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ABSTRACT 

 

The RIG-I-like receptor (RLR) proteins expressed in the cytoplasm of mammalian cells 

have the ability to recognize virus infections and initiate antiviral response. RLR 

proteins are activators of IFN-b in response to virus-derived RNA species. The RLR 

family is composed of three homologous proteins: RIG-I, MDA5 and LGP2. All of the 

family members share many structural features, in particular central DExD/H box RNA 

helicase domain that is homologous to the SF2 superfamily of RNA helicase proteins. 

All of them can recognize viral RNA and hydrolyze ATP, but each differs in enzymatic 

activity, ability to recognize RNA and mechanism of activation. 

MDA5 and RIG-I form oligomeric complexes along dsRNA. Aligning their signaling 

domains, these proteins are able to propagate powerful antiviral response. LGP2 lacks 

signaling domain but participates in the viral sensing through cooperation with MDA5. 

This study utilized a biochemical and biophysical approaches to observe protein 

conformation and MDA5 fiber formation at high resolution. Experiments presented 

here revealed that LGP2 is incorporated into the MDA5/dsRNA complex enhancing 

the MDA5 fiber dynamics through ATP hydrolysis. Furthermore, limited protease 

digestion indicated that LGP2 promotes MDA5 CARDs exposure. These data 

demonstrated the coordinated actions of MDA5 and LGP2 where LGP2 acts as MDA5 

nucleator and requisite partner in the mechanism of MDA5 activation, revealing a 

mechanistic basis for the LGP2 mediated regulation of the innate immune response.   
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INTRODUCTION 

 

1.1 RLRs background 
 

 
The innate immune system is the front line of defense of a host cell against 

pathogenic invasion. In the cytoplasm, several sensor proteins function against viral 

invasion. Retinoic acid inducible gene I (RIG-I), a DExD/H box RNA helicase, is 

identified as the cytoplasmic PRR (pattern recognition receptor), sensor for viral RNA, 

which triggers a signaling pathway resulting in type I interferon induction [1, 2]. 

Melanoma differentiation-associated gene 5 (MDA5), laboratory of genetics and 

physiology 2 (LGP2), along with RIG-I, are collectively known as the RIG-I like 

receptors (RLRs). RIG-I and MDA5 have two copies of Caspase Recruitment Domain 

(CARD) at its N terminus, responsible for signaling, a helicase domain and a C-

terminal domain, responsible for viral RNA recognition. LGP2 lacks CARD domain, 

therefore it is unable to activate signaling by itself, but participates in the viral sensing 

through cooperation with RIG-I and MDA5. Analyses using RLR gene knockout mice 

revealed that these receptors are playing an important role in recognition of various 

types of RNA viruses and triggering antiviral innate immune responses [3, 4]. 

Although they share highly homologous structure (Illustration 1), RLR proteins 

differ in their RNA recognition and signaling capability. Several lines of evidence 

indicate that RNA recognition by RIG-I and MDA5 occur with CARD dephosphorylation 

[5], which enables their interaction and further signaling. RLR signaling pathway was 

developed mostly by studying RIG-I. Interaction with non-self RNA leads to the 

conformational change and activation of CARDs which enables these proteins to 

associate with CARDs of mitochondrial antiviral signaling protein MAVS [6]. MAVS acts 

as a signaling stage that facilitates activation of signaling proteins TRAF2, TRAF5, 
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TRAF6, including serine kinases IκB, 

IKKα, IKKβ, IKKγ, IKKε and TBK1 [7]. 

This activates the transcription 

regulators, IRF3 and NFκB that induce 

the production of IFN-β. Secreted INF-

β induces the expression of other 

effectors, all together producing an 

effective cellular defense against virus replication (Illustration 2). 

RIG-I and MDA5 sense distinct set of viral infections. The virus specificity likely 

originates from different structures of viral RNA generated in the infected cells. 

Subsequent experiments revealed that dsRNA commonly activates both, RIG-I and 

MDA-5, however, there are some critical determinants in ligand selectivity of RIG-I and 

MDA5. RIG-I responds to short, long, ssRNA, viral hairpins, tri- or diphosphate RNA 

ends, and HCV poly(U)-rich untranslated region. RIG-I deficiency in mice results in 

high susceptibility to viral infections such as Newcastle disease virus, vesicular 

stomatitis virus, Sendai virus and influenza A virus [4, 8]. RNA recognition by RIG-I 

involves its conformational changes and ATP-powered translocations along dsRNA [9]. 

The mechanism of viral RNA recognition by MDA5 and LGP2 remains more 

enigmatic. Specific characteristics of MDA5 ligand are still unknown, partially due to 

its poor RNA binding affinity. However, several studies revealed some of potential 

RNA features discriminated by MDA5 such as: RNAs longer than 2 k bp, structural 

features such as RNA branches, features specific to virus-derived mRNAs, including 

primary and secondary structures, and also those RNAs that successfully escape RIG-

I by masking their 5’ ends. One of them is EMCV RNA. This virus replicates more 

efficiently in the absence of MDA5 or LGP2. A region of EMCV negative-strand RNA 

Illustration 1: RLRs structure 
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was found to co-purify with 

LGP2 [10]. This RNA is 

necessary for antiviral response 

mediated by MDA5. While this 

fails to reveal some specific 

feature required for MDA5 

recognition, it contributes to the 

growing evidence of MDA5 and 

LGP2 collaboration in antiviral 

response. Moreover, proteins encoded by paramyxoviruses target MDA5 and LGP2 

to disrupt their ATP hydrolysis and inhibit activation of the immune response [11]. This 

suggests the importance of both: MDA5-LGP2 synergy, as well as ATP hydrolysis. 

LGP2 lacks CARD domain or any other known signaling domain (Illustration 

1), therefore it is hard to fully understand its role in antiviral signaling. LGP2 is present 

at low levels in uninfected cells but accumulates in response to virus infection [12]. It 

has the highest RNA binding affinity of all RLRs, and it has no specific preferences. It 

has ability to recognize diversity of RNAs, irrespective of their length or 5’ phosphate 

ends. Based on these findings, LGP2 was originally suggested to sequester viral RNA 

from detection by RIG-I [13]. However, LGP2 proteins defective for RNA binding can 

still inhibit RLR signaling, indicating that RNA competition cannot explain this effect of 

LGP2 [14]. On the contrary, mice lacking LGP2 exhibited decreased IFN-β production 

in response to RNA viruses [15]. The role of LGP2 in immune responses is controversial 

due to different reports of LGP2 as both, positive and negative regulator. LGP2 also 

appears to act as a concentration-depended biphasic switch. It enhances MDA5 

mediated signaling only when it is present at relatively low concentrations. At very high 

Illustration 2: RLRs antiviral signaling pathway 
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levels, LGP2 will inhibit MDA5 function [15, 16, 17]. However, LGP2 appears to have an 

important role in fully functional and rapid activation of IFN response during early 

stages of infection.  

 

1.2 RLRs activation and conformational changes 
 

 

RIG-I is present in the cytoplasm in auto-inhibited state [18]. It is activated only 

by the CTD binding to the appropriate ligand. In the ligand free environment, the two 

CARDs are interacting with the Hel2i insertion domain, while CARDs are unavailable 

for downstream signaling, CTD retains flexibility to scan the cellular environment for 

foreign RNAs. When CTD recognizes appropriate ligand, conformational change is 

initiated, and dsRNA helix displaces the CARDs. This allows helicase domains to form 

a ring-like structures around RNA and CARDs are free for downstream signaling and 

interaction with MAVS [19, 20]. The CARDs are also regulated and modified in vivo by 

CARD ubiquitination, phosphorylation and via interaction with other regulatory proteins 

[21]. After this initial transformation into enzymatically active form, RIG-I is utilizing ATP 

hydrolysis to translocate along the dsRNA [9]. The presence of CARD domains inhibits 

this translocation, however when dsRNA contained 5’-ppp modification, CARD did no 

longer have inhibitory effect [22]. In the absence of ATP, RIG-I binds to RNA ends as a 

monomer, but in the presence of ATP it assembles into a fiber starting at the dsRNA 

end and elongating toward the interior. These fibers do not entirely cover RNA, but 

they are rather observed as multiple short fibers at the end of RNA and sometimes 

internally along RNA [23]. 

