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SUMMARY

Cytoplasmic pattern recognition receptors detect non-self RNAs during virus infections and

initiate antiviral signaling. One receptor, MDA5, possesses essential signaling domains, but weak

RNA binding. A second receptor, LGP2, rapidly detects diverse dsRNA species, but lacks

signaling domains. Accumulating evidence suggests LGP2 and MDA5 work together to detect

viral RNA and generate a complete antiviral response, but the basis for their cooperation has been

elusive. Experiments presented here address this gap in antiviral signaling, revealing that LGP2

assists MDA5-RNA interactions leading to enhanced MDA5-mediated antiviral signaling. LGP2

increases the initial rate of MDA5-RNA interaction and regulates MDA5 filament assembly,

resulting in the formation of more numerous, shorter MDA5 filaments that are shown to generate

equivalent or greater signaling activity in vivo than the longer filaments containing only MDA5.

These findings provide a mechanism for LGP2 co-activation of MDA5 and a biological context

for MDA5-RNA filaments in antiviral responses.
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INTRODUCTION

Mammalian cells have the ability to detect and respond to virus infections. Viral RNAs that

accumulate in the cytoplasm of infected cells can be detected by cytosolic pattern
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recognition proteins of the RIG-I-like receptor (RLR) family (Goubau et al., 2013; Ramos

and Gale, 2011). These sentinel proteins recognize viral RNA and activate downstream

signal transduction pathways that culminate in the transcription of diverse direct and indirect

antiviral effectors, resulting in the establishment of a broadly effective antiviral state, a

primary barrier for virus replication (Berke et al., 2013; Bruns and Horvath, 2012;

Kowalinski et al., 2011).

The three RLR proteins, RIG-I, MDA5, and LGP2 share homologous DECH-box helicase

regions that have intrinsic dsRNA binding and ATP hydrolysis functions, and a C-terminal

domain that has been implicated in binding to RNA termini. RIG-I and MDA5 also contain

N-terminal CARD domains that are not involved in RNA binding, but are essential for

mediating interactions with upstream and downstream regulatory machinery. Detailed

studies have produced a canonical paradigm of RLR signaling. Interaction with non-self

ligand RNAs leads to exposure of active RLR CARDs, enabling association with the CARD

region of an essential mitochondrial antiviral signaling protein known as IPS-1 or MAVS

(Kawai et al., 2005; Kumar et al., 2006; Seth et al., 2005; Sun et al., 2006). MAVS acts as a

polymeric scaffold that mediates interactions with downstream signaling proteins

culminating in the activation of the master transcription regulators, IRF3 and NFκB to

induce expression of IFNβ, the primary antiviral cytokine, and diverse antiviral target genes

(Freaney et al., 2013; Honda et al., 2006; Liu et al., 2013).

The specific role of LGP2 in this model of RLR signaling has been more difficult to

illuminate. LGP2 shares sequence conservation within the helicase domain and the C-

terminus, but lacks a CARD region entirely. The absence of a known signaling or interaction

domain has made it difficult to generalize LGP2’s function in the RLR pathway, and three

separate strains of LGP2-deficient mice were reported with disparate conclusions (Satoh et

al., 2010; Suthar et al., 2012; Venkataraman et al., 2007). LGP2 is present at low levels in

the uninfected cell, but accumulates in response to virus infection or treatment with antiviral

mediators including poly(I:C) and IFN (Komuro and Horvath, 2006; Rothenfusser et al.,

2005; Saito et al., 2007). This behavior, and the observation that expression of LGP2 protein

from plasmid vectors inhibits RLR signaling are consistent with a feedback regulator of

RLR signaling (Komuro and Horvath, 2006; Rothenfusser et al., 2005; Saito et al., 2007;

Yoneyama et al., 2005).

In contrast, growing evidence indicates a role for LGP2 as a positive regulator of antiviral

responses. For example, 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 MDA5 (Kato et al., 2006) rather than

RIG-I (Satoh et al., 2010; Venkataraman et al., 2007). Experiments in LGP2-deficient cells

also revealed a synergistic signal transduction activity resulting from co-expression of LGP2

with MDA5 that was not attributable to either RLR alone (Satoh et al., 2010), suggesting

that LGP2 may work together with MDA5 to promote efficient signal transduction.

Replacing LGP2 with an enzymatically inactive mutant did not reconstitute defective

positive signaling responses in vivo, indicating the importance of ATP hydrolysis in LGP2-

mediated positive regulation of antiviral signaling. This requirement distinguishes positive

regulation by LGP2 from negative regulation, which is independent of enzymatic activity,
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suggesting that LGP2 may be a bifunctional protein (Bamming and Horvath, 2009; Bruns et

al., 2013). Additional evidence for LGP2 co-activation of MDA5 is accumulating from

investigation of virus-RLR interactions. For example, an LGP2-associated EMCV RNA was

found to act as a physiological agonist of MDA5-dependent signaling (Deddouche et al.,

2014). Additionally, interferon antagonist proteins encoded by paramyxoviruses target both

the MDA5 and LGP2, disrupting their ATP hydrolysis activity (Parisien et al., 2009). ATP

hydrolysis activity is required to enable LGP2 to efficiently engage diverse dsRNA species,

and is requisite for enhancement of MDA5 signaling (Bruns et al., 2013).

