1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Mol Cell. 2009 October 23; 36(2): 315-325. doi:10.1016/j.molcel.2009.09.037.

Key Role of Ubc5 and Lysine-63 Polyubiquitination in Viral
Activation of IRF3

Wenwen Zengl, Ming Xul, Siqi Liul, Lijun Sunliz’*, and Zhijian J. Chenl:2.*

1 Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX
75390-9148

2 Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, TX
75390-9148

SUMMARY

The mitochondrial antiviral signaling protein (MAVS; also known as IPS-1, VISA and CARDIF) is
essential for innate immune response against RNA viruses. MAVS transduces signals from the
cytosolic RIG-I-like receptors, which bind to viral RNAs, but how MAVS activates downstream
transcription factors such as IRF3 to induce type-I interferons is not well understood. We have
established a cell-free system in which mitochondria derived from virus-infected cells activates IRF3
in the cytosol. Fractionation of the cytosol led to the identification of Ubc5 as a ubiquitin-conjugating
enzyme (E2) required for IRF3 activation. Using an inducible RNAI strategy, we demonstrate that
catalytically active Ubc5 is required for IRF3 activation by viral infection. The activation of IRF3
also requires two ubiquitin-binding domains of NEMO. Furthermore, we show that replacement of
endogenous ubiquitin with its K63R mutant abolishes viral activation of IRF3, demonstrating that
K63 polyubiquitination plays a key role in IRF3 activation.

INTRODUCTION

A hallmark of the antiviral innate immune response is the induction of type-I interferons,
including multiple subtypes of IFNa and a single IFNp (Pichlmair and Reis e Sousa, 2007;
Stetson and Medzhitov, 2006). Produced by a variety of cell types, type-1 IFNs not only locally
suppress viral infection and proliferation, but also facilitate effective adaptive immune
responses to eliminate viral infection. Induction of type-1 IFNs is initiated by detection of viral
nucleic acids through receptors belonging to the pattern-recognition receptor family (PRRs).
Viral RNAs in endosomal lumen are recognized by a subfamily of Toll-like receptors (TLRs),
whereas cytosolic viral RNAs are sensed by RIG-I-like receptors (RLRs), including RIG-I,
MDAS5 and LGP2 (Yoneyama and Fujita, 2008; Yoneyama et al., 2004). The RLRs contain
RNA helicase domains that bind to viral double-stranded RNA. In addition, RIG-1 and LGP2
contain a C-terminal regulatory domain that binds to RNA bearing 5'-triphosphate (Cui et al.,
2008; Hornung et al., 2006; Pichlmair et al., 2006). RIG-1 and MDAD5, but not LGP2, contain
N-terminal tandem CARD domains which are important for triggering type-1 IFN induction.
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Upon binding to RNA ligands, RIG-I and MDADS activate mitochondrial antiviral signaling
protein (MAVS; also known as IPS-1, VISA and CARDIF), probably through homotypic
interaction between CARD domains of RIG-I and MAVS (Kawai et al., 2005; Meylan et al.,
2005; Seth etal., 2005; Xu et al., 2005). MAVS then further activates downstream transcription
factors such as NF-kB and IRF3, which converge on the induction of interferons (McWhirter
et al., 2005; Seth et al., 2006).

MAVS activates NF-kB through the IKK complex, which consists of the catalytic subunits
IKKa and IKK and the regulatory subunit NEMO (also known as IKKy). The activation of
IRF3 by MAVS requires the IKK-like kinase TBK1, and IKKe in some cells (Fitzgerald et al.,
2003; McWhirter et al., 2005; Sharma et al., 2003). Several proteins including STING (also
known as MITA or MPY'S), NEMO, TANK, SINTBAD and NAP1, have been found to
associate with TBK1 (Guo and Cheng, 2007; Ishikawa and Barber, 2008; Jin et al., 2008;
Ryzhakov and Randow, 2007; Sasai et al., 2006; Zhao et al., 2007; Zhong et al., 2008).
Phosphorylation of IRF3 leads to its dimerization and nuclear translocation, where it functions
together with NF-xB to induce interferons. It has been demonstrated that recombinant TBK1
is sufficient to phosphorylate IRF3 at key serine residues required for its dimerization and
activation (Panne et al., 2007); however, the mechanism by which TBK1 is activated by
upstream signaling cascade following viral infection is poorly understood.

Recent studies have led to the discovery of several ubiquitination and deubiquitination enzymes
that regulate the RIG-I pathway. For instance, TRIM25 is an E3 ubiquitin ligase that catalyzes
K63 polyubiquitination of RIG-1 (Gack etal., 2007). Deficiency of TRAF3, amember of TRAF
ubiquitin ligase family, in mouse embryonic fibroblast (MEF) also results in a decrease of
IFNa production (Hacker et al., 2005; Oganesyan et al., 2006). In addition, the deubiquitination
enzymes CYLD and DUBA have been identified as negative regulators of IRF3 activation
through deubiquitination of RIG-I and TRAF3, respectively (Friedman et al., 2008; Kayagaki
etal., 2007; Zhang et al., 2008). These results suggest an important role of ubiquitination in
the RIG-1 pathway. However, direct evidence that K63 polyubiquitination is required for viral
activation of IRF3 is still lacking. In addition, the biochemical mechanism by which
ubiquitination regulates IRF3 activation remains largely unknown.

To dissect the biochemical mechanism of IRF3 activation by MAVS, we establish a cell-free
system in which mitochondria derived from viral-infected cells activates IRF3 in the cytosol.
Fractionation of the cytosolic extracts led to the identification of Ubc5 as an E2 that plays an
important role in IRF3 activation. Using an inducible RNAi system, we also found that the
catalytic activity of Ubc5 is required for viral activation of IRF3. Furthermore, by employing
a strategy to replace endogenous ubiquitin with a K63R mutant of ubiquitin (Ub-K63R) in a
human cell line, we demonstrated that K63 polyubiquitination is essential for IRF3 activation
by viral infection. In addition, we found that activation of IRF3 requires two ubiquitin-binding
domains of NEMO. Collectively, these results demonstrate the key role of Ubc5 and K63
polyubiquitination in viral activation of IRF3.

