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The RIG-I ATPase domain structure reveals insights
into ATP-dependent antiviral signalling
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RIG-I detects cytosolic viral dsRNA with 5’ triphosphates (5'-ppp-
dsRNA), thereby initiating an antiviral innate immune response.
Here we report the crystal structure of superfamily 2 (SF2)
ATPase domain of RIG-I in complex with a nucleotide analogue.
RIG-I SF2 comprises two RecA-like domains 1A and 2A and a
helical insertion domain 2B, which together form a ‘C’-shaped
structure. Domains 1A and 2A are maintained in a ‘signal-off’
state with an inactive ATP hydrolysis site by an intriguing helical
arm. By mutational analysis, we show surface motifs that are
critical for dsRNA-stimulated ATPase activity, indicating that
dsRNA induces a structural movement that brings domains 1A
and 2A/B together to form an active ATPase site. The structure
also indicates that the regulatory domain is close to the end of the
helical arm, where it is well positioned to recruit 5’-ppp-dsRNA to
the SF2 domain. Overall, our results indicate that the activation
of RIG-1 occurs through an RNA- and ATP-driven structural
switch in the SF2 domain.
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INTRODUCTION

The innate immune system is the first line of defence against
infections by pathogens. In the innate immune system, pattern
recognition receptors (PRRs) distinguish self versus non-self by
binding molecular patterns that are present on pathogen-
associated molecules (pathogen-associated molecular patterns
(PAMPs)) but typically not on host molecules (Takeuchi & Akira,
2010). In mammals, the formation of PRR-PAMP complexes start
signalling cascades that activate the transcription factors nuclear
factor-xB and interferon regulatory factors, triggering host defense
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mechanisms such as the activation of interferon-regulated genes
and inflammatory responses.

RIG-I-like receptors (RLRs) sense cytoplasmic viral RNA and
comprise RIG-I, MDA5 (melanoma differentiation-associated
protein 5) and LGP2 (laboratory of genetics and physiology 2;
Kang et al, 2002; Yoneyama et al, 2004; Rothenfusser et al, 2005).
RIG-I senses infections from viruses such as hepatitis C virus, Sendai
virus, influenza virus, vesicular stomatitis virus, rabies virus and
Japanese encephalitis virus (Kato et al, 2006).

After sensing RNA ligands, RIG-I associates with interferon-f
promoter stimulator 1 (IPS-1), a process that involves RIG-I
ubiquitination and/or interaction with ubiquitin chains (Gack et al,
2007; Zeng et al, 2010).

The optimal ligand for RIG-I has been found to be base-paired
or double-stranded RNA (dsRNA) molecules containing a 5’
triphosphate (5’-ppp-dsRNA; Hornung et al, 2006; Pichlmair et al,
2006; Schlee et al, 2009). RIG-I contains two N-terminal caspase
activation and recruitment domains (CARDs), which are required
for interaction with IPS-1 (Yoneyama et al, 2004), a superfamily 2
helicase/translocase/ATPase (SF2) domain and a C-terminal
regulatory/repressor domain (RD; Saito et al, 2007). The RD of
RIG-I is required to activate the SF2 domain by binding 5'-ppp-
RNA (Cui et al, 2008; Takahasi et al, 2008). Recent structural data
show that RLR RDs are base-paired end-recognition modules with
a preference for 5'-ppp-dsRNA in the case of RIG-I (Lu et al,
2010; Wang et al, 2010). However, the functional role of the SF2
domain of the RIG-I is unclear. RLRs possess the typical seven
core motifs (I, la, 11-VI) that are involved in the recognition of ATP
and nucleic acid substrates (Singleton et al, 2007). In contrast to
bona fide helicases that unwind duplex nucleic acids,
RIG-I translocates on dsRNA in a 5'-ppp-dependent manner
(Myong et al, 2009). It is unclear how dsRNA recognition by
the SF2 domain and 5-ppp recognition are linked to RIG-I
activation, but current models indicate conformational changes
that expose CARDs for downstream signalling (Yoneyama &
Fujita, 2009).

