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ABSTRACT

RIG-I (Retinoic Acid Inducible Gene-l) is a cytoso-
lic innate immune receptor that detects atypical fea-
tures in viral RNAs as foreign to initiate a Type |
interferon signaling response. RIG-l is present in
an autoinhibited state in the cytoplasm and acti-
vated by blunt-ended double-stranded (ds)RNAs car-
rying a 5’ triphosphate (ppp) moiety. These features
found in many pathogenic RNAs are absent in cellu-
lar RNAs due to post-transcriptional modifications
of RNA ends. Although RIG-I is structurally well
characterized, the mechanistic basis for RIG-I's re-
markable ability to discriminate between cellular and
pathogenic RNAs is not completely understood. We
show that RIG-I's selectivity for blunt-ended 5-ppp
dsRNAs is ~#3000 times higher than non-blunt ended
dsRNAs commonly found in cellular RNAs. Discrimi-
nation occurs at multiple stages and signaling RNAs
have high affinity and ATPase turnover rate and thus
a high Kaipase/ K4. We show that RIG-I uses its autoin-
hibitory CARD2-Hel2i (second CARD-helicase inser-
tion domain) interface as a barrier to select against
non-blunt ended dsRNAs. Accordingly, deletion of
CARDs or point mutations in the CARD2-Hel2i inter-
face decreases the selectivity from ~3000 to 150 and
750, respectively. We propose that the CARD2-Hel2i
interface is a ‘gate’ that prevents cellular RNAs from
generating productive complexes that can signal.

INTRODUCTION

RIG-I like receptors, found in most cell types, are cy-
tosolic sensors of viral RNAs. These receptors include
RIG-I, MDAS and LGP2, which are superfamily 2 RNA
helicases/ATPases with the ability to recognize specific

RNA features and trigger an immune response against a
wide variety of commonly found RNA viruses (1-5). RIG-I
recognizes 5'-triphosphate (5'ppp) and 5'pp (6-8) on base-
paired and blunt-ended double-stranded (ds)RNAs (9,10)
found in many viral genomes and their replication inter-
mediates (11-16). These features are not present in cellular
RNAs because of post-transcriptional modifications and
the lack of an RNA-dependent RNA polymerase in mam-
malian cells. For example, mRNAs contain 5 ppp, but these
are capped. Similarly, RNA stems are present in large folded
RNAs and tRNAs, but these are not blunt-ended. The mi-
croRNAs are short double-stranded RNAs, but they con-
tain 3’-overhangs formed during post transcriptional pro-
cessing. Thus, RIG-I is constantly exposed to non-blunt
ended RNAs in the cytoplasm, but the receptor remains
silent, a crucial property for preventing inappropriate ac-
tivation of the immune system (17,18). Biochemical studies
have measured RNA affinities and ATPase turnover rates
of blunt-ended 5'ppp and 5OH dsRNAs (19-21), but a
systematic study of the effect of RNA-end modifications
on RNA affinity, ATPase activity and signaling is lacking.
Such studies, for example, of the immune receptor PKR
(Protein kinase R) yielded insights into cellular modifica-
tions that prevent self RNAs from activating PKR (22,23).

The current model of RIG-I activation is based on three
key crystal structures (19,24,25). The RIG-I structure with-
out RNA and ATP shows that the Hell and Hel2 heli-
case subdomains are in an open conformation and the N-
terminal tandem caspase activation and recruitment do-
mains (CARDs) are sequestered by the Hel2i (helicase in-
sertion) subdomain (24). The open helicase conformation
explains the lack of ATP hydrolysis activity and the se-
questered CARDs explains why RIG-I without RNA is
autoinhibited for downstream signaling. The structure of
RIG-I without CARDs but with dsSRNA and ATP ana-
logue shows that the Hell and Hel2 are closed around ATP
and dsRNA and the C-terminal RD is interacting with the
5’-end of the dsRNA (19). Comparison of the RIG-I struc-
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tures with and without RNA suggests that RIG-I activation
involves breaking of the CARD2-Hel2i interactions (Figure
1A). However, the role of this interface in RNA selection by
RIG-I is poorly understood.

In this study, we use fluorescence and ATPase-based
RNA binding assays to quantify the RNA equilibrium
dissociation constant (Ky) and the ATPase turnover rate
(Katpase) of RIG-I complexes with blunt-ended and non-
blunt ended dsRINAs. We correlate these parameters to the
ability of the RNA molecule to stimulate cell-based signal-
ing activity and find a good correlation between signaling
and kapase/Kq ratio and Kg, but not with the kypase. Non-
blunt-ended dsRNAs without 5'ppp and with a 5'-overhang
have the lowest RNA affinity and ATPase turnover rate and
signal poorly whereas 3’-overhang is not as deleterious. By
carrying out studies with full-length RIG-I (referred to as
RIG-I from here on), RIG-I domains and interface mutant,
we show that CARD2-Hel2i interface plays a key role in
RNA selection by acting as a ‘gate’ to allosterically regulate
both RNA affinity and ATPase activity. Thus, the molecular
switch used in autoinhibition also governs RNA selection.

MATERIALS AND METHODS
RNA substrates

HPLC purified synthetic ssRNAs containing 5OH from
Dharmacon (ThermoFisher) were deprotected and resus-
pended in 20 mM potassium phosphate buffer pH 7.0. The
RNA concentration was determined in 7M guanidine HCI
using the NanoDrop spectrophotometer at Asgy. All 5'ppp
containing ssSRNAs were obtained from Biosynthesis. Du-
plex RNAs were prepared by mixing complementary ssR-
NAs in a 1:1.1 ratio, heating to 95°C for 1 min and slow
cooling to 4°C. Fluorescent RNAs were synthesized as ss-
RNA with fluorescein attached to 5 or 3’ terminus. All
RNAs were checked by sequencing gel electrophoresis in 7
M urea for purity before use.

Protein expression and purification

All the RIG-I constructs were sub-cloned into a modified
pET28b vector with N-terminal SUMO fusion. Human
RIG-I (1-925), Helicase-RD (232-925), and 2™ CARD-
Helicase-RD (97-925), CARDs (1-228) were overexpressed
in E. coli strain Rosetta (DE3) (Novagen) as soluble pro-
teins. The isolation of pure proteins involved three chro-
matographic steps: affinity column (Ni**-nitrilotriacetate,
Qiagen), hydroxyapatite column (CHT-II, Bio-Rad) and
heparin sepharose column (GE Healthcare). An additional
gel-filtration chromatography step (Hiload 16/26 Superdex
200, GE Healthcare) was added to purify RIG-I. Purified
helicase-RD was further dialyzed overnight at 4°C into 50
mM HEPES pH 7.5, 50 mM NaCl, 5mM DTT, 10% glyc-
erol, snap frozen in liquid nitrogen and stored at —80°C as
reported previously (19). The RD (801-925) was expressed
in E. coli BL21 Star (DE3) cells and the soluble fraction
was purified to homogeneity using a Ni**affinity column,
cation exchange (HiTrap SP, GE Healthcare) and gel filtra-
tion chromatography.
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Preparation of the CARD2 double substitutions of RIG-I
R109A/L110A

The double mutation in RIG-I gene was introduced using
the QuikChange II XL site-directed mutagenesis kit from
Agilent Technologies. The mutagenic primers used were:

S-GGAGTATAGATTACTTTTAAAAGCTGCACA
ACCAGAATTTAAAACC-3 (Forward)

S-GGTTTTAAATTCTGGTTGTGCAGCTTTTAA
AAGTAATCTATACTCC-3' (Reverse)

Purification of the mutant was carried out using the same
protocol as RIG-I.