Establishment of a signal-dependent, cell-free IRF3 activation system

To understand how MAVS on the mitochondria activates IRF3 in the cytosol, we isolated

mitochondria from HEK293T cells infected with Sendai virus, and incubated them with ATP-
supplemented cytosolic extracts from uninfected cells (Fig. 1A). To facilitate detection of IRF3
activation, in vitro translated [3°S]-labeled IRF3 was used as a substrate and its dimerization
was analyzed by native gel electrophoresis. As shown in Figure 1B, addition of the crude

mitochondrial fraction (P5) isolated from viral-infected cells, but not that from uninfected cells,
to the cytosolic extracts (S100) led to the formation of a slower-migrating form of IRF3 on the
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native gel (Fig. 1B, upper panel). The mobility of this form of IRF3 was virtually identical to
that of IRF3 from virus-infected cells (Supplementary Fig. S1A), which has been shown to be
an active IRF3 dimer (Yoneyama et al., 1998). Indeed, the in vitro activated Flag-IRF3 and
Hisg-IRF3 formed a complex that could be co-immunoprecipitated (Fig. S1B). Furthermore,
the IRF3 isolated from an in vitro reaction containing virus-activated mitochondria (P5) eluted
from a gel filtration column (Superdex-200) with an apparent molecular mass of ~300 kDa
(Fig. S1C), which corresponds to a dimer of IRF3 based on analytical ultracentrifugation
analysis (Panne et al., 2007). In contrast, in the absence of the virus-activated mitochondria,
IRF3 eluted from Superdex-200 with an apparent molecular mass of 150 kDa (Fig. S1C), which
corresponds to a monomer of IRF3. When the reaction products were analyzed by denaturing
gel electrophoresis, a slower-migrating form of IRF3 indicative of its phosphorylation was
apparent when viral-activated mitochondria were incubated with S100 (Fig. 1B; lower panel).
The phosphorylated form of IRF3 was detected with an antibody specific for phospho-serine
396 (Supplementary Fig. S1A, bottom panel), a residue known to be important for viral-
activation of IRF3 (Lin et al., 1998). Two other serines at the C-terminus of IRF3, S385 and
S386, have also been shown to be phosphorylated in response to RNA virus infection and this
phosphorylation is important for IRF3 dimerization (Yoneyama et al., 1998). Mutations of
these two serine residues to alanine abolished the dimerization of IRF3 in vitro (Fig. 1C). Taken
together, these results strongly suggest that the virus-activated mitochondria trigger a signaling
cascade in the cell-free system that leads to the C-terminal phosphorylation and subsequent
dimerization of IRF3.

The activation of IRF3 by the mitochondrial fraction (P5) was entirely dependent on RIG-I
and MAVS, because RNA. of either RIG-I1 or MAVS abolished the ability of P5 to induce
IRF3 dimerization in vitro, whereas a control GFP RNAI had no effect (Fig. 1D and 1E).
Overexpression of MAVS is known to activate IRF3 and induce type-I interferons (Seth et al.,
2005). Consistently, the P5 fraction from HEK293T cells overexpressing MAVS potently
activated IRF3 in the cytosol (Supplementary Fig. S1D). TBK1 was also required for IRF3
activation in this in vitro system, because the cytosolic extract (S5) derived from cells treated
with siRNA against TBK1 failed to activate IRF3 in the presence of virus-activated
mitochondria (Fig. 1F). Therefore, this cell-free system faithfully recapitulates IRF3 regulation
invivo in that its activation is dependent on RIG-1, MAVS and TBK1, as well as viral infection.

Purification of Ubc5 as an IRF3 activator

We separated HelLa S100 into three fractions using Q-Sepharose anion exchange
chromatography. Q-A contained proteins unable to bind to the Q column at 0.1M NacCl,
whereas Q-B and Q-C contained proteins eluted from the column with 0.3M and 1.0M NacCl,
respectively (Fig. 2A). Activation of IRF3 by the virus-stimulated mitochondrial fraction
required both Q-A and Q-B, but not Q-C (Fig. 2B). TBK1, the kinase that directly
phosphorylates IRF3, was mainly present in Q-B fraction (data not shown). We further purified
the activity in Q-A through five steps of conventional chromatography as shown in Figure 2C.
Silver staining of the fractions from the last purification step (Superdex-75) revealed two major
bands, the lower band co-purifying with the IRF3 dimerization activity (Fig. 2D). This band
was excised for tandem mass spectrometry, which identified three peptides corresponding to
Ubc5b and Ubc5c (Fig. 2E). Immunoblotting with a Ubc5 antibody confirmed that Ubc5 co-
purified with the IRF3 dimerization activity (Fig. 2D, lower panel).

Ubc5 is required for IRF3 activation

To determine if Ubc5 is indeed important for IRF3 activation in vitro, we substituted Q-A

fraction with recombinant Ubc5c in the IRF3 dimerization assay as described in Figure 2B. As
shown in Figure 3A, Ubc5c supported IRF3 dimerization in the presence of the mitochondrial
fraction (P5) from viral infected cells, but not from mock-treated cells. Cytosolic extracts from
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HEK293T cells depleted of Ubc5 by RNA. failed to support IRF3 activation, but this activity
was restored by adding back recombinant Ubc5c (Fig. 3B), indicating that Ubc5 is the E2
responsible for IRF3 activation in the cytosol. The catalytic activity of Ubc5c is essential,
because a point mutation of the active site cysteine of Ubc5c (C85A) completely abrogated
IRF3 dimerization (Fig. 3C). Among a panel of E2s tested, including Ubc5 (a, b & c), Ubc?7,
Ubcl13/UevlA, Ubc3 and E2-25K, only the Ubcb isoforms could support IRF3 dimerization
(Fig. 3D), although all of these E2s were active, as evidenced by the formation of thioesters
with ubiquitin (Fig. 3E).

