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The innate immune system recognizes nucleic acids during viral infection and stimulates cellular antiviral
responses. Intracellular detection of RNA virus infection is mediated by the RNA helicases RIG-I (retinoic acid
inducible gene I) and MDA-5, which recognize viral RNA and signal through the adaptor molecule MAVS
(mitochondrial antiviral signaling) to stimulate the phosphorylation and activation of the transcription factors
IRF3 (interferon regulatory factor 3) and IRF7. Once activated, IRF3 and IRF7 turn on the expression of type
I interferons, such as beta interferon. Interestingly, unlike other signaling molecules identified in this pathway,
MAVS contains a C-terminal transmembrane (TM) domain that is essential for both type I interferon
induction and localization of MAVS to the mitochondrial outer membrane. However, the role the MAVS TM
domain plays in signaling remains unclear. Here we report the identification of a function for the TM domain
in mediating MAVS self-association. The activation of RIG-I/MDA-5 leads to the TM-dependent dimerization
of the MAVS N-terminal caspase recruitment domain, thereby providing an interface for direct binding to and
activation of the downstream effector TRAF3 (tumor necrosis factor receptor-associated factor 3). Our results
reveal a role for MAVS self-association in antiviral innate immunity signaling and provide a molecular
mechanism for downstream signal transduction.

The enhanced production of type I interferons is one of the
earliest and most important host-protective cellular responses
to virus infection (1, 9). Type I interferons, including beta
interferon (IFN-�), are secreted cytokines that activate an
early innate immune response and provide cellular antiviral
protection (3). Together with other cytokines, type I interfer-
ons contribute to the establishment of adaptive immunity to
virus infection. In most cell types, RIG-I (retinoic acid induc-
ible gene I) and MDA-5 are thought to be the primary recep-
tors that transduce signals to stimulate type I interferon pro-
duction in response to infections by RNA viruses. RIG-I and
MDA-5 each recognize distinct types of viral RNA, and both
signal using a common intermediary protein called MAVS
(mitochondrial antiviral signaling; also known as IPS-1/VISA/
Cardif) (10). Signal transduction downstream of MAVS cul-
minates in the activation of the IRF3/7 (interferon regulatory
factors 3 and 7) and NF-�B transcription factors and the pro-
duction of type I interferons and proinflammatory cytokines.

Although MAVS has been shown genetically and biochem-
ically to be a critical downstream component of a signaling
pathway connecting RIG-I and MDA-5 to the activation of
IRF3/7 and NF-�B (10), how MAVS functions or is regulated
remains enigmatic. MAVS is a mitochondrial outer membrane
protein that contains a C-terminal transmembrane (TM) do-
main and an N-terminal caspase recruitment domain (CARD),
both of which have been shown to be functionally important
(10). Removal of the TM domain by artificial means or by
proteolytic cleavage with the hepatitis C virus (HCV) NS3/4A

protease prevents MAVS from localizing to the mitochondrial
outer membrane and inducing IFN-� (20, 23, 28). Deletion of
the MAVS CARD also prevents the induction of IFN-� (15,
23, 28, 30). Mutagenesis experiments suggest that the MAVS
CARD is likely required for binding to a downstream effector
(28). However, the identity of such a molecule has yet to be
discerned.

The ubiquitin (Ub) ligase TRAF3 (tumor necrosis factor
receptor-associated factor 3) has been implicated to play a role
in RIG-I/MDA-5 signaling downstream of MAVS (24, 25).
TRAF3 associates with MAVS, and TRAF3 ubiquitination is
stimulated by the activation of RIG-I/MDA-5 signaling (16,
25). Here, we have uncovered an important role for MAVS
self-association in RIG-I/MDA-5 signaling. We find that the
TM domain is essential for MAVS to both self-associate and
signal. Self-association of the MAVS N-terminal CARD allows
for the direct binding and activation of TRAF3. Our data
provide novel insight into how MAVS functions in antiviral
innate immune signaling.