To help reveal the mechanism of ATP-dependent RIG-I
activation, we have determined the crystal structure of the mouse
RIG-I SF2 domain with adenosine 5’-(B,y-imido)triphosphate
(AMP-PNP) bound.
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Fig 1| Structure of the mouse RIG-I SF2 domain. (A) Front view of RIG-IS*? along the nucleotide-binding cleft. RIG-I*? consists of three domains:
SF2 domain 1A (yellow) and SF2 domain 2A (green) are connected by a short linker helix (grey) and form the conserved ATP-binding and hydrolysis
core. The helical bundle domain 2B (red) is a specific feature of RIG-I/FANCM/Hef helicases, indicating that it is involved in double-stranded nucleic
acid binding or translocation. An unusual arm (orange), unique to RIG-I-like receptors, reaches from domain 2 across domain 1 and stabilizes the

observed ‘open’ conformation. (B) Top view of RIG-I, coloured as in (A). (C) Close-up view of the helical arm and its elbow (orange), embracing
the helical protrusion from domain 1A, with a hydrophobic interface. (D) Structure-based sequence alignment of selected RIG-I-like receptors with
highlighted conserved residues and annotated motifs. The secondary structural elements are shown on top of the alignment. AMP-PNP, adenosine
5'-(B,y-imido)triphosphate; RIG-I, retinoic acid inducible gene I; SF2, superfamily 2.

RESULTS

Crystal structure of the mouse RIG-I helicase domain
The SF2 domain of mouse RIG-I (mmRIG-I) was crystallized
using an in-drop proteolysis approach from selenomethionine-
labelled protein, and its structure determined to a resolution of
2.2 A (which we have denoted as RIG-I5F2). The structure has been
deposited at the Protein Data Bank with ID 3TBK. The SF2 domain
of RIG-I is a ‘C’-shaped particle consisting of three structural
domains denoted 1A, 2A and 2B in analogy to other SF1 and 2
enzymes (Fig 1A,B). ‘RecA-like’ domain 1A extends from residues
244 to 445 and carries motifs Q, | (Walker A), la, Ib, Ic, Il (Walker
B), lla and Ill. It is connected to domain 2A by a short, a-helical
hinge. ‘RecA-like’ domain 2A comprises residues 456-467 and
610-746 and carries motifs 1V, V and VI (Fig 1C). ‘Helical
insertion’ domain 2B is a compact bundle of six a-helices (10—
a15) inserted into domain 2A at the loop between B8 and a16. It is
a specific feature of RLRs and the related Hef/FANCM DNA
repair ATPases (supplementary Fig S3 online). Domain 2B is
situated ‘on top’ of domain 2A, at the site that typically binds
to nucleic acids in SF2 enzymes, indicating that it could be
an important element of the dsRNA recognition or translocase
function of RIG-I.

The three domains are connected to each other by small,
mainly hydrophobic interfaces, which seem to be conserved in
RIG-I, opening the possibility for conformational changes that
might be important in the context of PAMP recognition and
signalling. However, an unusual ‘helical arm’ (218 and «19)
reaches from domain 2A back to and across domain TA. Bound to
the inner side of the ‘elbow’ is a helical protrusion in domain 1
(28) that interacts with both arm helices by an extended aromatic/
hydrophobic interface (Fig 2A). The arm therefore seems to
maintain stabilization between domains TA and 2A in the absence
of RNA in the observed conformation (which we have denoted as
‘open’ as described below).

