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The viral sensor MDA5 distinguishes between cellular and viral
dsRNAs by length-dependent recognition in the range of∼0.5–7 kb.
The ability to discriminate dsRNA length at this scale sets MDA5
apart from other dsRNA receptors of the immune system. We have
shown previously that MDA5 forms filaments along dsRNA that
disassemble upon ATP hydrolysis. Here, we demonstrate that fila-
ment formation alone is insufficient to explain its length specificity,
because the intrinsic affinity of MDA5 for dsRNA depends only
moderately on dsRNA length. Instead, MDA5 uses a combination
of end disassembly and slow nucleation kinetics to “discard” short
dsRNA rapidly and to suppress rebinding. In contrast, filaments on
long dsRNA cycle between partial end disassembly and elongation,
bypassing nucleation steps. MDA5 further uses this repetitive cycle of
assembly and disassembly processes to repair filament discontinu-
ities, which often are present because of multiple, internal nucleation
events, and to generate longer, continuous filaments that more ac-
curately reflect the length of the underlying dsRNA scaffold. Because
the length of the continuous filament determines the stability of the
MDA5–dsRNA interaction, themechanism proposed here provides an
explanation for how MDA5 uses filament assembly and disassembly
dynamics to discriminate between self vs. nonself dsRNA.
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Effective antiviral immunity depends on accurate recognition of
viral RNAs by pattern-recognition receptors in the innate im-

mune system. Double-stranded RNA (dsRNA) often accumulates
in virally infected cells in the form of the viral genome or its repli-
cation intermediates (1). A duplex RNA structure initially was
considered a unique viral signature that was sufficient to initiate an
antiviral response through dsRNA receptors, such as Toll-like re-
ceptor 3 (TLR3), protein kinase R (PKR), Melanoma Differenti-
ation-Associated protein 5 (MDA5), and RIG-I. However, dsRNA
also is present in many cellular RNAs, including microRNA pre-
cursors and transcripts from Alu retrotransposons (2, 3). Accumu-
lating evidence suggests that several dsRNA receptors discriminate
between viral and cellular RNAs by recognizing chemical mod-
ifications (e.g., pseudouridylation) and end structures (e.g., 5′-tri-
phosphate, 5′ppp) (4–6). Sensitivity to these additional RNA
features allows robust and accurate viral RNA detection and host
discrimination. Interestingly, immune signalingmediated byMDA5
was shown to be independent of the 5′ppp group and the 7-methyl
guanosine cap on dsRNA but instead correlates with dsRNA length
over a range of ∼0.5–7 kb, sizes which exceed the typical lengths
of cellular dsRNAs (7). This sensitivity to length is in contrast to that
of its paralog, RIG-I, which binds to dsRNA ends containing 5′ppp
(8, 9) and displays a strong preference for shorter (<1–2 kb) dsRNA
(7, 10). Other dsRNA receptors, such as PKR and TLR3, require
only 20–80 bp for optimal binding and activation of an immune
response (11, 12). These findings suggest that MDA5 uses a unique
molecular mechanism to sense dsRNA on the basis of length.
MDA5 shares with RIG-I the same domain architecture

and signaling adaptor, MAVS (13). MDA5 and RIG-I contain
two N-terminal tandem caspase activation recruitment domains
(CARD) that mediate binding to MAVS, a central DExD/H
motif helicase domain responsible for RNA-dependent ATP

hydrolysis, and a C-terminal domain (CTD) that in RIG-I is
involved in RNA binding (14, 15). Domain truncation studies
and recent crystal structures suggest that RIG-I is autorepressed
in the absence of viral RNAs (13, 16-19). Binding of viral RNA
triggers ATP hydrolysis of RIG-I and interaction with MAVS,
which subsequently induces oligomerization of MAVS and acti-
vation of downstream IRF3/7 and NF-κB signaling pathways
(20). Similar structural changes and signal transmission mecha-
nism have been proposed for MDA5 (17), but how MDA5 uses
the same structural architecture to achieve vastly different RNA
specificity is currently unknown.
We have shown previously that MDA5, but not RIG-I, co-

operatively assembles into filaments upon dsRNA binding (21).
Using electron microscopy (EM), we found that the MDA5 fil-
ament consists of ring-structured elements stacked along the
length of the dsRNA, with each ring occupying ∼14 bp. Each ring
represents a binding unit and was proposed to be a dimer (21);
however, the recent structures of RIG-I, which also displayed
a ring shape around dsRNA (16-18), and the close homology
between MDA5 and RIG-I suggest that each ring in the MDA5
filament corresponds to a monomer. We further demonstrated
that MDA5 filament formation correlates with signaling in the
cell. For example, MDA5 binds to various types of nucleic acids
with comparable affinities, but only dsRNA, which activates
MDA5 signaling in the cell, triggers filament formation in vitro
(21). In addition, a partial loss-of-function mutant, I923V, is
defective in filament formation and disassembles more rapidly
upon ATP hydrolysis, further indicating the importance of fila-
ment formation in MDA5 function (21). Binding to dsRNA
induces MDA5 to hydrolyze ATP, which in turn triggers rapid
filament disassembly (21, 22). However, it still is unclear pre-
cisely how MDA5 filaments assemble and disassemble during
ATP hydrolysis and how the dynamic interplay between the fila-
ment assembly and disassembly processes contributes to MDA5’s
ability to discriminate among dsRNAs on the basis of their length.
In this paper, we report bulk kinetics assays, single-molecule fluo-
rescence experiments, and time-dependent EM, and reveal un-
expected kinetic mechanisms that enable MDA5 to function as
a “molecular ruler” for viral RNA recognition.

Results
MDA5 Filament Is a Cooperative Entity Distinct from Beads-on-a-
String Configuration. We examined whether the MDA5 fila-
ment represents a cooperative oligomer formed via specific
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protein–protein interactions or a mere consequence of saturating
RNA with protein. To distinguish between these two possibili-
ties, we incubated MDA5 with increasing amounts of dsRNA
and examined the size of the oligomers accumulating on dsRNA
by an EMSA and EM. If the filament formation simply reflects
RNA-mediated bridging, fewer MDA5 molecules would accu-
mulate on individual RNA molecules with increasing concen-
trations of dsRNA. We found that, even when dsRNA was in
excess over protein, the MDA5:dsRNA complex displayed the
same mobility in the native gel, suggesting invariant complex size
(Fig. 1A). In contrast to MDA5, the size of the RIG-I:dsRNA
complex decreased with increasing concentrations of dsRNA,
suggesting that RIG-I represents a beads-on-a-string type of
oligomer that is distinct from the cooperative MDA5 filament.
We next used EM to examine filament formation on longer

dsRNA (2,012 bp), which is difficult to examine with EMSA be-
cause of the limited resolving power. When an excess amount of
MDA5 was incubated with 2,012-bp dsRNA, MDA5 filaments
were ∼700–800 nm long. When dsRNA was present in excess over
protein, MDA5 filaments were shorter but still were ∼250 nm long
(corresponding to a coverage of ∼600 bp) (Fig. 1B), suggesting
that MDA5 preferentially binds adjacent to another MDA5 mol-
ecule rather than at random positions. The incomplete coverage of
2,012-bp dsRNA probably reflects multiple nucleation events that
aremore likely to occur with longer dsRNA than with shorter ones
such as 112-bp dsRNA (as discussed in more detail in Fig. 5). The
CARD-deletion mutant (MDA5h) also exhibited similar cooper-
ativity in dsRNA binding and filament morphology consisting of
stacked ring structures, similar to that of the full-length MDA5
filament (Fig. 1C) (21). The similarity between MDA5 and
MDA5h filaments suggests that CARD is not involved in the core
filament formation and that the ring–ring contact involves the
helicase domain and CTD. Consistent with the EMSA result in
Fig. 1A, no filaments were observed with RIG-I (Fig. S1B).