Electron microscopy has revealed that MDA5 forms filaments on dsRNA, with ring-like

asymmetric units that form helical twists (Feng et al., 2012; Peisley et al., 2012; 2011; Wu et

al., 2013). Evidence suggests initial contact between MDA5 and dsRNA occurs very slowly,

and is followed by MDA5 assembly into head-to-tail filaments. These structures are clearly

visible in the EM when captured in the presence of an ATP transition state analogue (ADP-

AlF4) (Berke and Modis, 2012; Berke et al., 2012; Motz et al., 2013; Wu et al., 2013), but

the MDA5 filaments are destabilized by physiological ATP hydrolysis (Berke and Modis,

2012; Berke et al., 2012). The presence of hydrolysable ATP promotes MDA5 dissociation

from dsRNA, indicating that filament formation is a dynamic process in vivo. As such, the

MDA5 filaments observed by electron microscopy likely represent a captured transition

state for MDA5 signaling, subject to continual assembly and disassembly. Interestingly,

RIG-I also forms filaments on RNA, albeit with mechanistic distinctions from MDA5 (Patel

et al., 2013; Peisley et al., 2014; 2013), indicating that receptor oligomerization is a

conserved feature of RLR antiviral signaling. Neither MDA5 nor RIG-I filaments have been

observed in vivo, but prion-like aggregation of their downstream signaling partner, MAVS,

has been observed both in vitro and in vivo (Hou et al., 2011; Xu et al., 2014). Structural

analysis of activated MAVS revealed that CARD domain interactions organize a rod-like

structure based on a three-stranded helix. This CARD organization is required for IFNβ gene

expression, and it is reasonable to speculate that the filamentous assembly of MDA5 (or

RIG-I) on dsRNA would suffice to provide aligned CARD domains to propagate MAVS

filament formation and subsequent signal transduction. Curiously, while structural data

indicate that as few as three to four aligned MDA5 (or RIG-I) molecules would be sufficient

to organize or ‘seed’ CARD-mediated MAVS filament formation, much longer MDA5-

dsRNA filaments have been observed in the EM. Greater knowledge of MDA5 RNA

binding, filament initiation, and its regulation are required to fully appreciate how protein

assembly influences signal transduction.

The role for LGP2 in the synergistic activation of MDA5 RNA interaction, filament

assembly, and antiviral signal transduction has been examined in detail. Results indicate that

LGP2 enhances signaling only by filament-competent MDA5, and does so by increasing the

initial rate of MDA5-RNA interaction. In addition, although LGP2 itself does not form

filamentous structures on dsRNA, results indicate that LGP2 has the ability to attenuate

MDA5 filament length, resulting in the rapid generation of more numerous, shorter MDA5-

RNA polymers. Despite their shorter length, these RNP complexes are able to stimulate

antiviral signaling better than longer MDA5 filaments. Together, these results reveal that
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LGP2 facilitates and modulates MDA5-RNA interactions to increase the specific activity of

MDA5 signal transduction.

RESULTS

LGP2 potentiation of MDA5 signaling requires ATP hydrolysis, RNA binding, and MDA5
oligomerization

LGP2 has opposing effects on MDA5-mediated signaling that can be readily observed in the

context of antiviral signal transduction assays (Figure 1). Expression of MDA5 in HEK293T

cells is able to activate an IFNβ promoter driven luciferase reporter gene, and the potency of

MDA5 can be further enhanced by transfection of poly(I:C). Titration of LGP2 by plasmid

transfection reveals that low amounts of LGP2 result in enhanced MDA5-mediated

signaling, while higher levels of LGP2 inhibit MDA5 signaling (Figure 1A) (Bruns et al.,

2013; Pippig et al., 2009; Satoh et al., 2010). LGP2 with defective ATP hydrolysis and RNA

binding, as with mutations to conserved helicase domain motif IIa (MIIa) or motif III (MIII)

fail to enhance MDA5-mediated signaling. The mutated LGP2 proteins retain their ability to

interfere with MDA5 signaling at higher concentrations. The dual actions of LGP2

differentially require intact ATP hydrolysis and RNA binding activities: both are required

for positive effects on MDA5 signaling, but are dispensable for inhibition.

A number of studies have demonstrated that MDA5 can assemble into tightly packed, ATP-

sensitive filaments on dsRNA in vitro (Wu et al., 2013). Contacts between adjacent MDA5

molecules are thought to stabilize RNA-bound monomers and enable cooperative filament

assembly. Mutations that disrupt the MDA5 monomer:monomer interface fail to support

filament formation on long dsRNA (Wu et al., 2013). One of these MDA5 interface mutants,

M570R/D572R, retains ≥ 70% of poly(I:C) stimulated signaling activity compared to wild-

type MDA5, while the other mutants tested, I841R/E842R and M570R/D572R/I841R/

E842R are only ~10–15% active (Wu et al., 2013) (Figure 1B). To ascertain if LGP2 co-

activation is related to MDA5 filament formation, the monomer interface mutants were

tested in the presence or absence of LGP2 (Figure 1C). None of the MDA5 mutants were

enhanced by the addition LGP2. A full range titration of LGP2 demonstrated that

MDA5-570/572 signaling ability is not enhanced at any concentration of LGP2 (Figure 1D).

These data demonstrate that MDA5 oligomerization is required for LGP2-mediated

enhancement. Together, the results indicate that both LGP2’s ATP-mediated RNA binding

ability and MDA5’s RNA-mediated oligomerization ability are essential components of

LGP2-mediated potentiation of MDA5 signaling.

