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Abstract
The Helicobacter pylori virulence factor CagA targets a variety of host proteins to alter different
cellular responses, including the induction of pro-inflammatory cytokines. We have previously
shown that CagA-facilitated lysine 63-linked ubiquitination of TAK1 is essential for the H. pylori-
induced NF-κB activation and the expression of proinflammatory cytokines. However, the
molecular mechanism for TAK1 ubiquitination and activation in H. pylori-mediated NF-κB
activation remains elusive. Here, we identify lysine 158 of TAK1 as the key residue undergoing
lysine 63-linked ubiquitination in response to H. pylori infection. Mutation of lysine 158 to
arginine prevents the ubiquitination of TAK1 and impairs H. pylori-induced TAK1 and NF-κB
activation. Moreover, we demonstrate that E2 ubiquitin conjugating enzyme Ubc13 is involved in
H. pylori-mediated TAK1 ubiquitination. Suppressing the activity of Ubc13 by a dominant-
negative mutant or siRNA abolishes CagA-facilitated and H. pylori-induced TAK1 and NF-κB
activation. These findings further underscore the importance of lysine 63-linked ubiquitination of
TAK1 in H. pylori-induced NF-κB activation and NF-κB-mediated inflammatory response.
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Introduction
Infection with Helicobacter pylori and the resulting chronic inflammation is a major risk
factor for the development of gastric cancer [Hatakeyama, 2008; Peek and Blaser, 2002]. H.
pylori infection up-regulates the expression of pro-inflammatory cytokines, including IL-8,
IL-6 and TNF-α, which contribute to an environment which promotes increased cell
turnover, mutagenesis, and growth [McGee and Mobley, 2000]. The enhanced expression of
pro-inflammatory cytokines is believed to be associated with the ability of H. pylori to
activate transcription factor NF-κB, which plays a key role in modulating the expression of
various cytokines [Ghosh and Karin, 2002].

Various virulence components of H. pylori, including flagella, lipopolysaccharide (LPS),
vacuolating toxin VacA, and cytotoxin-associated gene pathogenicity island (cagPAI), have
been shown to be able to affect the expression of cytokines [Yamaoka, 2010]. Of all these
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components, the most potent factor is cagPAI, which encodes a type 4 secretion system
(T4SS) and the virulence factor CagA. CagA is injected into gastric epithelial cells via the
T4SS [Peek, 2005]. By interacting with a variety of cellular signaling molecules, CagA
induces a series of cellular events, including actin remodeling and IL-8 production [Peek,
2005]. Translocation of CagA into host cells induces higher levels of IL-8 production by
activating transcription factors such as NF-κB and AP-1 [Backert and Naumann, 2010].
Ectopic expression of CagA is able to stimulate nuclear translocation of NF-κB and
production of IL-8 in gastric epithelial cells [Backert and Naumann, 2010]. Furthermore,
NF-κB activation and inflammation have been shown to be markedly reduced in the gastric
antra of Mongolian gerbils infected with cagA-deficient H. pylori as compared to infection
with wild-type H. pylori, emphasizing the essential role of CagA in NF-κB activation and H.
pylori-mediated inflammation [Lamb and Chen, 2010; Shibata et al., 2006].

