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RIG-I like receptors (RLR) that recognize non-self RNA play
critical roles in activating host innate immune pathways in
response to viral infections. Not surprisingly, RLRs and their
associated signaling networks are also targeted by numerous
antagonists that facilitate viral pathogenesis. Although the role
of RLRs in orchestrating antiviral signaling has been recognized
for some time, our knowledge of the complex regulatory
mechanisms that control signaling through these key
molecules is incomplete. A series of recent structural studies
shed new light into the structural basis for dsSRNA recognition
and activation of RLRs. Collectively, these studies suggest that
the repression of RLRs is facilitated by a cis element that makes
multiple contacts with domains within the helicase and that
RNA binding initiated by the C-terminal RNA binding domain is
important for ATP hydrolysis and release of the CARD domain
containing signaling module from the repressed conformation.
These studies also highlight potential differences between RIG-
| and MDAS5, two RLR members. Together with previous
studies, these new results bring us a step closer to uncovering
the complex regulatory process of a key protein that protects
host cells from invading pathogens.
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Introduction

Pattern recognition receptors (PRRs) known as the reti-
noic acid inducible gene-I (RIG-I) like receptors (RLRs)
are super family 2 (SF2) RNA helicase domain containing
proteins [1-3]. Like all PRRs, RLRs are germ-line
encoded and are constitutively expressed in most cells,
including dendritic cells and macrophages. Pathogen
associated molecular pattern (PAMP) recognition by

PRRs results in the activation of type I interferons (IFN's)
and leads to subsequent activation of IFN stimulated
response elements (ISREs) that can ultimately control
viral infections [4]. There are three members of the RLR
family: retinoic acid inducible gene-I (RIG-I), melanoma
differentiation associated factor gene 5 (MDAS), and
laboratory of genetics and physiology 2 (LLGP2) [3,5,6].

RIG-I, MDAS, and LGP2 all contain DEX/DH box RNA
helicases (Figure 1). In addition to the common SF2
helicase domain, which contains a helicase insertion
domain (HELZ2i) along with helicase domain 1 (HELT1)
and 2 (HEL?2), all three proteins share an RNA binding
domain known as C-terminal domains (CTD, also called
repressor domain (RD)) [6,7°°]. The tandem caspase
activation and recruitment domains (CARDs) are present
at the N-terminus of RIG-I and MDAS. By contrast,
LGP2 lacks the N-terminal CARD domains. The N-
terminal CARD domains engage in protein-protein inter-
actions with other CARD domain containing proteins,
most notably with mitochondrial associated antiviral sig-
naling molecule (MAVS, also known as IPS-1, VISA,
CARDIF) [8]. In the context of RLR signaling, only
MDAS and RIG-I can interact with downstream effector
molecule MAVS, while both agonist and antagonist roles
have been described for LGP2 in the literature. CARD-
CARD interactions between RLRs and MAVS lead to
activation of interferon kinases, such as Tank binding
kinase-1 (T'BK-1) and Interferon kB kinase € (IKK¢), that
can phosphorylate interferon regulator factors 3 (IRF3)
and 7 (IRF7) [9]. Phosphorylation and nuclear localization
of IRF3/7, as well as nuclear factor kB (NFkB), result in
type I interferon (IFN-1) production [1,4,9]. IFN-o/B
produced as a result of these signaling events can function
in an autocrine and paracrine manner, leading to the
induction of a large number of antiviral molecules
[1,10]. Expression of IFN stimulated genes (ISGs) estab-
lishes an antiviral state, which limits viral replication and
spread, and often leads to viral clearance.

Although the role of RLRs as key molecules orchestrating
antiviral signaling has been recognized for some time, our
knowledge of the complex regulatory mechanisms that
control signaling through these key molecules is incom-
plete. Recent structural analysis by four independent
groups of RIG-I proteins, including the first structure
of an RLR protein containing the N-terminal CARDs,
provide key snap shots that reveal important aspects of
RNA recognition and activation mechanisms (see Table 1
Table 1) [11°°,12°%,13°°,14°°]. Most significantly, the
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Figure 1

DExXD/H helicase domain
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Domain architecture of RIG-I-like receptors. RIG-I and MDA-5 have similar domain organization. The domains are: CARD1 (cyan), CARD2 (blue),
helicase HEL1 (green), helicase insertion domain HEL2i (yellow), helicase HEL2 (purple), the regulatory pincer motif P (red), and C-terminal domain

CTD (orange). LGP2 lacks the N-terminal CARDs.

