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TANK-binding kinase 1 (TBK1/NAK/T2K) and I-kB Kinase
(IKK-i/IKK-¢) play important roles in the regulation of
interferon (IFN)-inducible genes during the immune re-
sponse to bacterial and viral infections. Cell stimulation
with ssRNA virus, dsDNA virus or gram-negative bacteria
leads to activation of TBK1 or IKK-i, which in turn phos-
phorylates the transcription factors, IFN-regulatory factor
(IRF) 3 and IRF7, promoting their translocation in the
nucleus. To understand the molecular basis of activation of
TBK1, we analyzed the sequence of TBK1 and IKK-i and
identified a ubiquitin-like domain (ULD) adjacent to their
kinase domains. Deletion or mutations of the ULD in TBK1
or IKK-i impaired activation of respective kinases, failed to
induce IRF3 phosphorylation and nuclear localization and
to activate IFN-p or RANTES promoters. The importance of
the ULD of TBK1 in LPS- or poly(I:C)-stimulated IFN-f
production was demonstrated by reconstitution experi-
ments in TBK1-IKK-i-deficient cells. We propose that the
ULD is a regulatory component of the TBK1/IKK-i kinases
involved in the control of the kinase activation, substrate
presentation and downstream signaling pathways.
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Introduction

Toll-like receptors (TLRs) are type I receptor proteins, evolu-
tionarily conserved from Caenorhabditis elegans to mammals
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(Janeway and Medzhitov, 2002; Lemaitre, 2002). The TLR
family consists of at least 11 TLRs (Janeway and Medzhitov,
2002), which are expressed on various cells such as macro-
phages, dendritic cells, B-cells, T-cells and fibroblasts. Among
TLR members, TLR3 and TLR4 recognize bacterial proteins
LPS, envelope proteins of viruses, heat-shock protein 60 as
well as dsRNA and mediate the downstream signal (Akira
et al, 2006). In this signaling pathway, type I interferons
(IFNs) are induced by the activation of transcription factors
such as IFN-regulatory factor (IRF) 3 and IRF7 (Akira et al,
2006; Honda and Taniguchi, 2006). IRF3 and IRF7 are loca-
lized in the cytoplasm as inactive monomers (Hiscott et al,
2001; Taniguchi et al, 2001; Takeda and Akira, 2003; Honda
and Taniguchi, 2006). Once activated by phosphorylation,
IRFs form dimers, translocate into the nucleus and bind to the
IFN-stimulated response element (ISRE) in the promoter
region of its target genes, such as IFN-Bf and RANTES. This
causes the upregulation of their transcriptional activities
(Hiscott et al, 2001; Taniguchi et al, 2001; Takeda and
Akira, 2003; Honda and Taniguchi, 2006). The absence of
either IRF3 or IRF7 in mouse results in marked reduction of
IFN production in response to virus infection, demonstrating
the critical role of IRF3 and IRF7 in the IFN production in vivo
(Sato et al, 2000; Honda et al, 2005).

Two IKK-related serine/threonine kinases, TBK1 and IKK-i,
which directly phosphorylate IRF3 and IRF7, have been
identified so far (Fitzgerald et al, 2003a; Sharma et al, 2003).
TBK1 and IKK-i have a kinase domain in the N terminus and
share 64 % of similarities in amino-acid sequences (Pomerantz
and Baltimore, 1999; Shimada et al, 1999). Although both
kinases mediate similar signaling events downstream of TLR3
or TLR4 via the adaptor molecules TRAM and TRIF and
activate the same substrates, it seems that TBK1 and IKK-i
differ in their regulation of downstream signaling (Fitzgerald
et al, 2003b; Hoebe et al, 2003; Yamamoto et al, 2003a, b). IRF3
activation and IFN-f production by poly(I:C) are decreased in
TBK1-deficient fibroblasts, whereas normal activation was
observed in the IKK-i-deficient fibroblasts (Hemmi et al,
2004). However, in double-deficient fibroblasts, the activation
of IRF3 is completely abolished, suggesting a partially redun-
dant functions of TBK1 and IKK-i (Yamamoto et al, 2003a).
Many studies have been carried out to clarify the mechanisms
of IRF3 activation, such as determination of the critical phos-
phorylation sites for dimer formation and translocation (Qin
et al, 2003; Takahasi et al, 2003). The adaptor protein TRIF is
required for the activation of TBK1 and forms a complex with
TBK1, TRAF6 and IRF3 (Sato et al, 2003). Nonetheless, the
mechanism how TRIF recruits TBK1 in the complex upon
stimulation is unclear.

Ubiquitin-like (UBL) proteins for example, SUMO, NEDDS,
ATG12, ATG8, URMI1, ISG15 and FAT10 share structural
similarities with ubiquitin, are conjugated to substrates and
are involved in regulation of different cellular responses
(Kerscher et al, 2006). In addition, UBL may be found within
a larger context of a protein, which then can represent UBL
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Figure 1 Identification and structural characterization of the ULD in TBK1 (A) An alignment of Fat10, ubiquitin and ULD domains of IKKf, IKKa,
IKK-i and TBK1. Conserved residues are shown on black or gray background. The hydrophobic patch at isoleucine 44 in ubiquitin (arrowhead) is
conserved in ULD domain in TBK1. (dm: Drosophila, hs: Homo sapiens) (B) Primary and secondary structure alignment of mouse TBK1-ULD and
human ubiquitin. Secondary structure elements (arrows for B-strands, boxes for helical regions) for TBK1-ULD represent the consensus of the
chemical shifts analyses with the programs TALOS and CSI. Secondary structure elements as well as atomic coordinates for ubiquitin are taken from
PDB entry 1UBI. (C) Dynamic behavior of TBK1-ULD. The ribbon diagram of the structure of human ubiquitin is colored according to the
broadening and splitting of the TBK1-ULD resonances (red: significant, yellow: intermediate, green: no line broadening).

domains in these proteins (Hartmann-Petersen and Gordon,
2004). UBL domains in some of the type II proteins such as
Parkin or Rad23 have been shown to play a role in recruiting
the binding partners, resulting in the regulation of down-
stream signaling (Schauber et al, 1998; Walters et al, 2004).

