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ABSTRACT

The interferon antiviral system is a primary barrier to virus replication triggered upon recognition of nonself RNAs by the cyto-
plasmic sensors encoded by retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), and
laboratory of genetics and physiology gene 2 (LGP2). Paramyxovirus V proteins are interferon antagonists that can selectively
interact with MDA5 and LGP2 through contact with a discrete helicase domain region. Interaction with MDA5, an activator of
antiviral signaling, disrupts interferon gene expression and antiviral responses. LGP2 has more diverse reported roles as both a
coactivator of MDA5 and a negative regulator of both RIG-I and MDA5. This functional dichotomy, along with the concurrent
interference with both cellular targets, has made it difficult to assess the unique consequences of V protein interaction with
LGP2. To directly evaluate the impact of LGP2 interference, MDA5 and LGP2 variants unable to be recognized by measles virus
and parainfluenza virus 5 (PIV5) V proteins were tested in signaling assays. Results indicate that interaction with LGP2 specifi-
cally prevents coactivation of MDA5 signaling and that LGP2’s negative regulatory capacity was not affected. V proteins only
partially antagonize RIG-I at high concentrations, and their expression had no additive effects on LGP2-mediated negative regu-
lation. However, conversion of RIG-I to a direct V protein target was accomplished by only two amino acid substitutions that
allowed both V protein interaction and efficient interference. These results clarify the unique consequences of MDA5 and LGP2
interference by paramyxovirus V proteins and help resolve the distinct roles of LGP2 in both activation and inhibition of antivi-
ral signal transduction.

IMPORTANCE

Paramyxovirus V proteins interact with two innate immune receptors, MDA5 and LGP2, but not RIG-I. V proteins prevent
MDA5 from signaling to the beta interferon promoter, but the consequences of LGP2 targeting are poorly understood. As the V
protein targets MDA5 and LGP2 simultaneously, and LGP2 is both a positive and negative regulator of both MDA5 and RIG-I, it
has been difficult to evaluate the specific advantages conferred by LGP2 targeting. Experiments with V-insensitive proteins re-
vealed that the primary outcome of LGP2 interference is suppression of its ability to synergize with MDA5. LGP2’s negative reg-
ulation of MDA5 and RIG-I remains intact irrespective of V protein interaction. Complementary experiments demonstrate that
RIG-I can be converted to V protein sensitivity by two amino acid substitutions. These findings clarify the functions of LGP2 as a
positive regulator of MDA5 signaling, demonstrate the basis for V-mediated LGP2 targeting, and broaden our understanding of
paramyxovirus-host interactions.

The production of type 1 interferon (IFN) initiates a primary
antiviral response in higher eukaryotes that activates innate

immunity and primes long-term adaptive immunity. Diverse ex-
amples of virus-designed countermeasures, evasion strategies,
and antagonists of antiviral signaling responses highlight the im-
portance of the IFN antiviral system as an early barrier to virus
replication.

Cytoplasmic RNA viruses can be detected by a group of sentry
proteins known collectively as RIG-I-like receptor (RLR) pro-
teins. The RLR proteins are cytoplasmic DECH box proteins that
can specifically recognize virus-derived RNA species as a molecu-
lar feature discriminating the pathogen from the host (1). The
RLR family is composed of three homologous proteins encoded
by the retinoic acid-inducible gene I (RIG-I), melanoma differen-
tiation-associated gene 5 (MDA5), and laboratory of genetics and
physiology gene 2 (LGP2). All three RLR proteins share homolo-
gous DEXD box helicase regions that have intrinsic double-
stranded RNA (dsRNA) binding and ATP hydrolysis activities and
a C-terminal domain that has been implicated in recognizing

RNA termini and autoregulation. Despite their similarities, the
RLR proteins differ greatly in their properties with respect to virus
recognition and biological functions. RIG-I and MDA5 both have
tandem N-terminal caspase activation and recruitment domain
(CARD) motifs, protein interaction domains that mediate inter-
actions with upstream and downstream regulatory proteins. The
CARD motifs of activated RLRs interact with the CARD of the
mitochondrial antiviral signaling protein, IPS-1/MAVS, to initiate
activation of serine kinases and other signaling proteins responsi-
ble for IFN-� gene activation and antiviral responses. In contrast,
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LGP2 lacks CARD regions and uses alternate means to participate
in both antiviral signaling and signal attenuation (2).

