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ABSTRACT

RIG-I (retinoic acid inducible gene-l) is a cytosolic in-
nate immune protein that senses viral dsRNA with
a 5'-triphosphate overhang. Upon interaction with
dsRNA a de-repression of the RIG-l CARD domains
takes place that ultimately leads to the production
of type I interferons and pro-inflammatory cytokines.
Here we investigate the RIG-I conformational rear-
rangement upon interaction with an activating 5'-
triphosphate-10-base pair dsRNA hairpin loop (10bp)
compared with a less active 5'-triphosphate-8-base
pair dsRNA hairpin loop (8bp). We use size-exclusion
chromatography-coupled small-angle X-ray scatter-
ing (SAXS) and limited tryptic digest experiments to
show that that upon binding to 10 bp, but not 8 bp,
RIG-I becomes extended and shows greater flexibil-
ity, reflecting the release of its CARDs. We also ex-
amined the effect of different ATP analogues on the
conformational changes of RIG-I/dsRNA complexes.
Of the analogues tested, the addition of ATP transi-
tion state analogue ADP-AIF, further assisted in the
complete activation of RIG-l in complex with 10bp
and also to some extent RIG-I bound to 8bp. Together
these data provide solution-based evidence for the
molecular mechanism of innate immune signaling by
RIG-I as stimulated by short hairpin RNA and ATP.

INTRODUCTION

RIG-I (retinoic acid inducible gene-I) and other fam-
ily members, MDAS (melanoma differentiation-associated
factor 5) and LGP2 (laboratory of genetics and physiol-
ogy 2), serve as cytoplasmic pattern recognition receptors
of viral RNA (1). They work in a coordinated manner to
recognize and respond to cytosolic viral RNA products
that are distinct from host RNA. RIG-I senses and inter-
acts preferentially with short blunt ended dsRNA bearing
a 5-triphosphate (5ppp) dsRNA (2). Such RNA products
are typically formed as replication intermediates of posi-

tive strand RNA viruses such as Flavivirus, Hepacivirus and
Pestivirus and replication or transcriptional intermediates
of negative strand RNA viruses including Orthomyxovirus,
Paramyxovirus and Rhabdovirus (3). MDAJS, in contrast,
detects considerably longer dsRNA regardless of the pres-
ence of 5’ phosphate end structures that can also occur as
viral replication intermediates (4). MDAS has been identi-
fied as key in the response against Picornavirus family mem-
bers (5). LGP2 preferentially binds dsRNA lacking a 5'ppp
(6), but differs from RIG-I and MDAS in that it does not
possess caspase activation recruitment domains (CARDs).
Most recent reports propose that LGP2 plays a regulatory
role in antiviral signaling via modulating the RNA interac-
tions of MDAS (7,8).

dsRNA binding by RIG-I or MDAS facilitates the de-
repression of their CARDs, that are then able to actively
engage the CARD domain of downstream adaptor protein
interferon-p promoter stimulator 1 (IPS-1, also known as
VISA, MAVS and Cardiff) in a ubiquitin-stabilized manner
(9-13). This results in the oligomerization of IPS-1, form-
ing a platform for a series of signaling events that lead to the
induction of type I interferons (IFNs) and other proinflam-
matory cytokines enabling the suppression of viral repli-
cation, clearance of virus-infected cells, and facilitation of
adaptive immune responses (14,15).

The molecular basis for CARD de-repression has been
a key focus of investigation for RIG-I and MDAS. Each
member of the RIG-I like receptor family comprises a cen-
tral DExD/H-helicase domain and a CTD (C-terminal do-
main) connected by a ‘pincer’ domain (Figure 1A). The
helicase core, in turn, comprises two RecA-like domains
HELI1 (helicase 1) and HEL2 (helicase 2) domains, with
HEL?2 containing an insertion domain called HEL2i. An
ATP binding catalytic site exists within HEL1, as is typical
of superfamily 2 helicase proteins (16). RIG-I and MDAS5
(but not LGP2) also possess N-terminal tandem CARDI
and CARD?2 domains.

Several crystallographically determined structures of
RIG-I constructs have contributed to our understanding of
the mechanism of the conformational change that occurs
upon the interaction of RIG-I with viral dssSRNA. Structures
are available for human, duck and mouse RIG-I constructs
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Figure 1. (A) Schematic representation of domain architecture of RIG-I and amino acid range of constructs used in this study (DC = deltaCARDs, FL =
full-length, CTD = C-terminal domain, HEL = helicase domain, P = pincer motif), (B) Secondary structures of 10 bp and 8 bp hairpin dsRNA and the
proposed structure of hybridized form of two 8mer hairpin dsSRNAs (8 bp-long) [created using VARNA server (59)], (C) Size exclusion chromatography
profiles of DC- and FL-RIG-I with and without dsRNAs and in the absence of any ATP analogue detected at 280 nm (solid line) and 260 nm (dotted line).
Absorbance is indicated on the y-axis and elution time (in min) indicated on the x-axis.

before or after binding to different dSRNAs and with or
without ATP-analogues (17-22). The only full length RIG-I
structure (of duck RIG-I in the absence of RNA) shows the
RIG-I HEL domains held in an ‘open conformation’ and
with CARD?2 interacting with the HEL2i domain, account-
ing for the autorepression (19). In this structure the CTD
cannot be seen, likely due to flexibility. This open conforma-
tion of FL-RIG-I is also observed in the crystal structures of
RIG-I lacking CARD domains (known as ‘delta-CARDs’
or DC-RIG-I) (20,23). Upon viral dsRNA exposure, the
CTD of RIG-I makes high affinity specific interactions with
the Sppp end of the dsRNA and the HEL1 and HEL2
domains form a ‘closed conformation’ around the dSRNA
stem, together completely encircling the dsRNA (22,24—
27). This configuration has been proposed to release the
CARDs, making them available for interaction with IPS-
1 (17-19). This has not been shown crystallographically,
presumably owing to the flexibility of the released CARDs.
SAXS data for full-length human RIG-I bound to a short
dsRNA (29mer), however, has allowed a full-length RIG-
I/dsRNA complex to be visualized, with extended CARDS
at the end of a flexible linker (28).

The importance of RIG-I in the induction of the in-
nate immune response and our detailed understanding of its
molecular mechanism has opened up the possibility of the
design of RIG-I activators that could be used therapeuti-
cally to suppress tumors by activating RIG-I mediated type

I IFNSs induction to promote the destruction of tumor cells
(29-31). There has hence been a quest to discover a potent
RIG-I activating dsRNA that can be used as an effective
immunotherapeutic agonist in tumor cells (32-34). Several
requirements for high affinity binding by RIG-I are known.
RIG-I senses dsRNA with a 5'ppp or 5'pp with high affinity
(2,35), but shows only weak affinity for dSRNA with a 5'p
(35). Secondly, the minimal length of the dSRNA required
for RIG-I stimulation is a consideration in agonist design.
According to earlier reports, 5'ppp dsRNA of at least 20 bp
was essential for optimal activation of RIG-I (36). However,
in more recent attempts to determine the minimum length
of dsRNA required for RIG-I activation, a 5'ppp 24-mer
hairpin loop RNA containing 10 base pairs and a tetraloop
(henceforth referred to as 10 bp) was shown to activate the
RIG-I pathway very potently (22). Interestingly, the same
study showed that a 5'ppp 20-mer hairpin loop (henceforth
referred to as 8 bp) was not active. The reason for this was
not clear, as both the 10 bp and the 8 bp dsRNA are able
to be bound by RIG-I. A crystal structure of DC-RIG-I
in complex with 8 bp and ADP shows the ability of the
short dsRNA to bind to RIG-I (21). It does not appear very
different from a structure solved of DC-RIG-I bound to a
short hairpin dsSRNA of equivalent length to 10 bp (37). It
is therefore not understood why the 10 bp hairpin dsSRNA is
capable of activating RIG-I while the 8 bp hairpin dsSRNA
is not.



Another question in the field has been the role of ATP
binding and ATP hydrolysis in the signaling activity of
RIG-I. Being one of the members of ATP dependent he-
licases, the helicase domain of RIG-I has an ATP bind-
ing cleft and is able to hydrolyze ATP. It has been estab-
lished that RIG-I is capable of ATP dependent unwind-
ing of dSRNA (38) and ATP dependent translocation along
dsRNA (39) that both involve ATP hydrolysis. These ac-
tivities, however, are not required for the signaling activ-
ity of RIG-I, as mutant forms of RIG-I that no longer hy-
drolyze ATP are still able to signal (40-42). Instead, it is
proposed that ATP binding by RIG-I plays an important
role in helping to discriminate between pathogenic and non-
pathogenic RNA. ATP is proposed to enhance the inter-
action of RIG-I with dsRNA and, accordingly, ATP hy-
drolysis serves to help disengage RIG-I from unintended
RNA targets (41,42). The structural basis for this is sug-
gested by several crystal structures of RIG-I constructs. It
is evident that the RIG-I helicase core is in an open or semi-
open conformation in ATP-free or ADP RIG-I/RNA com-
plexes, with HEL2 not making close contacts with dSRINA
due to being apart from the HEL1 domain (17,21,22). In
the presence of the ATP analogue ADP-BeF3, the structure
of DC-RIG-I bound to dsRNA adopts a ‘semi-closed’ and
slightly more ordered conformation (18) and, in the pres-
ence of ADP-AIF; the helicase domain is highly ordered
and forms an even more compact closed-state conformation
(19). Whether ATP binding actually assists in CARDs re-
lease has been speculated or inferred from structural, muta-
tional and HDX-MS experiments (21,41,43) but not shown
using a direct structural method.

