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HDX-MS reveals dysregulated checkpoints that
compromise discrimination against self RNA during
RIG-I mediated autoimmunity

Jie Zheng!, Chen Wang?, Mi Ra Chang', Swapnil C. Devarkar3, Brandon Schweibenz3, Gogce C. Crynen?,
Ruben D. Garcia-Ordonez, Bruce D. Pascal'®, Scott J. Novick!, Smita S. Patel3,
Joseph Marcotrigiano? & Patrick R. Griffin®

Retinoic acid inducible gene-1 (RIG-1) ensures immune surveillance of viral RNAs bearing a 5'-
triphosphate (5'ppp) moiety. Mutations in RIG-I (C268F and E373A) lead to impaired
ATPase activity, thereby driving hyperactive signaling associated with autoimmune diseases.
Here we report, using hydrogen/deuterium exchange, mechanistic models for dysregulated
RIG-I proofreading that ultimately result in the improper recognition of cellular RNAs bearing
7-methylguanosine and N;-2'-O-methylation (Cap1) on the 5" end. Cap1-RNA compromises
its ability to stabilize RIG-I helicase and blunts caspase activation and recruitment domains
(CARD) partial opening by threefold. RIG-I H830A mutation restores Capl-helicase
engagement as well as CARDs partial opening event to a level comparable to that of
5'ppp. However, E373A RIG-I locks the receptor in an ATP-bound state, resulting in enhanced
Capl-helicase engagement and a sequential CARDs stimulation. C268F mutation renders a
more tethered ring architecture and results in constitutive CARDs signaling in an ATP-
independent manner.
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he innate immune system provides the first barrier against

invasion of RNA viruses, which are sensed by cytosolic

retinoic acid-inducible gene-I (RIG-I)-like receptors
(RLRs), including RIG-I and melanoma differentiation-associated
protein 5 (MDAS5)!=>. However, a hyperactive and imbalanced
innate immune system could result in undesirable autoimmune
disorders regardless of viral attack®. Singleton-Merten syndrome
(SMS) is a rare multisystem autoimmune disorder with
clinic symptoms including aortic and valvular calcification,
dental anomalies, osteopenia, or osteoporosis’"!l. Previous stu-
dies have reported clinical phenotypes of classic and atypical SMS
caused by missense mutations discovered in IFIHI (encodes
MDAS5)%12-14 and DDX58 (encodes RIG-I)’, indicating that
elevated inflammation induced by RLR gain-of-function mutants
contributes to the pathogenesis of SMS. In contrast, wild-type
(WT) RIG-I and MDAS5 are pattern recognition receptors (PRRs)
of an innate immune system that ensure immune surveillance of
RNAs with pathogen-associated molecular patterns (PAMPs)
1516 1t, therefore, suggests that RLR proofreading avoids self-
recognition by self-RNAs, whereas dysregulated proofreading
leads to recognition of self-RNAs that could result in auto-
immune diseases.

RIG-I and MDAS5 consist of two amino-terminal tandem cas-
pase activation and recruitment domains (CARD1-2) that are
important for signal transduction; a central DExH/C HELicase
domain (HEL); and a carboxyl-terminal domain (CTD)!7-1°
(Fig. 1a). As a member of duplex RNA-activated ATPases, RLR
shares a superfamily II (SF2) helicase core that contains two
RecA-like domains (HEL1-2) and an insertion domain HEL2il7
(Fig. 1a). RIG-I and MDAS signal through their common adapter

protein mitochondrial antiviral signaling (MAVS), which pos-
sesses a CARD domain at its N terminus?%2!, Upon activation,
RIG-I or MDA5 CARD:s interact with MAVS driving nucleation
of MAVS filament formation!%21-24, Non-covalent K63-linked
polyubiquitin plays a critical role in this activation process.
Atomic resolution structures have been previously determined
that provide the molecular basis for MAVS filament formation,
including a poly-ubiquitin chain-linked RIG-I CARDs tetramer
and a RIG-I CARDs-MAVS CARD complex!'%24, The activated
MAVS fiber initiates signalin; cascades leading to upregulation of
type I interferon (IFN)>25-27,

Comparing to MDAS5, the molecular features of non-self and
self-RNAs leading to recognition and discrimination by RIG-I are
better characterized!>16, Duplex RNAs with 5'-triphosphate
moieties (5'ppp) are the PAMP RNAs frequently found in viral
RNA genomes or replication intermediates232°. Unlike PAMP
RNAs, host or self-messenger RNAs (mRNAs) of humans and
other higher eukaryotes possess 7-methyl guanosine (m7G) cap
linked to the y phosphate of a triphosphate at the 5" end (termed
as Cap0)3° (Fig. 1b). In addition, 2’-O-methyl modifications at
first nucleotide ribose (N position, termed as Capl) or first and
second nucleotides (N; and N, positions, termed as Cap2) are
conserved molecular features associated with mRNAs in humans
and other higher eukaryotes!31:32 (Fig. 1b). Capl or Cap2 RNA
critically prevents immune recognition by RIG-I in cell-based IFN
assays and therefore considered as a molecular marker for self-
RNAs!>. WT RIG-I discriminates against Capl by a mechanism
involving specific recognition of the N;-2’-OH in the RNA
backbone by the H830 in the CTD!>. PAMP RNA (5'ppp) binds
RIG-I with a high binding affinity that facilitates the formation of
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Fig. 1 RNA chemical structures and IFN-f activity. a Domain arrangement of RIG-1 (1-925). Autoinhibition is shown between CARD?2 latch region and HEL2i
gate motif. b The chemical structures of an m7G cap and 2’-O-methylation modification at N; or N, position are presented. Important features for CapO,
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subtracted. The significance of differences between groups was evaluated by unpaired Student's t test (*p < 0.05; **p < 0.01). e ATPase activities of Capl-
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an active ATPase cleft within the SF2 ATPase core, enabling RIG-
I to robustly bind and hydrolyze ATP14.Yet, Capl RNA has a
weak binding affinity and reduced ATP hydrolysis activity!.
Although RIG-I may discriminate between 5'ppp RNA and Capl
RNA by affinity, the contributions of m7G cap and N;-2'-O-
methylation on RIG-I CARDs activation remains to be
understood.

Gain-of-function SMS RIG-I mutations—E373A and C268F—
lead to increased type I IFN levels in the absence of virus inva-
sion”-33, Several studies have reported the existence of self-RNAs
that could be recognized by RIG-I in cellulo and in vivo. For
instance, one study has performed RIG-I RNA immunoprecipi-
tation from cell lysates of the murine splenic B-cell line and
provided direct evidence that WT RIG-I recognizes several
regions within nuclear factor-kBl (NF-kB1) 3’-untranslated
region mRNA34. Lassig et al.>> have performed immunoprecipi-
tation of RIG-I-RNA complex from virus-infected and non-
infected HEK293T RIG-I knockout (KO) cells, which showed the
interaction of RIG-I ATPase-deficient mutant E373Q with host
ribosomal RNAs. Similarly, an increased amount of RNA is
reported to be co-purified from C268F and E373A RIG-I from
uninfected cells compared to that of WT RIG-I3°. Schuberth-
Wagner et al.!®> showed that cellular RNAs could activate H830A
mutant RIG-I but not WT RIG-1. Another study using an in vivo
murine model validated that small self-RNA fragments generated
by RNase L can trigger IFNP responses via the RIG-I signaling
pathway3°. Interestingly, E373 and C268 residues are within the
ATPase cleft with the former residue residing on HEL1 motif II
the latter sitting on HEL1 motif I, and mutations of these residues
render RIG-I ATPase-deficient and signaling constitutively
active33. In SMS variant-transfected human embryonic kidney
293T (HEK293T) cells, sufficient phosphorylation level of IFN
regulatory factor-3 (IRF3) and IRF3 dimerization have been
observed at the basal level. Expression of SMS RIG-Is have been
shown to be associated with significantly enhanced NF-«B
reporter gene activity and increased expression of interferon
gene (IFNBI) and interferon-stimulated gene 15 (ISG15) in both
unstimulated and polyinosinic:polycytidylic acid-treated cells”.
However, the molecular mechanisms by which SMS RIG-I
mutants become activated by self-RNA, while WT receptor is
unaffected remains unclear.

Hydrogen/deuterium exchange coupled with mass spectro-
metry (HDX-MS) has emerged as a sensitive and robust method
to study solution-phase protein dynamics perturbed by different
binding events, such as those by chemical ligands, nucleic acids,
or co-regulator proteins®37. Previously, HDX-MS provided direct
evidence that apo RIG-I adopts gated conformation via CARD2-
HEL2i engagement?. This intra-molecular interaction governs the
threshold of CARDs allosteric release, which depends on the
extent of signal transmission during RNA recognition and ATP
binding events by RIG-I%.