LGP2 exponentially increases MDA5 interactions with dsRNA

To directly test the hypothesis that LGP2-mediated enhancement of MDA5 signaling is

related to MDA5 RNA interactions, the effect of LGP2 on MDA5-RNA interactions was

investigated in solution using purified proteins and poly(I:C), a well characterized MDA5

agonist (Gitlin et al., 2006; Kato et al., 2008; Pichlmair et al., 2009).. To focus on the RNA-

binding properties of MDA5 and avoid potential complications from the aggregation-prone

CARDs, a truncated form of MDA5 lacking the CARDs was used in some experiments

(MDA5-C). Purified, FLAG-tagged MDA5-C was incubated with biotinylated poly(I: C)
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and ATP, followed by ADP-AlF4 quenching to enable cooperative filament formation in

vitro. Parallel samples were supplemented with purified FLAG-tagged LGP2 or a control

non-specific protein (BSA), in empirically determined stoichiometric ratios. The

biotinylated RNA and associated proteins were collected on streptavidin beads and washed

extensively. Proteins were eluted with SDS, analyzed by anti-FLAG immunoblot (Figure

2A), and quantified (Figure 2B). MDA5 was found to bind to the dsRNA substrate in the

absence of LGP2, but addition of LGP2 significantly increased the quantity of MDA5 bound

to the RNA. The ability of LGP2 to enhance MDA5-dsRNA interaction was not observed in

the absence of ATP/ADP-AlF4 (Figure S1). This is in agreement with both the observation

that LGP2 mutants with defective ATP hydrolysis do not synergize with MDA5 (Figure 1A)

and previous reports that ADP-AlF4 stabilizes MDA5-dsRNA interactions.

Single-molecule measurements of LGP2 interaction with a 25bp dsRNA have demonstrated

that LGP2 has a fast on-rate (~0.086 sec−1, measured at 80nM), and that ATP hydrolysis

dramatically increases LGP2’s ability to recognize dsRNAs (Bruns et al., 2013). Similar

single molecule analysis was conducted to measure the on and off rates of MDA5-C, and it

was found on the 25bp dsRNA MDA5-C has a very slow on rate (~0.039 sec−1, measured at

300nM) compared to LGP2 (Table 1). This slow on-rate for monomeric MDA5-dsRNA

interactions accounts for the reported observation that MDA5 filament formation has a lag

phase for nucleation in the range of 1–7 minutes (Peisley et al., 2012). MDA5-C displayed a

faster on rate with a 44bp dsRNA (~0.063 sec−1), which is long enough to accommodate two

MDA5 molecules, supporting the idea that protein-protein interactions between MDA5

monomers stabilize MDA5-RNA interactions. LGP2 displayed no significant difference in

binding to the 25bp and 44bp substrates (Table 1) indicating that protein-protein interactions

likely do not play a role in LGP2-RNA interactions. Considering these data along with the

observed RNA binding enhancement suggested the hypothesis that LGP2 may function by

altering the kinetics of MDA5-RNA interactions. To test this idea, an RNA binding time

course was carried out. Consistent with its slow on-rate, MDA5-C was found to accumulate

on RNA over time (Figure 2C). Incubation of the RNA with LGP2 for 1 min prior to MDA5

addition resulted in significantly faster MDA5 accumulation than in the absence of LGP2

(Figure 2C). Quantification of the MDA5-C band intensity revealed that the addition of

LGP2 changed the rate of MDA5-C association with poly(I:C) from linear to exponential fit

(Figure 2D), demonstrating that LGP2 increases the rate of MDA5 interaction with dsRNA.

To investigate the effect of LGP2 on MDA5 disassembly from RNA, MDA5-C/RNA or

MDA5-C/LGP2/RNA complexes were assembled using biotinylated poly(I:C) in the

presence of ATP for 5 minutes. Three times excess of competitor unlabeled poly(I:C) was

added for the indicated times, the reaction was quenched with ADP-AlF4, and proteins

remaining bound to biotinylated poly(I:C) were analyzed by immunoblot (Figure 2E).

Quantification revealed that while MDA5 displayed exponential off rate kinetics in both the

presence and absence of LGP2, the presence of LGP2 stabilized MDA5-RNA interactions

(Figure 2F).

To determine if MDA5 and LGP2 directly interact, purified FLAG-tagged full length MDA5

and LGP2 proteins were combined and incubated in the presence or absence of poly(I:C),

followed by immunoprecipitation with an MDA5-specific antibody and anti-FLAG
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immunoblotting (Figure 2G). A trace amount of LGP2 was detected non-specifically in the

absence of MDA5, either in the presence or absence of poly(I:C). Incubation of MDA5 and

LGP2 in the absence of poly(I:C) slightly increased the level of co-precipitated LGP2, but

the presence of poly(I:C) increased the amount of co-precipitated LGP2 by over three fold

(Figure 2H). These results indicate a low intrinsic ability of MDA5 and LGP2 to interact in

solution, but their association is greatly enhanced via RNA interaction, consistent with the

reported co-precipitation of LGP2 with MDA5 specifically in virus-infected cells (Komuro

and Horvath, 2006).

MDA5 monomer-interface mutant is insensitive to LGP2-enhanced RNA binding

MDA5 assembly onto RNA results in filament formation, and mutations to the MDA5

monomeric interface prevent LGP2 co-activation. To directly determine the ability of the

MDA5-570/572 mutant to form filaments on dsRNA, full length purified proteins were

incubated with dsRNA and analyzed by negative stain electron microscopy. Full length

MDA5 protein (containing the CARDs) was observed to form helical filaments along

dsRNA, thoroughly coating most of the RNA surface (Figure 3A), consistent with prior

reports. In contrast, long filaments were not observed with MDA5-570/572, and RNA

interactions were limited to dispersed aggregates (see arrows, Figure 3A, third panel). It is

noted that the MDA5-570/572 mutant retains the ability to form limited RNP assemblies at

higher concentration. However, these quasi-filaments do not achieve the length found with

WT MDA5 (Figure S2). As this MDA5 variant preserves much of its signal transduction

capacity, this result indicates that the long polymers observed in vitro are not formally

required for MDA5 signal transduction. LGP2 was not observed to form long filamentous

structures on dsRNA under any conditions tested, but was also found to contact the dsRNA

as dispersed aggregates (see arrows, Figure 3A, fourth panel).

