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TRIM25 RING-finger E3 ubiquitin ligase is essential
for RIG-I-mediated antiviral activity

Michaela U. Gack'?, Young C. Shin', Chul-Hyun Joo"~, Tomohiko Urano**, Chengyu Liang’, Lijun Sun®,
Osamu Takeuchi’, Shizuo Akira’, Zhijian Chen®, Satoshi Inoue®” & Jae U. Jung'

Retinoic-acid-inducible gene-I (RIG-I; also called DDX58) is a
cytosolic viral RNA receptor that interacts with MAVS (also called
VISA, IPS-1 or Cardif) to induce type I interferon-mediated host
protective innate immunity against viral infection'*. Further-
more, members of the tripartite motif (TRIM) protein family,
which contain a cluster of a RING-finger domain, a B box/coiled-
coil domain and a SPRY domain, are involved in various cellular
processes, including cell proliferation and antiviral activity’. Here
we report that the amino-terminal caspase recruitment domains
(CARDs) of RIG-I undergo robust ubiquitination induced by
TRIM25 in mammalian cells. The carboxy-terminal SPRY domain
of TRIM25 interacts with the N-terminal CARDs of RIG-I; this
interaction effectively delivers the Lys 63-linked ubiquitin moiety
to the N-terminal CARDs of RIG-], resulting in a marked increase
in RIG-I1 downstream signalling activity. The Lys 172 residue of
RIG-1 s critical for efficient TRIM25-mediated ubiquitination and
for MAVS binding, as well as the ability of RIG-I to induce anti-
viral signal transduction. Furthermore, gene targeting demon-
strates that TRIM25 is essential not only for RIG-I
ubiquitination but also for RIG-I-mediated interferon-p produc-
tion and antiviral activity in response to RNA virus infection.
Thus, we demonstrate that TRIM25 E3 ubiquitin ligase induces
the Lys 63-linked ubiquitination of RIG-I, which is crucial for the
cytosolic RIG-I signalling pathway to elicit host antiviral innate
immunity.

A recent series of studies has identified RIG-I and melanoma dif-
ferentiation-associated gene 5 (MDAS; also called IFTH]1) as cytosolic
receptors for viral double-stranded RNA and 5’ triphosphate
RNA**¢, RIG-I and MDA5 belong to the DExD/H box RNA helicase
family, the members of which contain two caspase recruitment
domains (2CARD) in the N-terminal region and a potential ATP-
dependent RNA helicase activity in the C-terminal region®”. To
decipher the cytosolic RIG-I-mediated antiviral signalling pathway,
we attempted to identify cellular proteins associated with the
N-terminal 2CARD of RIG-I and MDAS5 using mammalian glu-
tathione S-transferase (GST) fusion constructs. Polypeptides with
apparent molecular masses of 52, 60 and 68 kDa were present spe-
cifically in the GST-RIG-I(2CARD) complex but not in the GST-
MDAS5(2CARD) complex or with GST alone (Fig. 1a). Notably, mass
spectrometry and immunoblotting showed that these polypeptides
were exclusively identified as ubiquitinated forms of GST-RIG-
1(2CARD) (Supplementary Fig. la). To confirm RIG-I ubiquitina-
tion, HEK293T cells were co-transfected with Flag-tagged full-length
RIG-1 or a RIG-1 mutant in which the 2CARD had been deleted (RIG-
I(A2CARD)) together with haemagglutinin (HA)-tagged ubiquitin.

RIG-I, but not RIG-I(A2CARD), was extensively ubiquitinated
(Fig. 1b and Supplementary Fig. 1b). In addition, anti-HA immuno-
blotting detected ubiquitinated Flag-tagged RIG-I as multiple species
with apparent molecular masses of 120-150 kDa, significantly larger
than unmodified Flag-RIG-I (Fig. Ic, top left panel). Furthermore,
Sendai virus infection and/or interferon (IFN)-B treatment resulted in
the markedly increased ubiquitination of endogenously or exogen-
ously expressed RIG-1 (Fig. 1c and Supplementary Fig. 1c). These
results indicate that RIG-1 undergoes robust ubiquitination at its
N-terminal 2CARD and that this ubiquitination apparently increases
on viral infection.