Transforming growth factor β–activated kinase 1 (TAK1) is a key regulator of signal
transduction cascades leading to the activation of IκB kinases (IKKs) and NF-κB in
response to various stimuli, including cytokines and bacterial and viral infections [Adhikari
et al., 2007]. TAK1 phosphorylates and activates IKK2, which then phosphorylates IκBα,
leading to its ubiquitination and degradation; subsequently, NF-κB is translocated into the
nucleus and NF-κB target gene expression is activated [Chen and Greene, 2004; Wang et al.,
2001]. Recent studies demonstrate that lysine (K) 63-linked ubiquitination actively
participates in the activation of TAK1 and IKKs, and that many upstream signaling
molecules are subject to K63-linked ubiquitination [Wang et al., 2001]. For example, IL-1β
receptor-associated kinase 1 (IRAK1) is K63-linked ubiquitinated upon IL-1β stimulation,
and the ubiquitination is important for IKK activation in the IL-1β signaling pathway [Conze
et al., 2008; Windheim et al., 2008]. Ubiquitination of TAK1 by TNF-α receptor associated
factor (TRAF) 6 is essential for TAK1 auto-phosphorylation and activation (Fan et al, 2010;
Yamazaki et al, 2009; Sorrentino et al, 2008). Several lysines within TAK1, including K34,
K158 and K209, have been identified to be K63-linked ubiquitinated, and ubiquitination of
these different lysines appears to determine stimulus-specific and context-dependent TAK1
activation [Fan et al., 2010; Sorrentino et al., 2008; Yamazaki et al., 2009]. Ubiquitination of
K34 of TAK1 has been reported to induce TGF-β-mediated p38 and JNK activation
[Sorrentino et al., 2008]. Ubiquitination of TAK1 at a different lysine, K158, is required for
TNF-α or IL-1β-induced TAK1 activation and IKK/NF-κB activation [Fan et al., 2010]. We
have also reported that TRAF6-mediated ubiquitination of TAK1 is essential for H. pylori-
induced NF-κB activation and the induction of pro-inflammatory cytokines [Lamb et al.,
2009]. H. pylori infection stimulates virulence factor CagA-dependent K63-linked
ubiquitination and activation of TAK1. CagA facilitates TAK1 ubiquitination and
potentiates TAK1-mediated NF-κB activation in H. pylori-infected gastric epithelial cells
[Lamb et al., 2009]. Nevertheless, the detailed molecular mechanism by which CagA
enhances the ubiquitination and activation of TAK1 remains unclear.

Ubiquitination is an ATP-dependent, three-step enzymatic cascade involving an ubiquitin-
activating enzyme (E1), an ubiquitin-conjugating enzyme (E2) and an ubiquitin-protein
ligase (E3) [Adhikari et al., 2007]. TRAF family proteins, including TRAF2 and TRAF6,
are known to be E3 ligases for K63-linked ubiquitination [Chen, 2012]. Biochemical studies
also reveal that the heterodimeric Ubc13 and Uev1A are E2 conjugating enzymes for
TRAF6-catalyzed polyubiquitination and activation of TAK1 [Wang et al., 2001]. Ubc13/
Uev1A have been shown to be essential for the ubiquitination of TRAF6 in IL-1R/Toll-like
receptor (TLR) signaling [Yamazaki et al., 2009]. In vivo studies also demonstrate that
Ubc13 is a critical component of TRAF-mediated inflammatory responses since ubc13
heterozygous mice were resistant to LPS-induced lethality, and displayed reduced
ubiquitination of TRAF6 [Fukushima et al., 2007]. Our previous studies have demonstrated
that TRAF6 is critical for K63-linked ubiquitination of TAK1 and its subsequent kinase
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activation in response to H. pylori infection. However, the role of Ubc13 in the H. pylori-
induced ubiquitination of TAK1 remains undetermined.

In this study, we further investigated the molecular mechanism by which TAK1 is
ubiquitinated and activated by H. pylori. We identified lysine 158 of TAK1 as the pivotal
residue for H. pylori CagA-facilitated TAK1 ubiquitination and activation. We also
demonstrated that Ubc13 is responsible for H. pylori-induced ubiquitination and activation
of TAK1, which further activates NF-κB and NF-κB-dependent inflammatory gene
expression.

