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Abstract

Mammalian cells have the ability to recognize virus infection and mount a powerful antiviral
response. Pattern recognition receptor proteins detect molecular signatures of virus infection and
activate antiviral signaling. The RIG-I-like receptor (RLR) proteins are expressed in the cytoplasm
of nearly all cells and specifically recognize virus-derived RNA species as a molecular feature
discriminating the pathogen from the host. The RLR family is composed of three homologous
proteins, RIG-1, MDAS5, and LGP2. All RLRs have the ability to detect virus-derived dsRNA and
hydrolyze ATP, but display individual differences in enzymatic activity, intrinsic ability to
recognize RNA, and mechanisms of activation. Emerging evidence suggests that MDAS and RIG-
I utilize distinct mechanisms to form oligomeric complexes along dsRNA. Aligning of their
signaling domains creates a platform capable of propagating and amplifying antiviral signaling
responses. LGP2 with intact ATP hydrolysis is critical for the MDA5-mediated antiviral response,
but LGP2 lacks the domains essential for activation of antiviral signaling, leaving the role of
LGP2 in antiviral signaling unclear. Recent studies revealed a mechanistic basis of synergy
between LGP2 and MDADS leading to enhanced antiviral signaling. This review briefly
summarizes the RLR system, and focuses on the relationship between LGP2 and MDAS,
describing in detail how these two proteins work together to detect foreign RNA and generate a
fully functional antiviral response.
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RIG-I-like Receptors: Domain Structure and Connections to Antiviral
Signaling

The antiviral functions of the RLR proteins were first revealed when RIG-1 was identified in
a function-based cDNA library screen designed to discover proteins that could induce the
expression of an IFNB promoter reporter gene. Sequence alignment studies revealed MDA5S
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and LGP2 as close homologs to RIG-I1, with an overall amino acid sequence identity of
approximately 30%. The sequence identity was even higher within key domains, suggesting
potential functional similarity (Yoneyama et al., 2005). This potential functionally similarity
was confirmed when MDADS was characterized as an activator of IFN expression in response
to RNA virus infection or transfection with the double-stranded RNA analog
polyinosinic:polycytidilic acid (poly(1:C)) (Yoneyama et al., 2005). The similarity in
structure, function, and sequence homology of all three RLR proteins define them as an
evolutionarily conserved gene family (Figure 1) (Cagliani et al., 2014). RLR signaling and
domain structure and function have been reviewed in detail previously (for example, (Bruns
and Horvath, 2012; 2014; Rawling and Pyle, 2014)).

The RLRs share many key structural features, most notably a central DECH-box helicase
domain that is homologous to the SF2 superfamily of RNA helicase proteins. Like other SF2
members, the RLRs share a catalytic core composed of two RecA-like domains that
encompass up to twelve conserved helicase domain motifs (Cordin et al., 2006; Linder and
Jankowsky, 2011). The most highly conserved and prominent helicase domain sequence
motifs, Q and I-VI, cluster into either of the two RecA subdomains (referred to as domain 1
and domain 2). The helicase domain generally functions to coordinate RNA binding, ATP
hydrolysis, and conformational rearrangements upon RNA recognition. Crystal structures of
MDAS and RIG-I also revealed the presence of an insertion domain (Domain 2i) and pincer
(P) within the broader helicase domain structure, both of which are involved in structural
rearrangements critical for adoption of the active signaling conformation after dsSRNA
detection (Civril et al., 2011; Jiang et al., 2011, Jiang and Chen, 2012; Kowalinski et al.,
2011; Luo et al., 2011). These elements may be present in LGP2 as well, but structures are
needed to confirm if these domains have conservation in LGP2. At their extreme C-
terminus, all three RLRs have a regulatory domain (CTD) that has been implicated in
regulation of RLR signaling activity (Saito et al., 2007; Yoneyama et al., 2004) and is
crucial for the specific recognition of RNA substrate features (Cui et al., 2008, Takahasi et
al., 2008). In addition, RIG-1 and MDADS have tandem N-terminal caspase activation and
recruitment domain (CARD) regions that are absent in LGP2. The CARDs are protein
interaction modules required for mediating antiviral signal transduction downstream of RNA
recognition (Saito et al., 2007, Saito et al., 2008, Takahasi et al., 2008). The N-terminal
CARD:s of RIG-I were isolated in the original cDNA library screen as activators of IFNJ
expression, and provided the first connection between the RLRs and antiviral signaling. Our
understanding of CARDs as antiviral signaling domains has grown in recent years, as
CARD oligomerization has emerged as a key component of antiviral signal transduction
(Berke and Modis, 2012; Berke et al., 2013; 2012; Patel et al., 2013; Peisley et al., 2013; Wu
etal., 2013).

Both RIG-I and MDAS utilize CARD alignment to initiate antiviral signaling cascades, but
LGP2 lacks the CARD:s critical for downstream signaling. Due to its clear structural
similarity to RIG-1 and MDAJ5, lack of CARDs, and strong dsRNA-binding affinity, LGP2
was originally characterized as a feedback inhibitor of RLR signaling (Komuro and Horvath,
2006; Rothenfusser et al., 2005; Yoneyama et al., 2005). Other more recent studies have
characterized LGP2 as an activator of RLR signaling, revealing opposing roles of LGP2 as
both a positive and negative regulator of RLR signaling (Bruns et al., 2014; 2013; Satoh et
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al., 2010; Venkataraman et al., 2007a). Studies discussed below suggest that the positive and
negative regulation of RLR signaling by LGP2 are not mutually exclusive, and propose a
resolution to these seemingly contradictory roles of LGP2 (Bruns et al., 2013; 2014).