ATP hydrolysis

The ATP hydrolysis assays were performed in 1X Buffer-
A at 15°C unless otherwise mentioned. 1X Buffer A: 50
mM MOPS-Na (pH 7.4), 5mM MgCl,, 5mM DTT, 0.01%
Tween 20 (19). The ATP hydrolysis time course (0-60 min)
was measured using 5 nM protein for blunt-ended dsRNA
and 25 nM protein for non-blunt ended dsRNA, 1 mM
ATP spiked with [y-*?P]ATP and RNA substrates (1 uM)
in Buffer A at 15°C or 37°C. The reactions were stopped
at desired time points using 4N HCOOH and analyzed by
PEI-Cellulose-F TLC (Merck) developed in 0.4 M potas-
sium phosphate buffer (pH 3.4). The TLC plates were ex-
posed to a phosphorimager plate, which was imaged on
a Typhoon phosphor-imager and quantified using Image-
Quant software. The ATPase turnover rate was determined
from the plots of [Pi] produced versus time and dividing the
ATPase turnover rate by the respective enzyme concentra-
tion.

Fluorescence anisotropy titrations

Fluorescence anisotropy measurements were carried out us-
ing FluoroMax-4 spectrofluorimeter (Horiba JobinYvon)
in Buffer A as previously described (26). Fluorescein labeled
blunt-ended dsRNAs (1 or 2 nM) or non-blunt ended dsR-
NAs (40 nM) were titrated with increasing protein and fluo-
rescein anisotropy was measured at 15°C with excitation at
494 nm and emission at 516 nm. The observed fluorescence
anisotropy (rops) was plotted as a function of protein con-
centration (Py) and fit to Equations (1) and (2) to obtain the
equilibrium dissociation constant, K.

robszrbf}l'i'rf(l_ﬁ)) (1)

Where, rr and ry, are the anisotropy values of free RNA and
of the complex, f;, is the fraction of RNA bound in the
protein-RNA complex and f;, = [PR]/[R{] (PR is the con-
centration of the protein-RNA complex and R, is the total
RNA concentration).

VP +[R]+ Ko — 4[PR ] )

[PR] =([P] + [R(] + Ka) — 2

The reported RNA Ky values were consistently observed
in titrations repeated 2 to 3 times.

Determination of Ky, ., under ATPase cycling conditions

The ATPase turnover rate was measured at constant protein
(5nM or 25nM) and increasing RNA (0.1 nM-2 wM) in the
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Figure 1. Structural model of RIG-I activation and schematics of RIG-I constructs used in this study. (A) Autoinhibited RNA free RIG-I modeled using
structures of full length duck RIG-I (PDB ID: 4a2w) and duck RIG-I RD (PDB ID: 4a2v). Active dsRNA bound RIG-I modeled using structures of
helicase-RD (PDB ID: 3tmi) and duck RIG-I CARD domains (PDB ID: 4a2w). (B) Schematic of human-RIG-I full length domains and the different
deletion and mutant constructs used in this study. Models were generated using Pymol (Version 1.7.4., Schrodinger, LLC).

presence of 1 mM ATP (spiked with [y-3?P] ATP). A time
course (0—60 min) of the ATPase reactions was performed in
Buffer A at 15°C or 37°C and the initial velocities were plot-
ted as a function of time to obtain the ATPase rate. The er-
ror bars were obtained from the fit of the time-course of the
ATPase reactions. The quenched reactions were analyzed
as indicated above to obtain the ATPase turnover rates that
were plotted as a function of RNA concentration and fitted
to hyperbolic equation (3) or quadratic equation (2) where
observed ATPase = maximum ATPase x [PR]/[Pt], where

[Pt] is total protein concentration.

S
PRI = G)

Kd,app + [S]

IFN-f reporter signaling assays

HEK293T cells were grown in 6-well plates to 60% conflu-
ence and co-transfected with firefly luciferase reporter plas-
mid (2.5 pg), Renilla luciferase reporter plasmid (500 ng)
and a plasmid carrying the wild type (wt) RIG-I gene un-

der CMV promoter or an empty plasmid (2 pg). The fire-
fly luciferase gene is under the interferon B promoter and
the Renilla luciferase plasmid is under the constitutively ac-
tive TK promoter. The plasmid transfections were carried
out with X-tremeGENE HP DNA Transfection Reagent
(Roche). Cells were re-plated in 96-well plates the next day
at 2 x 10* cells/well density and transfected with each of
the RNA ligands (900 nM final concentration/well) or Poly
I:C (700 ng/well) using Lipofectamine transfection reagent
(Life Technologies). After 20 h the activities of firefly and
Renilla luciferases were measured sequentially with the
Dual-Luciferase reporter assay kit (Promega). Data were
collected in quadruplicate sets and the relative luciferase ac-
tivities were calculated. The error bars represent the stan-
dard error of the mean (SEM).



RESULTS
RNA ligands

To circumvent the heterogeneity associated with in vitro
transcribed RNAs with questionable RNA-ends (9,10),
we used chemically synthesized 10-nt RNAs with defined
RNA-end modifications. These included blunt-ended dsR-
NAs with 5OH or 5ppp, 3-end 2-nt (nucleotide) ssRNA
overhangs with 5-ppp or 5-OH (3’-ovg), and 5-end 2-nt
ssSRNA overhangs with 5ppp or SOH (5-ovg) (Supple-
mentary Table S1). We used short dsRNAs to avoid com-
plications from two RIG-I molecules binding to each end
of the dsRNA, thus assuring measurement of Ky values
and ATPase rates of the 1:1 RIG-I/RNA complexes. The
RNA binding and ATPase studies were carried out at 15°C
to avoid complications from RNA duplex integrity. How-
ever, we also studied longer dsSRNAs and hairpin RNAs.
Using this panel of dsSRNAs of the same sequence, but dif-
ferent end-modifications, we studied RNA binding and AT-
Pase activation of RIG-I, Helicase-R D lacking the CARDs,
RIG-I lacking just the first CARD (residues 97-925), the
C-terminal repressor domain (RD) and the CARD2-Hel2i
interface mutant (Figure 1B). These studies enabled us to
understand the contributions of each of the RIG-I domains
and end-modifications to RNA selection.

Interactions of RIG-I with blunt-ended dsRNNAs

The first step in RNA recognition and selection is RIG-I
binding to the RNA. This step is characterized by the equi-
librium dissociation constant (Ky), which was estimated by
fluorescence anisotropy/intensity based titrations that are
non-disruptive, providing accurate Ky values, especially of
weak complexes. The presence of fluorescein does not per-
turb binding to RIG-I (Supplementary Figure S1). The 5'-
end fluorescein labeled dsSRNA (with 5ppp or SOH at the
other end) was titrated with increasing concentration of
RIG-I (Figure 2A, B) providing binding curves that fit well
to the 1:1 binding model (Equations (1) and (2)). The K4
values from these experiments showed that RIG-I has a high
affinity for the blunt-ended 5'ppp RNA (Kg = 0.4 + 0.2
nM). Replacing 5'ppp with 5OH results in a ~15-fold lower
affinity (Kg = 6 = 0.4 nM) (Table 1).