Results
Lysine 158 is critical for H. pylori-induced ubiquitination of TAK1

We have previously shown that H. pylori CagA facilitates K63-linked TAK1 ubiquitination
and that this ubiquitination is essential for H. pylori-induced TAK1 and NF-κB activation
[Lamb et al., 2009]. To further elucidate the role of TAK1 ubiquitination in NF-κB
activation, we sought to identify the lysine residues that undergo K63-linked ubiquitination.
Several lysine residues within TAK1, including lysines 34, 158 and 209, have been reported
to be K63-linked ubiquitinated [Yamazaki et al., 2009]. Therefore, we generated TAK1
mutants with each of these individual lysines mutated to arginine and examined their
ubiquitination with or without CagA. When co-transfected with K63-only ubiquitin, wild-
type TAK1 was moderately ubiquitinated in the absence of CagA and co-expression of
CagA significantly enhanced TAK1 ubiquitination (Figure 1A). In contrast, when lysine 158
was mutated to arginine, ubiquitination of this mutant TAK1 (designated as TAK-K158R)
was barely detectable and co-expression of CagA failed to enhance any TAK1
ubiquitination (Figure 1A). Different from lysine 158, mutation of lysine 34 or 209 to
arginine had no effect on the basal level or CagA-enhanced ubiquitination of TAK1 (data
not shown). These data indicate that lysine 158 is critical for K63-linked TAK1
ubiquitination and that CagA facilitates TAK1 ubiquitination at lysine 158.

Since H. pylori infection induces the ubiquitination of TAK1 [Lamb et al., 2009], we next
explored the importance of lysine 158 in H. pylori-induced TAK1 ubiquitination. When
expression vectors for wild-type TAK1 or TAK1-K158R were transfected into gastric AGS
epithelial cells and H. pylori-induced ubiquitination of TAK1 was examined, we found that
infection with H. pylori stimulated the ubiquitination of wild-type TAK1 (Figure 1B),
consistent with our previous findings [Lamb et al., 2009]. However, mutation of lysine 158
to arginine completely abolished H. pylori-induced TAK1 ubiquitination (Figure 1B),
suggesting that lysine 158 is critically involved in H. pylori-induced TAK1 ubiquitination.

Ubiquitination of TAK1 is important for its ability to activate NF-κB, and CagA facilitates
TAK1-mediated NF-κB activation by enhancing TAK1 ubiquitination [Lamb et al., 2009].
We next determined whether ubiquitination of lysine 158 was indeed responsible for TAK1-
mediated NF-κB activation. We compared the abilities of wild-type TAK1 and TAK1-
K158R to activate NF-κB in a κB-luciferase reporter assay with or without CagA.
Expression of wild-type TAK1 activated the κB-luciferase reporter, and the NF-κB activity
was further enhanced by the co-expression of CagA in a dose-dependent manner (Figure
1C). Conversely, TAK1-K158R displayed a significantly reduced NF-κB activation, and co-
expression of CagA barely enhanced its ability to activate NF-κB (Figure 1C). These data
suggest that ubiquitination of lysine 158 of TAK1 is essential for CagA-facilitated TAK1-
mediated NF-κB activation.
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Lysine 158 is critical for H. pylori CagA-facilitated TAK1 activation
K63-linked ubiquitination of TAK1 has been shown to be important for its kinase activation
in response to various stimuli including H. pylori infection [Fan et al., 2009; Lamb et al.,
2009]. We next assessed whether ubiquitination of lysine 158 was involved in H. pylori-
induced TAK1 activation. Over-expressed TAK1 displayed a basal level of kinase activity
which is demonstrated by its auto-phosphorylation of threonine 187 (Figure 2A). Co-
expression of CagA further enhanced the kinase activity of wild-type TAK1. However, co-
expression of CagA did not enhance the kinase activity of TAK1-K158R, which displayed
almost undetectable basal kinase activity (Figure 2A). The importance of ubiquitination of
K158 in TAK1 kinase activation was further demonstrated by an in vitro kinase assay using
MKK6 as the substrate (Figure 2B). Wild-type TAK1 phosphorylated MKK6, and this
phosphorylation was further enhanced by co-expression of CagA. However, mutation of
lysine 158 to arginine demolished TAK1’s ability to phosphorylate MKK6, and co-
expression of CagA failed to enhance the levels of phosphorylated MKK6 (Figure 2B).
More importantly, when we examined the activation of TAK1 in response to H. pylori
infection, we found that H. pylori infection stimulated the auto-phosphorylation of wild-type
TAK1 but not the TAK1-K158R mutant (Figure 2C), indicating that K158 is critical for H.
pylori infection-induced TAK1 activation. Consistently, when TAK1 activity was examined
by the in vitro kinase assay, we observed that H. pylori infection activated wild-type TAK1
but not the TAK-K158R mutant (Figure 2D). All together, these data suggest that
ubiquitination of lysine 158 is essential for the activation of TAK1 in vivo in response to H.
pylori infection.