In the current study, therefore, we address two outstand-
ing questions for a better understanding of the require-
ments for CARD release by RIG-I. We use the biophysi-
cal method of small angle X-ray scattering (SAXS) to de-
termine the effect of the short hairpin dsSRNAs (10 bp and
8 bp) on the conformational rearrangement of full length
RIG-I and DC-RIG-I in the presence or absence of differ-
ent ATP analogues. We employ size-exclusion chromatog-
raphy (SEC)-coupled SAXS to ensure the homogeneity of
the RIG-I/RNA complexes. From the SAXS data we are
able to report on the degree of release of the CARDs by the
RIG-I/RNA complexes. The data are correlated with re-
sults of tryptic digest experiments that also reveal changes
in RIG-I structure upon dsRNA and ATP analogue bind-
ing. Together these data demonstrate that the 10 bp dSRNA
(but not the 8 bp dsRNA) is required for full CARDs re-
lease and that involvement of ADP-AIF, causes a further
compact arrangement of the helicase domain that facilitates
a more complete release of the CARDs. Therefore, our re-
sults represent the first in-solution characterization of RIG-
I CARDs release by short hairpin RNAs and also demon-
strate the importance of ATP binding in RIG-I activation.

MATERIALS AND METHODS
Protein expression and purification

Constructs of full length RIG-I (FL-RIG-I; residues 1-925)
and CARDs-truncated RIG-I (DC-RIG-I; residues 239-
925), with a non-cleavable C-terminal His tag and cloned
in pET11, [kindly provided by Jerome Deval (Roche Palo
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Alto LLC, CA, USA)] (44) were transformed and expressed
in Escherichia coli BL21(DED3) cells. When an ODgg of 0.6—
0.8 was reached, cells were induced with 0.25 mM isopropyl-
B-D-1-thiogalactopyranoside (IPTG) and cultured for 16 h
at 25°C overnight at 180 rpm in rich medium. Cells were
collected by centrifugation at 7548 g and resuspended and
lysed by an Avestin cell homogenizer in cold lysis buffer (50
mM HEPES pH 7.4, 150 mM NaCl, 10% glycerol and 1
mM DTT) also containing cOmplete EDTA-free protease
inhibitor cocktail (Roche) and 1 mM PMSF (Sigma). Purifi-
cation was performed using Ni-NTA agarose (QIAGEN).
Nonspecific protein binding was avoided by washing with
buffer containing 20 mM imidazole in addition to 50 mM
HEPES pH 7.4, 150 mM NacCl, 10% glycerol and 1 mM
DTT. High salt buffer (2 M NaCl and 50 mM HEPES) was
then used to remove endogenous nucleic acid. An increasing
step-gradient of imidazole was used for the elution of RIG-
I. Eluted fractions were further purified by size exclusion
chromatography using a Superdex 200 16/60 column (GE
Healthcare) in 50 mM HEPES pH 7.4, 150 mM NacCl, 10%
glycerol and 1 mM DTT. Final purification was achieved
by applying RIG-I to a I ml Hi Trap Heparin HP column
(GE Healthcare) with an increasing salt gradient to elute
the purified protein. The proteins in high salt buffer were
exchanged with buffer (25 mM HEPES pH 7.4, 150 mM
NaCl, 10% glycerol and 1 mM DTT) and the purity of pro-
tein was confirmed by Coomassie Brilliant Blue staining of
SDS-PAGE gels. After quantification of concentrated puri-
fied proteins at 4559 using a NanoDrop (Thermo Scientific),
the proteins were stored at -80°C.

Protein/RNA complex preparation and size exclusion

chromatography-coupled small-angle X-ray scattering
(SEC-SAXS)

Sppp 10-base  pair hairpin (10 bp) [5ppp-
GGACGUACGUUUCGACGUACGUC(C]

and  8-base  pair hairpin (8§  bp) [5'ppp-

GGCGCGGCUUCGGCCGCGCC] dsRNAs were kindly
provided by Dahai Luo (NTU, Singapore) [prepared as
previously reported (22,43)]. RIG-I/RNA complexes at
a ratio of 1:1.2 + ATP analogues were prepared with
RIG-I, at a concentration of 8§ mg/ml. ATP analogues used
were AMP-PNP (Calbiochem) at 0.5 mM and ADP-AIF,
prepared from 2 mM ADP, 2 mM AICl; and 10 mM NaF,
both in the samples and the SEC-SAXS elution buffer. All
samples in the absence or presence of dSRNAs and + ATP
analogues were incubated on ice for 60 min and centrifuged
for 5 min before performing SEC-SAXS experiments.
100 wl of each sample was subjected to SEC-SAXS using
Superdex 200 10/300 column (GE Healthcare) at a flow
rate of 0.4 ml/min in 25 mM HEPES pH 7.4, 150 mM
NaCl, 2.5 mM MgCl,, 10% glycerol and 1 mM DTT.
SEC was also performed in-house under the same buffer
conditions in order to obtain comparable UV traces.
SEC-SAXS data were collected at 15°C at the
SAXS/WAXS beamline of the Australian Synchrotron.
SAXS data were collected with 2 s exposures at 0.05 s
intervals as the SEC eluent was passed through the 1 mm
quartz capillary flow cell. Fractions were collected in a
96-well plate across each eluting peak. Due to dsRNA (8
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bp) eluting as two peaks in SEC, fractions of RIG-1/8 bp
were assessed by native and denaturing (8 M urea) PAGE
(15% polyacrylamide 0.5x TBE (Tris/borate/EDTA) and
stained with SYBR Gold (Invitrogen) to detect RNA. The
gels were visualized using a Typhoon Trio variable mode
imager (GE).

Processing of SAXS data

Australian Synchrotron beam specific software SCATTER-
BRAIN was utilized for SAXS data reduction (includ-
ing radial integration of the SAXS images and conver-
sion to 1-d dat files). The scattering data from samples
were background-subtracted (DATOP) using scattering
data taken after the flow through had cleared the column.
Due to the presence of overlapping peaks in some of the
SEC profiles, the recently developed software US-SOMO
(Ultrascan Solution Modeler) HPLC SAS module was em-
ployed (45,46). In summary, the SAXS data were converted
to the time domain, Gaussian fitting and deconvolution ap-
plied, and scattering data then back generated and used for
further analyses. ATSAS programs (47) were used for fur-
ther analyses which included calculation of pairwise distri-
bution functions [P(r)], ab initio structure calculation using
DAMMIF and DAMAVER (48,49) and multiphase model-
ing using MONSA (50). Normalized Kratky plots were cal-
culated using the DATGNOM fitted scattering curves with
a script written by MCJW. For analyses of the complexes of
FL-RIG-I with 10 bp and 8 bp, the ensemble optimization
method (EOM) (51) was used.

Molecular modeling against SAXS data

To assist interpretation of the SAXS data, different meth-
ods of structural modeling were used depending on the ab-
sence or presence of dSRNA and the degree of flexibility (as
determined from the normalized Kratky analysis). Crystal-
lographically determined coordinates were used for the es-
tablishment of starting models. These included coordinates
from crystal structures of DC-RIG-I in complex with 8mer
dsRNA (PDB ID: 4AY?2) and of CARDs (PDB ID: 4P4H).
Where amino acids were missing from the crystal structure
flexible linkers were included. For relatively rigid molecules
BUNCH (49) was used for creating a best fitting model
to the SAXS data (in the absence of dSRNA), or CORAL
(where dsRNA was present) (52). Alternatively, in the cases
where there was evidence of flexibility, the Ensemble Opti-
mization Method (EOM) was used to select a minimal en-
semble of structures (from 10000 structures of varying con-
formation) that best fitted the SAXS data (51).

Limited Tryptic proteolysis of RIG-I and RIG-I/RNA com-
plexes

Apo-FL-RIG-I and FL-RIG-I complexed with 10 bp and
8 bp dsRNA (at a 1:1.2 molar ratio) in the absence or pres-
ence of the ATP analogues were prepared as 60 pg samples
and treated with 0.02 wg mass spectrometry grade Trypsin
Gold (Promega) at 37°C. At equal time intervals over a time
frame of 90 min, 10 pl aliquots were removed from the re-
action and stopped by the addition of SDS-loading buffer

and heating at 95°C for 5 min. For visualization, samples
were subjected to SDS-PAGE and stained with Coomassie
Brilliant Blue.