In vivo, RNA binding occurs in the presence of ATP;
hence, we measured the RNA binding under ATPase cy-
cling conditions by measuring the ATPase turnover rate as
a function of increasing RNA concentration (Kq.app). The
ATPase turnover rate versus RNA concentration curves fit
well to the 1:1 (RIG-I:RNA) binding stoichiometry (Figure
2C, D). RNA affinity measured by the ATPase-based titra-
tions report functional binding events that result in ATP hy-
drolysis, whereas fluorescence anisotropy measures all phys-
ical association events, including those that do not result in
ATP hydrolysis. Thus, we do not expect the two methods
to provide the same Ky values. However, the RNA Ky opp, of
the 5ppp RNA under the ATPase cycling conditions was
the same as the Ky in the absence of ATP, but the Ky app of
the 5OH RNA was ~2.5 times higher under the ATPase cy-
cling conditions relative to conditions without ATP (Figure
2B, D and Table 1). Similar results were obtained with the
hairpin 5ppp and 5OH RNAs (Figure 2E, Supplementary
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Table 1. ATPase rates, RNA Ky app and RNA Ky of RIG-I, Helicase-RD
and RD with 10-bp dsRNAs (15°C)

RIG-I Helicase-RD RD
RNA Structure

ATPase
Rate (s™)

ATPase | Kyapp

Rate (s)| () | K¢ (M)

Ka.app (M) Kq (nM)

5'0H RNA ST, [ 3+0.3 16£2 %+0.4 | 4.4+0.3 | 0.0740.05 °8+0.4

©0.0025+

b,
00001 | 05%01

5ppp RNA | MM | 4£0.3 | 0.3:0.3 | 0.4£0.2 | 4£0.5

g H a. a.
3'ovg RNA sAﬁ]mmE; 0.7£0.02| 18742 | “135¢14 | 510.1 210.6 240+0.6

S'ppp
ipﬁ]w 0.3£0.03| 5011 #3+0.4 | 3.7¢0.2 | 0.2+0.2 #165+2
3'ovgRNA | ¥

5' ovg RNA ““Tgmmﬂ']_cﬂ 0.7+0.04| 29284 | 47836 | 4.5+0.2 1£0.6 %844 +9

5'ppp 5'0vg | e y a
RNA 'I'gﬂ]]]Iﬂ.LoH 1+0.06 | 164435 | ®1444+20 | 3+0.1 0.1£0.2

dsRNA stem M:Z;mmz/) 1.520.05| 453£11 ND 310.2 0.6£0.4 ND

15°C data, ®Fluorescence anisotropy based titrations, "Fluorescence intensity based
titrations, °Stopped flow ko, and kef, Kg,app from ATPase based titrations

2476£276

Table S2). Thus, our results suggest that RIG-Is selectivity
for Sppp RNA versus 5OH RNA is slightly better under
ATPase cycling conditions.

RIG-I binds to non-blunted dsRNAs

We next determined whether RIG-I binds to non-blunt
ended dsRNAs. The fluorescence anisotropy titrations
showed that all the non-blunt ended dsRNAs bind to RIG-
I but with varying Ky values that ranged from as low as
3 nM to 478 nM (Figure 2F, Table 1). The 5ppp 3'ovg
RNA forms the tightest complex (3 nM), and the SOH
5’ovg dsRNA and hairpin RNA with two overhangs formed
weak complexes (=450 nM). Under ATPase cycling con-
ditions, the Kg.pp values of all non-blunt ended dsRNAs
are similar to the K4 values in the absence of ATP, except
for the 5ppp 3’ovg RNA (Figure 2F, Table 1). The bind-
ing of 5ppp 3'ovg RNA under ATPase cycling conditions
is about 16-fold weaker than without ATP, which indicates
that ATP hydrolysis modulates the binding affinity of the
S'ppp 3'ovg RNA, as we observe above with the SOH RNA.
However, why ATPase activity affects the binding affinity of
only these two RNAs is not understood. RIG-I has no de-
tectable binding affinity for short ssRNAs with or without
5'ppp (Supplementary Figure S2A, S2B). Overall, our re-
sults indicate that non-blunt-ended dsRNAs bind to RIG-I,
but the RNA end modification influences the RNA binding
affinity.

The C-terminal domain (RD) discriminates between RNA lig-
ands

The C-terminal RD domain of RIG-I is considered a sen-
sor of RNA ends (24,27,28). To determine the contribu-
tion of the RD to RNA selectivity, we used fluorescence
intensity/anisotropy based titrations to quantify the Ky val-
ues of the RD-RNA complexes. The binding of blunt-ended
dsRNAs to RD was reliably measured using fluorescence



900 Nucleic Acids Research, 2016, Vol. 44, No. 2

A

2

§0.18

2 e @
2016f o

< L 4

o Ky=0.4£0.2 nM
8012+ @

g " |e

So.10 @

E T T T T

0 5 10 15 20
C [RIG-I] nM
1.2

] : °

© 1.0 F ’,4‘._. — @
S 08}

T o6 |0

£ 0617 5ppp RNA

q>, 0.4 ¢ Kd,app =0.3£0.3 nM
E 0.2 -}f

e 0.0 ® . . _ . '

0 20 40 60 80 100

E [5’ppp RNA] nM
1000 Em—
s
£100

o =

o |

T 10 ¢
X g
<zt 1¢

0.1 . . :
6\‘?\“ ‘\{Q\(\ 9\06\
A\ A\ ?3\%
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Fluorescence anisotropy of 5 fluorescein labeled dsRNA with 5'ppp or 5’OH (2 nM) was measured after addition of increasing amounts of RIG-1. The
dissociation constant (Ky) was determined from fitting the data to Equations (1) and (2) (Experimental methods). (C-D) The ATPase turnover rates of
RIG-I (5 nM) was measured with increasing concentration of 5'ppp or OH RNA. The data were fit to the quadratic equation to obtain the apparent
dissociation constants (Kq,app). (E) The Kg4,app of RIG-I complexes with the indicated hairpin RNAs were obtained from the ATPase based titrations at
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intensity changes with fluorescein at the 3’-end. The RD
forms tight complexes with blunt-ended 5'ppp RNA (Fig-
ure 3A) and 5YOH RNA (Figure 3B) with K4 values almost
identical to those of the full-length RIG-I (Table 1).

The RD also binds to non-blunt ended dsRNAs; the
3’ovg RNAs bind more tightly as compared to the 5'ovg
RNAs, and those with 5'ppp bind more tightly than dsR-
NAs with SOH (Figure 3 C-F, Table 1). This is similar to
the full-length RIG-I; the exception is 5'ppp 3'ovg RNA,
which binds to the RD with 165 + 2 nM Ky (Figure 3F) as
opposed to 3 + 0.4 nM Kj to the full-length RIG-I. This in-
dicates that both RD and the helicase domain of RIG-I are
required for the observed high affinity binding of the 5'ppp
3'ovg RNA.

Removal of CARDs increases the binding affinity for all
RNAs

The CARDs are responsible for interacting with the down-
stream adapter proteins to relay the signal, however their
role in RNA discrimination is not known. Deleting the
CARDs (Helicase-RD) increases the binding affinity for
both 5'ppp and 5OH blunt-ended dsRNAs. Data fitting to
the quadratic equation provided Ky app of 0.07 nM for the
5’OH RNA (Figure 4A), but the affinity for Sppp RNA was
too tight to estimate by this method. Therefore, kinetic off-
rate and on-rate were used to determine the Ky value of the
5'ppp RNA complex. The ratio of the off-rate (1.5 x 1073
s~1) to the on-rate (6 x 103 M~'s7!) yielded a K4 of 2.5 pM
for Sppp RNA (Supplementary Figure S3). Thus, deletion
of CARDs increases the affinity of RIG-I for blunt-ended
dsRNAs by 150-250-fold, indicating that the CARDs reg-
ulate RNA affinity. We found that adding CARDs in trans
to the Helicase-RD weakened RNA affinity by about 2-fold
(Supplementary Figure S4A).