Next, we tested the effect of depleting Ubc5 on IRF3 activation by the kinase TBK1 or the
mitochondria from MAVS-overexpressing cells (Supplementary Fig. S2A). The depletion of
Ubc5 prevented IRF3 activation by MAVS, but not TBK1, indicating that Ubc5 functions at
a step in the signaling cascade from MAVS to TBK1. Recent studies have identified STING
as an IRF3-activating protein localized in the membrane of mitochondria or endoplasmic
reticulum (ER) (Ishikawa and Barber, 2008; Zhong et al., 2008). Interestingly, we found that
high-speed membrane pellets (P100) containing ER from STING-overexpressing cells could
induce IRF3 dimerization in crude cell extracts depleted of Ubc5 (Fig. S2B). The reason for
this Ubc5-independent activation of IRF3 is not clear, but it is possible that the overexpressed
STING directly recruits TBK1 to phosphorylate IRF3 (Zhong et al., 2008). We have also found
that the virus-stimulated mitochondria could activate IKK in crude cytosolic extracts, and that
this activation was modestly impaired when Ubc5 was depleted (Fig. S2D). This in vitro system
would be useful for future dissection of the IKK signaling cascade triggered by MAVS.

To determine if Ubc5 and its catalytic activity are required for IRF3 activation by viral
infection, we used tetracycline-inducible short hairpin RNA (shRNA) to deplete endogenous
Ubc5 in the human osteosarcoma cell line U20S and simultaneously replaced it with wild type
Ubc5c or the mutant Ubc5c¢ (C85A), whose expression was also controlled by a tetracycline-
inducible promoter. These cells were treated with tetracycline for seven days until endogenous
Ubc5 was reduced to an undetectable level (Fig. 4A), then infected with Sendai virus for
different lengths of time before cell lysates were harvested to detect endogenous IRF3
dimerization (Fig. 4B). RNAI of Ubc5 caused a significant delay in IRF3 dimerization, and
this delay was rescued by wild type Ubc5c, but not Ubc5¢ (C85A). RNAI of Ubc5 also strongly
inhibited the induction of IFNP by Sendai virus (Fig. 4C). The interferon induction was rescued
by the wild type Ubc5c, but not Ubc5c (C85A). Transient transfection of sSiRNA oligos against
Ubc5b and Ubc5c in HEK293T cells alzso severely impaired Sendai virus-induced expression
of luciferase reporters driven by interferon-stimulated response element (ISRE; Supplementary
Fig. S3A) or by IFNB promoter (Fig. S3B), further supporting the role of Ubc5 in IRF3
activation. The residual IRF3 activation in Ubc5b/c RNAI cells might be due to incomplete
depletion of these Ubc5 isoforms or the presence of Ubc5a, which is resistant to silencing by
the Ubcbb/c shRNA and siRNA oligo sequences. It is also possible that other E2s, such as
Ubc13, may contribute to IRF3 activation by MAVS in vivo, although our biochemical
experiments showed that Ubc13 could not support IRF3 activation by virus-activated
mitochondria in vitro (Fig. 3D). On the other hand, it has been shown that ubiquitination of
RIG-I is important for IRF3 activation by RNA viruses (Gack et al., 2007). Consistent with
this notion, knockdown of Ubcbb/c in U20S cells modestly delayed the activation of MAVS
in the mitochondria (P5) by Sendai virus (Fig. S3C).

Key role of K63 polyubiquitination in IRF3 activation

The requirement of the catalytic activity of Ubc5 in IRF3 activation implies a requirement of
ubiquitination in this process. Previous studies have suggested a role of lysine 63 (K63)-linked
polyubiquitination in IKK activation through a proteasome-independent mechanism (Deng et
al., 2000; Wang et al., 2001). To determine if K63 of ubiquitin is involved in IRF3 activation
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by MAVS, we tested a panel of ubiquitin mutants for their ability to enhance or inhibit IRF3
activation in vitro (Fig. 5A). These mutants include those lacking any lysine (KO), containing
methylated lysines (MeUD), or containing a point mutation at lysine 48 (K48R) or 63 (K63R).
While wild type and K48R ubiquitin slightly enhanced IRF3 dimerization in the cytosolic
extracts that contained endogenous ubiquitin, K63R, KO and MeUb inhibited IRF3
dimerization. In the absence of exogenous ubiquitin (lane 1 in Fig. 5A), IRF3 activation was
observed because of endogenous ubiquitin present in the crude cell extracts as well as in rabbit
reticulocyte lysates used for in vitro translation of IRF3 (Supplementary Fig. S4A). When
affinity purified Flag-IRF3 and partially purified fractions from HelLa S100 were used in the
assays, IRF3 activation was dependent on ubiquitin (Fig. S4B).