RESULTS

Analysis of FL-RIG-I and DC-RIG-I + dsRNA by SEC-
SAXS

To investigate the conformational rearrangement of RIG-
I upon interaction with short 5ppp dsRNA and the role
of ATP in RIG-I activation, we conducted SEC-coupled
SAXS experiments with human FL-RIG-I (107 kDa) in
the presence or absence of dsRNA hairpins and two ATP
analogues. To distinguish conformational changes due to
CARDs release from changes in the helicase and CTD do-
main arrangement, we also performed analysis of the equiv-
alent DC-RIG-I (79 kDa) (Figure 1A). Based on a previ-
ous study determining the activation of RIG-I by hairpin
dsRNA in cell-based assays (22), we used 5'ppp 10-base
pair (10 bp) and 8-base pair (8 bp) hairpin loop dsRNA
for the formation of RIG-I/RNA complexes £ATP ana-
logues (AMP-PNP and ADP-AIF,) (Figure 1B). AMP-
PNP (5'-adenylyl-imidodiphosphate) is a non-cleavable sta-
ble analogue of ATP in which a nitrogen atom replaces
the oxygen atom between the 3 and y phosphate and the
v-phosphate has a tetrahedral geometry, mimicking the
ATP-bound ground state (53). ADP-AIF, behaves as a
phosphate-bound stable transition state of ATP in which
AlF, mimics the y-phosphate of ATP with planar geome-
try (54,55). The Al-F bond is the same length as that of P-O
and fluorine can form similar H-bond interactions as oxy-
gen, making AlF, a very good, although more electronega-
tive, mimic of phosphate (55). Both of these analogues have
been used in some of the crystal structures of RIG-I and
MDAS helicase domain and chicken LPG2 with or without
dsRNA (6,19,20).

After combining 10 bp or 8 bp with the purified DC- and
FL-RIG-Iin a 1:1.2 ratio, RIG-I/dsRNA complexes were
separated by size-exclusion chromatography (SEC) and run
in-line with SAXS experiments. Figure 1C presents the elu-
tion profiles of both proteins with and without dSRNA and
in the absence of ATP analogue. As a general observation,
FL-RIG-I/RNA complexes eluted at a slightly earlier time
than the apo-FL-RIG-I and were well separated from the
dsRNA peaks. This is indicative of the complex occupy-
ing a larger volume upon complex formation. In the case
of DC-RIG-I, however, DC-RIG-I/RNA complexes eluted
slightly later than the apo-DC-RIG-I, consistent with a
compaction of the molecular structure upon interaction
with the RNA. The elution profiles of DC- and FL-RIG-
I binding to 10 bp gave rise to a single peak corresponding
to the complex and a second single peak corresponding to
excess dSRNA. In the case of DC- and FL-RIG-I binding
to 8 bp, two slightly overlapping peaks were observed for
the complex as well as for the excess RNA. This is because
the 8 bp existed as two species in solution, arising from self-
annealing in addition to the formation of a hairpin (dis-
cussed further below). The profiles demonstrate that both
species are able to bind to RIG-I (Figure 1C). For both the
DC- and FL-RIG-I experiments one of the peaks (peak 1)
eluted at a similar elution time as the complex formed with



10 bp, and the other (peak 2) eluted considerably earlier in-
dicating the formation of a larger complex. This is consis-
tent with peak 1 representing a complex with the intended
8 bp hairpin and peak 2 representing the self-annealed ver-
sion of 8 bp (referred to as 8 bp-long) bearing two RIG-I
molecules. The SEC profiles from SEC-SAXS of DC- and
FL-RIG-I apo and with dsRNA, in the presence of AMP-
PNP or ADP-AIF, were equivalent and are provided as
Supplementary Figure S1.

Due to the presence of overlapping peaks and/or shoul-
ders in some of the SEC-SAXS profiles, the Ultrascan
solution modeler (US-SOMO) HPLC-SAS module was
used to deconvolute each of the overlapping peaks (45,46).
US-SOMO is based on Gaussian decomposition of non-
baseline-separated SEC-SAXS peaks by converting back-
ground subtracted raw SAXS scattering intensity [/(g) rep-
resented as a function of scattering vector ¢] into a scatter-
ing intensity represented as a function of elution time [/()].
This allows for the deconvolution of more than one species
co-eluting as overlapping peaks. SAXS data [as I(g) ver-
sus ¢] is then back generated from each Gaussian decom-
posed peak and used for further analyses. Supplementary
Figure S2 shows the Gaussian decomposition of the base-
line subtracted SAXS data. Figure 2A, B and C represents
the experimental scattering curves (obtained from Gaussian
decomposed peaks for each sample); the pairwise distribu-
tion function (P(r)) profiles and normalized Kratky plots,
respectively, and Supplementary Table S1 reports the data
collection and SAXS invariants and other parameters.

DC- and FL-RIG-I molecular conformation in the absence of
dsRNA

SAXS data acquired for DC- and FL-RIG-I apo proteins
+ATP analogues were used for analyzing the conforma-
tion of the molecule in the absence of dsSRNA. SAXS data
for DC- and FL-RIG-I in the presence of AMP-PNP have
been described previously (28). These data indicated that
DC-RIG-I/AMP-PNP adopts a bilobular shape in which
the CTD resides alongside the helicase domain as a distinct
lobe. The FL-RIG-I/AMP-PNP complex appeared in an
open conformation with the CAR Ds positioned against the
helicase domain and the CTD positioned along the other
side of helicase domain (28). These data, including scat-
tering curves, P(r) and normalized Kratky plots are shown
again (with permission) for comparison with other data sets
(Figure 2).

The scattering intensities and the P(r) plots (Figure 2A
and B) for DC-RIG-I in the absence of ATP analogue
showed no detectable difference from those collected in the
presence of AMP-PNP. As can be seen from the scattering
profiles and the P(r) plots (Figure 2A and B), the same bilo-
bar shape is assumed by DC-RIG-I. The radius of gyra-
tion (Ry) of 36.7 A determined by Guinier approximation,
and Rp.x = 130 A are close to the values previously re-
ported for DC-RIG-1/AMP-PNP (28). The DC-RIG-I nor-
malized Kratky profile shows a non-parabolic curve with a
peak maximum slightly >1.1 at about /3 sR,, indicating
that this molecule possesses only a limited amount of flex-
ibility (56). A single best-fitting model of DC-RIG-I in the
absence of ATP analogue was generated using the program
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BUNCH (49) with protein domain coordinates from the
crystal structure of DC-RIG-I in complex with 8 bp (PDB
ID: 4AY2) and movement between the HEL1 and HEL2
domains allowed. Figure 3 shows this model superposed on
an ab initio shape reconstruction independently calculated
using DAMMIF (48). This shows visually that the molec-
ular model produced by BUNCH is in agreement with the
DAMMIF-derived envelope. The predicted scattering curve
derived from the model fits well with the experimental scat-
tering data with a x° value = 0.68 (Supplementary Figure
S3 and Table S1). The generated model is similar to our pre-
viously reported model, analyzed in the presence of AMP-
PNP (28).

Likewise, the SAXS data indicate that the shape of FL-
RIG-I in the absence of ATP analogue closely resembles
that acquired for FL-RIG-I/AMP-PNP, The P(r) profile,
R, value of 43.4 A, Rpax value of 140 A and normalized
Kratky profile of FL-RIG-I are similar to those of FL-RIG-
I/AMP-PNP, consistent with the same open conformation
of the helicase domain and the CTD and CARDs arranged
alongside (28). A single best-fitting structural model of FL-
RIG-I in the absence of any ATP analogue was gener-
ated using BUNCH using the protein domain coordinates
from DC-RIG-I (PDB ID: 4AY2) and the CARDs (PDB
ID: 4P4H) with flexibility allowed between CARDs, heli-
case and CTD domains. The resulting model showed good
agreement with a DAMMIF generated ab initio shape re-
construction, and again showed a similar arrangement of
RIG-I subdomains as determined for its AMP-PNP bound
equivalent (Figure 3). The predicted scattering curve from
this model was in close agreement with raw scattering data
(x? value = 0.22) (Supplementary Figure S3 and Table S1).

DC- and FL-RIG-I molecular conformation in the presence
of ADP-AIF,

In contrast to the previous data, SAXS data collected for
DC-RIG-I/ADP-AIF, indicated a compaction of the he-
licase domain. In the presence of ADP-AIF,, DC-RIG-I
exhibits a similar R, of 35.1 A but an extended Rpax of
140 A compared to DC-RIG-I in the absence of ATP ana-
logue or presence of AMP-PNP. The P(r) profile shifts to-
ward a more bell-shaped curve at low r values indicating a
shift toward a more compact or globular domain structure,
but, with a slightly extended tail at high r value. The nor-
malized Kratky plot of DC-RIG-I in the presence of ADP-
AIF, appears as a partially parabolic curve with a slightly
higher peak maxima at \/3 sR,, indicating some parts of the
molecule may be flexible in the presence of ADP-AIF, but
with the bulk in a rigid state.

