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The stress granule protein G3BP1 binds viral dsRNA and RIG-I
to enhance interferon- response
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RIG-I senses viral RNA in the cytosol and initiates host innate
immune response by triggering the production of type 1 inter-
feron. A recent RNAi knockdown screen yielded close to hun-
dred host genes whose products affected viral RNA-induced
IFN-B production and highlighted the complexity of the antivi-
ral response. The stress granule protein G3BP1, known to arrest
mRNA translation, was identified as a regulator of RIG-I-
induced IFN-f3 production. How G3BP1 functions in RIG-I sig-
naling is not known, however. Here, we overexpress G3BP1 with
RIG-I in HEK293T cells and found that G3BP1 significantly
enhances RIG-I-induced if-b mRNA synthesis. More impor-
tantly, we demonstrate that G3BP1 binds RIG-I and that this
interaction involves the C-terminal RGG domain of G3BP1.
Confocal microscopy studies also show G3BP1 co-localization
with RIG-I and with infecting vesicular stomatitis virus in Cos-7
cells. Interestingly, immunoprecipitation studies using biotin-
labeled viral dsRNA or poly(I-C) and cell lysate—derived or in
vitro translated G3BP1 indicated that G3BP1 could directly
bind these substrates and again via its RGG domain. Computa-
tional modeling further revealed a juxtaposed interaction
between G3BP1 RGG and RIG-I RNA-binding domains.
Together, our data reveal G3BP1 as a critical component of
RIG-I signaling and possibly acting as a co-sensor to promote
RIG-I recognition of pathogenic RNA.

RIG-I (retinoic acid—inducible gene I) is an intracellular sen-
sor of pathogen-associated molecular patterns (PAMPs)* and
recognizes viral dsRNA in the cytosol (1). It triggers the pro-
duction of type 1 interferon (IFN) to initiate the host innate
anti-viral response (2, 3). It is known that RIG-I signaling
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involves the adaptor protein MAVS, which recruits the serine/
threonine kinase TBK1 that subsequently phosphorylates and
activates the transcription factor IRF3 (4). IRF3 dimerizes and
translocates to the nucleus to induce ifi--b mRNA synthesis for
IEN-B production (5). Although the overall scheme of RIG-I
signaling has been elucidated, it remains possible that other
molecules involved in RIG-I signal transduction have yet to be
uncovered, and their precise roles in the pathway have yet to be
determined. A recent integrative computational biology study
indicates that a wide range of cellular processes and their asso-
ciated regulators could affect viral RNA-induced IFN-B pro-
duction (6), suggesting that the regulation of RIG-I signaling
is likely to be highly complex. Close to a hundred genes were
predicted to impact upon RIG-I signaling, and among them
is G3BP1 (the gene encoding Ras-GTPase—activating SH3
domain-binding protein 1).

G3BP1 is a multidomain protein that is evolutionarily con-
served from yeast to human (7). It contains, starting from the N
terminus, a nuclear translocation factor-2-like domain, an
acidic region, an RNA recognition motif (RRM), and a C-termi-
nal glycine-rich RGG motif. The C-terminal half of G3BP1,
comprising both RRM and RGG muotifs, is involved in RNA
recognition and exhibits DNA and RNA helicase activities (8).
G3BP1 is a critical component of the mammalian cell stress
granules (SGs). These are cytosolic nucleoprotein aggregate
structures that are formed when cells are undergoing stress
response and where host mRNAs are sequestered and transla-
tionally arrested (9, 10). Virus infection also represents a source
of stress to mammalian cells. Infections by RNA viruses have
been shown to induce or affect SG formation (11). A special
class of SG, termed anti-viral SG, was formed during HIV infec-
tion and shown to attenuate viral replication (12). In addition,
G3BP1 had been shown to be cleaved by viral-encoded pro-
teases (13) during poliovirus and encephalomyocarditis virus
infections (14). These studies suggested that G3BP1 could play
an important role in host anti-viral response, but it is not clear
biochemically, how G3BP1 functions during anti-viral signaling
and in particular RIG-I signaling.