Intrinsic Affinity of MDA5 for dsRNA Depends Moderately on dsRNA
Length. We next asked whether MDA5 filament formation is
sufficient to explain the length-dependent signaling activity of

MDA5. To address this question, we compared the affinity of
MDA5 for dsRNA of various lengths. We used a competition
binding assay in which formation of a complex of MDA5 and a 3′-
fluorescein–labeled 112-bp dsRNA was measured in the presence
of increasing concentrations of unlabeled competitor dsRNAs of
21–2,012 bp (Fig. S2). We included nonhydrolyzable ATP analog,
β,γ-methyleneadenosine 5′-triphosphate (ADPCP), in the re-
action to mimic the ATP-bound state expected under cellular
conditions. Competitor dsRNAs were compared at the samemass
concentration, instead of the same molar concentration, because
individual MDA5 binding units (ring in Fig. 1C) occupy ∼14 bp
independent of the length of dsRNA (21, 22). Comparison of the
competitor concentrations required for 50% inhibition of the
labeled complex formation (IC50) revealed thatMDA5 has higher
affinity for longer dsRNAs (Fig. 1D). The most abrupt transition
in affinity was observed between 21 and 28 bp, which can ac-
commodate one and two binding units, respectively, suggesting
that contacts between the adjacent binding units are important for
the stability of the MDA5:dsRNA complex. However, the impact
of the length beyond ∼100 bp is moderate, with a twofold re-
duction in IC50 from 112- to 2,012-bp dsRNA in comparison with
a 13-fold reduction in IC50 from 21- to 112-bp dsRNA (Fig. 1D).

ATP Hydrolysis Increases the Length Dependence of the Apparent
Affinity of MDA5 for dsRNA. A potential role for ATP hydrolysis
in length discrimination was queried by performing the compe-
tition assay in the presence of either ATP or ADPCP. Compared
with ADPCP, significantly enhanced length bias was observed in
the presence of ATP; the relative preference of 2,012-bp over 62-
bp dsRNAs increases from 15% with ADPCP to 70% with ATP
(Fig. 1E). The observed affinity of MDA5 to dsRNA in the
presence of ATP hydrolysis is referred to henceforth as “ap-
parent” affinity to distinguish it from “intrinsic” affinity in the
absence of ATP hydrolysis. In contrast to MDA5, RIG-I displays
an opposite length bias with a preference for shorter dsRNAs in
the presence of both ATP and ADPCP (Fig. 1F). This result is
consistent with RIG-I recognition of dsRNA ends (4), which
decrease in concentration with increasing length of RNA at

Fig. 1. ATP hydrolysis increases the binding preference of MDA5 for longer dsRNA. (A) EMSA of MDA5 and RIG-I with increasing amounts of 112-bp dsRNA.
Protein (0.3 μM) was incubated with 112-bp dsRNA [30 nM (lane 1)–150 nM (lane 5)]. 3′-Fluorescein-labeled dsRNA was maintained at 10 nM, and the ratio of
protein to binding sites (BS) was calculated assuming that eachmonomer occupied 14 bp. (B) Representative electronmicrographs ofMDA5 in complex with 2,012-
bp dsRNA at a protein-to-binding site ratio of 1.8 (Left) or 0.31 (Right) in the presence of 0.5 mMADP·AlF4. (C) EMSA and representative class averages offilaments
formed by the CARD deletion mutant MDA5h on 112-bp dsRNA in the presence of 0.5 mMADP·AlF4. EMSAwas performed as in A. (D) Competition binding assay
(mean ± SD, n = 2–3). Fluorescein-labeled reporter dsRNA (112 bp, 0.18 μg/mL) and unlabeled competitor dsRNA (21–2,012 bp, 0.06–43.74 μg/mL) were premixed
and incubatedwithMDA5 (80 nM). The level of the reporter complex wasmonitored by EMSA in the presence of increasing amounts of competitor dsRNA (Fig. S2)
andwas plottedwithfitted competition binding curves, which yielded the IC50. (E) Competition EMSAofMDA5with dsRNAs of various lengthswith ADPCP or ATP
(2mM). Experimentswere performedas inAwith afixed concentration of competitor dsRNAs (0.54 μg/mL). The relative level of labeled complexwith respect to 62-
bp competitor dsRNAwas plotted (mean± SD,n= 3). (F) Competition EMSAofRIG-I as inB (mean± SD,n=3). The twobands corresponding toRIG-I:RNA complexes
with ADPCP suggest binding to each end of dsRNA. The presence ofmultiple ill-defined bands with ATP is consistent with the translocation of RIG-I on dsRNA (37).
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equivalent mass amounts. The similarity between the ATP and
ADPCP reactions for RIG-I suggests that the observed length
bias in the ATP-dependent apparent affinity is a distinct char-
acteristic of MDA5.

ATP Hydrolysis Rate Reflects the Length-Dependent Apparent Affinity
of MDA5. Because ATP hydrolysis occurs only when MDA5 is
bound to dsRNA (21), we asked whether the length-dependent
apparent affinity is reflected in the bulk ATP hydrolysis rate. We
compared the ATP hydrolysis rate of MDA5 using both in vitro
transcribed model dsRNAs of 62–2,012 bp (Table S1) and pu-
rified genomic rotavirus dsRNAs of ∼1,080, 1,611, 2,550, and
3,300 bp. To ensure an equivalent number of MDA5 binding
sites for each reaction, equal masses of dsRNA were used for all
RNAs. Comparable stimulation of ATP hydrolysis was observed
in viral and model dsRNAs of similar lengths (Fig. 2A), sug-
gesting that sequence is not important. Instead, the ATP hy-
drolysis rate was strongly dependent on the length of the dsRNA
(Fig. 2A), and this dependence is more pronounced at low con-
centrations of MDA5 and dsRNA (Fig. 2B). The relative rate of
ATP hydrolysis with 1,080-bp dsRNA with respect to 3,300-bp
dsRNA increased from 9 to 97% as MDA5 and RNA concen-
trations increased from 0.06 μM and 0.06 μg/mL to 0.3 μM and
4.8 μg/mL, respectively.
In contrast to MDA5, ATP hydrolysis by RIG-I is stimulated

more efficiently by shorter dsRNAs (Fig. 2A), consistent with a
higher affinity of RIG-I for short dsRNA (Fig. 1F). These results
suggest that the opposite dsRNA length bias observed in the
apparent affinity of MDA5 and RIG-I can be recapitulated by
bulk ATP hydrolysis rate.

Continuous dsRNA Structure Is Important for Efficient ATP Hydrolysis.
To test the importance of internal and end dsRNA structures, we
measured ATP hydrolysis rates using 112-bp dsRNAs with variant

5′ functional groups (5′ppp or 5′ hydroxyl), different sequences
(Table S1), and with a 4-nt mismatch, a bulge, or a gap at the
center of the duplex (Fig. 2C). The 5′ functional group, dsRNA
sequence, and internal mismatch had only a small (<10%) effect
on the ATP hydrolysis rate. A central gap or bulge within 112-bp
dsRNA lowered the rate by 25–30%, a level similar to that ob-
served with 62-bp dsRNA at equivalent mass amount (Fig. 2C).
These observations suggest that MDA5 recognizes a gap or bulge
as a dsRNA break. To support this interpretation further, we also
tested a 1,012-bp dsRNA with four 243-bp duplex regions sepa-
rated by three 10-nt gaps (Fig. 2C). The hydrolysis rate of MDA5
with the gapped 1,012-bp dsRNA was ∼50% lower than with in-
tact 1,012-bp dsRNA and was between the rates seen with 512-bp
and 112-bp dsRNAs (Fig. 2C). Because the gaps account for less
than 3% of the total base pairs, the reduction of ∼50% reduction
is unlikely to be caused by reduced binding sites but instead
suggests the importance of a continuous, intact duplex structure
for recognition by MDA5.