Here, we employ HDX-MS to provide new mechanistic
insights into aberrant CARDs activation during dysregulated
RIG-I proofreading of self-RNAs. E373A and C268F mutations
differently affect RIG-I proofreading via an ATP-dependent and
-independent manner, respectively. Our results could also explain
other autoimmune diseases related to innate immunity.

Results

RNA chemical structures and IFN- activities. To specifically
examine the impact of m7G cap and 2’-O-methylation on RNA
surveillance by receptor, 10 base pair (bp) hairpin duplex RNAs
(5'-GAAUAUAAUAGUGAUAUUAUAUUC-3") were synthe-
sized with a 5'ppp (3p10l), a triphosphate moiety capped with
m7G (Cap0-101), Cap0 with 2’-O-methylation modified at the
first nucleotide ribose guanine (Capl-10l) or Cap0 with 2'-O-
methylation modified at the second nucleotide ribose adenine
(CapOmA-101) (Fig. 1b, c). In addition, 5'ppp RNA with stem

Table 1 RNA binding and ATPase activity of WT RIG-I

RNA molecules K4, app (M) Katpase (s~
3p8la 0.6+0.3 1.2+0.02
3plolb 1.8+0.9 33:0.9
CapO-10Ib 1705 25+0.4
CapOmA-10l 24%0.8 18.320.3
Capl-101b 425 £50 15£0.7

2 The data are related to Supplementary Fig. 3
b The data are derived from reference !

region of 8bp (5ppp-GGCGCGGCUUCGGCCGCGCC-3,
termed 3p8l) was used as an inactive RNA molecule incapable of
eliciting RIG-I-mediated IFN responses in cellular assays (Fig. 1b,
¢)3839_ Comparable with 3p10l and Cap0-101, CapOmA-10l binds
to WT RIG-I with sub-nanomolar affinities and activates RIG-I’s
ATPase activity (Table 1). In contrast, Cap1-10] binds to RIG-I
with 200-fold lower affinity, suggesting that 2’-O-methylation at
the second nucleotide is not critical for RIG-I-mediated RNA
discrimination. In WT RIG-I-mediated IFN reporter assays,
3p10l stimulated a 3-fold higher IFN-f signal response compared
to that observed with 3p8l and Capl-101 RNAs (Fig. 1d). These
observations suggest that Cap1-10], as a self-RNA representative,
behaves differently from PAMP-RNAs with respect to RNA
discrimination by RIG-I and CARDs activation. Significantly
higher IFN-p reporter signal response was observed in SMS RIG-
I-mediated signaling pathways regardless of Capl or 5ppp or
even inactive RNA (Fig. 1d). In vitro studies further indicate that
SMS RIG-Is are ATPase deficient (Fig. le). Therefore, SMS RIG-
Is (C268F and E373A) possess constitutively active signaling, yet
have compromised ATPase activity.

Capl discrimination by HEL-CTD RNA recognition module.
Digestion optimization for HDX studies resulted in >90%
sequence coverage for full-length WT RIG-I and gain-of-function
RIG-I mutants H830A, E373A, and C268F (Supplementary
Fig. 1a, b and c). In the absence of fragmentation data from
electron capture dissociation, the residue level deuteration data
were approximated by using HDX data from overlapping pep-
tides and consolidating these data using a residue averaging
approach as previously described® (Supplementary Fig. 1b).
These data were mapped to the structure using HDX Workbench
and PyMOL*!#2, The presence of 5'ppp and 5'm7Gppp (Cap0)
moieties at the ends of the 10 bp hairpins—3p10l and Cap0-101—
reduced HDX and increased stabilization of the hydrogen bond
networks within the CTD capping loop (V843-856) (~12%
reduction in HDX relative to apo RIG-I). Whereas the same
region of the protein was unperturbed in the presence of Capl-
101 RNA (Supplementary Fig. 1a, b and ¢, column (iii), (iv), and
(v) and Supplementary Fig. 2a). In contrast, in the presence of
CapOmA-10l (with a 2’-O-methylation modification at the N,
position of the RNA), the protection to HDX (~13% change
compared to no RNA) in the CTD capping loop was comparable
to Cap0-10l and 3p10l RNAs (Supplementary Fig. 1a, b and ¢,
column (vi) and Supplementary Fig. 2a). Although 3p8l appeared
inactive in the RIG-I IFN-P assay>’, it showed increased stability
in the CTD capping loop (~21% increased protection to exchange
as compared to an apo receptor) (Supplementary Fig. 1a, b and c,
column (vii) and Supplementary Fig. 2a). These results indicate
that an m7G cap alone does not perturb the 5'ppp-CTD capping
loop interaction, but the 2’-O-methylation at the N; position, and
not the N, position, is critical in RNA discrimination by the RIG-
I CTD capping loop. Various RNA-binding motifs, including
HEL1 motif Ia, Ic, IIa, HEL2i (V522-539), and CTD RNA-
binding motif V893-904, showed reduced HDX upon recognition
of 3p10l, Cap0-10], and CapOmA-10] molecules, but this was not
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observed with Cap1-10] (Supplementary Fig.1 a, b and ¢, column
(iii), (iv) and (vi)). Only the HELI motif Ia and CTD RNA-
binding surface (AA893-904) exhibited increased protection to
HDX with Capl-101 RNA, indicating limited RNA engagement
with the HEL-CTD RNA recognition module (Supplementary
Fig. 1a, b and ¢, column (v)). These data are consistent with the
200-fold decrease in binding affinity between RIG-I and Capl
RNA (Table 1). These observations suggest that, unlike other 10
bp hairpins, Capl representing “self-RNAs” engage the RIG-I
CTD capping loop and HEL-CTD RNA recognition module
differently. Furthermore, comparison between 3pl0l and 3p8l
bound helicase-RD RIG-1 X-ray crystal structures’® and their
HDX footprints reveal that HEL2i is engaged with 10 bp hairpin
and not the 8 bp hairgin RNA, showing its ability to sense the
length of RNA duplex*® (Supplementary Fig. 1a, b and ¢, column
(iii) and (vii)). It is also known that H830 in the CTD interacts
with N;-2'-OH and therefore discriminates against N;-2'-O-
methylation within Capl RNALI3. To understand the mechanism
of RNA surveillance by H830, we first examined HDX pertur-
bations in the CTD capping loop upon H830A RIG-I binding to
3p10l and Capl-10l RNA, respectively. Similar to the CTD cap-
ping loop of WT RIG-I, the H830A RIG-I CTD capping loop
maintained sensitivity towards 5'ppp moiety (~19% increase
protection to HDX), whereas the same region in the mutant RIG-
I displayed apo-like conformational dynamics upon Capl-101
recognition (Supplementary Fig. 1a, b and ¢, column (xiii) and
(xiv) and Supplementary Fig. 2b). H830A RIG-I exhibited nearly
identical HDX dynamics when bound to 3p10l and Capl-10,
including the HDX footprints of the RNA-binding motifs, HEL1
motif Ia, Ic, ITa, HEL2i (V522-539) and the CTD RNA-binding
motif V893-904. (Supplementary Fig. 1a, b and ¢, column (xiii)
and (xiv)). These data are consistent with the previous observa-
tion that H830A substitution restores high RNA-binding affinity
with Capl RNA in a similar extent to that of a 5'-ppp RNAL

RNA surveillance is coupled with CARDs partial opening.
Disruption of CARD2-HEL2i engagement is the first step of RIG-
I-gated activation®*3 and overexpression of CARDs module alone
is enough to induce IFN signaling**. Our previous HDX study
demonstrated that binding of PAMP RNA to RIG-I induces a
conformational switch from stable auto-inhibited to destabilized
CARDs conformation and binding of PAMP RNA alone is
insufficient to fully expose the CARDs*. The CARD? latch region
(Y101-114), which is spatially locked to the HEL2i gate motif in
the apo-form, displays EX1 exchange behavior upon binding to
PAMP RNA, suggesting that this region undergoes a partial
opening event and structural transition that facilitates correlated
exchange in the protein?. If a refolding event occurs sufficiently
slow to allow complete deuterium exchange of backbone amide
hydrogens within the unfolding region, EXI Kkinetics is
observed®. Under EX1 conditions, if an opening or unfolding
event involves more than one slow exchanging amide hydrogen,
then deuterium exchange occurs simultaneously at these amides.
Therefore, a bimodal distribution occurs via a correlated
exchange pattern, in which the lower mass envelope corresponds
to molecules that have not yet exchanged (not yet unfolded) and
the higher mass envelope corresponds to molecules that have
undergone exchange (molecules that have unfolded)46-48, The
region undergoing EX1 kinetics could reveal the rate at which the
relative proportions of unfolded and folded conformers inter-
convert. In contrast, EX2 kinetics takes place if refolding rate is
much faster than the intrinsic exchange rate of the amide
hydrogens, resulting in one isotopic envelope throughout the
labeling time of the experiment.