MATERIALS AND METHODS

Cell culture and transfections. MAVS�/� mouse embryonic fibroblasts
(MEFs) were a generous gift from Zhijian Chen and have been described
previously (30). HEK293 and HEK 293T cells were from the ATCC. All cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 50 units penicillin/ml, and 50 �g streptomycin/ml
(Invitrogen). Transient transfections in HEK293T cells and MEFs were per-
formed using Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen). Poly(I:C) was transfected at 4 �g/ml with Lipofectamine 2000. For
luciferase assays, cells were cotransfected with pRL-TK Renilla luciferase (Pro-
mega) and luciferase activity was measured by a dual-luciferase reporter assay
system (Promega), using Renilla luciferase as an internal control. Cells were lysed
and measurements were taken 20 to 24 h following plasmid transfection.

Reagents. Poly(I:C) was purchased from GE Healthcare Life Sciences. Rabbit
anti-MAVS antibody was obtained from Bethyl. Mouse monoclonal hemagglu-
tinin (HA) and rabbit polyclonal HA and AU1 antibodies were from Covance.
FLAG M2 antibody was purchased from Sigma. PhosphoIRF3 (Ser 396) rabbit
polyclonal antibodies were from Cell Signaling. AP1510 was obtained from
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ARIAD and used at 100 nM. Bis-maleimidohexane (BMH) cross-linker was
purchased from Pierce.

Plasmids. Expression constructs for epitope-tagged human RIG-I, MAVS,
TBK1 (TANK-binding kinase 1), IRF3, and NS3/4A were constructed by PCR
amplification and standard recombinant DNA techniques. FPK3 was amplified
by PCR from pcDNA3-FLAG-IKK�-FPK3 (11) and subcloned into pcDNA3.
The authenticity of all constructs was confirmed by sequencing (UCLA sequenc-
ing core). Point mutations and deletion mutants were constructed by PCR
mutagenesis (Stratagene). The AU1-Ub expression construct has been described
previously (31). Cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP) constructs were subcloned into pECFP-C1 and pEYFP-C1 (Clontech).
The expression construct for MAVS�TM includes residues 1 to 510. MAVS-TM
was constructed by overlap extension PCR, fusing residues 1 to 510 of MAVS to
residues 202 to 233 of Bcl-xL. MAVS CARD contains residues 1 to 98 of MAVS.
MAVS CARDmt contains a substitution of alanine for tryptophan at residue 68.
MAVS Q145N contains a substitution of asparagine for glutamine at residue 145
located in a TRAF2/3 consensus binding motif (25). MAVS�TMx2 contains
residues 1 to 468 of MAVS fused in tandem to itself. RIG-I�RD contains
residues 1 to 734 of RIG-I. pLUC-IFN-�, pLUC-PRD(III-I)3, and pLUC-PRD(II)2

have been described previously (7). GAL4-IRF3 and GAL4-IRF7 were con-
structed by inserting residues 66 to 427 of IRF3 and residues 81 to 503 of IRF7,
respectively, into pPFA-dbd (Stratagene).

Immunoblotting and immunoprecipitations. For all coimmunoprecipitation
assays except for that represented in Fig. 1D, HEK293T cells were washed once
with phosphate-buffered saline (PBS) (Invitrogen) and then lysed in EBC150
lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40, 50 mM
NaF, 0.1 mM Na3VO4, 1 mM dithiothreitol). For the coimmunoprecipitation
assay represented in Fig. 1D, cells were lysed in Triton X-100 lysis buffer (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 30 mM NaF,
2 mM sodium pyrophosphate, 0.1 mM Na3VO4, 1 mM dithiothreitol). All lysis
buffers were supplemented with complete EDTA-free protease inhibitor cocktail
(Roche). Ubiquitination of immunoprecipitated TRAF3 was performed as de-
scribed previously (31).