Naïve MDA5 is incompetent for signaling. The mechanism by which MDA5 

CARDs are sequestered in the naïve state is so far unknown. As mentioned above, it 
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is difficult to identify key features of ligands required for MDA5 recognition. This is 

most likely related to structural differences between MDA5 and RIG-I, as well as low 

RNA binding affinity. CTD of RIG-I contains 5’-ppp or 5’-pp binding pockets, the 

analogous surface on the CTD of MDA5 is flatter and has much lower affinity for 

dsRNA. The CTD of MDA5 is involved in cooperative binding. Therefore, MDA5 is able 

to form fibers on dsRNA, with ring-like asymmetric units that form helical twists [24]. 

Initially it binds slowly as a monomer or dimer and form long head-to-tail fibers at any 

location along dsRNA. Physiological levels of ATP promote MDA5 dissociation from 

RNA [25], but it is still unclear if dissociation is a positive or a negative mechanism of 

signaling regulation. Additionally, MDA5 fibers were never observed in living cells, 

suggesting this is an extremely dynamic process and a short stage in antiviral signaling, 

rather than an intracellular structure. 

LGP2 possess the strongest RNA binding affinity of all RLRs, and as 

mentioned above, that was interpreted as evidence for RNA sequestration as an 

inhibitory mechanism [26]. However, this negative regulatory activity of LGP2 remains 

intact in the absence of RNA binding ability or ATP hydrolysis activity [14, 16]. LGP2 is 

the only RLR that possess dual ATPase activity, basal and RNA stimulated ATPase 

activity. The exact mechanism how LGP2 binds diverse RNAs, how it can enhance 

MDA5 signaling and inhibit RIG-I, remain unknown.  
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1.3 The role of ATP in RLRs signaling 
 

 

ATP binding and hydrolysis by the helicase domain appears to be of great 

importance for antiviral function of RLRs. Previous reports failed to detect ATP 

depended dsRNA strands unwinding by MDA5 or LGP2, suggesting uncertainty 

regarding these proteins functioning as a real RNA modifying proteins [27]. These 

observations raise the question about the exact role of ATP in RLRs signaling. The 

energy released from ATP hydrolysis could be used in several ways and this remains 

a debate for many years. Recent studies suggest that the ATPase activity of SF2 helps 

to increase the selectivity of viral RNA or decrease the affinity for self-RNA [28-32]. At 

first, MDA5 signaling seemed to be independent of ATP because both, ATP binding 

and hydrolysis-

deficient mutants were 

found to induce a 

constitutive immune 

response [29]. 

However, in vitro assembled MDA5 fibers were shown to dissociate in the presence 

of ATP, presumably due to conformational changes induced by cycles of ATP binding 

and hydrolysis [33].  Destabilization of fibers due to ATP hydrolysis is stronger at ends 

because MDA5 is less stable there leading to more rapid fiber disassembly [29]. MDA5 

defective for ATP hydrolysis has been implicated in autoimmune and 

autoinflammatory diseases such as systemic lupus erythematosus (SLE), Aicardi–

Goutières syndrome (AGS) or type 1 diabetes (T1D) [34, 35]. These findings suggest 

that ATP binding and hydrolysis have important role in the regulation of MDA5 

signaling.  

Illustration 3: MDA5 RNA+ATP induced conformational change  
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In the case of RIG-I consent is reached with respect to the role of ATP binding, 

whereas the role of ATP hydrolysis again remains a debate. dsRNA and ATP binding 

are required to trigger the conformational change that liberates CARDs from Hel2i [29-

31]. Several groups utilized non-hydrolysable ATP analogues to investigate the 

purpose of ATP hydrolysis. In addition, mutation in motif II allows ATP binding but 

prevents or slows down hydrolysis, trapping the protein in ATP-bound state. 

Interestingly, this site in motif II was found to be mutated in atypical Singleton-Merten 

syndrome as well and was suggested to lead to an autoactivated state of RIG-I in 

uninfected cells [36]. Subsequent cell-based studies with RIG-I trapped in ATP-bound 

state suggested increased interactions with self-RNAs that lead to an autoactivated 

state of RIG-I even in the absence of an infection [29, 31]. However, in some studies this 

motif did not lead to an increased RIG-I signaling [14, 32]. One explanation of these 

differences is different cellular background in which the studies were conducted.  

LGP2 is the most mysterious protein in RLR family. As mentioned above, it 

possesses dual ATPase activity. High basal ATPase activity enhances LGP2 ability to 

recognize diverse RNAs [16]. If this ability is involved in the regulation of MDA5 or RIG-

I remains to be investigated. So far, there are no reported autoactivation diseases in 

direct connection with LGP2. However, growing evidence suggested that LGP2 has 

been also linked to tissue-specific functions in adaptive immunity responses, cancer 

and apoptosis [37, 38, 39]. From this one can postulate that LGP2 has a much more 

important role than it has been previously thought.  

In summary, ATP binding and hydrolysis are one of the central features critical 

for accurate RLRs signaling. ATPase may play a regulatory role different for each 

signaling receptor and their signaling context. It can be speculated that RLRs utilize 

ATP for one: enhancement of RNA selectivity, two: proofreading and displacement 
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from non-optimal pathogen-associated molecular patterns (PAMPs), or three: 

increasing the signaling by promoting turnover of multiple molecules on single dsRNA. 

Perhaps, all these three options are utilized and balanced to achieve the most efficient 

signaling against pathogens and, at the same time, prevent self-RNA recognition. 

 

1.4 RLRs in autoimmune disorders 
 
 

IFNs are protecting us against viral infections but can also be damaging and 

are associated with the development of autoimmune disorders. Therefore, dissecting 

the mechanism by which immune receptors mediate induction of IFN and ISGs is of 

great importance. IFN signaling is associated with several autoimmune disorders, 

such as systemic lupus erythematosus, rheumatoid arthritis, systemic sclerosis, type 

I diabetes, Graves’ disease and psoriasis [40-46]. These diseases are characterized by 

sever inflammation and autoimmunity that have been a consequence of IFN induction, 

however, the precise mechanism is still unknown. Suppressing IFN signaling in these 

conditions is thought to have a clinical benefit, but this approach has risks. Immune 

regulation by IFNs is very complex and blocking it might be detrimental. Entirely 

blocking IFN pathway would cause these individuals to be extremely vulnerable to viral 

infections [47-50]. This can be avoided by targeted therapeutic approach. Therefore, 

better understanding of the mechanism and individual contributors to the immune 

response is crucial. 

As mentioned above, RLRs and their ATPase activity have been implicated in 

autoimmune disorders. All three members of the RLR family have overlapping but 

distinct affinity for different RNAs and these RNAs are characteristic of viral replicative 
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intermediates. However, these RNAs are also produced endogenously, especially 

duplex RNA. Very tight regulation to prevent autoactivation of the helicases must exist.  

 

 

 

 

 

 

 

 

 

 

 

 

In view of the RLRs, there are several points that could be disrupted resulting 

in autoactivation. For example, IFN signaling, which induces the expression of MDA5, 

also induces the RNA-specific adenosine deaminase (ADAR1), which edits 

endogenous RNAs and in that way, prevents activation of the MDA5. Loss-of-function 

mutations in ADAR1 have been identified to cause AGS [51]. Furthermore, the fatality 

of ADAR1 deficiency also depends on another IFN-regulated gene – RNase L [52]. 

RNase L is activated by 2’-5’-oligoadenylate synthase-1 and produce RNA that 

activates MDA5 [53]. Interestingly, gain-of-function mutations in 2’-5’-oligoadenylate 

synthase-1 have been identified in T1D patients [54]. Also, MDA5 mis-sense mutations 

are associated with autoimmunity in mice, caused by constitutive activation of the IFN 

pathway [55]. Whether the prevention of self-RNA recognition, regulation of the MDA5 

Illustration 4: Multiple errors in MDA5 signaling pathway that can lead to the loss 
of self-tolerance and autoimmunity 
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conformation, or both mechanisms are involved in autoimmunity, needs to be 

investigated. However, the role of MDA5 activity in autoimmunity is evident.  