We analyzed EX1 exchange kinetics of CARD?2 latch peptide to
probe RIG-I CARDs displacement during RNA discrimination by
RIG-I proofreading. The appearance of EX1 kinetics under native
state conditions is intriguing and could reveal conformational

intermediate state as well as the transition between two
conformers®37:46:48:49  As guch, characterization of HDX
dynamics of CARD2 latch peptide is critical to examine RNA-
mediated RIG-I agonism, the different extent of CARDs
disassembly, and perhaps more importantly RIG-I activation. In
apo RIG-I, CARD2-HEL2i intra-molecular interaction greatly
restricted CARDs deuterium uptake (Fig. 2a, b and Supplemen-
tary Fig. 1 a, band ¢, column (i)). The EX1 kinetic regime of
CARD? latch peptide in apo RIG-I was difficult to detect as there
was very little deuterium exchange in the auto-inhibited domain
even at the 1 h HDX time point (Fig. 2a). In contrast, analysis of
the CARDs (1-228) protein, where the CARDs domain cannot be
auto-inhibited, resulted in significant deuterium incorporation
and the same latch peptide showed the absence of EX1 kinetics in
the recorded HDX time points (Fig. 2a, b and Supplementary
Fig. 1a, b and ¢, column (ii)). As an inactive RNA ligand
demonstrating basal IFN signaling in cells, binding of 3p8l RNA
to RIG-I failed to perturb CARD2-HEL2i interaction in the
recorded HDX time points and presented apo-like isotopic
distributions in Y103-114 motif (Fig. 2a and Supplementary
Fig. 1 a, b and ¢, column (vii)). Interestingly, CARD2-HEL2i
interface was disrupted by the PAMP RNAs, and the CARD2
latch peptide displayed differential EX1-like behavior upon Capl-
RNA and PAMP RNA binding (Fig. 2a). This suggests that RNA
binding to RIG-I allosterically triggers partial opening of the
CARDs, and the extent of opening in solution is dependent on the
efficacy of specific RNA (Fig. 2a). The observed EX1 kinetics
result in an increase in the intensity of a second isotopic envelope
at higher m/z value over time. This could be indicative of the rate
of unfolding or opening of the cooperatively exchanged amides
within the Y103-114 motif.

To more precisely measure the differential EX1 kinetics
associated with Capl-RNA and PAMP RNAs, we determined
the CARD:s structural transition rate from the lower MS envelope
to the higher MS envelope by fitting two Gaussian peaks to the
bimodal isotope cluster and dividing the entire peak area by the
area of higher MS envelope or the isotope cluster area of the
unfolded state (U/(U 4 F))*748, An exponential 3P with the
prediction model: a + b x exp(c.time (min)) could further accom-
modate the ratio of unfolded state in each data point and calculate
the half-life (¢,/,) of CARDs partial opening. As shown in Fig. 2c,
d, PAMP-like RNAs—3pl0l, Cap0-10l, and CapOmA-10l—
exhibited similar transition rates in CARD2 latch peptide (),
values =13.0+1.2, 13.9+ 1.2, and 12.9 + 1.2 min, respectively).
Analysis of transition rate in the same region of Capl-10l-bound
RIG-I revealed a nearly 3-fold delay with a #;,, value of 42.5 + 4.3
min (Fig. 2¢, d). The impact of 3p8l on CARD2 latch peptide
dynamics was further examined at longer deuterium exchange
time points. Binding of 3p8l to RIG-I induced protection against
HDX in motif Ic and CTD RNA-binding regions throughout the
longer HDX time points (Supplementary Fig. 2c). The CARD2
latch region showed enhanced EX1 behavior associated with 3p8l-
bound RIG-I at the 3, 5, and 7h time points (Supplementary
Fig. 2d). The calculated t;,, value was much longer (4.97 £ 0.15h)
compared with those for other RNA ligands (Supplementary
Fig. 2e and f). Although these observed differential EX1 kinetics
and derived t,,, values cannot directly reveal RIG-I CARDs
activation, they could be correlated with the different extent of
CARDs partial opening events in solution and consistent with
RNA-mediated RIG-I agonism. In contrast, RIG-I H830A
exhibited comparable transition rates in the CARD2 Y103-114
region upon Capl and triphosphate RNA binding with t,,, values
of 17.5+1.0 and 17.6+09min, respectively (Fig. 2e, f).
Additionally, comparable IFN-f reporter signal was observed in
H830A RIG-I-mediated signaling pathway upon 5 ppp and Capl
RNA stimulation (Fig. 2g). These data further demonstrate that
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growth rate, is used to fit a curve to %D (response) and time (regressor). Inverse prediction is used to solve for the half-life (t;,,) for each conformational
state. (*Means that Cap1-10I-treated group predicted t;,, (42.53 min) was higher than the upper limit (24.67, @ = 0.05), whereas 3p10l ATP, Cap0-10l,
and CapOmA-10I-treated groups did not exceed the lower or upper limits in this comparison; NS means statistically nonsignificant between compared
group. t;» calculated for 3p10I-bound H830A RIG-I and Cap1-10l-bound H830A RIG-I did not exceed the lower or upper limits (@ = 0.05) in this
comparison.) g The IFN-B luciferase signal is plotted as recorded in WT/H830A RIG-I dual reporter assays stimulated with indicated RNAs. The
significance of differences between groups was evaluated by Student's t test (*p <0.05; **p < 0.01)
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H830 contributes to a crucial checkpoint during RNA discrimi-
nation by RIG-L.

Capl and 5’ppp are distinguished by E373A RIG-I. To probe
the mechanism of dysregulation of RIG-I proofreading, we pro-
duced SMS RIG-I E373A mutant to examine the role of RIG-I
E373 residue within HEL1 motif I (Walker B motif)”. Apo
E373A RIG-I adopted similar auto-inhibited conformation as that
of WT (Supplementary Fig. 1a, b and ¢, column (xv)). Similar to
that of WT, binding of 3p10l to RIG-I E373A resulted in robust
protection to HDX in HEL1 motif Ia, Ic, HEL2i (V522-539),
CTD capping loop and CTD RNA-binding region (V893-904)
(Supplementary Fig. 1a, b and ¢, column (xvi)). In contrast, only
limited RNA-binding surfaces—HEL1 motif Ia and CTD V893-
904 region—were protected to HDX upon E373A mutant binding
to Capl RNA (Supplementary Fig. 1a, b and ¢, column (xvii)).
These observations suggest that RIG-I E373A can distinguish
triphosphate and Capl RNAs via the H830 mechanism. To
examine the CARDs partial opening during the RNA sensing
step, EX1 analysis of 3p10l-bound and Capl-10l-bound RIG-I
E373A complexes revealed different degrees of CARDs dissocia-
tion (Fig. 3a, b). There was more than a 3-fold increase in the
transition rate from closed to open CARDs conformation in
the former complex (#;/, = 20.5 + 0.9 min) compared to the latter
(ty2=72.8 + 17.8 min) (Fig. 3a, b, d). Only subtle perturbation in
HDX was observed in the CARDs domain of RIG-I E373A when
bound to 3p8l suggesting the domain remains locked to the
HEL2i gate motif in the presence of this RNA (Supplementary
Fig. 1a, b and ¢, column (xviii)).

E373A affects the ATP-dependent proofreading of RIG-I
Apart from RNA recognition, activation of RIG-I is also coupled
with ATP binding and hydrolysis, a critical checkpoint con-
tributing to RIG-I proofreading®33->0>1. E373 is conserved
among SF2 helicase family members and coordinates Mg+ ion
with ATP to form a functional Mg?+-ATP complex!8. To test
whether the substitution of alanine with glutamate potentially
impairs RIG-I ATP-binding and hydrolysis activity, we compared
WT RIG-I bound to either 3p10l or Capl-10] with E373A RIG-I
bound to the same RNAs in the presence and absence of ATP. In
the absence of ATP, both WT and E373A showed similar solvent
protection patterns. In the presence of ATP, only E373A showed
increased protection to HDX in HEL1 motif Q, motif Ic, HEL2i
V542-549, HEL2 motif IVa, motif VI, and CTD RNA-binding
region (1897-904) both in Capl-10l and 3p10l bound complexes
(Supplementary Fig. 1a, b and ¢, column (xix) and (xxi)). Inter-
estingly, the CTD capping loop of E373A RIG-I showed sig-
nificant protection to HDX (22 and 17% reduction) upon ATP
addition in both 3p10l and Capl-10l complexes, respectively, a
phenomenon also not observed with WT RIG-I (Fig. 3f, g and
Supplementary Fig. 1a, b and ¢, column (viii), (x), (xix) and (xxi)).
These observations are intriguing, because ATP binding appears
to allosterically transmit signals to E373A RIG-I CTD capping
loop for enhanced interaction with RNA 5" terminus regardless of
different capped structures, which could increase the recruitment
and local concentration of self-RNAs presented to the SF2 heli-
case core (Fig. 3h). By contrast, the CTD capping loop of WT
RIG-I remained insensitive under ATP hydrolysis conditions
(Fig. 3i).