Flow cytometry and FRET analysis. Forty-eight hours after MAVS�/� MEFs
were transfected with expression constructs for CFP and YFP proteins, cells were
washed once with PBS (Invitrogen), trypsinized, and resuspended in regular
growth medium. All cytometric data were collected using FACS Diva (BD
Biosciences). A 405-nm laser line at 50 milliwatts and a 488-nm laser line at 20
milliwatts were used to excite CFP and YFP, respectively. CFP signals were
collected using a 450/50-nm band-pass filter, and YFP signals were collected
using a 560/50-nm band-pass filter. Förster resonance energy transfer (FRET)
signals were measured by excitation with the 405-nm laser line and collection
with the 560/50-nm band-pass filter. For vesicular stomatitis virus-green fluores-
cent protein (GFP) infection measurements, HEK293 cells were transfected with
expression constructs and 48 h later were infected at a multiplicity of infection of
0.0001. AP1510 was added prior to infection where indicated. For infections,
cells in 12-well tissue culture plates were washed once with PBS (Invitrogen) and
incubated with 0.5 ml serum-free DMEM containing virus. After 1 h, 0.5 ml of
DMEM supplemented with 20% fetal bovine serum, 50 units penicillin/ml, and
50 �g streptomycin/ml was added. Cells were analyzed for GFP signal by flow
cytometry 24 h following infection.

Cross-linking. Mitochondria were isolated from HEK293T cells by using a
mitochondrion isolation kit according to the manufacturer’s instructions
(Pierce). Cells were transfected with poly(I:C) or mock treated for 8 h prior to
mitochondrion isolation. Purified mitochondria were resuspended in 30 �l of
PBS containing dimethyl sulfoxide or 5 mM BMH at room temperature for 30
min. Cross-linking was quenched by the addition of sodium dodecyl sulfate
(SDS) sample buffer, and proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotted with anti-MAVS antibody.

Measurement of IFN-�. IFN-� enzyme-linked immunosorbent assays were
performed according to the manufacturers instructions (PBL). Supernatants
were collected 36 h later, following plasmid transfection of HEK293 cells.
AP1510 was added 12 h prior to analysis where indicated.

Yeast two-hybrid interaction. MAVS and TRAF3 cDNAs were cloned into the
pGBKT7 bait and pGADT7 prey vectors (Clontech). Constructs were trans-
formed into AH109 (Clontech), and multiple colonies grown on minimal me-
dium lacking leucine and tryptophan were streaked out onto minimal medium
lacking leucine and tryptophan or leucine, tryptophan, adenine, and histidine
(Clontech) and incubated at 30°C overnight.

Statistical analysis. The statistical significance of any differences in cytokine
concentration or virus infection was determined by Student’s one-sided t test.

RESULTS

The MAVS TM domain mediates self-association. To study
the function of the MAVS TM domain, we first made expres-
sion constructs for a deletion mutant of MAVS lacking its
C-terminal TM domain (MAVS�TM) as well as a mutant
version of MAVS with its TM domain replaced with the anal-
ogous domain from Bcl-xL (MAVS-TM) (Fig. 1A). Similar
constructs were used previously to demonstrate that the TM
domain of Bcl-xL could functionally substitute for the TM
domain of MAVS in inducing IFN-� (28). Consistent with
these previous results, we found that wild-type MAVS and
MAVS-TM both activated an Ifnb promoter construct whereas
MAVS�TM was defective (28) (Fig. 1B). Similar results were
found when the IRF3/7-responsive pLUC-PRD(III-I)3 or
NF-�B-responsive pLUC-PRD(II)2 reporter construct was used,
suggesting that the TM domain is required for MAVS to activate
both IRF3/7 and NF-�B transcription factors (Fig. 1C).

We next examined whether the MAVS TM domain might be
important for self-association. Previously, studies have shown a
role for the TM domains of some proteins in mediating ho-
modimeric interactions (4, 5, 13, 18, 19, 22, 29). We investi-
gated first whether wild-type MAVS could form homooli-
gomers in vivo. In coimmunoprecipitation assays, we found
that wild-type MAVS could self-associate (Fig. 1D). To con-
firm these results, we used FRET analysis to examine for
protein-protein interactions. We transfected MAVS�/� MEFs
with both CFP- and YFP-tagged MAVS and used flow cytom-
etry to detect FRET signals among those cells that expressed
both proteins. As a negative control, we transfected MEFs with
CFP and YFP-MAVS. The YFP-MAVS fusion protein was
functional because it was able to rescue the sensitivity of these
cells to transfection of the synthetic double-stranded-RNA
analog poly(I)-poly(C) [poly(I:C)] (see Fig. S1 in the supple-
mental material). We found that a significant portion of cells
expressing CFP-MAVS and YFP-MAVS, but not CFP and
YFP-MAVS, displayed a FRET signal (65% versus 1.8%),
demonstrating that MAVS homooligomerizes in live cells
(Fig. 1E).