Surprisingly, the Helicase-RD construct of RIG-I binds
to all non-blunt ended dsRNAs with a high affinity in the
sub-nanomolar range (Figure 4B). The Ky 4pp values of non-
blunt ended complexes range from ~0.1 nM for 5'ppp and
3’- and 5-ovg RNA complexes and ~1.5 nM for YOH
and 3'- or 5-ovg RNA (Table 1). The RNA hairpin with
two overhangs mimicking an RNA stem also binds to the
Helicase-RD with a high affinity (Kq .pp of 0.6 & 0.4 nM).
Similarly, ssRNAs binds to the Helicase-RD with Kg 4, of
~1600 + 500 nM for 5OH ssRNA and ~500 + 100 nM
for the Sppp ssRNA but does not bind to RIG-I (Sup-
plementary Figure S2A, S2B). These results indicate that
the CARDs are preventing RIG-I from interacting with the
non-blunt ended dsRNAs and ssRNAs. Interestingly, the
ratio of the K4 values of RIG-I and Helicase-R D shows that
the presence of CARDs is critical for discriminating against
binding of dsRNAs with 5'ovg and stem RNAs (Supple-
mentary Figure S5A).

The CARD2-Hel2i interface acts as a selectivity gate

The duck RIG-I structure shows that CARDs are interact-
ing with Hel2i when RIG-I is not bound to RNA and ATP
(24). To investigate whether CARD2-Hel2i interface is re-
sponsible for weakening RNA binding, we designed several
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CARD2-Hel2i interface breaking mutants using the struc-
ture of duck RIG-I (24) and amino acid homology between
duck and human RIG-I CARD2. We mutated residues in
CARD?2 rather than Hel2i to avoid pleiotropic effects aris-
ing from mutating the helicase domain that interacts with
RNA and ATP (Figure 4C). After several trials with differ-
ent mutants, we were able to produce soluble double alanine
substitutions of R109 and L110 (R109A/L110A).

We measured the Ky ,p, of complexes of CARD2-Hel2i
interface mutant R109A /L110A with blunt-ended and non-
blunt ended dsRNA using the ATPase based assays (Fig-
ure 4D). The R109A/L110A mutant binds both 5'ppp and
5’OH blunt-end dsRNAs with similar Ky values (0.2 nM),
indicating that a disruption the CARD2-Hel2i interface re-
sults in a loss of discrimination against SOH RNA. The
CARD?2 interface mutant also binds to non-blunt-ended
dsRNAs with 1.5- to 4.6-fold higher affinities relative to
wild type RIG-I (Table 2). Therefore, mutating the CARD2-
Hel2i interface increases the affinity of RIG-I for the non-
blunt ended dsRNAs, similar to the effect seen after deletion
of the CARD:s.

Regulation of the ATPase activity of RIG-I by end-
modification in dsRNA

Although the exact role of RIG-I's ATPase activity is not
known, its importance in mediating RIG-I’s signaling func-
tion is well documented. Mutations that abrogate or com-
promise RIG-I’s ATPase function lead to defects in their
signaling activity (29-32). We find that at 1 mM ATP, the
RIG-I's ATPase turnover rate with 5'ppp RNA is the high-
est, followed by 5OH RNA, and the non-blunt-ended dsR-
NAs have 4-10-fold lower ATPase turnover rate as com-
pared to the 5ppp RNA (Figure 5A, Table 1). The same
trend is observed also at saturating ATP concentration; the
ATPase k., values of non-blunt ended RNAs on an aver-
age are ~20-fold lower than the ATPase k., of 5Sppp RNA
and the ATPase k., /K, values are 5-20-fold lower (Sup-
plementary Figure S5B and Supplementary Table S3). In-
terestingly, the ATP K, values do not show a clear trend
and remain essentially constant (Supplementary Table S3).
The lower ATPase turnover rates of RIG-I with non-blunt
ended RNAs is not due to weak RNA binding, because
these reactions were carried out at 1 .M dsRINA concentra-
tion, which is well above the K4 values of these complexes.

Deletion of CARDs or specific mutations of the CARD2-
Hel2i interface has a significant effect on the relative AT-
Pase turnover rates of RIG-I with blunt-ended and non-
blunt ended dsRNAs. Interestingly, the ATPase turnover
rate, ATPase k., and the k., /K, values of the Helicase-
RD are almost the same with blunt-ended and non-blunt-
ended dsRNAs, differing only by about 2-fold (Figure
5B, Supplementary Figure S5C, Table S3 and Table 1).
Similarly, the ATPase turnover rate of the R109A/L110A
(CARD2-Hel2i interface mutant) is stimulated almost
equally well by blunt-ended and non-blunt ended dsRNAs
and the difference between the two types of RNAs is only
about 2-fold (Figure 5C, and Table 2). These results indi-
cate that CARDs and specifically the CARD2-Hel2i inter-
face acts as a selectivity gate to regulate RNA affinities and
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Table 2. ATPase Rates and Ky.,pp of RIG-1 R109AI1110A for the different RNAs

RNA R109AL110A RIG-I
ATPase Rate (s 1) 15°C K app(nM) 15°C
5'OH RNA 2£0.1 02+ 03
S'ppp RNA 2+ 0.1 0.1 +0.1
3 ovg RNA 1.6 + 0.1 121 + 14
5'ppp 3’ ovg RNA 09 £+ 0.1 16 + 4
5 ovg RNA 1 +0.03 64 + 7
5'ppp 5'ovg RNA 1 + 0.06 43+ 5
dsRNA stem 1.2 £ 0.1 534+ 9
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Figure 5. The ATPase activity and RNA selectivity of full-length RIG-I, Helicase-RD and R109A/L110A RIG-I mutant. (A—C) The bar chart compares
the indicated RNA stimulated ATPase turnover rates of RIG-I (A) and Helicase-RD (B) and R109A/L110A (C) at | mM ATP and 1 pM of RNAs
measured at 15°C in Buffer A. Errors from two independent experiments are shown. (D) The bar chart compares the RNA selectivity of RIG-1, Helicase-
RD and R109A/L110A for the indicated RNAs normalized to the selectivity for 5ppp RNA (Also see Supplementary Table S5).



prevent non-blunt ended dsRNAs from generating ATPase
competent complexes.

Selectivity of RIG-I for blunt-ended versus non-blunt-ended
dsRNAs

To quantitate the selectivity of RIG-I for the 5ppp RNA in
a scenario where RIG-I is exposed to a pool of non-blunt-
ended dsRNAs, we calculated the Kapase/Kd.app for all dsR-
NAs and then took the ratio of kapase/Kdapp Of the com-
peting RNA ligand and the 5ppp RNA. The kapase/ Kd,app
is the initial slope of the ATPase rate versus RNA con-
centration titration curves and this parameter is analogous
to the catalytic efficiency of a substrate providing a mea-
sure of how efficiently an RNA binds and activates the
ATPase activity. The kqaipase/Ka.app 15 the best parameter to
compare the various RNAs, because the values of the in-
dividual parameters kapase and Ky app are affected by non-
productive complexes that do not hydrolyze ATP but their
ratio Katpase/ Kd app 18 not (33). The kaipase/ Ka,app 0f competi-
tor RNA over that of the 5ppp RNA is termed the RNA
selectivity, and it shows that RIG-I chooses 5'ppp dsRNA
on an average ~3000 times over the non-blunt-ended dsR-
NAs (Figure 5D, Supplementary Table S4). When CARDs
are removed, the RNA selectivity goes down to ~150, and
the CARD2-Hel2i interface mutant shows an intermediate
RNA selectivity of ~750.