These results were corroborated by a biotin-poly(I:C) pulldown experiment using full-length

wild type MDA5 or mutant (570/572) in the presence or absence of LGP2 (Figure 3B).

Similar to MDA5-C (Figure 2A), the full length MDA5 association with dsRNA was also

detected in the absence of LGP2, but the amount of full length MDA5 bound to RNA was

increased by the addition of LGP2. Lower amounts of the MDA5-570/572 protein were

detected in association with the dsRNA, and LGP2 did not increase the amount of RNA

association. Increasing the concentration of MDA5-570/572 resulted in more robust

detection of RNA binding, but again LGP2 did not augment RNA interaction (Figure 3B).

The fact that MDA5-570/572 signal transduction is not enhanced by LGP2 expression

coupled with the lack of LGP2-mediated increase in RNA interaction supports the

conclusion that LGP2-mediated enhancement of MDA5 signaling is a consequence of

LGP2’s ability to increase MDA5-RNA interactions.

LGP2 attenuates MDA5 filament formation

MDA5 filament formation initiates very slowly (Peisley et al., 2012) due to the low MDA5

on-rate (Table 1), and LGP2 apparently reduces this initial barrier to increase the extent of

MDA5-dsRNA association (Figure 2D). Taking this into consideration along with the fact

that signaling synergy between MDA5 and LGP2 is disrupted by mutations to the MDA5

monomer interface, suggested that LGP2 might function to improve rate-limiting MDA5
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RNA recognition that is required to nucleate filament formation. To test this hypothesis,

electron microscopy was used to investigate the effects of LGP2 on MDA5 filament

formation. Purified MDA5-C proteins were incubated with dsRNA in the presence or

absence of LGP2. Experiments were conducted in buffer containing only ADP-AlF4, or

ATP quenched with ADP-AlF4 immediately prior to adsorption onto the EM grids. MDA5-

C RNA filament formation was stabilized in the presence of ADP-AlF4, while incubation

with ATP prior to ADP-AlF4 quenching resulted in quantifiably shorter filaments, with

mean length of 45nm rather than 65nm (Figure 4A). Under filament stabilizing conditions

(i.e. ADP-AlF4), the addition of LGP2 resulted in attenuation of filament length compared

with MDA5-C alone, producing an average length of 45nm (Figure 4B). LGP2 had a more

dramatic effect on MDA5-C filaments in the presence of ATP, resulting in the production of

more numerous filaments of substantially shorter length (Figure 4C). The median size of

these filaments is 28–34nm, and are estimated to be comprised of ~4–6 RLR molecules

based on the 16–18bp footprint of MDA5 (Berke and Modis, 2012). The ability of LGP2 to

attenuate MDA5 filament formation was also observed using LGP2 purified from

mammalian cells (Figure S3). These data indicate that LGP2 not only promotes initial

MDA5 association with dsRNA, but also regulates the extent of MDA5 filament formation

on long dsRNA. In contrast to the dramatic reorganization of MDA5 filaments, the addition

of LGP2 had no effect on MDA5-570/572 (Figure S2). As long MDA5 filaments are

dispensable for much of its signaling ability, we conclude that co-activation of MDA5 by

LGP2 is related to LGP2’s ability to increase the rate of MDA5 association with dsRNA,

resulting in more rapid filament nucleation, and stabilization of these shorter MDA5-RNA

structures.

Short MDA5-LGP2-RNA complexes stimulate in vivo antiviral signaling

In addition to its positive contributions to MDA5 signaling, LGP2 overexpression has

previously been found to interfere with RLR signaling (Komuro and Horvath, 2006;

Rothenfusser et al., 2005; Saito et al., 2007). To determine if the MDA5-RNA complexes

formed in the presence of LGP2 are capable of mediating antiviral signaling, these RNP

complexes were introduced directly into HEK293T cells in the context of an IFNβ promoter-

luciferase reporter gene assay (Lamartina et al., 1998; Sells et al., 1995; Tinsley et al., 1998;

Zelphati et al., 2001). Cells expressing the IFNβ promoter-luciferase reporter were

transfected with “naked” poly(I:C), or RNP complexes assembled in vitro from the same

concentration of poly(I:C) along with MDA5 or its variants, with or without the addition of

LGP2. All RNPS transfected contain the same amount of poly(I:C), and RNPs containing

MDA5 protein have the same concentration of MDA5, MDA5-C, or MDA5-570/572

(Figure 5). MDA5-C, a negative control which lacks the CARD signaling domains did not

induce the reporter gene activity greater than poly(I:C) alone, irrespective of LGP2 (Figure

5A). RNPs formed with full length MDA5 were able to induce signaling to the IFNβ

promoter, resulting in reporter gene activity greater than that of naked poly(I:C) (Figure 5B).

RNPs that contain both LGP2 and MDA5 retained signaling ability and resulted in equal or

greater signaling than complexes formed from only MDA5 and poly(I:C), reflecting LGP2-

mediated augmentation of MDA5 signaling. RNPs formed from the filament-defective

MDA5-570/572 slightly increased signaling activity beyond that of poly(I:C) (Figure 5C).

Importantly, the activity of MDA5-570/572 RNPs was not significantly stimulated by LGP2.
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The fact that RNP complex transfection is inefficient compared to naked poly(I:C),

highlights the signaling potency of the MDA5+LGP2 RNA complexes (Figure S4). These

results indicate that while long MDA5 filaments are able to induce antiviral signaling, the

shorter MDA5 filaments formed in the presence of LGP2 are able to elicit an equivalent or

slightly more potent signaling response.