It was not possible to generate a model that gave an
acceptable fit to the data for DC-RIG-1/ADP-AIF, using
rigid body modeling, likely due to flexible features within
DC-RIG-1/ADP-AIF,. Instead, EOM (the Ensemble Op-
timization Method) was employed to provide a set of struc-
tural models that, together, can be used to describe flexible
proteins in solution as better reflects molecules in equilib-
rium between different forms (57). The helicase domain and
CTD coordinates from the structure of DC-RIG-I in com-
plex with 8 bp (PDB ID: 4AY?2) were set as a rigid bodies
linked by a flexible linker to create an ensemble of 10000
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Figure 2. SAXS analyses of apo-RIG-I and RIG-I:RNA complexes = ATP analogues. (A) Experimental scattering profiles of DC- and FL-RIG-I, with
or without 10 bp or 8 bp and ATP analogues, obtained by plotting the log of scattering intensity [log I(s)] as a function of forward scattering vector in the
units of A~! and represented by black spheres along with gray error bars showing the mean + SD, (B) pairwise distribution [P(r)] profiles obtained from
the scattering data by plotting P(r) as a function of r in the units of A, (C) normalized Kratky profiles of DC- and FL-RIG-I apo and with dsRNAs in
the absence or presence of any ATP analogues. Note: SAXS data for apo-RIG-I constructs in the presence of AMP-PNP are reproduced from (28) with

permission for comparative purposes.

randomly generated structures. From these, structures are
selected that, together, provided a best fit against the SAXS
data. Figure 4A represents the R, and Rpax distributions
of the ensemble of randomly generated model structures
(shown by solid line) and the selected structures (shown by
dashed line). From these populations the minimum num-
ber structures that fit well with the experimental scattering
data were selected. In case of DC-RIG-1/ADP-AIF,, three
structures were selected from the ensemble that, together,
provide agreement with the experimental scattering data (x >

value = 0.42) (Supplementary Figure S4A and Table S1).
While the predicted scattering for the individual conform-
ers do not match the experimental scattering data, when
combined they are a good match (Supplementary Figure
S4B). The structures include both longer and more com-
pact forms of DC-RIG-I indicating that DC-RIG-1/ADP-
AlF, may exist in equilibrium between fairly closed struc-
tures and ones in which the CTD extends away from the
helicase domain (Supplementary Figure S4B).
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Figure 3. SAXS derived models of DC- and FL-RIG-I in the absence of any ATP analogue. DAMMIF (48,49) was used to calculate the ab initio shape
reconstructions represented as grey envelopes. BUNCH (49) derived models of DC- and FL-RIG-I are superposed on ab initio shapes. The CTD is coloured
orange, the helicase core is coloured green and the linker regions are shown as gray spheres. In the case of FL-RIG-1, the two CARDs are shown in purple

and pink. Fits are shown in Supplementary Information Figure S3.
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conformers (solid line); (B and D) EOM selected representative models of DC- and FL-RIG-I that, together, best predict the scattering data (with their
proportion contribution indicated as percentages). Fits are shown in Supplementary Information Figure S4.

In the presence of ADP-AIF,, the SAXS data for FL-
RIG-I follows a similar trend. The data show a similar R,
value of 41.9 A and longer Rpy.x of 156 A compared to
those of FL-RIG-I with AMP-PNP or without any ATP
analogue. Differences can be seen more clearly in the P(r)
profile, which shows a narrower bell shape centered at a
lower r value and a slight tail at higher r value. Moreover, the
normalized Kratky profile of FL-RIG-I/ADP-AIF, again
has a higher peak maxima at /3 sR, compared to FL-
RIG-I with no analogue or with AMP-PNP, which is in-
dicative of a changed conformation and flexibility of FL-
RIG-I when ADP-AIF, is present. As was conducted for
DC-RIG-1/ADP-AIF,, EOM was used for structural mod-
eling of FL-RIG-I/ADP-AIF, using the protein coordi-
nates from the structures of DC-RIG-I (PDB ID: 4AY2)

and the CARDs (PDB ID: 4P4H), with the helicase and
CARD:s positioned by analogy to their juxtaposition in the
structure of duck RIG-I (19) and appropriate length flexi-
ble linkers. The structures that together were in agreement
with the scattering data were selected from the larger R, and
longer Ry.x ends of the ensemble (Figure 4C). From these
populations the minimum number structures that fit well
with the experimental scattering data were selected. The
predicted scattering curves derived from these three struc-
tures matched well with the experimental scattering data
(x? value = 0.25) (Supplementary Figure S4 and Table S1).
These structures show that the data are consistent with heli-
case and CARDs of FL-RIG-1/ADP-AIF, in a fairly com-
pact form but with the CTD extended away and showing
some flexibility.
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DC-RIG-I conformation upon binding 10 bp dsRNA

As 10 bp was reported to be the minimum length of hair-
pin dsRNA able to effectively activate RIG-I (22), we were
interested to investigate the conformational change in RIG-
I upon binding to 10 bp +£ATP analogues. It was antici-
pated that 10 bp binding to FL-RIG-I would provide direct
biophysical evidence of CARDs release when examined in
comparison to DC-RIG-I. From the SAXS data of the DC-
RIG-I/10 bp complex in the absence of any ATP analogue,
we observed an R of 28.2 A and Rmax 0of 90 A with the P(r)
profile appearing as a unimodal curve (Figure 2A and B). In
the presence of AMP-PNP and ADP-AIFx, the DC-RIG-
1/10 bp complex also gave rise to a similar R, of 28.2 A and
Rinax values of 90 A and 89 A respectively and a bell-shaped
P(r) curve (Figure 2A and B). When compared with apo-
DC-RIG-I £ATP-analogues, the P(r) of DC-RIG-1/10 bp
complex appears significantly more compact. Furthermore,
the normalized Kratky plots of DC-RIG-1/10 bp in the
presence of ATP analogues were similar with bell shaped
curves with maxima of 1.1 at >./3 sR, and approaching
zero at higher sR,. This reflects an ordered and compact
conformation of DC-RIG-I after binding with 10 bp.

To obtain structural models of DC-RIG-1/10 bp £ATP
analogues, CORAL (COmplexes with RAndom Loops)
was used, which is based on rigid body modeling of com-
plexes with flexible created missing loops against the SAXS
data and allows for the inclusion of coordinates for RNA.
By using CORAL, the optimal configuration of available
high resolution models of domains can be found (52). For
this purpose, the crystallographically determined structure
of DC-RIG-I/8 bp complex (PDB ID: 4AY2) was used as
a starting point, however, the 8-base pair dsSRNA in the
crystal structure was replaced by a 10-base pair dsSRNA
generated by MC-Sym pipeline (58). In the case of DC-
RIG-1/10 bp/ADP-AIF,, a best fitting model was gener-
ated when all domains were kept rigid against the SAXS
data, but for DC-RIG-1/10 bp or DC-RIG-1/10 bp/AMP-
PNP a best fit was obtained when the CTD domain was al-
lowed to move relative to the helicase domain. The models
generated are shown superposed within the ab initio shape
reconstruction of DC-RIG-1/10 bp +ATP analogues cal-
culated using DAMMIF (22) (Figure SA-C). Also shown
in Figure 5 are the crystallographically derived structures of
DC-RIG-I bound to 8 bp (4AY2) and a 10mer dsRNA hair-
pin (SF9H). It can be seen that the compact arrangement of
DC-RIG-I around the dsRNA as shown by SAXS is con-
sistent with these crystallographically derived models. The
resulting predicted scattering curves from these models fit
well with the experimental scattering data of DC-RIG-1/10
bp (x? value = 0.52), DC-RIG-1/10 bp/AMP-PNP (x?
value = 0.4) and DC- RIG-1/10 bp/ADP-AIF, (x> value =
0.57) (Supplementary Figure S3 and Table S1). These data
demonstrate that 10 bp binding results in the compact rear-
rangement of helicase and CTD domains £ ATP analogues.
Further, the data suggest that the orientation of helicase
subdomains is most compact when ADP-AIF, is present in
addition to 10 bp binding.