Signaling potential of dsRNAs with different end-
modifications

Having measured the biochemical parameters of RIG-I
complexes with dsRNAs of various end-modifications, we
tested their signaling potential using IFN-B luciferase re-
porter assay in HEK293T cells. There was no endogenous
RIG-I expression in the HEK293T cells, but expression of
RIG-I from a transfected plasmid produced a detectable
background signal in the absence of transfected RNA lig-
and, which was corrected (Supplementary Figure S6A). The
10-bp dsRNAs did not induce signaling possibly because
of the instability of short dSRNAs at 37°C conditions of
the cell-based assays; therefore, we prepared 23-bp dsR-
NAs of the same sequence and containing the same end-
modifications as the short dsSRNAs. To prevent a second
RIG-I molecule from binding to the dsRNA at the other
end, we introduced three base pairs of dsSDNA at one end,
since RIG-I is not capable of binding DNA. We used AT-
Pase measurements at 37°C to measure the Kg app and Kagpase
of RIG-I with this entire set of 23-bp dsRNAs (Table 3).
Interestingly, both the Kg app and Kapase of RIG-I shows the
same trend with the short 10-bp and the longer 23-bp dsR-
NAs for different end-modifications. With both short and
long dsRNAs, the Sppp RNA forms the tightest complex
and the 5 ovg RNA the weakest, and the SOH RNA binds
with almost the same affinity as the 5'ppp 3’ovg RNA. Sim-
ilarly, the blunt-ended RNAs stimulate the ATPase activity
of RIG-I to a greater extent than the non-blunt ended dsR-
NAs.

The blunt-ended 5'ppp RNA showed the highest signal-
ing activity, followed by the SOH RNA and 5ppp 3'ovg
RNA whose signaling activity is only ~2-fold lower rela-
tive to the 5'ppp RNA (Figure 6A). The rest of the 23 bp
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Table 3. ATPase rates, Kqapp Katpase/Kd.app and Signaling Activity of
RIG-I with 23-bp dsRNAs (37°C).

RIG-I
Structure ATPase Signaling
RNA turnover Katpasel Ka a activity
Ka.app (NM)| "atpaseidape i
rate -app (nM™s™)  |(relative light
Katpase(s™) units, RLU)
SOHASRNA | Horifiim™ | 23238 | 7.681.3 | 29407 2.80.6
chimera TA IOV 0=
5'ppp dsRNA Pop  obprnn 4,
chimera D:m:ﬁﬂm:l:a 19£2.9 0.840.3 24£9.75 5.2£0.5
SovadsRNA | TOfiftfimmm® | 702 | 336148 [002140003| 04404
chimera
5'ppp
JovgdsRNA | PR | gs0.4 9:35 | 0.91:0.36 25:0.6
chimera NA
SOvgdsRNA | HorrrfiT®| 11207 | 420539 | 0.02720.003 0
chimera o : :
5'ppp 5'ovg Ppp__18bprna 3
dSRNA chimera P"I]]]]]]]]]]]]]] 2602 | 87:16 [0.029:0.006| 0.15:0.3
A BIFN-B Reporter Activity Bkatpase/Kd,app

IFN-B Reporter Activity (RLU)

24 | R?=0.9675

0 2 4 6
IFN B reporter activity (RLU)

Figure 6. Signaling Activity of dSRNA with various end-modifications. (A)
The katpase/RNA Ky app of each RNA ligand (blue bars) is plotted along-
side their respective IFN-B promoter response elicited in signaling assays
(red bars). Error bars are SEM of data collected from quadruplicate sets.
(B) Correlation between signaling and logarithm of katpase/Kq of RNAs.

non-blunt-ended dsRNAs have much lower signaling activ-
ity relative to the 5ppp RNA; the 5OH 3ovg RNA has
~10-fold lower signaling, the 5'ppp 5'-ovg RNA has ~30-
fold lower signaling and the 5YOH 5ovg RNA has unde-
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tectable signaling activity. We also tested the CARD2-Hel2i
interface mutant in cell-based signaling assays. Although
constitutive activation of the RIG-I R109A has been re-
ported (34), we did not observe this effect on our dou-
ble mutant which showed significantly lower signaling rel-
ative to wt RIG-I (Supplementary Figure S6A). We think
this is because R109 and neighboring residues are impor-
tant for downstream events such as CARD oligomerization.
For example, the double mutant (K108A/R109A) is defec-
tive in ubiquitin-mediated CARD oligomerization and sig-
naling (35). Interestingly, another CARD2-Hel2i interface
mutant where the mutation was made in the helicase do-
main (F539D) was constitutively active (24). This pheno-
type could be because of defects in RNA selectivity leading
to activation by cellular RNAs.

To correlate the biochemical parameters of the RNAs
with different end-modifications with their ability to stim-
ulate RIG-I in cell-based signaling assays, we plotted the
Katpases Kd app a0d Katpase/ Ka app Of the 23-bp dsRNA against
the signaling activity. We find no correlation between signal-
ing and ATPase turnover rate (Supplementary Figure S6).
This is interesting, because it has been suggested that the
role of ATPase activity is to facilitate active dissociation
of RIG-I from non-PAMP RNAs, thus preventing RIG-
I from forming signaling competent complexes with such
RNAs (32,36). This appears to be inconsistent with our ob-
servation showing that the ATPase activity of RIG-I weak-
ens the binding affinity of only two RNAs, the OH RNA
and 5'ppp 3'ovg RNA, and both of these RNAs are signal-
ing active. Moreover, the ATPase turnover rate of RIG-I
complexes with non-blunt ended dsRNAs, most of which
are signaling inactive, is lower (4-10-fold) than their blunt-
ended counterparts.

We did find good correlation between signaling and
ratio of ATPase turnover rate and Ky,pp (logarithm of
Katpase/ Ka,app) (Figure 6B) as well as a good correlation
between signaling and RNA affinity (the logarithm of
1/Kg.app) (Supplementary Figure S6). Under our cell-based
assays, only RNAs between 1 and 10 nM K app and 1-20 x
10° M1 s™1 kypase/ K .app Show significant signaling activity
(Table 3). Thus, RNA ligands that bind with a high affinity
and stimulate high ATPase turnover rate are the best signal-
ing substrates.

DISCUSSION

Activation of RIG-I is an essential step in establishing an
antiviral response in the cell. Equally important is assuring
that RIG-I is activated selectively by non-self viral RNAs
and not by self RNAs present in the cytoplasm. Insights
into the molecular mechanism for how RIG-I selects non-
self dsSRNA ends from self were obtained by studying the
binding affinity and ATPase activity of dsSRNA with vari-
ous end-modifications using the full-length RIG-I and dif-
ferent domain constructs of RIG-I. Our studies show that
all the domains of RIG-I play a role in RNA selection.
The C-terminal RD has high affinity for blunt-ended dsR-
NAs with and without 5'ppp, compared to non-blunt ended
RNAs, and aids in RNA selection. The helicase domain
provides additional binding sites for dsSRNA and is criti-
cal for high affinity binding of 5'ppp dsRNAs carrying 3'-

overhang. Most interestingly, CARDs regulate RNA affin-
ity and ATPase turnover activity; even though, there is no
evidence that CARDs interact with RNA.