Solution structure of the RIG-I helicase

To confirm that the observed ‘open’ state resembles the solution
structure of RIG-I15F2, we used small-angle X-ray scattering (SAXS)
on nucleotide-free human RIG-I572,

The scattering amplitudes measured for human RIG-172 match
those calculated from the crystal structure model of mouse
RIG-I5F2 very well (Fig 2B). The crystal structure of mouse RIG-1572
also docks well into the averaged SAXS envelope of human
RIG-I5F2 (Fig 2C). This shows that human RIG-I5F2 adopts a similar
conformation in solution to mouse RIG-IF2 in the crystal. We
therefore propose that this conformation represents a ‘signal-off’
state of the RIG-I"2 domain, found in the absence of an
RNA ligand.
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Helicase motifs and AMP-PNP recognition
The seven helicase motifs are located in loops on the surfaces of
domains 1A and 2A that sandwich ATP during the ATP-hydrolysis
cycle (Fig 3A). The AMP-PNP ligand is clearly defined in the
electron density, bound to motif I (Fig 3B; supplementary Fig S1B
online). The adenine moiety is situated in a partially polar,
partially hydrophobic pocket. It is recognized by two hydrogen
bonds from Q248 (Q-motif) to adenine Ng and N; and by a
hydrogen bond from the carbonyl oxygen of K243 to N¢. The walls
of the pocket are formed by the side chains of R245, L242 and
F273, providing extra stacking and hydrophobic interactions.
The B- and y-phosphates are bound to motif I, whereas the
a-phosphate lacks direct contacts (Fig 3B). The triphosphate chain
appears slipped by one phosphate compared with the canonical
binding; the y-phosphate is in the position that is typically
occupied by the PB-phosphate. It is unclear whether this is a
specific feature of RIG-I or whether conformational movements
occur to allow canonical binding of the triphosphate chain.
Motif 1l is located in the loop that connects B6 to the o8
protrusion that binds to the helical arm. In contrast to mutations in
other motifs, which abolish RIG-I activation by viral ligands,
mutation of motif Il was found to render RIG-I constitutively
active (Bamming & Horvath, 2009), suggesting that perturbation
of the protrusion—helical arm interaction might allow RIG-I
activation in the absence of proper ligands.

Functional motifs are not aligned in the ‘signal-off’ state
Analysis of the relative location of motifs I-11l and IV-VI with respect
to each other shows that domain 2A needs to rotate substantially to
engage domain 1A to form a functional ATPase site. For instance,
motif VI residue R731 typically interacts with the triphosphate
backbone, yet in the crystal structure it is ~25A from the
v-phosphate bound to motif I. Thus, the lack of ATPase activity in
the signal-off state of RLRs can be explained by the stabilization of
domains 1A and 2A in the observed ‘open’ orientation with
misaligned helicase motifs. As we crystallized RIG-1 SF2 in the
presence of AMP-PNP and yet observe an ‘open’ structure, ATP
alone is probably not sufficient to orientate the SF2 domains of RIG-I
properly. In SF2 enzymes, nucleic acids are typically required to
appropriately position domains 1A and 2A for ATP hydrolysis to
occur. In addition, specific recognition of proper RNA ligands
requires insertion domains, such as domain 2B in RIG-I5F2.

To learn more about the conformational change and model
how RIG-ISF2 might bind to RNA in an activated form, we
independently superimposed RIG-ISF2 domains 1A and domains
2A-2B with equivalent domains 1A and 2A of the activated RNA-
bound form of VASA, an SF2 DEAD box helicase with similarity
to RIG-I5F2 (PDB 2DB3; Fig 4A; Fairman-Williams et al, 2010).
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This shows that a rotation of domain 2A-2B of ~90° would
properly align all motifs for activation. Notably, in the modelled
‘signal-on” conformation, the helical domain 2B is situated
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opposite domain TA forming a channel that is shaped to
grip dsRNA (Fig 4B). The superposed conformation is also
consistent with the presence of the helical arm. Although the
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Fig 2| Human RIG-IS¥2 solution structure. (A) Experimental X-ray scattering intensities of human RIG-ISf? (blue dots) and calculated scattering
intensities from the crystal structure of mouse RIG-IS*2 (black line), indicating that the mouse RIG-IS¥ crystal structure is a good model for the
human RIG-IS*2 solution structure. (B) Averaged small-angle X-ray scattering envelope obtained from 16 independent ab initio models from human
RIG-ISF2 (grey) shows the three-lobed ‘C’ shape, with the model of the crystal structure of mouse RIG-IS¥2. Figures and docking were generated
using the Situs package (Wriggers, 2010) and University of California, San Francisco Chimera (Pettersen et al, 2004). RIG-I, retinoic acid inducible
gene L.