To test the importance of the MAVS TM domain in self-
interactions in vivo, we first examined the abilities of wild-type
MAVS, MAVS�TM, and MAVS-TM to coimmunoprecipitate
with MAVS. Unlike wild-type and MAVS-TM, MAVS�TM
failed to associate with MAVS (Fig. 1D). Furthermore, in
MAVS�/� MEFs coexpressing CFP-MAVS�TM with YFP-
MAVS, the percentage of cells displaying a FRET signal was
significantly lower than when CFP-MAVS or CFP-MAVS-TM
was coexpressed with YFP-MAVS (8% versus 65% or 63.6%,
respectively) (Fig. 1E). These results suggest that a TM do-
main is required for MAVS proteins to associate with wild-
type, full-length MAVS.

Since the removal of the TM domain prevents MAVS from
localizing to the mitochondria where wild-type MAVS resides,
we also tested whether MAVS�TM could itself self-associate
(28). We found that CFP-MAVS�TM and YFP-MAVS�TM
were defective in binding to one another in MAVS�/� MEFs
(Fig. 1F). Thus, the TM domain of MAVS is necessary for its
ability to self-associate. Interestingly, given the increased per-
centage of FRET signals in cells coexpressing CFP-MAVS�TM
with YFP-MAVS compared to the level for CFP and YFP-
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FIG. 1. The TM domain is required for MAVS self-association. (A) Schematic representation of MAVS mutant constructs. WT, wild type.
(B) Luciferase reporter assay for HEK293T cells cotransfected with wild-type or mutant MAVS and an IFN-� promoter reporter construct,
pLUC-IFN-�. (C) Luciferase reporter assay for HEK293T cells cotransfected with wild-type or mutant MAVS and the pLUC-PRD(III-I)3 or
pLUC-PRD(II)2 reporter construct. (D) Coimmunoprecipitation assay with lysates prepared from HEK293T cells cotransfected with FLAG-
tagged wild-type or mutant (mut) MAVS and HA-tagged wild-type MAVS. Anti-FLAG immunoprecipitates (IP) or lysates were immunoblotted
for HA- or FLAG-tagged MAVS constructs. (E, F) FRET analysis of MAVS�/� MEFs cotransfected with YFP, YFP-tagged wild-type MAVS, or
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MAVS (8% versus 1.8%), there may be a lower affinity self-
association domain distinct from the TM domain (Fig. 1E).

The HCV NS3/4A protease is known to inhibit RIG-I/
MDA-5 signaling by cleaving off the TM domain from MAVS
(20, 23). Consistent with a requirement for the TM domain of
MAVS for self-association, we found that expression of
NS3/4A interfered with the interaction between CFP-MAVS
and YFP-MAVS in cells (Fig. 1G). These data together indi-
cate the importance of the TM domain of MAVS for its ability
to self-associate in vivo.

Stimulation of MAVS self-association by active RIG-I. Next,
we examined whether MAVS self-association may be regulated
by the activation of RIG-I. We tested the effect of expressing
RIG-I�RD, a constitutively active form of RIG-I that is miss-
ing its C-terminal repressor domain (RD) (26), on MAVS
self-association as measured by FRET. In MAVS�/� MEFs
expressing both CFP-MAVS and YFP-MAVS, the percentage
of cells that displayed a FRET signal was enhanced upon
coexpression of RIG-I�RD (Fig. 1H). In contrast, an inactive
mutant version of RIG-I�RD carrying an alanine substitution
at a conserved tryptophan residue in the second CARD had no
effect (Fig. 1H; also see Fig. S2 in the supplemental material).
Thus, active RIG-I can enhance MAVS self-association.

Forced oligomerization or dimerization of MAVS can over-
come the requirement for a TM domain. Since the TM domain
is important for both MAVS signaling and the ability of MAVS
to self-associate, we sought to test whether this domain could
be replaced functionally by a heterologous self-association do-
main. As such, we replaced the TM domain of MAVS with a
tag containing three tandemly repeated dimerization domains
of FPK (FPK3) to create MAVS�TM-FPK3. FPK is a modi-
fied version of human FKBP12, an FK506 binding protein.
Proteins containing FPK can be induced to dimerize by the
addition of the cell-permeable ligand AP1510 (21). We found
that fusion of FPK3 to MAVS�TM allowed MAVS�TM to
partially regain the ability to induce the Ifnb promoter and IFN-�
production in the presence of a dimerizer (Fig. 2A and B).