In this study, we have identified a UBL domain (ULD)
adjacent to the kinase domain in TBK1 and IKK-i. Unlike the
UBL domain of Parkin, the ULD of TBK1 or IKK-i did not
interact with known ubiquitin-binding domains (UBAs), but
rather with its own kinase domain and its substrate IRF3. We
have shown that an intact ULD in TBK1 is required for the full
function of TBK1 kinase domain and interaction with kinase
substrates. We have also identified the crucial amino acids in
the ULD that control the kinase activity of TBK1 and are
critical for the regulation of IFN-inducible gene transcription.
Our findings shed light on the novel role of the ULD in the
regulation TBK1 functions in vivo.

Results

Identification of ULD in IKK-related kinases
To analyze structural domains in TBK1 that might be
important for its signaling properties, we initially performed
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a bioinformatical analysis of the TBK1 sequence. Profile-
guided sequence analysis revealed that TBK1 (Figure 1A,
lane 6), as well as other IKK-related kinases, such as IKKa
(Figure 1A, lane 2), IKKB (Figure 1A, lane 1,3) and IKK-i
(Figure 1A, lane 4,5) contain an internal domain with
distant similarity to ubiquitin fold proteins. Despite the
high divergence, a statistically significant relationship to
several UBL proteins could be established; the best human
match (P<0.001) was the first UBL domain of the Fatl0
protein (Figure 1A, lane 7). The evolutionary distance
between the IKK proteins and the typical ULD, such as
ubiquitin, Parkin and Rad23, is much larger than the
distances between the typical UBLs. As a consequence, a
larger degree of functional divergence is to be expected; we
thus refer to the homology domain in the IKKs as a ULD.
The ULD in mouse TBK1 consists of 79 amino acids, starts
at amino acid 305 and ends at amino acid 383. The ULD in
mouse IKK-i shares 65% similarity with the ULD in mouse
TBK1. The amino-acid sequences of the hydrophobic
patch of ubiquitin surrounding isoleucine 44 (Figure 1A,
lane 8, arrowhead) are conserved between the ULDs in IKK-
related proteins (Figure 1A, lane 1-6) and Fat10 (Figure 1A,
lane 7).
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ULD of TBK1 adopts ubiquitin-like (p-grasp) fold
To characterize the identified ULD structurally, we have used
heteronuclear high-resolution NMR spectroscopy. The
[**N,'H]-TROSY spectrum (Supplementary Figure S1) of the
isolated mouse TBK1-ULD (amino acids 302-383) shows a
chemical shift dispersion that is indicative of a well-folded
and globular domain. Analysis of the secondary structure
elements based on the '*Co, *CB, *CO and 'Ho chemical
shifts identified one long a-helix and four B-strands that have
the same sequential arrangement (BafP) as the correspond-
ing secondary structure elements in ubiquitin (Figure 1B),
demonstrating that the TBK1-ULD belongs to the UBL protein
superfamily. Furthermore, the chemical shift analysis indi-
cates the presence of an additional B-strand (corresponding to
5 in ubiquitin) and a short helical segment between residues
367 and 369 that corresponds to the 3;p-helix of ubiquitin.
Despite these structural similarities between the ULD
and ubiquitin, differences exist in their dynamic behavior.
Interestingly, the whole fB-sheet and, in particular, the two
B-strands that correspond to strand 1 and B3 in ubiquitin
exhibit broad resonances with several maxima (Supplementary
Figure S1, insert), which is characteristic for conformational
exchange processes. Being plotted on the ubiquitin three-
dimensional structure (Figure 1C), these residues form a well-
defined surface.

The ULD in TBK1 plays a role in the regulation of the
TBK1 kinase activity and downstream signaling

