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ABSTRACT The retinoic acid-inducible gene 1 (RIG-I) signaling pathway is essential
for the recognition of viruses and the initiation of host interferon (IFN)-mediated an-
tiviral responses. Once activated, RIG-I interacts with polyubiquitin chains generated
by TRIM25 and binds mitochondrial antiviral signaling protein (MAVS), leading to the
production of type I IFN. We now show specific interactions among these key partners
in the RLR pathway through the use of bimolecular fluorescence complementation
(BiFC) and super-resolution microscopy. Dimers of RIG-l, TRIM25, and MAVS localize into
different compartments. Upon activation, we show that TRIM25 is redistributed into cy-
toplasmic dots associated with stress granules, while RIG-l associates with TRIM25/stress
granules and with mitochondrial MAVS. In addition, MAVS competes with TRIM25 for
RIG-I binding, and this suggests that upon TRIM25-mediated activation of RIG-I, RIG-I
moves away from TRIM25 to interact with MAVS at the mitochondria. For the first time,
the distribution of these three proteins was analyzed at the same time in virus-infected
cells. We also investigated how specific viral proteins modify some of the protein com-
plexes in the pathway. The protease NS3/4A from hepatitis C virus redistributes the
complexes RIG-I/MAVS and MAVS/MAVS but not RIG-I/TRIM25. In contrast, the influenza
A virus NS1 protein interacts with RIG-I and TRIM25 in specific areas in the cell cyto-
plasm and inhibits the formation of TRIM25 homocomplexes but not the formation of
RIG-I/TRIM25 heterocomplexes, preventing the formation of RIG-I/MAVS complexes.
Thus, we have localized spatially in the cell different complexes formed between RIG-,
TRIM25, and MAVS, in the presence or absence of two viral IFN antagonistic proteins.

IMPORTANCE The first line of defense against viral infections is the innate immune
response. Viruses are recognized by pathogen recognition receptors, such as the RIG-|
like receptor family, that activate a signaling cascade that induces IFN production. In the
present study, we visualized, for the first time in cells, both in overexpression and en-
dogenous levels, complexes formed among key proteins involved in this innate immune
signaling pathway. Through different techniques we were able to analyze how these
proteins are distributed and reorganized spatially within the cell in order to transmit the
signal, leading to an efficient antiviral state. In addition, this work presents a new means
by how, when, and where viral proteins can target these pathways and act against the
host immune system in order to counteract the activation of the immune response.

KEYWORDS influenza, innate immunity, microscopy, pathogen recognition
receptors, RIG-I, virus

n an infected cell, viruses can be recognized by cellular pathogen recognition
receptors (PRRs). These PRRs detect viral genomes and/or viral RNA and trigger the
production of type | and Il interferon (IFN), mediating the activation of the innate
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immune response. This innate immune response provides immediate defense against
viral infection, leading also to the stimulation of adaptive immune responses (1, 2).
Within the cell, there are several families of PRRs that differ in cellular localization and
in the activation of specific signaling molecules. The RIG-I-like receptor (RLR) family is
composed of cytoplasmic sensors and, to date, three members have been described:
RIG-I (retinoic acid-inducible gene 1), MDA5 (melanoma differentiation associated
factor 5), and LGP2 (laboratory of genetics and physiology 2). The first RLR identified
and the best characterized is RIG-I (3). It contains a DExD/H-box helicase-like domain
containing ATPase and translocase activities, a repressor regulatory domain (RD) at the
C terminus, and two caspase-associated recruitment domains (CARDs) at the N termi-
nus. RIG-I distinguishes and recognizes the presence of a 5'-triphosphate-containing
double-stranded RNA in the cytoplasm of the cell (2, 4-6). In an uninfected cell, RIG-I
is in an inactive state where a helicase intermediate domain interacts with the CARDs
(7). Upon recognition of the 5'-ppp RNA by the RD, RIG-I hydrolyzes ATP and changes
its conformation to an active state (8, 9). The CARDs are then exposed and become
K63-linked polyubiquitinated by E3-ligases at different sites of the protein: at lysine 172
(Lys172) by TRIM25 (10) and at Lys849 and Lys851 by RIPLET (11). In addition, RIG-I
CARDs bind to free K63 polyubiquitin generated by TRIM25. Ubiquitin-associated RIG-I
forms higher-order oligomers (12-14), and it interacts with its downstream adaptor
molecule, MAVS, via the CARDs, resulting in MAVS multimerization and activation of
IRF-3 and NF-«B, leading to transcriptional activation of IFN and antiviral genes (15, 16).

Since the RLR pathway was discovered, many advances have been made in the
understanding of the mechanisms of its activation, but most of the spatial-temporal
events and the subcellular localization where the key proteins interact to trigger the
signal are still under investigation (17, 18). The analysis of the subcellular localization of
the proteins is essential to further understand protein functions. For example, it is
known that MAVS protein contains a C-terminal transmembrane domain (TM) that
anchors the protein into the mitochondrial membrane, where it forms aggregates once
activated (16, 19). The localization of MAVS has been described as essential for the
induction of IFN production (20), since alterations in mitochondria or the lack of the TM
domain of MAVS provokes the inhibition of the MAVS-mediated antiviral response (15,
20-22). In addition to MAVS, our group and others have shown that TRIM25, the E3
ligase responsible of ubiquitinate RIG-I (10), changes its distribution upon stimulation
(10, 23). RIG-I is the main sensor for the recognition of many single-stranded RNA
viruses, such as paramyxoviruses, flaviviruses, rhabdoviruses, and orthomyxoviruses
(24-26). Most of these viruses have developed strategies to counteract the activation of
the RLR pathway. One of the first viral proteins characterized was the protease NS3/4A
from hepatitis C virus (HCV) (27, 28). NS3/4A cleaves MAVS in its TM domain, inhibiting
type | IFN production, suggesting a link between aberrant localization of MAVS and the
evasion of RIG-I activation (28-31).