Previously, a fusion protein containing only the MAVS
CARD joined to the TM domain was shown to be sufficient to
activate the Ifnb promoter (28). Notably, we found that fusion
of FPK3 to the MAVS CARD gave the MAVS CARD the
ability to activate the Ifnb promoter and induce IFN-� produc-
tion as well as wild-type MAVS in the presence of a dimerizer
(Fig. 2A and B). MAVS CARD-FPK3 was able to activate
IRF3/7 (Fig. 2C). The specific importance of the CARD was
shown by the fact that a mutant version with an alanine sub-
stitution at a conserved tryptophan residue in the CARD
(CARDmt) was functionally inactive (Fig. 2A and C).

MAVS�TM-FPK3 and MAVS CARD-FPK3 could both
also induce phosphorylation of IRF3 on Ser 396, an essential
phosphoacceptor site directly targeted by TBK1 (6, 27) (Fig.
2D). The induction of IRF3 phosphorylation by MAVS

CARD-FPK3 was detectable within as early as 1 hour after the
addition of a dimerizer (Fig. 2E). Along with the ability to
induce IFN-�, MAVS CARD-FPK3 was also able to function
as an antiviral protein, like wild-type MAVS (Fig. 2F). These
data suggest that enforced oligomerization of MAVS can over-
come the requirement of a TM domain for antiviral signaling
and that oligomerization of the CARD is sufficient.

Because FPK3 has multiple surfaces for binding to AP1510,
higher-order oligomers in addition to dimers may form. To test
whether dimerization was sufficient to restore the function of a
MAVS protein without a TM domain, we created a tandem
repeat of MAVS�TM with two copies fused end to end
(MAVS�TMx2). This fusion displayed an enhanced ability to
phosphorylate IRF3 and activate IRF3/7 (Fig. 2G and H; also
see Fig. S3A in the supplemental material). Fusion of two
copies of only the MAVS CARD could also partially restore
function (see Fig. S3B in the supplemental material). Thus,
dimerization of MAVS can restore its signaling properties in
the absence of a TM domain.

Dimerization of endogenous MAVS in response to pathway
activation. In order to examine whether endogenous MAVS
forms oligomers in response to RIG-I/MDA-5 activation, we
isolated mitochondria from cells and treated them with the
chemical cross-linker BMH. Total proteins were analyzed by
SDS-PAGE, followed by immunoblotting with a MAVS anti-
body. To stimulate RIG-I/MDA-5 signaling, we transfected
cells with poly(I:C), a double-stranded-RNA analog that stim-
ulates MDA-5- and MAVS-dependent interferon production
(8, 14, 17, 30). We found that when cells were transfected with
poly(I:C), a 150-kDa-molecular-mass immunoreactive band
was strongly induced in the presence of a cross-linker, a result
consistent with the formation of MAVS homodimers (Fig. 2I).
Interestingly, mock-treated cells displayed a slight amount of
homodimer formation, a level that may be insufficient to acti-
vate downstream signaling. These results suggest that a frac-
tion of endogenous MAVS forms homodimers in vivo in re-
sponse to the activation of RIG-I/MDA-5 signaling.

TRAF3 binding to MAVS requires the TM domain and
self-association. Given that TRAF3 was previously identified
as an important downstream target of MAVS in RIG-I/
MDA-5 signaling (25), we were interested to see whether the
TM domain of MAVS was necessary for the interaction be-
tween MAVS and TRAF3. We found that wild-type MAVS
and MAVS-TM, but not MAVS�TM, coimmunoprecipitated
with TRAF3, indicating that the TM domain was important for
TRAF3 binding (Fig. 3A). To see if the TM-dependent binding
of TRAF3 to MAVS was due to the inability of MAVS�TM to
self-associate, we tested whether TRAF3 might be able to bind
to MAVS�TM when induced to self-associate through FPK.
Indeed, MAVS�TM-FPK3 regained affinity for TRAF3 in the
presence of a dimerizer (Fig. 3B). In addition, MAVS�TMx2
displayed enhanced binding to TRAF3, demonstrating that