The enveloped, nonsegmented negative-strand RNA viruses in
the large paramyxovirus family are recognized to have evolved
specific mechanisms to overcome host innate antiviral responses
(3). Many viruses in this family encode an immune evasion pro-
tein known as the V protein, characterized by a signature highly
conserved C-terminal zinc-binding domain. This conserved do-
main is required for many of the V protein’s biological activities,
including selective inactivation of cytosolic RNA recognition that
leads to immediate antiviral responses, including production of
IFN and other antiviral effectors and disruption of IFN-stimu-
lated antiviral gene expression. Paramyxovirus V proteins are well
known for their diverse, virus-specific abilities to degrade or in-
terfere with STAT proteins to prevent IFN-stimulated gene ex-
pression. In addition, V proteins selectively interact with and an-
tagonize a subset of RLRs that are required for IFN production (4,

5). The conserved C-terminal domains of diverse V proteins have
the ability to bind to MDA5, inactivating its ATP hydrolysis activ-
ity and downstream signal-transducing ability (6–9). In addition,
V proteins interact with LGP2, interfering with its ATP hydrolysis
activity (7). The V proteins target MDA5 and LGP2 helicase do-
mains through a shared interface referred to as the minimal V
protein binding region (MVBR) (7). The MVBR encompasses he-
licase domain 2, a region that harbors essential helicase motifs IV,
V, and VI (10) (see Fig. 1A). The MVBR is highly conserved be-
tween MDA5 and LGP2 but more divergent in RIG-I (7), and both
structural (11) and experimental (12) evidence indicates that a
single arginine residue of MDA5 (R806) is a critical mediator of
this association. Substitution with the analogous leucine of RIG-I
(L714) results in the V-insensitive MDA5 R806L mutant. Com-
plementary substitution creates the RIG-I L714R mutant that ac-
quired the ability to bind to V proteins (11, 12). For LGP2, the
analogous arginine (R455) is required for recognition by measles

FIG 1 Generation of a biologically active, V protein-insensitive LGP2. (A) Illustration of the key features of LGP2. LGP2 is shown as a box and positions of the
helicase region, including conserved helicase motifs I to III of domain 1, motifs IV to VI of domain 2, and the C-terminal regulatory domain (CTD). Domain 2
coincides with the minimal V protein-binding region (MVBR) that is shared between MDA5 and LGP2 (7). Expanded sequence alignment illustrates relevant
region of all three RLR proteins within the MVBR, and residues targeted are depicted with an asterisk. Arrow points to LGP2 R455, which is R806 of MDA5 and
L714 of RIG-I; closed circle indicates RIG-I L714. (B) LGP2 interactions with V proteins. FLAG-tagged LGP2 or variants were coexpressed with HA-tagged V
proteins from measles, PIV5, and Nipah virus in HEK293T cells. The cell lysates were subjected to FLAG immunoaffinity purification, and detection of
coprecipitation was carried out by anti-HA immunoblotting. (C) LGP2 RGL-LEY is defective for interaction with PIV5 V protein in infected cells. HEK293T cells
were transfected with FLAG-tagged LGP2 or mutant and infected with PIV5 at the indicated multiplicity of infection (MOI) for 24 h. The cell lysates were
subjected to FLAG immunoaffinity purification, and detection of coprecipitation was carried out by immunoblotting with antiserum that recognizes P and V
proteins. (D) LGP2 RGL-LEY retains biological activity. A total of 25 ng MDA5 was expressed with WT or mutant LGP2 titrated at 4, 20, 100, or 500 ng of vector.
Cells were stimulated by transfection of high-molecular-weight (HMW) poly(I·C) for 6 h prior to luciferase assays. Student’s t test indicated as follows: N.S. (not
significant), P � 0.015; *, P � 0.015; **, P � 0.0015. LGP2 MI � motif I mutant (K30A); LGP2 MIII � motif III mutant (T167A S169A). Immunoblots below
correspond to expression levels of representative lysates.
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virus V protein, but substitution of this single residue was not
sufficient to abrogate LGP2 binding to parainfluenza virus 5
(PIV5), mumps virus, or Nipah virus V proteins (12). These find-
ings indicated that paramyxoviruses have evolved related but dis-
tinct interactions with MDA5 and LGP2 but not RIG-I.