To understand the role of the ULDs in the regulation of
downstream molecules, we generated deletion mutants of
the ULDs in TBK1 (A-ULD) (Figure 2A) and IKK-i (Figure 2B).
TBK1-A-ULD and IKK-i-A-ULD were neither misfolded nor
degraded when expressed in HEK293T cells and was able
to bind to the isolated GST-ULD of TBK1 (Figure 4C and D,
A-ULD). As one of the important roles of TBK1 is to regulate
IFN-inducible genes, the effects of TBK1-wild type (wt) and
TBK1-A-ULD on the regulation of gene transcription were
examined by a reporter gene assay. TBK1-wt induced both
IFN-B  (Figure 2C) and RANTES promoter activities
(Figure 2D). On the other hand, A-ULD did not induce the
gene transcriptions, comparable to the effect of a kinase dead
mutant (KM) of TBK1 (Figure 2C and D). Similar effects on
the gene transcription of IFN-B (Figure 2E) and RANTES
(Figure 2F) were observed with IKK-i-A-ULD mutants. The
hydrophobic patch of ubiquitin is known as the critical
binding surface to UBA domains (Hicke et al, 2005). To test
its functional relevance in the ULD of TBK1, we generated
the corresponding ULD mutant of TBK1 (L352A I353A)
(Figure 2A) and IKK-i (L353A F354A) (Figure 2B). The
TBK1-L352A 1353A mutant neither induced the gene trans-
criptions of IFN-B (Figure 2C) nor RANTES (Figure 2D),
similar to TBK1-A-ULD. Mutation of either L352 or 1353
alone did not affect the activities of IFN-f and RANTES
promoters (data not shown). The introduction of mutations
in the hydrophobic patch of IKK-i at L353 and F354 also
abolished IFN- (Figure 2E) and RANTES (Figure 2F) promoter
activations. To clarify the mechanism by which IFN-inducible
genes are regulated by the ULD, we examined the effects of
TBK1-L352A 1353A on IRF3 nuclear translocation (Figure 2G
and H). IRF3 alone was not observed in the nucleus
(Figure 2G, lower right, cont). Co-expression of TBK1-wt
with IRF3 strongly induced the nuclear translocation of IRF3
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(Figure 2G, upper left, lower right, 1 TBK1-wt). On the
other hand, the translocation of IRF3 was not induced by
A-ULD (Figure 2G, upper right, lower right, 2 TBK1-A-ULD)
and by the L352A I353A mutant (Figure 2G, lower left, lower
right, 3 TBK1 L352A 1353A). The nuclear localization of IRF3
was also determined by immunoblot using nuclear fractions
(Figure 2H). Similar results with immunofluorescence were
obtained (Figure 2H). Next, we examined the dimer forma-
tion of IRF3 by native PAGE in the presence of wt versus
different mutants of TBK1. The dimer formation of IRF3 was
observed upon co-expression of TBK1-wt, but not when IRF3
was co-expressed together with TBK1-A-ULD, L352A I353A
mutant or KM (Figure 2I). The dimerized IRF3 induced by
TBK1-wt was detected by a specific antibody against phos-
pho-Ser 386 IRF3 (Figure 2I), which is known to be important
for the dimer formation of IRF3 (Takahasi et al, 2003). To
examine the involvement of the ULD of TBK1 in the func-
tional regulation of its own kinase activity, kinase activities of
TBK1-wt and mutants were examined in vitro using MBP as
an in vitro substrate (Figure 3A). Phosphorylation of MBP by
TBK1 (Figure 3A) or IKK-i (Figure 3B) was completely
abolished by the ULD deletion. The TBKI1-L352A I1353A
mutant retained only 26% of the kinase activity of wt
TBK1, determined by densitometric analysis (Figure 3A,
L352A I1353A). Moreover, the in vitro-measured autophos-
phorylation of TBK1 (Figure 3A) or IKK-i (Figure 3B) corre-
lated with the results obtained for phosphorylation of an
exogenous substrate. The effects of TBK1-wt and mutants on
the phosphorylation of IRF3 were also determined by
immunoblotting, using the specific antibody recogniz-
ing phospho-Ser 396 of IRF3 (Figure 3C). The effects of
TBK1-wt, A-ULD and L352A I353A on the phosphorylation
of IRF3 (Figure 3C) were similar to the results of kinase assay
(Figure 3A). The introduction of mutations only at L352 or
1353 did not affect the phosphorylation of IRF3 (Figure 3C,
L352A and I353A). TBK1-KM did not phosphorylate IRF3
as expected (Figure 3C, KM). Identical observations on
IRF3-phosphorylation were obtained with IKK-i A-ULD and
IKK-i-L353A F354A mutants (Figure 3D). Effects of TBK1-wt
and mutants on IkBa, which is another known substrate of
TBK1 in vitro, were also examined (Figure 3E). Effects of
TBK1-wt, TBK1-A-ULD and TBK1-KM on IkBa-phosphoryla-
tion were similar to IRF3 phosphorylation (Figure 3E).
Interestingly, TBK1-L352A I353A mutant did not induce
phosphorylation of IkBa (Figure 3E).

The hydrophobic patch of the ULD in TBK1 plays a role
in the interactions of TBK1

As ubiquitin and UBL molecules are involved in the inter- and
intramolecular folding of many proteins (Hoeller et al, 2006),
we examined whether the ULD in TBK1 is engaged in similar
functions. We purified a GST-fusion protein of the ULD of
TBK1 (GST-ULD) and performed pull-down assays, using
sequential deletion mutants of TBK1, as shown in Figure 4A.
A relatively weak binding between GST-ULD and TBK1-wt was
observed by immunoblotting (Figure 4B). GST-ULD weakly
bound the TBK1 1-383, which contains the kinase domain and
the ULD (Figure 4B). On the other hand, a more potent binding
of GST-ULD to its own kinase domain (Figure 4A, 1-301 (wt))
was detected (Figure 4B). Similarly, the inactive kinase domain
of TBK1 (Figure 4A, TBK1 1-301 (KM)) was also able to bind
strongly to GST-ULD (Figure 4B). We confirmed the direct

The EMBO Journal VOL 26 | NO 14| 2007 3453



ULD in TBK1/IKK-i regulates its functions

F lkeda et a/
19 299 305 383 730
TBK1 wt [ Kinase domain [ | ULD [T Coiled-coil [ [ Coiled-coil
A-ULD Kinase domain Coiled-coil Coiled-coil
L352A1353A [] Kinase domain [ | ULD [T Coiled-coil [ [ Coiled-coil
352,353
19 299 350 383 717
IKK-i wt LI Kinase domain [T ULD [ Coiled-coil [ [ Coiled-coil
A-ULD Kinase domain [ Coiled-coil [ | Coiled-coil ]
L353AF354A [] Kinase domain [T Ug [T Coiled-coil [ [ Coiled-coil []
353,354
C IFN-B promoter D RANTES promoter
14 14
12 12
10 10
T 8 s 8
g g
4 4
2 2
0 0
L352A L352A
- KM
TBK1 Cont wt  A-ULD 1353A TBK1 Cont wt A-ULD 1353A
E 25 IFN-B promoter F 18 RANTES promoter
16
20 14
12
g ” T 10
3 10 e s
6
5 4
2
0 0
IKK-i  Cont wt AULD L353A km IKK-i Cont wt A-ULD L353A
F354A F354A
G H | TBK 1
Cytoplasm Nuclear o <
1 TBK1 wt 2TBK1 A-ULD yee = 2 93
- (= (= S = 3 ®©B =
X 2 8 3 8« O 3 < Jdex
[} T MW v 7 o
F o132 4 a2, 3z o4 a9 -
- - -— [l -Fla
| = | o-Fiag - oRF3 |
" [C]
| - | oNUPE2 [ - e w 2
S | o-GAPDH o
—_ 5
My : apiRrs| 2
3 TBK1 L352A I353A S386
Nuclear IRF3
x
a-Myc
[ e[ |3
o
Cont 1 2 3