Genetic studies of ubiquitin function in vivo have been hampered by the fact that there are four
ubiquitin genes in yeast and mammals, two of which encode linear polyubiquitin (UBB and
UBC) and the other two encode ubiquitin fused to ribosomal subunits (UBA52 and RPS27A)
(Finley et al., 1987). To overcome the technical difficulty of deleting all four ubiquitin genes
and the lethal effect of depleting ubiquitin in cells, we have recently devised a tetracycline-
inducible “knock-down” and “knock-in” strategy to replace endogenous ubiquitin with its
K63R mutant in U20S cells (Xu, M., Skaug, B., Zeng, W., and Chen, Z., manuscript
submitted). In this strategy, we identified two shRNA sequences that are complementary to all
four ubiquitin genes and expressed them under the control of a tetracycline-inducible promoter
in a stable U20S cell line. We also constructed a tetracycline-inducible expression vector
driving the expression of both UBA52 and RPS27, which carry silent mutations rendering them
resistant to RNAI. These vectors, when introduced to the U20S ubiquitin RNAI cells, rescued
the expression of both ubiquitin and ribosomal subunits. By introducing the K63R mutation
to both UBA52 and RPS27, we were able to “knock-in” K63R ubiquitin to replace endogenous
ubiquitin in a tetracycline-dependent manner (Fig. 5B). As shown in Figure 5C, Sendai virus-
induced dimerization of IRF3 was inhibited in the ubiquitin RNAI cells, but this was rescued
when wild-type ubiquitin was expressed from the tetracycline-inducible promoter. Strikingly,
replacement of endogenous ubiquitin with the K63R mutant completely blocked IRF3
dimerization, demonstrating the essential role of K63 polyubiquitination in IRF3 activation.

The ubiquitin-binding domains of NEMO are required for IRF3 activation

Recent studies have shown that the NEMO-deficient cells fail to activate both NF-xB and IRF3
in response to viral infection (Zhao et al., 2007). Consistent with these results, we found that
cytosolic extracts from NEMO™~ MEF cells could not support IRF3 activation in the presence
of virus-activated mitochondria, but this activation was restored by adding back Flag-NEMO
protein (Fig. 6B; compare lanes 1 & 2). This reconstitution system allowed us to test the
domains of NEMO required for IRF3 activation. NEMO contains an N-terminal IKK-binding
domain (KBD), two coiled coil domains (CC1 and CC2), a leucine-zipper (LZ) and a C-
terminal zinc finger (ZF) domain (Fig. 6A). Part of the CC2-LZ region constitutes a ubiquitin-
binding domain called NUB (Ea et al., 2006; Wu et al., 2006). In addition, the C-terminal ZF
domain has been shown to bind ubiquitin and this binding is important for IKK activation
(Cordier et al., 2008).

A series of Flag-tagged NEMO mutants were expressed and purified from HEK293T cells,
and tested for their ability to bind K63 polyUb chains and activate IRF3 (Fig. 6A & B). To
facilitate detection, the K63 polyUb chains were synthesized using HA-Ub, and the K63
linkage was verified using an antibody specific for this linkage (Supplementary Fig. S5). Wild
type NEMO bound K63 polyUb and activated IRF3, and deletion of the N-terminal KBD or
C-terminal ZF did not affect polyUb binding or IRF3 activation (Fig. 6B, lanes 2—4). In contrast,
deletion of both LZ and ZF (ALZ-ZF) abolished polyUb binding by NEMO as well as its ability
to activate IRF3 (lane 5). A point mutation of a conserved tyrosine (Y308S) of NEMO, which
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is known to reduce ubiquitin binding (Ea et al., 2006), did not significantly impair its ability
to activate IRF3 (lane 6), presumably because the residual ubiquitin-binding by the ZF domain
was sufficient to mediate IRF3 activation. Indeed, further deletion of ZF from the Y308S
mutant abrogated IRF3 activation as well as polyUb binding (lane 7). These results indicate
that both LZ and ZF domains of NEMO contribute to its polyUb binding and IRF3 activation
in vitro. Control experiments showed that mutations of the ubiquitin-binding domains of
NEMO (ALZ-ZF and Y308S-AZF) did not impair its ability to associate with TANK and TBK1
(Supplementary Fig. S6A). Similarly, RNAi of Ubc5 did not interfere with the binding of
NEMO with TANK and TBK1 (Fig. S6B), suggesting that sensing of polyUb chains by NEMO
does not affect its association with TANK and TBK1, but is required for TBK1 activation
possibly by affecting the conformation or oligomerization of TBK1.

To determine if ubiquitin-binding of NEMO is required for IRF3 activation in vivo, we
transfected NEMO-deficient MEF cells with the same series of NEMO mutants together with
the ISRE-luciferase reporter plasmid (Fig. 6C). These cells were then infected with a vesicular
stomatitis virus strain [VSV(AM51)-GFP], which is known to strongly induce type-I
interferons (Stojdl et al., 2003). While wild type NEMO restored viral induction of the ISRE-
luciferase reporter, the NEMO mutants lacking both polyUb-binding domains (ALZ-ZF and
Y308S-AZF) failed to rescue ISRE-luciferase induction (Fig. 6C). The mutants with a defect
in only one ubiquitin-binding domain (AZF or Y308S) and that lacking the IKK-binding
domain (AKBD) also showed reduced activation of ISRE. Taken together, these in vitro and
cell-based assays show that the ubiquitin-binding domains of NEMO are required for IRF3
activation.

DISCUSSION

Studies of biochemical mechanisms of signal transduction often require a cell-free system that
faithfully recapitulates cell signaling in vivo. By using purified recombinant TBK1 and IRF3
proteins in phosphorylation reactions in vitro, Panne et al have convincingly demonstrated that
TBK1 is sufficient to phosphorylate IRF3 at specific serine residues, resulting in its
dimerization (Panne et al., 2007). However, since TBK1 expressed in insect cells is already
active, it is necessary to use endogenous TBK1 in a cell-free system in order to understand
how this kinase is activated by upstream signals. Herein we report the development of a cell-
free system in which mitochondria from virus-infected cells can activate IRF3 in the cytosol.
Using this system, we identify Ubc5 as an activator of IRF3 dimerization in a manner that
depends on its ubiquitin-conjugating activity. We also show that the ubiquitin-binding domains
of NEMO are required for IRF3 activation by MAVS in vitro and by viral infection in cells.
Furthermore, by using a new strategy to replace endogenous ubiquitin with its K63R mutant
in a human cell line we have demonstrated the essential role of K63 polyubiquitination in IRF3
activation by virus. These results suggest a broader role of K63 polyubiquitination in cell
signaling pathways, including those of NF-«xB and IRF3.