Ubc13 mediates the ubiquitination and activation of TAK1
We have previously shown that E3 ligase TRAF6 is involved in H. pylori-induced TAK1
ubiquitination [Lamb et al., 2009]. Recent studies indicate that TRAF6 couples with Ubc13/
Uev1a E2 enzymes to catalyze K63-linked ubiquitination [Wang et al., 2001], so we next
examined whether Ubc13/Uev1a was also involved in the CagA-facilitated ubiquitination of
TAK1. First, we employed small interference RNA (siRNA) to knock down the expression
of Ubc13, Uev1a or UbcH7 and examined the ubiquitination of TAK1. Compared to control
siRNA, depletion of Ubc13 or Uev1a impaired the basal as well as the CagA-enhanced
ubiquitination of TAK1 (Figure 3A). Depletion of UbcH7, an E2 enzyme which is not
involved in TRAF6-mediated ubiquitination [Wang et al., 2001], had no effect on the
ubiquitination of TAK1 (Figure 3A). These data suggest a specific involvement of Ubc13/
Uev1a in the CagA-facilitated ubiquitination of TAK1. To further dissect the role of Ubc13
in the H. pylori-induced TAK1 ubiquitination, we examined the ubiquitination of TAK1 in
AGS cells transfected with control or Ubc13 siRNA. H. pylori infection induced
ubiquitination of TAK1 in cells transfected with control siRNA; however, ubiquitination
was attenuated when expression of Ubc13 was inhibited by siRNA (Figure 3B). These data
reveal that Ubc13 plays an important role in H. pylori-induced ubiquitination of TAK1.

Since ubiquitination of TAK1 is critical for its activation and Ubc13 is involved in H.
pylori-induced TAK1 ubiquitination, we next determined whether Ubc13 is important for H.
pylori-mediated TAK1 activation. We first examined the effect of a catalytically inactive
form of Ubc13 (Ubc13-C87A) on the phosphorylation of TAK1. Ubc13-C87A with cysteine
87 mutated to alanine lacks E2 activity and functions as a dominant negative form to
suppress activity of Ubc13 [Deng et al., 2000]. Ubc13-C87A not only blocked the basal
levels of TAK1 phosphorylation but also inhibited CagA-enhanced TAK1 phosphorylation
(Figure 3C), indicating that Ubc13 is involved in the activation of TAK1. To further
investigate the role of Ubc13 in H. pylori-induced TAK1 activation, we knocked down the
expression of Ubc13 by siRNA in AGS cells and examined the H. pylori-induced TAK1
phosphorylation. H. pylori infection stimulated the phosphorylation of TAK1 in cells
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transfected with control siRNA (Figure 3D). However, depletion of Ubc13 dramatically
reduced TAK1 phosphorylation (Figure 3D). Together, these data demonstrate that Ubc13 is
indeed involved in the ubiquitination and activation of TAK1 in response to H. pylori
infection.

Ubc13 is required for H. pylori-induced NF-κB activation
Since our previous studies demonstrate that TAK1 ubiquitination and activation are essential
for NF-κB activation in response to H. pylori infection [Lamb et al., 2009], we therefore
next evaluated the role of Ubc13 in H. pylori-induced NF-κB activation. We first examined
the effect of Ubc13-C87A on the TAK1-mediated and CagA-enhanced NF-κB activation.
Consistent with its ability to suppress TAK1 activation (Figure 3C), which is essential for
NF-κB activation, Ubc13-C87A inhibited TAK1-mediated and CagA-facilitated NF-κB
activation in the κB-luciferase reporter assay in a dose-dependent fashion (Figure 4A).
Knocking-down the expression of Ubc13 in AGS cells also inhibited the H. pylori-induced
κB-luciferase activity (Figure 4B). To further demonstrate the role of Ubc13 in H. pylori-
induced NF-κB activation, we knocked down the expression of Ubc13 in AGS cells and
examined the expression of NF-κB target genes after H. pylori infection. Compared to
control siRNA, depletion of Ubc13 by siRNA against Ubc13 impaired H. pylori-induced
mRNA expression of two NF-κB target genes, TNF-α and IL-8 (Figure 4C). Collectively,
these data demonstrate that Ubc13-mediated ubiquitination of TAK1 plays an essential role
in H. pylori-induced NF-κB activation and NF-κB-dependent inflammatory target gene
expression.