In this study, we provide biochemical evidence that G3BP1
is a critical component of the RIG-I signaling pathway. We
show that G3BP1 could physically associate with RIG-I
and viral dsSRNA and that G3BP1 could synergize with RIG-I
to induce the production of the important anti-viral cyto-
kine, IFN-B. We also elucidated the RGG domain of G3BP1
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Figure 1. G3BP1 binds and enhances RIG-I-mediated ifn--b mRNA induction. A, G3BP1 enhances RIG-I-mediated induction of ifn-b mRNA synthesis.
HEK293T cells were transiently transfected with vectors (vec) bearing HA-tagged G3BP1 or FLAG-tagged RIG-I, MAVS, DDX41, c-GAS, or STING; or various double
combinations of HA-tagged G3BP1 with FLAG-tagged RIG-I, MAVS, DDX41, c-GAS, or STING; along with luciferase reporter bearing ifn-b promoter and Renilla
control constructs. At 48 h post-transfection, the cells were analyzed for the induction of ifn-b promoter activity (upper panel). WCL was IB with anti-FLAG,
anti-HA, or anti-actin antibodies to examine protein expression of the transfected gene constructs (lower panel). The data shown are means * S.D. and are
representative of triplicate independent experiments. Statistical significance was analyzed using unpaired two-tailed Student’s t test, and p values of <0.05
were considered statistically significant. ****, p < 0.0001; NS, p > 0.05. B, poly(I-C) stimulation further enhances G3BP1 and RIG-I induction of ifn--b mRNA
synthesis. HEK293T cells were transiently transfected with vectors bearing HA-tagged G3BP1 and/or FLAG-tagged RIG-l along with luciferase reporter bearing
ifn-b promoter and Renilla control constructs. At 48 h post-transfections, the cells were left untreated or transfected with poly(I-C) (denoted +tp(I-C)) and
analyzed 6 h later for ifn-b induction (upper panel). WCL was IB with anti-FLAG, anti-HA, or anti-actin antibodies to examine protein expression of the transfected
gene constructs (lower panel). Statistical significance was analyzed as mentioned above. **** p < 0.0001; ***, p < 0.0005; NS, p > 0.05. C, G3BP1 physically binds
RIG-I. HEK293T cells were co-transfected with HA-tagged G3BP1 and FLAG-tagged RIG-I (left panel), FLAG-tagged DDX41 (center panel), or FLAG-tagged c-GAS
(right panel) as indicated. WCL were IP and IB with relevant antibodies to examine protein—protein interactions. Anti-ACTIN and Anti-GAPDH blots were

included as loading controls. relat., relative; luci., luciferase; acti., activity.

to be important for its interaction with RIG-I and viral
dsRNA.

Results

G3BP1 binds and enhances RIG-I induced ifn-b mRNA
synthesis

A recent genomics-based discovery study utilizing an RNAi-
screen revealed G3BP1 as a novel regulator of IFN-8 produc-
tion in response to viral RNA stimulation (6). The presence of
cytosolic viral RNA activates RLR signaling (15). To examine
whether G3BP1 participates in RIG-I signaling, we overex-
pressed G3BP1 alone or together with RIG-I in HEK293T cells
and examined their induction of ifn-b mRNA synthesis using
luciferase reporter assays. As seen in Fig. 14, overexpression of
G3BP1 or RIG-I alone induced some levels of IFN- produc-
tion. However, overexpression of G3BP1 and RIG-I together
significantly activated ifi-b mRNA synthesis, suggesting that
G3BP1 could act to enhance RIG-I induction of the anti-viral
response. We also tested G3BP1 with MAVS, an adaptor down-
stream of RIG-I signaling, and likewise observed an increase in
IEN-B production compared with MAVS-only transfected con-
trol, albeit to a lesser extent. However, we noted that G3BP1
was reported not to interact with MAVS (16), and any incre-
mental ifn-b mRNA induction seen in our study could occur via
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RIG-1, because MAVS is an adaptor protein downstream of
RIG-I (4). We next examined whether G3BP1 could participate
in the signaling of other cytosolic sensors of PAMP and found
that it did not have a significantly large effect, at least not to the
same extent as that seen with RIG-I, when G3BP1 was overex-
pressed with either DDX41, c-GAS, or STING, all of which are
involved in the sensing of pathogenic cytosolic DNA and also
known to induce IFN-B production. Thus, G3BP1 appears to
act in RIG-I signaling of IFN-8 production.