An important question remaining to be resolved is the identity of the E3 (or E3s) that mediates
IRF3 activation by MAVS. A strong candidate for this E3 is TRAF3, which has been shown
to be important for IFNa induction by TLRs and RLRs (Hacker et al., 2005; Oganesyan et al.,
2006; Saha et al., 2006). Indeed, we found that TRAF3 could catalyze its auto-
polyubiquitination in the presence of Ubc5c in vitro (Supplementary Fig. S7A), and that
polyubiquitinated TRAF3 exhibited enhanced ability to bind to NEMO (Fig. S7B). However,
we found that TRAF3~/~ MEF cells could still produce IFNB and activate IRF3, albeit at a
reduced level (Fig. S8A & B). In addition, cytosolic extracts from TRAF3~/~ MEF cells could
still support IRF3 dimerization (Fig. S8C). It is known that MAVS contains binding sites for
TRAF2 and TRAF6 in addition to TRAF3 (Kawai et al., 2005; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005). However, MEF cells lacking TRAF6 or both TRAF2 and TRAF5 were
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still capable of activating IRF3 dimerization following Sendai virus infection (Fig. S9).
Another candidate E3 is TRIM25, which has been shown to catalyze polyubiquitination of
RIG-I (Gack et al., 2007). Consistent with previous reports, we found that TRIM25-deficient
MEF cells were defective in IFN production in the early phase of Sendai virus infection (Fig.
S10A). However, at the later stage, copious amounts of IFNJ were still produced in
TRIM257/~ MEF cells. The early defect in IFNp induction was likely at a step upstream of
MAVS activation (i.e, RIG-I ubiquitination) because the cytosol (S5) from TRIM25-deficient
cells were still capable of supporting IRF3 activation by virus-activated mitochondrial fraction
(P5; Fig. S10B), whereas P5 from virus-infected cells lacking TRIM25 failed to activate IRF3
in the cytosol (Fig. S10C). These results suggest that there is a yet-to-be identified E3 required
for IRF3 activation by MAVS. It is also possible that this unknown E3 functions redundantly
with TRAF3 to mediate IRF3 activation. Further fractionation of cytosolic extracts may shed
light on the identity of the E3 required for IRF3 activation by MAVS.

Our results show that K63 polyubiquitination is involved in at least two steps of the RIG-I
pathways. The first step, which is upstream of MAVS, involves K63 polyubiquitination of
RIG-1 by TRIM25 (Gack et al., 2007). The second step, which is downstream of MAVS,
involves K63 polyubiquitination by Ubc5 and an unknown E3, and the recognition of the
polyubiquitin chains by NEMO. It is surprising that Ubc5, rather than Ubc13/Uev1A, is
involved in K63 polyubiquitination in the MAVS pathway, because Ubc5 is known to be quite
promiscuous in promoting synthesis of polyubiquitin chains of different linkages, including
K63 and K48. It is possible that the types of polyubiquitin chains synthesized by Ubc5 depend
on specific E3s employed in the pathways. Indeed, it has been shown that the HECT domain
E3 EB6AP functions together with Ubc5 to catalyze the synthesis of homogenous K48-linked
polyubiquitin chains, whereas another HECT domain E3, Nedd4, functions with the same E2
(Ubcb) to produce K63-linked polyubiquitin chains (Kim et al., 2007). It is also possible that
Ubc5 functions with an E3 to produce polyubiquitin chains of different linkages, but only the
K63-linked polyubiquitin chains can lead to activation of IRF3.

The target of polyubiquitination required for IRF3 activation by MAVS remains to be
determined. Several proteins have been reported to undergo polyubiquitination in the TLR or
RLR pathways, and these include TRAF3, TANK, NEMO, and MAVS (Chau et al., 2008;
Gatot et al., 2007; Kayagaki et al., 2007; Paz et al., 2009). We found that MAVS was
polyubiquitinated in response to Sendai virus infection (Supplementary Fig. S11A). However,
a MAVS mutant lacking all lysines was still capable of rescuing viral-activation of IRF3 and
induction of IFNP in Mavs-deficient MEF cells (Fig. S11B-D). Similarly, Paz et. al. (2009)
have reported that ubiquitination of MAVS recruits IKKe to the mitochondria but this event
negatively regulates IFN induction. We have also examined potential ubiquitination of several
other proteins known to function in the RIG-1 pathway, including TRAF3, NEMO, TANK,
TBK1, IKKe and IRF3 (Fig. S12). Among these proteins, only TRAF3 displayed MAVS-
induced polyubiquitination. However, since even the complete absence of TRAF3 does not
abolish IRF3 activation (Fig. S8), it is unlikely that TRAF3 auto-polyubiquitination is solely
responsible for IRF3 activation. We also found that a point mutation of the major ubiquitination
site of NEMO (K285R) did not impair its ability to support IRF3 activation in vitro (data not
shown). However, deletion of both ubiquitin-binding domains (NUB and ZF) of NEMO
blocked IRF3 activation (Fig. 6B & C). Therefore, similar to its role in the IKK pathway,
NEMO functions as a sensor of K63 polyubiquitin chains to mediate the activation of TBK1.
A model of TBK1 activation by K63 polyubiquitination is presented in Supplementary Figure
S13. In this model, we propose that viral infection leads to oligomerization of MAVS. MAVS
then binds to and activates TRAF3 and/or another E3, which function with Ubc5 to catalyze
K63 polyubiquitination of target proteins including TRAF3 itself. The polyubiquitin chains
bind to NEMO, which in turn binds to TANK and TBK1, leading to activation of TBK1. TBK1
then phosphorylates IRF3, causing IRF3 to dimerize and translocate into the nucleus to induce
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type-1 interferons. Validation of this model requires identification of additional molecular
components required for IRF3 activation. The development of a signal-dependent cell-free
system of IRF3 and IKK activation should pave the way for the eventual reconstitution of the
RIG-I - MAVS signaling pathway with defined components and contribute to a detailed
understanding of the signal transduction mechanism in this antiviral pathway.