FL-RIG-I conformation upon binding 10 bp dsRNA

In contrast to the compact structure of the DC-RIG-1/10
bp complex, the SAXS data for FL-RIG-1/10 bp complex
indicate a significantly elongated structure consistent with
the release of CARDs. FL-RIG-1/10 bp complex with no
ATP analogue gave rise to an R, of 40.8 A and Runax of 161
A, and, the complex with AMP PNP resulted in an R, of
42.0 A and Ry, of 170 A. However, when ADP-AIF, was
present, the SAXS data indicated an Ry of 40.4 A and a
slightly higher Ry« value of 183 A. The P(r) profiles of the
FL-RIG-I/10 bp complexes show a narrowing of the bell
shaped peak at lower r values, as also seen for DC-RIG-
I, overlaid with a more pronounced shoulder at higher r
value. This is consistent with an asymmetric extended and
flexible molecule with domains tethered by long disordered
linker regions (56). This effect is most pronounced for the
FL-RIG-I/10 bp complex in the presence of ADP-AIF,
in which the bell shaped peak at the higher r(g) value is
narrowest, the shoulder is most defined and the Rp.x 1S
longest. Similarly, while the normalized Kratky profiles for
FL-RIG-1/10 bp £ AMP-PNP show some increased flex-
ibility of the molecule with a peak maxima of about 1.3
at >./3 sR,, in the presence of ADP-AIF, the normal-
ized Kratky plot shows a significantly higher peak maxima
that is shifted toward a value of 1.6 at ~2.7 sR,. This in-
dicates a significant change in the flexibility upon complex
formation with 10 bp. Together this indicates that, partic-
ularly in the presence of ADP-AIFx, the FL-RIG-I/10 bp
complex becomes an elongated molecule with the dsRNA-
engaged CTD and helicase domain being more compact
and CARDs completely released from the rest of molecule.

The SAXS data collected for FL-RIG-1/10 bp complexes
were analyzed using EOM (57) as a way of depicting the
range of conformations that may be adopted by FL-RIG-
1/10 bp complexes. EOM was conducted using models cre-
ated from CORAL derived output structures of DC-RIG-
1/10 bp complexes and CARD domains (PDB ID: 4P4H)
treated as rigid bodies and connected by appropriate length
flexible linkers. Figure 6 (A, B, C) presents the R, and Rpax
distributions of the ensemble of randomly generated model
structures (shown by solid lines) and the selected struc-
tures (shown by dashed line) from within the ensemble best
matching the experimental scattering data. In case of the
FL-RIG-1/10 bp complex without any analogue or with
AMP-PNP, the selected structures resulted into two popula-
tions with average R, values of 40.6 A and 40.9 A and Rinax
values of 133 A and 135 A respectively. From these popula-
tions the minimum number structures that fit well with the
experimental scattering data were selected (x° value = 0.69
and 0.72 for FL-RIG-I/10 bp and FL-RIG-1/10 bp/AMP-
PNP) (Supplementary Figure S4). These selected structures
(Figure 6A and B) indicate an equilibrium between struc-
tures with CARDs away from the rest of the molecule (cor-
responding to larger R, and Rpmax values) and structures
with CARDs closer to rest of the molecule (corresponding
to smaller R, and Rpax values). The overall similar selec-
tion of structures in terms of Ry and Rpay, for FL-RIG-
1/10 bp complexes both without ATP analogue and with
AMP-PNP, indicates that the addition of AMP-PNP does
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Figure 5. Rigid-body models of DC-RIG-I bound to 10 bp derived from SAXS data using CORAL (49). (A—C) CORAL-derived models of DC-RIG-I
in complex with 10 bp in the absence of ATP analogue and the presence of AMP-PNP or ADP-AIF, which are superposed on ab initio reconstructions
(represented as grey envelopes). The CTD is colored orange, the helicase core is colored green and the linker regions are shown as gray spheres. Fits are
shown in Supplementary Information Figure S3. (D) shows the crystallographically derived structures of DC-RIG-I bound to 8 bp (PDB ID: 4AY2) and
to a 10mer dsRNA hairpin (PDB ID: 5F9H) for comparison. In these structures the CTD is colored red, the helicase core is colored blue, pincer domain

orange and RNA yellow.

not considerably affect the conformational rearrangement
of RIG-I, consistent with the P(r) and Kratky analysis.

In contrast, in the case of FL-RIG-1/10 bp complex with
ADP-AIF,, the selected structures showed a different pro-
file, with a selection of more structures with higher R, and
longer Ry.x (Figure 6C). The scattering data derived from
the set of selected structures matched the experimental scat-
tering data well (x> value = 0.28) (Supplementary Figure
S4), with an average R, of 44.6 and Ry,x of 152. Some of the
selected structures also show an Ry of 54.0 A and an Ry
of 185 A, which shows a greater flexibility and elongation of
the molecule. The selected wider range of structures, includ-
ing elongated species, reflects a shift in equilibrium toward
a greater extent of elongation of the FL-RIG-1/10 bp in the
presence of ADP-AIF, compared to FL-RIG-I/10 bp with
no analogue or AMP-PNP bound.

DC-RIG-I conformation upon binding with hairpin 8 bp
dsRNA

In contrast to the potent activation of RIG-I by 10 bp
dsRNA, it is reported that the 8 bp dsRNA is less effective
in activating RIG-I (22). Intriguingly, a crystal structure of
DC-RIG-I in complex with this 8 bp dsRNA indicates that
RIG-I is able to engage this 8 bp species (21). Its lack of ac-
tivity is therefore unexplained and unverified by biophysical
means. We therefore undertook SEC-SAXS to answer the
question of whether the 8 bp dsRNA is able to effect CARD
release. As RIG-I/8 bp complexes eluted as two peaks in
the SEC profiles, we interpreted the latter eluting peak to
represent the 1:1 protein/dsRNA complex and refer to it as
peakl (the validation of this is discussed further below). The
SAXS data from peakl of DC-RIG-1/8 bp complex with-

out any ATP analogue and with AMP-PNP, indicated an
R, value of 33. 7 A and 32. ()AandRmax of 116 Aand 111 A
respectlvely The P(r) profiles in both cases were similar and
appeared as unimodal curves but were distinctly broad com-
pared to DC-RIG-1/10 bp complexes, showing that 8 bp is
less able to make a compact arrangement of the helicase do-
main of RIG-I (Figure 2B). In the presence of ADP-AIF,,
DC-RIG-I/8 bp complex gave rise to a slightly lower Ry of
29.6 A and Rmax of 105 A and with a P(r) profile showmg
a bell shaped curve more similar to the DC-RIG-1/10 bp
complexes. In addition, the normalized Kratky plots of DC-
RIG-1/8 bp in the absence of ATP analogues or the pres-
ence of AMP-PNP were not a perfect bell shaped curve like
those of DC-RIG-1/10 bp complexes, also reflecting a less
compact molecular shape (Figure 2C). In contrast, in the
presence of ADP-AIF, the Kratky curve was shifted toward
amore bell shaped curve which approached zero at high sR,
in a manner similar to those of DC-RIG-1/10 bp complexes.
This reflects a more ordered and compact conformation of
DC-RIG-1/8 bp only after the addition of ADP-AIF,.

To model DC-RIG-1/8 bp/ADP-AIF,, CORAL was
used with all domains of the starting structure (PDBID:
4AY?2) kept rigid but loops between structured domains mo-
bile. The model generated is shown superposed within the
ab initio shape reconstruction of DC-RIG-1/8 bp/ADP-
AIF, calculated using DAMMIF (48) (Figure 7A). The re-
sulting predicted scattering curve from the molecular model
fitted the experimental scattering data with a x> value of
0.27 (Supplementary Figure S3 and Table S1). These data
suggest that DC-RIG-I in complex with 8 bp in the pres-
ence of ADP-AIF, adopts a compact conformational rear-
rangement of its helicase and CTD domains. In contrast,
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S4.

a model that gave an acceptable fit to the data could not
be generated by CORAL to match the raw scattering data
of DC-RIG-I/8 bp without ATP analogue or with AMP-
PNP, and therefore, EOM was used for structural modeling
of these complexes. To generate a pool of models the struc-
ture of DC-RIG-I (PDB ID: 4AY?2) was used as a starting
point and CTD bound to 8 bp allowed to move relative to
the rest of the molecule. In each case, two main populations
of structures were selected from across the ensemble with
R, values ranging from 27 A to 43 A and R,y values from
80 A to 130 A (Figure 7B and C). From these populations
the minimum number structures that fit well with the experi-

mental scattering data were selected. The predicted scatter-
ing curves derived from these selected structures matched
with the experimental scattering data with x > values of 0.36
and 0.24 for DC-RIG-1/8 bp and DC-RIG-I/8 bp/AMP-
PNP respectively) (Supplementary Figure S4 and Table S1).
The range of selected structures are consistent with an equi-
librium between fully engaged and partially open DC-RIG-
I molecules interacting with the 8 bp dsSRNA. Overall, this
indicates that 8 bp is not sufficient for complete engagement
by DC-RIG-I except in the presence of ADP-AIF,.