V protein inhibition of MDA5 is thought to provide an advan-
tage to the virus by preventing downstream signaling leading to
antiviral gene expression (9). The reasons for LGP2 interference
are less apparent, primarily due to a lack of clarity surrounding
LGP2’s apparently antithetical functions in antiviral signaling
(13). Expression of LGP2 in cells from plasmid vectors results in
general inhibition of RIG-I and MDA5 signaling (14–17), and
several mechanisms were proposed to explain LGP2 feedback in-
hibition (15–18). The fact that LGP2 binds with high affinity to
dsRNA was interpreted as evidence for inhibition by RNA seques-
tration (15, 17). Characterization of a C-terminal regulatory do-
main in RIG-I that mediates autoinhibition in cis and trans via
CARD interaction was proposed as another source of LGP2-me-
diated interference. By analogy, it was proposed that LGP2’s C-
terminal domain could also mediate RIG-I interference (16). An-
other mechanism for LGP2-negative regulation was revealed by
experiments that demonstrated LGP2 can inhibit antiviral signal-
ing independent of dsRNA or virus infection by engaging in a
protein complex with IPS-1/MAVS (14). In this case, LGP2 is
thought to accumulate during infection to result in competition
for downstream kinase activation.

In addition to these negative effects of LGP2 expression, grow-
ing evidence implicates LGP2 as a positive regulator of IFN-� and
antiviral responses. Mice with a targeted disruption in the LGP2
locus are more susceptible to specific virus infections, and LGP2
deficiency reduces IFN-� production and other host responses to
several RNA viruses, notably the picornaviruses, including en-
cephalomyocarditis virus (EMCV) and poliovirus. These viruses
had been previously linked to detection by MDA5, supporting a
positive role for LGP2 in IFN-� expression and antiviral signaling
in connection with MDA5 (19). Experiments in LGP2- and
MDA5-deficient cells revealed synergistic signal transduction re-
sulting from coexpression of LGP2 with MDA5 (19, 20), suggest-
ing that LGP2 may promote efficient MDA5 RNA detection or
facilitate interactions with signaling machinery. This notion is
supported by the characterization of an EMCV-derived MDA5
agonist RNA that was identified not on the basis of interaction
with MDA5 but through its association with LGP2 (21). Replacing
LGP2 with the enzymatically inactive K30A mutant by knock-in
does not reconstitute defective positive signaling responses, indi-
cating the importance of ATP hydrolysis in LGP2-positive regu-
lation (19), but this same LGP2 mutant retains negative regulatory
functions (14, 22). Biochemical analysis and single-molecule RNA
binding studies demonstrate that LGP2 uses ATP hydrolysis to
enhance its ability to associate with diverse dsRNA species, en-
abling it to act in concert with MDA5 to maximize antiviral signal
transduction (22, 23). These results indicate an ATP-dependent
function of LGP2 in promoting signal transduction in response to
intracellular virus infections. The apparent synergy between
MDA5 and LGP2 provides a plausible basis for their specific an-
tagonism by paramyxovirus V proteins. A positive antiviral role
for LGP2, and a connection to MDA5, is highlighted by the fact
that V proteins can target both LGP2 and MDA5 helicase do-
mains, disrupting ATP hydrolysis (7). Together, these findings are

consistent with LGP2 acting as an upstream mediator of RNA
recognition and signaling.

While evolution has produced paramyxovirus V proteins that
interact well with MDA5 and LGP2, the benefits of selective LGP2
antagonism are poorly understood. Moreover, despite the fact
that paramyxoviruses replicate better in RIG-I-deficient cells, di-
rect V protein interference with RIG-I has not been observed. A
potential indirect mechanism for RIG-I interference was pro-
posed in which V protein inhibits RIG-I signaling by forming a
complex with LGP2 (24). This proposed model contrasts with
earlier studies of V protein-RLR interaction specificity, as well as
the finding that LGP2–RIG-I coimmunoprecipitation is bridged
by independent interactions with distinct regions of IPS-1/MAVS
(14).

To more definitively investigate the consequences of MDA5
and LGP2 suppression and directly test the impact of V protein
interference with LGP2 on both MDA5 and RIG-I signaling, an
LGP2 protein was created that retains biological activity but is
insensitive to measles virus or PIV5 V proteins. Data indicate that
LGP2 is a negative regulator of RIG-I signaling irrespective of V
protein sensitivity, and we demonstrate that as few as two amino
acid substitutions can convert RIG-I into a bona fide V protein
target. These findings support the conclusion that the primary
consequence of V protein interaction with LGP2 is suppression of
MDA5 signaling synergy and is not relevant to negative regulation
of either RIG-I or MDA5.

MATERIALS AND METHODS
Cells and viruses. HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% cosmic calf serum (HyClone)
and 1% penicillin-streptomycin (Gibco-BRL). PIV5 was propagated and
titers were determined in CV1 cells.