Figure 2 The ULD plays an important role in the regulation of downstream signaling. (A, B) Deletion-ULD (A-ULD) of TBK1 and IKK-i,
and mutants with mutations at the hydrophobic patch of TBK1-L352A I353A and IKK-i-L353AF354A were generated as described previously.
(C, D) The effects of TBK1-wt, A-ULD, L352A 1353A and KM on promoter activities of IFN-inducible genes were examined. Luciferase construct
driven by IFN-B promoter or RANTES promoter was co-expressed in HEK293T cells with TBK1-wt or mutants. After 48 h of transfection, cells
were harvested for the luciferase assay. The internal control was measured by B-GAL activity. (E, F) The effects of IKK-i wt, A-ULD, L353A
F354A and KM on promoter activities of IFN-inducible genes were examined. (G) Effects of TBK1 mutants on IRF3-nuclear localization were
examined. Cellular localization of IRF3 was examined by immunofluorescence. Myc-IRF3 was co-expressed with GFP-TBK1-wt (upper left),
GFP-TBK1-A-ULD (upper right) or GFP-TBK1-L352AI353A mutant (lower left). Nuclear was stained by DAPI (blue). GFP-TBK1-wt, GFP-TBK1-
A-ULD and GFP-TBK1-L352AI353A mutants were localized in the cytoplasm (green). Nuclear translocation of Myc-IRF3 (red) was only induced
by TBK1-wt (upper left). More than 100 cells in which both of GFP-TBK1 (wt, A-ULD or L352A I353A) and Myc-IRF3 were expressed
were counted and percentage of the cells with nuclear IRF3 was shown (lower right). All of the panels were under the magnification of x 400.
(H) HeLa cells were co-transfected with plasmids encoding Flag-IRF3 and Myc-TBK1. Nuclear and cytoplasmic fractions were prepared and
analyzed by immunoblot. NUP62 and GAPDH were used for fractionation markers of nuclear and cytoplasm, respectively. (I) Dimer formation
of IRF3 was examined by native PAGE. Flag-IRF3 was transfected with Myc-TBK1 wt or mutants into HEK293T cells. Total cell lysates were used
for native PAGE and the membrane transferred was blotted with a-IRF3 or a-pIRF3 S386 antibody. Expressions of Flag-IRF3, Myc-TBK1 and
loading control were determined by SDS-PAGE.
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Figure 3 The ULD is required for the activation of downstream molecules and kinase activity of TBK1. (A) Various Myc-tagged TBK1
constructs were transfected into HEK293T cells and total cell lysates were subjected to immunoprecipitation by o-Myc antibody.
Immunoprecipitated samples were subjected to in vitro kinase assay using MBP as substrate. The phosphorylation of MBP is shown in the
upper panel, phosphorylation of TBK1 is shown in the middle panel and the expression level of TBK1 is shown in the lower panel.
Densitometric analysis was performed using Scion Image software (Scion Corporations) and the numbers of the density are indicated. (B) Myc-
IKK-i constructs were transfected into HEK293T cells and total cell lysates were subjected to immunoprecipitation by a-Myc antibody.
Immunoprecipitated samples were subjected to in vitro kinase assay. (C, D) The effects of TBK1 and IKK-i-wt and mutants on phosphorylation
of IRF3 were examined. Flag-IRF3 was co-expressed with Myc-TBK1 and IKK-i-wt or mutants in HEK293T cells. Total cell lysates were collected
and examined by immunoblotting using a-phospho-IRF3 (Ser396) for the determination of IRF3-phosphorylation. The expression levels of
Flag-IRF3, Myc-TBK1 and Myc-IKK-i were examined and are shown in the lower panels. Loading control was determined by using «-actin
antibody. (E) The effects of TBK1-wt and mutants on phosphorylation of IxBa. Flag-IkBo was co-expressed with Myc-TBK1-wt or mutants in
HEK293T cells. Total cell lysates were examined by immunoblotting using o-phospho-IkBo antibody for the determination of IxBa-
phosphorylation. The expression levels of Flag-IkBao and Myc-TBK1 were examined and are shown in the lower panels. Loading control

was determined by using a-actin antibody.

binding between the isolated TBK1-ULD and the TBK1 kinase
domain by one to one transformation in the yeast two-hybrid
system (data not shown). These results suggest that the major
binding site of ULD is located within the kinase domain of
TBK1. Hence, in full-length TBK1 or the TBK1 1-383 mutant,
which contains both the kinase domain and the ULD, the
binding site for exogenous GST-ULD is blocked. To further
examine whether the hydrophobic patch of TBK1-ULD is
involved in binding to the kinase domain, TBK1-wt, A-ULD
and L352A I353A (Figure 4A) were subjected to GST-
pull-down assays. GST-ULD weakly bound to TBKI1-wt
(Figure 4C, wt). In contrast, it bound more potently to TBK1-
L352A 1353A (Figure 4C, L352A I353A) and A-ULD (Figure 4C,
A-ULD). Similar results were observed for GST-ULD binding to
IKK-i-A-ULD and IKK-i-L353A F354A mutant (Figure 4D). To
characterize more precisely the involvement of the ULD in the
molecular folding, we purified a GST-fusion protein, in which
the hydrophobic patch was mutated (GST-ULD-L352AI353A).