In IAV, the multifunctional NS1 protein is the major antagonist of host type | IFN
system (32). NST inhibits the activation of the innate immune response through diverse
mechanisms (32, 33). In immunoprecipitation assays, NS1 interacts with RIG-I (34) and
binds TRIM25, blocking its multimerization and its capacity to ubiquitinate RIG-I (35).

The bimolecular fluorescence complementation (BiFC) technique has provided us
with a unique tool to address the relevance of the spatial distribution and formation of
the different interactions among RIG-I, TRIM25, and MAVS to achieve an antiviral state
in the cell. These proteins form complexes in very specific and unique subcellular
compartments within the cytosol of the cell. Analysis of the expression of these proteins
in virus-infected cells, through the use of super-resolution microscopy, has demon-
strated the different localizations and interactions among them. Interestingly, the
particular granule-like localization of TRIM25 was also detected during activation of the
pathway in the absence of its overexpression, colocalizing with stress granule (SG)
markers. The viral IFN antagonistic proteins NS3/4A and NS1 inhibit the induction of the
antiviral state by dramatically altering the localization and/or formation of specific
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FIG 1 Representation of the BiFC approach to protein-protein interaction analysis. (A) Half cylinders
represent the two fragments of YFP (YN and YC); rectangles represent the protein of interest (Pol) fused
to the YFP fragment. The interaction of the proteins brings the two nonfluorescent fragments of YFP
together, recovering the autofluorescence (36, 38). (B) Four different combinations tested with the
proteins of interest (Pol) based on the fusion of the YN half or the YC half of the YFP to the amino or
carboxy terminus of the Pol. (C) IFN-B induction by BiFC fusion constructs. Reporter assays were

performed in HEK 293T cells transfected with BiFC fusion plasmids. As a control, a plasmid expressing
GFP was used. Experiments were performed in triplicates.

complexes MAVS/MAVS and RIG-I/MAVS, whereas the distribution of the complex
RIG-I/TRIM25 was not affected.

RESULTS

Analysis of RIG-I, TRIM25, and MAVS oligomerization by BiFC. In order to study
the interaction of RIG-I, TRIM25, and MAVS in RLR signaling, a BiFC assay was developed
as described in Materials and Methods and as represented in Fig. 1A (36-38). RIG-,
TRIM25, and MAVS are believed to form homo-oligomers in order to be activated and
to trigger the signaling cascade (19, 35, 39). To visualize these oligomers in the cell, we
fused the YN or YC half-terminal ends of the yellow fluorescent protein (YFP) to the N-
or C-terminal sequences of RIG-I, TRIM25, and MAVS (Fig. 1B). Since overexpression of
these three proteins is known to result in IFN induction, we confirmed the functional
expression of RIG-I, MAVS, and TRIM25 fusion proteins by measuring the activation of
the IFN-B promoter after transfection of the plasmids (Fig. 1C). We first investigated the
localization of RIG-I oligomers. Cotransfection in Hela cells of the RIG-I full-length
fusion plasmids with the YN and YC halves of YFP led to the recovery of YFP immu-
nofluorescence, indicating oligomer formation, as shown in Fig. 2A (row I). The expres-
sion of the proteins was also confirmed by indirect immunofluorescence with an
anti-RIG-I antibody, as observed in red in Fig. 2A, and by Western blotting (see Materials
and Methods [also data not shown]). The same results were obtained when cells were
cotransfected with YN-RIG-I and YC fused to only the CARD of RIG-I (named yc-CARD,
Fig. 2A, row lI). However, as shown in row lll, a BiFC signal was not detected in cells
cotransfected with the YN/YC fusions plasmids carrying only the CARD, even though
the proteins were detected and functional in activating IFN. Although we cannot
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FIG 2 Oligomerization of RIG-I, MAVS, and TRIM25 detected by BiFC. HelLa cells were transfected with the different fused YN- or YC-tagged plasmids for
full-length RIG-I (RIG-I), the CARD of RIG-I (CARD), MAVS, or TRIM25. Schematic representations of the plasmids forming the BiFC are shown on the left sides
of the images. At 24 h posttransfection, the cells were fixed and processed for immunofluorescence and analysis by confocal microscopy and super-resolution
microscopy. (A) Transfection of the fused YN and YC versions of full-length RIG-I (1), RIG-I/CARD (Il), and CARD/CARD (lll). (B) Transfection of both fused YN and
YC versions of TRIM25 and MAVS. For row |, the cells were stained with an anti-TRIM25 antibody (red color), and images were obtained using confocal
microscopy. For row lI, the cells were stained with TOM20 (mitochondrial marker, red color), and images were obtained using STED microscopy. The image
shows the mean intensity projection of a Z-stack experiment. On the right is a detailed 3D reconstruction of the Z-stacks and a histogram of the intensity of
fluorescence profile measured along the dashed line in the zoom. (C) YFP fluorescence is indicated in yellow. RIG-I was stained with polyclonal serum 1C3 (4).
MAVS was visualized using a rabbit polyclonal antibody. In Fig. 2C, row Il, as in Fig. 2B, row II, the mitochondrial membrane was stained with TOM20, and images
were obtained using STED microscopy. The image shows the mean intensity projection of a Z-stack experiment. On the right is a detailed 3D reconstruction
of the Z-stacks and a histogram of the intensity of fluorescence profile measured along the dashed line in the zoom. Anti-mouse and/or anti-rabbit Alexa Fluor
647-labeled secondary antibodies were used (red). Nuclei were stained with DAPI (blue). Scale bars, 10 um.

exclude that a CARD-CARD dimer is not compatible with the BiFC complex, these
results suggest that at least one full-length unit of RIG-I is needed to form a RIG-I
dimer/oligomer.