Current Overview of RLR-mediated Antiviral Signaling

RIG-I

Much of the current understanding of RLR signaling is based on extensive studies of RIG-I,
the first recognized RLR protein (Yoneyama et al., 2004), and more recent discoveries about
MDAJS contribute to the current model of RLR signaling (simplified model illustrated in
Figure 2). Upon virus infection, interaction with virus-derived RNA ligands leads to a
conformational change exposing the active CARDs, allowing association with an essential
mitochondrial antiviral signaling protein, MAVS (also known as IPS-1) (Kawai et al., 2005;
Kumar et al., 2006; Seth et al., 2005; Sun et al., 2006). When stimulated by MDADS or RIG-I
CARD alignment, MAVS acts as a polymeric signaling scaffold by assembling into
filamentous structures along the outer mitochondrial membrane (Figure 2 C,H,J) (Hou et al.,
2011; Jacobs and Coyne, 2013; Xu et al., 2014). The MAVS scaffold then enables the
assembly and activation of signaling proteins including TRAF2, TRAF5, and TRAF6, and
associated serine kinases (TBK1 and the IKK family) (Figure 2D) (Liu et al., 2013). These
kinases activate master transcription factors IRF3 and NFxB, that drive the expression of
diverse antiviral genes including IFN, the major antiviral cytokine (Figure 2E) (Freaney et
al., 2013; Honda et al., 2006). Secreted IFNp acts in an autocrine and paracrine fashion via
the JAK-STAT signaling pathway, initiating antiviral programs in the infected cell and
neighboring cells that provide an effective barrier against virus replication (Au-Yeung et al.,
2013; Fink and Grandvaux, 2013).

Generally, the RLR proteins share the ability to detect molecular signatures of virus
infection, but differ in both their RNA recognition specificity and signaling properties
(Ramos and Gale, 2011; Yoneyama et al., 2005). This review contains a brief summary of
RIG-1 as the prototype RLR, and describes in greater detail the RNA recognition properties
of MDAS and LGP2, and the role of enzymatic ATP hydrolysis activity as it relates to RNA
detection and the receptor's ability to form active antiviral signaling complexes.

RIG-1 was the first RLR to be characterized in antiviral innate immunity and became the
prototype for our understanding of RLR signaling. Many recent studies have demonstrated
that dsRNA detection by RIG-I can be conceptualized as having two phases, the initial
interaction of the first protein monomer with dsRNA, often referred to as nucleation,
followed by propagation of a protein filament along the dsSRNA (Patel et al., 2013; Peisley et
al., 2013; 2014). Filament formation results in the alignment of multiple CARDs, interacting
with the CARD region of MAVS and seeding formation of MAVS filaments (Hou et al.,
2011; Patel and Garcia-Sastre, 2014; Xu et al., 2014). Current information suggests that the
initiation of MAVS prion-like assembly is a central outcome of RNA recognition by the
RLR proteins, and is critical for the efficient activation of downstream antiviral signaling
cascades.
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Initial RNA Recognition

Various studies have investigated initial RIG-I-RNA interactions. While under certain
contexts, RIG-1 has been shown to interact with RNAs of various lengths, sequences, and
end modifications (Schlee and Hartmann, 2010), the consensus is that RIG-1 is initially
activated by the CTD binding to RNAS bearing a triphosphate (PPP) moiety and blunt-ended
base pairing at the 5’ end (Goubau et al., 2013; Hornung et al., 2006; Schlee, 2013; Schlee et
al., 2009; Schmidt et al., 2009). Recent studies have demonstrated that RIG-1 can also be
activated by the CTD binding to dsRNAs bearing a 5’-diphosphate (PP) (Goubau et al.,
2014). Like the 5’-PPP generated by viral polymerases, recognition of 5’-PP dsRNA serves
to discriminate self from non-self as 5’-PP RNAs are found in some viruses, such as the
reovirus genome, but are not found in uninfected cells (Goubau et al., 2014). This initial
CTD-mediated recognition of 5’-end modifications found on virus-derived RNAs induces
conformational changes leading to RIG-1 activation.