Interestingly, ATP binding drove deuterium uptake in CARDs
and HEL2i regions of E373A complex with Cap1-10l, suggesting
that CARDs is further liberated into the solvent (Fig. 3a, b, d and
Supplementary Fig. 1a, b and ¢, column (xxi)). However, this was
not observed in the CARD2-HEL2i region of Capl-bound WT
RIG-I under ATP hydrolysis conditions (Fig. 3a, ¢, e and
Supplementary Fig. 1a, b and ¢, column (x)). Further analysis of
the bimodal distribution of CARD2 Y103-114 Capl-RIG-I
E373A complex with ATP revealed an accelerated transition rate

(an ~4.5-fold increase) of CARDs partial opening (f;,, =15.9 £
0.8 min) in comparison to without ATP (t;,, =72.8 +17.8 min)
(Fig. 3a, b, d). These observations suggest that ATP-binding
energy spurred E373A receptor bound to Capl-10l to displace
CARDs (t;, =15.9+0.8 min) at a rate similar to that observed
with 3p10l with ATP (t;,, =12.1+0.6 min) (Fig. 3a, b, d). This
sequential CARDs destabilization was also observed with WT/
E373A RIG-I-RNA complexes in the presence of the non-
hydrolysable ATP analog ADP.AIFx (Supplementary Fig. la, b
and ¢, column (ix), (xi), (xx) and (xxii)). Whereas the EX1
kinetics in Capl-101 bound WT RIG-I and Capl-10l-WT RIG-I-
ATP complex were similar (Fig. 3a, ¢, e).

The non-hydrolysable ATP analog, ADP.AIFx, resembles the
hydrolytic transition state due to the planar geometry of the y-
phosphate mimetic (AlFx). The presence of ADP.AlFx increased
RNA engagement in the 3p10l-bound WT RIG-I complex within
the RNA recognition module, resulting in significant protection
to HDX in HEL1 motif I, Ia, Ic, IIa, III, HEL2i (V522-539), HEL2
(V600-613), motif IV, V, VI, Pincer region (F739-755), and CTD
Y905-922 region (Supplementary Fig. 1a, b and ¢, column (ix)).
This observation is consistent with crystallographic data of the
RIG-I HEL-CTD showing that with RNA alone, HEL2 is mostly
disordered with a relatively open conformation, and the presence
of the non-hydrolysable ATP analog enables the receptor to adopt
a more compressed conformation via robust engagement with
HELIL, HEL2, Pincer, and CTDV17:18, Such ADP.AlFx-dependent
structural rearrangement within the HEL-CTD module trans-
forms the WT RIG-I into an ATP-competent state and
allosterically results in accelerated CARDs opening into the
solvent, as revealed by increased deuterium incorporation in
CARDs of ADP.AIFx-3p10l-WT RIG-I complex in comparison to
3pl10l-WT RIG-I complex (Supplementary Fig. la, b and ¢,
column (ix)). Larger buried areas with a higher degree of HDX
protection were observed within Capl associated WT RIG-I
complex in the presence and absence of ADP.AlFx (Supplemen-
tary Fig. la, b and ¢, column (xi)); correspondingly, more
enhanced hydrogen bonding was observed in the CARDs region
(Supplementary Fig. 1a, b and ¢, column (xi)). Similar to that of
WT receptor, ADP.AlFx binding also greatly compressed CTD-
HEL and dislodged CARDs to a similar extent in both ADP.AIFx-
3p10l-E373A RIG-I and ADP.AIFx-Cap1-101-E373A RIG-I com-
plexes (Supplementary Fig. 1a, b and ¢, column (xx) and (xxii)).
Taken together, these data suggest that the E373A substitution
impairs ATP hydrolysis and enables the mutant receptor to adopt
an ATP-bound state in the presence of ATP, which drives
enhanced CARD:s dissociation upon binding to self-RNAs such as
the Capl RNA. In contrast, the ATP hydrolysis function of WT
RIG-I serves as a checkpoint for effective RNA discrimination,
preventing elevated CARDs opening and permitting the receptor
to distinguish Capl from triphosphate.

C268F RIG-I becomes signaling competent independent of
ATP. Although C268 resides in HEL1 motif I and is not impli-
cated in ATP-binding activity!®33, RIG-1 C268F is known to be
constitutively active with high IFN production via an unknown
mechanism”-33. HDX analysis of apo C268F RIG-I confirmed its
auto-inhibited conformation in solution (Supplementary Fig. la,
b and ¢, column (xxiii)). Surprisingly, large buried surface areas
within HEL-CTD module—HEL1 Ia, Ic, Ila, III, HEL2i
V452-459, V522-539, HEL2 motif IV, V, VI, and CTD RNA-
binding regions F838-904—exhibited identical HDX footprints in
both Capl-10l- and 3pl0l-bound RIG-I C268F complexes
(Fig. 4a, b and Supplementary Fig. 1a, b and ¢, column (xxiv) and
(xxv)). This HDX signature is highly reminiscent of that observed
for the RNA-RIG-I complex perturbed by ADP.AIFx, in which
HEL-CTD formed a compact conformation and remained

6 | (2018)9:5366 | https://doi.org/10.1038/s41467-018-07780-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https:/

/doi.org/10.1038/s541467-018-07780-z

ARTICLE

EX1 EX1 EX1 EX1 EX1 EX1
E373A RIG-I E373A RIG-I E373A RIG-I E373A RIG-I RIG-I RIG-I
+ 3p10l + 3p10l + ATP + Cap1-10I + Cap1-10l + ATP + Cap1-10l + Cap1-10l + ATP
I I I I
M N N
) Open
T
N X Open
o M Hﬂm %\
illiN ﬁﬂﬁk ﬂhm
" (i
MJ j}§¥ Jﬂﬁ ]})L . ‘
526 527 528 529 530 526 527 528 529 530 526 527 528 529530 526 527 528 529 530 526 527 528 529 530 526 527 528 529 530
m/z m/z m/z m/z m/z m/z
b c d . e
= 100 —
SN =
g8 28 "
S c S g
® S %8 g o
32 3% o £
g5 £ S <
S5* o 20 =
0 20 40 60 0
Time (min) Time (min) D E373A RIG-1+3p10l [ E373A RIG-1+Cap1-10 RIG-H+Cap1-10
o E373ARIG- + 3p10l ¥ ES73A RIG-1 + Cap1-101 + ATP & RIG- + Cap1-10l 51 E573 RIG+3p101:ATP B E373A RIG-LeCap1-10+ATP RIG-1+Cap1-10+ATP
-& E373ARIG-| + 3p10l + ATP -A- E373A RIG-I + Cap1-10I -e- RIG-I + Cap1-10l + ATP
f g h E373A RIG-|
E373A RIG-I CTD capping loop RIG-I CTD capping loop . ATP
VSRPHPKPKQFSSF +3 VSRPHPKPKQFSSF +3 -
I 100 4 5 @
100 “.” T ) ONESIIIIIT )
® 80 9 80 4 Cap1-10l
£ 60 5 +7 TP @
2 £ 601 - ng)
2 40 2 ]
o o 3p1ol Enhanced engagement
i 40 -
20 .
——————————————————— ! RIG-I
10 60 300 600 900 18003600 10 60 300 600 900 18003600 ATP
+
Time (s) Time (s) FAIE,
, o0 5/ 00
~@- apo E373A RIG-| E373A RIG-| + Cap1-10l + ATP @ apo RIG-I RIG-| + Cap1-10l + ATP 5 OO 8 "oﬂ palll I )

—- E373A RIG-I + 3p10! —A—- E373ARIG-I + 3p10l + ATP —- RIG-I + 3p10l

W E373ARIG-I + Capi-10l ~¥- RIG-I + Cap1-10l

tethered in an ATP-bound state (Supplementary Fig. 1a, b and c,
column (ix), (xi), (xx) and (xxii)).