As shown in Fig. 2, oligomers of TRIM25 (Fig. 2B) and MAVS (Fig. 2C) were also
detected by the BiFC assay. Again, the expression of the proteins was confirmed with
an anti-TRIM25 and anti-MAVS antibodies (shown in red), respectively. The cellular
localization of the three different dimers is different: we found RIG-I complexes homo-
geneously spread in the cytoplasm of the cell, whereas TRIM25 and MAVS complexes
showed a dot-like distribution. Interestingly, the staining with a mitochondrial mem-
brane marker (TOM20) and the use of super-resolution microscopy (row Il in Fig. 2B and
Q) revealed that MAVS complexes were located at the mitochondria (Fig. 2C, row ), as
expected. In contrast, TRIM25 oligomers were detected adjunct but dislodged from
mitochondria (Fig. 2B, row ll). For additional detail, see the enlarged images in row Il
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The intensity profiles show large areas of overlap in the MAVS/MAVS complex with
mitochondria, whereas the profile in the TRIM25/TRIM25 complex suggests only re-
stricted areas of overlapping with the mitochondrial marker.

RIG-I interacts with TRIM25 and MAVS in different cellular compartments.
During RIG-I signaling, RIG-I is known to interact with TRIM25 to acquire K63 poly-
ubiquitin, and this promotes its interactions with MAVS (39). However, it is unclear
whether RIG-I, TRIM25, and MAVS form a ternary complex and also where all these
interactions take place within the cell. To address this issue, we investigated the cellular
localization of RIG-I/TRIM25 and RIG-I/MAVS complexes using BiFC. For this analysis,
Hela cells were transfected with ycRIG-I/ynMAVS (Fig. 3A) and with ycRIG-I/ynTRIM25
(Fig. 3B). RIG-I interacted with MAVS (Fig. 3A) and TRIM25 (Fig. 3B) in the cytoplasm of
the cell. The expression of the individual proteins was monitored by indirect immuno-
fluorescence with anti-RIG-I, anti-TRIM25, and anti-MAVS antibodies. TRIM25 and MAVS
again show a granular distribution in the cytosol of the transfected cell (red indicates
RIG-I detection and green indicates TRIM25 or MAVS, row I). Both of the complexes,
RIG-I/MAVS and RIG-I/TRIM25, seemed to be distributed very similarly in the cytoplasm
of the cells. However, the stain with TOM20 (red) of the cells transfected with the BiFC
showed a different cellular distribution for each protein complex. Stimulated emission
depletion (STED) microscopy showed us the detailed distribution of the protein com-
plexes. Images are shown in row ll, respectively (three-dimensional [3D] reconstruction
was performed in the zoomed areas). The histograms of intensity of fluorescence
indicate that the RIG-I/MAVS complex fluorescence overlaps the mitochondrial marker,
TOM20 (Fig. 3B, row ll), whereas the RIG-I/TRIM25 signal diverges from TOM20 fluores-
cence (Fig. 3A, row Il). We next investigated whether the RIG-I/TRIM25 complexes
change after stimulation of the pathway. For this purpose, we transfected SeV RNA in
cells expressing the RIG-I/TRIM25 BiFC complex. Although the overexpression of RIG-
I/TRIM25 complexes results in activation of the pathway, we expected higher levels of
activation after the transfection of RIG-l immunostimulatory RNA, i.e., Sendai virus (SeV)
RNA. As shown in Fig. 4, there is an increase in the fluorescence signal 2 h after the
transfection of SeV RNA, a finding indicative of an increase in the number of RIG-I/
TRIM25 BiFC complexes. In addition, the RIG-I/TRIM25 BiFC complexes appear to be
redistributed closer to the mitochondria (stained with TOM20) compared to the mock-
treated cells.

MAVS does not bind to TRIM25 and competes with TRIM25 in interacting with
RIG-I. Since we observed different localizations of RIG-I/TRIM25 and RIG-I/MAVS com-
plexes, we next looked for a possible TRIM25/MAVS interaction by transfecting Hela
cells with the fused BiFC plasmids ycTRIM25 and ynMAVS. As shown in Fig. 5A, a YFP
signal was not detected, although both proteins were expressed and localized in the
same areas of the cell (see the zoom images for details).

TRIM25 does not interact with MAVS, but both proteins interact with RIG-I, as we
showed in Fig. 3. To further analyze the interactions among the three proteins, Hela
cells were cotransfected in different assays (Fig. 5). Interestingly, in Fig. 5B, the YFP
fluorescence signal of the complex RIG-I/TRIM25 was abolished in cells that were also
overexpressing MAVS. We show in the zoom image details of the colocalization of the
proteins in this assay, where RIG-I (blue) colocalizes with MAVS (green), and TRIM25
(red) is found expressed in close proximity, but at a different location than for the
RIG-I/MAVS complexes. However, we observed a YFP fluorescence signal when we
cotransfected cells with the BiFC complex ycRIG-I/ynMAVS and HA-TRIM25, indicating
the formation of RIG-I/MAVS complexes in the presence of overexpressed TRIM25 (Fig.
5C). These results suggest that, once the pathway is activated, the RIG-I/MAVS com-
plexes might be more stable than the RIG-I/TRIM25 complexes and thus that the
overexpression of TRIM25 does not result in preventing RIG-I/MAVS complexes. To
confirm these results, we cotransfected cells with the three BiFC fused plasmids
(ycRIG-I, ynTRIM25, and ynMAVS). This resulted in the formation of YFP complexes,
where TRIM25 was located close to, but not overlapping with, the YFP signal. Staining
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FIG 4 Distribution of the BiFC RIG-I/TRIM25 complex after stimulation of the pathway. HeLa cells were mock transfected or transfected with SeV RNA. After 2
h posttransfection, the cells were fixed and processed for immunofluorescence. The mitochondria were stained with TOM20. Analysis of the intensity of
immunofluorescence for BiFC (red line) and TOM20 (yellow line) signals are shown at the bottom of the figure. Alexa Fluor 647-conjugated antibodies were
used as secondary antibodies. Nuclei were stained with DAPI. Scale bars, 10 um.