Activation and Structural Rearrangement

In the current model of RIG-I signaling, RIG-I is present in the cytoplasm in an
autoinhibited ligand-free state (Figure 2A), and is only activating by the CTD binding to the
appropriate 5’-PPP or 5/-PP dsRNA ligand (Figure 2B, 3A). In this ligand free
conformation, the two CARDs are interacting with the Hel2i insertion domain, leaving the
CARDS unavailable for downstream signaling while the CTD retains a high degree of
flexibility to sample the cellular environment for foreign RNAs. When the CTD recognizes
an appropriate 5’-PPP or 5’-PP dsRNA end modification, a conformational change is
initiated in which the dsRNA helix displaces the CARDs, allowing the helicase domains to
form a ring-like structure around the RNA helix, and freeing the CARDs for downstream
signaling interactions with MAVS (Figure 2C) (Civril et al., 2011; Jiang et al., 2011;
Kowalinski et al., 2011; Luo et al., 2011). This structural rearrangement of the helicase
motifs transforms RIG-1 into an active ATPase, suggesting that ATP binding may also
promote CARD exposure (Jiang and Chen, 2012). The CARDs are critical for downstream
antiviral signaling and their RNA binding-induced exposure provides one mechanism of
RIG-1 regulation. The CARD:s are also modified and regulated in vivo by CARD
ubiquitination, phosphorylation, and via interaction with other regulatory proteins (Arimoto
et al., 2007; Friedman et al., 2008; Gack et al., 2007; Inn et al., 2011; Oshiumi et al., 2010;
Zeng et al., 2010; Zhang et al., 2008).

ATP Hydrolysis and Filament Formation

After this initial structural rearrangement into the enzymatically active conformation, RIG-I
can then utilize the energy from ATP hydrolysis to translocate along the dsSRNA (Figure 3B)
(Jiang and Chen, 2012; Myong et al., 2009). The rate of RIG-I translocation along dsRNA is
dependent on the concentration of ATP, and the presence of CARD domains inhibits
translocation. However, when the dsRNA substrate contained a 5’-PPP modification, the
presence of the CARD domains no longer had an inhibitory effect on the rate of RIG-I
translocation. Based on these studies, activation of the RIG-1 ATPase and subsequent
dsRNA translocation require both a 5’-PPP and double stranded regions of RNA (Myong et
al., 2009). This ATP-dependent translocation was found to increase the frequency or
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efficiency of RIG-1 assembly into high molecular weight aggregates on 5’-PPP RNA
templates (Patel et al., 2013). In the absence of ATP, RIG-I binds to dsRNA ends as a
monomer, but with the addition of ATP it assembles into a filament starting at the dsSRNA
end and elongating toward the interior (Figure 3C) (Peisley et al., 2013). These filaments
were able to form in vitro and stimulate MAVS filament formation by both ubiquitin
independent and ubiquitin dependent mechanisms (Peisley et al., 2013; 2014). Interestingly,
these filaments did not entirely coat long dsRNAs, but were rather observed as multiple
shorter filaments present at the ends of the RNA, and occasionally observed internally along
the length of the RNA. In these in vitro experiments, a dSRNA as short as 62bp, a length that
can accommodate only 4-5 RIG-1 molecules, was capable of activating MAVS
oligomerization in vitro (Peisley et al., 2013). This demonstrates that very long filaments
containing numerous aligned CARDs are likely not essential for MAVS activation. The
importance of this will be highlighted below regarding a potential mechanism of LGP2-
mediated regulation of MDAGS filament formation.

RNA Binding Properties

While the ligand for RIG-1 can be summarized as a 5’-PPP or 5’-PP dsRNA, specific
chemical features of RNA required for recognition by MDAGS have not been identified. The
lack of detailed information regarding MDAJb substrates is in part due to the apparently
weak RNA binding activity of MDADS for the RNAs tested. However, a few studies have
elucidated potential RNA features recognized by MDAS. Using an RNA substrate that had
been enzymatically digested or sheared to create populations of discrete lengths, MDA5 was
most effectively activated by RNA molecules longer than 2kbp, whereas RIG-1 was
efficiently activated by shorter molecules (Kato et al., 2008). In addition to RNA substrate
length, secondary structure may play a role in RNA recognition by MDAS. High molecular
weight RNAs extracted from virus-infected cells were shown to preferentially activate
MDAGS5-mediated signaling (Pichlmair et al., 2009), suggesting that structural features, such
as RNA branches found in RNAs with both single-stranded and double-stranded regions
might be required for recognition by MDAJS. This is consistent with the notion that
poly(1:C), the synthetic dSRNA analogue, which forms branches due to annealing of poly |
and poly C strands of non-defined length, is primarily detected by MDAS5 invitroand in
vivo (Gitlin et al., 2006; Kato et al., 2006). In addition to a preference for secondary
structure, MDAb5 may also discriminate 2’-O-methylation as a feature distinguishing self
from virus-derived RNAs (Daffis et al., 2010; Zust et al., 2011). Because MDAS has no
preference for dSRNA end modifications, it recognizes viruses that are evading RIG-I
detection by masking the 5’-PPP moiety with a capping protein, such as
encephalomyocarditis virus (EMCV). The lack of RNA feature specificity and requirement
for longer dsRNAs is related to the ability of MDAS to form filamentous assemblies along
dsRNA (discussed below).