The activity of RIG-I and MDA5 is also regulated by posttranslational 

modifications. Ubiquitin and ubiquitin-like molecules play an important role in this 

pathway. Lysine 63-linked polyubiquitination is essential for MDA5 and RIG-I activity 

[56-59]. Lysine 48-linked ubiquitination of RIG-I, MDA5, and the adaptor MAVS regulates 

their degradation [60]. RLRs induce IFN and are themselves induced by IFN. The fine 

balance of this induction and degradation is critical in the context of autoimmune 

disease. Taken all together, autoimmunity is a multifunctional disorder, result of 

genetic and environmental triggers and multiple “checkpoints” need to be in perfect 

balance to prevent the disease (Illustration 4).  
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1.5 Study implications 
 

 

LGP2 plays a role in variety of contexts and differences in cellular 

concentration or type of a ligand yield different outcomes. This is interesting in the 

case of MDA5, because it is known that LGP2 deficiency results in decreased IFN-b 

production in response to viruses usually recognized by MDA5. While it was known 

that LGP2 can enhance MDA5 signaling, it was not clear by which mechanism. It has 

been proposed that MDA5 binds to long dsRNA by forming fiber-like polymers where 

the tandem CARD signaling domain is exposed, thereby becoming capable of 

triggering antiviral signaling. This study reveals that LGP2 accelerates MDA5 fiber 

formation and adoption of its activated conformation. In the presence of ATP, LGP2 

facilitates dissociation of the fibers. However, dissociated MDA5 preserves its 

activated conformation. This could mean that MDA5 has a ‘memory’ of encountering 

a viral RNA even when it is dissociated from the RNA.   

Findings presented here indicate that LGP2 is able to affect MDA5 activation, 

and this could provide a basis for further advance in our understanding of the LGP2 

role in innate immunity. Moreover, these findings could give us some clues about the 

mechanism of autoimmune disorders linked with MDA5 mutations. This study 

suggests a new model of the dsRNA recognition by MDA5/LGP2 and expansion of 

antiviral signaling in the cytoplasm. 
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MATERIALS AND METHODS 

 

2.1 Cell culture and plasmids  
 
 

HEK293T cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM) with 

10% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/ml and 100 μg/ml 

respectively; Nacalai Tesque, Japan). 

The p-125 Luc and p-RL-tk have been described previously [1]. pEF-BOS-FLAG-MDA5 

and pEF-BOS-FLAG-LGP2 were obtained by subcloning cDNA into the empty pEF-

BOS vector with the oligonucleotides for the N-terminal FLAG-tag. Mutants were 

generated by introducing the mutations into pEF-BOS-FLAG-MDA5 or pEF-BOS-

FLAG-LGP2 using the KOD-Plus-Mutagenesis Kit (TOYOBO). 

 

2.2 Preparation of BPEVdsRNA 
 
 

Long dsRNA is difficult to prepare by conventional methods, therefore natural RNA 

was used. Long dsRNA from green pepper, which is a genome of Endorna virus, was 

identified and a protocol for its large-scale preparation was established. The family 

Endornaviridae infects diverse hosts including plants, fungi and oomycetes. The virus 

is transmitted through seeds and spores. It has no harmful effect on the host. Bell 

pepper (a group of the species Capiscum annuum) poses this virus originated double 

strand RNA with a length of 14 k bp. This dsRNA was extracted and purified for further 

experiments as a mimic model of viral RNA (a). The green bell peppers (Kyosozu and 

Miogi strains) were crushed using low-speed compression juicer. The juice was 

fractionated into four fractions: nuclear, organelle, vesicular and cytosolic fraction. The 
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RNA from the organelle fraction was extracted by phenol-chloroform. The sample was 

treated with DNase 1 (Roche), followed by total RNA phenol extraction and ethanol 

precipitation. This RNA was subjected to agarose gel electrophoresis and recovered 

by GENECLEAN II Kit (MP Biomedicals) (b). The quality and purity of the dsRNA was 

confirmed by agarose gel electrophoresis and AFM (c). 
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2.3 Luciferase assay 
 
 

HEK293T cells were seeded into 12-well plate (0.1x106) the day before transfection. 

Cells were co-transfected with p-125 Luc, p-RL-tk, pEF-BOS-MDA5 with addition of 

pEF-BOS-LGP2 or mutants using linear polyethyleneimine (PEI) under standard 

conditions. After 24 hours cells were further transfected with poly (I:C), BPEVdsRNA 

using PEI or infected by EMCV. Luciferase activity was determined using the Dual-

Luciferase Reporter Assay System according to the manufacturer’s instructions 

(Promega). Reporter gene activity was normalized to the internal control. 

 

2.4 Recombinant RLR proteins purification 
 
 

GST-Flag MDA5 was produced using Bac-to-Bac Baculovirus Expression System 

(Invitrogen, Life Technologies). The protein was expressed as GST fusion protein in 

High Five insect cells and purified using Gluthatione Sepharose 4B (GE Healthcare). 

GST tag was removed by AcTeV protease (Invitrogen). Coexisting nucleic acids were 

removed by Q Sepharose HP (GE Healthcare). Final protein conformation was 

examined by AFM. 

6xHis-Flag LGP2 was produced using Baculovirus Expression System. The protein 

was expressed as N-terminal 6xHis tag fusion protein in High Five insect cells. 6xHis-

LGP2 was bound to Ni Sepharose 6 Fast Flow (GE Healthcare) and eluted in elution 

buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1.5 mM DTT and 500 mM 

imidazole. 
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2.5 ATPase assay 
 
 

Protein (2 µg) and GP dsRNA (500 ng) mixtures were incubated at room temperature 

for 10 minutes in buffer: 20 mM Tris-HCl pH 7.5, 1.5 mM MgCl2, 1.5 mM DTT, in 20 µl. 

Where indicated LGP2 or LGP2 K30G was added (200 or 400 ng). After adding 1 mM 

ATP, mixture was incubated at 37°C for 30 minutes. Presence of released free 

phosphate was detected by BiomolGreen (Enzo Life Sciences). Absorbance was 

measured in microplate reader 680 in a range of 630-850 nm (BIO RAD). 

 

 

2.6 Size Exclusion Chromatography – Sepharose 4B 
 
 

SEC was used to detect protein size shifts. The 2.4 ml column was assembled using 

glass Pasteur pipette with short capillary tip and cotton ball at the bottom. Columns 

were sterilized and filled with Sepharose 4B (GE Healthcare). Prior to adding the 

sample, the column was washed and equilibrated with 5 ml (in total) of buffer B (50 

mM Tris, 150 mM NaCl, 1.5 mM DTT, 5 mM MgCl2). Typically, samples contained 3.4 

µM MDA5, 125 nM dsRNA, 5 mM ATP. After the sample was loaded, 100 µl fractions 

were collected. Fractions were than analyzed by immunoblotting using anti-Flag 

antibody or condensed by precipitation by acetone before immunoblotting in the case 

where the sample was fractionated twice. 
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2.7 MDA5/Poly (I:C) complex formation and fractionation 
 
 

Recombinant MDA5 (3.4 µM) and poly(I:C) (30 µg) were incubated in the buffer B. 

SEC (Sepharose 4B) was used to isolate the complex. Fractions 8, 9 and 10 

containing MDA5/poly(I:C) complexes were pooled and treated with 5 mM ATP or 5 

mM ATP + 2.5 µM LGP2. Samples were incubated at 37°C for 30 min and then ultra-

centrifuged at 300,000 x g for 10 min (Beckman Coulter, Optima MAX-XP, TLA 120.2). 

Samples were mixed with native sample buffer (0.25 M Tris-HCl, pH 6.8, 40% glycerol, 

0.005% bromophenol blue) and then subjected to 6% Native-PAGE (without SDS). 

Buffer for anode chamber: 25 mM Tris-HCl, pH 6.8, 192 mM glycine, and cathode 

chamber: same buffer supplemented with 1% DOC. The gel was pre-run for 60 min at 

40 mA, the samples were electrophorized for 6 h with constant 60 V at 4°C. MDA5 

was visualized by immunoblotting (anti-MDA5-CTD antibody). 