MDA5 Dissociates More Rapidly from Shorter dsRNA During ATP
Hydrolysis. The enhanced length dependence of MDA5 mea-
sured by apparent affinity and ATP hydrolysis rate prompted us
to examine the role of ATP in filament disassembly kinetics and
to compare the disassembly kinetics of MDA5 and RIG-I. To
accurately measure RNA bound protein, we developed a pull-
down kinetic assay to directly monitor the level of MDA5 or
RIG-I bound to dsRNA during disassembly (Fig. 3A). We pre-
formed the MDA5:dsRNA or RIG-I:dsRNA complex, initiated
dissociation by adding a mixture of ATP and heparin, and then
quenched the reaction at discrete time points with ADP·AlF4, an
ATP analog that blocks ATP hydrolysis by MDA5 (21). Heparin
traps MDA5 and RIG-I and sequesters unbound proteins during
dissociation (at 100-fold excess of dsRNA) (Fig. S3A). Upon
quenching, dsRNA-bound MDA5 was isolated rapidly using
streptavidin magnetic beads and was measured by quantitative
SDS/PAGE. For quantitation, we labeled MDA5 with fluores-
cein using sortase (23), which has little effect on the RNA
binding and ATP hydrolysis activity of MDA5 (21). Comparison
of the RNA-bound fraction at 0 and 2 min suggests that within 2
min 40% and 92% of MDA5 dissociates from 512-bp dsRNA
with ADPCP and ATP, respectively (Fig. 3B). In contrast to
MDA5, less than 10% of RIG-I dissociated within 2 min of in-
cubation with either ADPCP or ATP (Fig. 3B). This result sug-

Fig. 2. The ATP hydrolysis rate reflects the length-dependent RNA binding
by MDA5. (A) ATP hydrolysis rates of MDA5 (0.3 μM) and RIG-I (30 nM) with
model dsRNAs prepared by in vitro transcription (▲) and rotavirus genomic
dsRNAs (●) (4.8 μg/mL) (mean ± SD, n = 3). (B) Relative ATP hydrolysis rate of
MDA5 with rotavirus dsRNAs at different concentrations of RNA and MDA5
(mean ± SD, n = 4). Rates were normalized against the rate measured with
3.3 kb dsRNA. (C) Relative ATP hydrolysis rates of MDA5 (0.3 μM) with 112-
or 1,012-bp dsRNA (4.8 μg/mL) containing variant 5′ functional groups, dif-
ferent sequences (Table S1), and different internal structures (a mismatch,
bulge, or gaps) (mean ± SD, n = 3–4). Rates were normalized against the rate
measured with intact 112-bp or 1,012-bp dsRNAs.

Fig. 3. ATP hydrolysis promotes dissociation of MDA5, but not RIG-I, from
dsRNA at a rate inversely proportional to dsRNA length. (A) Schematic of
pull-down dissociation kinetic assay. The level of MDA5 bound to bio-
tinylated dsRNA was monitored at discrete time points during dissociation
by using streptavidin magnetic bead pull-down. MDA5 was fluorescently
labeled for quantitation on SDS/PAGE. See Fig. S3 for details. (B) A repre-
sentative SDS/PAGE image of MDA5 (Left) or RIG-I (Right) from dissociation
pull-down assays at t = 0 or 2 min (2 m) using 512-bp dsRNA with either ATP
or ADPCP (2 mM). Nonspecific binding (BG) was measured by using non-
biotinylated dsRNA. (C) Analysis of dissociation kinetics of MDA5 with ATP
or ADPCP. Biotin pull-down was performed as in B using dsRNAs of 112–
2,012 bp (mean ± SD, n = 3).

E3342 | www.pnas.org/cgi/doi/10.1073/pnas.1208618109 Peisley et al.FDA-CBER-2022-1614-1035945



gests that ATP hydrolysis promotes dissociation of MDA5, but
not of RIG-I, from dsRNA.
We next examined the length-dependence of the dissociation

kinetics of MDA5 on using dsRNAs of 112–2,012 bp. Compar-
ison of the declining levels of the RNA-bound fraction of MDA5
indicates that MDA5 dissociates from dsRNA in a length-de-
pendent manner (Fig. 3C). We observed that 50% of MDA5
dissociates within ∼7 s, 15 s, ∼30 s, and 1 min from 112-, 512-,
1,012-, and 2,012-bp dsRNA, respectively. This result dem-
onstrates an inverse correlation between RNA length and the
dissociation rate of MDA5 during ATP hydrolysis.

MDA5 Binds to dsRNA with Slow Kinetics, Amplifying the Impact of
Length-Dependent Dissociation.We next asked whether the length-
dependent dissociation is sufficient to explain dsRNA length-
dependent apparent affinity of MDA5 during ATP hydrolysis. If
dsRNA binding were significantly more rapid than dissociation,
the impact of differential dissociation rates would be diminished.
To measure the RNA-binding kinetics of MDA5, we used a
modified pull-down kinetic assay in which the coincubation time
of MDA5 and dsRNA was varied and heparin was added at
discrete time points to quench the binding reaction before biotin
pull-down (Fig. 4A). Time evolution of the dsRNA-bound frac-
tion indicates that RNA binding progresses over ∼10 min, with

an apparent rate (kobs) of 0.29 × 10 2 s 1 with 512-bp dsRNA
(Fig. 4A). A comparable binding rate was observed using time-
dependent EMSA (Fig. S4A) and with 112-, 1,012-, and 2,012-bp
dsRNAs (Fig. 4A). First-order approximation of kobss measured
at four concentrations of MDA5 yielded an association rate
constant (kon) of ∼0.5 × 104 M 1·s 1 (Fig. 4B), a value signifi-
cantly lower than the binding rates of other well-characterized
nucleic acid-binding proteins (108 10 M 1·s 1) (24).
The slow RNA-binding kinetics of MDA5 manifests as a lag

phase in the ATP hydrolysis time course (Fig. 4C). When the
reaction was initiated by the addition of dsRNA to the pre-
formed MDA5:ATP complex (ATP→dsRNA), the ATP hydro-
lysis reaction progressed with an initial lag of 1.2 min, but no lag
was detectable in the reaction initiated by the addition of ATP to
the preformed MDA5:dsRNA complex (dsRNA→ATP) (Fig.
4C). Consistent with the notion that the lag is caused by slow
RNA binding, the duration of the lag phase was dependent on
the concentration of dsRNA but not on its length (Fig. 4D and
Fig. S5A). In contrast, RIG-I exhibited no significant kinetic
delay in either the ATP→dsRNA or dsRNA→ATP reaction at
any of the RNA concentrations tested (Fig. S5 B and C). This
result suggests that RNA binding is the rate-limiting step in the
ATP hydrolysis reaction of MDA5 but not of RIG-I.
To examine whether the dsRNA binding kinetics of MDA5 is