ATP Hydrolysis Activity: Mutational Analysis and Increased RNA Dissociation

Like RIG-1, MDADS also derives its ATP hydrolysis activity from the central SF2-like
helicase domain. MDAS5 ATP hydrolysis is strictly dependent on dsSRNA stimulation and
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displays greater ATPase activation by longer dsSRNA substrates. In the presence of optimal
dsRNA substrates, MDAGS exhibits a lower rate of ATP hydrolysis than RIG-I (Pollpeter,
2011). A mutational analysis of all core helicase domains (I-VI) was conducted on MDAD5,
and all mutations were found to abrogate ATP hydrolysis activity (Bamming and Horvath,
2009). Four of the MDAS mutants (motif Il, 1V, V, and VI) resulted in proteins that were no
longer able to signal to the IFN promoter, but no trans inhibition was observed for any of
the mutated proteins. Two other proteins with mutations to helicase motif I (ATP binding
site) or motif 111, produced MDAJS proteins with constitutive RNA-independent hyperactive
signal transduction activity, despite their inability to hydrolyze ATP. These phenotypes
clearly show that ATP hydrolysis is not strictly required for MDAJS signaling activity, but
rather that ATPase may play role in regulating MDA5-mediated antiviral signaling. Because
the phenotypes of the homologous mutations were different between RIG-1 and MDAD5,
these studies suggest the regulatory role for ATP hydrolysis in RLR signal transduction that
may be idiosyncratic to the individual receptor and its signaling context (Bamming and
Horvath, 2009). The conclusions of this mutational analysis are supported by recent studies
illustrating the clinical importance of ATP hydrolysis-mediated regulation of MDA5
signaling. In these studies, point mutations in the MDAJS protein (in humans and murine
models) disrupted ATP hydrolysis leading to constitutive activation of MDADS and
autoimmune disease (Funabiki et al., 2014; Rice et al., 2014). These mutations and clinical
outcomes will be discussed in detail below (Antiviral Signaling and Beyond).

Electron microscopy, ATP hydrolysis assays, and electrophoretic mobility shift assays have
demonstrated that MDA5 ATP hydrolysis is correlated with MDAGS dissociation from RNA
(Peisley et al., 2011). Surprisingly, physiological levels of ATP (1-5mM) actually inhibit
cooperative MDAS5-RNA interactions (Berke and Modis, 2012). These findings were
confirmed by single molecule RNA-binding experiments, quantitatively demonstrating that
the addition of ATP increases the MDADS off rate from both 25bp and 44bp dsRNA
substrates (Bruns et al., 2014). The concept that ATP hydrolysis activity results in MDAS5-
RNA disassembly is also consistent with a model in which ATPase plays a regulatory role in
MDAJS5-medaited antiviral signaling (Figure 3E). Synthesis of the currently available studies
of both RIG-I and MDADS suggests the importance of ATP hydrolysis for proper RLR-
mediated antiviral signaling is related to the distinct mechanisms by which RIG-I and
MDAS form filamentous assemblies along dsRNA, and subsequently activate downstream
signaling (Berke and Modis, 2012; Berke et al., 2012; 2013; Jiang et al., 2011; Luo et al.,
2011; Motz et al., 2013; Wu et al., 2013).

Initial RNA Recognition, Conformational Changes, and Filament Assembly

RNA detection by MDAGS leading to activation of MAVS and antiviral signaling involves
multiple conformational changes. Prior to RNA recognition, ligand-free MDADS is present in
the cytoplasm (Figure 2F). When foreign cytoplasmic RNA is detected, MDADS binds
initially as a monomer to dsRNA (Figure 2G), nucleating filament propagation down the
length of the dsSRNA (Figure 2H). This multiple CARD alignment via filament formation is
necessary to seed formation of MAVS oligomers (Hou et al., 2011; Patel and Garcia-Sastre,
2014; Xu et al., 2014). MAVS filaments have been observed in cells along the mitochondria
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in the context of virus infection, and appear to be critical for a fully functional antiviral
response (Xu et al., 2014).

In the ligand-free state, MDADS does not adopt a strictly autoinhibited conformation like
RIG-1 (Figure 2F). The region of Hel2i that binds to and autoinhibits the CARDs in RIG-I is
shorter in MDAJS, and missing a key phenylalanine residue, suggesting Hel2i does not
autoinhibit the MDA5 CARD:s in the absence of RNA (Berke and Modis, 2012). These
findings demonstrate that MDADS, unlike RIG-I, retains a flexible uninhibited conformation
in the absence of RNA. This is consistent with the observation that overexpression of MDA5S
(even in the absence of RNA) significantly stimulates IFNJ promoter transcriptional activity
(Bamming and Horvath, 2009; Rodriguez and Horvath, 2013). Small angle x-ray scattering
and protein modeling show that full-length ligand-free MDAS adopts multiple extended
structures, none of which reveal CARD inhibition (Berke et al., 2013), suggesting
alternative mechanisms of CARD regulation. Many studies have investigated MDA5 CARD
regulation in vivo, demonstrating various levels of regulation by ubiquitination,
phosphorylation, and direct or indirect association with other antiviral mediators (Belgnaoui
et al., 2011; Hiscott and Ware, 2011; Jiang et al., 2012; Paz et al., 2011; Wies et al., 2013)

While the salient feature of initial RNA recognition by RIG-I can be easily identified as the
5’-PPP moiety, the difficulty in identifying key RNA features involved in the initial
detection of dSRNA by MDADS is related to important structural differences between RIG-I
and MDAJb. For example, while the CTD of RIG-I contains a positively charged 5’-PPP (or
5’-PP) binding pocket, the analogous surface on the CTD of MDAG is flatter and has a lower
affinity for dsSRNA (Li et al., 2009). The CTD of MDAS is instead involved in cooperative
binding of MDAGS to dsRNA (Berke and Modis, 2012; Peisley et al., 2011). This cooperative
binding allows MDAJ5 to form filamentous assemblies along dsSRNA.