To dissect further the ubiquitination of the 2CARD of RIG-I,
which contains 18 lysine residues, the in vivo ubiquitinated forms
of N-terminal GST-fused and C-terminal Flag-tagged RIG-
1(2CARD) were purified and analysed by multi-dimensional liquid
chromatography coupled with tandem mass spectrometry (LC/LC-
MS/MS; Fig. la, d, bands 1-3). Both GST-RIG-1(2CARD) and Flag-
RIG-I(2CARD) carried the ubiquitin peptides at Lys 99, 169, 172,
181, 190 or 193 (Fig. 1d). Additional mass spectrometry analysis
showed that band 2 and 3 fragments carried the unique, branched
Gly-Gly signature peptides primarily with the ubiquitin Lys 63 link-
age (Fig. 1d). Furthermore, GST-RIG-1{2CARD) and full-length
RIG-I were strongly ubiquitinated when HA-tagged wild-type ubi-
quitin or a K48R ubiquitin mutant was expressed, whereas their
ubiquitination was significantly reduced upon expression of a
K63R ubiquitin mutant protein (Supplementary Fig. 2). These results
indicate that the second CARD of RIG-1 is the primary site for Lys 63-
linked ubiquitination.

To corroborate the ubiquitination of the 2CARD of RIG-I, six
lysine residues were replaced with arginine (K—R) individually
and in various combinations; these mutants were then tested for their
ubiquitination level. The K172R mutation (alone or together with
other mutations) caused near-complete loss of ubiquitination of the
2CARD of RIG-I (Fig. le and Supplementary Fig. 3a). In contrast,
other K—R mutations had little or no effect on ubiquitination of the
RIG-1 2CARD (Fig. 1e). As previously shown'?, wild-type GST-RIG-
[(2CARD) potently induced IFN-f§ and NF-xB promoter activity
(Fig. 1f and Supplementary Fig. 3b). GST-RIG-I(2CARD) mutants
containing the K172R mutation alone or together with other muta-
tions showed markedly reduced IFN-f and NF-kB promoter activa-
tion, consistent with their lack of ubiquitination; in contrast, other
GST-RIG-I(2CARD) mutants induced IFN-p and NF-xB promoter
activity as strongly as wild-type GST-RIG-I(2CARD) (Fig. 1f and
Supplementary Fig. 3b). These results suggest that Lys 172 is the
essential site for RIG-I1 2CARD ubiquitination and signalling activity
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Figure 1| The 2CARD of RIG-1 undergoes robust ubiquitination. a, Silver-
stained purified GST fusion complexes. Arrows, unique bands; asterisks,
GST fusions. b, ¢, HEK293T cells transfected with Flag-RIG-I (b, and ¢, top-
left) or Flag—RIG-I(A2CARD) (b) together with HA-ubiquitin were used for
immunoprecipitation (IP) and immunoblotting (IB). WCL, whole cell
lysate. ¢, Bottom-left panel: HEK293T cells transfected with Flag-RIG-I and
HA-ubiquitin were mock-infected or infected with Sendai virus (SeV).
Right: HEK293T cells transfected with HA—ubiquitin were treated (or not)
with IFN-f and/or infected, as indicated, with Sendai virus before

immunoprecipitation with anti-RIG-I antibody. d, The red lysine residues
indicate the sites of ubiquitination. Bottom-left panel: Coomassie-blue-
stained Flag-RIG-I(2CARD) complex. NS, nonspecific protein. Bottom-
right panel: Lys 29/48/63-linked ubiquitination of RIG-I(2CARD)”. e, GST
pull down (PD) of HEK293T cells transfected with GST-RIG-1{2CARD) or
K—R mutants. Arrows indicate the ubiquitinated bands. WT, wild type.
f, IFN-p and NF-xB promoter activity in GST-RIG-I(2CARD) or K—R
mutant transfected cells. The results are expressed as means * s.d. (n = 3).
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Figure 2 | Interaction between RIG-1 and TRIM25. a,b, WCLs of HEK293T
cells transfected with Flag-RIG-I(2CARD) and V5-TRIM25 or V5-TRIM5-
« (a), or with Flag-RIG-I or Flag-RIG-I(2CARD) (b) were used for
immunoprecipitation and immunoblotting, as indicated. ¢, Confocal images
of Hela cells transiently transfected with Flag-RIG-I (green) and
V5-TRIM25 (red). Arrows indicate representative co-localization between

IP: anti-V5
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WCL
IB: anti-Flag

WCL
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———

Flag-RIG-I and V5-TRIM25. Original magnification, X100. d, WCLs of
HEK293T cells transfected with Flag-tagged RIG-1(2CARD) (top) or full-
length Flag-RIG-I (bottom) together with V5-tagged domains of TRIM25
were used for immunoprecipitation with V5 antibody, followed by
immunoblotting with anti-Flag. WCLs were used for immunoblotting with
anti-Flag and anti-V5 antibodies.
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