Dicussion
Virulence factor CagA plays an essential role in the H. pylori-mediated NF-κB activation
and inflammatory response. CagA associates with TAK1 and enhances its TRAF6-mediated
K63-linked ubiquitination [Lamb et al., 2009]. TAK1 ubiquitination is critical for its
activation and the subsequent activation of downstream IKKs and NF-κB [Lamb et al.,
2009]. In this study, we have identified lysine 158 as the key residue for the ubiquitination
and activation of TAK1 in response to H. pylori infection. We also demonstrate that Ubc13
is involved in H. pylori-induced TAK1 ubiquitination and the subsequent NF-κB activation.
The identification of the specific lysine and the E2 enzyme for the K63-linked ubiquitination
of TAK1 underscores the importance of TAK1 ubiquitination in H. pylori-induced NF-κB
activation and NF-κB-dependent expression of pro-inflammatory cytokines.

Several lysine residues within TAK1, including K34, K158 and K209, have been reported to
be K63-linked ubiquitinated in response to various stimuli, and ubiquitination at these
lysines is essential for TAK1 activation [Fan et al., 2009; Sorrentino et al., 2008; Yamazaki
et al., 2009]. Sorrentino et al first reported that K34 was ubiquitinated in response to TGF-β
stimulation and that the ubiquitination of this lysine correlated with the TAK1 activation and
the downstream activation of JNK [Sorrentino et al., 2008]. K209 was shown to be
ubiquitinated by TRAF6 in the IL-1β signaling pathway and was required for IL-1β-induced
TAK1 and NF-κB activation [Yamazaki et al., 2009]. Intriguingly, K158, but not K34 or
K209, was demonstrated by another group to be important for TGF-β, TNF-α or IL-1β-
mediated TAK1 activation [Fan et al., 2011a; Fan et al., 2010; Fan et al., 2009]. Of all these
lysines, K158 of TAK1 appears to play a very important role in the ubiquitination and
activation of TAK1 in response to H. pylori infection. Mutation of K158, but not K34 or
K209, to arginine completely ablated K63-linked ubiquitination of TAK1 and CagA-
enhanced TAK ubiquitination (Figure 1 and data not shown). The kinase activity and
autophosphorylation of TAK1-K158R was also much less than the wild-type TAK1 (Figure
2), suggesting a possible conformation change of TAK1-K158R to completely inactivate its
kinase activity. However, crystal structure of the TAK1 kinase domain, where K158 resides,
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reveals that lysine 158 is on the surface of the protein, arguing against this possibility
[Brown et al., 2005].

While it is clear that ubiquitination of K158 of TAK1 is critical for TAK1 activation, it is
still not clear how the ubiquitination of TAK1 activates the kinase. It is expected that, like
other K63-linked ubiquitinated signaling molecules, the polyubiquitin chain functions as a
scaffold to recruit other signaling molecules which are essential for the activation of TAK1
[Chen, 2012]. For example, MEKK3 has been shown to be recruited to the ubiquitinated
TAK1, and this recruitment is required for the activation of TAK1 [Yamazaki et al., 2009].
TAK1 associated proteins, such as TAB1 and TAB2/3, activate TAK1 and specifically bind
to K63-linked ubiquitin chains through their zinc fingers [Kanayama et al., 2004].
Ubiquitination of TAK1 may also facilitate the formation of TAK1-TAB2/3 complexes, and
the interaction of multiple complexes allows for cross-activation of TAK1, although a recent
study shows that free K63-linked ubiquitin chains, not attached to any other proteins, can
bind the ubiquitin-binding domain of TAB2 and activate the TAK1 complex in vitro [Xia et
al., 2009]. On the other hand, TAK1 ubiquitination may aid in its activity by recruiting
substrates, such as the IKK complex. The ubiquitin-binding domain of the regulatory
subunit NEMO has been shown to be important in the activation of IKK [Adhikari et al.,
2007; Windheim et al., 2008], and it may be that it binds to the ubiquitin chains on TAK1.
Supporting this possibility, Fan et al showed that ubiquitinated TAK1 recruited NEMO and
the IKK complex, leading to the activation of IKKs [Fan et al., 2009]. Lysine 158 resides in
the kinase domain of TAK1, raising another possibility that TAK1 ubiquitination might
simply change the conformation of the kinase, allowing for the exposure of its catalytic
domain. But the exact molecular mechanism for how ubiquitinated TAK1 activates it kinase
activity needs to be further determined.