Helical insertion

Domain 2B
C D 16
14
12 A
<
£
Z 10 A
=
E
o 87
[
>
o
5 67
>
K=
o
4 -
g
2 =
04 ND
WT T348E R731A R547E Q508A K380E Mixed E374Q
Q512A E374Q
+
R731A

Fig 3| Conserved motifs and mutational analysis. (A) Stereo view of the structure of RIG-ISF? with conserved functional motifs shown. (B) Close-up
view of the adenosine 5'-(B,y-imido)triphosphate (AMP-PNP; colour-coded sticks: green, carbon; red, oxygen; blue, nitrogen; orange, phosphorus)-
binding moiety with highlighted hydrogen bonds of the adenine recognition site. The protein is shown as colour-coded sticks with yellow carbons.
(C) Close-up view of the motifs mutated in this study. Mutated side chains are annotated and shown as sticks. (D) ATP hydrolysis activity of

RIG-I SF2 domain mutants. Mixed E374Q + R731A represents a 1:1 mixture of single mutants E374Q and R731A. Plotted bars: mean *s.d. (n=3-6).
ND, not detectable; RIG-I, retinoic acid inducible gene I; SF2, superfamily 2; WT, wild type.
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are ideally placed to grip dsRNA (brown). (C) Electrophoretic mobility shift analysis of full-length (FL) RIG-I, RD and SF2 domain (SF2D) with
5'-ppp-dsRNA. The RNA-binding affinities of RD and FL are comparable and higher than that of SF2 domain, showing that RD provides the main
binding affinity of RIG-I. (D) ATP hydrolysis activity of RIG-I (200 nM) activated with 5'-ppp-dsRNA (25mer), dsRNA (25mer) or 5'-ppp-RNA-DNA
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inducible gene I; SF2, superfamily 2.

portion of domain 2A that connects to the helical arm rotates
significantly, it only shifts its position by 11 A and only modest
conformational changes are required in the helical arm to
accommodate this shift.

RIG-I activation requires conformational change

To understand better how RNA binding might cause a transition
between the off and on states, we performed mutational analyses
to locate residues important for dsRNA-stimulated ATPase activity
in full-length RIG-I.

Most of the dsRNA-binding activity of RIG-I is contributed
by RD (Fig 4C), which thus masks effects of mutations in SF2
in a direct RNA-binding assay (supplementary Fig S2A
online). Unfortunately, without RD, SF2 alone is mostly inactive
because it needs RD to present RNA for binding. However,
the ATPase activity of full-length RIG-I is very sensitive to
RNA-induced conformations in SF2 and can therefore help map
RNA-binding motifs.

©2011 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Point mutations in domain 1A motif Il (E374Q) and domain 2A
motif VI (R731A; Fig 3C) practically abolish 5'-ppp-dsRNA-induced
ATP hydrolysis (Fig 3D), consistent with our model that these
motifs must come together to form an active site. It has also been
proposed that RIG-I could form multimers, in principle allowing
domains TA and 2A from different RIG-I molecules to function
in trans, without necessitating a conformational change. However,
when E374Q and R731A mutants are combined in the same
reaction, ATPase activity remains diminished (Fig 3D). This lack
of complementation indicates that domains TA and 2A from the
same RIG-lI molecule need to come together by a conformation
change to hydrolyse ATP.