Despite the difficulty in detecting and analyzing initial monomeric binding to MDADS to
dsRNA, recent electron microscopy studies revealed that MDAS forms filaments along
dsRNA, with ringlike asymmetric units that form helical twists (Berke and Modis, 2012;
Berke et al., 2012; Motz et al., 2013; Peisley et al., 2011; 2012; Wu et al., 2013). The first
monomer of MDAJS binds slowly to RNA, with low affinity, but unlike RIG-I this initial
RNA-interaction does not occur at the ends of dsSRNAs. Rather, MDAS nucleates filament
formation at any location along the dsRNA helix (Figure 3D), followed by assembly of long
head-to-tail filaments. These filaments are stabilized by protein-protein interactions on
adjacent MDAS5 monomers (Figure 3F) (Wu et al., 2013). While RIG-I filaments require
ATP hydrolysis and RNA translocation to form, surprisingly, MDADS filaments are actually
destabilized by ATP hydrolysis (Figure 3E) (Berke and Modis, 2012; Feng et al., 2012; Wu
et al., 2013). Because ATP hydrolysis is involved in MDAGS dissociation from dsRNA, these
long helical filament structures are most readily observed in the presence of a stabilizing
ATP transition state analogue, ADP-AIF,4. MDADS filament propagation does not appear to
be directional, and it has been speculated that ATP hydrolysis allows MDADS to dissociate in
order to repair breaks when two elongating filaments collide, resulting in the formation of
one continuous longer filament structure (Peisley et al., 2012).
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Recent studies have revealed that these long MDAGS filaments are not requisite for antiviral
signaling. MDA5 mutant proteins that display defects in filament formation retain ~75% of
wild-type antiviral signaling activity (Bruns et al., 2014). These findings suggest that long
MDAS filaments observed in the presence of ADP-AIF, may represent a captured transition
state formed during MDA signaling, rather than a stable intracellular structure. The idea
that long MDA5-RNA filaments are not required for signaling is supported by additional
experiments investigating the role of LGP2 in MDA5-RNA interactions, discussed below.

RNA Binding and LGP2 as a Regulator of RLR-mediated Antiviral Signaling

LGP2 has the highest RNA binding affinity of the RLRs, and has the ability to recognize
diverse dsRNAs, irrespective of 5’-PPP or RNA length (Figure 21) (Bamming and Horvath,
2009; Takahasi et al., 2009). Despite strong dsSRNA binding, LGP2 lacks the CARDs
necessary for downstream signaling, historically leaving the exact role of LGP2 in RNA
recognition and antiviral signaling unresolved. This lack of clarity is in part due to
apparently opposing actions of LGP2 as both a positive and negative regulator of RLR-
mediated signaling depending on the experimental approaches used.

Exogenous overexpression of LGP2 protein in cells effectively inhibits RLR-mediated IFN
induction (Komuro and Horvath, 2006; Rothenfusser et al., 2005; Yoneyama et al., 2005).
LGP2 is thought to be in low abundance at steady state, but is strongly inducible by antiviral
stimulation, including poly(I:C) transfection, IFNa treatment, or virus infection. Based on
these findings, and the absence of CARD signaling motifs, LGP2 was originally described
as a feedback inhibitor for RLR signaling (Komuro et al., 2008; Rothenfusser et al., 2005;
Saito et al., 2007). Several mechanisms for LGP2 feedback inhibition were proposed. Due to
its strong RNA binding ability, LGP2 was originally suggested to sequester viral RNA from
detection by RIG-1 (Yoneyama et al., 2005). However, LGP2 proteins that are defective for
RNA binding can still inhibit RLR signaling, indicating that RNA competition does not
explain the effect of LGP2 expression (Bamming and Horvath, 2009). Based on titration
experiments, it was suggested that CARD-independent LGP2 interaction with MAVS
allowed LGP2 to compete with an essential signaling kinase, preventing its recruitment to
the MAVS signaling scaffold. This model may account for the ability of LGP2 to inhibit
antiviral signaling triggered in the absence of RNA through tandem CARD or MAVS
expression (Komuro and Horvath, 2006).

In contrast to these examples of negative regulation by LGP2, targeted gene disruption
studies have indicated a positive role for LGP2 in IFNp expression and antiviral signaling
(Moresco and Beutler, 2010; Pollpeter et al., 2011; Satoh et al., 2010). Mice lacking LGP2
exhibited decreased IFN-B production in response to various RNA viruses, but
overexpression of the CARD domains of RIG-1 and MDAGS in LGP2-/- cells rescued IFN-
promoter activity, suggesting LGP2 may act upstream of MDAS and RIG-I (Satoh et al.,
2010). The absence of LGP2 also reveals a role in the recognition of Listeria monocytogenes
DNA viruses, and cytosolic DNA (Pollpeter et al., 2011), suggesting a diverse positive
effect of LGP2 in anti-microbial signaling.
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Evidence Connecting LGP2 and MDA5