 

2.8 Tryptic digestion of proteins and protein/RNA complexes 
 
 

MDA5 or MDA/LGP2 alone or complexed with poly (I:C) (at 1:1 mass ratio) in the 

absence or presence of 2 mM AMP-PNP or 2 mM ATP as a 25 µg samples were 

treated with 0.035 µg of Trypsin from bovine pancreas (TPCK treated: Sigma-Aldrich). 

At the indicated time intervals 10 µl samples were removed and reaction was stopped 

by the addition of SDS-sample buffer and heating at 95°C for 5 min. Samples were 

subjected to SDS-PAGE and silver stained with Sil-Best Stain One (Nacalai Tesque, 

Japan) following manufacturer’s instructions.  
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2.9 Peptide sequencing 
 
 

Digested MDA5 (as described in 2.8) was subjected to 7.5% SDS-PAGE and 

transferred to a PVDF membrane, followed by 0.1% CBB R-250 staining. Membrane 

was dried and band was excised using a sterile razor. N-terminal amino acid sequence 

of trypsin-digested MDA5 was determined by Japan Institute of Leather Research. 

 

2.10 Antibodies and antibody labeling 
 
 

Anti-Flag and anti-GFP were purchased from Sigma and Santa Cruz Biotechnology, 

respectively. The anti-human LGP2 antibody was originally generated by immunizing 

rabbits with a synthetic peptide corresponding to amino acids 535-553 of the human 

LGP2, as described previously [61]. 

Antibody labeling: anti-LGP2 and anti-GFP were labeled with Qdot 655 nanocrystals 

using SiteClickä Qdotä 655 Antibody Labeling Kit following manufacturer’s 

instructions (Invitrogen, Thermo Fischer Scientific, USA). 

 

2.11 AFM sample preparation 
 
 

Purified recombinant proteins and BPEVdsRNA were diluted in buffer C (5 mM 

HEPES-NaOH pH 7.5, 50 mM NaCl, 5 mM MgCl2, 150 nM MDA5, 8.4 nM dsRNA, 30 

nM LGP2). Mixtures were incubated at the times indicated with or without 1 mM ATP 

at 37°C. RNA/protein samples were fixed with 0.05% glutaraldehyde (Nacalai tesque, 

Japan), placed on freshly cleaved 10 mM Spermidine treated mica for adhesion, and 

dried with nitrogen gas prior to imaging. 
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2.12 AFM imaging 
 
 

AFM imaging was performed using Multimode AFM Nanoscopeâ IIIa controller and a 

J scanner (Bruker, Veeco, Digital Instruments). The AFM machine was operated in 

Tapping Mode at a scanning rate of 1-2 Hz in air at room temperature using silicon 

rectangular micro cantilevers with sharpened tetrahedral tips (OMCL-AC160TS-C3, 

Olympus Corporation, Tokyo, Japan). The cantilevers had a spring constant of 26 N/m 

and a resonance frequency of 300 (±100) kHz. Images were taken from height data 

and flattened in the NanoScope Analysis (v. 5.31 rl, Digital Instruments).  

 

2.13 AFM image analysis  
 
 

The flattened SPM images were analyzed with NanoScope Analysis (v. 5.31 rl, Digital 

Instruments and 1.40, Bruker). Section analyses were done in the software drawing a 

line at the point of interest and converting a corresponding curve graph data into a text 

file. 

 

2.14 High-Speed AFM 
 
 

Imaging of the dynamics of MDA5 molecules were performed using a high-speed AFM 

system (Nano Live Vision, Research Institute of Biomolecules Metrology Co., Tsukuba, 

Japan) with a custom-made piezo scanner, the resonance frequencies of which are 

xy 30 kHz and z 600 kHz. Small silicon nitride cantilevers were used (BL-AC10EGS-

A2 cantilevers; Olympus Co., Tokyo, Japan). Their resonant frequencies in water were 
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∼ 600 kHz, and the spring constants in water were ∼ 0.1 N/m. Each cantilever had an 

electron beam deposited (EBD) probe.  

A 2 μL droplet of MDA5 solution (0.5 ng/µL) was deposited onto the surface of freshly 

cleaved mica (1.5 mm diameter). After incubation for 1 min at room temperature, the 

sample was gently rinsed several times with buffer C (20 mM Tris-HCl (pH 7.5), 10 

mM MgCl2, and 1 mM EDTA) to remove unabsorbed molecules. High-speed AFM 

imaging in tapping mode was performed in the same buffer solution. The 192 × 144 

pixel images were obtained at a scan rate of 2.0-5.0 frame/s and analyzed with the 

ImageJ software (National Institue of Health (NIH), Bethesda, MD, USA, 

http://rsbweb.nih.gov/ij/). 
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RESULTS 

 

3.1 LGP2 and MDA5 co-expression enhance IFN-b promoter activity in response 
to Poly (I:C), EMCV and BPEVdsRNA 
 
 

To investigate LGP2 effect on MDA5 IFN-b induction upon stimulation by 

different RNA species synthetic RNA (Poly (I:C)), virus (EMCV) and natural RNA 

(BPEVdsRNA) were used. Long dsRNA is difficult to prepare by conventional methods. 

14 k bp long dsRNA from bell pepper (Capiscum annuum), which is a genome of 

Endornavirus, was identified and a protocol for its large-scale preparation was 

established [62]. This BPEVdsRNA was extracted and purified for further experiments 

as a mimic model of viral RNA. Experimental design is shown (Fig. 1A). 

Overexpression of MDA5 induced the basal promoter activity; however, it was 

further upregulated upon Poly (I:C) transfection in HEK293T cells. Addition of low 

concentration of LGP2 significantly enhanced IFN-b induction (Fig. 1B). This data is 

consistent with the previous reports [16, 63]. Upon EMCV infection, IFN-b is induced 

when MDA5 and LGP2 are co-expressed, while the level of IFN-b induction was 

comparable to that of uninfected cells when MDA5 was expressed alone (Fig. 1C). 

Similar effect was observed when cells were transfected with BPEVdsRNA (Fig. 1D). 

When mutants of LGP2 (DCTD: helicase only, CTD: CTD only) were co-expressed 

with MDA5, no cooperation was observed (Fig. 1B-D), suggesting that full length LGP2 

is required to cooperate with MDA5. LGP2 K30G, whose ATP binding site is disrupted, 

exhibited significantly reduced cooperation with MDA5. 

MDA5/LGP2 co-expression increased the level of IFN-b induction compared 

to the cells expressing MDA5 alone in response to synthetic, viral or natural mimic of 
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a viral RNA. Since LGP2 lacks a signaling domain, as expected, LGP2 overexpression 

alone did not induce IFN-b compared to the mock (Fig. 1B-D). Thus, these results 

suggested MDA5/LGP2 cooperation in response to various long dsRNA species and 

the necessity of the full length LGP2 for this phenomenon, as well as functional ATP 

binding site. 
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Figure 1. LGP2 and MDA5 co-expression enhance IFN-b promoter activity in response to Poly 
(I:C), EMCV and BPEVdsRNA. (A) Experimental design to analyze IFN-b promoter activity in HEK293T 
cells in response to various stimuli. (B-D) HEK293T cells were transfected with a reporter plasmid 
containing luciferase gene under the control of the IFN-b promoter (p-125Luc), Renilla luciferase 
construct (pRL-tk) as an internal control, 25 ng plasmid expressing MDA5, and 4 ng plasmid expressing 
LGP2 or its mutant. 24 hours after transfection cells were mock treated, transfected with 3 µg of Poly 
(I:C) (B), infected with EMCV (MOI = 1) (C), or transfected with 300 ng of BPEVdsRNA (D). After 8 h, 
cells were subjected to Dual-Luciferase assay. Data shows relative firefly luciferase activity normalized 
to the Renilla luciferase activity, in one of at least three independent experiments, and error bars show 
± S.D. *** p <0.001, * p <0.05 unpaired Student’s t test. 
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3.2 LGP2 accelerates MDA5 fiber formation 
 
 

MDA5 forms fibers by stacking monomers in a head-to-tail manner and strong 

protein-protein interactions are increasing the affinity for the dsRNA by >100 folds [24, 

33, 64]. Mutations in the fiber interfaces result in inability of the protein to form fibers and 

induce IFN [24], indicating that fiber formation is critical for MDA5 signaling. Previously, 

it has been reported that LGP2 sensitizes MDA5 to activation by dsRNA [63] and that 

LGP2 regulates MDA5 fiber assembly [65]. However, the mechanistic basis remained 

unknown. AFM has been known for visualization of proteins and nucleo-protein 

complexes [66-68], and here it was utilized to gain an insight into the MDA5 fiber 

formation in the presence and absence of LGP2 and LGP2 K30G. MDA5 formed fibers 

slowly, in line with the evidence that MDA5 exhibits slow on rate binding [24]. The fiber 

formation started after 1-5 minutes of incubation and continued to elongate to reach 

about 2.5 µm, covering 70% of the BPEVdsRNA after 20 minutes of incubation. In 

contrast, in the presence of LGP2, fibers formed rapidly, reaching the same length and 

70% of BPEVdsRNA occupancy after only 1 minute of incubation (Fig. 2A-B). 