The regulation by CARDs involves an allosteric mecha-
nism whereby interactions between CARDs and Hel2i sub-
domain stabilizes the autoinhibited state of RIG-I, which is
not efficient in RNA binding and ATPase activation. Dele-
tion of CARDs increases both the RNA binding affinity
and the ATPase activity, such that all types of RNAs includ-
ing non-blunt-ended dsRNAs bind tightly and stimulate
the ATPase rates of the Helicase-RD. This indicates that in
the autoinhibited state, CARDs are selectively preventing
binding of ssRNAs, dsRNA stem structures and dsRNA
with 5-overhang, but not hindering binding of blunt-ended
dsRNA and dsRNA with 3’-overhang. The data also imply
that once CARDs are released from its interactions with
the helicase domain, RIG-I binds with a high affinity to
all types of RNAs. Deleting CARDs drastically reduces
RNA selectivity for blunt-ended 5ppp dsRNA over non-
blunt ended dsRNAs from ~3000-fold to ~150-fold. Simi-
larly, RNA selectivity is reduced from ~3000-fold to ~750-
fold when the CARD2-Hel2i interface is mutated. Thus, the
CARD?2-Hel2i interface known for its role in autoinhibiting
RIG-I, is also involved in self versus non-self RNA selec-
tion.

We find it interesting that the 5'ppp 3'ovg RNA binds
tightly to RIG-I and activates signaling. To understand the
structural basis for tight binding of the 5'ppp 3’ovg RNA,
we modeled the 3’overhang onto the blunt-ended dsRNA
helicase-RD complex (3TMI). The helicase-RD contains a
pore with basic amino acids at the interface between the
RD and Hell domains, where the 3'ovg was accommodated
with only minor additional protein rearrangements (Sup-
plementary Figure S7). This explains why siRNAs contain-
ing 2-nt 3’-ovg and 5'ppp are able to activate RIG-I (37)
and why they are such great tools for both silencing genes
and activating the immune response, potentially treating
certain cancers (38). We also find that accommodating the
S’ovgin dsRNA will require a larger conformational change
in RIG-I, because of the intimate interactions of the RD
domain with the 5-blunt end. This explains why certain
viruses such as Arena virus introduce 5'-ovg during repli-
cation to evade RIG-I mediated immune response. These
structures are thought to act as RIG-1 decoys and trap RIG-
I in an inactive complex (39,40). We show that RIG-I also
binds to dsRNA stem mimics albeit weakly with ~600 nM
Ky, but this could be tight enough to form an initial complex
to aid in the search for the correct RNA end by transloca-
tion (41). This flexibility in binding to RNA ligands apart
from its characterized PAMP ligand is not unique to RIG-
I. IFIT family of proteins play a key role in recognition of
5'ppp ssRNAs and seem to have a complementary role to
RIG-I (42,43). Similar to the evidence provided here, a re-
cent study showed that IFITS5 can bind to RNA ligands with
5’-end modifications other than 5ppp and this flexibility in
recognizing multiple RNA ligands increases the functional-
ity of these immune receptors (44).

Based on crystal structures (19,24,45,46) and our bio-
chemical studies of non-blunt ended dsRNAs, we propose
the following model of self versus non-self RNA selection
by RIG-I (Figure 7). We propose that, in the autoinhib-
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Figure 7. Model of RNA selectivity and RIG-I activation. RIG-I exists in the autoinhibited state in the absence of RNA binding where the CARD?2 (C2,
blue) is interacting with the Hel2i (yellow). PAMP and non-PAMP RNAs are sampled initially by RIG-I’s C-terminal RD (red). PAMP RNAs (e.g. 5'ppp
blunt-ended dsRNAs) bind with a high affinity (pathway on the left) to RD and the helicase domains (Hell, Hel2, Hel2i), and the complex undergoes an
induced-fit to disrupt the CARD2-Hel2i interactions by rotation of the Hel2-Hel2i subdomains, which results in new interactions with the dsSRNA. These
complexes have high affinity and high ATPase activity, with the potential to and undergo downstream events like ubiquitination and/or oligomerization,
which ultimately leads to signaling. The RD and helicase binds weakly to non-PAMP RNAs (e.g. dsSRNAs with 5'-overhang) (pathway to the right), which
results in non-productive complexes with low affinity and low ATPase activity that are unable to signal, and eventually dissociate.

ited state, RIG-I samples RNAs in the cytoplasm via its
RD and helicase subdomains. The RD may sample RNA
stems in folded RNA structures or short single-stranded
RNA, but these structures bind poorly and dissociate be-
fore the helicase domain can fully engage the RNA. This
provides the first layer of RNA selectivity. Blunt-ended dsR-
NAs with and without 5ppp and 5 ppp 3'-overhang dsR-
NAs bind tightly and the intrinsic binding energy appears
to be enough to break CARD2-Hel2i interface. Movement
of the CARDs allows rotation of the Hel2-Hel2i and new
contacts with dsSRNA and ATP to generate an ATPase-
activated intermediate that can progress to the next step.
In case of non-blunt ended dsRNAs, the energetic cost of
breaking the CARD2-Hel2i interface is greater than that
gained from RNA binding and these RNAs either popu-
late low amounts of ATPase productive complexes or form
non-productive complexes with low ATPase activity. Thus,
an induced-fit conformational change provides a second

layer of RNA selection. The steps after ATP and RNA
binding, e.g. CARDs ubiquitination, oligomerization etc.
add more layers of RNA selection to filter out self RNAs
(35,41,47,48). Having multiple steps between RNA binding
and signal transmission increases the selectivity beyond dif-
ferences observed in intrinsic RNA binding affinities. This
model invoking non-productive complexes with non-PAMP
RNAs that can bind and activate ATPase with less effi-
ciency, refines a previously suggested model of RNA selec-
tion by RIG-I (49).

Our studies show that molecular switches that are nor-
mally involved in autoinhibition are also involved in RNA
selection. Autoinhibition mechanisms involving interdo-
main reorganization is not unique to RIG-I, but gener-
ally found in cellular molecular switches. One such exam-
ple that closely relates to RIG-I's mechanism is the APAF-
1 protein (Apoptotic protease activating factor 1), which
initiates the intrinsic apoptotic signaling pathway (50,51).
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The C-terminal WD40 repeat domain in APAF-1 serves
the dual function of maintaining autoinhibition and sens-
ing cytochrome c. In APAF-1, a second layer of autoinhibi-
tion is provided by CARD-helicase domain interface (anal-
ogous to the CARD2-Hel2i interface in RIG-I), and this au-
toinhibition barrier is overcome by exchange of ADP with
ATP. We propose that regulatory mechanisms, where cer-
tain structural elements, such as the CARD2-Hel2i inter-
face in RIG-I, serve dual roles of regulating receptor acti-
vation as well as aid in ligand selection, are general. Many
innate immune receptors including Toll-like receptors and
NOD like receptors are regulated by such autoinhibition
mechanisms (52), which may also be used for discriminating
self versus non-self molecules.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank V. Rajagopal and G. Q Tang for initiating the bio-
chemical experiments and guiding the project in the early
stages. We thank Takashi Fujita and Mike Gale Jr. for pro-
viding the mammalian expression vectors. We thank G.
Brewer, K. Madura, P. Lobel and members of Patel and
Marcotrigiano labs for providing helpful discussions, com-
ments and assistance.