dependent on the salt concentration in the reaction condition, we
performed pull-down kinetics and ATP hydrolysis (ATP→dsRNA)
assays in the buffer containing 100 mM NaCl (as opposed to 150
mM NaCl in reactions described above). We found that reduced
ionic strength accelerated RNA binding and decreased the initial
lag phase and binding affinity (Fig. 4D and Fig. S6 A and B). We
further examined the initial lag phase as a function of the salt
concentration between 100–200 mM for both NaCl and KCl. The
lag phase increased sharply between∼125 mM and∼175mMNaCl
or KCl (Fig. S6C). At salt concentrations above 175 mM, ATP
hydrolysis was barely detectable, and the initial lag phase could not
be determined reliably. This strong dependence on the salt con-
centration suggests that theMDA5–dsRNA interaction is primarily
electrostatic and that the slow binding kinetics observed with 140–
160 mM NaCl/KCl likely recapitulates the binding kinetics of
MDA5 in the cell, which contains 139 mM K+ and 12 mM Na+
(25). To be consistent with the known intracellular ion concentra-
tion, we used 150 mM NaCl in all of our experiments except when
examining the effect of salt concentration.
To examine the importance of slow RNA binding for the length

dependence of MDA5, we measured the ATP hydrolysis rate
using dsRNAs of various lengths (62–2,012 bp) in a buffer con-
taining 100 mM NaCl in which RNA binding is accelerated. The
length dependence of the ATP hydrolysis rate was diminished in
100 mM NaCl; the relative rate of 112 bp vs. 2,012 bp increased
from 26% in 150 mM to 61% in 100 mM NaCl (Fig. 4E). Thus,
accelerated RNA binding leads to reduced dependence on length,
underscoring the importance of slow RNA-binding kinetics in the
ATP-dependent discrimination of length by MDA5.

Slow dsRNA Binding Is Caused by a Kinetic Barrier to MDA5 Filament
Nucleation. To understand the slow binding kinetics ofMDA5 in the
context of filament assembly, we used single-molecule fluorescence
microscopy. We immobilized 3′-biotinylated dsRNA on the strep-
tavidin-coated surface of a flow cell, introduced fluorescently la-
beled MDA5, and monitored the increase in fluorescence using
total internal reflection fluorescence (TIRF) microscopy (Fig. 5A).
Because of the limited labeling efficiency of MDA5 using sortase
(∼15%), we also labeledMDA5 by fusing it to a SNAP tag, a variant
of the O6-alkylguanine-DNA alkyltransferase (26), which could be
labeled with Alexa 647 at ∼50–70% efficiency (as measured by
fluorophore optical densities relative to protein concentration). We
found that SNAP-tagged MDA5 (MDA5SNAP) was insoluble, but
the SNAP-tagged CARD-deletion mutant (MDA5hSNAP) retained
the solubility (Fig. S1) and dsRNA-dependent ATP hydrolysis ac-
tivity of the untagged MDA5h (Fig. S7A). Because MDA5h also
forms filaments (Fig. 1C and Fig. S7B) and binds to dsRNA with

Fig. 4. Slow dsRNA binding amplifies the length dependence of MDA5. (A)
Analysis of the RNA-binding kinetics of MDA5 using biotin pull-down. As
with the dissociation assays in Fig. 3, the level of MDA5 bound to dsRNA was
monitored using streptavidin magnetic beads and was quantitated by using
the fluorescein tag on MDA5 (Methods and Materials). On the right is the
time course of the bound fractions and fitted single exponential curves
(mean ± SD, n = 3). (B) The binding rate constant (kon) was obtained from the
first-order approximation of the apparent binding rate (kobs, obtained from
Fig. S4B) against MDA5 concentration. (C) Time evolution of the ATP hy-
drolysis reaction initiated by the addition of ATP to the preformed complex
of MDA5 (0.3 μM) and 112-bp dsRNA (0.6 μg/mL) (dsRNA→ATP) or by the
addition of dsRNA to the preformed complex of MDA5 and ATP
(ATP→dsRNA) (mean ± SD, n = 3). (D) Initial lag period of the ATP hydrolysis
reactions of MDA5 (0.3 μM) using different concentrations of 112-bp dsRNA
at 100 or 150 mM NaCl (mean ± SD, n = 3). The lag period was estimated
from the linear extrapolation of the reaction time course as in C. (E) Relative
ATP hydrolysis rates of MDA5 (0.3 μM) bound to model dsRNAs of 62- to
2,012 bp (4.8 μg/mL) at 100 or 150 mM NaCl (mean ± SD, n = 3). Rates are
normalized against the rate measured with 2,012-bp dsRNA.
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similarly slow kinetics as MDA5 (Fig. S7C), we used MDA5hSNAP

along with sortase-labeled MDA5 and MDA5h in our single-
molecule analyses.
To examine the level of nonspecific binding of MDA5 to the

flow cell surface, we injected fluorescently labeled MDA5hSNAP

into a flow cell containing immobilized 112-bp dsRNAor an empty
flow cell. Unbound MDA5hSNAP was washed out, and a fluores-
cence image was recorded. Comparison of the MDA5 fluores-
cence signal showed that both the frequency and the fluorescence
intensity of surface-bound MDA5hSNAP were approximately five
to seven times higher in the 112-bp dsRNA-coated flow cell than in
the empty flow cell (Fig. S8). This result suggests that nonspecific
binding of MDA5 is minimal and can be distinguished unambig-
uously from filaments formed on dsRNA.
Examination of the single-filament assembly traces revealed

an initial lag phase of ∼1–7 min and two to five steps of linear
elongation alternated by pauses (Fig. 5B). The linear growth
curve is consistent with a steady filament elongation, whereas
sharp transitions from elongation to pause suggest stalling of fil-
ament elongation upon encountering dsRNA ends or neighboring
filaments on the same dsRNA molecule (Fig. 5C). Alternations
between elongation and pause have been observed for other fila-
mentous proteins, such as RecA and Rad51 (27, 28), and have
been interpreted as a consequence of multiple independent nu-
cleation events on the same nucleic acid molecule. To examine the
possibility of multiple nucleation of MDA5, we visualized MDA5
filaments by negative-stain EM (Fig. 5D). We used MDA5 in
a slightly substoichiometric amount relative to dsRNA to allow
visual identification of filament boundaries. We observed occa-
sional gaps in MDA5 filaments that likely represent regions of
dsRNA devoid of MDA5 between distinct filaments propagated
from independent nuclei (Fig. 5D). This result indicates that the
stepwise assembly observed in the single-molecule traces (Fig. 5B)
is caused by multiple nucleation events. The insufficiency of a

single nucleus to saturate the entire length of dsRNA further
suggests unidirectional elongation of MDA5 filaments.
To measure the relative contributions of elongation vs. nu-

cleation kinetics to overall filament assembly, we analyzed the
histogram of the elongation rates. To ensure measurement of
a single-filament elongation rate, the rates during the first linear
growth phase were analyzed from 542 individual traces. The later
stages of growth were excluded from the analysis because of a
higher probability of concurrent elongation of multiple indepen-
dent filaments. An average rate of ∼10 arbitrary units (a.u.)·s 1 was
obtained for 512-bp dsRNA, which corresponds to 5 bp·s 1 or 0.35
binding unit·s 1 (0.7 s 1) (Fig. 5E), assuming 100% coverage at
saturation. A similar rate was observed for 2,012-bp dsRNA,
suggesting that the elongation rate is independent of dsRNA
length (Fig. 5E). To examine how the rate of MDA5 incorporation
changes during the course of assembly, we averaged 542 individual
assembly traces synchronized by the initial nucleation point. The
average growth curve is hyperbolic with a slower rate of assembly
in the later stage of the reaction (Fig. 5F). This slower rate is
unlikely to be caused by a decrease in the intrinsic elongation rate.
Instead, it likely reflects a shorter duration of each elongation
phase because of the higher probability of encountering other fil-
aments on the same dsRNA molecule and a greater requirement
for de novo nucleation steps to fill the remaining short, discon-
nected gaps. Similar averaged traces were obtained for MDA5 and
MDA5h labeled by sortase (Fig. 5F).
To examine the nucleation kinetics, we analyzed the histogram

of the duration of the initial lag phase in the single-molecule
assembly traces. The nucleation time displays a quasi-exponen-
tial distribution with a mean value of 223 s (Fig. 5G), corre-
sponding to the nucleation rate of ∼0.004 s 1 at 50 nM
MDA5hSNAP. The nucleation time decreases with RNA length
(Fig. 5H), indicating nucleation at random positions along
dsRNA, consistent with the lack of dsRNA sequence specificity
(Fig. 2 A and C). The nucleation time also was strongly de-