EXPERIMENTAL PROCEDURES
Materials and Standard Methods

SDS-PAGE, native gel electrophoresis for IRF3 dimerization, and immunoblot analysis were
carried out as previously described (Seth et al., 2005). The antibodies used in this study were
purchased from the following vendors: Cell Signaling: TBK1 and phospho-IkBa (Ser32/36);
Santa Cruz Biotech: ubiquitin, rabbit anti-NEMO, TRAF3, 1kBa and human IRF3; Zymed:
mouse IRF3; Covance: mouse anti-HA; Sigma: rabbit anti-HA and mouse anti-Flag (M2);
Qiagen: mouse anti-Hiss; Upstate Biotech: phospho-IRF3 (Ser-396); BIOMOL.: K63-polyUb;
BD Pharmingen: mouse anti-NEMO. The antibody against human Ubc5 was kindly provided
by Dr. Allan Weissman (NIH). Antibodies against MAVS and RIG-I were generated as
previously described (Seth et al., 2005). Rat anti-HA agarose was purchased from Roche.
Tetracycline (Sigma) was added to culture medium at a final concentration of 1 ug/ml. Sendai
virus (Cantell strain, Charles River Laboratories) was used at a final concentration of 100
hemagglutinating-units/ml. VSV(AM51)-GFP virus was kindly provided by Dr. John Bell
(University of Ottawa) and propagated in Vero cells (Stojdl et al., 2003). All chromatography
columns were from GE Healthcare. Methylated ubiquitin (MeUb) was purchased from Boston
Biochem, and other chemicals were purchased from Sigma unless otherwise specified.

Recombinant Proteins

Hisg-E1, Hisg-TRAF3, Hisg-IRF3 and Hisg-TRAF6 were expressed and purified in Sf9 cells,
and Hisg-Ubc13 and Hisg-Uev1A were expressed and purified in E. coli, as previously
described (Deng et al., 2000). Human E2-25K, Ubc3, Ubc5a, Ubc5b, Ubcbc, Ubcbc (C85A)
and Ubc7 were expressed in E. coli as GST-fusion proteins and purified with glutathione
affinity chromatography. After releasing GST-tag by thrombin cleavage, the proteins were
further purified on SP-Sepharose column (Ubcba, Ubc5b, Ubc5c, Ubc5c-C85A and Ubc7), or
Q-Sepharose column (E2-25K and Ubc3). Ubiquitin and its mutant versions were expressed
in a modified E.coli strain BL21(DE3)-pJY2 to prevent mis-incorporation of lysine residues
(You et al., 1999).

In Vitro Assay for IRF3 Activation

All procedures were carried out at 4°C unless otherwise specified. After homogenization of
culture cells in hypotonic buffer (10 mM Tris-Cl at pH 7.5, 10 mM KCI, 0.5 mM EGTA, 1.5
mM MgCl,, and Roche EDTA-free protease inhibitor cocktail), the homogenates were
centrifuged at 1,000 g for 5 minutes to pellet nuclei and unbroken cells (P1). The supernatant
(S1) was subjected to centrifugation at 5,000 g for 10 minutes to separate crude mitochondrial
pellet from cytosolic supernatant (S5). Mitochondrial pellet was washed once with
Mitochondria Resuspension Buffer (MRB; 20 mM HEPES-KOH at pH 7.4, 10% glycerol, 0.5
mM EGTA, and Roche EDTA-free protease inhibitor cocktail), and re-suspended in MRB
buffer containing 1% CHAPS. After centrifugation at 10,000 g for 15 minutes, the supernatant
was designated as P5 and used in all assays. For preparation of S5 and P5 after viral infection,
the cells were infected with Sendai virus for 16 hours before the fractionation procedure. Most
of the assays were carried out using P5 and S5, but for biochemical fractionation, S5 was further
centrifuged at 100,000 g for 60 minutes to obtain cytosolic extract (S100).
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Wild type 35S-1RF3 or its mutant (S385A/S386A) was synthesized using TNT Coupled
Reticulocyte Lysate Kit (Promega) supplemented with 3S-methionine. For each 10 pl reaction,
4 g of P5, 30 to 40 pug of cytosolic fraction (S5 or $S100) and 0.5 pl of 3°S-IRF3 were mixed
in a buffer containing 20 mM HEPES-KOH (pH 7.0), 2 mM ATP, and 5 mM MgCl,. After
incubation at 30°C for 1 hour, the samples were subjected to native gel electrophoresis, and
dimerization of 3°S-IRF3 was visualized by autoradiography using a Phosphorlmager (GE
Healthcare). To measure ubiquitin-dependent IRF3 activation, Q-B fraction (Fig. 2A) was
fractionated on Superdex-200 column and fractions with apparent molecular mass lager than
40 kDa were pooled for the assay. 3°S-IRF3 was also purified from reticulocyte lysates using
anti-Flag M2 beads (Sigma).

In Vitro Assay for IKK Activation

For each 10-pl reaction, 4 pg of P5, 20 to 40 pg of cytosolic fraction (S5) were mixed in a
buffer containing 20 mM Tris-ClI (pH 7.5), 2 mM ATP, 5 mM MgClI, and 0.1 pM okadaic acid.
After incubation at 30°C for 1 hour, the samples were subjected to SDS-PAGE, and
phosphorylation of |1 B was determined by immunoblot analysis using an antibody against
phospho-1kBa or total IkBa.