Plasmids, immunoprecipitations, and immunoblotting. MDA5,
LGP2, and RIG-I were cloned into the mammalian expression plasmid
p3XFLAG-CMV-10 to provide an amino-terminal FLAG epitope tag, and
these plasmids were used as templates to generate point mutations with
Agilent’s QuikChange mutagenesis lightning kit. All the mutations were
confirmed by DNA sequencing. V proteins expressed from plasmid pEF-
hemagglutinin (HA) have been described (12).

For immunoprecipitation experiments, 7.5 �g of FLAG-helicase vec-
tor and 2.5 �g of HA-V vector were transfected by the CaPO4 method.
Twenty-four hours later, cells were harvested by first being washed with
cold phosphate-buffered saline and then lysed with whole-cell extract
buffer (WCEB) (12). Cell lysates were then precleared with Sepharose
beads, and 5% of the cleared lysates was retained for direct analysis. The
helicase and V protein complexes were FLAG immunoaffinity purified
overnight and washed extensively with WCEB, eluted with SDS sample
buffer, separated by SDS-PAGE, and processed for immunoblotting.

For transfection/infection, HEK293T cells were transfected with 7.5
�g of FLAG-LGP2 or variant and infected with PIV5 at the indicated
multiplicity of infection (MOI). Cells were harvested 24 h later and lysates
prepared as described above.

For immunoblotting, the separated proteins were transferred to nitro-
cellulose and probed with commercial primary antibodies recognizing
FLAG or HA (Sigma) or rabbit antiserum recognizing the PIV5 P and V
proteins (7, 12). Proteins were visualized by enhanced chemilumines-
cence (NEN Life Sciences).

Luciferase reporter gene assays. HEK293T cells were transfected with
vectors for FLAG-tagged RLRs, HA-tagged V proteins, the �110 IFN-�
luciferase reporter genes, and a Renilla luciferase control by Lipo-
fectamine 2000. Twenty-four hours posttransfection, cells were stimu-
lated for 6 h with poly(I·C) and assayed for luciferase activities using the
dual Luciferase reporter assay system (Promega). Relative luciferase activ-
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ity was calculated by dividing the firefly luciferase values by those of the
Renilla luciferase. Data are plotted as average values (n � 3), with error
bars representing standard deviations.

RESULTS
Generation of a biologically active LGP2 that is insensitive to V
proteins. Our previous studies revealed that LGP2 arginine 455
(R455) is necessary for measles virus V protein interaction (12)
(Fig. 1A). Conversion of R455 to the leucine of RIG-I (LGP2
R455L mutant) created an LGP2 protein unable to be recognized
by the measles virus V protein. However, PIV5 and Nipah virus V
proteins continued to coprecipitate with the LGP2 R455L mutant,
indicating additional requirements for PIV5 disengagement (12).
As the PIV5 V protein has served as a prototype V protein for
several studies of MDA5 and LGP2 recognition, a PIV5 V protein-
insensitive variant of LGP2 was sought. Site-directed mutagenesis
was used to substitute additional LGP2 amino acids for their
RIG-I analog. Substitution of R455, G457, and L458 created LGP2
RGL-LEY, and further substitution of T460 and E462 created
LGP2 multi-Mut. To test if these amino acid changes disrupted
PIV5 V protein interactions, a coimmunoprecipitation assay was
carried out (Fig. 1B). The FLAG epitope-tagged LGP2 proteins
were expressed in HEK293T cells along with HA epitope-tagged V
proteins from measles virus, PIV5, or Nipah virus. The cell lysates
were subjected to FLAG immunoaffinity purification, and FLAG
peptide-eluted proteins were separated by SDS-PAGE and sub-
jected to HA immunoblotting to determine if the mutations dis-
rupted the LGP2-V protein interaction. The wild-type (WT)
LGP2 coprecipitated with all three V proteins. In contrast, both of
the LGP2 mutants were unable to coprecipitate with either mea-
sles virus or PIV5 V protein, similar to a previously characterized
negative control, MDA5�4, that encompasses residues 747 to
1025 (7). All of the mutants retained coprecipitation with Nipah
virus V protein, indicating a unique recognition mechanism. Im-
portantly, this analysis identifies three amino acids that are re-
quired for LGP2 interactions with PIV5 V protein.