Fig. 5. MDA5 binds to dsRNA via multiple, rate-limiting nucleation steps to assemble discontinuous filaments on a single dsRNA. (A) Schematic of the single-
molecule fluorescence assay. The filament assembly reaction was monitored using TIRF single-molecule microscopy upon the addition of fluorescently labeled
MDA5 or MDA5h to surface-immobilized dsRNA (t = 0) (Methods and Materials). (B) Representative traces of filament assembly reactions using Alexa 647-
labeled MDA5hSNAP (50 nM) and 2,012-bp dsRNA. The immediate increase in fluorescence upon MDA5hSNAP injection (t = 0) indicates the background noise,
which also was observed without dsRNA. (C) A model of stepwise assembly reaction. The alternation between elongation and pause in assembly traces
indicates the involvement of multiple nucleation events. Elongation ends abruptly upon encounter of dsRNA ends or neighboring filament termini. The
insufficiency of a single nucleus to propagate and saturate the entire length of dsRNA suggests unidirectional elongation of MDA5 filaments. The direction of
elongation likely is determined by asymmetric binding of a nucleus to symmetric dsRNA with an equal probability of facing either direction. (D) A repre-
sentative electron micrograph of full-length MDA5 (0.3 μM) in complex with 2,012-bp dsRNA (1.2 μg/mL; i.e., 0.34 μM MDA5 binding site). Gaps (arrows)
indicate the presence of multiple filaments propagated from independent nuclei on a single dsRNA. (E) Histogram of the elongation rates of MDA5hSNAP

filaments calculated from the slope of the first linear elongation phase of ∼350 assembly traces. Fluorescence intensity was converted to base pair numbers by
assuming 100% coverage of 512 bp at saturation. (F) Averaged traces of filament propagation of MDA5, MDA5h, and MDA5hSNAP synchronized by the initial
nucleation event (n = 331, 257, and 542, respectively). (G) Histogram of the nucleation times of MDA5hSNAP (50 nM) on 512-bp dsRNA and the single-ex-
ponential fit. (H) Dependence of the nucleation time (mean value) on dsRNA length (n = 250–500).
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pendent on the salt concentration (125–150 mM) in the reaction
buffer (Fig. S9), and no filaments were observed at salt con-
centrations above 175 mM. The observed sensitivity of the nu-
cleation time to the salt concentration is consistent with the bulk
kinetic assay (Fig. S6) and again supports the electrostatic nature
of the MDA5–dsRNA interaction. Comparison of the nucleation
kinetics of MDA5hSNAP and sortase-labeled MDA5h showed
similar nucleation rates despite the approximately threefold
difference in labeling efficiency (Fig. 5H). This result suggests
that rapid filament elongation immediately following nucleation
likely compensates for the low labeling level of MDA5h and that
estimation of the nucleation rate is insensitive to labeling effi-
ciency. Nucleation of full-length MDA5 is ∼40% faster than that
of MDA5h (Fig. 5H) but still is >100-fold slower than elongation
(for 512-bp dsRNA), suggesting that nucleation is the rate-lim-
iting step for both MDA5 and MDA5h filament assembly.

MDA5 Dissociates from the Ends of Individual Filaments Grown from
Independent Nuclei. To understand the mechanism for length-
dependent dissociation, we monitored the disassembly process
using a similar single-molecule approach. We immobilized 3′-
biotinylated dsRNA in complex with MDA5hSNAP, washed out
unbound MDA5 and RNA, injected ATP to trigger MDA5hSNAP

dissociation, and monitored the decrease in fluorescence in-
tensity over time (Fig. 6A). The fluorescence signal decayed
rapidly with the addition of ATP, but not with ADPCP or with
ATP and EDTA, (Fig. 6A), suggesting that the rapid fluores-
cence decay is caused by ATP-driven filament disassembly. The
ATP-driven dissociation rate was largely independent of the la-
ser power, suggesting that the contribution from photobleaching
is minimal (Fig. S10A). Comparison of the dissociation kinetics
with 512-, 1,012-, and 2,012-bp dsRNAs showed that the disso-
ciation rate is inversely proportional to the length of dsRNA
(Fig. 6B), consistent with the results from the pull-down kinetic

Fig. 6. MDA5 dissociates from individual filament ends. (A) Averaged traces of filament disassembly reaction. MDA5hSNAP
filaments were preformed on 512-

bp dsRNA and were immobilized on the flow cell surface, and unbound filaments were washed out. Disassembly reactions were initiated by the addition of
2 mM ATP, ADPCP, or ATP with 0.5 mM EDTA at t = 0. Single-molecule TIRF microscopy was performed as in Fig. 5. n = ∼500–700 for each sample. (B) Averaged
traces of MDA5hSNAP dissociating from 512-, 1,012-, and 2,012-bp dsRNAs and their single-exponential fits with time constants (τ) (n = 763, 570, and 258, re-
spectively). (C) Representative traces of Alexa 647-labeled MDA5hSNAP dissociating from surface-immobilized 2,012-bp dsRNA. (D) A representative trace of
MDA5hSNAP dissociating from 112-bp dsRNA fitted with a step function (black). (E) Histogram of step intensities during disassembly of 112-bp filaments from 95
independent traces and fitted double Gaussian function (black line). Filled and blank circles indicate labeled and unlabeled MDA5 monomers, respectively. (F)
Histogram of the number of step decrements during disassembly of 112-bp filaments from 95 independent traces. Predicted distribution curves (black lines) are
derived from a probability theory (SI Materials andMethods). (G) Representative electron micrographs of MDA5 2,012-bp dsRNA filaments during disassembly.
Disassembly was initiated by the addition of ATP and heparin andwas quenchedwith ADP·AlF4 at the indicated time points before EM (Methods andMaterials).
Arrows at t = 20 s indicate filament gaps. (H) A model of MDA5 filament disassembly. We propose that individual filaments disassemble independently from
their ends, generating apparent internal breaks from regions containing filament discontinuities. (I) Histogram of individual filament lengths at t = 20 s after
addition of ATP (n = 415 and 230 for 512-bp and 2,012-bp dsRNAs, respectively). The reaction was performed as in F.
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assays (Fig. 3C). Furthermore, an internal gap, bulge, or mis-
match increased the dissociation rate (Fig. S10B), suggesting the
importance of dsRNA continuity for filament stability during
ATP hydrolysis. Similar dissociation trends were observed for
full-length MDA5 (Fig. S10C), but the rates were ∼40% lower
than for MDA5hSNAP.