To examine whether poly(I'‘C) stimulation could further
enhance RIG-1/G3BPl-induced ifn-b promoter activity, we
overexpressed G3BP1 alone or together with RIG-I in HEK293T
cells and stimulated the cells with transfected poly(I-C) (denoted
as tp(I*C)). As shown in Fig. 1B, tp(I-C) stimulation could fur-
ther increase the induction of ifn-b mRNA synthesis. Because
G3BP1 acted in concert with RIG-I to enhance IFN-f produc-
tion, we hypothesized that G3BP1 could physically interact
with RIG-I. To test this possibility, we overexpressed
HA-tagged G3BP1 with FLAG-tagged RIG-1, c-GAS, or DDX41
in HEK293T cells and found that RIG-I strongly co-immuno-
precipitated with G3BP1 (Fig. 1C). We also detected weak
interactions between G3BP1 and DDX41 and G3BP1 and
c-GAS. Because G3BP1 binds RIG-I the strongest, we decided
to focus on elucidating the nature of G3BP1 and RIG-I interac-
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Figure 2. Examination of G3BP1 co-localization with RIG-I. A, confocal microscopy analysis of G3BP1 and RIG-I subcellular localization with and without
poly(l-C) stimulation. Cos-7 cells were transiently transfected with HA-tagged G3BP1 and FLAG-tagged RIG-l, and at 24 h post-transfection, the cells were left
untreated or transfected with biotin-conjugated tp(I-C) (denoted +/—tp(I-C)). HA-tagged G3BP1 (red) and FLAG-tagged RIG-I (green) were stained using
fluorochrome-conjugated anti-HA or anti-FLAG antibodies. Biotin-conjugated poly(I-C) (white) was stained with fluorochrome-conjugated streptavidin.
Nuclear staining was revealed with DAPI. B, quantification of RIG-| and G3BP1 co-localization using Pearson'’s correlation coefficient (r) (n = 10, Fig. S1).
Statistical significance was analyzed as in Fig. 1. ****, p < 0.0001. C, increased G3BP1 and RIG-I binding upon tp(I-C) stimulation. Cos-7 cells were co-transfected
with HA-tagged G3BP1 and FLAG-tagged RIG-l as indicated. At 24 h post-transfection, the cells were left untreated or transfected with tp(I-C). WCL were IP and
IB with relevant antibodies to examine protein—protein interactions. Anti-actin antibodies were used as loading control for protein normalization in IB.
Densitometry was performed on Western blotting images, and the numerical values obtained were subtracted from HA-G3BP1 (single transfection) sample

and normalized to unstimulated sample, which was set as 1 (lane 2). The relative densitometry values are indicated below each corresponding lane.

tion in this study. Taken together, our data indicated that
G3BP1 binds RIG-I to further promote IFN-f production.

Co-localization of G3BP1 and RIG-I

G3BP1 is known to induce the formation of SGs whereby
host mRNAs are sequestered and stalled for translation during
cell stress (17). On the other hand, RIG-I was shown to be
recruited to cellular structures termed anti-viral stress granules
upon viral infection (11). Because G3BP1 could bind RIG-I (Fig.
1C), we sought to determine whether the two proteins could
co-localize in some cellular structures. We therefore overex-
pressed G3BP1 and RIG-I in Cos-7 cells (Fig. 24) to determine
the localization of these proteins in the absence or presence of
tp(I'C). In the absence of tp(I-C) stimulation, overexpressed
RIG-I was found mainly to be cytosolic, whereas G3BP1 was
found in punctate or granule-like structures (white arrows).
The two proteins co-localized to a certain extent (Fig. 24, left
panel, merge) and with the co-localization mainly confined to

6432 . Biol. Chem. (2019) 294(16) 6430-6438

the perimeter of the granule structures. Interestingly, upon
tp(I':C) stimulation, the localization of G3BP1 was altered
such that the protein was no longer confined to the granular
structures but rather became more diffusedly distributed
throughout the cytosol (Fig. 24, right panel). As a consequence,
there also appeared to be increased co-localization of G3BP1
and RIG-I upon tp(I-C) stimulation (Fig. 2B). The spatial redis-
tribution of G3BP1 upon tp(I-C) stimulation was evidenced
with timed-lapse confocal microscopy showing the disassembly
of the granules and the spread of G3BP1 in the cytosol (Fig. S2
and Movie S1). Co-immunoprecipitation (co-IP) experiment also
supported increased G3BP-1/RIG-I co-localization and interac-
tion upon tp(I‘C) stimulation (Fig. 2C). Hence, our confocal
microscopy and co-IP study together suggested that there was
increased G3BP1 and RIG-I co-localization and interaction upon
tp(I-C) stimulation, and this finding was consistent with the data in
Fig. 1B showing increased ifii-b promoter activity in tp(I:C)-stim-
ulated HEK293T cells overexpressing both G3BP1 and RIG-L.