Author contributions: A.R. and S.C.D. contributed equally
to this work. A.R. and S.C.D. performed and analyzed
the RNA binding and ATPase assays. S.C.D. carried out
studies of the RIG-I R109A/L110A mutant. S.C.D., A.R.
and A.G.K. performed the signaling assays. F.J. designed
the protein constructs and established purification proto-
cols. M.T.M. generated and analyzed the Helicase-RD and
5'ppp 3’ overhang RNA model. S.S.P. and J. M. designed
and supervised the project. S.S.P., A.R. and S.C.D. wrote
the manuscript. All authors contributed to editing.

FUNDING

National Institutes of Health [GMS55310 to S.S.P;
AI080659 JM.; GM111959 to JM. and S.S.P]. Funding
for open access charge: NIH [GM111959].

Conflict of interest statement. None declared.

REFERENCES

1. Yoneyama,M., Kikuchi,M., Matsumoto,K., Imaizumi,T.,
Miyagishi,M., Taira,K., Foy,E., Loo,Y.M., Gale,M. Jr, Akira,S. et al.
(2005) Shared and unique functions of the DExD/H-box helicases
RIG-I, MDAS, and LGP2 in antiviral innate immunity. J.

Immunol., 175, 2851-2858.

2. Yoneyama,M., Kikuchi,M., Natsukawa,T., Shinobu,N., Imaizumi,T.,
Miyagishi,M., Taira,K., Akira,S. and Fujita,T. (2004) The RNA
helicase RIG-I has an essential function in double-stranded
RNA-induced innate antiviral responses. Nat. Immunol., 5, 730-737.

3. Takeuchi,O. and Akira,S. (2009) Innate immunity to virus infection.
Immunol. Rev., 227, 75-86.

4. Jarmoskaite,I. and Russell,R. (2011) DEAD-box proteins as RNA
helicases and chaperones. Wiley Interdiscip. Rev. RNA, 2, 135-152.

5. Fairman-Williams,M.E., Guenther,U.P. and Jankowsky,E. (2010)
SF1 and SF2 helicases: family matters. Curr. Opin. Struct. Biol., 20,
313-324.

20.

21.

22.

23.

24.

25.

. Hornung, V., Ellegast,J., Kim,S., Brzozka,K., Jung,A., Kato,H.,

Poeck,H., Akira,S., Conzelmann,K.K., Schlee,M. et al. (2006)
5'-Triphosphate RNA is the ligand for RIG-1. Science, 314, 994-997.

. Pichlmair,A., Schulz,O., Tan,C.P., Naslund, T.I., Liljestrom,P,,

Weber,F. and Reis e Sousa,C. (2006) RIG-I-mediated antiviral
responses to single-stranded RNA bearing 5'-phosphates. Science,
314, 997-1001.

. Goubau,D., Schlee,M., Deddouche,S., Pruijssers,A.J., Zillinger, T.,

Goldeck,M., Schuberth,C., Van der Veen,A.G., Fujimura,T.,
Rehwinkel,J. ez al. (2014) Antiviral immunity via RIG-I-mediated
recognition of RNA bearing 5'-diphosphates. Nature, 514, 372-375.

. Schlee,M., Roth,A., Hornung,V., Hagmann,C.A., Wimmenauer,V.,

Barchet,W., Coch,C., Janke,M., Mihailovic,A., Wardle,G. et al.
(2009) Recognition of 5 triphosphate by RIG-I helicase requires
short blunt double-stranded RNA as contained in panhandle of
negative-strand virus. Immunity, 31, 25-34.

. Schmidt,A., Schwerd, T., Hamm,W., Hellmuth,J.C., Cui,S.,

Wenzel, M., Hoffmann,F.S., Michallet,M.C., Besch,R., Hopfner,K.P.
et al. (2009) 5'-triphosphate RNA requires base-paired structures to

activate antiviral signaling via RIG-1. Proc. Natl. Acad. Sci. U.S. A.,

106, 12067-12072.

. Binder,M., Eberle,F., Seitz,S., Mucke,N., Huber,C.M., Kiani,N.,

Kaderali,L., Lohmann,V., Dalpke,A. and Bartenschlager,R. (2011)
Molecular mechanism of signal perception and integration by the
innate immune sensor retinoic acid-inducible gene-1 (RIG-1). J. Biol.
Chem., 286, 27278-27287.

. Kato,H., Takeuchi,O., Mikamo-Satoh,E., Hirai,R., Kawai,T.,

Matsushita,K., Hiiragi,A., Dermody,T.S., Fujita,T. and Akira,S.
(2008) Length-dependent recognition of double-stranded ribonucleic
acids by retinoic acid-inducible gene-I and melanoma
differentiation-associated gene 5. J. Exp. Med., 205, 1601-1610.

. Marques,J.T., Devosse,T., Wang,D., Zamanian-Daryoush,M.,

Serbinowski,P., Hartmann,R., Fujita,T., Behlke,M.A. and
Williams,B.R. (2006) A structural basis for discriminating between
self and nonself double-stranded RNAs in mammalian cells. Nat.
Biotechnol., 24, 559-565.

. Schlee,M. (2013) Master sensors of pathogenic RNA - RIG-I like

receptors. Immunobiology, 218, 1322—-1335.

. Baum,A., Sachidanandam,R. and Garcia-Sastre,A. (2010) Preference

of RIG-I for short viral RNA molecules in infected cells revealed by
next-generation sequencing. Proc. Natl. Acad. Sci. U.S.A., 107,
16303-16308.

. Rehwinkel,J., Tan,C.P., Goubau,D., Schulz,O., Pichlmair,A., Bier,K.,

Robb,N., Vreede,F., Barclay,W., Fodor,E. ez al. (2010) RIG-I detects
viral genomic RNA during negative-strand RNA virus infection.
Cell, 140, 397-408.

. Funabiki,M., Kato,H., Miyachi,Y., Toki,H., Motegi,H., Inoue,M.,

Minowa,O., Yoshida,A., Deguchi,K., Sato,H. et al. (2014)
Autoimmune disorders associated with gain of function of the
intracellular sensor MDAS. Immunity, 40, 199-212.

. Matsumiya, T. and Stafforini,D.M. (2010) Function and regulation of

retinoic acid-inducible gene-1. Crit. Rev. Immunol., 30, 489-513.

. Jiang,F., Ramanathan,A., Miller, M.T., Tang,G.Q., Gale,M. Jr,

Patel,S.S. and Marcotrigiano,J. (2011) Structural basis of RNA
recognition and activation by innate immune receptor

RIG-I. Nature, 479, 423-427.

Kohlway,A., Luo,D., Rawling,D.C., Ding,S.C. and Pyle,A.M. (2013)
Defining the functional determinants for RNA surveillance by RIG-I.
EMBO Rep., 14, 772-779.

Vela,A., Fedorova,O., Ding,S.C. and Pyle,A.M. (2012) The
thermodynamic basis for viral RNA detection by the RIG-I innate
immune sensor. J. Biol. Chem., 287, 42564-42573.

Nallagatla,S.R., Hwang,J., Toroney,R., Zheng,X., Cameron,C.E. and
Bevilacqua,P.C. (2007) 5'-triphosphate-dependent activation of PKR
by RNAs with short stem-loops. Science, 318, 1455-1458.
Nallagatla,S.R. and Bevilacqua,P.C. (2008) Nucleoside modifications
modulate activation of the protein kinase PKR in an RNA
structure-specific manner. RNA, 14, 1201-1213.