Intriguingly, CARDs and HEL2i-gated regions of both RNA-
RIG-I C268F complex displayed the greatest extent of deuterium
uptake among all analyzed RNA-RIG-I combinations (Fig. 4a, b
and Supplementary Fig. 1a, b and ¢, column (xxiv) and (xxv)).
Analysis of EX1 kinetics further revealed a fast and similar
transition rate of CARDs partial opening in both 3p10l-bound
and Capl-10l-bound C268F RIG-I complexes (9.8 £ 0.6 vs. 10.6 £
0.6 min) regardless of differentially modified moieties at RNA
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hairpin 5’ terminus (Fig. 4d, e and Supplementary Fig. 2g). Unlike
WT/E373A RIG-I counterparts, CARDs of RNA-RIG-I C268F
complexes were insensitive to external ATP or ADP.AlFx
stimulus, whereas HEL-CTD module was sensitive to ADP.AIFx
but not ATP binding (Supplementary Fig. 1a, b and ¢, column
(xxvii), (xxviii), (xxix) and (xxx)). These results suggest that
binding of self-RNA to C268F RIG-I results in CARDs activation
even in the absence of ATP binding and hydrolysis.

We further tested 3p8l action, as it was unable to dislodge
CARD:s from its docking site on HEL2i in either WT or E373A
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Fig. 3 E373A affects RIG-| proofreading in an ATP-dependent manner. a MS spectra of WT and E373A RIG-I CARD?2 latch peptide Y103-114 derived from
indicated complexes in indicated on-exchange time points. The abundance of each mass population (high and low) is determined as Fig. 2a. b, ¢ In each
indicated state, the fraction of E373A (b) or WT (¢) RIG-I CARDs molecules in the higher MS population (open conformation) to the total population is
plotted against the on-exchange time points as Fig. 2c. d, e Half-life (t,,2) of respective partial opening event is determined by fitting an exponential curve
as Fig. 2d. (*Means that Cap1-10I-treated E373A RIG-I (20.51 min) and 3p10l-treated E373A RIG-| predicted t;,, (72.7 min) was higher than the upper limit
(58.44 and 16.95, respectively, a = 0.05), whereas t;,, calculated 3p10I- and ATP-treated E373A RIG-I (12.11 min) exceeded lower limit (13.33, a = 0.05).
Cap1-10I- and ATP-treated E373A did not exceed the lower or upper limits in this comparison. NS means statistically nonsignificant between compared
groups. t1/, calculated for Cap1-10l-bound WT RIG-I and Cap1-10I- and ATP-treated WT RIG-I did not exceed the lower or upper limits (@ = 0.05) in this
comparison.) f, g Differential deuterium uptake plots of CTD capping loop peptide region (VSRPHPKPKQFSSF, +3) of E373A (f) or WT RIG-I (g) upon
receptor perturbed by 3p10l or Capl1-10l RNA in the presence or absence of ATP. The data are plotted as percent deuterium uptake vs. time on a
logarithmic scale. The HDX plots of this CTD capping loop peptide between indicated groups were statistically analyzed by HDX Workbench
(Supplementary Fig. 1c)4. h, i Schematic representations of CTD capping loop conformation associated with E373A (h) and WT RIG-I (i) upon the receptor
interaction with ATP in the presence of Capl1-10l and 3p10l RNAs
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Fig. 4 C268F RIG-I becomes constitutive signaling upon 5 ppp and Cap1 RNA binding. Schematic representations illustrate differential experiments of apo
C268F RIG-I vs. C268F RIG-| associated with indicated RNA (on the left). Differential single amino acid consolidation HDX data are mapped onto the full-
length RNA-bound RIG-I structure model in ribbon (on the right), as shown by representation of altered conformational dynamics of receptor upon binding
to a 3p10I (Supplementary Fig. 1a, b and ¢, column (xxiv)), b Cap1-10I (Supplementary Fig. 1a, b and ¢, column (xxv)), and ¢ 3p8l (Supplementary Fig. 1a, b
and ¢, column (xxiv)). Percentages of deuterium differences are color coded according to the key (below). Black, regions that have no sequence coverage
and include proline residue that has no amide hydrogen exchange activity; gray, no statistically significant changes between compared states; purple,
duplex RNA ligand. d The fraction of C268F RIG-I CARDs molecules in the higher MS population (open conformation) to the total population is plotted
against the incubation HDX time points as Fig. 2c. e Half-life (t;/,) of the respective partial opening event is determined by fitting an exponential 3P with
the prediction model as Fig. 2d. (* Means that t;,, calculated 3p8I-bound C268F RIG-I (16.85 min) exceeded the lower limit (13.80, @ = 0.05) in the
indicated compassion, whereas both 3p10Il- and Cap1-10l-bound C268F RIG-I did not exceed the lower or upper limits in this comparison

RIG-I (Supplementary Fig. 1a, b and ¢, column (vii) and (xviii)).
Consistently with that observed with Capl and 3p10l, a similar
HDX signature was observed in HEL-CTD with large buried
areas involved in RNA stem binding and end capping of 3p8l
(Supplementary Fig. 1a, b and ¢, column (xxvi)). CARDs of 3p8l-
bound C268F RIG-I incorporated deuterium, but to a less extent
than 10-bp hairpins, and became partially displaced into a solvent
with a transition rate (f;, =16.8+1.3 min) (Fig. 4c, d, e and
Supplementary Fig. 2g). The recently solved X-ray structure
suggests that this substitution in HEL1 motif I could displace
K270 from its central position in the P-loop that coordinates
interaction with ATP phosphate, into a position where K270
forms a salt bridge with E7023352, This SMS mutation not only
contributes to a tightly compressed HEL-CTD conformation that

the CARDs in a similar manner regardless of self or non-self-
RNA interaction.

Discussion

Autoimmune diseases such as Aicardi-Goutieéres and SMS are
linked to gain-of-function RLR mutants with impaired ATPase
activity”81453.54 S0 far, therapeutic interventions for SMS are
hampered due to the lack of clarity on the mechanism driving
their sustained IFN signaling and elevated inflammation. In this
study, we attempt to uncover the initial activation events of
dysregulated RIG-1 proofreading associated with atypical SMS.
RIG-I activation is known to be coupled with the release of
CARDs from an auto-inhibited conformation allowing it to form
a complex with its adaptor protein MAVS!0:19:23.24.55  pogt.

mimics ATP-bound state but also results in disruption of K270-
mediated ATP hydrolysis activity. Thus, the hyperactive con-
formational flexibility of RIG-I C268F allows the receptor to
become constitutively active in terms of signaling by displacing

translational modifications, including ubiquitination and non-
covalent K63-linked polyubiquitin chain, have been reported to
be essential for RIG-I CARDs assembly!*°657. A complex con-
sisting of RIG-I tetrameric CARDs and four MAVS CARD
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molecules is reported as a functional unit to nucleate MAVS
CARD filament assembly?4. This activated MAVS fiber further
initiates downstream signaling cascades that result in upregula-
tion of type I IFN and inflammatory cytokines>?>-%7.
Comprehensive differential HDX analysis of WT and SMS
RIG-I complexes reveals that the initial events of RIG-I activation
occur in a carefully choreographed order. Activation of RIG-I
undergoes multiple checkpoints during RNA recognition, ATP
binding, and ATP hydrolysis (Fig. 5a, b). Unlike PAMP RNA
(e.g., Cap0, CapOmA, and 5'ppp RNA hairpin), the presence of
m7G cap and N;-2’-O-methylation (Capl) drastically compro-
mises RNA-binding affinity to WT RIG-I and blunts CARDs
destabilization nearly 3-fold (Fig. 5a). This undermined release of
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CARDs may further correspond to delayed and reduced signal
amplification downstream of the receptor. However, gain-of-
function mutations enable the protein to restore such impairment
by escaping these multiple checkpoints (Fig. 5b). Disruption of
HB830 that specifically coordinates the interaction with N;-2’-O-
methylation evades an early checkpoint and restores Capl RNA
engagement for efficient CARDs dissociation similar to that
observed for 5'ppp RNA interaction. Conformational flexibility of
RIG-I enables different accommodation of 3p10l and 3p8l to
HEL2i domain and activates its CARDs selectively.

ATP hydrolysis coordinates a more decisive and critical
checkpoint to govern aberrant CARDs activation. Like WT,
E373A RIG-I still enables discrimination against Capl via a H830

C268F RIG-I

¢ ATP
¢ ADP

—

—_—

Regulated checkpoints

- —
Dysregulated checkpoints

Dysregulated RIG-I checkpoints and signaling activities

Fig. 5 Functional and dysregulated checkpoints of RIG-I proofreading. a Schematic representations of functional RIG-I checkpoints governing RIG-I CARDs
conformational transition. b Schematic representations of aberrant CARDs conformational transition of RIG-| gain-of-function mutants revealed by
comprehensive differential HDX analysis with quantitative analysis of CARDs EX1 exchange kinetics
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mechanism, resulting in slower CARDs partial opening than that
for 5'ppp binding. To examine this further, protein-RNA com-
plexes were incubated with 4 mM ATP, which is within the range
of cellular ATP concentration. Dysfunctional ATP hydrolysis and
ATP-binding energy have the protein-Cap1l complex transformed
into a tightened HEL-CTD assemble mediated by RNA
backbone-helicase engagement and tightened capping loop-Capl
interaction. As a result, CARDs are sequentially released to an
extent comparable to that of the 3p10l-E373A RIG-I-ATP com-
plex. It is plausible that E373A substitution lowers affinity for
Mg2* in the ATPase pocket and de-couples Mg2t-ATP forma-
tion. E373A gain-of-function variant harnesses ATP molecule
without hydrolyzing it for constitutive signaling.