To verify the coimmunoprecipitation results, the ability of
LGP2 RGL-LEY to disengage from physiologically expressed V
protein was tested in the context of virus infection (Fig. 1C). Cells
expressing WT LGP2 or LGP2 RGL-LEY proteins were infected
with PIV5, and the whole-cell lysates were subjected to FLAG im-
munoprecipitation. Eluates were probed with antiserum that rec-
ognizes PIV5 P and V proteins. The PIV5 V protein, but not the P
protein, coprecipitated with the WT LGP2. In contrast, the LGP2
RGL-LEY mutant was defective for binding to the PIV5 V protein,
though a trace amount of V protein was detected, suggesting that
the mutations greatly impair, but do not completely eliminate,
interaction with PIV5 V protein.

To test if the mutagenesis had any effects on the biological
activity of LGP2, an MDA5-dependent IFN-�-promoter lucifer-
ase reporter gene assay was conducted (Fig. 1D). We previously
used a similar functional assay to demonstrate that LGP2 ATP
hydrolysis and RNA recognition are required to synergistically
enhance MDA5-mediated signaling (22). Expression of MDA5
activates IFN-�-luciferase regardless of poly(I·C) stimulation (7,
12, 22), and MDA5 signaling can be further enhanced by titration
of LGP2. Increasing the amount of LGP2 expression by transfec-
tion with more plasmid DNA ultimately results in suppression of
reporter gene activity. Titration of LGP2 RGL-LEY also enabled
increased MDA5 signaling, resulting in a characteristic biphasic

enhancement and interference profile nearly identical to WT
LGP2. LGP2 mutants that target helicase motif I (MI; K30A; de-
fective for ATP hydrolysis but able to bind RNA [10]) or motif III
(MIII; T167A S169A; defective for both ATP hydrolysis and RNA
binding [10]) served as negative controls. These mutants fail to
augment MDA5 signaling but retain negative regulation (22) (Fig.
1D). Together, these experiments demonstrate that LGP2 RGL-
LEY is a biologically active LGP2 protein that is insensitive to
measles virus and PIV5 V proteins.

V proteins suppress MDA5 signaling enhancement by LGP2.
Biochemical studies established that paramyxovirus V proteins
can directly bind to both MDA5 and LGP2 to interfere with their
ATP hydrolysis and signal transduction activities (7, 9, 10, 23).
The ability of LGP2 to synergize with MDA5 in the presence of a V
protein was tested with a reporter gene assay (Fig. 2). In control
experiments, MDA5-dependent activation of IFN-�-luciferase
gene expression was enhanced by low concentrations of LGP2 and
inhibited at higher concentrations of LGP2. Expression of either
measles virus or PIV5 V protein antagonized MDA5 signaling and
also prevented LGP2-mediated MDA5 enhancement (Fig. 2A),
consistent with V protein targeting of both MDA5 and LGP2.
Interestingly, negative effects of LGP2 expression remained intact
irrespective of V proteins.

To more directly test the effects of V protein on either MDA5
or LGP2, V-insensitive mutants were used in signaling assays.
First, a similar experiment was carried out with WT MDA5 and
the V-insensitive LGP2 RGL-LEY mutant (Fig. 2B). The mutant
LGP2 mediated a characteristic biphasic MDA5 signaling profile
in the absence of V proteins; similar to the outcome with WT
LGP2, signaling was activated at low expression levels but inhib-
ited at high expression levels. V protein expression induced a dra-
matic reduction of MDA5 signaling, but the V-resistant LGP2
RGL-LEY mutant enhanced the small amount of residual signal-
ing activity by MDA5. Again, it was observed that LGP2 RGL-LEY
negative regulation remained intact in the presence of V proteins.
This result indicates that V protein suppression of LGP2 prevents
its positive effects on MDA5 signal transduction.

We previously described the MDA5 R806L mutant, which is
insensitive to measles virus and PIV5 V proteins. In addition to V
protein insensitivity, the MDA5 R806L mutant not only retains
signaling activity but exhibits 3- to 5-fold-higher signaling activity
than WT MDA5 (12). In the absence of V proteins, low expression
of LGP2 enhanced MDA5 R806L and higher expression of LGP2
inhibited signaling (Fig. 2C). As expected, V proteins did not alter
MDA5 R806L mutant activity, but LGP2 enhancement of MDA5
signaling was blunted by V protein expression. Again, negative
regulation by LGP2 remained intact and unaffected by V proteins.