©2007 European Molecular Biology Organization

The binding between ULD and TBK1-wt (Figure 4E), TBKI-
L352A 1353A (Supplementary Figure S2A, L352A I353A) or the
TBK1-A-ULD mutant (Supplementary Figure S2B, A-ULD) was
almost completely abolished by introduction of mutations
of the hydrophobic patch in GST-ULD. These results show
that the ULD binds to the kinase domain of TBKI1 via the
binding surface containing the hydrophobic patch at L352 1353
in the ULD. As no known UBA domain (Bienko et al, 2005;
Hicke et al, 2005; Hurley et al, 2006) was found in TBK1 or
IKK-i, we examined whether TBK1-ULD behaves similarly
to ubiquitin or the UBL from another type II UBL molecules,
in terms of binding to its partner proteins. GST-pull-down
assays using purified ubiquitin (GST-Ub) and the UBL of
Parkin (GST-UBL-Parkin) showed that the ubiquitin-binding
proteins, Sts-1 and -2, bound potently to both ubiquitin and
the Parkin-UBL, but not to TBK1-ULD (Figure 4F). Moreover,
GST-Ub did not interact with any of the TBK1 mutants or wt
(data not shown).
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Figure 4 The ULD binds to kinase domain of TBK1 via hydrophobic patch L352 1353. (A) Deletion mutants of TBK1 were created as described.
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KM) were generated as shown. (B) Myc-tagged TBK1-wt, 1-383, 1-301 (wt) and 1-301 (KM) were introduced into HEK293T cells and total cell
lysates were used for GST-pull-down assay. After incubation of total cell lysates with GST-control or GST-ULD proteins, the binding was
determined by immunoblotting using a-Myc antibody. (C) Myc-tagged TBK1-wt, L352A 1353A and A-ULD were introduced into HEK293T cells
and total cell lysates were used for GST-pull-down assay. (D) Myc-tagged IKK-i-wt, A-ULD and L353F F354A were introduced into HEK293T
cells and total cell lysates were used for GST-pull-down assay. (E) GST-ULD and GST-ULD with L352A 1353 A-mutation (ULD-L352A I353A) were
purified and used to examine the binding to Myc-tagged TBK1-wt. The amount of GST-fusion proteins was determined by Ponceau S staining,
shown in the lower panels (B-E). (F) Sts-1 and -2, which have a UBA domain, do not bind the ULD of TBK1. Flag-Sts-1 and -2 were transfected
into HEK293T cells and cell were harvested for the GST-pull-down assay. Total cell lysates were incubated with GST-fusion proteins of ubiquitin,
TBK1-ULD or Parkin-UBL and immunoblotting using «-Flag antibody was performed. The amount of GST-fusion proteins was checked by

Ponceau S staining as shown in the lower panels.

The ULD in TBK1 interacts with IRF3 transcription factor
Next, we raised the question on how the active form of TBK1
can interact with its substrates. We hypothesized that the
ULD might be involved in a dual binding to the kinase
domain and to exogenous substrates, thus promoting activa-
tion of the former and phosphorylation of the latter.
To address this issue, the direct interaction between TBKI1-
ULD and IRF3, a known substrate of TBK1, was examined
in yeast (Supplementary Figure S3A). Yeast, in which both
TBK1-ULD and IRF3 were introduced, gave a positive signal
on Gal-substrate-containing plate (Supplementary Figure S3A,
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lane 1), whereas yeast in which TBK1-ULD with empty prey
(Supplementary Figure S3A, lane 2) or empty prey with IRF3
(Supplementary Figure S3A, lane 3) was introduced gave
a negative signal. Next, we examined whether the ULD and
the ULD-L352A I353A bind to IRF3 (Figure S5A) or IRF7
(Supplementary Figure S3B) by GST-pull-down assay, using
the proteins expressed in mammalian cells. Both GST-ULD
and GST-ULD-L352A I353A bound to IRF3 (Figure 5A) and
IRF7 (Supplementary Figure S3B), whereas GST-ubiquitin did
not bind to IRF3 or IRF7 (Figure S5A and Supplementary
Figure S3B). The binding site of TBK1-ULD in IRF3 was
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Figure 5 The ULD binds to IRF3. (A) Myc-IRF3 was introduced into HEK293T cells and total cell lysates were used to examine the binding to
GST-ULD, GST-ULD-L352A I353A and GST-Ub. (B) The deletion mutants were generated for the experiments as indicated: IRF3 lacking serine-
rich region (SRR, 1-384), lacking SRR and IAD (1-189) containing IAD domain and SRR (190-427) and containing IAD domain (190-384) were
created. The positive binding between each mutant and GST-ULD is indicated as +, and negative binding is indicated as - on the right panel.
(C) Each of the Myc-tagged IRF3 mutants was introduced into the HEK293T cells and total cell lysates were subjected to GST-pull-down assay.
The binding between GST-ULD and Myc-IRF3 was examined by immunoblotting. (D) Flag-IRF3 with or without Myc-TBK1-wt or KM was
transfected into HEK293T cells. Total cell lysates were incubated with GST-ULD. The precipitates were subjected to immunoblotting using

a-Flag antibody or a-Myc antibody.

mapped by generating deletion mutants of IRF3 as shown
in Figure 5B. The binding between GST-ULD and IRF3 was
lost when IRF association domain (IAD) was deleted
(Figure 5C, IRF3 1-189). IRF3 (190-427), which contains
IAD and SRR, as well as IRF3 (190-384) that contains only
IAD, bound to GST-TBK1-ULD (Figure 5C). The deletion
of SRR in IRF7 did not affect the binding to GST-ULD
(Supplementary Figure S3C, IRF7 1-470). The deletion
mutant of IAD and SRR in IRF7 abolished the binding to
GST-ULD (Supplementary Figure S3C, IRF7 1-270). Moreover,
the binding between GST-ULD and IRF3 was completely
abolished when IRF3 is phosphorylated by TBK1, but not
when co-expressed with the kinase inactive TBK1 (TBK1-KM,
Figure 5D). This result supports the model in which phos-
phorylation of IRF3 might release it from the TBK1 complex,
leading to the nuclear translocation of phosphorylated IRF3
(Figure 2G).