Biochemical Fractionation of Cytosolic Extract and Purification of Ubch

HelL a cytosolic extract (S100) was prepared as described above from 50 liter of cells purchased
from National Cell Culture Center. S100 was loaded onto 60 ml Q-Sepharose column
equilibrated with buffer Q-A (20 mM Tris-HCI at pH 7.5, 10% glycerol, and 0.02% CHAPS),
and flow-through was precipitated with 40% to 80% (w/v) of ammonium sulfate. After
centrifugation at 10,000 g for 30 min, the precipitates were re-suspended in buffer SP-A (20
mM HEPES-KOH at pH 7.0, 10% glycerol, and 0.02% CHAPS), and subjected to extensive
dialysis against buffer SP-A. The sample was further fractionated on 1 ml Heparin-Sepharose
column with a linear gradient of NaCl (0 mM to 300 mM) in buffer SP-A, and active fractions
eluted around 150 mM NaCl were pooled. After the salt was reduced by repeated dilution in
buffer SP-A and concentration, the sample was fractionated on 1 ml SP-Sepharose column
with a linear gradient of NaCl (0 to 300 mM) in buffer SP-A. Active fractions eluted around
150 mM NaCl were concentrated, and loaded onto Superdex-75 column. In vitro assay for
IRF3 activation was performed following each step of chromatography. 1% of the gel-filtration
fractions were subjected to SDS-PAGE, and the proteins were visualized by silver staining.
The protein band correlating with IRF3-stimulatory activity was excised for analysis by tandem
mass spectrometry.

Tetracycline-induced Expression of shRNA and Transgenes

The procedures for establishing U20S cells stably incorporating tetracycline-inducible shRNA
and/or transgenes are described in a companion manuscript (Xu, M., Skaug, B., Zeng, W., and
Chen, Z., manuscript submitted). These cells were induced with tetracycline (1 ug/ml) for 3
(ubiquitin knockdown cells), 4 (ubiquitin rescue cells) or 7 days (Ubc5 knockdown and rescue
cells), then infected with Sendai virus for indicated times before the cell lysates were prepared
for native gel electrophoresis as described above.

Ubiquitin-Binding Assays

pcDNA3-Flag-NEMO and its mutants were transiently expressed in HEK293T cells and

purified using the FLAG antibody (M2) beads (Sigma). Synthesis of K63-linked polyubiquitin
chains was carried out at 30°C for 2 hours in 100-ul reaction mixture containing 0.5 pg Hisg-
E1, 2 ng Hisg-Ubcl3/Uev1A, 3 ng Hisg-TRAF6 and 100 ug HA-UDb in the presence of 5 mM
MgCl, and 2 mM ATP. The Flag-NEMO proteins (~ 20 pmol) were incubated with K63-linked
HA-ubiquitin polymers at room temperature for 30 min in a 200-ul mixture containing 20 mM
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HEPES-KOH at pH 7.0, 10% glycerol, 50 mM NaCl, and 0.1% NP-40. After
immunoprecipitation with the anti-Flag beads, polyubiquitin chains on the beads were detected
by immunoblotting with an anti-HA antibody.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Establishment of a virus-dependent, in vitro assay for IRF3 activation

(A) Diagram of the fractionation procedure of cell homogenates. Culture cells infected with
Sendai virus (+SeV) or mock treated (—SeV) were homogenized in hypotonic buffer, followed
by sequential centrifugation to separate crude mitochondria (P5) from cytosolic supernatant
(S5 and S100) as described in Experimental Procedures. (B) Viral activation of IRF3 in
vitro. Mitochondrial fraction (P5) from mock- or Sendai virus-infected HEK293T cells was
incubated with cytosolic extract (S100) from uninfected cells in the presence of ATP together
with 3%S-IRF3. Dimerization and phosphorylation of IRF3 were analyzed by native gel
electrophoresis (upper panel) and SDS-PAGE (lower panel), respectively, followed by
autoradiography. (C) Reactions were carried out as in (B) except that wild type (WT) 3°S-IRF3
or its mutant (S385A/S386A,; denoted as 2A) was used. (D & E) RIG-1 and MAVS are required
for activation of the mitochondrial fraction. HEK293T cells were transfected with sSiRNA
against GFP, RIG-1 (D) or MAVS (E) and then infected with Sendai virus or mock treated.
Mitochondrial fractions (P5) from these cells were incubated with the cytosolic extracts (S5)
from uninfected cells in the presence of ATP and 3°S-1RF3. Dimerization of IRF3 was analyzed
by native gel electrophoresis (upper panels), and the efficiency of RNAi was examined by
immunoblotting (lower panels). (F) TBKL1 in the cytosol is required for IRF3 activation in
vitro. HEK293T cells were transfected with siRNA against GFP or TBK1. Cytosolic extracts
(S5) from these cells were incubated with the mitochondrial fraction from Sendai virus-infected
HEK?293T cells in the presence of ATP. Dimerization of endogenous IRF3 was analyzed by
native gel electrophoresis. The asterisk (*) indicates a non-specific band cross-reacting with
the IRF3 antibody.
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Figure 2. Identification of Ubc5 as an IRF3 activator

