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How RIG-I like receptors activate MAVS
Bin Wu1,2 and Sun Hur1,2
RIG-I and MDA5 are well-conserved cytoplasmic pattern
recognition receptors that detect viral RNAs during infection
and activate the type I interferon (IFN)-mediated antiviral
immune response. While much is known about how these
receptors recognize viral RNAs, how they interact with their
common signaling adaptor molecule MAVS and activate the
downstream signaling pathway had been less clear. Previous
studies have shown that the signaling domains (tandem CARDs
or 2CARDs) of RIG-I and MDA5 must form homo-oligomers in
order to interact with MAVS, and that their interactions lead to
filament formation of MAVS, a pre-requisite for downstream
signal activation. More recent data suggest that multiple
mechanisms synergistically promote tetramer formation of
RIG-I 2CARD, and that this tetramer resembles a lock-washer,
which serves as a helical template to nucleate the MAVS
filament. We here summarize these recent findings and discuss
the current understanding of the signal activation mechanisms
of RIG-I and MDA5.
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N-terminal tandem caspase activation recruitment domain
(tandem CARD or 2CARD), which interacts with MAVS
and activates the antiviral signaling pathway (Figure 1a).
Next to 2CARD are the central helicase domain and CTD,
which together function as an RNA recognition unit
(Figure 1a). Studies have shown that in the absence of
viral RNA, 2CARD of RIG-I (and likely MDA5) is masked
by the intramolecular interaction with the helicase domain,
but upon viral RNA binding, it is exposed to interact with
the single CARD domain of MAVS (Figure 1a) [9]. Note
that while MAVS is anchored to the outermembrane of
mitochondria and peroxisomes through the C-terminal
transmembrane (TM) region [5,6,7,8,10], the N-terminal
CARD is in the cytoplasm and accessible to RIG-I/MDA5.
Upon its interaction with RIG-I/MDA5 2CARD, MAVS
recruits TRAF2, 5 and 6 to its linker between CARD
and TM (Figure 1a), which in turn activates the further
downstream antiviral signaling pathway [11–13].
While much attention has been paid to the mechanisms
by which RIG-I and MDA5 recognize their cognate viral
RNAs, relatively little had been known until recently as
to how they interact with MAVS, whether this interaction
is direct and how this interaction leads to ‘activation’ of
MAVS. In this review, we will summarize our current
understanding of the signal activation mechanism of RIGI/MDA5, with the focus on the oligomeric/multimeric
assemblies of RIG-I/MDA5 2CARDs and MAVS CARD,
the key molecular event during their signal activation
processes.

For a complete overview see the Issue and the Editorial
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CARD belongs to the Death Domain superfamily,
which is composed of the subfamilies of Death Domains
(DDs), Death Effector Domains (DEDs) and Pyrin
domains (PYD) along with CARDs [14]. They form a
compact (10 kDa) globular domain with the common
protein fold of six antiparallel a-helices. These domains
are often involved in protein–protein interactions, in
particular homotypic, sub-family restricted interactions,
and play important roles in many cell death and inflammatory signaling pathways [14]. Biochemical and structural analysis of CARDs along with other members of
the DD superfamily is often challenging due to their
propensity to aggregate or to form large oligomeric
assemblies.

http://dx.doi.org/10.1016/j.coviro.2015.04.004
1879-6257/# 2015 Elsevier B.V. All rights reserved.

Introduction
RIG-I and MDA5 are well-conserved cytoplasmic pattern
recognition receptors that detect viral RNAs during infection and activate a series of antiviral signaling pathways,
leading to the production of type I interferons (IFNs) and
other pro-inflammatory cytokines [1]. RIG-I and MDA5
play non-redundant roles by detecting largely distinct
groups of viruses and by recognizing distinct features of
viral RNAs [2–4]. They are paralogous receptors, sharing
the same domain architecture and the downstream
adaptor molecule, MAVS (also known as IPS-1, VISA
and Cardif) [5,6,7,8]. Both RIG-I and MDA5 have the
www.sciencedirect.com