TBK1-A-ULD fails to restore the target gene induction
by LPS and poly(l:C)

To further investigate the functional involvement of TBK1-
ULD in the regulation of signaling by upstream stimuli in vivo,
we examined the role of TBK1-ULD in the IFN-inducible
gene production by LPS and poly(I:C) in TBK1—/—IKK-i—/—
METF cells. We introduced TBK1-wt, A-ULD, L352A I353A and
KM into MEF cells using a retroviral system (Figure 6A). The
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level of the protein expression of exogenous TBK1 was
comparable with the level of endogenous TBK1 in control
MEF cells, as shown by immunoblotting using «-TBK1 anti-
body (Figure 6A, left). The expression level of IRF3 was not
altered by introduction of TBK1-wt or mutants in control and
TBK1—/—IKK-i—/— MEF cells (Figure 6A). We examined the
gene transcription activity using an IFN-B-promoter-driven
luciferase construct in TBK1—/—IKK-i—/— MEF cells
(Figure 6B). TBK1—/—IKK-i—/— MEF cells were transfected
with an IFN-B-promoter-driven luciferase construct and
TBK1-wt or TBK1 mutants were reconstituted by retrovirus
infection. The gene promoter activities of IFN-$ by LPS were
restored by the presence of TBK1-wt (Figure 6B), whereas
TBK1-A-ULD, L352A I353A and KM failed to rescue the
response to LPS (Figure 6B). Similar effects of poly(I:C)
transfection on IFN-B-promoter-driven luciferase activation
were observed in reconstituted TBK1—/—IKK-i—/— MEF cells
(Figure 6C). Poly(I:C)-induced IFN-B production was also
examined by ELISA (Figure 6D). IFN-B production was not
fully restored by TBK1-A-ULD or TBK1-L352A [353A mutant
(Figure 6D). These data strongly suggest that the activation of
TBK1 is regulated by upstream stimuli and that the kinase
domain and the ULD need to interact to be functionally
competent. However, we could not observe any change of
the exogenous-ULD binding to TBK1 in poly(I:C)- or LPS-
stimulated or nonstimulated conditions (data not shown).
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(*P<0.05, **P<0.01).

These data indicate that TBK1-ULD is required for the regula-
tion of TBK1 kinase activity in LPS- and dsRNA-induced TLR
signaling pathways in vivo (Figure 7A and B).

Discussion

In this study, we identified and characterized ubiquitin fold
domains in two IKK-related kinases, TBK1 and IKK-i, and
demonstrated their importance for initiation of downstream
signaling pathways. Analogous ULDs were also found in
other IKK-related kinases, IKKB and IKKa. Our analyses
suggest that the ULDs of the IKK-related kinases are most
closely related to that of Fat10, although they have diverged
quite far from the typical family of ULD. As a consequence,
the interaction partners of the IKK-ULDs appear to be different
from those of ubiquitin and its closer relatives (Figures 4F and
5A). In addition, a recent study demonstrated that the ULD
of IKKe was shown to be important for the IKKe-Drosophila
IAP1 complex formation, which appears to be important for
IKKe-mediated phosphorylation and subsequent degradation
of IAP1 (Kuranaga et al, 2006). This pathway is essential for
the proneural clusters of the wing imaginal disc in which
nonapoptotic caspase activity is required for proper sensory
organ precursor development (Kuranaga et al, 2006). Taken
together, the ULDs of TBK1 and IKK-i may function as
protein—protein interaction domains important for the recruit-
ment and phosphorylation of the binding partners, thereby
regulating dowstream signaling.
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An interesting feature of the ULD in TBKI is its involve-
ment in the regulation of the kinase activity of TBK1. There
are kinases, like Aurora-A and -B and MARK2, which com-
promise C-terminal extensions of the catalytic core, which
wrap around and terminate in a subdomain that binds N
lobe (Panneerselvam et al, 2006). It is suggested that the
C-terminal extensions are involved in regulation of kinase
activity in these kinases (Bayliss et al, 2003; Sessa et al, 2005;
Panneerselvam et al, 2006). In MARK2, there is a UBA
domain, which corresponds to the C-terminal extension and
binds to the catalytic cleft (Panneerselvam et al, 20006).
Although the structural analysis of TBK1 is required for the
conclusion, a similar conformational regulation of kinase
activity in TBK1 is suggested. This is so far the first study,
which demonstrates the positive role of the ULD domain in
the control of the adjacent kinase domain. Moreover, the
important role of ULD of IKKf in the regulation of NF-«B
signaling was shown previously (May et al, 2004). They have
found that the ULD of IKK is required for the dissociation
from p65; however, the precise mechanism how the ULD of
IKKp regulates its function has been obscure. We found that
purified TBK1-ULD binds to other IKK-related serine-threo-
nine kinases, IKKa, IKKB (data not shown) or IKK-i, which
share a high similarity with the kinase domain in TBK1 in
amino-acid sequences. On the other hand, GST-ULD did not
interact with PAK1, which is a serine-threonine kinase un-
related to IKK (data not shown). At present, we have not been
able to map the binding surface on the kinase domain and it
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Figure 7 Active and inactive form of TBK1. (A) Under the nonstimulated condition, the domain interfaces of the ULD and kinase domain of
TBKI1 are not in the close proximity, failing to be fully functional. (B) TBK1 is active when the ULD interacts with the kinase domain. LPS- or
poly(I:C)-induced active form of TBK1 interacts with IAD of IRF3, at least partially, via the ULD and phosphorylates it. Phosphorylated IRF3
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transcription. In the scheme, we draw interactions between single TBK1 and IRF molecules due to the clarity of presentation. It is, however,
likely that these interactions are taking place in larger oligomeric TBK1/IRF complexes in vivo.