current structures reveal how the helicase and CTD
regions interact with dsRNA. Therefore, these studies
shed new light into the structural basis for dsRNA recog-
nition and support an activation mechanism, which
includes conformational changes to multiple contacts
between double stranded RNA (dsRNA) and RIG-I
domains as well as interactions with dsRNA. Together
with previous structural studies on the C-terminal repres-
sor domains, which was key to understanding the ligand
recognition mechanisms (structures listed in Table 1),
these studies greatly expands our understanding and
paints an exciting picture of how RLRs are tightly
regulated to protect host cells from invading pathogens
(Table 1) [15°,16°,17-20]. In this review, we will present

Table 1

an overview of structural and biochemical studies that
define the structural basis for RNA recognition and acti-
vation of RLLRs and discuss areas that require further
investigation, including differences between RIG-I and
MDAS5, in order to fully understand the regulatory mech-
anisms that control RLRs.

dsRNA containing ligands activate RLRs

Detection of a variety of RNA PAMPs by RLRs is
critical for viral detection and activation of IFN-a/B
[3,21]. In their seminal study, Yoneyama ez 4/. reported
that the activity of RIG-I through CARD domains is
under negative regulation [7°°]. While RIG-I, MDA-5,
and LGP2 all retain the C-terminal sequence homology,

Summary of RLR structural studies

RLR? Domains® ATP® RNA PDB Reference
hRIG-I T 2QFB, 2QFD [34]
hRIG-I T 2RMJ [33°]
hMDA-5 T 3GA3

hLGP2 T 2W4R [43]
hLGP2 T 5 OH dsRNA (8 mer) 3EQT [18]
hLGP2 T 2RQA [20]
hMDA-5 T 2RQB [20]
hRIG-I T 5'ppp dsRNA (12 mer) 3NCU [16°]
hRIG-I T 5'ppp dsRNA (14 mer) 3LRN [157]
hRIG-I T 5'ppp dsRNA (12 mer) 3LRR [15°]
hRIG-I T 5'0OH dsRNA (14 mer) 30G8 [19]
dRIG-| T 4A2V [13%7]
dRIG-I T 5'OH dsRNA (14 mer) 4A2X [13°]
dRIG-I H Analog 5'0OH dsRNA (19 mer) 4A36 [13°°]
dRIG-| H 4A2P [13°7]
mRIG-| H Analog 3TBK [11°]
hMDA5 HEL2i 3TS9 [39°]
hRIG-I H, T Analog 5'ppp dsRNA (14 mer) 3TMI [12°7]
hRIG-I H, T 5'0H dsRNA (10 mer) 2YKG [14°°]
dRIG-| C,H 4A2Q [13°7]
dRIG-| CHT 4A2 W [13°]

2 human (h), mouse (M), duck (d).

® CARDS (C), Helicase (H), Helicase2 insert (HEL2i), C-terminal domain (T).

¢ ATP or analog.
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including the helicase domains, dsRNA binding and
A'TPase activity are both required for signal transduc-
tion by RIG-I [7°°]. Subsequent studies have identified
many different RNA ligands or moieties that are
involved in RLR regulation, including ligands such as
poly I.C [7°°], 5’ triphosphate (5'ppp) [22,23], double
strandedness [7°°,24-26], and the panhandle structure
formed by the 5’ and 3’ untranslated regions (UTRs)
[27]. Together, these studies demonstrate that many of
the RLR activators are either parts of viral genomes or
products and byproducts of viral replication.

RIG-I and MDAS are thought to recognize different
ligands [28] and are implicated in the recognition of
distinct viruses [29,30]. For example, RIG-I receptors
are critical for limiting infection by rhabdoviruses (ves-
icular stomatitis virus and rabies virus), paramyxoviruses
(Sendai virus, respiratory syncytial virus, and Newcastle
disease virus), orthomyxoviruses (influenza A and B) and
filoviruses (Ebolavirus and Marburgvirus), whereas picor-
naviruses (EMCYV, coronavirus, and murine hepatitis
virus, and murine norovirus-1 type I) are detected by
MDAS predominantly [4,29]. Interestingly, flaviviruses
(Dengue virus and West Nile viruses) as well as reo-
viruses (rotavirus) can signal through both RIG-I and
MDAS [4,29-32]. These differences are probably owing
to differences in dsRNA recognition as MDAS can be
activated by long dsRNA, whereas much shorter dsRNA
and those that contain 5'ppp can activate RIG-I more
efficiently [28]. Collectively these studies have shown
that RIG-I can be activated by either dsSRNA or DNA-
RNA heteroduplexes, but not dsDNA.