with anti-RIG-1 and MAVS antibodies showed that they localize in the same specific
areas of the cell (Fig. 5D, see zoom details), indicating that the YFP complexes are
formed by RIG-I and MAVS (BiFC in yellow color) and that TRIM25 is not part of the
RIG-I/MAVS complex (stain in red color, 5D). This observation, combined with the
different cytoplasmic localizations of the RIG-I/TRIM25 and RIG-I/MAVS complexes,
suggests that, during signaling, RIG-I that is found in the cytosol in nonstimulated cells
first interacts with TRIM25 to become bound to K63 polyubiquitin and that this
promotes release from TRIM25, relocalization, and binding to MAVS.

FIG 3 RIG-l interacts with MAVS and TRIM25 in different cellular compartments. Hela cells were transfected
and processed for immunofluorescence. (A) Row | shows images taken by confocal microscopy of the BiFC
fusion plasmids ycRIG-I and ynMAVS. In row Il the mitochondrial membrane was stained with TOM20, and
images were obtained using STED microscopy. The image shows the mean intensity projection of a Z-stack
experiment. On the right is a detailed 3D reconstruction of the Z-stacks and a histogram of the intensity
of fluorescence profile measured along the line in the zoom. (B) Confocal (upper panel) and STED
microscopy images of BiFC fusion plasmids ycRIG-I and ynTRIM25. As in panel A, panel | shows images
obtained by confocal microscopy. In row Il the mitochondrial membrane was stained with TOM20, and
images were obtained using STED microscopy. The image shows the mean intensity projection of a Z-stack
experiment. On the right is a detailed 3D reconstruction of the Z-stacks and a histogram of the intensity
of fluorescence profile measured along the dashed line in the zoom. The BiFC signal is indicated in yellow.
RIG-I was stained using the polyclonal antibody 1C3 (red). MAVS was visualized using a rabbit polyclonal
antibody (green); TRIM25 was visualized using a monoclonal antibody (Abcam). Alexa Fluor 488- or Alexa
Fluor 647-labeled anti-mouse and anti-rabbit antibodies were used as secondary antibodies, and DAPI was
used for the nuclear staining (blue). Scale bars, 10 um.
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BiFC

TRIM25

TRIM25

FIG 5 MAVS competes with TRIM25 in the interaction with RIG-I. The plasmids ycMAVS and ynTRIM25 were cotransfected in Hela cells alone (A) or in the
presence of HA-tagged MAVS expression plasmid (B), ycRGI-I, ynTRIM25 with HA-MAVS (C), or the three BiFC fusion versions ynRIG-I, ycMAVS, and ycTRIM25
(D). After 24 h, the cells were fixed and processed for immunofluorescence. Mouse monoclonal antibody (MAb) anti-TRIM25 (red), rabbit polyclonal antibody
(PAb) anti-MAVS (green), and goat PAb anti-RIG-I were used (light blue). Alexa Fluor 647-, Alexa Fluor 405-, and Alexa Fluor 568-conjugated antibodies,
respectively, were used as secondary antibodies. Scale bars, 10 um.

Analysis of endogenous RIG-I, TRIM25, and MAVS localization in infected cells.
The BiFC technique showed us the spatial location of different interacting complexes
within a cell. To analyze the expression of these proteins in the context of a viral
infection, Hela cells were infected with SeV, activating the RIG-I signaling pathway. The
cells were fixed and stained with antibodies against RIG-I, TRIM25, and MAVS (see
Materials and Methods for details). In noninfected cells, MAVS shows a typical net-like
distribution in the cytoplasm that is consistent with its mitochondrial localization (15)
(Fig. 6A, row |, left image). Due to the low levels of expression under homeostatic
conditions, RIG-I and TRIM25 were not detectable in our immunofluorescence assays,
and their expression became evident at later times postinfection (Fig. 6A, row |, right
image). Upon SeV infection, MAVS net-like structures appear to concentrate in cyto-
plasmic perinuclear areas, whereas TRIM25 localizes in aggregates in the cytosol (green
and red, respectively). We next performed STED super-resolution microscopy assays in
SeV-infected cells. As shown in Fig. 6A, row I, RIG-1 at 20 h postinfection (see the 3D
rendering images in zooms and arrows for details) is located in specific areas within the
cytoplasm of the SeV-infected cell, where it accumulates and interacts in some areas
with TRIM25 and in other areas with MAVS (see the gray and black arrows in the
histogram profiles, respectively). We barely observed TRIM25/MAVS colocalizations.
TRIM25 was previously shown to localize with stress granules (SGs) during Newcastle
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disease virus (NDV) infection (40). To further characterize the localization of TRIM25
after SeV infection, we performed immunofluorescence assays in mock- and SeV-
infected cells with the SG markers TIAR and GB3P. TRIM25 and SG dots became
apparent after SeV infection, where they colocalized (Fig. 6B), indicating that TRIM25
associates with SGs. As described previously, a fraction of RIG-I was also found in the
virus-induced SGs. (Fig. 6B, lower panel) (41). It was difficult to evaluate the endoge-
nous localization of RIG-1 and TRIM25 in mock-infected cells due to their low levels of
expression in the absence of stimulation (see, for example, Fig. 6C, upper panels). On
the other hand, transfection-based plasmid overexpression of these factors results in
some levels of activation. In order to visualize endogenous unstimulated RIG-I, TRIM25,
and MAVS, we pretreated cells with IFN. IFN is known to induce the expression of RIG-I
and TRIM25 in the absence of their stimulation. IFN-treated cells revealed a clear signal
for endogenous RIG-l and TRIM25, which were localized evenly in the cytoplasm and
not associated in specific dots or with MAVS (Fig. 6C, lower panels). This observation is
in contrast to the localizations seen for these factors in SeV-infected cells (Fig. 6A). In
total, our results show that TRIM25 forms cytoplasmic dots associated with SGs but not
with MAVS upon SeV infection, whereas activated RIG-I colocalizes either with TRIM25/
SGs or with MAVS.