Biphasic MDA5 R806L signaling was also observed with LGP2
RGL-LEY (Fig. 2D). Low concentrations of LGP2 RGL-LEY en-
hanced MDA5 R806L signaling, and higher expression suppressed
signaling. Consistent with their inability to engage the LGP2 mu-
tant, V proteins did not alter this profile of biphasic LGP2 action.
Again, negative regulation was induced by a high concentration of
LGP2 RGL-LEY, and this was not influenced by V protein expres-
sion.

Together, these results indicate that when examined in the ab-
sence of V-mediated MDA5 suppression, V protein interaction
with LGP2 disables its ability to augment MDA5 signal transduc-
tion, and that LGP2-mediated negative regulation remains unal-
tered by V protein associations.
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RIG-I is inhibited by LGP2 independent of V protein inter-
action. Unlike MDA5 and LGP2, RIG-I does not directly inter-
act with paramyxovirus V proteins. Nonetheless, it was pro-
posed that V protein interaction with LGP2 might enable
negative regulation of RIG-I signaling (24). To test this V-de-
pendent, LGP2-mediated mode of suppressing RIG-I signal-
ing, and to distinguish it from the documented ability of LGP2
to suppress RIG-I signaling in the absence of V proteins, RIG-I
was used to activate the IFN-� reporter gene in the presence
and absence of LGP2 or LGP2 RGL-LEY (Fig. 3). Unlike
MDA5, RIG-I expression alone does not activate the reporter
gene unless stimulated with dsRNA ligands. Transfection of
low-molecular-weight poly(I·C) was able to efficiently activate
RIG-I. Titration of LGP2 resulted in concentration-dependent
interference with RIG-I signaling (Fig. 3A). LGP2 did not en-
hance RIG-I signaling at any concentration tested, confirming
the prior conclusion that LGP2 can negatively regulate RIG-I
signaling (2, 14–17, 24, 25). A similar profile of RIG-I suppres-
sion by LGP2 was observed in the presence of measles virus V

protein (Fig. 3A). The V protein-insensitive LGP2 RGL-LEY
mutant was fully capable of RIG-I suppression, which was
again observed irrespective of measles virus V protein expres-
sion. In this experiment, the addition of PIV5 V protein dif-
fered from measles virus V protein by inducing an overall de-
crease in RIG-I signaling, reducing the level of RIG-I activity by
	40% in this experiment (Fig. 3B). Despite this difference,
titration of LGP2 expression was able to reduce the signal to
baseline levels. Importantly, as found with measles virus V pro-
tein, similar levels of RIG-I signaling were obtained using LGP2
RGL-LEY (Fig. 3B). Both WT LGP2 and mutant LGP2 suppress
RIG-I signaling in the presence or absence of PIV5 V protein.
These results indicate that LGP2 interferes with RIG-I signaling
and that V protein interaction with LGP2 has little influence on
RIG-I signal transduction or its attenuation.

Mutations to RIG-I enable direct V protein interactions. To
try to clarify the potential for generalizable RIG-I suppression by
V proteins, signaling assays were carried out into which V protein
expression was titrated (Fig. 4A). Signaling from RIG-I remained

FIG 2 V proteins suppress MDA5 signaling enhancement by LGP2. (A) Similar to that described for Fig. 1D, WT MDA5 was expressed with various amounts
of the indicated LGP2 vector (4, 20, 100, 500 ng) and stimulated with high-molecular-weight (HMW) poly(I·C) for 6 h prior to luciferase assays. Parallel
experiments included measles virus V protein (MeV) or PIV5 V protein (PIV5-V) as indicated. (B) Similar to that described for panel A, but using WT MDA5
and V protein-insensitive LGP2 RGL-LEY mutant. (C) Similar to that described for panel A, but using the V protein-insensitive MDA5 R806L mutant and WT
LGP2. (D) Similar to that described for panel A, but using the V protein-insensitive MDA5 R806L mutant and V protein-insensitive LGP2 RGL-LEY. For all
panels, Student’s t test indicated as follows: N.S. (not significant), P � 0.015; *, P � 0.015; **, P � 0.0015; ***, P � 0.00015.
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largely intact in the presence of V proteins in this experiment, with
measles virus inducing only a minor loss of activity at the highest
V protein concentration, reducing luciferase expression by 15 to
20%. PIV5 V protein also reduced RLR signaling only at the high-
est concentration tested, reducing luciferase activity by 40 to 50%
in this experiment.