RLR C-terminal domains recognize blunt end dsRNA

The RIG-I C-terminal RNA binding domain (C'TD) was
the first experimentally determined structural domain of
RLRs. Takahasi ez a/. [33°] and Cui ez al. [34°] reported
structures of the RIG-1 C'TD that was identified through a
series of biochemical and structural mapping studies.
Guided by the structures, subsequent mutagenesis exper-
iments identified key basic residues that formed the
dsRNA interaction surface [33°,34°]. The binding site
for the 5'-ppp was predicted on the basis of these studies.
The following structures of RIG-1 C'T'D bound to 5'-ppp
containing dsRNA, as well as MDAS5 and LLGP2 bound to
blunt ended dsRNA, confirmed previous mutagenesis
and binding interactions (Figure 2 and Table 1) and also
identified the structural determinants required for 5'-ppp
binding [15%,16°]. Comparison of RIG-I C'T'D bound to
RNA with structures of RIG-I helicase—-C'TD (Figure 2¢)
show that interactions between the C'TD and the dsRNA
remain largely unchanged. These include contacts with
both strands of the dsRNA as well as base stacking by the
conserved phenylalanine residue (Figure 2¢, in human
RIG-I). Interestingly, comparison of RIG-I CTD-dsRNA
complex structures with helicase-CTD-dsRNA com-
plexes suggests that the RNA in the 5'-ppp containing

dsRNA-CTD complex structure align best with the
5'OH dsRNA from the RIG-I helicase—-dsRNA complex
structure. These observations suggest that 5'-ppp binding
aligns the dsRNA in the most energetically favorable
orientation. Such binding may correspond to potent
RIG-I activation, as judged by ATPase activities that
are seen when 5'-ppp ligands are used.

Autoinhibition and activation of RIG-I/RLRs require
ATPase activity and dsRNA binding

Helicases in the SF2 family bind and/or remodel nucleic
acids, which sometimes result in unwinding as well as
translocation of the helicase containing protein on the
nucleic acid strands [35]. RLLR helicases are part of the
Dicer-RIG-I clade in the family of SF2 helicases and
contain two RecA like domains that are required for
ATPase activity [35]. It was previously reported that
RIG-I may also unwind dsRNA [33°], but most recent
studies show that RIG-I and potentially RLRs are unlikely
to participate in dsRNA unwinding. Comparison of the
RIG-I helicase bound to dsRNA with other helicases, such
as Hepatitis C virus (HCV) NS3, reveals that key structural
elements such as the Phe-loop of HCV is absent in RLR
helicases [12]. Consistent with an RNA recognition and
binding role, the complex structure of RIG-I helicase—
CTD dual domain bound to dsRNA reveals extensive
protein-RNA contacts in excess of 1500 A that cover about
8 base pairs (Figure 2c) [12]. dsRNA recognition by the
helicase domain may facilitate translocation along the
dsRNA, where the ATPase activity of the RLR helicases
was shown to be tightly coupled to the ability to translocate
along dsRNA in a length dependent manner [36].

Since the CARD domains are required for signaling, it
was proposed that interactions between the N-terminal
CARDs and other domains of RLLRs result in an auto-
inhibited state [7°°,33°,34°]. Consistent with these find-
ings, Kowalinski ez /. showed that the two N-terminal
CARD domains form a head to tail interaction, where the
N-terminus of the CARDZ head interacts directly with
the C-terminal region of CARDI1 (Figure 2c). Interest-
ingly, the C-terminus of CARD?Z also makes extensive
contacts with HEL2i, suggesting that the CARDs and
HELZ2i regions contribute to the formation of a rigid
inactive conformation (Figure 2c). These CARD-heli-
case interactions may also prevent access to MAVS
directly or by blocking ubiquitination by TRIM25 [37]
or interactions with unanchored polyubiquitin chains
[38], which are important for downstream signaling. Com-
parison of the dsRNA-bound structures of helicase and C-
terminal domains with dsRNA free structures suggests
that the pincer motif (also called the bridging domain or
regulatory element) is also important for regulating RIG-I
activation [13°°]. The pincer motif interacts with both
HEL1 and HEL2 domains and connects the helicase
domain to the CTD, which binds RNA (Figure 2c).
Consistent with these findings, the helicase domain alone
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Figure 2

(a)

(c)

Autoinhibited RIG-I

(b)

5 ppp dsRNA
ATP

Activated RIG-I
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Structural basis for dsRNA recognition and activation of RLRs. (a) C-terminal RNA binding domain in the presence of RNA (PDB: 3NCU). (b) Helicase
domain in the presence of RNA (PDB: 4A36). (c) In the autoinhibited conformation, the N-terminal CARDs are sequestered from signaling and the
pincer maintains RIG-1 in an autoinhibited state (PDB: 4A2W). Binding of dsRNA to the CTD brings HELZ2i in contact with dsRNA (PDB: 2YKG). The
change in conformation upon dsRNA binding presumably releases the CARD domains for signaling.