NS3/4A of HCV redistributes MAVS/MAVS and RIG-I/MAVS complexes. It is well
known that the NS3/4A protease cleaves MAVS at Cys-508 in its TM domain, preventing
the induction of IFN by the RLR pathways (20, 42). However, whether NS3/4A can also
mediate this cleavage and the redistribution of MAVS when in an oligomeric complex
with itself or with RIG-I is unclear. In order to investigate this, we cotransfected the
BiFC-fused plasmids (interactions RIG/MAVS, MAVS/MAVS, and RIG/TRIM25) with the
HCV protease (Fig. 7). Interestingly, NS3/4A redistributed the RIG-I/MAVS complex in
the cytoplasm of the cell (Fig. 7A, row I). This complex did not localize any longer at
mitochondria, as we previously showed in Fig. 3B, but instead presented a diffuse
localization in the cytoplasm. The same results were observed when NS3/4A was
cotransfected with the dimer MAVS/MAVS (Fig. 7A, row II; see also Fig. 2C for the
MAVS-MAVS distribution in the absence of NS3/4A); the protease did not have any
effect in the RIG-I/TRIM25 complex (Fig. 7A, row lll). Our results indicate that NS3/4A is
not only able to cleave the mitochondrial association domain of MAVS, as previously
known, but also preformed MAVS/MAVS and MAVS/RIG-I complexes. As shown in Fig.
7B, NS3/4A blocks the activation of the IFN-B promoter in all the cases.

IAV NS1 inhibits the formation of TRIM25/TRIM25 and RIG-I/MAVS complexes.
Previously, immunoprecipitation assays showed that influenza A virus (IAV) NST1 inter-
acts with RIG-I and TRIM25, preventing RIG-l signaling (34, 35). However, it is still
unclear whether NS1 can also target other proteins in the RLR pathway. To test the
functional effect of NS1 in the different complexes formed along the activation of the
RIG-I pathway, NS1 was coexpressed with the BiFC complexes described previously, as
shown in Fig. 8A, panel I. The expression of NS1 was confirmed by indirect immuno-
fluorescence (red color). Quantification of YFP-positive cells by microscopy showed a
decrease in yellow fluorescence in cells cotransfected with NS1 and the complexes
TRIM25/TRIM25 and RIG-I/MAVS but not the complex RIG-I/TRIM25 (Fig. 8A, panel ).

FIG 6 Analysis of endogenous RIG-I, TRIM25, and MAVS localization in infected cells. HeLa cells were infected with SeV. (A) In
row |, noninfected and infected cells (left and right images, respectively) were fixed and processed for indirect immunoflu-
orescence as indicated in Materials and Methods. RIG-I, TRIM25, and MAVS staining is indicated in blue, red, and green,
respectively. In row Il, an STED super-resolution image was processed. White squares show the 3D reconstruction of the image
on the right and left sides. MAVS filaments, TRIM25 dots, and RIG-I distribution are indicated by arrows. Fluorescence intensity
histograms measured along the white lines are shown. In the left histogram, gray arrows indicate the overlapping of
fluorescence for RIG-I/TRIM25 interactions; in the right histogram, black arrows indicate the overlapping of fluorescence for
RIG-I/MAVS interactions. The right and left images show zoom details. Images were processed using ImageJ to show the mean
intensity projection of Z-stack images. (B) TRIM25 colocalizes with stress granule (SG) markers in infected cells. HeLa cells were
mock treated or infected with SeV. At 20 h postinfection, the cells were fixed and processed for indirect immunofluorescence.
The cells were stained for TRIM25 (red) and the SG markers GB3P (purple) and TIAR (green). (C) HeLa cells were either mock
infected, IFN treated (1,000 U/ml), or SeV infected. As in panel A, the cells were stained for RIG-I, TRIM25, and MAVS. Images
were obtained using confocal microscopy. Nuclei were stained with DAPI. Scale bars, 10 um.
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FIG 7 HCV NS3/4A redistributes RIG-I/MAVS and MAVS/MAVS. Hela cells were cotransfected with the BiFC N or C fusion plasmids
yCRIG-I/ynMAVS, ycMAVS/ynMAVS, or ycRIG-I/ynTRIM25, together with the HA-NS3/4A (HCV) expression plasmid. (A) At 24 h posttrans-
fection, the cells were fixed, and NS3/4A expression was detected using an anti-HA antibody. Alexa Fluor 633-conjugated anti-mouse
antibody (red) was used as the secondary antibody. DAPI nuclear staining is also indicated (blue). Scale bars, 10 um. (B) A dual-luciferase
reporter assay was performed in transfected cells as described in Materials and Methods. The y axis represents the mean nfold relative
units versus the average for mock-treated cells. The x axis represents the plasmids transfected in each column in the presence or absence

of HA-NS3/4A. The experiments were performed in triplicate.

