al., 2007; Yoneyama et al., 2004). ATP binding and
hydrolysis, along with multimerization along the RNA lattice, are likely to participate
extensively in the process and provide an additional means of regulation (Right, Fig. 7). The
precise role of ATP hydrolysis in RIG-I signaling remains a major question, and perspective
on this problem may come from both the fields of G-proteins and SF2 proteins. Like a G-
protein (Oldham et al., 2008), RIG-I may hydrolyze ATP in order to adopt a conformational
state that is optimal for presentation of the CARDS or for maintaining active signaling.
Alternatively (but not exclusively), RIG-1 may function like other SF2 motor proteins (Pyle,
2008), utilizing ATP hydrolysis to move along the RNA lattice and thereby optimize its
spatial position for downstream signaling. The latter mechanism is consistent with recent
studies demonstrating that RIG-1 can translocate on RNA duplexes in an ATP-dependent
manner (Myong et al., 2009).

1dudsnuey Joyiny [INHH

Comparative strategies for RNA recognition

The RNA recognition strategy of RIG-1 differs from that of other proteins that are important
for sensing or remodeling RNA. The toll-like receptors (TLRS) are a structurally distinct
family of proteins that sense the invasion of pathogenic molecules and TLR3 is a variant that
binds and recognizes dsRNA, providing a system complementary to RIG-1 and MDA-5 in
the cell. The remarkable molecular structure of TLR3 bound to dsRNA reveals a strategy for
duplex recognition. TLR3 is crescent-shaped molecule consisting of rigid leucine-rich
repeats that bind to RNA and form obligate dimers (Liu et al., 2008). Unlike RIG-I, which
surrounds the RNA duplex, TLR3 monomers lie along one side of the RNA duplex, with
each terminus of the crescent forming a patch of two colinear RNA-protein contacts. The
molecular contacts of TLR3 are distinct from the neutral, polar contacts in RIG-I in that they
are dominated by electrostatic interactions between histidine side chains and phosphate
oxygens, resulting in pH-sensitive RNA signaling as in the endosomal environment
(Leonard et al., 2008; Liu et al., 2008; Wang et al., 2010a).
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The DEAD-box proteins are SF2 cousins of the RLR proteins and, thus far, they have only
been captured in a form that is bound to sSRNA (Fig. S4). In these structures, represented by
Vasa, elF4a3 and Mss116, the sSRNA is crimped and bent in a manner incompatible with an
A-form configuration (Andersen et al., 2006; Bono et al., 2006; Del Campo and Lambowitz,
2009; Sengoku et al., 2006). While it is possible that DEAD-box proteins sample other
conformational states when bound to RNA (vida infra), the available structures underscore
the importance of RNA distortion in their molecular mechanism. This behavior contrasts
sharply with that of the related viral DExH-box helicases such as the NS3 proteins of the
Flaviviridae (Appleby et al., 2010; Gu and Rice, 2010; Luo et al., 2008). In these cases,
sSRNA is not distorted and it is bound in an elongated form that is compatible with A-form
geometry. However, the common feature uniting all of these proteins is that they form
primary contacts with the sugar-phosphate backbone.