DISCUSSION

Many lines of evidence support the concept of synergy between the cytosolic RNA sensor,

LGP2, and the signaling protein, MDA5. Experiments presented here provide a mechanistic

basis for LGP2 enhancement of MDA5-mediated signaling by demonstrating that LGP2

modulates MDA5-RNA interactions. LGP2 both facilitates initial MDA5-RNA interactions,

leading to the nucleation of MDA5 filament assembly, and regulates the extent of filament

progression, resulting in the rapid formation of numerous shorter MDA5-RNA complexes.

In this way, LGP2 increases the specific activity of MDA5 signaling by facilitating the

formation of a greater number of more productive RNP complexes.

Both MDA5 and RIG-I have been shown to form filaments on dsRNA substrates (Peisley et

al., 2013; Wu et al., 2013), resulting in close positioning of their CARDs. In turn, the

aligned RLR CARDs interact with and stimulate the assembly of MAVS into a helical,

three-stranded filament (Xu et al., 2014). The arrangement of CARDs in the MAVS triple

helix suggests as few as three RLR CARD domains, aligned through dsRNA filament

formation, would be sufficient to seed MAVS filament formation. Once seeded, MAVS

polymerization is capable of self-propagation to form long signaling fibers (Hou et al., 2011;

Xu et al., 2014). RIG-I filaments differ from MDA5 in several ways, including their limited

propagation that results in multiple shorter filaments along the dsRNA (Patel et al., 2013;

Peisley et al., 2013; 2014). RIG-I bound to dsRNA as short as 62bp, a length that can

accommodate only 4–5 RIG-I molecules, represents the shortest RNP capable of activating

MAVS oligomerization in vitro (Peisley et al., 2013). The fact that short filaments represent

unit signaling activity suggests that the observed long MDA5 filaments containing dozens of

side-by-side CARDs are far longer than is necessary to induce MAVS aggregation. MDA5

dissociation from dsRNA is inversely proportional to the filament length, and short MDA5

filaments are quite unstable compared to longer MDA5 filaments (Peisley et al., 2011). We

demonstrate that LGP2 not only increases the rate of MDA5-RNA interactions, but also

results in the formation of more numerous MDA5 filaments in vitro. The shorter RNPs are

apparently stabilized by LGP2, enabling the formation of a greater number of signaling

complexes that are sufficient to activate MAVS (Figure 4). Direct analysis of RNP

complexes demonstrates that RNPs formed from MDA5 and LGP2 are slightly more active

than complexes containing MDA5 alone (Figure 5). Filament formation itself, however, is

apparently indispensable for LGP2 augmentation, as MDA5 monomer-interface mutants are

not susceptible to signaling enhancement by LGP2.

A conceptual model is presented to illustrate the central conclusions derived from this study

in the context of prior knowledge of MDA5 and LGP2, emphasizing the primary features of

RNA detection and antiviral signaling during the initial period of virus infection (Figure 6).

In the absence of LGP2, MDA5 engages dsRNA templates slowly, with low affinity, and
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physiological ATP hydrolysis supports MDA5 dissociation from dsRNA. It is conceivable

that alterations in MDA5 concentration, specific post-translational modifications, or

interactions with additional signaling partners could modify the protein’s ability initiate

filament assembly. In the presence of ADP-AlF4, filament formation is stabilized, resulting

in the observed long RNP fibers mediated by essential monomer-monomer interactions.

These long filaments are capable of activating downstream signaling, but data indicate they

are not necessarily more active than shorter RNPs, such as the quasi-filaments formed by

defective MDA5 monomer-interface mutants.

In contrast, the presence of LGP2 alters the kinetics of MDA5-RNA interaction and

regulates filament formation. LGP2 has a high affinity for dsRNA, and utilizes ATP

hydrolysis to efficiently engage diverse dsRNA based substrates (Bruns et al., 2013). LGP2

rapidly detects dsRNA, enabling more efficient recruitment of MDA5 to the RNA, and this

augmentation, as well as LGP2-mediated signaling enhancement, requires that MDA5 is

competent for filament formation (Figure 3B,C). Results indicate that the LGP2-mediated

RNA recognition enables MDA5 to nucleate filament assembly at more loci, resulting in

more numerous MDA5 filaments formed over the same period of time. All MDA5 filaments

are subject to ATP-dependent disassembly, but LGP2 enables them to form faster, stabilizes

the formation of shorter structures, and allows them to accumulate to higher abundance,

accounting for their greater signaling potency over time. The short MDA5 filaments

assembled in the presence of LGP2 are sufficient to induce MAVS activation, resulting in

greater signaling to the IFNβ promoter in the same period of time than the long MDA5

filaments formed in the absence of LGP2 (Figure 6).

The observation that longer filaments containing more CARD domains do not result in

higher signaling capacity seems counter-intuitive. However, each of the short LGP2-

containing filaments are capable of inducing MAVS polymer activation independently at

many mitochondria surfaces within the cell. Longer filaments, once engaged, may be

restricted in their ability to generate multiple sites of MAVS oligomerization. In the context

of virus infection, MDA5 filament formation is almost certainly a dynamic process with

filamentous structures constantly assembling and disassembling under physiological

conditions of ATP hydrolysis. Because LGP2 is very efficient in dsRNA recognition and

uses ATP hydrolysis to engage diverse dsRNA species, it is plausible that during virus

infection LGP2 would recognize exposed dsRNA first, reducing energetic barriers for initial

MDA5-RNA interactions, increasing the likelihood of productive signal assembly. LGP2

stabilizes the formation of shorter MDA5 filaments, resulting in numerous small bundles of

aligned CARDs. As exposed dsRNA regions are thought to be a rarity during natural RNA

virus infections, this mechanism may ensure MDA5 recognition of even short stretches of

non-self dsRNA to result in productive signaling events. The ability of LGP2 to help MDA5

form active MAVS-stimulating complexes more rapidly and frequently ultimately leads to

increased transcription of IFNβ and a fully productive antiviral response.