A connection between LGP2 and MDAJ5 has long been speculated, but the exact mechanism
by which LGP2 and MDADS work together in virus detection and antiviral signaling was
unknown. Mice with a targeted disruption in the LGP2 locus are more susceptible to
infection by the picornaviruses, encephalomyocarditis virus (EMCV) and poliovirus, two
viruses thought to be recognized by MDAGS (Kato et al., 2006) rather than RIG-I (Satoh et
al., 2010; Venkataraman et al., 2007b). Mouse embryonic fibroblast cells lacking MDA5
and LGP?2 failed to produce IFNS in response to EMCV infection. The exogenous
expression of either MDAS or LGP2 alone in these cells did not restore IFNp signaling, but
the addition of both MDAS and LGP2 restored signaling to wild type levels, suggesting
LGP2 and MDA5 may work together in virus detection and signal transduction (Satoh et al.,
2010). Supplementing LGP2 -/- mice with an enzymatically inactive LGP2 mutant via
knock-in did not reconstitute defective positive signaling responses or IFNJ production in
vivo (Satoh et al., 2010). LGP2 without ATP hydrolysis has the same phenotype as lacking
LGP2 altogether, demonstrating the importance of ATP hydrolysis in LGP2-mediated
positive regulation of antiviral signaling.

Evidence for LGP2 co-activation of MDAGS is accumulating from investigation of virus-RLR
interactions. For example, an LGP2-associated EMCV RNA was found to act as a
physiological agonist of MDAS5-dependent signaling (Deddouche et al., 2014). Additionally,
interferon antagonist proteins encoded by paramyxoviruses target both MDAS and LGP2,
disrupting their ATP hydrolysis activity (Parisien et al., 2009). Single molecule RNA
binding experiments and biochemical analysis revealed that ATP hydrolysis activity is
required to enable LGP2 to efficiently engage diverse dsRNA species, and is requisite for
enhancement of MDAJS signaling (Bruns et al., 2013). This evidence supports a strong
connection between MDADS and enzymatically active LGP2 in RNA virus detection and
antiviral signal transduction, suggesting a mechanism for LGP2 enhancement of MDA5-
mediated antiviral signaling.

MDAS5-LGP2 Synergy

A growing body of evidence supports the idea that LGP2 positively regulates MDAS5-
mediated signaling, but the lack of knowledge regarding MDA5-RNA interactions and
antiviral signal activation precluded an investigation of how LGP2 might be assisting
MDAJS5-RNA recognition or enhancing MDA5-mediated antiviral signaling. The recent
surge in mechanistic understanding of MDA5-RNA interactions and filament assembly
enabled a detailed investigation of how LGP2 may be influencing these processes, revealing
a potential mechanism for the positive regulation of MDAS by LGP2 (Bruns et al., 2014).

In vitro biochemistry, single molecule RNA-binding, and cellular signaling assays were
combined to investigate the effect of LGP2 on MDA5-RNA interactions and antiviral
signaling (Bruns et al., 2014). Mutational analysis demonstrated that the co-activation of
MDAS by LGP2 requires LGP2 with intact ATP hydrolysis and RNA-binding activities, as
well as MDADS with a functional oligomeric interface. The discovery that LGP2 could not
enhance signaling activity from MDAS proteins that were defective for filament formation
suggested that LGP2 might play a role in MDA5-RNA interaction or filament formation. In
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vitro RNA-binding experiments revealed that MDAS accumulates slowly on dsRNA (Figure
3D), as expected, but surprisingly the addition of LGP2 catalytically increases the initial rate
and stability of MDAS-dsRNA interactions (Figure 3G,H). While LGP2 was not observed to
form filaments along dsRNA like MDA5, when MDA5-dsRNA complexes were formed in
the presence of LGP2, a greater number of MDADS filaments of attenuated length were
observed. LGP2 bhoth facilitates initial MDA5-RNA interactions, leading to the nucleation of
MDAS filament assembly (Figure 3H), and regulates the extent of filament progression,
resulting in the rapid formation of a greater number of shorter MDAS-RNA complexes
(Figure 3I). These shorter MDA5-RNA filaments formed in the presence of LGP2 were
transfected into cells in the context of an IFNp luciferase assay and shown to generate
equivalent or greater signaling activity in vivo than the longer filaments containing only
MDAJ5. These findings again support the theory that long MDAGS filaments are not required
for antiviral signaling, and provide a potential mechanism for LGP2 coactivation of MDA5
in antiviral responses (Bruns et al., 2014).

Of particular importance, titration of LGP2 by plasmid transfection clearly showed that
LGP2 only enhances MDA5-mediated signaling when LGP2 is present at relatively low
cellular concentrations (Bruns et al., 2013; 2014; Pippig et al., 2009; Satoh et al., 2010).
When the transfected concentration of LGP2 is very high, the previously reported inhibition
of MDAG5 signaling is observed. We propose LGP2 acts as a concentration dependent
biphasic switch. At the beginning of an infection, when LGP2 is present at low cellular
concentration, LGP2 enhances MDA5-mediated antiviral signaling. But as the infection
progresses, IFN production activates LGP2 expression causing LGP2 to accumulate within
the cell, and at these higher concentrations LGP2 now inhibits MDADS signaling, providing
negative feedback. Mutant LGP2 proteins defective for ATP hydrolysis, RNA binding, or
both failed to enhance MDADS signaling, but at high concentrations retained their ability to
inhibit MDA5-mediated signaling. This demonstrates that the ATP hydrolysis and RNA
binding activities of LGP2 are required for positive effects on MDADS signaling, but are
dispensable for MDAS inhibition.