We have previously shown that E3 ligase TRAF6 is involved in H. pylori-induced TAK1
ubiquitination and activation [Lamb et al., 2009]. TRAF6 functions together with the E2
enzymes Ubc13/Uev1a to catalyze the synthesis of K63-linked ubiquitination [Deng et al.,
2000]. For example, Ubc13 mediates the K63-linked ubiquitination of TAK1 in IL-1β
signaling [Yamazaki et al., 2009]. Ubc13 is also involved in the K63-linked ubiquitination
of ELKS in response to genotoxic stress [Wu et al., 2010]. Consistent with its function as an
E2 enzyme, we found that Ubc13 was involved in H. pylori-induced TAK1 ubiquitination,
since depletion of Ubc13 impaired H. pylori-induced and CagA-facilitated TAK1
ubiquitination (Figure 3). Furthermore, Ubc13 was required for the activation of TAK1,
activation of NF-κB, and NF-κB-dependent target gene expression (Figure 3&4). The
identification of Ubc13 as the E2 enzyme for H. pylori-induced TAK1 ubiquitination and
activation further supports the notion that K63-linked ubiquitination of TAK1 is essential for
the H. pylori-mediated inflammatory response.

Although CagA enhances Ubc13/TRAF6-mediated K63-linked ubiquitination of TAK1
(Figure 4D), how this occurs is still not clear. CagA fails to enhance the interaction between
TRAF6 and TAK1 (data not shown), excluding the possibility that CagA might function as a
bridging factor to facilitate the TAK1-TRAF6 interaction. It is possible that CagA could
target TRAF6 and enhance its E3 ligase activity. Supporting this argument, we also found
that CagA interacts with TRAF6 in vitro and enhances its auto-ubiquitination [Lamb et al.,
2009]. CagA is associated with the membrane when it enters the host cell, and has been
shown to oligomerize [Higashi et al., 2005; Ren et al., 2006]. It is possible that the
membrane-bound and oligomerized CagA recruits TRAF6, enhancing its E3 ligase activity
and thus the ubiquitination of TAK1. Alternatively, CagA might facilitate the formation of
the Ubc13/TRAF6 complex to determine linkage-specific ubiquitination of TAK1. Studies
suggest that linkage specificity may be determined either by an E2 alone or by E2–E3
combinations in vivo [Ye and Rape, 2009]. Another possibility is that CagA may inhibit
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deubiquitination by de-ubiquitinases (DUBs) such as A20 or CYLD [Lamb and Chen,
2013]. These DUBs are capable of removing ubiquitin chains from TRAF6 and TAK1
[Boone et al., 2004; Fan et al., 2011b; Kovalenko et al., 2003; Reiley et al., 2007], thereby
enhancing the overall ubiquitination of TAK1.