Additional studies will be required to determine if additional aspects of LGP2 action

contribute to MDA5 signal co-activation, and if this synergy is modulated by infection-

induced post-translational modification. Given the importance of a tightly regulated innate
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antiviral response, it is likely that additional layers of regulation modulate the extent of

LGP2-MDA5 antiviral signaling synergy.

EXPERIMENTAL PROCEDURES

Plasmids and mutagenesis

Expression vectors for FLAG-tagged MDA5 and LGP2 described previously (Bruns et al.,

2013), were used as templates for site-directed mutagenesis (QuickChangeXL, Stratagene).

For recombinant baculovirus production FLAG-tagged MDA5 and MDA5-C (residues 295–

1025) were subcloned into pBac2cp (Novagen), and FLAG-tagged LGP2 cDNA was cloned

pVL-1393 (BD Biosciences).

Cell culture, luciferase, and immunoblotting

HEK293T cells were maintained in DMEM supplemented with 10% CCS and 1% Pen/

Strep. For luciferase assays, cells were transfected using Lipofectamine 2000 (Invitrogen).

The −110 IFNβ promoter-luciferase reporter is co-transfected with control Renilla luciferase

for signal normalization. MDA5 plasmid was used at 25ng/well, and the amount of LGP2

plasmid was varied. The following day cells were transfected with 5µg/ml HMW poly(I:C)

(Invivogen) for 6hr before harvesting. For RNP-activated luciferase, cells were similarly

transfected and treated the following day by transfection of HMW poly(I:C) (3µg) or

freshly-prepared RNP complexes containing 3µg HMW poly(I:C) and 2.5µg MDA5,

MDA5-C, or MDA5-570/572, with or without 0.25µg LGP2 using Lipofectamine 2000 for

6hr before measuring luciferase activity (Dual Luciferase™, Promega), and are plotted as

the average of triplicates ± S.D. Lysates were analyzed by immunoblot with a monoclonal

antibody to MDA5 (Bruns et al., 2013) and with mouse anti-FLAGM2 to detect MDA5-C

and LGP2 expression (Sigma), and with GAPDH as a loading control (Santa Cruz

Biotechnologies).

Baculovirus, protein expression, and purification

To generate recombinant baculovirus expressing MDA5, MDA5-C, LGP2, and mutant

proteins, transfer vectors containing the cDNA of interest were co-transfected with

linearized baculovirus DNA (BD Biosciences) into Sf9 insect cells. Proteins were purified

from infected Sf9 cells using FLAG immunoaffinity chromatography (Bruns et al., 2013).

Proteins were quantified by Bradford assay, and purity assessed by Coomassie Blue

staining. 3xFLAG-LGP2 was cloned into pSNAPf (NEB), and 20µg 3xFLAG-LGP2-SNAP

plasmid was transfected by CaPO4 into each 20×10cm plates of 293T cells. Lysate was

harvested in whole cell extract buffer, and FLAG purified.

Single molecule RNA binding

Experiments conducted as in (Bruns et al., 2013) with Cy-3 labeled dsRNA alone or in

combination with proteins visualized on a 37°C objective using a Olympus IX81 TIRF

microscope, ImageEM EMCCD camera (Hammamatsu), and 561 nm (75 mW) laser (Melles

Griot). Image acquisition was done using Slidebook software (Olympus). The dwell times

were analyzed the presence and absence of ATP, using both a 25bp dsRNA (Bruns et al.,

2013), and a 44bp dsRNA (IDT): 5’-
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CGAGCAGACUGGCAAUCCGGAUCUCCCAGGCCCGGCUUUCAAGC-/Cy3/-3’ 5’-/

5AmMC6/-GCUUGAAAGCCGGGCCUGGGAGAUCCGGAUUGCCAGUCUGCUCG-/

3Bio/-3’

Poly(I:C) binding assays

Biotinylated poly(I:C) (Invivogen; 4ng/µl) was incubated with proteins at 37°C in (20mM

Hepes pH 7.5, 150mM NaCl, 3mM MgCl2, 1mM DTT). MDA5 (full length) or MDA5-C

ranged from 0.05-0.2µM in each reaction, determined empirically based on the specific

RNA-binding activity of each preparation. LGP2 was used in each experiment relative to

MDA5, also determined empirically. Reactions were quenched for 1m at 4°C with 1000µM

ADP-AlF4. For kinetic RNA binding analysis during filament assembly (Figure 2C,D),

60µg/mL heparin was added to the quenching buffer to sequester unbound proteins. In

experiments analyzing off-rate, proteins were incubated with biotin-poly(I:C) and 500µM

ATP for 5min at 37°C to allow for filament assembly, and for the indicated times 3X excess

non-biotinylated poly(I:C) was added to the reaction, followed by quenching with ADP-

AlF4. Biotin-poly(I:C) and associated proteins were collected with streptavidin magnetic

beads (Invitrogen), washed 3X with Buffer A +0.1% NP-40, and eluted with PLB (0.3M

Tris pH6.8, 10% SDS, 25% β-mercaptoethanol, 20% glycerol, 0.01% bromophenol blue).

Eluates were probed with with FLAG-M2 antibody (Sigma). The intensity of bound MDA5

was quantified using ImageJ64 and normalized to the corresponding signal of MDA5

without LGP2.

Co-immunoprecipitation

For interaction analysis, 0.2µg MDA5 and 0.02µg LGP2 were incubated alone or in

combination in Buffer A plus 500µM ADP-AlF4 in the presence and absence of 10µg

poly(I:C). Pre-cleared supernatants were mixed with 20µl protein A/G agarose conjugated to

8µg of a monoclonal MDA5 antibody (Bruns et al., 2013) and incubated at 4°C for 1hr.

Beads were washed 3X with 1ml buffer A, and eluted in PLB.