MDADS: Antiviral Signaling and Beyond

In addition to their major role in detecting RNA virus infection and initiating antiviral
responses, MDA5 and LGP2 have been implicated in other biological functions. LGP2 not
only mediates cellular responses related to viral RNA recognition and antiviral signaling, but
also participates in antiviral T cell regulation (Suthar et al., 2012), responses triggered by
cytosolic dsSDNA (Pollpeter et al., 2011), and cancer cell resistance to ionizing radiation
(Widau et al., 2014). In cancer, elevated levels of LGP2 are associated with more adverse
clinical outcomes. This study demonstrated that ionizing radiation causes cytotoxic stress
that induces IFNP and enhances the expression of LGP2. This increased expression of LGP2
suppresses IFN stimulated genes normally associated with cytotoxic stress by turning off the
expression of IFNP. These findings are consistent with the model of LGP2 acting as a
concentration dependent biphasic switch (Bruns et al., 2013; 2014; Rodriguez et al., 2014).
In the context of cancer and ionizing radiation therapy, LGP2 only begins to negatively
affect IFN stimulated gene expression when present at high cellular concentrations,
paralleling its negative regulation of antiviral signaling at high concentrations.
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A recent surge of information has also contributed to a new appreciation of mouse and
human genetic abnormalities in MDA that contribute to autoimmune syndromes. Genome-
wide association revealed the MDADS locus as a risk factor for type 1 diabetes, providing a
link between MDADS and autoimmune diseases (Smyth et al., 2006). The connection between
MDAS and autoimmune disease was strengthened by the discovery of MDAS's involvement
in lupus susceptibility (Robinson et al., 2011), and other diseases characterized by chronic
IFN stimulation (lvashkiv and Donlin, 2014).

Molecular insights into the role of MDAS in autoimmune signaling were acquired recently
from a study of mutagenized mice that acquired a lupus-like phenotype, including
widespread lymphocyte infiltration, chronic multi-organ inflammation, and unregulated
cytokine expression. Mice with mutated MDADS protein displayed widespread IFN and IFN-
stimulated gene expression, and this IFN hyperactivation was shown to require MDAS5-
mediated MAVS signaling (Funabiki et al., 2014). A single point mutation in MDAS5
(G821S) was found to produce an MDAS protein constitutively active for signal
transduction, but defective in ATP hydrolysis activity. Mouse cells homozygous for this
MDAS mutation display constitutive activation of IFNf, but do not respond appropriately
when challenged with EMCV infection or dsRNA transfection. This suggests the MDA5S
mutation may cause a conformational change in the protein that both exposes the CARDs
(resulting in IFNP hyperactivation), and simultaneously prohibits formation of a functional
ATPase or RNA binding domain (causing the poor response to dsSRNA or EMCV infection).
These findings are in agreement with the previous mutational analysis (discussed above) in
which mutation to the core helicase motifs generated MDADS proteins with constitutive and
hyperactive IFN signaling in the absence of RNA binding and ATP hydrolysis (Bamming
and Horvath, 2009). This MDA5 mutation leading to autoimmunity (Funabiki et al., 2014) is
also consistent with the idea that ATP hydrolysis by MDAGS plays a regulatory role in
MDADS5-mediated antiviral signaling, by aiding in filament disassembly and reducing the
amount of signaling-competent MDA5 CARD oligomers.

These murine mutations to MDAGS clearly demonstrated a connection between MDADS and
autoimmune diseases. The recent discovery of MDAS mutations in human patients suffering
from autoimmune diseases served to highlight the clinical importance of MDAS in
autoimmunity. Aicardi-Goutieres Syndrome (AGS) is a lupus-like hereditary autoimmune
disease that features early onset of neurological degeneration and deterioration of
myelinated nerve fibers (Miner and Diamond, 2014). AGS is also characterized by
constitutive expression of IFN response genes, supporting the connection between MDA5S
and autoimmunity. Whole-exome sequencing revealed gain-of-function mutations in MDA5
as the molecular basis for previously genetically uncharacterized cases of AGS in humans.
Analysis of these mutant MDADS proteins determined they are competent for ATP
hydrolysis, but have significantly increased RNA binding activity. This suggests yet another
mechanism of MDAS dysregulation leading to disease. The increased RNA binding activity
of these MDAS mutant proteins causes inappropriate interactions with RNA (either host or
pathogen derived) resulting in over-activation of immune signaling and disease.
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Looking Forward

These discoveries regarding the roles of LGP2 in T cell development and cancer therapy
response, as well as various MDA5 mutations leading to autoimmune diseases via different
mechanisms all serve to underscore the importance of understanding the biochemical,
structural, and enzymatic properties of these proteins. Recent studies revealed novel
functions of enzymatic LGP2, utilizing ATP hydrolysis to engage diverse dsSRNAs,
increasing the initial rate MDA5-RNA interactions, and regulating MDAS filament
assembly, ultimately leading to enhanced MDA5-mediated antiviral signaling (Bruns et al.,
2013; 2014). All of these properties of LGP2 were dependent on ATP hydrolysis, providing
the first mechanistic basis for the previously observed synergy between LGP2 and MDADS.
Despite these recent insights, some aspects of MDA5 and LGP2 in antiviral innate immunity
remain mysterious, and additional questions arise regarding the details and impact of the
phenomena described here.