In contrast, C268F substitution affords a more tethered HEL-
CTD ring architecture regardless of 5 end modifications. The
recently reported crystal structure of the C268F complex reveals
that F268 displaces K270 from its canonical position coordinating
ATP y-phosphate binding, into a position that forms a salt bridge
with E702%2. This amino acid rearrangement mimics the ATP-
bound state in the absence of ATP and allows enhanced helicase
engagement with both self and non-self RNAs. Interestingly,
addition of ATP fails to further perturb the overall dynamics of
RNA-bound C268F RIG-I complex. Combined, these observa-
tions suggest that the conformational flexibility of C268F RIG-I
enables it to signal constitutively in an ATP-independent manner.

In summary, unrestrained RNA surveillance and dysregulated
checkpoints coordinated by disordered RIG-I proofreading could
occur through distinct mechanisms during different stages of the
RIG-I signaling relay. This mechanism may apply to MDAS5 as
well as other innate immunity receptor-mediated autoimmune
diseases. Confirmation of these mechanisms will assist develop
therapies for the treatment of autoimmunity that drive immune
defense against viral infections while minimizing autoimmune
disorders.

Methods

RNA preparation. All RNAs used in the study were chemically synthesized, high-
performance liquid chromatography purified, and analyzed by mass spectrometry
(Trilink and BioSynthesis RNA synthesis service). The lyophilized RNA was
resuspended in 20 mM potassium phosphate buffer, pH 7.0.

Protein preparation. Human WT full-length RIG-I (1-925) was cloned and
expressed in pET28 SUMO vector. Full-length RIG-I mutants H830A, E373A, and
C268F, was constructed by site-directed mutagenesis of full-length RIG-I in pET28
SUMO vector with QuikChange XL Site-Directed Mutagenesis Kit (Agilent
Technologies) following the protocol with corresponding primers (Supplementary
Table 1). Constructs were confirmed by sequencing. Human full-length RIG-I
(1-925) and mutants were expressed in Escherichia coli strain Rosetta (DE3)
(Novagen) as soluble proteins. The soluble fraction of protein was purified from the
cell lysate using a HisTrap FF column (GE Healthcare). The recovered protein was
then digested with Ulpl protease to remove the 6 x His-SUMO tag and further
purified by hydroxyapatite column (CHT-II, Bio-Rad) and heparin-sepharose
column (GE Healthcare). Finally, purified protein was dialyzed against 50 mM
HEPES (pH 7.5), 50 mM NaCl, 5 mM MgCl,, 5mM dithiothreitol (DTT), 10%
glycerol overnight at 4 °C, snap frozen in liquid nitrogen, and stored at —80 °C.
Human RIG-I CARDs (1-228) was cloned in pGEX 6P-1 GST vector. RIG-I
CARD:s was expressed in Escherichia coli strain Rosetta (DE3) (Novagen) as soluble
proteins. The soluble fraction of protein was purified from the cell lysate using a
GST affinity column (GE Healthcare). The recovered protein was then digested
with PreScission protease to remove the GST tag and further purified by HiTrap FF
Q column (GE Healthcare). Finally, purified protein was passed through Super-
dex200 10/300 Increase size exclusion column against 25 mM Tris, pH 8.0, 50 mM
NaCl, 5mM DTT, 10% glycerol overnight at 4 °C, snap frozen in liquid nitrogen,
and stored at —80 °C.

Hydrogen/deuterium exchange mass spectrometry. Peptide identification:
Peptides were identified using tandem MS (MS/MS) with an Orbitrap mass
spectrometer (Q Exactive, Thermo Fisher). Product ion spectra were acquired in
data-dependent mode with the top five most abundant ions selected for the product
ion analysis per scan event. The MS/MS data files were submitted to Mascot
(Matrix Science) for peptide identification. Peptides included in the HDX analysis
peptide set had a MASCOT score >20, and the MS/MS spectra were verified by

manual inspection. The MASCOT search was repeated against a decoy (reverse)
sequence and ambiguous identifications were ruled out and not included in the
HDX peptide set.

HDX-MS analysis: Ten micromoles of WT/H830A/E373A/C268F RIG-I
receptors or CARDs (50 mM HEPES, pH 7.4, 150 mM NaCl, 5% glycerol, 5 mM
MgCl,, 2 mM DTT) were incubated with the respective RNA ligands
(Supplementary Fig. 1a) at a 1:1.2 molar ratio for 1h (protein-ligand) before the
HDX reactions at 4 °C. Indicated protein-RNA complexes (Supplementary Fig. 1a)
was further incubated with 4 mM ATP (Sigma) or 4 mM ADP.AIFx for 1 h to reach
to conformational equilibrium states. Five microliters of protein-protein complex
with ligand/peptide was diluted into 20 uL D,O (deuterium) on exchange buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 2 mM DTT) and incubated
for various HDX time points (e.g., 0, 30, 60, 300, 600, 900, 1800, and 3600 s) at 4 °C
and quenched by mixing with 25 pL of ice-cold 4 M guanidine hydrochloride and
1% trifluoroacetic acid. Dmax samples were incubated in D,O on exchange buffer
containing 3 M guanidine hydrochloride (50 mM HEPES, pH 7.4, 150 mM NaCl, 5
mM MgCl,, 2mM DTT, and 3 M guanidine hydrochloride) overnight at room
temperature. The sample tubes were immediately placed on dry ice after the
quenching reactions until the samples were injected into the HDX platform. Upon
injection, samples were passed through an immobilized pepsin column (2 mm x 2
cm) at 200 uL/min, and the digested peptides were captured on a 2mm x 1 cm Cg
trap column (Agilent) and desalted. Peptides were separated across a 2.1 mm x 5
cm Cig column (1.9 um Hypersil Gold, Thermo Fisher) with a linear gradient of
4-40% CH;CN and 0.3% formic acid, over 5 min. Sample handling, protein
digestion, and peptide separation were conducted at 4 °C. Mass spectrometric data
were acquired using an Orbitrap mass spectrometer (Q Exactive, Thermo Fisher)
with a measured resolving power of 65,000 at m/z 400. HDX analyses were
performed duplicate or triplicate, with single preparations of each protein ligand
complex. The intensity weighted mean m/z centroid value of each peptide envelope
was calculated and subsequently converted into a percentage of deuterium
incorporation. In the absence of a fully deuterated control, corrections for back-
exchange were made by an estimated 70% deuterium recovery, and accounting for
the known 80% deuterium content of the deuterium exchange buffer. When
comparing the two samples, the perturbation %D is determined by calculating the
difference between the two samples. HDX Workbench colors each peptide
according to the smooth color gradient HDX perturbation key (D%) shown in each
indicated figure. Differences in %D between —5 to 5% are considered non-
significant and are colored gray according to the HDX perturbation key*!. In
addition, unpaired f tests were calculated to detect statistically significant (p < 0.05)
differences between samples at each time point. At least one time point with a p
value <0.05 was present for each peptide in the data set further confirming that the
difference was significant.

Data rendering: The HDX data from all overlapping peptides were consolidated
to individual amino acid values using a residue averaging approach. Briefly, for
each residue, the deuterium incorporation values and peptide lengths from all
overlapping peptides were assembled. A weighting function was applied in which
shorter peptides were weighted more heavily, and longer peptides were weighted
less. Each of the weighted deuterium incorporation values was then averaged to
produce a single value for each amino acid. The initial two residues of each peptide,

as well as prolines, were omitted from the calculations®’.

EX1 kinetics analysis and curve fitting. The isotopic distributions of MS peak
(Y101-114, +3) is specifically analyzed by the HX express2 software>®. Expo-
nential 3P with the prediction model: a + b.exp(c.time(min), where a was the
asymptote, b was the scale, and ¢ was the growth rate, was used to fit a curve to %D
(response) and time (regressor) for each compound state. The inverse prediction
was used to solve for the half-life (t,,,) for each compound state. Analysis of means
was performed to identify half-life (t,,,) of compound states that were statistically
different from the average half-life (t,/,) in this given comparison group. JMP®,
Version 13.2.1. SAS Institute Inc. (Cary, NC, USA), 1989-2007 was used to perform
the curve fit, and « was set to 0.05. Predicted half-life values (t,,,) that exceed lower
or upper limits were considered statistically significant.