Functional significance of the RIG-I interaction network

The structure of RIG-1 (ACARDs):dsRNA reveals an elaborate network of interactions that
appear to control the RNA specificity and mechanical function of the protein. Although
many of the amino acids involved in these networks are invariant among RIG-I orthologs
(Fig. 3, Fig. S2), suggesting key roles in function, it was nonetheless important to mutate
them and directly test their effects on function of the protein. To this end, we created
mutations along the RNA binding interface of the insertion domain (for example, Q511A,
Fig. 2A,C, Fig. 6), the conserved interface between HEL1 and helices of the pincer domain
(for example, Q769A and Q784A, Fig. 6C,D), and the conserved connector between the
pincer and the CTD (for example, the APVP7gg.g91 mutant, Fig. 5). The overall influence of
these mutations on RNA stimulation of the interferon response was studied in-vivo, by using
a well-established transfection approach (Fig. S5, (Lu et al., 2011; Lu et al., 2010; Wang et
al., 2010hb)). For the mutant that produced the most severe effect on interferon response
(APVP799.801), We expressed it in recombinant form and examined its ability to
allosterically couple RNA binding (sensing) with ATPase function in-vitro. All these classes
of mutation influence the function of RIG-1 (Fig. 5), providing important mechanistic
insights into behavior and role of RIG-I. For example, the effect of Q511A on the RNA-
stimulated interferon response indicates that the HEL 2i insertion domain plays a key role in
specifically recognizing duplex RNA, thereby mediating one of the earliest molecular events
during innate immune response. In addition, residues Q769 and Q784 form bifurcated
hydrogen bonds that appear to anchor the pincer domain to HEL1. When these are mutated
to alanine, significant defects in interferon response are observed, suggesting that spatial
organization of the mechanical domains is tightly controlled. Finally, residues P799-P801
connect the Pincer domain with the CTD and when these are mutated, large effects on RNA-
stimulated interferon response in-vivo and RNA-stimulated ATPase activity in-vitro are
observed. This establishes that the pincer domain is essential for relaying information
between the CTD sensor and mechanical/catalytic components of the protein (HEL1 and
HEL2).

Implications for the function of related SF2 proteins

Dicer and the Dicer-related helicases that play key roles in RNA interference are the most
closely related RNA “helicases” to the RLR family (Matranga and Pyle, 2010; Tabara et al.,
2002; Zou et al., 2009). The helicase domain of Dicer appears to be responsible for
differential recognition and processing of precursor duplex RNA during siRNA / miRNA
biogenesis (Ma et al., 2008; Soifer et al., 2008; Welker et al., 2011; Welker et al., 2010).
Like RIG-I, Dicer has an insertion domain which, together with the helicase domains, is
likely to play a key role in duplex recognition. Thus, the structure of RIG-1 (ACARDS) is
likely to have important implications for the function of Dicer and its orthologs.
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Although DEAD-box helicases are phylogenetically distinct from RLR proteins and they
appear to bind sSRNA, DEAD-box proteins have a distinct motif Ila element that is similar
to that observed in RLRs, and which contributes to dsSRNA binding in the RIG-I structure
(Fairman-Williams et al., 2010; Pyle, 2008). This motif may mark a point of functional
divergence between single- and double-strand recognition by proteins during the evolution
of SF2 helicases. Alternatively, the presence of motif lla may indicate that certain DEAD-
box proteins retain dSRNA binding properties and that this contributes to their mechanism.
The functional diversity of DEAD-box proteins may be explained by this versatility of
substrate selection and recognition (Linder, 2006; Pyle, 2008; Yang and Jankowsky, 2006).

Concluding remarks

The structure of RIG-1 (ACARDsS) in complex with RNA reveals the molecular basis for
RIG-1 sensing and recognition of duplex RNA. RNA binding is mediated by multiple
protein domains, including a novel insertion domain. In addition, the structure reveals the
molecular basis for mechanical communication among the various components of the
protein, and it contains a new type of nanomechanical device that may function like a
camshaft, containing V-shaped domain that appears to revolve or pinch around a central, o-
helical shaft. The structure suggests coordinated motion of the RIG-1 domains, which self-
organize through the binding of duplex RNA. Going forward, studies of full length RIG-1 in
complex with ligands or in the presence of post-translational modifications will provide
more insights into the multi-stage process of RIG-I activation. Finally, RIG-I represents an
important host target for both antiviral and anticancer drugs and the crystal structure reveals
multiple strategies for therapeutic design.

Experimental Procedures

Cloning, expression and purification

The N-terminal CARDs (residues 1-229) deletion construct of human RIG-I, hereafter
named RIG-I (ACARDs), was cloned and expressed using standard procedures (see
Supplemental Extended Experimental Procedures) Mutations were generated by PCR using
corresponding primers (Table S2). Coding region of the gene was sequenced to confirm the
presence of the designed mutations. Recombinant mutant proteins were expressed and
purified as described above.