Electron Microscopy

For filament imaging, MDA5, MDA5-C (0.1µM), or MDA5-570/572 (0.1µM and 0.3µM)

and Φ6 genomic dsRNA (Thermo Scientific) (10ng/µl) were incubated with buffer A for

6min to allow MDA5-RNA interactions. LGP2 (0.02µM) was added to the RNA in Buffer A

prior to addition of MDA5 or MDA-C. “ADP-AlF4” indicates 6min incubation at 37°C in

the presence of ADP-AlF4; “ATP” indicates incubation with ATP for 6min at 37°C,

followed by immediate quenching with ADP-AlF4 and absorption onto 300 mesh copper

grids covered with a thin carbon film that were glow-discharged immediately prior to use,

stained with 1% uranyl formate, and visualized at 100kV with a JEOL 1230 microscope.

Images were acquired with a Gatan 831 CCD camera. Only filaments ≥18nm were

quantified. In Figs 3 and 4 filaments from 20 random images (n=130–230 per condition)

were measured using ImageJ64, grouped into 10nm bins, and used to generate length

averages and distributions. In Fig S2, filament-like structures of MDA5-570/572 were

scarce, so images of fields containing quasi-filaments were specifically captured, and

lengths quantified (n=60–80).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- Antiviral synergy requires LGP2 ATPase and RNA binding, and MDA5

oligomerization.

- LGP2 increases the rate of initial MDA5-dsRNA interaction.

- LGP2 results in more numerous MDA5-dsRNA filaments of shorter length.

- Shorter filaments formed in the presence of LGP2 retain their signaling

capacity.
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Figure 1. LGP2 enhancement of MDA5-mediated signaling requires ATP hydrolysis, RNA
binding, and intact MDA5 oligomerization
A. LGP2 ATP hydrolysis and RNA binding are required for MDA5 co-activation.

HEK293T cells were transfected with −110 IFNβ-luciferase reporter gene, control Renilla

luciferase plasmid, and expression vectors for MDA5, LGP2, or LGP2 mutants (MIIa and

MIII). MDA5 was transfected at a constant 25ng plasmid/well, while the amount of LGP2

was titrated. After 24hr, cells were transfected with 5µg/ml poly(I:C) for 6hr prior to

harvesting. In each plot, the activity of MDA5 stimulated by poly(I:C) is normalized to
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100%. Expression levels of MDA5, LGP2, and GAPDH were analyzed by immunoblotting

with specific antisera.

B. Signal transduction by MDA5 monomer interface mutants. IFNβ luciferase assays similar

to A., but cells were transfected with 25ng of MDA5-WT or indicated MDA5 monomer-

interface mutants: M570R/D572R, I841R/E842R, and M570R/D572R/I841R/E842R.

C. LGP2 does not augment signaling by MDA5 monomer interface mutants. IFNβ luciferase

assay similar to A, but cells were transfected with 25ng of MDA5-WT or MDA5 monomer-

interface mutants: 570/572, 841/842, and 570/572/841/842, and a single enhancing

concentration of LGP2 (4ng).

D. LGP2 does not augment signaling by MDA5-570/572 mutant. IFNβ luciferase assay (as

in A,B,C). HEK293T cells were transfected with 25ng of MDA5-WT or MDA5-570/572.

The amount of LGP2 transfected was titrated at 0.16, 0.8, 4, 20, 100, and 500ng. No

concentration of LGP2 was able to enhance MDA5-570572 mediated signaling.
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Figure 2. LGP2 enhances MDA5-dsRNA interactions by increasing the rate of MDA5 association
A. LGP2 increases MDA5 binding to poly(I:C). MDA5-C was incubated with biotinylated-

poly(I:C), in the presence of LGP2 or a control protein, BSA, in buffer containing ATP, and

reactions were quenched with ADP-AlF4. RNA-bound proteins were analyzed by FLAG

immunoblot. Duplicate experiments were carried out in parallel (Exp 1, Exp 2).

B. Quantification of MDA5-C band intensity from panel A, normalized to MDA5 alone. *,

p=0.034; **, p=0.013.
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C. LGP2 increases the rate of MDA5-C RNA interaction. Similar to (A), with changes to

order of addition. Control (poly(I:C) alone) or LGP2-containing samples were incubated

with ATP at 37°C for 1min, then MDA5-C was added to the reaction for the indicated times

prior to quenching with ADP-AlF4.

D. Quantification of MDA5-C band intensity from panel C. MDA5-C binds to dsRNA with

linear kinetics (R2=0.98) in the absence of LGP2, but LGP2 addition results in exponential

MDA5 binding kinetics (R2=0.96 for exponential fit; R2=0.73 for linear fit).

E. LGP2 stabilizes MDA5-C association with poly(I:C). Similar to (C), but examining off-

rate of MDA5. Biotinylated poly(I:C) was mixed with MDA5-C or MDA5-C and LGP2 and

incubated with ATP for 5min, then 3x unlabeled competitor poly(I:C) was added for the

indicated times prior to analysis.

F. Quantification of MDA5-C band intensity from panel E. MDA5-C dissociates from

dsRNA with exponential kinetics in the absence (R2=0.97) and presence of LGP2

(R2=0.98), but the addition of LGP2 decreases the rate of MDA5-C dissociation from RNA.

G. RNA-mediated interaction of MDA5 and LGP2. Full-length MDA5 alone, LGP2 alone,

or a mixture of LGP2 and MDA5 were incubated in the presence and absence of poly(I:C),

and immunoprecipitated with MDA5-specific monoclonal antibody. Precipitates were

washed, eluted, and analyzed by FLAG immunoblot.