To confirm the microscopy results, the BiFC complexes were pulled down with an
anti-GFP antibody that specifically immunoprecipitates the reconstituted BiFC com-
plexes (Fig. 8B). As shown in Fig. 8, the levels of the RIG-I/MAVS complex decreased in
the presence of NST. In contrast, the levels of the RIG-I/TRIM25 complex remained
unaltered.

We have demonstrated the interaction of NS1 with the complex RIG-I/TRIM25 and
the inhibition of RIG-I/MAVS complexes by NS1. We were wondering if NS1 could
interact with each of the RLR proteins analyzed. To address this, we fused the viral
protein with the BiFC plasmids (YN and YC halves), and its interaction was monitored
by microscopy as before. NS1 interacts by BiFC with RIG-I and TRIM25 (confocal images
are shown in Fig. 8C, rows | and lll, respectively) but not with MAVS (see row Il). As
expected, the deletion of the CCD in TRIM25 inhibited the interaction with NS1 (Fig. 8C,
row IV) (35).

Our microscopy analysis allowed us to identify a very specific pattern of distribution
when NS1 binds RIG-I or TRIM25, forming speckled spots within the cytoplasm of the
cell (see the images in Fig. 8A and Q). In order to investigate the composition of these
speckles, the cells were costained with antibodies against RIG-I, TRIM25, and MAVS (Fig.
8C, rows | and Il [see images on the right]). In line with the results showed in this
section, the speckles observed contain RIG-I (blue) and TRIM25 (red) but not MAVS
(green).

Overall, these results suggest that NS1 recruits both RIG-I and TRIM25 in the same
complex, but not MAVS. The interaction of NS1 with theses complexes may be required
for the inhibition of the interaction of RIG-I with MAVS and the decrease in the
induction of IFN production.

DISCUSSION

Information on protein subcellular localization is essential to understand the func-
tions of proteins in a cell. The appropriate subcellular localization of proteins is crucial
because it provides the physiological context for their function. In signaling proteins,
the location is key to interact with the downstream targets involved in pathway
activation. At the same time, mislocalization of proteins in a signaling pathway con-
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tributes to a loss of function. Since the identification of RIG-I as an important cytoplas-
mic viral sensor, many efforts have been made to further understand the mechanisms
that lead to the activation of the pathway and the downstream propagation of
signaling. Nevertheless, there is scarce knowledge on the spatial-temporal location of
RIG-I and the proteins downstream of RIG-I activation, TRIM25 and MAVS (18, 43). It is
known that RIG-I is found in the cytosol but can relocalize in the cytoplasm in a
stimulated cell (12, 39, 41, 44). The downstream adaptor, MAVS, is an organelle-bound
protein anchored in the outer membrane of the mitochondria and has recently also
been found in the peroxisomes (where it could play a role in the earlier immune
response against viral infection) and MAM (mitochondrion-associated membrane), a
new signaling site that could serve as a scaffold that coordinates MAVS-dependent
signaling between mitochondria and peroxisomes (45). Thus, the need and importance
of the redistribution of these components in order to activate the signaling cascade is
obvious (14). In the present study, the specific interactions among several members of
the RIG-I pathway have been tracked and visualized.

The BiFC technique is a tool widely used in biology to detect protein-protein
interactions in situ (38, 46). Through the use of BiFC and super-resolution microscopy,
we detected RIG-I, MAVS, and TRIM25 oligomers and analyzed their distribution in the
cell. The CARD of RIG-I cannot interact in the absence of other RIG-I domains, suggest-
ing that at least one full-length unit of the protein must dimerize (Fig. 2A). Meanwhile,
RIG-I oligomers are cytoplasmic, TRIM25 dimers are found in punctuate dots that are
not localized with MAVS dimers (Fig. 2B and C, respectively), and MAVS dimers
colocalized with mitochondrial markers, as expected (see the zoom images for details).

RIG-I can form two different and independent complexes with the proteins MAVS
and TRIM25. Despite the fact that they are very close each other, the subcellular
localization of RIG-I/TRIM25 and RIG-I/MAVS complexes is different. Although RIG-I/
MAVS colocalizes with the mitochondrial membrane, as dimers of MAVS (Fig. 3A, row
1), RIG-I/TRIM25 does not (Fig. 3B, row ll). Consistent with the different localizations,
TRIM25 and MAVS do not interact (Fig. 4A). In addition, MAVS inhibits the YFP
fluorescence and therefore the formation of the RIG-I/TRIM25 complex when cotrans-
fected with the BiFC plasmids ycRIG-I/ynTRIM25 (Fig. 4B). Meanwhile, we did observe
BiFC formation of the complementary complex, ycRIG-I/ynMAVS, together with TRIM25
(Fig. 4Q).

The BiFC technique allowed us to capture in space the different interactions through
the proteins in the RLR pathway. To investigate these events in the context of a viral
infection, we performed super-resolution microscopy and analyzed the endogenous
localization of RIG-I, TRIM25, and MAVS after SeV infection. We observed that, com-
pared to noninfected cells, MAVS forms filaments with a perinuclear distribution (in
close contact to the mitochondria membrane) and TRIM25 creates aggregates (Fig. 6A,
row ). The analysis of super-resolution images showed us that at this time point RIG-|
accumulates closer to MAVS in the perinuclear region (Fig. 6A, row Il) or close to TRIM25
in another areas. In contrast, we observed negligible colocalization between TRIM25
and MAVS.