Two highly conserved motifs (named QQ-motif and R-motif)
form a positively charged face on the helical bundle on domain 2B
(Fig 10). In the crystal structure, these motifs are not positioned
to bind RNA bound at domain 1A. However, in the model for
the closed conformation (Fig 4B), the QQ- and R-motifs are
repositioned opposite domain 1A in the proposed RNA-binding
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Fig 5| Proposed model for RIG-I activation by a conformational switch in the SF2 domain. RD binds to dsRNA with 5’ triphopshates (5'-ppp;
magenta spheres) and might recruit it to the SF2 domain. RNA and ATP binding switches SF2 into signal-on conformation by gripping RNA

between motifs Ic/Ila on domain IA and R/QQ on domain IIB. The position of the helical arm with the short linker to RD might allow RD to

bind 5'-ppp-RNA ends cooperatively with SF2. The precise position of RD, which from our structure might bind on either side of the RNA duplex
(both possibilities are shown), and the position of activation and recruitment domains (CARDs) in signal-off and -on states, remain to be determined.
dsRNA, double-stranded RNA; RD, repressor domain; RIG-I, retinoic acid inducible gene I; SF2, superfamily 2.

cleft. To test the relevance of these motifs, we mutated R 547 to
glutamate and Q508/Q512 to alanine, and found ATPase activity
reduced to ~10% and 40%, respectively (Fig 3D). The mutants
retained RNA-binding activity (supplementary Fig S2B online),
although this is probably due to the high affinity of the RD
domain for RNA ligands (Fig 4C).

Swi/Snf2 helicases, in addition to sharing significant homology
with RLRs (Fairman-Williams et al, 2010), are also stimulated by
double-stranded nucleic acids and translocate on dsDNA by ATP-
dependent tracking of the minor groove. Binding to dsDNA occurs
through motifs la, b and Ic, recognizing the 3’ — 5’ strand, and lla
(recognizing the 5'— 3’ strand; Durr et al, 2005).

This functional and sequence similarity between RIG-I and
Swi2/Snf2 enabled us to analyse the recognition of nucleic acid
duplexes by motifs Ic and motif lla (T 348 and K380, respectively;
Fig 3C). To test the functional relevance of these motifs, we mutated
T348 and K380 to glutamate. Both mutations abolished 5'-ppp-
RNA-stimulated ATPase activity of full-length mmRIG-I (Fig 3D).
As these residues are involved in nucleic acid binding in Swi/
Snf2, it seems likely that motifs Ic and lla are similarly involved in
RNA duplex binding in RIG-I. A 5'-ppp-RNA-DNA hybrid binds
to RIG-I similarly to 5'-ppp-dsRNA, but lacks the ability to induce
ATP hydrolysis (Fig 4D; supplementary Fig S2C online), showing
that a proper ATPase site is only formed when both strands of the
ligand are RNA.

A model for RIG-I activation by RNA binding
Our structure, together with mutational analyses, shows how the
SF2 domain of RIG-I could function as an RNA ligand-induced
activation switch (Fig 5).

Interestingly, as there are only nine residues between the last
structurally defined residue in RIG-I5F2 and the first structurally

1132 EMBO reports VOL 12 | NO 11 | 2011

defined residues in RIG-I RD (missing in our structure), we can
also roughly position RD with respect to an RNA ligand (Fig 5).
Our structure therefore provides a high-resolution framework
for the signal-off state of the SF2 domain and a plausible
mechanistic model for a signal-off to signal-on switch. The
conservation of all motifs and the helical arm in MDA5 and
LGP2 indicates that the structural model presented here is also
a good framework to understand and analyse these other RLRs.