Substitution of RIG-I L714 with the arginine of MDA5 or
LGP2 was previously reported to create a RIG-I mutant
(L714R) susceptible to measles virus V protein, but this single
change did not cause generalized V protein recognition (11,
12). Another RIG-I variant, with five total changes, including
L714 (multi-Mut), expanded V protein recognition to include

PIV5 and Nipah virus and confirmed the importance of MDA5
R806, LGP2 R455, and several neighboring residues in mediat-
ing V protein associations (12). Unfortunately this version of
RIG-I was found to be incompetent for signal transduction. To
narrow down the minimum requirements for V protein recog-
nition, RIG-I residues L714, E716, and Y717 were substituted
to the MDA5/LGP2 correlate (creating RIG-I LEY-RGL; see
Fig. 1A and 4B). Coimmunoprecipitation assays reveal that
RIG-I LEY-RGL confers PIV5 and measles V protein recogni-
tion (Fig. 4B). The contributions of the three RIG-I mutations
were further screened for PIV5 V protein interaction by intro-
ducing single and combinatorial substitutions (Fig. 4C). The

FIG 3 RIG-I inhibition by LGP2 is independent of V proteins. (A) Similar to that described for Fig. 2, but using WT RIG-I coexpressed with various amounts
of either WT LGP2 or LGP2 RGL-LEY in the absence or presence of MeV. (B) Similar to that described for panel A, but using PIV5 V. Student’s t test indicated
no significant differences for all conditions (P � 0.015).
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RIG-I L714R E716G double mutant was sufficient to support
interaction with the PIV5 V protein.

Despite the two amino acid modifications, the RIG-I L714R
E716G mutant retained inducible signaling activity, resulting
in ligand-induced IFN-� promoter activation (Fig. 4D). The
RIG-I mutant was highly sensitive to both measles virus and
PIV5 V proteins, which were both capable of reducing signal-
ing activity to baseline, even at lower expression levels (Fig.
4D). These findings highlight the fact that while RIG-I is not a
direct target for V protein antagonism, it can be converted to
complete V protein sensitivity by a small number of amino acid
alterations.

DISCUSSION

As a primary mediator of the cellular antiviral IFN response, the
RLR signaling pathway provides many targets for virus-encoded
host evasion and antagonism. The paramyxovirus V proteins

share the ability to specifically disrupt MDA5 and LGP2, but not
RIG-I, signaling. This interference is mediated by a discrete bind-
ing site within the helicase domains of MDA5 and LGP2 (6–9, 11),
and this shared but specific recognition capacity allows V proteins
to interfere with both MDA5 and LGP2 simultaneously. As a re-
sult, it has been impossible to discern the consequences of V pro-
tein antagonism of each RLR in an intact system, obscuring their
nonredundant and redundant functions.

By altering the amino acid sequence surrounding the key con-
tact region within their respective MVBRs, V-resistant variants of
both MDA5 and LGP2 were created that disengage measles virus
and PIV5 targeting ability but retain RLR signaling activity. These
reagents allowed evaluation of the effects of V protein targeting on
both positive and negative regulation mediated by LGP2 while
maintaining MDA5 activity, addressing for the first time the
unique consequences of LGP2-specific interference. Titration of
wild-type LGP2 yields a biphasic effect on MDA5 signaling, and

FIG 4 Mutations to RIG-I enable direct V protein targeting. (A) RIG-I signaling assay similar to that described for Fig. 3A, but using a broader range of measles
virus or PIV5 V protein expression (4, 20, 100, 500 ng). Immunoblots below demonstrate protein expression levels in representative lysates. (B) FLAG-tagged
RIG-I or variants were coexpressed in HEK293T cells with HA-tagged V proteins from PIV5 and measles virus. Cell lysates were prepared and analyzed as
described for Fig. 1B. (C) Combinatorial analysis of RIG-I mutations required for PIV5 V interaction. RIG-I mutants and PIV5 V were coexpressed and prepared
as described above. (D) The RIG-I L714R E716G mutant is biologically active and suppressed by V proteins. Luciferase assays were carried out similar to those
described for Fig. 4A, but using the RIG-I L714R E716G mutant in the presence and absence of measles virus or PIV5 V protein titration (4 ng, 20 ng, 100 ng, and
500 ng). Student’s t test indicated as follows: N.S. (not significant), P � 0.05; *, P � 0.05.
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results indicate that a primary effect of LGP2 targeting by V pro-
tein is interference with its ability to enhance MDA5-mediated
IFN-� production. The negative regulatory effects of LGP2 on
MDA5 signaling were not altered by V protein interactions. The
mutant LGP2 protein was insensitive to V protein antagonism and
retained the ability to both enhance and inhibit MDA5 signaling.