is thus still unclear how interactions between the ULD and
the kinase domain may lead to the activation of TBK1. We
also found that autophoshorylations of TBK1 and IKK-i were
abolished by deletion of the ULD. It has been shown that
S$172 in the kinase domain of IKK-i is a critical phosphoryla-
tion site for the kinase activity (Shimada et al, 1999). These
observations further support the important role of the ULD
in making a formation of kinase-active TBK1 and IKK-i. An
alternative scenario may involve a more favorable dimeriza-
tion ability of the closed conformation of TBK1, upon over-
expression or following interactions with upstream adaptor
proteins involved in the TBKI1 activation process, such as
TRIF. However, we did not observe any changes of bindings
of GST-ULD and TBK1 in the LPS- or poly(I:C)-stimulated
conditions. As we observed a strong kinase activity of TBK1
even without any upstream stimuli in vitro, we speculate that
there are negative regulatory mechanisms in the nonstimu-
lated condition, which hold TBK1 in an inactive status by
blocking the interaction between the kinase domain and the
ULD (Figure 7A). Whether the interaction between the ULD
and the kinase domain occurs within a single molecule or in
an oligomer remains unclear.

Interestingly, we found that the TBK1-L352A I353A mutant
did not lose the kinase activity completely, although the
nuclear translocation of IRF3 and IFN-B and RANTES pro-
moter activities were completely abolished. Moreover, we
could detect only a very weak dimer formation of IRF3 by
TBK1-L352A I353A mutant. These data raised one possibility
that TBK1-L352A I353A does not modify the specific phos-
phorylation site of IRF3, which is important for the dimer
formation. Indeed, phosphorylation of IRF3 at S386, which
is a critical phosphorylation site for dimerization, by
TBK1-L352A I353A mutant was barely detectable (Figure 2I).
Interestingly, we found that the phosphorylation of IkBa by
TBK1 was completely abolished by mutations at L3521353
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(Figure 3E). It is well known that an NF-kB-responsive element
exists in the promoter region of IFN- and that p65 is involved
in the regulation of RANTES promoter activation (Honda et al,
2006). These observations suggest that the mutation at L352A
I353A abolishes phosphorylations of the targets in a substrate-
specific manner. It is also suggested that the promoter activa-
tions of IFN-B and RANTES were abolished by the mutation at
L352A I353A due to the incapability of IkBa phosphorylation.
Another possibility is that IRF3 gets an extra modification
required for proper nuclear translocation, such as ubiquityla-
tion, in addition to the phosphorylation by TBK1. Previous
studies revealed that ubiquitylations of Smad2 and Bcl-3 are
required for their nuclear translocations (Lo and Massague,
1999; Massoumi et al, 2006). Moreover, IRF7 is polyubiquity-
lated by TRAF6 coexpression and the ubiquitylation of IRF7
was required for the TRAF6-induced IFN- promoter activation
(Kawai et al, 2005).

An additional function of the ULD is its interaction with the
TBK1 substrates, IRF3 and IRF7. Interestingly, the binding
between the ULD and IRFs was not blocked by mutations in
the hydrophobic patch of the ULD, which is required for the
binding to kinase domain. Therefore, the binding surfaces on
the ULD to kinase domain or to IRFs are different from one
another. This makes sense in the view of a positive regulation
of this signal, because active TBK1, in which the binding
surface of ULD to the kinase domain is occupied, can still
access its substrates via the ULD and mediate their phospho-
rylation. However, the binding of the isolated ULD of TBK1 to
IRFs was weak (Figure SA and Supplementary Figure S3B)
and the ULD binding to IRF3 was abolished when IRF3 was
phosphorylated by TBK1 (Figure 5D), suggesting that in vivo
interactions between TBK1 and IRFs might be more complex.
It is also interesting that the binding region of the ULD in IRF3
is IAD (Figure 5B and C), which is responsible for the dimer
formation of IRF3. These observations suggest a model of
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interactions between TBK1 and IRFs, whereby a transient
interaction between TBK1-ULD and IRF3-IAD is regulated by
phosphorylation of IRFs, leading to their dissociation from
TBK1, subsequent dimerization via IADs and translocation
of phosphorylated IRFs into the nucleus to regulate LPS-
mediated IFN responses.

TBK1/IKK-i kinases are involved in different pathways
mediating immune responses against exogenous agents such
as bacteria and viruses. For example, bacterial polysaccharides
LPS stimulate TLR to activate TBK1/IKK-i and IFN-inducible
genes, whereas poly(I:C) stimulates TBK1 via TLR3 and also
via RIG-I/MDAS pathway independently of TLRs (Andrejeva
et al, 2004; Yoneyama et al, 2004). Using in vivo model of
TBK1-reconstituted MEF cells, we observed similar effects of
both LPS and poly(I:C) on promoter activation and production
of IFN-B. These observations collectively indicate that the
TBK1-ULD functions in the more general aspects of the innate
immune responses. We thus propose that the ULD in TBK1
and IKK-i play important roles in the regulation of their
activities and downstream signaling pathway.

Materials and methods

Reporter gene assay

HEK293T cells or MEF cells were seeded on 48-well plates (2 x 10%)
24 h before the transfection. Cells were transiently transfected with
40ng of luciferase construct and 40ng of B-Gal construct with
various constructs. A total of 0.5pg plasmid was introduced by
FuGene6 (Roche) or FuGeneHD (Roche), following the manufac-
turer’s protocol. After 24 h of transfection, MEF cells were treated
by 10pg/ml LPS or 6pg/ml poly(I:C) for 16h. Poly(I:C) was
denatured at 55°C for 30min, allowed to anneal to room
temperature before use and complexed with cationic lipids,
Lipofectamine 2000 (Invitrogen) for cell stimulations. Luciferase
activity was measured with the luciferase reporter gene assay
system (Roche). The internal control was measured by B-GAL
reporter gene assay (Roche), following the manufacturer’s protocol.