Important missing pieces include a structure of ligand-free MDADS, full length MDADS bound
to dsRNA, and an RNA-bound and unbound crystal structure of LGP2. These structures will
give valuable insights into conformational changes induced by MDA5 RNA binding and
will also help with interpretation of disease-related mutations in MDAS. The structures of
LGP2 will uncover the mechanistic details remaining to explain how LGP2 interacts with
RNA and how it modulates MDA-RNA interaction. Together these structures will reveal
possible interfaces for protein-protein interaction, and if the structure of RNA-bound LGP2
is conducive to stabilization of MDA5-RNA interactions. Analysis of post-translational
modifications of LGP2 and MDAGS will undoubtedly reveal additional layers of in vivo
regulation in response to virus infection.

Our understanding of RLR-mediated antiviral responses is rapidly evolving, and it will be
exciting moving forward to see if the broad principles uncovered in the last five years,
including the importance of dSRNA translocation, CARD-containing oligomers serving as a
signaling platform, and the differential roles of ATP hydrolysis in regulating these processes
will apply to other members of the SF2 family of helicase proteins. Our understanding of the
RIG-I-like receptors will continue to grow as we uncover additional layers of RLR
regulation and cooperation, cell type and virus-specific nuances, and novel roles in other
cellular processes.
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Figure 1. RIG-I-like Receptor Protein Domain Structure
The three RLRs are SF2 type helicase proteins composed of a central DECH-box helicase

domain that contains the conserved domains Hell (motifs Q, I, I, and 111) and Hel2 (motifs
1V, V, VI). Between the two helicase domains lies the insertion domain, Hel2i, required for
RIG-1 autoregulation. All RLRs also contain relatively conserved C-terminal domain (CTD).
In RIG-1 the CTD uniquely has a positively charged binding pocket for the recognition of 5/-
PPP or 5’PP RNA substrates. RIG-1 and MDAS5 have two N-terminal caspase activation and
recruitment domains (CARDs). Alignment of multiple CARDs is essential for interactions
with MAVSs and initiation of downstream antiviral signaling.
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Figure 2. Simplified Model: RIG-I-like Receptor Activation and Signaling
Much of our understanding of RLR signaling comes from studies characterizing RIG-I, the

prototype RLR. In the cytoplasm RIG-I is present in an autoinhibited conformation (A), in
which the CARDs interact with Hel2i, leaving them unavailable for downstream signaling
interactions. During virus infection, non-self RNA species accumulate in the cytoplasm.
RIG-I is activated when the CTD engages the appropriate non-self 5’-PPP or 5/-PP dsRNA
ligand (B). This structural rearrangement transforms the helicase domain into an active
ATPase and allows the formation of filamentous structures along the RNA (C). This
alignment of multiple CARDs stimulates MAVS activation (D), leading to the assembly of a
signaling scaffold for TRAF2, TRAF5, and TRAF6, and their associated kinases (TBK,
IKKa, IKKB, IKKe) that result in phosphorylation-mediated activation of latent IRF3 and
NFkB transcription factors. These transcription factors, along with ATF/JUN, assemble on
the IFNP gene proximal enhancer and recruit RNA polymerase to induce transcription of
IFNB and other antiviral genes (E). MDAGS is present in the cytoplasm in a flexible
conformation in which the CARDs are not inhibited (F). This is consistent with studies
demonstrating that overexpression of MDADS alone can stimulate the IFNB promoter. Unlike
RIG-1, MDAS does not recognize specific RNA end modifications but binds slowly, with
low affinity, internally along the dsRNA stem (G). Following nucleation, additional MDA5S
monomers bind the RNA forming filaments stabilized by protein-protein interactions on
adjacent MDAS5 monomers (H). The alignment of MDA5 CARDs stimulates MAVS,
ultimately leading to the transcription of IFNP and other antiviral mediators. LGP2 binds
with high affinity to dsSRNA regardless of RNA length or end modifications, but lacks the
CARD:s critical for downstream signaling (I). Recent studies have demonstrated the LGP2
increases the initial rate of MDA5-RNA interaction and stabilizes the formation of shorter
MDAS filaments (J). Because LGP2 increases the rate of MDA5S-RNA interaction, these
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shorter stable filaments are formed more rapidly and greater MAVS activation and antiviral
signaling is achieved (J).
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Figure 3. Distinct Mechanisms of RIG-1 and MDAS Filament Formation
Figure illustrates distinct mechanisms of RIG-1 and MDADS filament formation, and depicts

how LGP2 may regulate MDAS5 filament assembly. (A) RIG-1 CTD recognizes 5’-
triphosphorylated dsRNA. (B) ATP-dependent dsRNA translocation by RIG-1 aids in
filament assembly, leading to limited filament propagation (C). MDAS nucleation occurs
very slowly (D), and short filaments are unstable (E), while filament extension leads to
stabilization via protein-protein interactions on adjacent MDA5 monomers (F). LGP2 may
nucleate MDADS filaments by binding dsRNA termini (G). MDAGS filaments extend (H), and
LGP2 stabilizes the formation of these shorter filaments (1).
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