TAK1 is activated by a wide range of stimuli, including TGF-β, TNF-α, IL-1β, T cell
receptor (TCR), and TLR signaling, to modulate immune and inflammatory responses, and
K63-linked ubiquitination plays a pivotal role in its activation [Chen, 2012]. It has to be
noted that TAK1 and its ubiquitination can be targeted by a variety of pathogens to either
enhance or suppress the cellular immune response. In this study, we demonstrate that
ubiquitination of TAK1 at K158 is targeted by CagA for H. pylori-induced TAK1 activation
and NF-κB-dependent inflammatory target gene expression. TAK1 ubiquitination and
activation has also been shown to be necessary for NF-κB activation by the Kaposi’s
sarcoma-associated herpesvirus G protein-coupled receptor [Bottero et al., 2011]. Therefore,
understanding the molecular mechanism for H. pylori-induced TAK1 ubiquitination and
activation not only provides new insights into activation of the NF-κB signaling cascade, but
also provides new information for how pathogens might hijack host signaling molecules to
activate or suppress NF-κB activation. Inhibiting the ubiquitination of TAK1 by small
molecules could be a potential therapeutic approach to ameliorate H. pylori-induced
inflammation and the resulting gastric cancer.

Materials and Methods
Cell lines, recombinant proteins, plasmids and antibodies

Human AGS gastric adenocarcinoma cells and human HEK293T cells were purchased from
ATCC and cultured in DMEM supplemented with 10% fetal bovine serum (FBS).
Recombinant proteins of His-MKK6 (K82A) and expression vectors of CagA, TAK1, and
ubiquitin have been previously described [Lamb et al., 2009]. TAK1 mutants were generated
using QuikChange site-directed mutagenesis kit from Stratagene. Flag-Ubc13-C87A was
received as a gift from Dr. Zhijian Chen (UT Southwestern). Antibodies against CagA,
TAK1, Flag, HA, ubiquitin, and His were from Santa Cruz Biotechnology Inc.. Anti-T7
antibody was from Covance and anti-phospho-T187 TAK1 was from Cell Signaling.

H. pylori culture and infection
H. pylori G27 strain was cultured in bisulfite-free Brucella broth on agar media containing
Ham’s F-12 medium supplemented with 10% FBS and 5μg/mL vancomycin at 37°C in the
presence of 10% CO2. H. pylori was added to AGS cells for infection at an MOI
(Multiplicity of Infection) of 50–100.

Transient transfection and luciferase reporter assay
Transient transfection and luciferase reporter assays were performed as previously described
[Lamb et al., 2009]. In each luciferase experiment, cells were also co-transfected with EF1-
Renilla luciferase reporter plasmid which was used as an internal control. Firefly and renilla
luciferase activities were measured with the dual luciferase assay system from Promega.

Immunoprecipitation and immunoblotting analysis
Immunoprecipitation and immunoblotting analysis were performed as previously described
[Chen et al., 2002].
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siRNA knockdown
Ubc13, Uev1a, and UbcH7 siRNA from Ambion (Ubc13 sense:
CCAGAUGAUCCAUUAGCAAtt; Uev1a sense: ACUUACAAGAUGGACAGGGtt;
UbcH7 sense: AUGUGGGAUGAAAAACUUCtt) was transfected into AGS cells using
Lipofectamine 2000 according to the manufacturer’s protocol. 24 hrs post-transfection, cells
were transfected with expression vectors for Flag-TAK1, HA-TAK1, HA-Ub, and/or T7-
CagA as described, and 24 hrs later cells were infected or harvested for further experiments.

Quantitative real-time PCR analysis
AGS cells were transfected with control or Ubc13 siRNA using Lipofectamine 2000
(Invitrogen) 48 hrs before being infected with H. pylori for various time-points. Total RNA
was extracted using RNeasy Mini kit (Qiagen). Complementary DNA was synthesized with
Omniscript RT kit (Qiagen). Quantitative real-time PCR was performed using Qiagen
SYBR green PCR kit by 7300 Real-time PCR system (ABI). PCR primers for human β-
actin, IL-8 and TNF-α were purchased from Qiagen.