Examination of disassembly traces of individual filaments showed
approximately one to five steps of linear decay occasionally alter-
nated with pauses of ∼10–30 s (Fig. 6C). The linear decay indicates
sequential end disassembly. Reasons for the occasional short pauses
are unclear, but the pauses could be caused by stochastic delays in
ATP hydrolysis, as has been seen for RecA and Rad51 filaments
(28, 29). To determine the unit of dissociation, we used 112-bp
dsRNA because it accommodates approximately seven or eight
MDA5 binding units, allowing the counting of individual dissocia-
tion events through fitting the trace with step functions (Fig. 6D).
Histogram analysis of the step decrement in intensity reveals a bi-
modal distribution (Fig. 6E), which is expected for dissociation of
dimers that are singly or doubly labeled but does not exclude the
possible dissociation of individual monomers. The ratio of the
median values of the two peaks (210 vs. 321 a.u.) is less than 2, likely
reflecting self-quenching of adjacent fluorophores within a filament
(30). In addition, the histogram of the number of steps involved in
112-bp filament disassembly showed that disassembly evolves in
approximately five to seven stepwise decrements (Fig. 6F), as is
consistent with the notion that filament disassembles via dissocia-
tion of individual binding units.
To understand the mechanism of the filament disassembly

process, and in particular the mechanism by which dissociation
kinetics is affected by neighboring molecules and the length of
dsRNA, we used EM to visualize the disassembly intermediates.
As with the dissociation pull-down assay, preformed filament was
incubated with ATP in the presence of heparin trap, and ATP
hydrolysis was quenched at discrete time points with ADP·AlF4
(Fig. 6G). To capture early disassembly intermediates, we reduced
the ATP hydrolysis rate by using a low concentration of ATP (0.25
mM vs. 2 mM) (Fig. S10D). Within 20 s, one to five internal breaks
appeared along 2012-bp filaments (Fig. 6G). As the reaction
proceeded, fewer segments of filaments were visible, and these
filaments had larger gaps or ambiguous connectivity, as is consis-
tent with end disassembly of individual filaments on a single
dsRNA (Fig. 6H).
To examine whether end disassembly of individual filaments

can explain the length-dependent dissociation rate shown in
Fig. 6C, we compared the distribution of individual filament
lengths on 512-bp and 2,012-bp dsRNA 20 s after the addition of
ATP (Fig. 6I). Both 512- and 2,012-bp filaments showed a dis-
tribution of lengths significantly shorter than expected for the
respective full-length filaments (∼200 and ∼800 nm, which were
the filament lengths observed at saturation), with average lengths
of 115 and 193 nm, respectively (Fig. 6I). With 2,012-bp fila-
ments, however, ∼30% of the population showed filament lengths
longer than 200 nm, the theoretical limit of a 512-bp filament
(Fig. 6I). The presence of longer filaments on longer dsRNAs
provides at least a partial explanation for dsRNA length-de-
pendent dissociation kinetics.

ATP Hydrolysis Promotes Formation of Long, Continuous Filaments
and Delays Disassembly. The dissociation experiments discussed
above were performed with filaments assembled without ATP.
We next asked how ATP hydrolysis during filament assembly, as
would occur in the cell, would affect length-dependent dissoci-
ation kinetics. Previous studies on RecA revealed that ATP-
driven dissociation induces the rearrangement of RecA mole-
cules from multiple independent filaments to form a single,
continuous filament (31). Such rearrangement could occur via
faster dissociation of shorter filaments, which would allow con-
tinued elongation of longer filaments on the same nucleic acid
lattice (Fig. 7A). Repair of filament discontinuities would re-
move small gaps generated between independent filaments and
increase the filament-packing density, which can be measured by

the fluorescence intensity of filaments at saturation (31). We first
asked whether such similar ATP-driven repair also can be ob-
served with MDA5 filaments. We analyzed filament-assembly
reactions in the presence of ATP and ADPCP using single-
molecule fluorescence assays and compared the averaged traces
(Fig. 7B). Net filament assembly occurs more slowly with ATP
than with ADPCP because of the contribution of ATP-triggered
dissociation during the assembly reaction. However, at comple-
tion of assembly, filaments are saturated to a 20% higher level
with ATP than with ADPCP (Fig. 7B), suggesting that more
continuous filaments form when ATP hydrolysis is allowed dur-
ing assembly. A similar increase in packing density was observed
when ADPCP was replaced by ATP during filament assembly
(Fig. S11A). Consistent with the role of ATP in repairing fila-
ment discontinuities, filaments formed with ATP dissociated
∼20% more slowly than those formed without ATP (Fig. 7C). To
validate further the role of ATP in repairing filament dis-
continuities, we visualized filament disassembly intermediates
using EM. The disassembly intermediates of filaments assembled
with ATP contained fewer internal breaks than those assembled
without ATP (Fig. 7D). Filaments formed with ATP show an
even distribution of length from 100–800 nm, in contrast to the
narrow distribution of filaments formed without ATP (Fig. 7E).
To examine filament shapes and lengths during ATP hydrolysis
steady state, instead of during disassembly reaction, we also vi-
sualized filaments in the absence of any quenching reagents (i.e.,
ADP·AlF4) or protein trap (heparin). Similarly continuous fila-
ments with a broad distribution of lengths were observed during
steady state (Fig. S11 B and C). These results suggest that, al-
though filament length is affected by both dsRNA length and

Fig. 7. ATP hydrolysis repairs discontinuities in MDA5 filaments and pro-
motes the formation of longer, continuous filaments. (A) Proposed mecha-
nism by which ATP hydrolysis repairs discontinuities in MDA5 filaments.
Multiple filaments propagated from independent nuclei individually un-
dergo cycles of ATP-driven disassembly and elongation, which allow the
rearrangement of MDA5 molecules to generate more continuous filaments.
(B) Averaged assembly traces of MDA5hSNAP

filament on 2,012-bp dsRNA in
the presence of 2 mM ADPCP or 0.2 mM ATP using 100 nM MDA5hSNAP.
Individual traces were synchronized by the nucleation time (n = 386 and 495
for ADPCP and ATP, respectively). (C) Averaged disassembly traces of
MDA5hSNAP

filaments initially assembled on 2,012-bp dsRNA with or without
ATP (n = 375 and 223, respectively). Disassembly reactions were performed
as in Fig. 6C. (D) A representative electron micrograph of disassembly
intermediates of MDA5 filaments initially formed with ATP. MDA5 filaments
were formed on 2,012-bp dsRNA in the presence of 0.25 mM ATP. Dissoci-
ation was initiated at t = 0 by the addition of ATP and heparin and was
quenched with ADP·AlF4 at t = 20 s. Fewer gaps (arrows) were observed than
when filaments were formed without ATP (Fig. 6G). (E) Histogram of in-
dividual filament lengths at t = 20 s after the addition of ATP. Filaments
were formed initially with ATP (light blue bars, n = 260) as in D or without
ATP (dark blue bars) (from Fig. 6I).
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multiple nucleation events, ATP-mediated repair of filament
discontinuities skews the filament length distribution to more
accurately reflect the length of the underlying dsRNA scaffold.