SASBMB

6T0Z ‘ST Inbny U0 AlsieAIUN RI1BojouYde | BueAueN e /610-0q [ mmm/:dny woly papeojumoq


http://www.jbc.org/cgi/content/full/RA118.005868/DC1
http://www.jbc.org/cgi/content/full/RA118.005868/DC1
http://www.jbc.org/cgi/content/full/RA118.005868/DC1
http://www.jbc.org/

PP_|RRiIV| RGG|466 aa

(A) &

GB:
G¢:
GP:
GE:
GF:
(B) 150 - . ]
5 k% *
g100-
¥
£ 50-
E H
~ gl LLL
x 2 5 X2 3 2 3 X
6 © O 0 0 0 ¢ 9
= o (14 (V4 ('3 ('3 o o
B:HA T 7 1 u
yurn
& e
= F
20 -
\- 2
156 - : . X
IB: FLAG :ﬁs ...-....
IB: GAPDH® '~ ey ot ot g oo S oy S

G3BP1 and RIG-I interaction

(C) HA-GF e e .
HA-GE I TR
HA-G® R
HA-GC e .. .
HA-GB L
HA-GA C e B oo e o
HA-GFL o L
HA-EV .
FLAG-RIG-I o+ F o EE o+
IP:FLAG  75-BFaos ™ wrapeemgmn]
IB:HA 50—i + g . |
37— ‘
-—
25— . 4 -4
20-JES - y
R
IP:FLAG 150—;5-__-ua
IB:FLAG
IB:HA 5°'i‘i!i";
37- E_.
o . . e
15- ;
150- - -
IB:FLAG 10&.-!1-_#5&._.;
IB: GAPDH 37—........

S22 mENE R

Figure 3. The C-terminal RGG domain of G3BP1 interacts with RIG-I. A, schematic representation of full-length (FL) and various mutant forms of G3BP1
depicting the various domains and amino acid (aa) sizes. B, the RGG domain of G3BP1 synergizes with RIG-I to induce ifn-b mRNA synthesis. HEK293T cells were
transiently transfected with FLAG-tagged vector (vec) expressing RIG-l and HA-tagged vector expressing FL or various truncated forms of G3BP1 along with
luciferase reporter bearing ifn-b promoter and Renilla control constructs. At 48 h post-transfection, the cells were analyzed for the induction of ifn-b promoter
activity. Statistical significance was analyzed as in Fig. 1. *, p < 0.05; **, p < 0.005; **** p < 0.0001. C, the RGG domain of G3BP1 binds RIG-I. Western blotting
analyses of G3BP1 domain interactions with RIG-I. HEK293T cells were transfected with FLAG-tagged RIG-I and HA-tagged vectors expressing FL or various
truncated forms of G3BP1. WCL were IP and IB with relevant antibodies as indicated to examine protein—protein interactions (top panel) or IB with relevant
antibodies to examine protein expression of the transfected constructs (bottom panel). Anti-GAPDH blots were included as loading control. relat., relative; luci.,

luciferase; acti., activity.

The C-terminal RGG domain of G3BP1 binds RIG-I

G3BP1 is a multidomain protein comprising an N-terminal
nuclear transport factor 2-like (N2L), an acidic-rich (AR), a
PXXP (PP), an RRM and, an arginine and glycine repeat (RGG)
domains (8). Because G3BP1 could bind RIG-I, we next gener-
ated various truncated forms of G3BP1 (Fig. 3A4) to determine
which motif of G3BP1 mediates its binding of RIG-I. First, we
overexpressed RIG-I with either full-length or various trun-
cated forms of G3BP1 and examined their ability to induce ifi-b
promoter activity using luciferase reporter assays in HEK293T
cells. As shown in Fig. 3B, only truncated G* and G* mutants
that harbored the RGG domain could induce ifn-b promoter
activity to the same extent as full-length G3BP1 (G*") protein.