In vitro kinase assay
TAK1 immunoprecipitated from transfected HEK293T cells or H. pylori infected AGS cells,
was washed 3 times with IP buffer [Chen et al., 2002] and once with 1X kinase assay buffer
(10mM HEPES pH7.4, 1mM MnCl2, 5mM MgCl2, 12.5mM glycerol-2-phosphate, 50μM
Na3VO4, 2mM NaF, 0.5mM DTT), and incubated with MKK6(K82A) (1μg) in kinase assay
buffer with 70μCi [γ-32P] ATP (3,000 Ci/mmol) for 10 min at 30°C. Samples were
separated by 10% SDS-PAGE and visualized by autoradiography.
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Figure 1. Lysine 158 is required for H. pylori-induced ubiquitination and activation of TAK1
(A) Wild-type (WT) or K158R mutant TAK1 were expressed with K63-only ubiquitin and
CagA in HEK293T cells. Flag immunoprecipitates from the lysates were immunoblotted for
HA-ubiquitin. (B) WT or K158R mutant TAK1 were ectopically expressed in AGS cells,
which were then infected with H. pylori as indicated. Flag immunoprecipitates from the
lysates were immunoblotted for ubiquitin. (C) HEK293T cells were transfected with IL-8-
luciferase reporter and either WT or K158R TAK1 and increasing amounts of CagA
plasmids as indicated. Luciferase activity was measured 30 hrs post-transfection.
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Figure 2. Ubiquitination at lysine 158 of TAK1 is important for its kinase activity
(A) WT or K158R TAK1 were expressed in HEK293T cells with or without CagA. Flag-
TAK1 immunoprecipitates were immunoblotted for phosphorylated TAK1. (B) WT or
K158R TAK1 were expressed in HEK293T cells with or without CagA. Flag-TAK1
immunoprecipitates were subjected to an in vitro kinase assay using His-MKK6(K82A) as a
substrate. Levels of phosphorylated MKK6, TAK1, and MKK6 are shown. (C) AGS cells
expressing WT or K158R TAK1 were infected with H. pylori for indicated times. Flag-
TAK1 immunoprecipitates were immunoblotted for phosphorylated TAK1. (D) AGS cells
expressing WT or K158R TAK1 were infected with H. pylori for indicated times. Flag-
TAK1 immunoprecipitates were subjected to an in vitro kinase assay as in (B).
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Figure 3. Ubc13 is required for TAK1 ubiquitination and activation by H. pylori
(A) siRNA against different E2 enzymes were transfected into HEK293T cells, then TAK1
was overexpressed along with HA-ubiquitin and CagA. Anti-Flag immunoprecipitates were
immunoblotted for HA for ubiquitination of TAK1. (B) AGS cells transfected with control
or Ubc13 siRNA were infected as indicated with H. pylori. Anti-TAK1 immunoprecipitates
were immunoblotted with anti-ubiquitin antibodies for the ubiquitination of TAK1. (C)
TAK1 and CagA were expressed in HEK293T cells with or without Ubc13-C87A. HA-
TAK1 immunoprecipitates were immunoblotted for phosphorylated TAK1. (D) AGS cells
expressing TAK1 and either control or Ubc13 siRNA were infected with H. pylori as
indicated. HA-TAK1 immunoprecipitates were immunoblotted for phosphorylated TAK1.
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Figure 4. Ubc13 is required for H. pylori-induced activation of NF-κB
(A) IL-8-luciferase, Renilla, and TAK1 were expressed in HEK293T cells with and without
CagA along with increasing amounts of Ubc13-C87A. Luciferase activity was measured 30
hrs post-transfection. (B) Ubc13 or control siRNA was transfected into AGS cells, along
with IL-8-luciferase and Renilla. Cells were infected with H. pylori for 6 hrs, then lysates
were assayed for luciferase activity. Statistical analysis was performed using a student’s t-
test for 2 variables. (C) AGS cells were transfected with control or Ubc13 siRNA, then
infected with H. pylori as indicated. mRNA was collected from cells and RT-PCR was
performed to determine NF-κB gene transcription. (D) CagA is injected by H. pylori into
host epithelial cells, where it interacts with TAK1 and TRAF6. This interaction induces the
TRAF6- and Ubc13-dependent ubiquitination of TAK1 at lysine 158. This ubiquitination is
required for the activation of the downstream NF-κB pathway by TAK1.
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