The effects of V protein-sensitive and -insensitive LGP2 were
also examined in the context of RIG-I signaling. No RIG-I en-
hancement was observed in the presence of WT or V-resistant
LGP2, but both were able to suppress RIG-I signaling, in agree-
ment with prior reports (14–17). WT and mutant LGP2 were
similarly effective at RIG-I inhibition. In the context of RIG-I
signaling, V protein expression exhibited only a small degree of
signaling interference that was observed only at the highest ex-
pression levels tested, primarily for PIV5 V protein. Substitution
of only two amino acids, L714 and E716, converted RIG-I into a
bona fide V protein target, leading to dramatically heightened
sensitivity to V protein expression and complete suppression.
These findings demonstrate that a generalizable mechanism for
RIG-I suppression is not an intrinsic property of the viral V pro-
teins tested. Measles virus V protein is an ineffective RIG-I inhib-
itor at best, and this is not altered by LGP2 expression. While it was
observed that high expression of PIV5 V protein could partially
decrease RIG-I signaling in some experiments, no differences were
found upon expression of LGP2, irrespective of its V protein sen-
sitivity. Further research will be required to determine if the par-
tial repression of RIG-I by PIV5 is biologically significant. As V
proteins are well known to exhibit strain-specific specialization in
their precise modes of IFN evasion, it is possible that both specific
and nonspecific cellular targets are affected by high PIV5 expres-
sion.

A prior report published in The Journal of Virology (24) con-
cluded that V proteins interact with LGP2 to inhibit RIG-I-depen-
dent IFN induction. The present data indicate that V-resistant
LGP2 has the same impact on RIG-I signaling as WT LGP2, even
in the presence of V proteins. The prior report also suggested that
LGP2 expression alone is inefficient at RIG-I inhibition in the
absence of V proteins, a conclusion at odds with several descrip-
tions of LGP2-mediated negative regulation (14–17, 22, 25) as
well as the conclusions reported here. The reasons for this prior
misapprehension are unclear, but because V proteins are multi-
functional host antagonists that target both MDA5 and LGP2, the
ability to dissociate the positive effects of LGP2 on MDA5 signal-
ing from its negative impacts on both MDA5 and RIG-I signaling
was essential to enable a more direct analysis.

These findings evoke an apparent conundrum surrounding
paramyxovirus RLR inhibition. For example, paramyxoviruses
like Sendai virus have been shown to have a replication advantage
in RIG-I-deficient mice but not in the absence of MDA5 or LGP2,
a finding broadly interpreted to indicate their detection specifi-
cally by RIG-I (19, 26–31). Despite this clear indication, RIG-I is
not a target for V protein antagonism. The idea that MDA5 and
LGP2 might be important for cellular antiparamyxovirus re-
sponses might seem inconsistent with the strict interpretation that
RIG-I is the only relevant sensor of paramyxovirus RNA in vivo.
Several considerations may help put this controversy into per-
spective. Foremost, the V protein interference with MDA5 and
LGP2 already creates a virtual null environment for these RLRs. As
such, the genetic absence of these factors could have only minor
impacts on the intracellular milieu for virus replication.

In addition, several paramyxoviruses have been shown to use
alternate methods in addition to V proteins to suppress RIG-I
activity or downstream transcription factor activation (e.g., see
references 32 and 33). An alternate explanation for the lack of
RIG-I antagonism may be that it is simply not able to detect these
viruses in the natural context. The observed RIG-I sensitivity may
reflect the propensity of some paramyxoviruses to harbor defec-
tive interfering (DI) RNA genomes (34) that activate RIG-I (35–
37). Many studies of RIG-I activation employ Sendai viruses that
are known to accumulate defective genomes during replication. In
many of these cases, the RIG-I activation observed is due primarily
to the presence of defective genomes, which have been demon-
strated to be the primary RIG-I ligand during Sendai virus infec-
tions (38). It is noteworthy that preparations of wild-type PIV5 do
not induce appreciable amounts of IFN-�, but PIV5 with an in-
activated V protein hyperactivates IFN-� and antiviral gene ex-
pression (39). This may suggest that RIG-I recognition of DI ge-
nomes actually supports virus fitness, controlling genome quality
by using the cellular antiviral response to prevent further propa-
gation of truncated genomes. RIG-I activation by these corrupted
viruses would provide a means to eliminate unfit participants
from the population by exploiting the host antiviral response sys-
tem. Even in this context, LGP2 would be able to act as an endog-
enous negative regulator that could attenuate prolonged RLR sig-
naling.
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