Aggregation or oligomerization of CARD was also shown
to be central to the signaling pathway of RIG-I/MDA5
and MAVS. Since its discovery, MAVS was reported to
form detergent-insoluble aggregates on the surface of
mitochondria upon activation of RIG-I/MDA5 [6,15].
Current Opinion in Virology 2015, 12:91–98
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(a) Schematic of viral RNA recognition and antiviral signal activation by RIG-I and MDA5. Both receptors utilize MAVS on mitochondria (or
peroxisome) for activation of the downstream signaling pathway. This review focuses on the interactions between the CARD domains of RIG-I/
MDA5 and MAVS. See (b) for details. (b) Antiviral signal activation requires monomer-to-filament transition of MAVS CARD, which in turn requires
homo-oligomerization of RIG-I/MDA5 2CARDs. There are atleast two mutually non-exclusive mechanisms that induce 2CARD oligomerization;
ubiquitin-mediated and filament-induced mechanisms.

In 2011, the Chen group showed that this aggregate is
in fact a highly ordered filament formed by MAVS
CARD and that this filament formation is necessary
for recruitment of TRAF molecules and activation of
the downstream signaling pathway (Figure 1b) [16].
Filament formation of MAVS CARD is also sufficient for
signal activation; induction of MAVS filament formation
by seeding with pre-formed filaments is sufficient to
induce dimerization of IRF3 [16]. Mutational studies
showed close correlation between filament formation in
vitro and the signaling activity in cells [17,18,19],
providing additional support for the notion that the
filament architecture underlies the assembly of the
‘active’ conformation of MAVS.
How can MAVS CARD form filaments while anchored
to the outer membrane of mitochondria? Between the
N-terminal CARD and the C-terminal TM is the 400
amino acid-long linker (Figure 1a), which would provide
sufficient flexibility for CARD filament assembly on
mitochondrial surface. Cellular imaging analysis revealed
formation of 400 nm long rod-shaped aggregates of
MAVS on mitochondria, which likely represent short
filaments [19]. Reasons for the limited elongation of
the MAVS filament is unclear, but this could be due to
Current Opinion in Virology 2015, 12:91–98

limited number of the MAVS molecules per mitochondrion (or fused mitochondria) or as-yet-unknown cellular
mechanisms to regulate filament propagation. Mitochondrial elongation/fusion was also shown to accompany
MAVS activation [20,21], but causal relationship and its
impact on MAVS filament assembly remains to be further
investigated.
Together, these findings have defined the filamentous
form as the ‘active’ state of MAVS and have laid a
foundation for a series of investigations by us and others
as to how RIG-I/MDA5 induces MAVS filament formation. The crucial breakthrough was in vitro reconstitution
of the signaling events by the Chen group (using purified
mitochondria or cell extract) [22,23,24] and our group
(using purified components) [17,18,25,26]. In particular, our reconstitution from the purified components
demonstrated that the interaction between RIG-I/MDA5
2CARD and MAVS CARD is direct, and that this interaction is sufficient to induce filament formation of MAVS
[17,25]. Below, we first describe the mechanism of
how RIG-I 2CARD induces MAVS filament formation at
the level of biochemistry, structure and function, followed by our current understanding of MDA5-mediated
signal activation.
www.sciencedirect.com
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Ub-dependent oligomerization of RIG-I
2CARD
A series of studies (to be described below) have shown
that oligomerization of 2CARD is required to induce
filament formation of MAVS CARD. There appear to
be at least two mutually non-exclusive mechanisms to
induce 2CARD oligomerization, one that utilizes K63linked polyubiquitin chains (K63-Ubn) and the other
mediated by filament formation of the RNA-binding
domain (helicase domain and CTD). We first describe
the Ub-dependent mechanism in this section.
Ubiquitin (Ub) plays important roles in diverse cellular
functions. In particular, K63-Ubn has been shown to
function as an activation switch in many immune signaling pathways [27,28]. In 2007, Jung and his colleagues
showed that RIG-I is covalently modified with K63-Ubn
by an E3 ligase, Trim25 [29]. They identified six Lys
residues in 2CARD that are modified with K63-Ubn, and
showed that these modifications, in particular that of
Lys172, are important for efficient antiviral signaling
activity of RIG-I. Subsequently, Chen and his colleagues
showed that RIG-I 2CARD can non-covalently bind
unanchored K63-Ubn, and this non-covalent interaction
alone can lead to oligomerization of 2CARD and subsequent activation (i.e. filament formation) of MAVS [22].
The Chen group demonstrated that the addition of both
unanchored chain of K63-Ubn and recombinant RIG-I
2CARD to the cell extract, but neither alone, can induce
efficient dimerization of IRF3 [22]. Since then, one of
the central questions in the field had been how covalent
and non-covalent interactions with K63-Ubn lead to activation of RIG-I signaling and what their relative contributions are. The challenge in dissecting their roles came,
in part, from the lack of a structural model and identification of mutations that selectively impair Ub-binding
without affecting its Ub-conjugation or interaction with
another RIG-I 2CARD or MAVS.
In 2014, we reported the crystal structure of the 2CARD
tetramer non-covalently bound by K63-Ub2 [18]. The
structure explained how the non-covalent interaction
with K63-Ubn leads to tetramerization of 2CARD and
identified residues involved in Ub binding, 2CARD homo-oligomerization and MAVS activation, which allowed
testing the importance of individual factors. In the structure, 2CARD forms the core tetramer and three chains of
K63-Ub2 bind the periphery of the 2CARD tetramer,
bridging between the adjacent 2CARD subunits
(Figure 2a). In each 2CARD, there are two distinct Ub
binding sites (proximal and distal sites, based on its
proximity to the Ub-conjugation sites), the relative orientation of which is compatible only with the K63-linkage
and no other Lys linkages. While the structure was
determined with diubiquitin chains, which is inefficient
in inducing tetramerization of 2CARD in solution, biochemical analysis showed that longer Ub chains bind
www.sciencedirect.com