Kowalinski,E., Lunardi, T., McCarthy,A.A., Louber,J., Brunel,J.,
Grigorov,B., Gerlier,D. and Cusack,S. (2011) Structural basis for the
activation of innate immune pattern-recognition receptor RIG-I by
viral RNA. Cell, 147, 423-435.

Civril,F., Bennett,M., Moldt,M., Deimling,T., Witte,G., Schiesser,S.,
Carell,T. and Hopfner,K.P. (2011) The RIG-1 ATPase domain


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv1299/-/DC1

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

structure reveals insights into ATP-dependent antiviral signalling.
EMBO Rep., 12, 1127-1134.

Tang,G.Q., Bandwar,R.P. and Patel,S.S. (2005) Extended upstream
A-T sequence increases T7 promoter strength. J. Biol. Chem., 280,
40707-40713.

Lu,C., Xu,H., Ranjith-Kumar,C.T., Brooks,M.T., Hou,T.Y., Hu,F,,
Herr,A.B., Strong,R.K., Kao,C.C. and Li,P. (2010) The structural
basis of 5’ triphosphate double-stranded RNA recognition by RIG-1
C-terminal domain. Structure, 18, 1032-1043.

Wang,Y., Ludwig,J., Schuberth,C., Goldeck,M., Schlee,M., Li,H.,
Juranek,S., Sheng,G., Micura,R., Tuschl,T. ez al. (2010) Structural
and functional insights into 5'-ppp RNA pattern recognition by the
innate immune receptor RIG-1. Nat. Struct. Mol. Biol., 17, 781-787.
Bamming,D. and Horvath,C.M. (2009) Regulation of signal
transduction by enzymatically inactive antiviral RNA helicase
proteins MDAS, RIG-1, and LGP2. J. Biol. Chem., 284, 9700-9712.
Gee,P,, Chua,PK., Gevorkyan,J., Klumpp,K., Najera.l.,
Swinney,D.C. and Deval,J. (2008) Essential role of the N-terminal
domain in the regulation of RIG-I ATPase activity. J. Biol. Chem.,
283, 9488-9496.

Rawling,D.C., Kohlway,A.S., Luo,D., Ding,S.C. and Pyle,A.M.
(2014) The RIG-I ATPase core has evolved a functional requirement
for allosteric stabilization by the Pincer domain. Nucleic Acids Res.,
42, 11601-11611.

Anchisi,S., Guerra,J. and Garcin,D. (2015) RIG-I ATPase activity
and discrimination of self-RNA versus non-self-RNA. M Bio, 6,
€02349.

Fersht,A. (1999) Structure and mechanism in protein science : a guide
to enzyme catalysis and protein folding. W.H. Freeman, NY.
Ferrage,F., Dutta,K., Nistal-Villan,E., PatelLJ.R.,
Sanchez-Aparicio,M.T., De loannes,P., Buku,A., Aseguinolaza,G.G.,
Garcia-Sastre,A. and Aggarwal,A.K. (2012) Structure and dynamics
of the second CARD of human RIG-I provide mechanistic insights
into regulation of RIG-I activation. Structure, 20, 2048-2061.
Peisley,A., Wu,B., Xu,H., Chen,Z.J. and Hur,S. (2014) Structural
basis for ubiquitin-mediated antiviral signal activation by RIG-I.
Nature, 509, 110-114.

Rawling,D.C., Fitzgerald,M.E. and Pyle,A.M. (2015) Establishing
the role of ATP for the function of the RIG-I innate immune

sensor. Elife, 4, doi:10.7554 /eLife.09391.

Whitehead,K.A., Dahlman,J.E., Langer,R.S. and Anderson,D.G.
(2011) Silencing or stimulation? siRNA delivery and the immune
system. Ann. Rev. Chem. Biomol. Eng., 2, 77-96.

Poeck,H., Besch,R., Maihoefer,C., Renn,M., Tormo,D.,
Morskaya,S.S., Kirschnek,S., Gaffal,E., Landsberg,J., Hellmuth,J.
et al. (2008) 5'-Triphosphate-siRNA: turning gene silencing and Rig-I
activation against melanoma. Nat. Med., 14, 1256-1263.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

Nucleic Acids Research, 2016, Vol. 44, No. 2 909

Marq,J.B., Hausmann,S., Veillard,N., Kolakofsky,D. and Garcin,D.
(2011) Short double-stranded RNAs with an overhanging 5
ppp-nucleotide, as found in arenavirus genomes, act as RIG-I decoys.
J. Biol. Chem., 286, 6108-6116.

Marq,J.B., Kolakofsky,D. and Garcin,D. (2010) Unpaired 5’
ppp-nucleotides, as found in arenavirus double-stranded RNA
panhandles, are not recognized by RIG-1. J. Biol. Chem., 285,
18208-18216.

Myong.S., Cui,S., Cornish,P.V., Kirchhofer,A., Gack, M.U.,
Jung,J.U., Hopfner,K.P. and Ha,T. (2009) Cytosolic viral sensor
RIG-1 is a 5'-triphosphate-dependent translocase on double-stranded
RNA. Science, 323, 1070-1074.

Abbas,Y.M., Pichlmair,A., Gorna,M.W., Superti-Furga,G. and
Nagar,B. (2013) Structural basis for viral 5’-PPP-RNA recognition by
human IFIT proteins. Nature, 494, 60-64.

Sen,G.C. and Fensterl,V. (2012) Crystal structure of IFIT2 (ISG54)
predicts functional properties of IFITs. Cell Res., 22, 1407-1409.
Katibah,G.E., Qin,Y., Sidote,D.J., Yao,J., Lambowitz,A.M. and
Collins,K. (2014) Broad and adaptable RNA structure recognition by
the human interferon-induced tetratricopeptide repeat protein IFITS5.
Proc. Natl. Acad. Sci. U.S. A., 111, 12025-12030.

Luo.D., Ding,S.C., Vela,A., Kohlway,A., Lindenbach,B.D. and
Pyle,A.M. (2011) Structural insights into RNA recognition by RIG-1.
Cell, 147, 409-422.

Luo.D., Kohlway,A., Vela,A. and Pyle,A.M. (2012) Visualizing the
determinants of viral RNA recognition by innate immune sensor
RIG-I. Structure, 20, 1983-1988.

Peisley,A., Wu,B., Yao,H., Walz,T. and Hur,S. (2013) RIG-I forms
signaling-competent filaments in an ATP-dependent,
ubiquitin-independent manner. Mol. Cell, 51, 573-583.

Gack,M.U., Shin,Y.C., Joo,C.H., Urano,T., Liang,C., Sun,L.,
Takeuchi,O., Akira,S., Chen,Z., Inoue,S. et al. (2007) TRIM25
RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated
antiviral activity. Nature, 446, 916-920.

Kolakofsky,D., Kowalinski,E. and Cusack,S. (2012) A
structure-based model of RIG-I activation. Rna, 18, 2118-2127.
Riedl,S.J. and Salvesen,G.S. (2007) The apoptosome: signalling
platform of cell death. Nat. Rev. Mol. Cell Biol., 8, 405-413.
Riedl,S.J.,, Li,W., Chao,Y., Schwarzenbacher,R. and Shi,Y. (2005)
Structure of the apoptotic protease-activating factor 1 bound to
ADP. Nature, 434, 926-933.

Chuenchor,W., Jin,T., Ravilious,G. and Xiao,T.S. (2014) Structures of
pattern recognition receptors reveal molecular mechanisms of
autoinhibition, ligand recognition and oligomerization. Curr. Opin.
Immunol., 26, 14-20.