Interestingly, LGP2 K30G did not enhance MDA5 fiber formation. These results 

confirmed that LGP2 assisted fiber formation by MDA5, while LGP2 K30G assistance 

was negligible. 

LGP2 alone does not form fibers (top panels Fig. 2A). Therefore, it is 

necessary to determine whether LGP2 is incorporated into the MDA5-dsRNA fibers. 

First, height of the fibers formed in the presence or absence of LGP2 was measured. 

The height of BPEVdsRNA alone was 0.57 nm in average (Fig. 2C-D). MDA5-dsRNA 

formed 3.6 nm high fibers while in the presence of LGP2 fibers were 4.5 nm high, and 

3.9 nm in the presence of LGP2 K30G (Fig. 2C-D). This result indicated LGP2 
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presence inside the MDA5 fibers. LGP2 K30G participation in the fiber assembly was 

only a minor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. LGP2 accelerates MDA5 fiber formation. (A) AFM images of the MDA5 fiber formation time 
course in the absence or presence of LGP2 or LGP2 K30G. AFM image of BPEVdsRNA alone (top). 
(B) The average fiber length measured from at least three independent experiments. Error bars: ± S.D. 
MDA5 fiber formation. (C) Quantification of the BPEVdsRNA height alone (top) and fibers formed by 
MDA5, MDA5/LGP2 or MDA5/LGP2 K30G. (D) Average of BPEVdsRNA height (grey), MDA5 fiber 
height in the absence (blue) and presence of LGP2 (red) or LGP2 K30G (green), measured from 100 
sections. Error bars: ± S.D. **** p <0.0001, * p <0.05 unpaired Student’s t test.  
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3.3 LGP2 and MDA5 form hetero-oligomer units 
 
 

As described above, LGP2 affects the rate of MDA5 fiber assembly, as well 

as thickness. This data suggested that LGP2 is incorporated into the MDA5/dsRNA 

fibers. To determine the position of LGP2, specific monoclonal antibody against LGP2 

tagged with quantum dot (Qdot655) was used. MDA5 fiber with or without LGP2 was 

probed with aLGP2-Qdot or control aGFP-Qdot (Fig. 3A). aLGP2-Qdot detected 

LGP2 within the fiber at various positions, however, did not react with the fiber without 

LGP2, and significantly lower number of Qdots were observed on MDA5 fibers with 

LGP2 K30G. Labeled antibody against unrelated protein aGFP-Qdot, did not detect 

LGP2 in the fiber. Interestingly, LGP2 positioned mostly alternating to the sides of the 

fibers (Fig. 3C). Number of Qdots per 1 µm of the MDA5 fiber length were counted as 

shown in the graph (Fig. 3B).  

Next, distances between 10 pairs of Qdots were measured. The example of 

the measurements made is shown (Fig. 3C). The average horizontal distance between 

two Qdots was 32.8 nm (Fig. 3D). Previous publication showed that 1 molecule of 

MDA5 occupies 14-15 bp of dsRNA [69]. Taking into account that 15 bp of the stretched 

dsRNA is ~4.7 nm, it is speculated that one LGP2 molecule exists every 5-9 MDA5 

molecules in 32.8 ±8 nm range. These results strongly suggested that MDA5 fibers 

are indeed composed of LGP2-MDA5 hetero-oligomer units, while LGP2 K30G again 

failed to demonstrate cooperation in the MDA5 fiber formation. 
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Figure 3. LGP2 is incorporated into the MDA5 fibers. LGP2 antibody against CTD domain was 
labeled with Qdots, added to the MDA5/LGP2/dsRNA mixture and observed with AFM. (A) AFM images 
of the MDA5 fibers in the absence (upper panel), presence of LGP2 (middle panel), and LGP2 K30G 
(lower panel) mixed with aLGP2-Qdot; and in the presence of LGP2 mixed with Qdot labeled antibody 
against unrelated protein as a control, aGFP-Qdot (bottom panel). (B) Graph shows the average 
number of Qdots/1 µm of MDA5 fiber length without LGP2 (blue bar), with LGP2 (red bar) and LGP2 
K30G (green bar), and MDA5 fibers with LGP2 mixed with aGFP-Qdot (white bar). Error bars: ±S.D. * 
p <0.05, NS= p >0.05, unpaired Student’s t test. (C) Representative AFM image of distance 
measurements between aLGP2-Qdot attached to the MDA5 fiber. (D) Graph bars show distances 
between aLGP2-Qdot pairs and the dotted line represents the average distance length between 10 
pairs. 
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3.4 LGP2 promotes MDA5 ATP hydrolysis and fiber turnover 
 
 

It has been previously described that MDA5 fiber dissociates in the presence 

of ATP through its hydrolysis [25, 33]. Here, MDA5 fiber dissociation under different 

conditions was investigated (Fig. 4). First, the role of ATP binding in MDA5 fiber 

formation was tested. In the presence of ATP, fibers formed faster than in its absence, 

and upon ATP hydrolysis, MDA5 is released from the end of the fibers, making fiber 

length shorter after 20 minutes of incubation (~500 nm). In the presence of LGP2, fiber 

is rapidly disassembled (~500 nm after 1 minute), suggesting higher ATP hydrolysis 

rate. MDA5 is released mostly from the stem of the BPEVdsRNA (Fig. 4A-B). LGP2 

K30G only partially enhanced MDA5 fiber dynamics, suggesting the importance of 

LGP2 ATPase activity. 

To investigate monomeric and oligomeric shifts of MDA5 in the presence of 

ATP and LGP2, MDA5 fibers were examined by size exclusion chromatography (SEC) 

(Fig. 4C). The isolated fiber was stable and did not generate free MDA5 spontaneously, 

as seen by re-chromatography (Fig. 4C panel c). AFM observation revealed that 

MDA5 fiber dissociates by incubation with ATP, and that is in line with the evidence 

from the previous research [25]. However, fiber dissociation by incubation with ATP 

alone was below detectable level by SEC (Fig. 4C panel d). This discrepancy could 

be due to lower concentration (KD value) of MDA5 and dsRNA in AFM observation 

(Materials and Methods). Incubation of the fiber with LGP2 did not generate free MDA5 

(Fig. 4C panel e). In contrast, incubation with ATP and LGP2 efficiently dissociated 

the fiber into free MDA5 (Fig. 4C panel f), suggesting dissociation was dramatically 

enhanced by LGP2. To investigate the effect of ATP binding and its hydrolysis, AMP-

PNP was used, which can bind to ATPase, but it is not hydrolyzed, and LGP2 K30G 
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as ATP binding deficient mutant. Incubation with AMP-PNP/LGP2 or ATP/LGP2 K30A 

failed to dissociate the fiber (Fig. 4C panels g and h), suggesting ATP binding and its 

hydrolysis is involved in the dissociation.  

 Next, the effect of LGP2 on MDA5 ATPase activity was investigated (Fig. 4D). 