SASBMB

The G” mutant that shares other overlapping regions as the G*
and G* mutants but lack the RGG domain could not activate
ifn-b mRNA synthesis, further supporting the finding that the
RGG domain is necessary. These data suggested that the RGG
domain is critical for G3BP1 to act in concert with RIG-I to
further induce ifn-b mRNA synthesis.

We next performed co-IP study to definitively establish
whether the RGG domain of G3BP1 indeed mediates its bind-
ing to RIG-I. We overexpressed RIG-I alone or together with
full-length or various mutants of G3BP1 in HEK293T cells and
showed that only the full length and G* and G* variants of
G3BP1 could co-IP with RIG-1 (Fig. 3C). Again G” mutant that
lacked the RGG domain could not physically bind RIG-I. Thus,

J. Biol. Chem. (2019) 294(16) 6430-6438 6433
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Figure 4. The C-terminal RGG domain of G3BP1 binds dsRNA and poly(I-C). Immunoblot analyses of G3BP1, RIG-I, and DDX41 (A) and various mutants of
G3BP1 binding of dsRNA and poly(l-C) (B). WCL containing FLAG-tagged RIG-I, DDX41, and full-length or variants of G3BP1 were incubated with biotin-
conjugated dsRNA or poly(I-C) and subsequently IP with streptavidin beads and probed with anti-FLAG antibody. WCL were also probed for expression of the
FLAG-tagged proteins. C,immunoblot analyses of dsRNA and poly(I-C) binding by in vitro translated G3BP1™, G3BP1", and DDX41. The proteins were in vitro
translated using a cell-free system and purified using FLAG IP. Biotin-conjugated dsRNA or poly(I-C) was incubated with purified G3BP1, G3BP1F, or DDX41
and subsequently, IP with streptavidin beads, and probed with anti-FLAG antibody. The upper panel indicated the expression of the in vitro translated

FLAG-tagged proteins. Luciferase T7 control DNA is included as control.

the RGG domain of G3BP1 was demonstrated biochemically to
be necessary to bind RIG-I, and this interaction is important for
G3BP1 to further enhanced RIG-I induction of ifiz-b promoter
activity.

The C-terminal RGG domain of G3BP1 could bind poly(I-C) and
viral dsRNA

G3BP1 was previously identified as an RNA-binding protein
that regulates the turnover of host mRNA, as well as arresting
and sequestering them in stress granules in times of cell stress
(18, 19). Its RRM domain was found to be responsible for these
functions (17). However, G3BP1 also possesses the RGG
domain that was shown in other proteins such as FUS (20-22)
and Caprin-1 (23) to be RNA-binding. We speculated that
G3BP1 could bind viral RNA in addition to host mRNA, and
either its RMM or RGG or both domains would be involved. To
test this hypothesis, we employed biotin-conjugated poly(I-C)
and HCV-dsRNA as substrates in a pulldown assay to examine
the RNA-binding properties of G3BP1. RIG-I, which binds
RNA and DDX41 that binds DNA, were used as positive and

6434 J. Biol. Chem. (2019) 294(16) 6430-6438

negative controls. As shown in Fig. 44, G3BP1 and RIG-I but
not DDX41 co-precipitated with HCV-dsRNA (left panel) and
poly(I:C) (right panel) when lysates from cells overexpressing
these proteins were incubated with the biotin-conjugated sub-
strates. These data indicated that G3BP1 could bind viral
dsRNA and poly(I-C).

We next proceeded to identify the motifs in G3BP1 that
mediated the binding of HCV-dsRNA and poly(I*C). Toward
this end, we incubated these two biotin-conjugated substrates
with cell lysates expressing selected variant forms of G3BP1. As
shown in Fig. 4B, the G" variant that harbored the PXXP, RRM,
and RGG domain could bind both poly(I*C) and HCV-dsRNA.
However, the G" variant that also harbored the PXXP and RRM
but lacked the RGG domain could not bind. These data sug-
gested that the RGG but not the RRM domain of G3BP1 medi-
ated the binding of HCV-dsRNA and poly(I-C).