Nucleic Acids Research, 2018, Vol. 46, No. 6 3179

DC-RIG-/8bp/
ADP-AIF,
B C
010 DC-RIG-l/8bp 010 DC-RIG-1/8bp/AMP-PNP
’ — Pool Frequency ’ [ goloLFrequency
—- Sel Frequency ] el Frequency
0.081 ] 0.08 i
& i s it
S 0.064 n :l S 0.06 i
3 iy oot i
$ 0.04 " ® 0. "
< YA < i\
0.02 fn 0.02 VAR
! '\J' ! : v
] \ \
0.00 5 0.00
20 40 60 0 20 40 60
Ry (A) Ry (A)
010 DC-RIG-/8bp 010 DC-RIG-l/8bp/AMP-PNP
' = BoriFrequency ' i A B
0.08 g e Treauency 0.081
5 { 5 |
S 0.06 § 0.06 !
g 0.04 & 0.041 i
< VU4 T |
w w |l ll
0.024 0.02 VR
0.00 -
0003 50 o 50 100 150 200
max (A)
DC-RIG-/8bp DC-RIG-1/8bp/
AMP-PNP

Figure 7. SAXS derived models of DC-RIG-I in complex with 8 bp £ ATP analogues. (A) CORAL-derived model of DC-RIG-I in complex with 8 bp in
the presence of ADP-AIF, superposed on ab initio reconstruction (represented as a grey envelope). (B and C) Ensemble optimization method of analysis of
SAXS data for DC-RIG-1/8 bp complexes == AMP-PNP. Ry and Rp,x distributions of best fitting ensembles (dashed line) of EOM (57) selected structures
of DC-RIG-1/8 bp £ AMP-PNP from a pool of 10000 conformers (solid line) are shown. EOM derived representative selected models of DC-RIG-I in
complex with 8 bp £ AMP-PNP are shown (with their proportion contribution indicated as percentages). The coloring scheme is as used in previous

figures. Fits are shown in Supplementary Information Figure S4.

FL-RIG-I conformation upon binding with hairpin 8 bp
dsRNA

Analysis of the SAXS data for peakl of FL-RIG-I/8 bp
is consistent with a limited degree of CARD release. The
SAXS data corresponding to peak] of the FL-RIG-1/8 bp
complex gave rise to an R, 0f 42.6 A and an Ry, of 153 A,
with the P(r) profile showing a wider bell-shaped curve than
that obtained for FL-RIG-1/10 bp. This indicates that 8 bp
binding does not cause the same degree of shape change as
observed with 10 bp dsRNA. In the presence of AMP-PNP
the R, was 41.1 A and Ryax was 150 A. The P(r) was similar
to that of FL-RIG-I/8 bp in the absence of ATP analogue
complex except for a slight narrowing of the curve at lower
r value (Figure 2B). In the presence of ADP-AIF,, however,
while the R, remains a similar value of 42.4 A the Ry is
increased to 168 A, which shows some elongation of FL-

RIG-I has taken place. The P(r) profile, however, showed
a broad curve that was less defined than that of FL-RIG-
I/10 bp complex with ADP-AIF,. Accordingly, the nor-
malized Kratky profiles of FL-RIG-1/8 bp complexes with-
out ATP analogue and with AMP-PNP show non-parabolic
curves with peak maxima of 1.2 at slightly greater than /3
sR,, indicating some degree of flexibility. In contrast, in the
presence of ADP-AIF,, the Kratky profile showed a greater
increase in peak maxima, indicative of a greater degree of
flexibility, though not the same degree of flexibility as seen
for FL-RIG-1/10 bp/ADP-AIFx. This overall suggests that
the addition of ADP-AIF, can affect the structure of FL-
RIG-I bound with 8 bp, but not to the extent seen for FL-
RIG-I bound to 10 bp.

The SAXS data collected for FL-RIG-1/8 bp complexes
were analyzed using EOM with an ensemble of struc-
tures generated from DC-RIG-I (PDB ID: 4AY?2) linked to
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CARDs (PDB ID: 4P4H) by a flexible linker. In the case of
FL-RIG-1/8 bp complexes without any analogue or with
AMP-PNP the structures were selected from the popula-
tion with lower R, and Ry, values, indicating a lesser ten-
dency toward CARD extension compared to RIG-1 bound
to the 10 bp RNA (Figure 8A and B). In the case of FL-
RIG-1/8 bp complex with ADP-AIF,, the structures were
selected from a broader range of the ensemble (Figure 8C),
some with greater R, and R, values than selected for no
analogue or AMP-PNP counterparts. This reflects the con-
tribution of ADP-AIF, to the conformational rearrange-
ment of the molecule. However, the selected structures did
not include those with the highest values of R, and Rpx as
seen in the EOM analysis of RIG-I binding to 10 bp. From
these populations, the minimum number structures that fit
well with the experimental scattering data were selected and
are also shown in Figure 8. The predicted scattering curves
derived from these selected structures matched with the ex-
perimental scattering data with x 2 values of 0.50, 0.59 and
0.48 for FL-RIG-I/8 bp with no ligand, with AMP-PNP
and with ADP-AIF, respectively) (Supplementary Figure
S4 and Table S1). Together this is consistent with the 8 bp
RNA inducing some degree of RIG-I CARD release, par-
ticularly in the presence of ADP-AIF,, but not to the extent
seen upon the interaction of RIG-I with the 10 bp species.

8 bp-long binds two DC-RIG-I molecules

Upon determining that 8 pb eluted from the SEC as two
peaks (Figure 1C), we proposed that the first eluting peak
might be a fusion of two ssSRNA molecules forming a longer
palindromic duplex dsRNA (8 bp-long) (Figure 1B). This
hybridized 8 bp-long dsSRNA would contain two 8-base-
paired regions and may include a bulge (caused by non-
complimentary tetraloops) and a 5ppp at each terminus
(Figure 1B). Such a structure would allow for the bind-
ing of two RIG-I molecules. In order to characterize the
two species, we collected the SEC fractions from peak 1
and peak 2 of ATP-analogue free RIG-I/8 bp complex as
well as those from free RNA and subjected them to de-
naturing and native PAGE and staining with SYBR Gold
(Supplementary Figure S5). Peaks 1 and 2 were shown to
be equivalent in denaturing PAGE, migrating in between
self-annealing 24mer and 10mer control RNA. The native
PAGE showed peak 2 of free RNA migrating close to the
24mer self-annealed RNA control, consistent with it being a
self-annealed species of a similar size. The same gel showed
peak 1 of free RNA migrating close to the self-annealing
10mer consistent with it being a monomeric species. In the
presence of protein, peak 1, but not peak 2, showed migra-
tion to the lower MW position, again consistent with the
monomeric species being present. Migration was also seen
to the higher MW position in these lanes possibly due to
peak overlap. Overall, the native and denaturing acrylamide
gel electrophoresis are consistent with the two species ob-
served in the SEC profiles being derived from chemically
homogenous 8 bp dsRNA.

Since it is possible that any 8 bp preparation may contain
a proportion of self-annealed duplex dsRNA, it was of in-
terest to analyze the SAXS data correlating with peak2 to
ascertain whether this species induces CARD release upon

binding by RIG-I. Supplementary Figure S6A shows exper-
imental scattering curves (obtained from Gaussian decom-
posed peaks for each sample) of DC-RIG-I and FL-RIG-
I with 8 bp-long £ATP analogues. The SAXS data corre-
lating to peak2 of DC-RIG-I/8 bp-long complexes with-
out any ATP analogue, with AMP-PNP and ADP-AIF, re-
sulted in R, values of 40.5, 37.7 and 39.2 A respectively
which are higher than those derived for respective 8 bp
complexes analyzed from peak 1 (Supplementary Table S1).
The Ry.x values of 150, 154 and 160 A are also greater for
DC-RIG-1/8 bp-long without ATP analogue, with AMP-
PNP or ADP-AIF, respectively. Furthermore, the molecu-
lar weights estimated from the Perod volumes corresponded
very well with the molecular weight expected for a 2:1 com-
plex formation between DC-RIG:I with 8 bp-long, further
verifying the 2:1 protein:RNA nature of this species (Sup-
plementary Table S1). The P(r) profiles in all three cases
were similar unimodal curves but show a longer tail at high r
value and a larger Ry, value compared to DC-RIG-1/8 bp
complexes (Supplementary Figure S6B). In the case of DC-
RIG-1/8 bp-long, no significant differences were observed
in the presence of ADP-AIF,, compared to the presence of
AMP-PNP or without any analogue.