(A) Diagram of initial fractionation of HeLa S100 on Q-Sepharose column. After loading the
sample, the column was eluted step-wise with 0.1 M (Q-A,; also contains the flow-through
fraction), 0.3 M (Q-B) and 1.0 M NaCl (Q-C). (B) Reconstitution of IRF3 activation with Q-
Sepharose fractions. In vitro assay for IRF3 activation was carried out as described in Figure
1, except that the cytosolic extracts were replaced with the indicated combinations of Q-A, Q-
B and Q-C. (C) Scheme of biochemical fractionation of Q-A. (D) Identification of Ubc5 as the
active component in Q-A. Aliquots of the fractions from Superdex-75 were tested for their
ability to stimulate IRF3 dimerization in the presence of Q-B and virus-activated P5 (upper
panel), and analyzed by silver staining (middle panel) and immunoblotting with a Ubc5
antibody (lower panel). The asterisk (*) in the silver-stained gel denotes a contaminating
protein (cyclophilin A). (E) Amino acid sequence of Ubcbc. Peptide sequences identified by
mass spectrometry are underlined.
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Figure 3. Specific requirement of Ubc5 in IRF3 activation in vitro

(A) Recombinant Ubc5c activates IRF3. IRF3 dimerization assay was carried out as described
in Figure 2B, except that Q-A was replaced by varying amounts of recombinant Ubc5c protein
(0.1, 0.3 and 1.0 uM). (B) RNAI of Ubc5b and Ubc5c prevents IRF3 activation. HEK293T
cells were transfected with siRNA oligos against both Ubc5b and Ubc5c, then cytosolic extracts
(S5) were prepared for IRF3 dimerization assay. (C) Catalytic activity of Ubc5 is required for
IRF3 activation. IRF3 dimerization assay was carried out in the presence of wild-type (WT)
or Ubchc (C85A) at varying concentrations (0.1, 0.3 and 1.0 uM). 2 g of the recombinant Ubc5c¢
and the C85A mutant was analyzed by Coomassie blue staining (right panel). (D) Ubc5
isoforms, but not other E2s, support IRF3 activation. Varying concentrations (0.1, 0.3 and 1.0
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M) of indicated E2s were tested for their ability to support IRF3 dimerization. (E) Thioester
assays of E2s. The same E2s used for in vitro IRF3 activation assay in (D) were analyzed for
their ability to form thioester with ubiquitin in the absence or presence of E1. The asterisks (*)
denote the positions of E2-ubiquitin thioesters visualized by Coomassie blue staining.
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Figure 4. Viral activation of IRF3 depends on catalysis by Ubcb

(A) RNAI knockdown and expression rescue of Ubc5. U20S cells stably expressing
tetracycline-inducible shRNA against Ubc5b and Ubc5c together with Flag-tagged Ubc5c
(wild-type or C85A) were treated with tetracycline (Tet; 1 ug/ml) for 7 days, then expression
of Ubc5 was examined by immunoblotting with an antibody against all Ubc5 isoforms. (B)
Active Ubc5 is required for IRF3 activation by Sendai virus (SeV). U20S cells were treated
with tetracycline as described in (A), then infected with SeV for the indicated time.
Dimerization of endogenous IRF3 was analyzed by native gel electrophoresis. The asterisk (*)
indicates a non-specific band cross-reacting with the IRF3 antibody. (C) Active Ubc5 is
required for viral induction of IFNB. U20S cells were treated with tetracycline for 6 days and
then infected with Sendai virus for 16 hours. IFNp in the culture medium was measured by
ELISA. The error bars represent variation ranges of duplicate experiments.
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Figure 5. K63-linked polyubiquitination is essential for viral activation of IRF3

(A) K63 of ubiquitin is required for IRF3 activation in vitro. In vitro assay for IRF3 activation
was carried out as described in Figure 1B, except that 100 uM of recombinant ubiquitin and
its lysine mutants were added to the assay mixtures. KO: lysine-less ubiquitin; MeUb:
methylated ubiquitin. 2 pg of ubiquitin and its mutants were analyzed by Coomassie blue
staining (right panel). (B) K63 of ubiquitin is required for IRF3 activation by Sendai virus.
U20S cells stably integrated with tetracycline-inducible shRNA against ubiquitin genes and
an expression cassette for wild-type or the K63R mutant of ubiquitin were growing in the
presence or absence of tetracycline for 3 (ubiquitin knockdown cells) or 4 days (ubiquitin rescue
cells) before cells were infected with Sendai virus for the indicated time. The efficiency of
knocking down endogenous ubiquitin and rescuing with HA-ubiquitin was examined by
immunoblotting (B). Dimerization of endogenous IRF3 was analyzed by native gel
electrophoresis (C). The asterisk (*) indicates a non-specific band cross-reacting with the IRF3
antibody.
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Figure 6. Ubiquitin-binding domains of NEMO are required for IRF3 activation

(A) Diagrams of NEMO domains and its mutants. KBD, IKK-binding domain; CC1 and CC2,
coiled-coil domain 1 and 2; LZ, leucine-zipper motif; ZF, zinc-finger domain; NUB: NEMO-
ubiquitin binding. (B) Ubiquitin-binding of NEMO is required for IRF3 activation in vitro.
Expression vectors for Flag-NEMO and its mutants as shown in (A) were transfected into
HEK?293T cells, then the proteins were purified using anti-Flag (M2) agarose. Equal amounts
of the NEMO proteins (bottom panel) were incubated with cytosolic extracts from NEMO-
deficient MEF cells together with the virus-activated mitochondrial fraction (P5). Dimerization
of 35S-1RF3 was analyzed by native gel electrophoresis followed by autoradiography (upper
panel). Aliquots of NEMO proteins were incubated with K63-linked HA-Ub chains and
immunoprecipitated with anti-Flag agarose beads. Co-immunoprecipitated polyubiquitin
chains were analyzed by immunoblotting (middle panel). (C) Ubiquitin-binding of NEMO is
required for viral activation of IRF3. NEMO™~ MEF cells were transiently transfected with
NEMO and its mutants together with the ISRE- luciferase reporter and a control plasmid (pRL-
CMV). The cells were infected with VSV (AM51)-GFP for 14 hours before cell lysates were
prepared for luciferase assays. The error bars represent variation ranges of duplicate
experiments.
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