To definitively examine whether G3BP1 and its RGG domain
could directly bind poly(I‘C) and HSV dsRNA, we repeated the
pulldown assays using in vitro translated G3BP1, G* variant and
DDX41 obtained via a cell-free system and found that indeed

SASBMB

6T0Z ‘ST Inbny U0 AlsieAIUN RI1BojouYde | BueAueN e /610-0q [ mmm/:dny woly papeojumoq


http://www.jbc.org/

DAPI VSV-GFP

mCherry-GFt

DAPI VSV-GFP mCherry-G*

DAPI VSV-GFP mCherry-GF

G3BP1 and RIG-I interaction

MERGE

Pearson's Correlation
Coefficient (r)
o o
e s S 2
L L

20pm

MERGE

Figure 5. The C-terminal RGG domain of G3BP1 co-localizes with infecting VSV. Confocal microscopy examining the co-localization of mCherry-tagged
G3BP1™* (top panel), G3BP1< (middle panel), or G3BP1F (bottom panel) mutants and GFP-tagged VSV. Cos-7 cells were transiently transfected with mCherry-
tagged G3BP1™, G3BP1<,0r G3BP1 constructs and 24 h later infected with VSV at a multiplicity of infection of 10.Images were taken 2 h postinfection with VSV.
DAPI staining was included to reveal cell nucleus. B, Pearson’s correlation coefficient (r) was used to quantify the degree of co-localization of G3BP1 or its
variants with VSV (n = 10; current images are reused in Fig. S3 to indicate outline of the cell used to calculate Pearson'’s correlation coefficient). Statistical

significance was analyzed as in Fig. 1. **, p < 0.005; **** p < 0.0001).

G3BP1 and GF variant could directly bind poly(I-C) and HCV-
dsRNA (Fig. 4C). Taken together, our data suggested that the
RGG domain of G3BP1 could mediate the direct binding of
HCV-dsRNA and poly(I:C), in addition to its binding of RIG-1
(Fig. 3C).

G3BP1 and its RGG domain associates with infecting vesicular
stomatitis virus

We also attempted to visualize the effect of G3BP1 and its
RGG domain interactions with infecting viruses. Vesicular sto-
matitis virus (VSV) is known to induce the formation of SG-like
structures in infected cells but unlike rabies virus, it is not
known whether G3BP1 is involved (24, 25). VSV is also known
to infect mammalian cell lines such as Cos-7 (26). Therefore
we transfected Cos-7 cells with mCherry-tagged full-length
G3BP1 (G'™) or truncated G or G* variants, followed by infec-
tion of the cells with live GFP-tagged VSV. As shown in Fig. 54,
full-length G3BP1 was found to localize in the cytosol and in
granule-like structures. GFP-tagged VSV were found to co-lo-
calize with a portion of the overexpressed full-length G3BP1 in
the granule-like structures in the infected Cos-7 cells (top
panel). On the other hand, the G variant was found to be
expressed diffusely in the cytosol, and there was significant
reduction in the co-localization of VSV with the overexpressed
G€ variant that lack both the RRM and RGG domains (central
panel). Interestingly, the overexpressed G' variant was found
predominantly to be in granule-like structures (bottom panel),
and more significantly, most of the G variant co-localized with
the infecting VSV (Fig. 5B). These observations suggested
that the RGG domain of G3BP1 is responsible for G3BP1 inter-
action with infecting viruses and also likely, viral content such
as their dsRNA.

SASBMB
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We showed that G3BP1 could bind RIG-I (Figs. 1C and 2C)
and that this interaction involves G3BP1 RGG domain (Fig.
3C). We also demonstrated that the G3BP1 RGG domain co-
localizes with infecting VSV (Fig. 5) and could bind viral RNA
(Fig. 4, Band C). It is also known that RIG-I possesses an RNA-
binding domain and binds viral RNA (27). To better understand
the interactions between G3BP1, RIG-I, and viral dsRNA, we
undertook computational modeling of these molecules in com-
plex with each other using available crystal structures of RIG-I
and G3BP1. As shown in Fig. 6, the RNA-binding domain of
RIG-I was found to juxtapose and bind to the RGG domain of
G3BP1. This modeling result correlated well and was also con-
sistent with our data demonstrating that the RGG domain of
G3BP1 could bind viral dsRNA and RIG-I. Taken together, the
overall data suggested that G3BP1 likely acts as a co-sensor of
viral RNA to facilitate and/or enhance RIG-I sensing of these
PAMDPs.