YFP-MAVS�TM and either CFP, CFP-tagged MAVS, or CFP-MAVS�TM constructs. The percentage of cells that coexpressed both CFP and YFP
and displayed FRET was measured by flow cytometry. (G, H) FRET analysis of MAVS�/� MEFs transfected with CFP-MAVS and YFP-MAVS
along with NS3/4A, RIG-I�RD, or RIG-I�RD(W167A). The percentage of cells that expressed both CFP and YFP and displayed FRET was
measured (mean � standard deviation). Samples were analyzed in triplicate. *, P values of �0.01 for comparison with pcDNA3 (n 	 2); **, P
values of �0.0001 for comparison with pcDNA3 (n 	 3).
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FIG. 2. Restoration of MAVS signaling in the absence of a TM domain by induced self-association. (A) Luciferase reporter assay for HEK293T cells
transfected with wild-type (WT) or mutant MAVS and an IFN-� reporter, pLUC-IFN-�. AP1510 was added 12 h prior to cell lysis. (B) Human IFN-�
enzyme-linked immunosorbent assays at 36 h with tissue culture supernatants of HEK293 cells transfected with wild-type MAVS or mutant MAVS constructs.
Samples were prepared in duplicate. The concentration of IFN-� is shown (mean � standard deviation). AP1510 was added 12 h prior to analysis. ND, not
detectable. (C) Luciferase reporter assay for HEK293T cells transfected with wild-type or mutant MAVS and pLuc-PRD(III-I)3. AP1510 was added 12 h prior
to cell lysis. (D) Immunoblotting for phosphorylated IRF3 (Ser 396) from anti-HA immunoprecipitates (IP) prepared from lysates of HEK293T cells transfected
with FLAG-tagged MAVS, FPK3, or MAVS-FPK3 fusions along with HA-IRF3. Lysates were immunoblotted for HA-IRF3 and FLAG-tagged proteins.
(E) Immunoblotting for phosphorylated IRF3 (Ser 396) from anti-HA immunoprecipitates in lysates prepared from HEK293T cells transfected with FLAG-
tagged MAVS CARD-FPK3. AP1510 was added prior to lysis for various times. Images representing both short and long exposures are shown. Anti-HA
immunoprecipitates were also immunoblotted for HA-IRF3. Lysates were immunoblotted for MAVS CARD-FPK3. (F) Monitoring for VSV-GFP replication
by flow cytometry with infected HEK293 cells transiently transfected with MAVS constructs. The percentage of cells positive for GFP is indicated (mean �
standard deviation). Virus infection was performed 48 h following transfection. AP1510 was added 12 h prior to infection. Regular culture medium was added
after infection. *, P values of �0.001 for comparison with pcDNA3 (n 	 3); **, P values of �0.00001 for comparison with pcDNA3 (n 	 3). (G) Luciferase
reporter assay for HEK293T cells cotransfected with FLAG-tagged wild-type MAVS, MAVS�TM, or MAVS�TMx2 and an IRF3/7 reporter, pLuc-
PRD(III-I)3. Lysates were immunoblotted for FLAG-tagged proteins. (H) Immunoblotting for phosphorylated IRF3 (Ser 396) and phosphorylated
I�B
 (Ser 32) from anti-HA immunoprecipitates in lysates prepared from HEK293T cells transfected with FLAG-tagged wild-type MAVS,
MAVS�TM, or MAVS�TMx2 along with HA-IRF3. Immunoprecipitates were also immunoblotted for HA-IRF3. (I) Cross-linking of presumptive
MAVS homodimer from purified mitochondria isolated from HEK293T cells transfected with poly(I:C). Mitochondria were incubated with vehicle
(dimethyl sulfoxide) or BMH, and total proteins were separated by SDS-PAGE and probed for endogenous MAVS. The arrowhead indicates
150-kDa presumptive MAVS homodimeric species. Asterisks indicate nonspecific reactive bands. The bottom panel shows an image representing
a short exposure, demonstrating monomeric, 75-kDa full-length MAVS.
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FIG. 3. Self-association of MAVS allows for TRAF3 binding. (A) Coimmunoprecipitation assay with lysates prepared from HEK293T cells
cotransfected with FLAG-tagged MAVS constructs together with HA-tagged TRAF3. Anti-FLAG-immunoprecipitates (IP) were immunoblotted for
HA-TRAF3 or FLAG-MAVS proteins. Lysates were immunoblotted for HA-TRAF3. (B) Coimmunoprecipitation assay with lysates prepared from
HEK293T cells cotransfected with FLAG-tagged MAVS constructs together with HA-tagged TRAF3. Anti-FLAG immunoprecipitates were immuno-
blotted for HA-TRAF3 or FLAG-MAVS proteins. Lysates were immunoblotted for HA-TRAF3. AP1510 was added 12 h prior to cell lysis. WT, wild
type. (C) Coimmunoprecipitation assay with lysates prepared from HEK293T cells cotransfected with FLAG-MAVS�TM or FLAG-MAVS�TMx2
together with HA-tagged TRAF3. Anti-FLAG-immunoprecipitates were immunoblotted for HA-TRAF3 or FLAG-MAVS proteins. Lysates were
immunoblotted for HA-TRAF3. (D) Coimmunoprecipitation assay with lysates prepared from HEK293T cells cotransfected with FLAG-tagged MAVS
constructs together with HA-tagged TRAF3. Anti-FLAG immunoprecipitates were immunoblotted for HA-TRAF3 or FLAG-MAVS proteins. Lysates
were immunoblotted for HA-TRAF3. mut, mutant. (E) Immunoblotting for Ub-conjugated TRAF3 from HEK293T cells cotransfected with FLAG-
tagged FPK3, MAVS CARD-FPK3, or MAVS CARDmt-FPK3 along with AU1-Ub and HA-TRAF3. Anti-HA immunoprecipitates were immuno-
blotted for AU1-Ub conjugates or HA-TRAF3. Lysates were immunoblotted for FLAG-tagged proteins. AP1510 was added 12 h prior to cell lysis.