Immunofluorescence

Transfected HeLa cells were grown on poly-L-lysine-coated cover-
slips, washed twice in phosphate-buffered saline (PBS) and fixed
8min with 4% paraformaldehyde in PBS. Cells were then
permeabilized with 0.5% Triton-X-100 for 10min. After washing
with PBS, cells were blocked for 15min in 5% fish gelatin in PBS
containing 0.02% NaNj and incubated 1h with primary antibody
(a-Myc), diluted 1:2000 in blocking solution. Coverslips were
washed with blocking solution three times and incubated 45 min
with Alexa Fluor 546-conjugated secondary antibody (Molecular
Probes), diluted 1:500 in blocking solution. Unbound antibodies
were washed and cells were incubated in 100 ng/ml 4’,6-diamidino-
2 phenylindole HCl (DAPI) for 5min to stain DNA and mounted
in Fluoromount-G mounting solution (Southern Biotechnology
Associates). Fluorescence microscopy was performed on an
LSM510 META confocal microscope.

Immunoblotting and GST-pull-down assay

Immunoblotting and GST-pull-down assay were performed as
described previously (Hoeller et al, 2006). Briefly, GST-ULD
(TBK1 and IKK-i) and GST-Parkin-UBL were generated by amplify-
ing the ULD or the UBL domain with PCR and subcloned into
pGEX-4T1, using EcoRI-Xhol, BamHI-EcoRI and EcoRI-Xhol sites,
respectably. GST-ULD-L352AI353A was generated by site-directed
mutagenesis. GST-constructs were transformed into the bacterial
strain BL21 and protein productions were induced with IPTG at
37°C. GST-proteins were purified with Sepharose 4B (Amersham).

Subcellular fractionation

To obtain nuclear and cytoplasmic fractions, cells were washed and
sampled in 500ul of cold PBS. Pelleted cells (500g) were
resuspended in hypotonic buffer (10mM Tris-HCI (pH 7.4),
10 mM sodium iodide, 5 mM MgCl,, 1 mM PMSF) and homogenized
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with 20 strokes in a tissue grinder. The supernatant (600g) was
designated the cytoplasmic fraction. The pellet, representing the
nuclear fraction, was washed with hypotonic buffer containing
0.1% NP-40 (Calbiochem).

Native PAGE

Native PAGE was performed as described previously (Iwamura et al,
2001) by using 7.5% Acrylamide gel. The gel was pre-run with
25mM Tris and 192mM glycine, pH 8.4 with or without 0.2%
deoxycholate in the cathode and anode chamber, respectively, for
30min at 40 mM. Samples in the native sample buffer (62.5 mM
Tris-HCL (pH 6.8), 15% glycerol) were applied to the gel and
electrophoresed for 50min at 25mM. Immunoblotting was
performed.

Kinase assay

Kinase assay was performed as described previously (tenOever
et al, 2004). Briefly, immunoprecipitated samples were prepared
from total cell lysates of HEK293T cells in which Myc-TBK1 or
Myc-IKK-i constructs were transfected using a-Myc antibody. y->2P
ATP (5pCi), MBP (1pg) and immunoprecipitated samples were
incubated in the kinase buffer (20mM HEPES, 10mM MgCl,,
0.1 mM sodium orthovanadate, 20 mM B-glycerophosphate, 10 mM
p-nitrophenylphosphate, 1 mM DTT and 50 mM NaCl) at 30°C for
30min. The 50% of the precipitated samples were used for the
kinase assay and the rest for the immunoblotting.

Retrovirus infection

Ecotropic retrovirus constructs were generated by amplifying the
TBK1-wt, A-ULD, L352AI353A or KM by PCR and subcloned into
pBabe-vector, using EcoRI-Sall sites. These plasmids were trans-
fected into Phoenix cells and the supernatant was collected. After
centrifuging and filtering the supernatants, they were used as
viruses and were infected into 3T3 cells or MEF cells with polybrane
(4 pg/ml). The medium was changed 6h after infection and cells
were harvested 36-48 h later for the further experiments.

ELISA

IFN-B production was measured by using Mouse-IFN-f3 ELISA Kit
(PBL), following the manufacturer’s protocol. Briefly, MEF cells
were seeded on 48-well plates (2 x 10*) and assay was performed
using the cultured medium after 24h of 6pg/ml poly(l:C)
transfection with Lipofectamine 2000.

Yeast two-hybrid assay

One to one transformation in yeast was performed as described
previously (Bienko et al, 2005). Briefly, sequence corresponding to
TBK1-ULD was subcloned into pYTH9 vector, created fusion
proteins with the Gal4 DNA-binding domain. The vector was
introduced into Y190 yeast strain, as well as the prey plasmid
containing TBK1 (wt, 1-383, 1-301) or IRF3 fused to Gal4 activation
domain. Experiments were performed as described previously
(Bienko et al, 2005).

NMR measurements

Double-labeled samples of mouse TBK1 ULD (amino acids
302-383) were expressed in BL21 bacteria as a GST-fusion protein
in standard minimal medium. The protein was purified with
glutathione affinity chromatography, followed after cleavage with
thrombin by size-exclusion chromatography. The purified protein
contains the amino-acid sequence GSPEF at the N terminus and
LERPHRD at the C terminus due to cloning into the pGEX4T1
vector. Purified samples were concentrated to ~0.2mM. A sample
selectively '°N labeled on Lys was produced by expression in BL21
bacteria, samples selectively 15N labeled on Phe, Tyr, Leu or Ile were
expressed in the auxotrophic strain DL39, following standard
protocols. Selectively labeled samples were concentrated to
0.1 mM. For the sequential assignment, an HNCA, an HNCACB, a
15N-separated 3D-NOESY, a '°N-separated 3D-TOCSY, as well as
homonuclear 2D-TOCSY and 2D-NOESY spectra were measured on
Bruker Avance spectrometers operating at proton frequencies
between 500 and 800MHz. The identification of secondary
structure elements was based on the analysis of the 'H and 3C
chemical shifts with the programs CSI (Wishart and Sykes, 1994)
and TALOS (Cornilescu et al, 1999).
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