Our results suggest that MAVS competes with TRIM25 in the interaction with RIG-I
and that the RIG-I/MAVS complex is more stable than the RIG-I/TRIM25 complex. We

FIG 8 IAV NS1 inhibits the formation of the complexes TRIM25/TRIM25 and RIG-I/MAVS. (A) HeLa cells were transfected with theplasmids
yCRIG-I/ynMAVS, ycRIG-I/ynTRIM25, or ycMAVS/ynMAVS in the presence or absence of V5-NS1 (PR8) (upper panel). The cells were
processed for immunofluorescence, and NS1 was stained with an anti-NS1 antibody, rabbit PAb (red). In the lower panel, the y axis
represents the percentage of cells expressing YFP relative to the cells expressing V5-NS1 or V5-empty plasmid. A total of 200 cells per
condition were counted and analyzed by microscopy. (B) Whole-cell lysates (WCL) of HEK 293T cells transfected with the plasmids
indicated above were immunoprecipitated with an anti-GFP MAb, followed by immunoblot (IB) analysis with rabbit anti-GFP, anti-NS1,
or anti-actin PAb (as a loading control; see Materials and Methods for details). (C) HeLa cells were transfected with fusion BiFC plasmids
ycRIG-I/ynNS1, ycMAVS/ynNS1, ycTRIM25/ynNS1, and ycTRIM25/ynNS1ACCD, as indicated in the schematic drawings on the left.
Representative images of confocal microscopy are shown. At 24 h posttransfection, the cells were fixed and immunostained with a rabbit
anti-NS1 PADb (red). The autofluorescence of YFP is indicated in yellow. Right, zoom details of the BiFC complexes stained with antibodies
anti-RIG-I (blue), anti-TRIM25 (red), and anti-MAVS (green). White arrows indicate areas of colocalization between RIG- and TRIM25. Nuclei
were stained with DAPI (blue). Scale bars, 10 um.
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propose that RIG-| first interacts with TRIM25 to become ubiquitinated. This would lead
to the release of TRIM25 from the complex and the subsequent interaction of RIG-I with
MAVS close to the mitochondria.

Experiments are ongoing to further characterize the interesting nature and compo-
sition of the granules formed by TRIM25. Interestingly, many proteins belonging to the
family of TRIM E3 ligases concentrate in dots associated with ubiquitin when active
(TRIM ubiquitin-rich bodies [TUBs]) (23). In the case of TRIM25, we show that TRIM25
granules are formed upon SeV stimulation and that they colocalized with the SG
markers TIAR and GB3P. This finding, also demonstrated by Yoo et al. (40) in
NDV-infected cells, supports a role for SGs in the antiviral innate immune response
(40, 41, 47).

To further understand how RLR complexes can be targeted in order to inhibit the
IFN response, we combined the BiFC assays with two viral proteins known to antago-
nize RIG-I signaling (HCV NS3/4A protease and IAV NS1). These viral proteins exhibit
very different strategies for manipulating the subcellular interactions of the RIG-I,
TRIM25, and MAVS proteins.

Since the overexpression of the RLR pathway proteins to visualize BiFC complexes
induces an antiviral response that prevents further infection with viruses, we used
plasmid-based expression of the viral proteins to investigate their effects. The HCV
protease cleaves MAVS at its TM domain (48). We show that NS3/4A redistributes MAVS
oligomers and the complex RIG-I/MAVS in the cytoplasm of the cell but does not affect
RIG-I/TRIM25 complexes (Fig. 7A). This result supports our previous findings of two
different and separate RIG-I/MAVS and RIG-I/TRIM25 complexes.

An interaction of NS1 with RIG-I and TRIM25 was reported by our lab and others (10,
34, 35). Interestingly, NS1 binds RIG-I and TRIM25 only in specific punctuate dots along
the cytoplasm of the transfected cells (Fig. 8A and Q). In all of the assays (see Fig. 8C,
images on the right), we found that MAVS was excluded from the speckled dots formed
by RIG-I, TRIM25, and NST.

Moreover, in immunofluorescence or immunoprecipitation analyses of the specific
BiFC complexes, NS1 inhibited only the formation of the RIG-I/MAVS complex and not
that of the RIG-I/TRIM25 complex (Fig. 8A and B). These results and the lack of NS1
interaction with MAVS suggest an early binding of NS1 with RIG-I and TRIM25, either
individually or when they are interacting: this appears to be due to the inhibition of the
TRIM25 multimers required for its E3 ligase activity, a finding consistent with previous
results (35, 49), and the lack of RIG-I ubiquitination may lead to the inhibition of the
RIG-I/MAVS interaction.

The BiFC technique provided us with a tool that allowed us to define “space-wise”
the different interactions among RIG-I, TRIM25, and MAVS in the RLR pathway. We were
also able to show this distribution at a certain time point in the context of viral
infection, showing again a striking formation of complexes displayed in different
locations within the cell. These results show us that more detailed investigation is
needed to address the “five W's”: when, where, and why the RLR proteins are rear-
ranged, what triggers the subcellular locations, and who are the key players in the
composition of the specific speckles formed along the pathway.

MATERIALS AND METHODS

Cells, plasmids, and viruses. A549, Hela, and HEK 293T cells were purchased from the American
Type Culture Collection and maintained in Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum and 100 U of penicillin-streptomycin/ml.