Role of CARD in Filament Formation and Dynamics. The slower dis-
assembly and faster nucleation kinetics of MDA5 filaments in
comparison with MDA5h filaments (Fig. 5H and Fig. S10C)
prompted the question whether the signaling domain, CARD,
contributes to filament formation and dynamics. To address this
question, we first examined whether growing filaments can dis-
criminate between MDA5 and MDA5h. We formed filaments
using a 1:1 mixture of MDA5 (labeled with Hylite 647) and
MDA5hSNAP (labeled with Alexa 546) on 1,012-bp dsRNA and
identified a total of 696 filaments displaying fluorescence above
the background level (Fig. 8A). Interestingly, only 128 filaments
(18%) displayed fluorescence signals from both MDA5 and
MDA5hSNAP; the other filaments showed fluorescence signal from
either MDA5 (34%) or MDA5hSNAP (48%) (Fig. 8B). The higher
number of MDA5hSNAP

filaments may reflect the higher labeling
efficiency of MDA5hSNAP. The theoretical probability of having
a filament formed entirely of either MDA5 or MDA5hSNAP by
random binding is nearly zero (2 × 10 22), and thus the above
result suggests that MDA5 and MDA5h prefer to recruit mole-
cules of the same kind during filament extension. For the 128
filaments containing both MDA5 and MDA5hSNAP, no re-
lationship was detected between the two fluorescence signals
(Fig. 8B), possibly reflecting independent nucleation of MDA5
and MDA5hSNAP

filaments on a single dsRNA molecule or the
infrequent incorporation of molecules of the other kind during
filament extension.
We next examined whether this preferential selection of

MDA5 and MDA5h also occurs during ATP hydrolysis-mediated
filament redistribution. We first formed 512-bp filaments using
MDA5 (labeled with Hylite 647), washed out the unbound frac-
tion, injected a 1:1 mixture of MDA5 (labeled with Hylite 647)
and MDA5hSNAP (labeled with Alexa 546) together with ATP or

ADPCP, and monitored the filament redistribution process using
two-color real-time imaging. To take into account the differences
in the fluorophore and the labeling efficiency of MDA5 and
MDA5hSNAP, the fluorescence intensities of Hylite 647 and Alexa
546 were normalized against those of filaments formed by MDA5
and MDA5hSNAP alone, respectively. As expected, ATP, but not
ADPCP, triggered filament disassembly and reassembly, as in-
dicated by the large fluctuation in the fluorescence level of MDA5
(Fig. 8C). However, only a small population of MDA5hSNAP was
incorporated into the MDA5 filament, resulting in an occupancy
of ∼20% on average in the final filament (Fig. 8D). This result
suggests that MDA5 dissociated from the filament is more likely
to be replaced by another MDA5 molecule than by MDA5hSNAP

and further indicates that CARD plays a positive role in the
formation of full-length MDA5 filaments.

Discussion
MDA5, a viral RNA sensor, regulates the level of antiviral sig-
naling proportional to dsRNA length, ranging between ∼0.5 and
∼7 kb (7), through a poorly understood mechanism. We have
shown previously that MDA5 forms filamentous oligomers along
the length of dsRNA (21). The MDA5 filament is distinct from
the beads-on-a-string type of oligomers, as evidenced by its
preference for binding to dsRNA adjacent to another MDA5
molecule rather than at random positions and the requirement
of filament formation for high-affinity interaction with dsRNA
(Fig. 1). Filament formation alone, however, does not explain
the observed discrimination of length by MDA5 in the cell.
MDA5 forms stable filaments on dsRNA as short as ∼50–100 bp,
and in the absence of ATP the intrinsic affinity of MDA5
depends only moderately on dsRNA length beyond ∼100 bp
(Fig. 1D). During ATP hydrolysis, however, dsRNA binding
displays an increased dependence on length recapitulating the
length-dependent signaling observed in the cell. To dissect the
molecular mechanisms underlying this ATP-driven length dis-
crimination by MDA5, we used a combination of bulk kinetic

Fig. 8. Discrimination between MDA5 and MDA5h in filament formation. (A) Fluorescence images of filaments formed by a mixture of MDA5hSNAP (labeled
with Alexa Flour 546) and MDA5 (labeled with Hylite647) on 1,012-bp dsRNA. A 1:1 mixture of MDA5hSNAP and MDA5 (100 nM each) was incubated with
1,012-bp dsRNA (0.1 nM), and the complex was immobilized on the flow cell surface. Two-color imaging identified 462 filaments with Alexa 546 fluorescence
(Left) and 362 filaments with Hylite 647 fluorescence (Right). Among these, 128 filaments showed common, overlapping positions (such as the one in yellow
circle), indicating that these 128 filaments contain both MDA5 and MDA5hSNAP. (B) Venn diagram summarizing the results in A and plot of Alexa 546 vs. Hylite
647 fluorescence intensities of the 128 filaments containing both MDA5 and MDA5hSNAP. (C) Representative traces of MDA5 filament dynamics in the mixture
of MDA5 and MDA5hSNAP. Preformed filaments of Hylite 647-labeled MDA5 on 512-bp dsRNA were immobilized on the flow cell surface, and unbound
filaments were washed out. A 1:1 mixture of Hylite 647-labeled MDA5 and Alexa 546-labeled MDA5hSNAP (100 nM each) was injected into the flow cell with
ATP or ADPCP (2 mM). The fluorescence intensities of MDA5 and MDA5hSNAP were normalized against those of the filaments formed by the respective
protein alone. (D) Averaged traces of MDA5 filament dynamics in the mixture of MDA5 and MDA5hSNAP. Experiments were performed as in C. n = 325 and 396
for ATP and ADPCP reactions, respectively. (E) Proposed model for length discrimination by MDA5. With ATP, MDA5 filaments continuously switch between
assembly and disassembly phases. Because disassembly occurs primarily from filament ends, filaments on short dsRNA more frequently undergo a complete
disassembly, which requires slow de novo nucleation for rebinding. In contrast, filaments on long dsRNA alternate between partial disassembly and fast
elongation, bypassing nucleation. Thus the slow nucleation kinetics amplifies the time constant (τ) in Fig. 6B.
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assays, single-molecule analyses, and EM, which revealed
a complex dynamic interplay between assembly and disassembly
processes of MDA5 filaments as a key mechanism for dsRNA
length discrimination.
MDA5 filaments disassemble upon ATP hydrolysis (21). Our

previous ATP hydrolysis assays indirectly suggested that filament
disassembly occurs at a rate inversely proportional to dsRNA
length. Here we directly measure the length-dependent dissoci-
ation kinetics and demonstrate that filaments disassemble from
an end. Filament end disassembly, however, does not involve a
simple shrinkage of a single filament on a single dsRNA mole-
cule. Instead, filament assembly occurs via multiple nucleation
events, which generate multiple independent filaments on a
single dsRNA molecule (Fig. 5). ATP hydrolysis triggers in-
dependent disassembly of individual filaments from their ends.
This disassembly results in an appearance of internal breaks in
the filament, which in fact represent gaps between disassembling
individual filaments (Fig. 6).
Surprisingly, we identified a seemingly paradoxical role of

ATP in promoting the formation of longer and more continuous
MDA5 filaments. During dynamic equilibrium between assembly
and ATP-driven end disassembly reactions, short filaments disas-
semble faster than longer ones, allowing continued elongation
of longer filaments to a length that more accurately reflects the
length of underlying dsRNA scaffolds (Fig. 7A). This positive role
of ATP hydrolysis in MDA5 filament assembly, which was un-
expected from its previously known role in effecting MDA5 dis-
sociation, underscores the necessity of understanding MDA5
functions in the context of a continuous dynamic cycle of filament
assembly and disassembly rather than a linear model of filament
nucleation, elongation, and disassembly.
The effect of dsRNA length-dependent filament disassembly is