2CARD using the same interface as K63-Ub2, and can
better stabilize the 2CARD tetramer through high avidity
binding (i.e. wrapping around the tetramer, as shown in
the right panel of Figure 2b) [18]. Mutation of Ubbinding sites (e.g. R71, D75, K95 and E98) showed the
importance of Ub-binding in RIG-I signaling, especially
with isolated 2CARD or with full-length RIG-I stimulated by short dsRNA [18].
What does the structure tell us about the role of covalent
K63-linked ubiquitination of RIG-I 2CARD? While the
structure was determined with non-covalently bound Ub,
the C-terminus of the proximal Ub is within the covalent
conjugation distance from the six Lys residues known
to be modified with K63-Ubn (Figure 2b) [18]. This
observation led to two predictions, both of which turned
out to be true. First, the covalently conjugated K63-Ubn
would bind the 2CARD tetramer in the same manner as
the unanchored K63-Ubn. Second, having Ub covalently
anchored immediately adjacent to its binding site would
significantly enhance its ability to induce 2CARD tetramerization. Consistent with both of these predictions,
covalently conjugated K63-Ubn also induces 2CARD
tetramerization using the same 2CARD:Ub interface
[18]. Furthermore, K63-Ub2, which is inefficient in
inducing RIG-I 2CARD tetramerization and MAVS
filament formation, becomes a robust stimulant upon
covalent conjugation [18]. These results explain the
observed importance of both covalent and non-covalent
interactions between RIG-I and Ub in cells. In addition,
they suggest that covalent and non-covalent interactions
in fact cooperate in formation of a stable 2CARD tetramer
and in robust activation of the antiviral signaling pathway
(Figure 2b).