Crystallization and data collection

The RIG-1 (ACARDs) complex with dsSRNA10 was preassembled by incubating at a
protein:RNA molar ratio 1:1.5 on ice for 1 hour and then purified by using a HiPrep 16/60
Superdex 200 column (Amersham Bioscience). Crystals of the RIG-1 (ACARDs) dsRNA10
complex were grown at 13 °C by mixing equal volumes of precipitating solution (0.1 M
Bicine, pH 9.0, 22.5 % polyethylene glycol 6,000) and RIG-I1 (ACARDs) dsRNA10 complex
(2-3 mg ml-1). Crystals grew into needle clusters within a week and were harvested within
two weeks. Crystals were soaked in a cryoprotecting solution containing 0.1 M Bicine, pH
9.0, 30 % polyethylene glycol 6,000, 50 mM MgSO,4 for 12 hours before being flash frozen
with liquid nitrogen. Diffraction intensities were recorded at NE-CAT beamline 1D-24 at the
Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois). Integration,
scaling and merging of the intensities were carried out by using the programs XDS (Kabsch,
2010) and SCALA (Evans, 2006).

Structure determination and refinement

The structure was determined through molecular replacement with the program Phaser
(McCoy, 2007) by using the CTD of RIG-I (Wang et al., 2010b), duplex RNA (generated by
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using Coot (Emsley and Cowtan, 2004)), HEL1 of MDA-5 (Karlberg et al., 2007), and
HELZ2i of Hef (Nishino et al., 2005) as search probes. Refinement cycles were carried out by
using Phenix Refine (Adams et al., 2010) and REFMACS5 (Murshudov et al., 1997) with the
TLS (translation, liberation, screw-rotation displacement) refinement option with four TLS
groups (HELZ1: aa 236-455, HEL2-HEL 2i: aa 456-795, CTD: aa 796-922, and dsRNA10).
Refinement cycles were interspersed with model rebuilding by using Coot (Emsley and
Cowtan, 2004). The quality of the structures was analyzed by using PROCHECK
(Laskowski et al., 1993). A summary of the data collection and structure refinement
statistics is given in Table 1. Figures were prepared by using the program Pymol (DeLano,
2002).

SAXS data collection and analysis

Synchrotron X-ray scattering data were collected at the National Synchrotron Light Source
(NSLS) beamline X9. SAXS data were collected by using a Mar CCD 165 located at 3.4 m
distance from the sample. Wide angle X-ray scattering (WAXS) data were collected
simultaneously with SAXS data by using a Photonic Science CCD located at 0.47 m from
the sample. Scattering data were collected at concentrations of 4.7 mg mI-%, 3.1 mg mlI-1 and
2.35 mg ml-1 for RIG-1 (ACARDSs) and 6.25 mg ml-1, 5 mg mI-1 and 2.5 mg mlI-! for RIG-I
(ACARDs):dsRNA10 complex. All samples were in buffer consisting of 20 mm Hepes (pH
7.4), 150 mm NaCl, 5% Glycerol, 5 mM B-ME. Each sample was measured by continuously
pushing 20 pl of sample through a 1 mm diameter capillary for 30 s of exposure time. Three
independent measurements were averaged for each sample and subtracted with buffer
scattering by using the pyXS package (NSLS beamline X9). No aggregation was observed
for samples at the three concentrations, thus scattering data from the highest concentration
sample were used for calculations. All data analysis and calculations were performed by
using the ATSAS software suite (Konarev et al., 2006). Radius of gyration (Rg) was
estimated by using AutoRg (Konarev et al., 2003). The distance distribution function, P(r),
of the particle was computed by using GNOM (Svergun, 1992). Theoretical scattering curve
for the RIG-1 (ACARDSs):dsRNA10 crystal structure was calculated by using CRYSOL
(Svergun et al., 1995).