Discussion

We show in this study that the mammalian stress granule
protein G3BP1 plays a critical role in the induction of the RIG-
I-mediated type 1 interferon response. We demonstrate that
G3BP1 could physically bind RIG-I and synergize with RIG-I to
induce the synthesis of ifi-b mRNA. Thus, our current data
revealed a role for G3BP1 in host anti-viral response by directly
participating in RIG-I signaling and inducing IFN-B produc-
tion. A recent study also suggested that G3BP1 could interact
with RIG-I, but in a totally different cellular context, to regulate
NFATCc activation in arteriosclerotic Wnt signaling (16). Nev-
ertheless, this finding together with ours confirmed that G3BP1
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Figure 6. Computational modeling of G3BP1 and RIG-l interaction. Com-
putational modeling of the docking G3BP1 and RIG-I (DDX58) complex.
G3BP1 and RIG-I are colored in cyan and purple, respectively, and with the
interacting residues of G3BP1 colored in red. The C-terminal of RIG-l is repre-
sented in orange spheres.

could interact with RIG-I. In addition, our study went one step
further by defining the domain within G3BP1 that is necessary
for it to bind RIG-1.

G3BP1is a critical component of the mammalian stress gran-
ules and functions by sequestering host mRNA and stalling
their translation in times of cell stress (28). We now show that
G3BP1 could also bind viral dsRNA from HCV (Fig. 4). Inter-
estingly, G3BP1 binding of host endogenous mRNA involves its
RRM domain (19), whereas our finding here indicated that
G3BP1 binding of viral dsRNA occurs via its RGG domain. Per-
haps this differential binding of host versus viral RNA via dif-
ferent domains allows G3BP1 to segregate its function in clas-
sical stress granules and anti-viral stress granules. G3BP1 has
been shown to possess intrinsic endonuclease/RNase activity
against host mRNAs such as in the degradation of c-myc mRNA
(18), and it remains to be determined whether G3BP1 could
exhibit similar enzymatic activity against viral dsSRNA. Because
RIG-1 is known to sense shorter fragments of viral dsRNA (29),
it is tempting to speculate that G3BP1 could also function to
trim viral dsRNA into shorter lengths to facilitate RIG-I
sensing.

Our biochemical data indicated that G3BP1 RGG domain
binds viral dSRNA and RIG-I (Figs. 3 and 4). Our computational
modeling study suggested that the RNA-binding domain of
RIG-I binds G3BP1 (Fig. 6). Hence, a three dimensional model
emerges whereby viral dsRNA is bound by and sandwiched
between G3BP1 RGG and RIG-I RNA-binding domains. This
working model suggested that G3BP1 could serve as a co-sen-
sor of viral dsRNA and facilitates or promotes RIG-I sensing of
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these PAMPs by directly binding RIG-1 and bringing these
PAMPs into proximity for RIG-I signaling. This hypothesis is
further strengthen by our time-lapsed confocal microscopy
observation showing a spatial redistribution of G3BP1 away
from granular structures to the cytosol where RIG-I are in
abundance upon tp(I:C) stimulation (Fig. 2, Fig. S2, and
Movie S1).

Although our current study focuses on the role of G3BP1 in
RIG-I signaling, we did detect weak binding of G3BP1 to
DDX41 and c-GAS (Fig. 1C). While this manuscript was in
revision, a report surfaced to indicate that G3BP1 could also act
to promote c-GAS induction of ifn-b production (30). The
authors also proposed that G3BP1 functioned independently of
mammalian SG to promote DNA binding and activation of
¢c-GAS. This finding is consistent with our current study,
whereby we showed that G3BP1 binds dsRNA and further
enhanced RIG-I induction of ifn-b mRNA synthesis. However,
unlike our study, these authors were not able to identify any
domain within G3BP1 that mediated the interaction with DNA
or c-GAS and suggested that only intact G3BP1 could function
to promote c-GAS activation. By contrast, we were able to iden-
tify the RGG domain of G3BP1 to be necessary for binding
dsRNA and RIG-1. Furthermore, our computational study
reveals a mechanistic model whereby G3BP1 functions as a co-
sensor of RIG-1 in the recognition and binding of viral RNA.

In conclusion, our study has elucidated a role for G3BP1 in
promoting and enhancing RIG-I-mediated IFN-f response.
Our biochemical and modeling studies further suggested that
G3BP1 likely acts as a co-sensor to facilitate RIG-I recognition
of pathogenic RNA.