Ub-independent, filament-mediated
oligomerization of RIG-I 2CARD
Several lines of evidence suggest that K63-Ubn is
not the sole mechanism to induce oligomerization of
RIG-I 2CARD (Figure 1b). The RNA-binding domain
(helicase-CTD) of RIG-I forms short filamentous oligomers near dsRNA ends during ATP hydrolysis
[17,30], and the consequent proximity of 2CARDs
alongside the filament can induce oligomerization of
2CARD in the absence of K63-Ubn (Figure 3a) [17].
The linker between 2CARD and the core filament (50
amino acids) is in fact long enough to allow tetramerization of RIG-I 2CARD within the filamentous architecture (Figure 3a). We found that the 2CARD oligomer
formed in the filament also induces MAVS filament
formation and utilizes the same inter-CARD interface
as that formed with K63-Ubn, suggesting their structural
similarity [17]. The importance of proximity-induced
oligomerization was further supported by the observation that bridging of multiple 2CARDs through an
artificial fusion protein was sufficient to enhance its
antiviral signaling activity [17].
Current Opinion in Virology 2015, 12:91–98
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Mechanism by which K63-Ubn mediates oligomerization of RIG-I 2CARD. (a) Schematic of the structure of the RIG-I 2CARD tetramer noncovalently bound by K63-Ub2. The proximal and distal Ub’s are bound to 2CARD in such a way that the proximal Ub can be covalently
conjugated to the known Lys targets of 2CARD. (b) (left) It was previously thought that K63-Ubn conjugation activates a signaling pathway by
recruiting specific Ub binding receptors to the target protein. In the case of RIG-I (right), K63-Ubn conjugation triggers self-assembly of 2CARDs
due to its dual property as both the Ub conjugation target and the Ub receptor.

How can we reconcile the filament-mediated and Ubdependent mechanisms for RIG-I activation? As stated
above, several lines of evidence suggest that neither is a
sole universal mechanism. For example, activation of
RIG-I does not absolutely require filament formation
as short duplex dsRNA (>20 bp) can still activate RIGI-mediated signaling [31,32], albeit less efficiently than
longer dsRNA (e.g. 100–500 bp, when compared at the
same molar concentration) [30,33]. Similarly, Ub is also
not an absolute requirement for RIG-I activation as
mutations in RIG-I that impair Ub binding or conjugation
do not abrogate RIG-I signaling when it is stimulated
with long dsRNA [17,18]. The observed requirement
for Ub in Chen’s study [22] is likely due to the use of
RNAs that are inefficient in supporting RIG-I filament
formation.
We instead propose that filament-dependent and Ubdependent mechanisms in fact cooperate for the robust
signaling activity of RIG-I. While K63-Ubn plays an
important role in signal activation in response to short
dsRNAs, its importance diminishes with increasing
Current Opinion in Virology 2015, 12:91–98

length of dsRNA as filament formation can gradually
compensate for the loss of Ub conjugation or binding
(Figure 3b) [18]. The cooperative nature of the proximity-induced and Ub-dependent mechanisms was also
seen with the isolated 2CARD, which we found to require
both K63-Ubn and the dimeric fusion protein (GST) for
efficient signaling in cells (unpublished data). These
observations suggest that it is this combination of Ubconjugation, Ub-binding and filament formation that
allows RIG-I to efficiently recognize a broad repertoire
of viral RNAs (Figure 3c).

Mechanism for MAVS filament nucleation by
the RIG-I 2CARD tetramer
How does the 2CARD tetramer induce filament formation of MAVS CARD? The first clue came from the
assembly architecture of the RIG-I 2CARD tetramer,
which displays a helical symmetry rather than the simple
4-fold (C4) symmetry typically seen with other tetrameric
proteins (Figure 4) [18]. The helical geometry can be
described using the lock-washer model, in which a ring of
the tetramer is split at one point and the two ends are
www.sciencedirect.com
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Figure 3
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The role of RIG-I/MDA5 filament formation in signaling. (a) Model of filament-induced (i.e. proximity-induced) oligomerization of RIG-I/MDA5
2CARDs. For both RIG-I and MDA5, the linker between 2CARD and the helicase domain is long enough to allow oligomerization of 2CARD
alongside the filament. (b) The IFN-b promoter activity of wild-type RIG-I or mutants defective for Ub-binding or Ub-conjugation. While Ub-binding
and Ub-conjugation are important for RIG-I-mediated signaling in response to 21 bp dsRNA, their importance diminishes with increasing dsRNA
length. This suggests that filament formation (on long dsRNA) compensates for the loss of Ub-mediated oligomerization of 2CARD. (c) Synergism
between the filament-induced and Ub-mediated (conjugation and binding) mechanisms for stable oligomerization of 2CARD and robust signaling
by RIG-I. The relative importance of each of these mechanisms appears dependent on the dsRNA length.
Images in (a) and (b) were adapted from Refs. [18,25].