IFN-B reporter assays for analysis of RIG-I function in vivo

Huh-7.5 cells were grown in high-glucose Dulbecco’s Modified Eagle Medium (DMEM,;
Invitrogen) containing 10% heat-inactivated fetal calf serum (Hyclone) and non-essential
amino acids (Invitrogen). On the day before transfection, cells were seeded in 24-well plates
at 1.6 x 10° cells per well. Cells were co-transfected with 3 ng per well pPUNO-RIG-I or an
empty vector, 178 ng per well of an IFN-R/Firefly luciferase reporter plasmid (a kind gift of
Dr. Jurg Tschopp), and 30 ng per well pRL-TK (Promega) as an internal transfection
control. Transfections were performed by using TransIT LT1 (Mirus) reagent according to
the manufacturer’s instructions. Transfected cells were incubated for 24 hrs to allow RIG-I
expression, then stimulated by transfecting them with 1 pg per well poly(1:C) (0.2-1 kb;
Invivogen) and TransIT-mRNA transfection reagent (Mirus). After a further 16 hrs
incubation, cells were lysed and analyzed by using the Dual Luciferase Reporter Assay
System (Promega) according to manufacturer’s instructions. Firefly and Renilla luciferase
activities were assayed on a Centro LB 960 plate reader (Berthold). The ratios of firefly
luciferase activity to Renilla luciferase activity were determined, and normalized to the ratio
obtained with WT-RIG-I stimulated with poly(l:C). For studies of RIG-1 mutants, the
pUNO-RIG-I plasmid was mutated by PCR using corresponding primers (Table S2). Coding
region of the gene was sequenced to confirm the presence of the designed mutations. Data
are representative of experiments performed at least twice.
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ATPase assays for analysis of RIG-I enzymatic function and coupling in-vitro

The ATPase activity of the RIG-1 (ACARDs) and it mutant proteins was monitored by using
an ATP/NADH linked assay as previously described (De La Cruz et al., 2000; Lindsley,
2001). Briefly, 50 pl reaction mixtures containing 100 nM of protein, 5x NADH enzyme
buffer, 25 mM MOPS pH 7.4, 10 mM Mg(OACc),, 30 mM K(OAc), and 2 mM DTT were
mixed with varying amounts of ATP and dsGC10 at 25 °C. The 5x enzyme buffer contained
1 mM NADH, 100 U of lactic dehydrogenase/ml, 500 U of pyruvate kinase/ml, and 2.5 mM
phosphoenolpyruvate. Fluorescence readings (excitation, 340 nm; emission, 450 nm) were
collected in Corning 96 well black half area flat bottom plates in a SpectraMax 250 plate
reader. Initial velocities were calculated from a linear regression of each time course and
corrected for background ATP hydrolysis and NADH oxidation. The initial velocities (vp) at
various RNA concentrations and ATP concentrations were plotted and fit to the following
Briggs-Haldane equation: y = y0+(amp*(([Mt]+[St]+Km)-sqrt(([Mt]+[St]
+Km)"2-4*[Mt]*[St]))/(2*[Mt])), where [Mt] is the total protein concentration, [St] is the
total [RNA] or [ATP], y0 is the basal activity, and Km is the apparent Michaelis constant for
substrate activation.
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Figure 1. The RIG-1 (ACARDs) dsRNA complex

(A) Schematic representation of the RIG-1 protein. The RIG-1 (ACARDs) construct used for
this study is boxed. (B) Overall structure of the RIG-1 (ACARDs) dsRNA complex. Starting
from the N-terminus: the helicase domain 1 (HEL1) is in green, the bridge between the two
helicase domains grey, the helicase domain 2 (HEL?2) blue, the insertion domain (HEL2i)
cyan, the pincer region (P) red, and the C-terminal domain (CTD) orange. The top strand of
the RNA duplex (dsRNA10) is in magenta and the bottom strand pink. Data collection and
refinement statistics are provided in Table S1. See also the 2Fo-Fc map, shown in Fig. S1.
(C) Side view showing the RNA interface with the central groove of RIG-1 (ACARDs). A
90° rotation along the y-axis relative to the orientation shown in (B). (D) Solvent accessible
electrostatic surface views of RIG-1 (ACARDs), shown with £10 k,T/e.. See also SAXS
data provided in Fig. S3.
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Figure 2. Double-stranded RNA recognition
(A) The interactions between RIG-I (ACARDs) and dsRNA10, determined with a 3.3 A

cutoff for hydrogen bonding. Close-up views of the (B) HEL1-RNA, (C) HEL2i-RNA, and
(D) CTD-RNA interfaces. See also Fig. S4.
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Figure 3. Sequence comparison of RIG-1 orthologs and related RLR proteins