METHODS

Crystallization and structure determination. For protein purifica-
tion and crystallization conditions see supplementary information
online. Selenomethionine-labelled RIG-I5F2 was crystallized from
ARD-RIG-I in complex with ANP-PNP using an in-drop proteo-
lysis approach with subtilisin, which generated an SF2 helicase
core with two internal loops removed (supplementary
Fig STA online). X-ray diffraction data were collected at Swiss
Light Source (SLS) at the X06SA beamline at 100K and a
wavelength of 0.97972 A (Se peak). Phenix.autosol (Terwilliger
et al, 2009) was used to locate Se sites and produce a solvent-
flattened map (supplementary Fig STB online). A model was built
using Phenix.autobuild (Adams et al, 2010). The model was
manually improved using Coot (Emsley et al, 2010) and refined
using Phenix.refine to an Ryoi/Riree Of 19.1%/23.3%. Data and
model statistics are shown in Table 1. The structure has been
deposited at the Protein Data Bank with ID 3TBK.

Small-angle X-ray scattering. Small-angle X-ray scattering experi-
ments were conducted at the The European Molecular Biology
Laboratory/Deutsches Electronen-Synchotron X33 beamline. All
proteins used were purified by size-exclusion chromatography
before SAXS measurements, with running buffer used as reference.
Data were processed and analysed using the ATSAS package
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Table 1|Data collection and refinement statistics

Data collection

Space group P2,2,2,

Cell dimensions

a, b, c (&)

45.98 86.21 152.77

o, B, 7 (deg) 90, 90, 90

Resolution (A) 50.0-2.14 (2.27-2.14)*

Reym 10.2% (46.3%)

I/cl 16.09 (3.35)

Completeness 99.4% (96.5%)

Redundancy 5.5 (5.2)
Phasing

Figure of merit 0.47

Correlation coefficient 11.9

Refinement

Resolution (A) 43.89-2.14 (2.2-2.14)
34,468

19.1/23.3 (20.9/27.9)

No. of reflections

Rwork/ Rfree*

No. of atoms

Protein 4,182

Ligand/ion 35

Water 311
B-factors

Protein 32.74

Ligand/ion 28.53

Water 35.28
R.m.s. deviations

Bond lengths (A) 0.006

Bond angles (deg) 0.912
Ramachandran values

Favoured 98.6%

Allowed 1.4%

Outliers 0%
Protein Data Bank accession code 3TBK

*Values in parentheses are for highest-resolution shell.

(Konarev et al, 2006) as described in Putnam et al (2007).
Theoretical scattering curves were calculated using CRYSOL
(Svergun et al, 1995). Sets of independent ab initio models were
calculated using GASBOR, and then averaged and aligned using
DAMAVER (Volkov & Svergun, 2003). Figures including docking
were generated using the Situs-Package (Wriggers, 2010) and
UCSF Chimera (Pettersen et al, 2004).

RNA and DNA oligonucleotides. HPLC-grade RNA and DNA
oligonucleotides were purchased from Biomers. The forward
sequence used in this study is 5-ACCAAACAAGAGAAGA
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AACAUGUAC-3'. 5-ppp-RNA was synthesized as previously
described (Ludwig & Eckstein, 1989; Paul et al, 2006) and
purified by Cqg reverse-phase chromatography at 94% purity
confirmed by capillary electrophoresis.

ATPase assay. The reactions were performed in 100 mM Tris—-HCl
(pH 8.0), 150 mM NacCl, 10 uM ZnCl,, 5 mM MgCl,, 2% glycerol
and 2 mM dithiothreitol (DTT). Increasing concentrations (25 nM—
0.5 uM) of proteins were incubated with 1 uM in vitro-synthesized
5'-ppp-dsRNA, unless otherwise indicated, and 100puM ATP
including 10 nM of [y-32P]ATP for 30 min at 37 °C. Free phosphate
was separated by thin-layer chromatography. Images were
analysed with Image). Only the linear part of the concentration
curve was used for calculations.

Electrophoretic mobility shift assay. A measure of 200 nM RNA
was incubated with the indicated amount of purified protein for
30min on ice in 20 mM Tris—HCI (pH 8.0), 150 mM NacCl, 10 uM
ZnCl, and 2 mM DTT reaction buffer. Samples were separated by
native PAGE and stained with Gel-Red (Biotium). Gel images were
analysed by Image].

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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