BIOMOL Green ATPase assay. Five picomoles of Capl1-10l or 3p10l was,
respectively, incubated with WT/E373A/C268F RIG-I receptors in a total of 50 uL
ATPase buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 2mM DTT)
for 30 min. ATP (Sigma) was added to the reaction mixture at a final concentration
of 2mM, and the reactions were incubated at room temperature for 5 to 10 min.
Free phosphate concentration was determined using BIOMOL Green reagent
(Enzo Life Sciences) in a microplate format, and absorbance was measured at
ODg30nm- The significance of differences between groups was evaluated by
unpaired Student’s ¢ test (*p < 0.05).

IFN Dual Reporter Assays. hRIG-I (accession number NM_014314.3,
NP_055129.2)-pUNO vector (Invivogen, Cat# punol-hRIG-I) was mutated using
NEB Qb5 Site-Directed Mutagenesis Kit (Cat# E0554S). Mutation (C268F, K270A,
E373A, and H830A) primers were designed with the NEBaseChanger software
(NEBaseChanger.neb.com) and were diluted to 10 uM. pUNO-hRIG-I vector was
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diluted to 10 ng/uL. A 25 pL reaction was prepared by mixing 9.0 uL of nuclease-
free water, 1 puL of template DNA, 1.25 pL of forward primer, 1.25 uL of reverse
primer, and 12.5 uL of Q5 Hot Start High-Fidelity 2X Master Mix. Cycling con-
ditions were set to an initial denaturation at 98 °C for 30s, then 25 cycles (10's at
98°C, 205 at Ta provided by the NEBaseChanger software, 90 s at 72 °C) and a
final extension for 2 min at 72 °C. All mutagenesis reactions were further subject to
the NEB KLD reaction where 1 pL of the 25 pL PCR reaction was mixed with 5 pL
of 2x KLD reaction buffer, 1 uL of 10x KLD Enzyme Mix, and 3 uL of nuclease-free
Water. The reaction was incubated at room temperature for 5 min. Five microliters
of the KLD mix were added to 50ed using internal sequencing primers. A total of
2.5 x 10° HEK293T cells (ATCC CRL-3216) were co-transfected with 1 ug IFN-B-
luc plasmids, 0.5 pg TK-Renilla-luc plasmid, and 1.5 ug WT pUNO-RIG-I or RIG-I
mutants (C268F RIG-I, E373A RIG-I, or H830A). After 24 h, each transfectant
groups were transferred into 96-well plates (4.5 x 10 cells/well). After 4 h, each ds
100 ng RNAs per well (3p8l, 3p10l, or Capl-10]) was transfected using Lipo-
fectamine 2000 (Invitrogen). After 24 h, dual luciferase activity was measured using
the Dual-Glo luciferase assay system (Promega). The luciferase activity was
determined with Perkin-Elmer EnVision Multilabel Reader. The significance of
differences between groups was evaluated by unpaired Student’s ¢ test (*p < 0.05;
**p<0.01).

RNA binding and ATP hydrolysis. The ATP hydrolysis activity was measured at
constant RIG-I (5nM) and increasing RNA concentration (1 nM-1 pM) in the
presence of 1 mM ATP (spiked with [y-32P]ATP). A time course (0-60 min) of the
ATPase reactions was performed in buffer A (50 mM MOPS, pH 7.4, 5mM DTT,
5mM MgCl,, 0.01% Tween-20) at 37 °C. The reactions were stopped at desired
time points using 4 N formic acid and analyzed by PEI-Cellulose-F TLC (thin-layer
chromatography) (Merck) developed in 0.4 M potassium phosphate buffer (pH
3.4). The TLC plates were exposed to a phosphor-imager plate, imaged on a
Typhoon phosphor-imager, and quantified using the ImageQuant software. The
ATPase rate was determined from the plots of [Pi] produced vs. time and dividing
the rate of hydrolysis by RIG-I concentration. The ATPase rates were then plotted
as a function of RNA concentration and fitted to hyperbolic equation (Eq. 1) or
quadratic equation (Eq. 2) to get the binding affinity (Kgapp) and the maximal
ATPase rate (kapase)» Where observed ATPase rate = kagpase X [PR]/[Pt], where [Pt]
is the total protein concentration, [PR] is the amount of RIG-I-RNA complex
formed, and [R] is the RNA concentration being titrated

pr) =R

Kaapp+[r

, ey

2
(1P + [R] + Kaagp ) - \/ (IP]+ [R) + Kaugp ) —4[PJR] (3)
[PR] = .
2
Data availability
Further data supporting the findings of this study are available from the corre-
sponding author upon reasonable request.

Received: 4 April 2018 Accepted: 28 November 2018
Published online: 18 December 2018

References

1. Devarkar, S. C. et al. Structural basis for m7G recognition and 2’-O-methyl
discrimination in capped RNAs by the innate immune receptor RIG-1. Proc.
Natl. Acad. Sci. USA 113, 596-601 (2016).

2. Goubau, D. et al. Antiviral immunity via RIG-I-mediated recognition of RNA
bearing 5’-diphosphates. Nature 514, 372 (2014).

3. Kato, H,, Takahasi, K. & Fujita, T. RIG-I-like receptors: cytoplasmic sensors
for non-self RNA. Immunol. Rev. 243, 91-98 (2011).

4. Zheng, J. et al. High-resolution HDX-MS reveals distinct mechanisms of RNA
recognition and activation by RIG-I and MDAS5. Nucleic Acids Res. 43,
1216-1230 (2015).

5. Loo, Y. M. & Gale, M. Jr. Inmune signaling by RIG-I-like receptors. Immunity
34, 680-692 (2011).

6. Kato, H. & Fujita, T. RIG-I-like receptors and autoimmune diseases. Curr.
Opin. Immunol. 37, 40-45 (2015).

7. Jang, M. A. et al. Mutations in DDX58, which encodes RIG-I, cause atypical
Singleton-Merten syndrome. Am. J. Hum. Genet. 96, 266-274 (2015).

8. Feigenbaum, A. et al. Singleton-Merten syndrome: an autosomal dominant
disorder with variable expression. Am. J. Med. Genet. A 161A, 360-370
(2013).

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ghadiam, H. & Mungee, S. Singleton-Merten syndrome: a rare cause of early
onset aortic stenosis. Case Rep. Cardiol. 2017, 8197954 (2017).

Lu, C. & MacDougall, M. RIG-I-like receptor signaling in Singleton-Merten
syndrome. Front. Genet. 8, 118 (2017).

Valverde, I et al. Singleton-Merten syndrome and impaired cardiac function.
J. Am. Coll. Cardiol. 56, 1760 (2010).

Bursztejn, A. C. et al. Unusual cutaneous features associated with a
heterozygous gain-of-function mutation in IFIHI: overlap between
Aicardi-Goutieres and Singleton-Merten syndromes. Br. J. Dermatol. 173,
1505-1513 (2015).

de Carvalho, L. M. et al. Musculoskeletal disease in MDAS5-related type I
interferonopathy: a Mendelian mimic of Jaccoud’s arthropathy. Arthritis
Rheumatol. 69, 2081-2091 (2017).

Pettersson, M. et al. Further evidence for specific IFIH1 mutation as a cause of
Singleton-Merten syndrome with phenotypic heterogeneity. Am. J. Med.
Genet. A 173, 1396-1399 (2017).

Schuberth-Wagner, C. et al. A conserved histidine in the RNA sensor RIG-I
controls immune tolerance to N1-2'O-methylated self RNA. Immunity 43,
41-51 (2015).

Devarkar, S. C. et al. Structural basis for m7G recognition and 2'-O-methyl
discrimination in capped RNAs by the innate immune receptor RIG-I. Proc.
Natl. Acad. Sci. USA 113, 596-601 (2016).

Luo, D. et al. Structural insights into RNA recognition by RIG-I. Cell 147,
409-422 (2011).

Jiang, F. et al. Structural basis of RNA recognition and activation by innate
immune receptor RIG-1. Nature 479, 423-427 (2011).

Peisley, A., Wu, B,, Xu, H., Chen, Z. J. & Hur, S. Structural basis for ubiquitin-
mediated antiviral signal activation by RIG-I. Nature 509, 110-114 (2014).
Seth, R. B., Sun, L., Ea, C. K. & Chen, Z. J. Identification and characterization
of MAVS, a mitochondrial antiviral signaling protein that activates NF-
kappaB and IRF 3. Cell 122, 669-682 (2005).

Wu, B. & Hur, S. How RIG-I like receptors activate MAVS. Curr. Opin. Virol.
12, 91-98 (2015).