displaced precisely by the half the thickness of the ring
(Figure 4). In this geometry, the first CARD of 2CARD
forms the first helical turn, which is extended by the
second CARD of 2CARD. The helical assembly of
2CARD is limited to the tetramer because the first and
the second CARDs form a tight intramolecular interaction
(Figure 4), which makes the 2CARD as a rigid unit of the
helical assembly. However, one could imagine that a
single CARD, such as that of MAVS CARD, could be
recruited and may extend the helical trajectory of 2CARD
to form a longer filament (Figure 4). This helical extension, in fact, turned out to be exactly how RIG-I 2CARD
induces filament formation of MAVS CARD. Our 3.6 Å
electron microscopy reconstruction of the MAVS CARD
filament showed that the helical geometry of the MAVS
CARD filament is identical to that of the RIG-I 2CARD
tetramer [26]. In addition, our recent crystal structure of
the 2CARD tetramer in complex with the first helical turn
of the MAVS CARD also showed that MAVS CARD is
recruited to the RIG-I 2CARD tetramer by extending the
www.sciencedirect.com

helical trajectory pre-defined by the 2CARD tetramer
(Figure 4) [26].
Thus, the three independent structural analyses (the
RIG-I 2CARD tetramer, the MAVS CARD filament
and the RIG-I 2CARD:MAVS CARD complex) consistently demonstrated that RIG-I activates the signaling
pathway by assembling 2CARDs into a helical template
that nucleates the MAVS filament. This ‘lock-washer’
mechanism also indicates that the physical nature of the
signal that is passed on from RIG-I to MAVS is the
assembly architecture of CARD, a previously unrecognized form of the molecular signal.
Independent EM studies by Jiang and his colleagues
reported the 9.6 Å MAVS filament architecture vastly
different from our near atomic resolution structure [19].
Unlike our filament model in which inter-CARD interactions match those observed in the RIG-I 2CARD
tetramer and other assembly structures of the Death
Current Opinion in Virology 2015, 12:91–98
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Mechanism by which RIG-I 2CARD nucleates the MAVS CARD filament. In the absence of viral RNA, RIG-I 2CARD exists as a monomer, in which
the first and second CARDs form a tight intramolecular interaction. Upon viral RNA binding, 2CARD assembles into a helical tetramer (either
mediated by K63-Ubn or filament) that resembles a lock-washer. The 2CARD tetramer nucleates the MAVS CARD filament by recruiting MAVS
CARD along the helical trajectory pre-defined by the 2CARD tetramer.
Images were adapted from Ref. [18].

Domain superfamily [26], Jiang’s filament involves previously unseen inter-CARD interactions. Could both
structures be right? It is highly unlikely. Independent
analysis of Jiang’s data by Egelman suggests that the
filaments used by these two studies most likely share the
same structure and Jiang’s model involved incorrect assignment of the helical symmetry [34], a common mistake
in helical reconstruction at low resolution [35].

Mechanism for 2CARD oligomerization and
MAVS filament induction by MDA5
Mechanisms by which MDA5 oligomerizes its 2CARD
and stimulates MAVS filament formation is less clear in
comparison to RIG-I. While it is probable that MDA5
utilizes a similar lock-washer mechanism for inducing
MAVS filament formation, evidence suggests subtle differences between RIG-I and MDA5 in the 2CARD
oligomerization mechanism and perhaps the size of the
2CARD oligomers.
As with RIG-I 2CARD, MDA5 2CARD was proposed to
utilize K63-Ubn for oligomerization and for subsequent
MAVS activation [23]. In our hands, MDA5 2CARD has
significantly lower affinity for K63-Ubn than RIG-I [25].
Since MDA5 2CARD is not covalently modified with
K63-Ubn [29], it raises a question as to whether the low
affinity interaction with K63-Ubn alone can provide sufficient stability to the 2CARD oligomer. We have found
that purified MDA5 2CARD can spontaneously oligomerize in a concentration-dependent, Ub-independent
Current Opinion in Virology 2015, 12:91–98