MDA5 exhibited dsRNA-dependent ATPase activity. Titration of LGP2 to the 

MDA5/dsRNA mixture, dramatically increased the level of the ATPase activity (Fig. 

4D). This observation was the ATP hydrolyzed exclusively by MDA5, because 

LGP2/dsRNA mixture alone exhibited only the modest level of activity. The enhancing 

effect of LGP2 was largely lost by K30G mutation. These data indicated highly 

dynamic events of MDA5 fiber assembly and disassembly in the presence of LGP2 

(compare Fig. 2 and Fig. 4). It is clear that ATP facilitates MDA5 binding, while the 

ATP hydrolysis rate is higher in the presence of LGP2 suggesting fiber turnover and 

increased number of activated MDA5 molecules.  
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Figure 4. LGP2 promotes MDA5 ATPase activity and fiber dynamics. (A) AFM images of the time 
course of MDA5 fibers in the presence of ATP and proteins indicated on the left. (B) Average MDA5 
fiber length in the presence of ATP and LGP2 or LGP2 K30G. (C) SEC of purified proteins. Fractionation 
of MDA5 (a) or the reaction mixture of MDA5 and BPEVdsRNA (b) by Sepharose 4B. The high 
molecular weight fractions (8-10 of b) were pooled as MDA5/BPEVdsRNA fiber. The fiber was re-
chromatographed without incubation (c) or after incubation with ATP (d), LGP2 (e), ATP+LGP2 (f), 
ATP+LGP2 K30G (g), or AMP-PNP+LGP2 (h). Samples were analyzed by immunoblotting (IB) using 
anti-Flag antibody. (D) ATPase assay. Recombinant proteins were analyzed for ATPase activity 
(Materials and Methods). Values are average of 3 independent experiments. Error bars: ±S.D. **** p 
<0.0001, * p <0.05, NS= p >0.05, unpaired Student’s t test. 
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3.5 LGP2 affects MDA5 conformational changes 
 
 

The exposure of CARDs of MDA5 and RIG-I is the basis for signaling induction 

and MAVS oligomerization. Protein-RNA complexes were tested for their susceptibility 

to cleavage by trypsin to further investigate MDA5 CARDs release and activation. 

2xFLAG tag placed before N-terminus was used to detect CARDs with anti-Flag 

antibody and anti-CTD antibody for detection of the C-terminus of MDA5. First, 

HEK293T cell lysate overexpressing full-length (FL-MDA5) was digested. As shown 

in Figure 5A, 4 bands arise after trypsin digestion. Band 1 (FL) is uncleaved FL-MDA5 

(band 1: ~133 kDa), band 2 (DC1) corresponds to the MDA5 with partially cleaved 

CARD1 (band 2: ~120 kDa) because it was detected by anti-CTD antibody but not by 

anti-FLAG. Band 3 (DCTD) corresponds to the MDA5 lacking C-terminus (band 3: 

~115 kDa) because it was detected by anti-FLAG antibody but not by anti-CTD. Band 

4 is the MDA5 lacking both, CARD1 and the CTD (DC1-CTD) because it could not be 

detected by either anti-FLAG or anti-CTD. Indeed, N-terminal sequencing revealed 

that band 4 lacks entire CARD1 (Fig. 5B). It is thus the most important band, 

corresponding to the protein with open (digested) CARD1 (band 4: ~100 kDa). The 

same pattern was observed with purified MDA5 after silver staining. Next, it was 

investigated how ATP and/or LGP2 affect this digestion pattern corresponding to the 

MDA5 conformational changes. Full length purified proteins are shown (Fig 5C; input). 

In the absence of a ligand, MDA5 was rapidly digested (Fig. 5C panel a). In the 

presence of Poly (I:C), MDA5 showed resistance, particularly the helicase domain (Fig. 

5C panel c). Nonhydrolyzable ATP binding (AMP-PNP) resulted in MDA5 wrapping 

around Poly (I:C) more tightly (Fig. 5C panel e). The band intensity from figure 5C, 

panels e and f were quantified and normalized to the non-digested FL-MDA5 as 100% 
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(input). In this condition, band 2 was dominant and its intensity increased over time 

(Fig. 5E). On the contrary, the intensity of band 4 increased gradually as the digestion 

proceeded. This indicated that CARD1 was partially exposed under these conditions. 

When LGP2 was present in the fibers (Fig. 5F), band 4 was rapidly detected (after 5 

min) and it became dominant as the digestion proceeded. Simultaneously, the band 2 

intensity clearly decreased. These results suggested that the presence of LGP2 in the 

fibers promoted full exposure of CARD1, and possibly CARD2. On the contrary, LGP2 

K30G presence showed relatively strong resistance of the band 3 in all conditions, 

which corresponds to closed CARDs (Fig. 5D, G). Interestingly, band 4 resistance was 

also observed, although appearing slower. Taken all together, presence of LGP2 

K30G resulted in a mixture of active and non-active MDA5 molecules, possibly due to 

inability of this mutant to bind ATP and change the conformation. 

Interestingly, when ATP was added instead of AMP-PNP (Fig. 5C panels g and h), the 

digestion pattern was almost identical to that of AMP-PNP (Fig. 5C panels e and f). 

Figure 4C, panel f showed that MDA5/LGP2/dsRNA complex with ATP, but not AMP-

PNP, resulted in dissociation. Since naïve MDA5 is highly sensitive to trypsin digestion 

(Fig. 5C, a), this result suggested that MDA5 was released from the fibers through 

ATP hydrolysis. Furthermore, even after the dissociation, MDA5 retained a structure 

similar to that bound to the dsRNA. To test this hypothesis, the MDA5/Poly(I:C) 

complex was isolated by SEC. The fiber was mixed with ATP and LGP2 to accelerate 

dissociation. Ultracentrifugation was used to separate fiber (pellet) from dissociated 

protein (supernatant). Native-PAGE (Fig. 5H) revealed that the released MDA5 is 

composed of monomers and oligomers. Trypsin digestion of this released MDA5 

(supernatant) exposed CARD1 (Fig. 5I) as compared to the naïve MDA5 which 

CARD1 remained trypsin resistant. 
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This data indicated that MDA5 changes conformation in the presence of a 

ligand and during ATP binding and hydrolysis. LGP2 clearly appears as a catalyst in 

this reaction, keeping MDA5 highly flexible. While MDA5 is still able to signal by itself, 

this data suggested that signaling is limited and LGP2 is able to facilitate CARDs 

release for the signaling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. LGP2 shows the ability to affect MDA5 CARDs exposure. (A) MDA5 trypsin digestion 
pattern. Anti-Flag antibody was used to detect N-terminal of MDA5 and anti-MDA5-CTD was used to 
detect C-terminal of the protein. In the schematic representation, the accessible cleavage sites are 
shown resulting in the observed 4 bands, indicated by 1,2,3 and 4 arrows. (B) N-terminal sequencing 
of band 4 produced by limited trypsin digestion of MDA5. 
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Figure 5. LGP2 shows the ability to affect MDA5 CARDs exposure. (C) Silver stained time course 
of trypsin treated (35 ng) purified MDA5 in the absence (upper panel) and presence (lower panels) of 
Poly (I:C); left and right panels show MDA5 tryptic digestion in the absence and presence of LGP2 
respectively with addition of AMP-PNP and ATP where indicated, and (D) in the presence of LGP2 
K30G. (E-G) Graphs show intensity of band 2, 3 and 4 that indicated opening of the CARDs over an 
indicated time in the presence of Poly (I:C) and AMP-PNP, LGP2 or LGP2 K30G; values are expressed 
as percentage if non-digested FL-MDA5 represents 100% (input).  
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Figure 5. LGP2 shows the ability to affect MDA5 CARDs exposure. (H) Native-PAGE analysis of 
MDA5/Poly (I:C) complex. MDA5/Poly (I:C) complex was isolated by SEC as in Fig. 4Ab, followed by 
the complex incubation with ATP in the presence or absence of LGP2. The mixture was ultracentrifuged 
into Poly (I:C)-bound complex (ppt) and released proteins (sup). The fractions were analyzed by native 
(top) and SDS (bottom) PAGE and subjected to immunoblotting with anti-MDA5 antibody (top) and-Flag 
antibody (bottom). (I) Trypsin digestion of MDA5. Naïve recombinant MDA5 and dissociated MDA5 
(from lane 4 in Fig. 5H) were analyzed by limited trypsin digestion as in (C). Positions of full length 
MDA5 (1) and its digestion products (2-4) are shown on the right. 
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3.6 MDA5 autoinhibition in the absence of infection 
 

 

As mentioned above, inactive MDA5 is rapidly digested and tryptic resistance 

appears with the presence of a ligand. In the case of RIG-I, CARDs are locked in the 

ligand-free environment, and only the presence of the RNA is inducing the 

conformational change in the CTD and subsequent liberation of the CARDs [18-20]. 