amplified further by the slow nucleation kinetics. In principle,
dissociated MDA5 can rebind to dsRNA either by adding onto
a growing end of existing filaments or by forming a de novo
nucleus. The latter process is significantly (>100 times) slower
than the former, probably because of the instability of single
monomers or dimers on dsRNA (Fig. 1D). Because short fila-
ments would dissociate more rapidly during end disassembly, de
novo nucleation would be a more predominant mechanism for
MDA5 to rebind to short dsRNA (Fig. 8E). On the other hand,
slower dissociation of MDA5 from longer filaments would allow
MDA5 molecules to rebind via a filament elongation mecha-
nism, bypassing the slow nucleation steps (Fig. 8E). Thus, the
two distinct turnover cycles of filaments that are differentially
used by short and long dsRNA provide an explanation for the
preferential accumulation of MDA5 on long dsRNA during ATP
hydrolysis. Because the nucleation rate is critically dependent on
MDA5 concentration, this model also explains the more pro-
nounced length bias observed at low concentrations of MDA5 as
expected in the resting cell state.
The use of slow nucleation and ATP-driven dissociation as a

means to discriminate selectively against short dsRNA is remi-
niscent of the kinetic proofreading mechanisms used by enzymes
in DNA replication and protein synthesis pathways (32). These
enzymes use multiple irreversible steps to discard incorrect
substrates after ligand binding and to enhance the fidelity of the
substrate discrimination far beyond the level predicted from
differences in intrinsic affinity. Analogously, dynamic instability
of MDA5 filaments necessitates continuous cycles of association
and dissociation during its interaction with dsRNA, and slow
nucleation makes the dissociation of MDA5 essentially irre-
versible for short dsRNA. This proofreading mechanism pre-
vents the accumulation of MDA5 on relatively short dsRNA,
despite its high intrinsic affinity, and thus avoids the in-
appropriate activation of antiviral signal by cellular dsRNAs.
How then does the MDA5 filament activate antiviral signaling,

and how could the filament dynamics explain the length-de-
pendent signaling? The simplest explanation would be that the
level of signaling correlates with the level of MDA5 bound to
dsRNA. A recent crystal structure of full-length RIG-I revealed

that, in the absence of dsRNA, CARD is masked by intramo-
lecular interactions but becomes released upon dsRNA binding
(16). A similar conformational change may occur in MDA5, and
exposure of CARD upon dsRNA binding may be sufficient to
activate signaling. Because the stability of the MDA5–dsRNA
interaction is tightly regulated by filament dynamics, which in turn
depend on the length of dsRNA, this mechanism provides an
explanation for the length-dependent signaling activity of MDA5.
Alternatively, dsRNA binding could be insufficient to activate
signaling and additionally might require oligomerization of CARD
that possibly is promoted by assembly of the MDA5 filament. We
found that full-length MDA5 selectively incorporates full-length
MDA5 rather than the CARD-deletion mutant MDA5h (Fig. 8
A–D), and the dissociation and nucleation kinetics of full-length
MDA5 also suggest a positive role of CARD in filament formation
and stability (Fig. 5H and Fig. S10C). It is tempting to speculate
that CARD interacts with another CARD within the filament and
promotes antiviral signaling. A recent study suggested that both
RIG-I and MDA5 require a K63-linked, free-polyubiquitin chain
to oligomerize CARD and activate signaling (33), but it also is
possible that filament formation plays an additional positive role
in CARD oligomerization. Future investigations will focus on a
more detailed examination of potential oligomerization or dy-
namics of CARD within MDA5 filaments and its detailed mech-
anism for signal activation via MAVS.
MDA5 exhibits a remarkable parallel with distantly related

filamentous proteins in the RecA family and shows a marked
contrast to the closely related helicase RIG-I. We showed that
RIG-I prefers shorter dsRNAs and binds to dsRNA with no
apparent kinetic delay (Fig. S5 B and C) and that ATP hydrolysis
does not promote its dissociation from dsRNA (Fig. 3B). In
contrast, RecA assembles into filaments along DNA, also with
slow nucleation kinetics, and disassembles from filament ends
upon ATP hydrolysis (34). RecA uses similar filament dynamics
to choreograph DNA pairing and strand-exchange reactions dur-
ing homologous recombination. Our current findings of MDA5
filament dynamics thus provide a framework for understanding
MDA5 functions and mechanisms that are distinct from RIG-I
and offer an intriguing example of the utilization of the kinetic
principles used by the RecA family to function instead as a mo-
lecular ruler for antiviral defense.

Materials and Methods
Procedures for material preparation and protein and RNA labeling are de-
scribed in SI Materials and Methods.

Competition Binding Assay. EMSA was performed to monitor complex for-
mation of MDA5 with labeled dsRNA in the presence of competitor dsRNAs.
A mixture of 3′-fluorescein–labeled 112-bp RNAs (0.18 μg/mL) and unlabeled
competitor dsRNAs (0.06–43.74 μg/mL) was incubated with MDA5 (80 nM) in
buffer A [20 mM Hepes (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2 and 2 mM
DTT] with 2 mM ADPCP or ATP at 37 °C for 10 min and analyzed by Bis-Tris
native PAGE (Life Technologies). Fluorescence gel images were recorded
using a GE FLA9000 scanner.

ATP Hydrolysis Assay. The ATP hydrolysis assay was performed as previously
described (21). Unless otherwise stated, MDA5 (0.3 μM final concentration)
was preincubated with 2 mM ATP in buffer A at 37 °C for 3 min, and the
reaction was initiated by addition of prewarmed RNA (4.8 μg/mL final con-
centration), and the reaction was quenched with 50 mM EDTA on ice.

Pull-Down Kinetic Assay. For dissociation kinetics, fluorescein-labeled MDA5,
MDA5h, or RIG-I (0.6 μM) was preincubated with 3′-biotinylated dsRNA (2 μg/
mL) in buffer A. Dissociation was initiated by the addition of 200 μg/mL
heparin and 2 mM ATP at 37 °C, and the reaction was quenched with 2 mM
ADP·AlF4 at discrete time points. For binding kinetics, labeled MDA5 (0.3 μM)
was incubated with 3′-biotinylated dsRNA (0.6 μg/mL) at 37 °C in buffer A
with 2 mM ADPCP for the indicated time periods. The binding reaction was
quenched with 60 μg/mL heparin and 2 mM ADP·AlF4 and was incubated
with streptavidin magnetic beads (New England BioLabs). Beads were
washed three times with buffer A and eluted with SDS sample buffer before
gel analysis. See SI Materials and Methods for details.
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Single-Molecule Fluorescence Assay. 3′-Biotinylated dsRNA (40 pM) was
immobilized on the polymer-coated quartz surface of a microfluidic flow cell
prepared as previously described (35). For assembly reactions, MDA5,
MDA5h, or MDA5hSNAP (50 nM) labeled with Alexa 647 or Hylite 647 in
buffer A with 2 mM ADPCP was introduced into the flow cell at t = 0. The
assembly reaction was monitored at 37 °C using TIRF microscopy at 0.5–50 Hz
with an exposure time of 50 ms. For disassembly reactions, labeled MDA5 or
MDA5hSNAP (0.2 μM) in complex with dsRNA (40 pM) was immobilized on the
surface of a flow cell. Free protein and RNA were rinsed out using buffer A
before injection of ATP (2 mM unless mentioned otherwise) at t = 0. See SI
Materials and Methods for details.

Electron Microscopy. Unless stated otherwise, MDA5 (0.3 μM) and dsRNA (1.2
μg/mL) were preincubated at 37 °C for 8 min to assemble filaments. The
filament disassembly reaction was initiated by the addition of a mixture of

ATP (0.25 mM) and heparin (120 μg/mL) to preformed filaments at 37 °C and
was quenched at discrete time points with 2 mM ADP·AlF4 on ice. Immedi-
ately after quenching, samples were spotted on carbon-coated grids (Ted
Pella) and stained with uranyl formate as described previously (36). Images
were collected using a Philips CM10 transmission electron microscope, and
filament lengths were measured by using the freehand line option in the
program ImageJ (National Institutes of Health).
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