manner and this oligomer can induce MAVS filament
formation [25]. Since MDA5 forms filaments during
dsRNA recognition [36,37], we proposed that the high
local concentration of 2CARDs induced by filament formation would enable oligomerization of 2CARD
(Figure 3a) [25]. Unlike RIG-I, filament formation is
absolutely required for dsRNA recognition by MDA5
[25,36] and thus is expected to play more important
roles in its 2CARD oligomerization. Dissection of relative
importance of Ub-mediated and filament-mediated oligomerization of MDA5 2CARD requires future investigation.
Does MDA5 2CARD also form a tetramer as with RIG-I
2CARD? In MDA5, the linker between 2CARD and the
helicase domain (100 amino acids) is twice as long as in
RIG-I (Figure 3a), and thus would allow formation of
oligomers composed of 8–10 2CARDs. Interestingly, the
length (but not sequence) of this linker is well conserved
in MDA5 across species, suggesting that the size of the
MDA5 2CARD oligomers may be also conserved and may
require to be greater than a tetramer. In support of this
notion, mutagenesis analysis suggests that MDA5 2CARD
utilizes the tail surface (namely the surface opposite from
the putative MAVS recruitment surface) for signal activation, whereas RIG-I 2CARD does not [18]. It is tempting
to speculate that MDA5 2CARD forms a larger oligomer,
perhaps an octamer formed by two lock-washer tetramers
joined tail-to-tail. Future research is required to understand the oligomerization mechanism and structure of the
MDA5 2CARD oligomers.
www.sciencedirect.com
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Outstanding questions and implications for
other biological systems
There are still several important questions as yet to be
answered. For example, how does the filament formation of
MAVS CARD activate the downstream signaling pathway?
It has been shown that TRAF2, 5 and 6 were recruited to
MAVS only when MAVS is in the filamentous state [16].
Based on the known preference of TRAFs for oligomerized
target proteins [38], one may speculate that the MAVS
filament recruits TRAF molecules by juxtaposing multiple
TRAF binding sites in proximity. Consistent with this
view, Takashi Fujita and his colleagues showed that the
mutant MAVS where CARD is replaced by tandem repeats
of FKBP can robustly activate antiviral signaling when its
oligomerization is induced by a FKBP-crosslinker [39]. If
simple proximity of a few TRAF binding sites can mediate
the downstream signal activation, what is the potential
advantage for MAVS to form filaments as opposed to other
finite oligomeric structures? We do not know the full
answer to this question, but it is tempting to speculate
that the filament structure, in comparison to a finite oligomeric structure, is particularly useful in signal amplification
as the small number of RIG-I oligomers can induce oligomerization of a large number of MAVS.
Could the lock-washer mechanism illustrated in this review
(Figure 4) be unique to RIG-I/MDA5 or more generally
applicable to other biological systems? Intriguingly, analogous mechanisms have been observed for nucleation of
microtubules [40] and assembly of the Myddosome in the
Toll-like receptor signaling pathway [41], another branch of
innate immune pathway functioning parallel to RIG-I and
MDA5. In both cases, the nucleator, the g-tubulin ring
complex or MyD88, forms a helical template to recruit a/b
tubulins or IRAK4/2 by extending the helical trajectory predefined by the respective nucleator. Although IRAK4/2 do
not form extended filaments as with a/b tubulins or MAVS,
the similarity in the underlying mechanism is remarkable. It
is tempting to speculate that a similar nucleation mechanism may apply to a broader range of molecules, in particular to an emerging class of innate immune receptors, such as
the inflammasomes [42,43], that utilize filament formation
of the respective downstream molecules as a switch to turn
on the downstream signaling pathway. Future research is
required to define the ubiquity of the lock-washer mechanism in macromolecular assembly and signal propagation.
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