Interestingly, RIG-I shows equal resistance with and without a ligand but different 

conformation [70]. To detected which band appears first in the absence of a ligand, 

amount of trypsin and time of the treatment were reduced. First digested part of MDA5 

was CTD, while CARDs were still protected. This indicated that inactive MDA5 takes 

conformation where CTD is free to scan the cytoplasm for a foreign RNAs, while 

CARDs are not exposed (Fig. 6A). If the CARDs are being held locked, auto-inhibition 

mechanism must be different to that of RIG-I. This data indicated that MDA5, as well 

as RIG-I, possesses auto-inhibited conformation, however, this state is rather weak 

and presumably easily disrupted. 

A single amino acid substitution in MDA5 (G821S) results in the constitutive 

production of IFN-I and inflammatory cytokines, and autoimmunity-like phenotype in 

mice [55]. Here, MDA5 wild type and G821S single molecule were observed by AFM. 

This revealed that MDA5 wild type adopts an open structure, composed of 3 to 4 

subdomains and connecting linkers (Fig. 6B, left). However, G821S exhibited a closed, 

globular structure (Fig. 6B, right). Furthermore, this was confirmed by a high-speed 

AFM observation of a single molecule (Fig. 6C). Examination of these molecules by 

limited trypsin digestion revealed that the conformation of MDA5 and G821S were 

distinct. CARDs were mostly masked in MDA5 wild type but highly sensitive (exposed) 

in G821S (Fig. 6A, right). In summary, wild type MDA5 has an open structure but the 
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CARDs are masked, whereas the overall structure of G821S is closed with a sensitive, 

fully exposed CARDs. These results prompted the comparison of the molecular 

structure of MDA5 after its interaction with dsRNA and ATP or LGP2, by AFM (Fig. 6D, 

E, F). As a result, MDA5 interacted with dsRNA, dissociated and then underwent major 

structural change from an open to a closed conformation, in which the CARD1 was 

unmasked.  
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Figure 6. Trypsin digestion and AFM observation of recombinant MDA5 wt and MDA5 G821S 
(A) Recombinant MDA5 and MDA5 G821S were digested with trypsin as described in Figure 5C a, 
except with a lower trypsin concentration (TPCK trypsin 17 ng) and shorter incubation time. (B) AFM 
analyses of MDA5 and MDA5 G821S. AFM images of MDA5 and MDA5 G821S. Left: 300 x 300-nm2 
images, Right: 75 x 75-nm2 images. From these images, MDA5 monomers (objects with a total volume 
of 300±30 nm3) were selected and quantified for diameter (bottom).   
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Figure 6. Trypsin digestion and AFM observation of recombinant MDA5 wt and MDA5 G821S 
(C) Single-molecule analysis of WT and G821S using high-speed AFM. Images are 62.5 x 62.5-nm2 
frames acquired at a rate of 1 frame per second. Schematic representation of each image is displayed 
below. Representative live images are shown. The minimum circum-diameter (MCD) of each frame is 
shown (bottom). (D) AFM images of MDA5 protein under different conditions. Wild type MDA5 was 
incubated with reaction buffer (D) or with dsRNA (E) or with dsRNA and LGP2 (F), in the presence of 1 
mM ATP for 30 min. Left: 300 x 300 nm2 images, Right: 75 x 75-nm2 images. From these images, 
MDA5 monomers (objects with total volume of 300±30 nm3) were selected and quantified for diameter 
(bottom). 
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3.7 Proposed model for MDA5/LGP2 signaling 
 
 

Based on the data presented above, a mechanistic model by which LGP2 

augments MDA5 signaling is proposed. In line with the previous evidence, LGP2-

mediated RNA recognition enabled MDA5 to nucleate fiber assembly at more 

locations along dsRNA at the same time. 

Physiologically, the presence of ATP is of great 

importance. Here, the mechanism of MDA5 fiber 

formation in the presence or absence of LGP2 

and ATP is illustrated (Illustration 5).  

From the AFM data, it can be concluded 

that fibers are assembled and disassembled 

rapidly in the presence of ATP and LGP2. This 

suggests highly dynamic events with more fiber 

turnover opportunities, resulting in dramatically 

increased number of signaling competent MDA5 

molecules. It was previously reported that MDA5 

fibers are dissociated through ATP hydrolysis [25, 

33]. The ATP-dependent dissociation is sometimes interpreted as a negative 

mechanism of signaling regulation, preventing the self-RNA recognition. However, the 

addition of LGP2 and ATP to pre-formed MDA5 fibers promoted efficient fiber 

dissociation (Fig. 4C), suggesting that the dissociation is related to the positive 

regulation of signaling.  

The exposure and oligomerization of the tandem CARD is a trigger of antiviral 

signaling by RLR (C1 and C2, Fig. 5A) through conformational change [1, 24, 25, 71, 72]. 

Illustration 5: MDA5 conformation in the absence 
(top) and presence (bottom) of LGP2 and ATP 
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To investigate structural changes and CARDs release, MDA5/Poly (I:C) complexes 

were tested for their susceptibility to cleavage by trypsin. The naïve MDA5 molecule 

has an open structure and exhibited hypersensitivity to trypsin digestion. This is 

consistent with the AFM observation of a single MDA5 molecule [55]. MDA5 binding to 

the RNA induced a structural change where CARDs are exposed (Fig. 5C). ATP 

binding caused further changes, as demonstrated in the presence of AMP-PNP, 

MDA5 binds RNA more tightly and CARD1 is only partially exposed. These fibers are 

long, non-flexible and with only few locations from where protein could be released for 

a turnover. Addition of LGP2 promoted full exposure of the CARD1 and the CTD. It is 

very likely that the CARD2 is exposed as well, oligomerized and more resistant to the 

tryptic digestion. It appears that enzymatically inactive LGP2 K30G was not fully able 

to demonstrate augmentation of MDA5/dsRNA binding or CARDs exposure. If this is 

the consequence of mutant LGP2 having different conformation or lower RNA affinity, 

remains to be elucidated. Surprisingly, in the presence of ATP, which promotes fiber 

dissociation, the MDA5 conformation is identical to that within the fibers. This indicated 

that the dissociated free MDA5 did not adopt the conformation of an inactive protein. 

It retained its “activated” conformation with the exposed CARD1. This could mean that 

the MDA5 has a “memory” of encountering a viral RNA even after the release and this 

model is consistent with the AFM observation of the MDA5 structure (Fig. 6D). 

The conformational changes of MDA5 through interaction with dsRNA, LGP2 

and ATP is shown step-by-step in Figure 7. The activated MDA5 may migrate to 

downstream adaptor MAVS to form aggregates and trigger the signaling cascade, 

leading to the activation of IFN and IFN-stimulated genes.  

In summary, it was strongly suggested that ATP is essential for MDA5 fiber 

formation and production of free MDA5 in the activated conformation through its 
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hydrolysis, where LGP2 is a reaction catalyst in each step, thus being the key positive 

regulator of the viral RNA recognition. 
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Figure 7. MDA5 activation by LGP2 and ATP (a) Inactive MDA5 has an open conformation, keeping 
the tandem CARD masked. (b) Upon binding with viral dsRNA within the viral replication complex, 
MDA5 forms fibers. The conformation is closed with only partially exposed CARD1. (c) ATP hydrolysis 
weakly promotes MDA5 release from the dsRNA. (d) In the presence of LGP2 and ATP, MDA5 
conformation is further changed to fully exposed CARD1. (e) Upon ATP hydrolysis, the fiber efficiently 
dissociates. (f) Released MDA5 retains its open conformation as monomer/oligomer mixture, it exits 
from the viral replication complex and migrates to its downstream adaptor, MAVS. (g) MDA5 CARDs 
form a complex with the CARD of MAVS on mitochondria. (h) Aggregation of MDA5 and MAVS results 
in the activation of transcription factors, including IRF-3 and NF-kB. 
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DISCUSSION 

 

MDA5 is an RNA sensor that has ability to recognize viral infections and 

initiate an antiviral response. MDA5 is implicated in a range of autoimmune disorders. 