Sequences encoding YFP amino acids 1 to 154 (yn) and 155 to the end (yc) (50) were subcloned from
PEYN-NXF1 and pEYC-Y14 (kindly provided by Peter Lichter, German Cancer Research Centre, Heidelberg,
Germany [51]) between the Clal and Nhel sites of the mammalian expression vector pCAGGS (52). A short
linker (SGLRSRAQASIS), including a unique Xhol site, was added to either the N or the C terminus of yn
and yc. The open reading frames of NS1, RIG-I, CARD, TRIM25, and MAVS (10, 34) were amplified from
template DNA by PCR and subcloned into the pCAGGS vectors between either Clal and Xhol (X-yn and
X-yc constructs) or Xhol and Nhel (yn-X and yc-X constructs). The eight possible combinations of yn and
yc constructs for every protein-protein interaction of interest were assayed for BiFC complementation,
and combinations showing the strongest BiFC signal were selected for further studies. HA-NS3/4A was
kindly provided by Luis Martinez-Sobrido and V5-NS1 was described earlier (53). SeV stocks (924
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hemagglutination units/ml) were diluted 1/500 in complete growth medium. Viral infections were
performed as described previously (23), and the cells were fixed at 20 h postinfection. For type | IFN, cells
were seeded in coverslips, and type | IFN universal was added (1/1,000 IU/ml [PBL]), followed by
incubation for 20 h.

Antibodies. The following antibodies were used in immunofluorescence or Western blot analyses:
anti-HA (Sigma), anti-NS1 (155 [53]), anti-RIG-l mouse (1C3 [4]), anti-RIG-I goat (MyBioSource), anti-MAVS
(Cell Signaling), anti-TOM20 (Santa Cruz Biotechnology), anti-TRIM25 (Abcam), anti-GFP rabbit (Santa
Cruz Biotechnology) and mouse (Abcam), anti-actin (Sigma), anti-GB3P mouse, and anti-TIAR goat (Santa
Cruz Biotechnology).

Transfections and reporter assay. Transfection and reporter assays were performed as described
previously (23). Briefly, HEK 293T cells were seeded in a 24-well format plates and, 16 h later, the cells
were transfected with 0.6 ul of LT1 (Roche), the indicated plasmids, 50 ng of firefly luciferase reporter
plasmid, and 25 ng of Renilla luciferase reporter plasmid. All samples were transfected in triplicate.

At 24 h posttransfection, the cells were lysed in passive lysis buffer (Promega), and the dual-luciferase
activity was measured using a dual-luciferase reporter assay system (Promega) in a Biotek Synergy 4 plate
reader. Firefly luciferase values were normalized to Renilla values. The fold increase in the level of
luciferase reporter was calculated relative to the green fluorescent protein (GFP) plasmid (pcAGGS-GFP)
baseline control in each experiment.

Pulldowns. HEK 293T cells were transfected with the indicated plasmids DNA, and pulldown assays
were processed as described before (54). Briefly, the cells were lysed with nondenaturing lysis buffer (50
mM Tris-HCl [pH 7.4], 300 mM NaCl, 5 mM EDTA, 0.02% sodium azide, 1% Triton X-100, and complete
protease inhibitor cocktail [Roche, Basel, Switzerland]). Cell lysates were sonicated three times at output
level 3.0 for 5 s, centrifuged at 13,000 rpm for 15 min at 4°C, and precleared with protein G-agarose beads
(Roche) for 4 h at 4°C. Immunoprecipitation was carried out with anti-GFP monoclonal antibody (Abcam),
and the samples were analyzed by Western blotting.

Western blotting. Cells were transfected and collected at 24 h posttransfection in lysis buffer (6 M
urea, 2 M B-mercaptoethanol, and 4% sodium dodecyl sulfate), and SDS-PAGE and Western blot analyses
were performed as described previously (55). Proteins were resolved on 4 to 20% gradient Ready-Gel
precast gels (Bio-Rad) and transferred onto polyvinylidene difluoride membranes. After membrane
blocking, proteins were detected by incubation with primary antibodies and horseradish peroxidase-
coupled anti-mouse or anti-rabbit antibodies using a chemiluminescence kit (Perkin-Elmer).

Immunofluorescence. Hela or A549 cells were cultured and transfected with the indicated plasmids
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol in glass-bottom 12-well
plates (MatTek) or 1.5 coverslips (MatTek). In the BiFC experiments, at 24 h posttransfection the plates were
incubated for 3 h to 30°C, fixed in ice-cold absolute methanol for 30 min, and blocked with 1% bovine serum
albumin in phosphate-buffered saline (PBS). Samples were incubated with the primary antibodies for 2 h,
washed three times with PBS, and incubated an additional 1 h with secondary antibodies. Where indicated,
nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole; Invitrogen) at 1 pg/ml.

Microscope image acquisition. Confocal laser scanning was performed using a Zeiss LSM 880 Meta
(Carl Zeiss Microimaging, Thornwood, NY) fitted with a Plan Apochromatic X63/1.4 or X40/1.4 oil
objective lens. Z-stack images were taken in a range from 0.1 to 0.5 um for the images indicated. In all
cases, the Z-stacks were deconvolved with AutoQuant-X2. Images were collected at 16 bits and at a
resolution of 1024 by 1024 pixels. Super-resolution images were taken with STED SP8 microscope, and
the Z-stacks were processed to obtain maximum intensity projection. In the cases indicated, Amira 3D
software (FEI Visualization Sciences Group) was used to obtain 3D rendering, and image processing and
analysis were carried out using Fiji/Image) software.
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