The SAXS data for the DC-RIG-1/8 bp-long complexes
are thus entirely consistent with 8 bp-long existing as a self-
annealed species able to be bound by two RIG-I molecules.
In order to visualize this, we undertook structural modeling
by creating a longer in silico dsSRNA (8 bp-long), the length
of which was based on the nonlinear fusion of two 8 bp hair-
pin dsRNAs at an angle of almost 120°, using MC-Sym
pipeline (58). Four SAXS data sets were used to calculate
a multiphase ab initio SAXS reconstruction for DC-RIG-
I in complex with 8 bp-long in a 2:1 ratio in the presence
of ADP-AIF, using MONSA (50) (Supplementary Figure
S7A) including DC-RIG-1/8 bp-long/ADP-AIF, (peak 2),
a set derived from the 8 bp-long model and two sets cal-
culated from DC-RIG-I protein only structure coordinates
(PDB ID: 4AY?2). The 8 bp-long is shown in the middle of
the molecular envelope, with two helicase domains wrap-
ping around on both sides. By using SASREF (49), a molec-
ular model of two molecules of DC-RIG-I bound to 8 bp-
long was generated by using two copies of DC-RIG-I crys-
tal structure bound to 8 bp dsRNA (PDB ID: 4AY2) as
rigid bodies connected by a 25-A linker (Supplementary
Figure S7B). SAXS data from peak2 of the DC-RIG-1/8
bp/ADP-AIF, fitted well with the SASREF derived model
with a nonlinear orientation of the two rigid bodies (x>
value = 0.26) (Supplementary Figure S7). The arrangement
of helicase domains in this model was consistent with the
MONSA molecular envelope. Altogether this is consistent
with two DC-RIG-I molecules interacting with each termi-
nus of 8 bp-long created by the fusion of two 8 bp dsSRNA
molecules.

8 bp-long has a similar effect as 8 bp on FL-RIG-I

With the knowledge that the 8 bp-long species is able to
bind to two DC-RIG-I molecules, it was of interest to de-
termine what effect it could have on FL-RIG-I CARDs re-
lease. The SAXS data from peak 2 of FL-RIG-1/8 bp-long
complexes without any ATP analogue, with AMP-PNP and
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Figure 8. Ensemble optimization method analysis of SAXS data of FL-RIG-1/8 bp &= ATP analogues. Rg and Rpax distribution of best fitting ensembles
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with ADP-AIF; resulted in R, values of 57.1, 57.8 and 53.2
A respectively which are higher than respective complexes
of FL-RIG-I with 8 bp as analyzed from peak 1 (Supple-
mentary Table S1). The Ry, values of FL-RIG-I in com-
plex with 8 bp-long without ATP analogue, with AMP-PNP
and ADP-AIF, were 246, 246 and 251 A, respectively, which
are also greater than obtained for corresponding experi-
ments with 8 bp and indicate the relatively longer sizes of the
complexes formed (Supplementary Table S1). The SAXS
derived molecular weight values were also consistent with
larger 2:1 protein:RNA complexes having formed (Supple-
mentary Table S1). The P(r) profiles in all three cases of
FL-RIG-1/8 bp-long (Supplementary Figure S6B) showed
broader curves and longer tails and overall represent much
bigger molecules compared to FL-RIG-I/8 bp complexes.
Again, no difference in the presence of ADP-AIF, was ob-

served. Together, these data are consistent with two RIG-I
molecules binding to the 8 bp-long dsRNA, and some de-
gree of CARD release occurring, as similarly observed for
8 bp binding to FL-RIG-I.

Limited proteolysis of RIG-I and RIG-I/dsRNA complexes
using trypsin

To further validate the release of the CARDs by interac-
tion of FL-RIG-I with 10 bp, versus 8 bp dsRNA, the
protein/RNA complexes were tested for their susceptibil-
ity to cleavage by trypsin at K190, which becomes accessi-
ble when the CARDs are released. RIG-I bound to 10 bp
and 8 bp dsRNA, £ATP analogues were subjected to lim-
ited tryptic digestion (Figure 9). We have previously deter-
mined that 4 main diagnostic bands arise in the tryptic di-
gest pattern of RIG-I (28). While band 1 corresponds to
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Figure 9. The effect of 10 bp versus 8 bp on the tryptic digest patterns of FL-RIG-I + ATP analogues. Arrows 1, 2, 3, 4 and 5 indicate the fragments
generated by tryptic digestion and identified by mass spectrometry. In the schematic representation, the accessible cleavage sites for trypsin are shown.

resulting in the observed cleavage products.

the uncleaved FL-RIG-I (band 1; ~107 kDa), band 2 cor-
responds to the N-terminal portion of FL-RIG-I cleaved at
K679 (band 2; ~90 kDa) and band 4 is the remaining C-
terminal portion (band 4; ~28 kDa). Band 3 (~56 kDa)
arises upon further cleavage at K190 of N-terminal por-
tion of FL-RIG-1 cleaved at K679 and is thus diagnostic of
CARDs release. As a comparison, apo-FL-RIG-I in the ab-
sence or the presence of ATP analogues was also subjected
to tryptic digestion.

In the case of apo-FL-RIG-I £ATP analogues, band 2
is very prominent, but band 3 is faint, indicating limited
susceptibility to tryptic digestion at K190. Furthermore, an
additional band (band 5 ~17 kDa) is observed for apo-FL-
RIG-I in the absence of ATP analogue and in the presence
of AMP-PNP, but not when ADP-AIF, is added to apo-
FL-RIG-I. Band 5 was identified by N-terminal sequenc-
ing to be a cleavage product of the C-terminal region of the
protein (giving rise to band 4). This could reflect a changed
conformation of the RIG-I in the presence of ADP-AIF.

In case of the RIG-I/10 bp complexes, band 3 is promi-
nent in the absence or presence of any ATP analogues. This
indicates that 10 bp dsRNA is sufficient to induce a confor-
mational rearrangement of RIG-I that avails the cleavage
site K190 to trypsin. A progressively diminished band 2 (re-

gion of RIG-I including CARDs) was observed in cases of
RIG-1/10 bp complexes, especially in the presence of ADP-
AlF,, consistent with the cleavage of CARDs by trypsin.
In contrast, with 8 bp bound RIG-I in the absence of ATP
analogue and the presence of AMP-PNP, band 3 is faint,
similar to apo-FL-RIG-I. Band 3 is more prominent, how-
ever, when ADP-AIF, is in the presence of the RIG-1/8 bp
complex.

Overall, the tryptic digest patterns correlate with the
SAXS data analysis, suggesting that the RIG-I CARDs are
most completely released in the presence of 10 bp =ATP
analogue, but especially in the presence ADP-AIF. 8 bp
dsRNA, however, appears unable to facilitate CARDs re-
lease except upon the addition of ADP-AIF,.. This suggests
that for the complete activation of RIG-I, 10 bp is more ef-
fective that 8 bp, ATP binding also has a role in the activa-
tion mechanism of RIG-I and their combined action leads
to the most complete extension of the CARD domains.

DISCUSSION

RIG-I plays a frontline role in the detection of viral dSSRNA
in the cytosol, and initiation of the innate immune response.
It is activated through recognition and binding of 5ppp-
dsRNA and ATP that together act to trigger the release



of the tandem CARDs, allowing them to interact with a
downstream partner IPS-1. Crystal structures have revealed
the details of molecular recognition of 5ppp-dsRNA end
structures and shown that the closing of the helicase and
CTD domains around the dsRNA is likely to displace the
CARDs from their auto-repressed state. It has also been
shown through crystallographic studies that the binding of
ATP analogues, in particular ADP-AIF3, accentuates the
formation of this closed conformation (17-27).

What has not been shown through crystallography, how-
ever, is the nature of the full-length dynamic system before
and after dSSRNA and ATP binding. Neither the CTD of the
apo-FL-RIG-I nor the CARDs of the FL-RIG-I/dsRNA
have been visualized in crystal structures, presumably due
to their flexibility. Nor has the effect of ATP binding been
directly shown to assist CARD release. Thus, we have uti-
lized SAXS to provide valuable overall shape information
for FL-RIG-I before and after dSRNA and ATP analogue
binding, including the characterization of released CARDs.
Since SAXS reflects the dynamic ensemble of molecular
shape in solution it is able to reveal shifts in dynamic equi-
libria. It therefore complements the crystallographic and
functional studies by allowing the dynamics of RIG-I in
solution to be revealed, helping to complete the model of
the molecular mechanism of RIG-I activation. It should
be noted that SAXS does not provide detailed structural
information—thus all molecular models produced in this
study are for the purpose of visualizing structures or sets
of structures that are consistent with the overall shape in-
formation from the SAXS experiment.

Here, we have applied SAXS to address whether the 10 bp
S'ppp-hairpin loop is truly more effective than the 8 bp
equivalent species in causing RIG-I CARD release. Cellu-
lar assays have shown that 10 bp activates the RIG-I path-
way whereas 8 bp is far less effective (22). Structural studies
using X-ray crystallography, however, show that DC-RIG-I
can bind to either the 8 bp (21) or 10 base pair hairpin RNA
(37) and thus do not reveal the basis for this difference in
activity. Understanding whether 10 bp is truly the shortest
effective RNA activator of RIG-I discovered to date is im-
portant for its potential development as a therapeutic act-
ing through the RIG-I pathway. In addition, since ATP has
been shown to act alongside the dsSRNA in the activation of
RIG-I, our experiments were conducted in the absence and
presence of ATP analogue AMP-PNP and transition-state
analogue ADP-AIF,.