Selected sequence alignments of all available RIG-1 orthologs (top 11 rows) and comparison
with closely related RLR proteins MDA-5 and LGP-2 from Homo sapiens, Dicer-related-
Helicase 3 (DRH-3) from Caenorhabditis elegans. Top panel shows conservation of Motif
Ila and the al7 helical shaft (green cylinder). Middle panel shows conservation of insertion
domain HEL2i. Bottom panel shows conservation of residues in Pincer domain, and helices
of the pincer are indicated (red cylinders). Yellow lines indicate positions of mutated
residues. A complete alignment of RLR sequences is provided as Fig. S2.
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Figure 4. Superposition of RLR CTD-dsRNA complexes

Comparison of the RNA duplex orientation in RIG-1 (ACARDs):dsRNA with the available
CTD:dsRNA structures. (A). CTDs of all complexes are superimposed and color-coded as
follows. Red: CTD of RIG-I (ACARDs) and its complex with 5’OH-dsRNA10 complex,
designated “5’0OHP”. Green: RIG-1 CTD and 5’ppp-dsRNA12 (PDB: 3LRR), designated
5’ppp?. Pale Green: RIG-1 CTD and 5’ppp-dsRNA12 (PDB: 3NCU), labeled as “5’ppp?”.
Blue: RIG-1 CTD and 5’OH-dsRNA14 (PDB: 30G8), labeled as “5’0OH&". Yellow: RIG-I
CTD and 5’ppp-dsRNA14 (PDB: 3LRN), labeled as “5’pppP”. (B). Space-filling
representation of RIG-1 (ACARDSs):dsRNA showing variation in RNA position among
superimposed structures (C) Superposition of the RIG-1 (ACARDs) and 5’0OH-dsRNA10
complex and the MDA-5 HEL1 (blue ribbon) (PDB: 3B6E). (E) Close-up view of (D). See
also Fig. S4.
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Figure 5. Mutational effects on RIG-I interaction interfaces

(A) IFN-B reporter assays for analysis of RIG-1 function in vivo. (B) ATP hydrolysis by
RIG-I (ACARDs), mutants Q247A and APVP7gg_go; at different ATP concentrations and
200 nM RNA. The Ky, values for WT, Q247A, and APVP7gg.go1 are 85.1 + 9.4, 1760 + 546,
and 122.0 £ 19.0 uM. (C) RNA stimulated ATP hydrolysis by RIG-1 (ACARDs), mutants
Q247A and APVP7g9.go1 at varying dsGC10 concentrations and 500 uM ATP. The K,
values are 18.0 + 2.30, 49.3 £ 10.4, and 59.9 + 17.5 nM. Q247 is the Q motif that is
responsible for recognizing the adenine base of ATP. Error bars represent the standard
deviation. Data showing calibration of the IFN-p luciferase reporter assay for RIG-I
signaling is provided as Fig. S5
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Figure 6. The Pincer domain and linkage between HEL and CTD upon RNA binding

(A) Pincer motif (red) connecting the HEL and CTD. The two arms of the Pincer are
separated by 65°. Helix 17 from HELL is in green. (B) Interaction network between the
Pincer domain and the helicase domain. (C) and (D), Polar contacts. See also Fig. S5.
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Figure 7. Model for RIG-1 activation
(1) In the absence of RNA, RIG-I is in autoinhibited state. (2) Upon binding of duplex RNA

(pink ring), the helicase-CTD form a compact structure that surrounds the RNA (dotted
square circles the crystal structure). (3) Upon binding and/or hydrolysis of ATP (yellow
dot), the protein is fully activated for catalysis and signaling. Note that the pincer motif (red
lines) is likely to transmit conformational information among multiple protein domains.
Color of the domains follows Fig. 1. See also Fig. S6 and S7.
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