Experimental procedures
Cells, viruses, and reagents

HEK293T, Cos-7, and RAW?264.7 cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin in 5% CO, incubator.
Poly(I‘C) (Invivogen) was mixed with Lipofectamine 3000
(Thermo Fisher Scientific) and used to transfect cells. Anti-
FLAG (M2) beads and anti-FLAG (M2)/anti-HA antibodies
were purchased from Sigma. VSV was provided by Y. Zhang
(National University of Singapore). Anti-actin antibody (A300-
485A) was purchased from Bethyl Laboratories, and anti-RIG-I
(SC98911) and anti-G3BP1 (SC70283) antibodies were pur-
chased from Santa Cruz.

Reporter assay

HEK293T cells seeded at a density of 0.5 X 10° cells/well in
12-well plates were transfected with empty vector or expression
vectors bearing G3BP1, RIG-I, MAVS, DDX41, c-GAS, or
STING along with the reporter vector (100 ng/well) and inter-
nal control vector pRL-TK (50 ng/well) (Promega) using Lipo-
fectamine 3000. The ifn-b promoter luciferase reporter plasmid
was provided by Dr. D. Wang (Zhejiang University, Zhejiang,
China). After 48 h of transfection Firefly and Renilla luciferase
activities were measured as described (31) using a dual-lucifer-
ase reporter assay kit (Promega).
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IP and immunoblot (IB) analyses

HEK293T cells were seeded on 60-mm culture plates (Corn-
ings) at a density of 2.5 X 10° cells/plate. One day later, the cells
were transiently transfected with empty vector or various
expression vectors using Lipofectamine 3000 kit (Thermo
Fisher Scientific). Immunoprecipitation and immunoblot anal-
yses were performed according to the methods as previously
described (31).

Cell-free translation system

TNT Quick Coupled transcription/translation system kit
(Promega) was used according to the manufacturers’ instruc-
tions to express G3BP1™", G3BP1", and DDX41. Briefly, the
total volume for one reaction was set at 50 ul, and each reaction
contained 1 ug of template plasmid. The reaction mixtures
were incubated at 30 °C for 90 min, followed by FLAG tag—
mediated purification of the in vitro translated proteins.

Substrate pulldown assay

The biotin-poly(I-C) and biotin-HCV dsRNA pulldown
assays were performed as described (32). In brief, whole cell
lysate (WCL) from cells that were transfected with FLAG-
tagged RIG-I or DDX41 or G3BP1 was incubated with 1 pg of
biotin-conjugated RNA sequence from hepatitis C virus as
described (33) (IDT) or commercially available biotin-conju-
gated poly(I-C) (Invivogen). Subsequently, streptavidin-conju-
gated magnetic beads (50% w/v) were added to the mixture
and incubated on the rotator for 2 h at 4 °C. The beads were
washed with cold buffer three times before being resuspended
in SDS sample buffer. The substrate pulldown assays were also
repeated using in vitro translated G3BP1'™, G3BP1%, and
DDX41 proteins.

Confocal microscopy

Cos-7 cells were fixed with 4% paraformaldehyde for 20 min,
washed with PBS, permeabilized in 0.5% Triton for 10 min, and
washed again with PBS. The cells were blocked with 5% BSA for
1 h and incubated overnight with primary antibodies at 4 °C.
After PBS wash, the cells were incubated further with chicken
anti-rabbit IgG Alexa Fluor 488, donkey anti-goat IgG Alexa Fluor
633, and streptavidin Alexa Fluor 568 conjugate from Thermo
Fisher Scientific. After repeated washing with PBS, cells were
finally mounted with ProLong Gold antifade reagent with DAPI
(Thermo Fisher Scientific) and scanned using an Olympus con-
focal laser microscope under 40X or 100X objective.

Computational modeling

Homology models of G3BP1 and RIG-I (DDX58) proteins
were predicted using MODELLER 9.16 and protein sequences
(Uniprot: P97855) and (Uniprot: Q6Q899). The structures with
the lowest PDF scores were picked for docking purposes. The
homology models were used to obtain the protein—protein
docking complex via ZDOCK online server (http://zdock.
umassmed.edu) with the default parameters (34).* The first

“Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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ranking pose was selected for representation and the figure was
created using PyYMOL software.
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