The SAXS data were collected as the RIG-I or RIG-
I complexes eluted from a size exclusion column (SEC-
SAXS). This ensured the data were being collected for stoi-
chiometric complexes and with no interference from aggre-
gation. The quality of the data was further improved using a
Gaussian decomposition method that allows the contribu-
tions to the scattering, from partially overlapped peaks, to
be distinguished and separated from one another. This was
particularly important for studies of the 8 bp dsSRNA which
existed as two species — the intended hairpin (8 bp) and a
self-annealed duplex (8 bp-long). Together these methods
allowed for the analysis of data of higher quality than could
have been collected using a static sample SAXS approach.

In parallel with SAXS studies of the FL-RIG-I, it was
also important to collect comparative data for DC-RIG-I.
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This is because the activation of RIG-I involves the com-
paction of the helicase-CTD domains simultaneous with
the elongation of the CARDs. Thus, the overall increase
of the maximal length (Rn.x) of the RIG-I as it engages
with dsRNA is not very striking. But when viewed side
by side with the SAXS profiles for DC-RIG-I, the pro-
files for FL-RIG-I clearly indicate the extent to which the
CARDs are released. The comparative set of P(r) and nor-
malized Kratky profiles shown in Figure 2 reveal the pro-
gressive compaction of the DC-RIG-I from the most ex-
tended open conformation of the apo-DC-RIG-I to a more
compact structure formed upon binding 8 bp, and finally
to the very compact structure formed in complex with 10
bp. Thus, a difference in the degree of engagement of 8 bp
compared to 10 bp is clear. Further to this, the addition of
the ATP analogue also has an effect. Even in the absence of
dsRNA, ADP-AIF, is able to stabilize a compacted form of
DC-RIG-I. In the presence of dsSRNA, AMP-PNP is able
to slightly stabilize the compact form, and ADP-AIF, even
more so.

With the effect of dSRNA and ATP analogues on DC-
RIG-I revealed, the FL-RIG-I SAXS profiles become
highly informative. Although the Ry.x for FL-RIG-I is not
greatly increased upon binding dsSRNA compared to apo-
FL-RIG-I, the P(r) profiles show a change in shape reflect-
ing the simultaneous compacting of the DC-RIG-I and ex-
tension of the CARDs. The binding of 8 bp can thus be seen
to result in some CARD release, but binding of 10 bp clearly
effects an even greater degree of CARD release. In addition,
particularly in the case of 10 bp, the addition of ADP-AIF,
results in the most dramatic change of shape of FL-RIG-I
that we interpret as full CARD release. These data are also
fitted by molecular models that allow the forms of RIG-I
to be visualized. Here EOM methods were used to generate
ensembles of molecular structures that reflect the dynamic
nature of the molecular structure of FL-RIG-I. These show
that CARD release likely exists in dynamic equilibrium be-
tween forms of RIG-I in which the CARDs have only a
limited degree of freedom and forms where the CARDs are
completely released. These models depict that when 10 bp
and AMP-AIF, are present, this equilibrium is shifted to
the most extreme degree of CARDs release. This was also
supported by tryptic digest experiments in which cleavage in
the CARDs linker region could be monitored. While RIG-I
bound to 8 bp showed some susceptibility to cleavage at this
site (mainly in the presence of ADP-AIF,), RIG-I bound to
10 bp showed the greatest susceptibility (particularly in the
presence of ADP-AIF,).

The current studies also revealed the presence of a du-
plex form of 8 bp in the preparation. It was considered as
to whether this unintended species could contribute to the
lack of activity reported for 8 bp. However, our SAXS ex-
periments showed that this species (8 bp-long) was able to
be bound by two RIG-I molecules, as would be expected for
a duplex with two 5'ppp-extensions of 8 bp each, and trig-
ger a degree of CARDs release much like 8 bp. Thus, it is
unlikely that the presence of this species, if it was present in
biological assays, would be the cause of the reduced RIG-I
activity observed for § bp.

Together the data support our understanding that 10 bp
is a strong activator of RIG-I by very effectively initiating
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CARD:s release. It is also clear that while 8 bp can effect
partial release of the CARDs it is not to the extent seen
for 10 bp, which may be critical for the initiation of the sig-
naling pathway in cells. Why this is the case is not revealed
from crystallographic studies that show an apparently tight
complex of DC-RIG-I bound to 8 bp (21). The current data
suggest that the differences between the 10 bp and 8 bp com-
plexes with RIG-I lie in the dynamic equilibrium of the in-
teractions that are not revealed using crystallography. The
addition of the two extra pairs of bases in the 10 bp bind-
ing tunnel potentially provides for the extra stability of the
closed form of the complex in which the CARDs are fully
released, leading to full RIG-I activation.

It is also clear that the ATP transition-state analogue
ADP-AIF, is extremely effective at acting alongside the
dsRNA to form a tight and stable closed form of RIG-I
around the dsRNA. This is consistent with observations
from crystallographic studies in which this ATP analogue
is co-crystallized with duck RIG-I helicase domain in the
presence of a dsSRNA 19mer and shown to interact with
both the HEL1 and HEL2 domains that come together in
the closed conformation (19). In particular glutamine and
arginine sidechains emanating from HEL2 formed hydro-
gen bond interactions with the AlF; moity that mimics the
gamma phosphate. Interestingly, they also co-crystallized
the same structure with AMP-PNP, but do not report
whether this structure differs from that of RIG-I heli-
case domain bound to ADP-AIF,. However, our observa-
tions are consistent with a hydrodynamic radius study of
RIG-I bound to dsRNA which demonstrated that ADP-
AlF, effected the greatest shift in sedimentation coeffi-
cient compared to other ATP analogues, also interpreted
as the formation of a fully closed complex (21). Together
this supports the model of ATP binding assisting RIG-I
CARDs release through stabilizing the closed conforma-
tion around the dsSRNA (41,42). As the helicase domain be-
comes tightly compacted, the CARDs become displaced re-
sulting in RIG-I’s activation. The transition-state analogue
ADP-AIF, was clearly more effective than the ground state
analogue AMP-PNP in achieving this - either through its
ability to stabilize a bone fide transition state of the heli-
case domain, or through its stronger electostatic interac-
tions with HEL1 and HEL2.

In conclusion, the model of RIG-I activation is supported
by the SAXS data, allowing this flexible system to be bet-
ter understood. We have also shown that the 10 bp dsRNA
species is shown to be more effective than 8 bp in triggering
CARD:s release in vitro, likely underlying its superior po-
tency in cellular assays. This understanding is anticipated to
assist in the development of molecules that activate RIG-I
that can be used therapeutically in the future.

DATA AVAILABILITY

SAXS data (and models) have been deposited in the SASDB
under the accession numbers:

e SASDB78: Full-length RIG-I

e SASDBSS: Full-length RIG-I plus ADP-AIFx

e SASDBOS: Full-length RIG-I plus bound 10mer hairpin
dsRNA

e SASDBAS: Full-length RIG-I plus 10mer hairpin
dsRNA /AMP-PNP

e SASDBBS8: Full-length RIG-I plus 10mer hairpin
dsRNA and ADP-AIFx

e SASDBDS: Full-length RIG-I plus 8mer hairpin dsSRNA
(SEC-peakl)

e SASDBES:  Full-length  RIG-I  8mer  hairpin
dsRNA/AMP-PNP (SEC-peakl)
e SASDBFS8:  Full-length RIG-I  8mer  hairpin

dsRNA/ADP-AIFx (SEC-peak])

e SASDBGS: Delta-CARDs RIG-I

e SASDBHS: Delta-CARDs RIG-I plus ADP-AlFx

e SASDBI8: Delta-CARDs RIG-I plus 10mer hairpin
dsRNA

e SASDBKS: Delta-CARDs RIG-I plus 10mer hairpin
dsRNA and AMP-PNP

e SASDBLS: Delta-CARDs RIG-I plus 10mer hairpin
dsRNA and ADP-AIFx

e SASDBMS: Delta-CARDs RIG-I plus 8mer hairpin
dsRNA (SEC-peakl)

e SASDBNS: Delta-CARDs plus 8mer hairpin
dsRNA/AMP-PNP (SEC-peakl)
e SASDBPS:  Delta-CARDs  plus 8mer  hairpin

dsRNA/ADP-AIFx (SEC-peakl)
e SASDBQS: Full-length RIG-I plus 8mer hairpin dsRNA
(SEC-peak?2)

e SASDBRS:  Full-length RIG-I 8mer hairpin
dsRNA/AMP-PNP (SEC-peak?)
e SASDBS8:  Full-length  RIG-I  8mer  hairpin

dsRNA/ADP-AIFx (SEC-peak?)
e SASDBTS: Delta-CARDs RIG-I plus 8mer hairpin
dsRNA (SEC-peak?2)

e SASDBUS: Delta-CARDs plus 8mer hairpin
dsRNA/AMP-PNP (SEC-peak?)
e SASDBVS: Delta-CARDs plus 8mer hairpin

dsRNA/ADP-AIFx (SEC-peak?)

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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