H. Quantification of MDA5 (left) or LGP2 (right) band intensities, normalized to the signal

of MDA5+poly(I:C) (100%). ≥3x more LGP2 co-precipitates with MDA5 in the presence of

poly(I:C). See also Figure S1.
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Figure 3. MDA5 oligomerization is required for LGP2 enhanced RNA interactions
A. Filament profiles of full-length MDA5, MDA5-570/572, and LGP2. Electron

micrographs illustrating Φ6 genomic dsRNA alone, full-length MDA5-dsRNA filaments,

and the more dispersed interactions between full-length MDA5-570/572 mutant or LGP2

with dsRNA. Arrows indicate protein-dsRNA interactions. Scale bar =50nm.

B. LGP2 enhances RNA binding by full-length MDA5 but not MDA5-570/572. Biotin-

poly(I:C) pulldown of MDA5 and MDA5-570572 in the presence and absence of LGP2,
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similar to Figure 2A, 2B. Right panel shows a duplicate experiment using a 3x higher

concentration of the mutant MDA5.

C. Quantification of panel B. Data normalized to the signal of MDA5 (or mutant) alone

(100%). See also Figure S2.
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Figure 4. LGP2 attenuates MDA5 filament formation
Electron microscopy was used to assess MDA5-RNA complexes to evaluate effects of ATP

and LGP2 on filament formation. “ATP” indicates incubation with ATP for 6min at 37°C,

followed by quenching with ADP-AlF4 immediately before application to the EM grid.

“ADP-AlF4” indicates incubation for 6min at 37°C with ADP-AlF4. Only filaments ≥18nm

were quantified, a length estimated to bind at least a trimer of MDA5. Scale bar =50nm.

A. Effect of ATP on MDA5-C filaments. Representative images of MDA5-C filaments

formed during incubation with ATP, and parallel samples incubated continuously in ADP-
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AlF4. Graph of filament size distributions is presented at right for 20 random images. For

ATP, 137 filaments were measured with an average length of 45nm; for ADP-AlF4, 226

filaments were measured, with an average length of 65nm.

B. Effect of LGP2 on MDA5-C filament formation in ADP-AlF4 conditions. Similar to A,

using only filament favoring ADP-AlF4 conditions to compare MDA5-C alone to MDA5-C

with LGP2. Graph of filament size distributions is presented at right for 20 random images.

For MDA5-C alone, 226 filaments were measured with an average length of 65nm. For the

MDA5-C+LGP2 sample, 203 filaments were measured with an average length of 45nm.

C. Effect of LGP2 on MDA5 filament formation in ATP hydrolysis conditions. Similar to B,

comparing MDA5-C alone to MDA5-C+LGP2 in the presence of ATP. Graph of filament

size distributions is presented at right for 20 images. For MDA5-C alone, 137 filaments

were measured with an average length of 45nm. For the MDA5-C+LGP2 sample, 158

filaments were measured with an average length of 31nm. See also Figure S3.
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Figure 5. LGP2 enhances the signal transduction activity of MDA5- RNA complexes
Luciferase reporter gene assays were carried out as in Figure 1, but cells were stimulated by

transfection with either 5µg/ml naked poly(I:C) or pre-formed RNP complexes composed of

MDA5-C (panel A), WT MDA5 (panel B), or MDA5-570/572 (panel C) with or without

LGP2 for 6hr before harvesting and luciferase measurement. Protein expression in lysates

presented below each graph was analyzed with an MDA5-specific antibody, FLAG-specific

antiserum, or a GAPDH-specific antibody. MDA5-C is incapable of signaling due to

absence of the CARD domain, and serves as a negative control. MDA5 570/572 is

insensitive to LGP2, but WT MDA5 signaling is increased by LGP2. *= p<0.01. See also

Figure S4.
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Figure 6. Mechanistic model for LGP2 co-activation of MDA5 signaling
Representation of MDA5 dsRNA recognition, filament assembly, and signal transduction in

the absence (A) or presence (B) of LGP2. The dsRNA is depicted as a black line, and

MDA5, LGP2, and MAVS are illustrated as orange, green, and blue ovals, respectively.

Time is indicated as an arrow from top to bottom.

A. MDA5 monomers bind to dsRNA with a slow on-rate (dashed line), and ATP hydrolysis

mediates dynamic MDA5 filament assembly and disassembly in vivo. Filaments formed

with sufficient aligned MDA5 CARDs can induce activation of MAVS assembly in the

mitochondria (black) and subsequent signal transduction. Long filaments take longer to form

and are limited in their ability to initiate MAVS activation over time.

B. LGP2 monomers rapidly bind to dsRNA utilizing ATP hydrolysis to enhance dsRNA

recognition, enabling more rapid recognition of the dsRNA by MDA5, enabling more short

filaments to assemble quickly. The dynamic, ATP-enhanced RNA binding activity of LGP2

allows MDA5 filament initiation at multiple sites over time. This rapid assembly produces a

greater number of short, signaling-competent MDA5 filaments in the presence of LGP2, and

a greater yield in MAVS activation over time versus longer filaments formed in the absence

of LGP2.
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Table I

MDA5-C and LGP2 Binding Kinetics with 25bp and 44bp dsRNA

MDA5-C

dsRNA Buffer kon (sec−1) koff (sec−1) Kd (nM)

25bp No ATP 0.039±0.009 0.059±0.011 452±24

500µM ATP 0.025±0.017 0.093±0.018 1116±188

44bp No ATP 0.063±0.01 0.071±0.009 326±138

500µM ATP 0.04±0.008 0.098±0.017 771±207

LGP2

25bp No ATP 0.086±0.007 0.053±0.006 49.8±8

44bp No ATP 0.084±0.015 0.059±0.004 56.1±10

Values are the average of at least three independent experiments shown plus or minus the standard deviation. Measurements made using 300nM
MDA5-C or 80nM LGP2.
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