3426 TANG AND WANG J. VIROL.



MAVS dimerization was sufficient to partially restore TRAF3
binding (Fig. 3C). We also found that TRAF3 bound MAVS in
a yeast two-hybrid interaction assay, suggesting they likely in-
teract directly (see Fig. S4 in the supplemental material). Thus,
TRAF3 binding to MAVS is dependent on a TM domain, at
least in part due to the ability of the TM domain to confer on
MAVS the ability to self-associate.

Self-associated MAVS requires an intact CARD to signal.
MAVS has a TRAF2/3 interaction motif (TIM) that can bind
to TRAF3 in vitro (25), but the functional significance of this
motif has yet to be explored. In contrast, the N-terminal
CARD has been shown to be important for signaling, but its
target remains unclear (15, 23, 28, 30). In order to investigate
whether the TIM was required for MAVS signaling, we com-
pared the signaling abilities of wild-type MAVS and two mis-
sense mutants. One mutant carries an alanine substitution at a
conserved tryptophan residue in the CARD (W68A), and an-
other has an asparagine substitution at a conserved glutamine
residue in the TIM (Q145N). Using expression constructs for
these MAVS mutants, we found that the CARD but not the
TIM of MAVS was critical for the full activation of IRF3/7 (see
Fig. S5A in the supplemental material). Also, the phosphory-
lation of IRF3 was dependent on the MAVS CARD but not
the TIM (see Fig. S5B in the supplemental material). When the
activity of MAVS�TM was restored by oligomerization
through FPK3, the CARD but not the TIM was also important
for the ability to induce IRF3 phosphorylation (see Fig. S5C in
the supplemental material). Thus, an intact CARD, but not a
TIM, is required for MAVS signaling.

The MAVS CARD mediates TRAF3 binding and activation.
To see whether the CARD or TIM was important for TRAF3
association, we performed coimmunoprecipitation experi-
ments. We found that TRAF3 binding to MAVS was dimin-
ished significantly by mutation of the CARD but not the TIM
(Fig. 3D). The contribution of the MAVS TIM to TRAF3
binding was detectable only when both CARD and TIM mu-
tations were combined. Furthermore, the MAVS CARD alone
fused to FPK3, but not a mutant CARD, could bind to TRAF3
in the presence of a dimerizer, suggesting that oligomerization
of the CARD alone was sufficient for binding (Fig. 3B).