Hou, F. et al. MAVS forms functional prion-like aggregates to activate and
propagate antiviral innate immune response. Cell 146, 448-461 (2011).
Peisley, A., Wu, B,, Yao, H., Walz, T. & Hur, S. RIG-I forms signaling-
competent filaments in an ATP-dependent, ubiquitin-independent manner.
Mol. Cell 51, 573-583 (2013).

Wu, B. et al. Molecular imprinting as a signal-activation mechanism of the
viral RNA sensor RIG-1. Mol. Cell 55, 511-523 (2014).

Seth, R. B., Sun, L. & Chen, Z. . Antiviral innate immunity pathways. Cell Res.
16, 141-147 (2006).

West, A. P, Shadel, G. S. & Ghosh, S. Mitochondria in innate immune
responses. Nat. Rev. Immunol. 11, 389-402 (2011).

Liu, S. et al. Phosphorylation of innate immune adaptor proteins MAVS,
STING, and TRIF induces IRF3 activation. Science 347, aaa2630 (2015).
Schlee, M. et al. 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 (2009).

Yoneyama, M. et al. The RNA helicase RIG-I has an essential function in
double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 5,
730-737 (2004).

Muthukrishnan, S., Moss, B., Cooper, J. A. & Maxwell, E. S. Influence of 5'-
terminal cap structure on the initiation of translation of vaccinia virus mRNA.
J. Biol. Chem. 253, 1710-1715 (1978).

Ramanathan, A., Robb, G. B. & Chan, S. H. mRNA capping: biological
functions and applications. Nucleic Acids Res. 44, 7511-7526 (2016).
Furuichi, Y. & Shatkin, A. J. Viral and cellular mRNA capping: past and
prospects. Adv. Virus Res. 55, 135-184 (2000).

Lassig, C. et al. ATP hydrolysis by the viral RNA sensor RIG-I prevents
unintentional recognition of self-RNA. Elife 4, €10859 (2015).

Zhang, H. X. et al. Rig-I regulates NF-kappaB activity through binding to Nf-
kappabl 3’-UTR mRNA. Proc. Natl. Acad. Sci. USA 110, 6459-6464 (2013).
Lassig, C. et al. Correction: ATP hydrolysis by the viral RNA sensor RIG-I
prevents unintentional recognition of self-RNA. Elife 5, 10859 (2016).
Malathi, K., Dong, B., Gale, M. Jr. & Silverman, R. H. Small self-RNA
generated by RNase L amplifies antiviral innate immunity. Nature 448,
816-819 (2007).

Zheng, J. et al. HDX reveals the conformational dynamics of DNA sequence
specific VDR co-activator interactions. Nat. Commun. 8, 923 (2017).

Luo, D., Kohlway, A., Vela, A. & Pyle, A. M. Visualizing the determinants of
viral RNA recognition by innate immune sensor RIG-1. Structure 20,
1983-1988 (2012).

Kohlway, A., Luo, D., Rawling, D. C,, Ding, S. C. & Pyle, A. M. Defining the
functional determinants for RNA surveillance by RIG-1. EMBO Rep. 14,
772-779 (2013).

| (2018)9:5366 | https://doi.org/10.1038/s41467-018-07780-z | www.nature.com/naturecommunications 1


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Keppel, T. R. & Weis, D. D. Mapping residual structure in intrinsically
disordered proteins at residue resolution using millisecond hydrogen/
deuterium exchange and residue averaging. J. Am. Soc. Mass Spectrom. 26,
547-554 (2015).

Pascal, B. D. et al. HDX workbench: software for the analysis of H/D exchange
MS data. . Am. Soc. Mass Spectrom. 23, 1512-1521 (2012).

Zheng, J. et al. High-resolution HDX-MS reveals distinct mechanisms of RNA
recognition and activation by RIG-I and MDAS5. Nucleic Acids Res. 43,
1216-1230 (2014).

Ramanathan, A. et al. The autoinhibitory CARD2-Hel2i interface of RIG-I
governs RNA selection. Nucleic Acids Res. 44, 896-909 (2016).

Yoneyama, M. et al. The RNA helicase RIG-I has an essential function in
double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 5,
730-737 (2004).

Arrington, C. B. & Robertson, A. D. Correlated motions in native proteins
from MS analysis of NH exchange: evidence for a manifold of unfolding
reactions in ovomucoid third domain. J. Mol. Biol. 300, 221-232 (2000).
Fang, J., Engen, J. R. & Beuning, P. J. Escherichia coli processivity clamp beta
from DNA polymerase I1I is dynamic in solution. Biochemistry 50, 5958-5968
(2011).

Yang, B., Stjepanovic, G., Shen, Q., Martin, A. & Hurley, J. H. Vps4
disassembles an ESCRT-III filament by global unfolding and processive
translocation. Nat. Struct. Mol. Biol. 22, 492-498 (2015).

Trelle, M. B., Madsen, J. B., Andreasen, P. A. & Jorgensen, T. J. Local transient
unfolding of native state PAI-1 associated with serpin metastability. Angew.
Chem. Int. Ed. Engl. 53, 9751-9754 (2014).

Zhou, J. et al. Conformational dynamics of 1-deoxy-d-xylulose 5-phosphate
synthase on ligand binding revealed by H/D exchange MS. Proc. Natl. Acad.
Sci. USA 114, 9355-9360 (2017).

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

Rawling, D. C,, Fitzgerald, M. E. & Pyle, A. M. Establishing the role of ATP for
the function of the RIG-I innate immune sensor. Elife 4, €09391 (2015).
Lassig, C. et al. Unified mechanisms for self-RNA recognition by RIG-I
Singleton-Merten syndrome variants. eLife 7, €38958 (2018).

Funabiki, M. et al. Autoimmune disorders associated with gain of function of
the intracellular sensor MDAS. Immunity 40, 199-212 (2014).

Sadler, A. J. The role of MDAS5 in the development of autoimmune disease. J.
Leukoc. Biol. 103, 185-192 (2017).

Lassig, C. & Hopfner, K. P. Discrimination of cytosolic self and non-self RNA
by RIG-I-like receptors. J. Biol. Chem. 292, 9000-9009 (2017).

Zeng, W. et al. Reconstitution of the RIG-I pathway reveals a signaling role of
unanchored polyubiquitin chains in innate immunity. Cell 141, 315-330 (2010).
Jiang, X. et al. Ubiquitin-induced oligomerization of the RNA sensors RIG-I
and MDAD5 activates antiviral innate immune response. Immunity 36,
959-973 (2012).

Weis, D. D., Wales, T. E., Engen, J. R., Hotchko, M. & Ten Eyck, L. F.
Identification and characterization of EX1 kinetics in H/D exchange mass
spectrometry by peak width analysis. J. Am. Soc. Mass Spectrom. 17,
1498-1509 (2006).

59. Guttman, M., Weis, D. D., Engen, J. R. & Lee, K. K. Analysis of overlapped
and noisy hydrogen/deuterium exchange mass spectra. J. Am. Soc. Mass
Spectrom. 24, 1906-1912 (2013).

Acknowledgements

This research was supported in part by the National Institutes of Health, National
Institute for General Medicine Grants GM111959 (S.S.P. and ].M.) and GM103368 (J.M.
and P.R.G.), and the Intramural Research Program of the National Institute of Allergy
and Infectious Diseases/National Institutes of Health (J.M.).

Author contributions

J.Z., S.S.P., .M., and P.R.G. designed the experiments. S.C.D. and R.D.G-O. made the

mutants, S.C.D. and performed the RNA-binding and ATPase studies, and B.S. and CW.
purified the mutants. S.S.P., S.C.D., B.S. designed the biochemical experiments. M.R.C.
performed interferon assays. G.C.C. and B.D.P. assisted HDX data analysis. ].Z., S.J.N.,,
and P.R.G. performed HDX experiments. J.Z., CW., S.S.P,, .M., and P.R.G. wrote the
manuscript and accommodated comments from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07780-z.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:5366 | https://doi.org/10.1038/s41467-018-07780-z | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-07780-z
https://doi.org/10.1038/s41467-018-07780-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	HDX-MS reveals dysregulated checkpoints that compromise discrimination against self RNA during RIG-I mediated autoimmunity
	Results
	RNA chemical structures and IFN-β activities
	Cap1 discrimination by HEL-CTD RNA recognition module
	RNA surveillance is coupled with CARDs partial opening
	Cap1 and 5′ppp are distinguished by E373A RIG-I
	E373A affects the ATP-dependent proofreading of RIG-I
	C268F RIG-I becomes signaling competent independent of ATP

	Discussion
	Methods
	RNA preparation
	Protein preparation
	Hydrogen/deuterium exchange mass spectrometry
	EX1 kinetics analysis and curve fitting
	BIOMOL Green ATPase assay
	IFN Dual Reporter Assays
	RNA binding and ATP hydrolysis

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Supplementary information
	ACKNOWLEDGEMENTS