binds dsRNA with low affinity, and the addition of the
CTD markedly improves dsRNA binding [12]. While 5'-
ppp containing dsRNA are more potent activators, these
studies show that dsRNA longer that 8-10 base pairs are
likely to bind and activate RLLRs. Altogether, these results
suggest that initial dSRNA binding to CTD enhances
dsRNA binding to helicase, and that deletion (or
mutation of key residues in C'TD) result in significant
reduction in dsRNA binding by the RLR helicases and
subsequent blunting of innate immune signaling. A

model consistent with these findings has been proposed
(Figure 3), where the signaling CARD domains are
sequestered through autoregulatory contacts within
RIG-I [12-14]. Interactions of dsRNA first with the
CTD and subsequently with the helicase result in the
reorientation of the pincer domain leading to A'TP
hydrolysis and release of the N-terminal CARDs for
signal transduction. It is likely that ubiquitination of
RLR signaling may result in more sustained signaling,
with higher burst activity.

Current Opinion in Structural Biology 2012, 22:297-303
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Figure 3
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A structure based model dsRNA-mediated RLR regulation and signaling. (@) Functional elements in RLRs. The CARD domains comprise the signaling
region, the helicase serves as the activation domain, the pincer is the regulatory element, and the C-terminal domain is the RNA binding domain. (b)
Schematic model of the activation mechanism in RIG-I. In the absence of dsRNA, RIG-I exists in an autoinhibited conformation that is regulated by the
pincer motif, which prevents the N-terminal CARDs from signaling. Binding of dsRNA to the CTD relieves repression by the pincer motif, initiates

dsRNA binding to HEL2i, and releases the CARDs from HEL2i to become polyubiquinated and activate production of Type | IFNs.
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How different is MDA5 from RIG-1?

Ligand length preferences between MDAS and RIG-I
and their ability to uniquely detect different viral families
are well established. A recent study extends our under-
standing of the potential differences between MDAS and
RIG-I in their regulation and activity [39°]. Berke and
Modis reveal that in contrast to RIG-I, the N-terminal
CARDs are not likely to interact with the HEL.2i or other
domains within MDAS [39°]. Moreover, ATP leads to
differential binding affinities to RNA ligands by MDAS in
an ATP concentration dependent manner whereas
ATPase mutations in RIG-I lead to dominant negative
effects. Taken together, these new results on MDAS
suggest that despite high sequence conservation and
structural similarity, large differences in MDAS and
RIG-I regulation may exist. Additional studies will be
required to fully appreciate how these differences trans-
late into functional consequences.

Concluding remarks and prospects

The recent structures of RIG-I proteins together with
previous studies provide a wealth of information to under-
stand how RLLRs are structurally regulated and suggest a
simplified model where the activity of the signaling module
(CARDs) is repressed by the repression element (pincer
motif) through interactions with the activation domain
(helicase) (Figure 3a, b). RNA recognition by the C'TD
leads to a conformational change in the repression element,
resulting in signaling. But, there are several aspects of RLR
regulation that needs further clarification. For example, itis
still not clear how the ATPase activity is linked to all RLR
functions. A recent study showed that the pincer motif may
function as a repressor element, where deletion of the
pincer region resulted in constitutive activation of RIG-I
signaling [40]. By contrast, the recent crystal structure of
the MDAS Hel2i domain revealed that while it is structu-
rally similar to RIG-I proteins, the regulatory mechanism of
MDAS5 may be significantly different [39]. Moreover,
MDAS is able to bind both short and long dsRNA (and
RNA with complex secondary structures) with varying
affinities that are dependent on the ATP concentration
[39°]. By contrast, an ATPase inactive mutant (K270A) was
also functional in the context of a mutant RIG-I construct
where key hydrophobic interactions within the pincer
motif were mutated. These results raise the question
whether RLRs with defective ATPases can also signal or
if the A'TPase activity is required to move the pincer motif
in order to release CARDs from the HELZ2i domain.
Although we have several structures of dsSRNA bound to
the C'T'D and to the helicase domain, as well as helicase—
C'TD dual domains (Table 1), the relative structural orien-
tations of the helicase and C'TD in the absence of dsRNA is
unknown. Moreover, oligomerization is thought to enhance
translocation rates and provide a basis for cooperativity in
A'TPase hydrolysis and/or translocation [41,42]. Is ubiqui-
tination important for activation, sustained signaling, or
both? Given the 8-18 base footprint of RLRs, what is the

basis for length preference shown by MDAS and RIG-I and
the role of subsequent activation of signaling? Further-
more, what is the role of LGP2? These are some of the
questions whose answers will bring us a step closer to
uncovering a significant antiviral signaling mechanism with
broad implications for normal function and response to
pathogens.
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