Therefore, investigation of the MDA5 activation mechanism is of great importance. 

MDA5 is activated upon recognition and binding of long dsRNA and ATP. The 

exposure of CARDs enables interaction with a downstream partner MAVS. However, 

considering low RNA binding affinity, activation of MDA5 may require more than just 

RNA binding. The binding is initial step towards IFN induction and fiber formation is 

shown to be requirement [69], but this is an initiation of the cascade of the events 

leading to an activated MDA5. RLRs are expressed at low levels inside the cells. While 

inactive RIG-I is able to take auto-repressed form, it was unknown what conformation 

endogenous inactive MDA5 takes, what is the role of ATP hydrolysis and what are the 

mechanisms by which other accessory proteins, such as LGP2, can regulate MDA5 

activation. The data presented here demonstrate that LGP2 is a requisite partner in 

the mechanism of MDA5 activation.  

LGP2 has the ability to enhance IFN-b through MDA5 in response to three 

different types of stimulation: synthetic RNA mimic (Poly (I:C)), virus (EMCV) and 

natural viral dsRNA (BPEVdsRNA). Full length LGP2 necessity, as well as fully 

functional ATP binding site, demonstrated the importance of its helicase domain and 

that augmentation of MDA5 signaling is not only result of stronger LGP2 affinity for the 

dsRNA. Moreover, the amino acid region in domain IV is completely conserved 

between MDA5 and LGP2. Deletion of this region, completely abolished ability of 

LGP2 to augment MDA5 signaling [63]. This region has also been shown to be critical 

in response to paramyxovirus V proteins which are able to disrupt MDA5-LGP2 
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association [10, 11]. Taken all together, it is tempting to think that MDA5/LGP2 

interaction through their helicases is a critical step in displacing the MDA5 CARDs for 

the signaling.  

MDA5 fiber formation is rapid in the presence of LGP2. MDA5 alone shows 

faster fiber formation only in the presence of ATP. AFM data and ATPase assay 

demonstrated that in the presence of both, LGP2 and ATP, fibers are assembled and 

disassembled even more rapidly. Thus, LGP2 presence inside the fiber is not only 

keeping the CARDs displaced for signaling, but also creating the opportunity for ATP 

hydrolysis and dissociation from the RNA at several locations. Possibility of fiber 

turnover and more activated MDA5 molecules are certain. Furthermore, this reveals 

possible answer to the current question in the filed: why MDA5 fibers were never 

captured in the living cells. This study has shown that these events are highly dynamic. 

Crystal structures have revealed the details of MDA5 bound to RNA. However, 

what has not been shown by crystallography so far, is the position and movement of 

CARDs, presumably due to their flexibility. Here, trypsin digestion was utilized to 

reveal conformational changes of the FL-MDA5. Naïve MDA5 is incompetent for 

signaling. For example, cellular treatment of IFN-I induces MDA5 expression, but does 

not activate IRF-3 or NF-kB nor subsequent IFN-I genes. This means that naïve MDA5 

is in inactive conformation, and CARDs are not available. The mechanism by which 

the MDA5 CARDs are sequestered in the inactive state is so far unknown. This could 

be different from RIG-I. In RIG-I, Hel2i region interacts with CARDs keeping the protein 

inactive in the absence of infection. In MDA5 Hel2i region is shorter. Furthermore, 

there is no interaction between CARDs and CARD-deleted MDA5 [25]. These 

differences suggest distinct mechanism of sequestration between MDA5 and RIG-I. 

However, Figure 6A shows that inactive MDA5 does not expose CARDs: Band 3 (as 
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a hallmark of closed CARDs) appears first, and it is resistant to trypsin. This suggested 

that sequestration mechanism exists. Linker region between the CARDs and a 

helicase emerged as a candidate for future investigation in a role of keeping the 

CARDs unavailable in the absence of infection. 

Presence of a ligand showed resistant MDA5, indicating conformational 

change from the inactive MDA5 molecule. These fibers have exposed CARDs and 

trypsin sensitive CTD. Adding AMP-PNP to the solution, results in MDA5 retracting 

the CARD and it shows resistant CTD. In contrast, in the presence of LGP2, addition 

of AMP-PNP did not cause retraction of the CARDs and MDA5 was able to fully 

expose CARD1 and trypsin sensitive CTD. This can be explained by differential 

twisting of the helicase in these two conditions (MDA5 alone vs MDA5/LGP2), where 

the later still retains higher flexibility and needs lower energy to dissociate from the 

RNA upon ATP hydrolysis, as well as ability to nucleate a new set of MDA5 molecules 

(exposed CTD). This is in line with the major difference in the orientation of the CTD 

between RIG-I and MDA5. The long axis of the CTD is parallel to the dsRNA and 

leaves ~30° gap between Hel1 and the CTD of the MDA5 [24]. This gives MDA5 a C-

shaped ring structure around the dsRNA, while RIG-I is known to form O-shaped ring 

with CTD ~20° tilted towards the dsRNA. ATP binding can stabilize, and hydrolysis 

can destabilize fibers. LGP2 is accelerating binding and lowering the energy required 

for the reaction while creating multiple short fibers, more opportunities for hydrolysis 

and new nucleation sites: it is tempting to hypothesize that LGP2 is governing the 

reaction start and reaction end. 

The details of the negative role of LGP2 in innate immune signaling, remain 

to be elucidated. There are several hypotheses how LGP2 exerts its negative role, 

particularly in case of RIG-I signaling. One is that LGP2 reduces IRF3 activation, for 
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example in NDV and SV infected cells [26]. Another one is that LGP2 inhibits TRAF 

ubiquitin ligase [73] and interacts with MAVS [12]. Possibly, low amounts of LGP2 are 

able to positively regulate MDA5 because of its ability to sensitize MDA5 to MAVS 

more rapidly, considering our data that CARDs are exposed. High amounts of LGP2 

interacting with MAVS will block MDA5 from associating with MAVS. This also can 

contribute to our hypothesis of LGP2 being a regulating switch, a fine line between 

positive and negative role is in its concentration levels inside the cells. Moreover, one 

group reported that LGP2 expression is enhanced by IRF3 in Olive Flounder [74]. It 

would be of interest to investigate if rising levels of IRF3 (in human) are inducing 

expression of LGP2, bringing it to a level of a negative role to stop the IFN induction. 

This simply could represent a negative feedback loop, a crucial step in preventing 

autoimmunity.  

Hypersensitive MDA5 and defects in factors that repress MDA5 function have 

been identified as features of several autoimmune disorders, as described in section 

1.4. A fine balance between activation and countering the activity to prevent 

inflammation must be tightly regulated. ATP turnover is a critical part of sensing and 

signaling by RLRs. Moreover, RLRs defective for ATP binding or hydrolysis are gain-

of-function or loss-of-function mutants, which puts ATPase activity in the spotlight as 

one of the most important features in keeping the balance of activation and repression 

in order. LGP2 appears to be a catalyst in this reaction for MDA5. The ability of LGP2 

to augment MDA5 dsRNA binding, ATP hydrolysis, fiber turnover and conformational 

changes is without a doubt critical in this balancing mechanism. Therefore, future 

investigation of LGP2 in the context of autoimmune disorders could give us some 

insights into the possible causes as well as therapy targets.  
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In conclusion, although there is still much work to be done, it is clear that LGP2 

could be our guide to a better understanding of the mechanisms regulating MDA5 

innate immune signaling. Since both, MDA5 and LGP2, are implicated in the roles 

beyond antiviral signaling, their synergism calls for urge to be investigated in depth.  
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