Ubiquitination of TRAF3 has previously been shown to oc-
cur following virus infection and may be an indication of the
activation of its Ub ligase activity (16). We found that oli-
gomerization of the MAVS CARD but not an inactive mutant
version was able to potently stimulate TRAF3 ubiquitination
(Fig. 3E). These data suggest that upon self-association
through the TM domain, MAVS CARD appears to directly
recognize and activate TRAF3 as a downstream effector.

DISCUSSION

It is well established that the helicases RIG-I and MDA-5, as
well as the adaptor molecule MAVS, play important roles in
signaling pathways that contribute to the production of type I
interferons in response to RNA virus infection. However, the
molecular mechanisms that govern these innate immune re-
sponses remain unclear. Previous data had suggested that the
C-terminal TM domain and the N-terminal CARD of MAVS
were functionally important for downstream signaling, but
their exact roles were unclear (28). Here, we uncover a role for

the TM domain in mediating the self-association of MAVS and
consequently the ability of the MAVS CARD to recognize the
downstream effector TRAF3.

Our data support a role for the TM domain of MAVS in
mediating self-association. A recent paper demonstrated that
removal of the TM domain of MAVS impairs the ability of
MAVS to oligomerize (2). Our results are in agreement with
these findings and establish a critical functional role for the
TM in self-association through experiments involving fusion to
a heterologous dimerization domain and artificial dimeriza-
tion. We also find evidence that dimerization of endogenous
MAVS occurs in vivo and is enhanced in response to pathway
activation. Furthermore, we provide an explanation for the
functional importance of dimerization of MAVS, namely, in
directly associating with and activating the downstream effec-
tor TRAF3. Our studies find that the MAVS N-terminal
CARD is important for TRAF3 interaction, thus providing a
signaling role for this motif not previously identified. There
have been several previous examples of proteins whose ho-
modimerization is mediated by their TM domains (4, 5, 13,
18, 19, 22, 29). Since the signaling ability of a TM domain-
lacking mutant can be rescued by enforced dimerization,
mitochondrial localization does not appear to be required
for downstream signaling to effectors per se. Our observa-
tion that the HCV NS3/4A protease inhibits MAVS self-
association provides a molecular explanation of how HCV
antagonizes innate immune signaling. Also, given that the
Bcl-xL TM domain can functionally replace that of MAVS,
it would interesting to see if the TM domain of Bcl-xL also
mediates its self-association.

We propose a model in which the binding of the RNA
helicases RIG-I and MDA-5 to their specific RNA ligands
induces conformational changes that expose their N-terminal
CARDs for binding to MAVS. Binding of RIG-I and MDA-5
to MAVS through CARD-CARD homotypic interactions
leads in some way to the stabilization and accumulation of
“active” MAVS homodimers. These “active” homodimers are
able to directly complex with the Ub ligase TRAF3 and acti-
vate its E3 ligase activity. Active TRAF3, in turn, may mediate
the recruitment and activation of TBK1 through scaffold mol-
ecules, such as NEMO and TANK, through an unknown mech-
anism. Of note, since TRAF3 is not required for NF-�B acti-
vation (24) and the TM domain of MAVS is important for
activating NF-�B in addition to IRF3/7 (Fig. 1C), self-associ-
ation of MAVS is likely important for targeting at least one
additional downstream molecule. It will be interesting to see
how dimerization of MAVS relates to the function of STING/
MITA, a recently uncovered new molecule in this signaling
pathway (12, 32). It remains unclear whether STING/MITA
interacts directly with either MAVS or RIG-I/MDA-5.

In summary, our results identify an essential role for self-
association in the function of MAVS and account for the
importance of its TM domain for signaling. Our findings pro-
vide new insight in the search for potential therapeutic targets
for the control of viral immunity. In addition, our data predict
that antiviral innate immune responses can be stimulated or
impaired by inducing or impeding MAVS self-association, re-
spectively.
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