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Introduction 

The induction of an appropriate 
immune response upon infection of an 
invading pathogen is controlled by host 
pattern recognition receptors (PRRs)* that 
specifically recognise essential structural 
components of infectious agents termed 
pathogen-associated molecular patterns 
(PAMPs) (1-3). Detection of PAMPs by 
PRRs triggers intracellular signalling 
pathways leading to the expression of 
immune mediators such as cytokines, 
chemokines and type I interferons (IFNs). 
Toll-like receptors (TLRs) represent a now 
well-defined PRR family, since much has 
been discovered recently in terms of the 
PAMPs they interact with, the downstream 
signalling pathways triggered and the 
complex yet specific immune responses 
elicited. 

TLRs are expressed on both immune 
and non-immune cells (1), and are part of 
the interleukin-1 (IL-1) receptor/TLR 
superfamily, a family of proteins defined by 
the presence of a common cytoplasmic 
signalling domain (the Toll-IL-1 receptor 
(TIR) domain) which also includes the IL-1, 
IL-18 and IL-33 receptors (4). The TLRs 
can be divided into two sub-groups based on 
their subcellular location: one comprising 
TLR1, TLR2, TLR4, TLR5 and TLR6 
which signal from the plasma membrane and 
a second containing TLR3, TLR7, TLR8 
and TLR9 which are localised to endosomal 
compartments. TLR2 functions as a 
heterodimer with either TLR1 or TLR6 to 
respond to either bacterial triacyl or diacyl 
lipopeptides, respectively. TLR4 forms 
homodimers in response to 
lipopolysaccharide (LPS) from Gram-
negative bacteria. TLR3 binds viral dsRNA, 
while TLR7 and 8 detect viral ssRNA. 

Finally, TLR9 responds to viral and 
bacterial DNA in endosomes, in a process 
likely to be dependent on the sugar 
backbone of DNA, rather than on the 
presence of unmethylated CpG dinucleotides 
as was previously thought (5).  

Among the transcription factors 
activated by TLR signalling are three classes 
known to be important in the innate immune 
response, namely NF-κB, IFN regulatory 
factors (IRFs) and AP-1 family members. 
Signalling pathways shared with the IL-1 
receptor are used to mediate NF-κB and AP-
1 activation, leading to the induction of 
cytokines and chemokines. A subset of 
TLRs (TLR3, 4, 7, 8 and 9) can also activate 
IRF3 and IRF7, leading to the induction of 
IFNα and IFNβ. 

Similar to most known signalling 
pathways, the role of phosphorylation in 
regulating TLR signalling is well-
established. However, it is now appreciated 
that ubiquitination plays at least as important 
a role in the control and regulation of TLR 
signalling as phosphorylation (6). 
Historically, the primary function of 
ubiquitination identified in these pathways 
was to target proteins for proteasomal 
degradation. It is now clear, however, that 
the role of ubiquitin is far more diverse. 
Monoubiquitination of a target protein, for 
example, can act as a signal either for 
receptor internalization, vesicle sorting, 
DNA repair or gene silencing (7). Further, 
polyubiquitin chains of different topologies 
direct distinct outcomes for target proteins. 
Hence the formation of Lysine-48 (Lys48)-
linked polyubiquitin chains of at least four 
ubiquitins is required to signal a protein for 
degradation via the 26S proteasome, while 
polyubiquitin chains linked through Lys63 do 
not mediate protein degradation but rather 
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direct protein interactions which function in 
DNA repair, signal transduction, 
endocytosis and ribosomal protein synthesis. 
While the role of Lys63-linked 
polyubiquitination in signalling pathways 
leading to NF-κB activation is well 
established, it is also emerging as a 
potentially key event in IRF activation. This 
mini-review focuses on the role of these 
non-degradative Lys63-linked 
polyubiquitination events in regulating 
signal transduction by TLRs to NF-κB. The 
importance of Lys63-linked 
polyubiquitination in the regulation of TLR 
signalling pathways to NF-κB is 
underscored by the fact that de-
ubiquitinating (DUB) enzymes such as 
CYLD and A20 function as key silencers of 
NF-κB activation by these innate immune 
receptors (8). The removal of Lys63-linked 
polyubiquitin chains from TLR signalling 
molecules such as RIP1, TRAF6, TAK1 and 
NEMO by these DUBs is a vital control 
mechanism preventing excessive induction 
of pro-inflammatory responses upon TLR 
stimulation. 
 
Polyubiquitination as an activation signal 
in TLR signalling to NF-κB 

Subsequent to ligand engagement 
and receptor dimerisation, different TLRs 
engage one or a subset of TIR domain-
containing adaptors to initiate signalling to 
NF-κB (9). For example TLR4 recruits four 
TIR adaptors (MyD88, Mal, TRAM and 
TRIF), while TLR3 engages only TRIF, and 
TLR2 heterodimers signal via both Mal and 
MyD88 (9). TLRs largely use the ‘classical’ 
pathway to NF-κB activation involving the  
IκB kinase (IKK) complex, which contains 
the kinases IKKα and IKKβ, associated with 
NF-κB essential modulator (NEMO), a 
scaffold protein (10). Phosphorylation of 
IκBs by the IKK complex targets them for 
Lys48-linked ubiquitination and subsequent 
degradation by the proteasome, which 
releases NF-κB dimers in the cytoplasm to 
translocate into the nucleus and activate 
target genes (10). The IKK complex also 
phosphorylates the NF-κB subunit p65, 

which is necessary for transactivation of 
genes. 
 
Role of TRAF6 E3 ligase activity in NF-κB 
activation by TLRs 

The current understanding of TLR-
mediated NF-κB activation proposes that the 
majority, and potentially all, of TLR signal 
transduction pathways to NF-κB converge at 
TRAF6, at a point upstream of IKK 
activation, irrespective of the TIR adaptor 
used (see Figure 1). Hence, the identification 
of TRAF6 as a RING-domain E3 ubiquitin 
ligase (11, 12) represented a seminal 
discovery in understanding these pathways. 
TRAF6 works in combination with a 
heterodimeric E2 enzyme complex known 
as TRAF6-regulated IKK activator-1 or 
TRIKA1, consisting of the E2 enzyme 
Ubc13 (ubiquitin-conjugating enzyme 13) 
and the Ubc-like protein Uev1a (ubiquitin 
E2 variant 1a) (11). Together TRAF6 and 
TRIKA1 catalyse the synthesis of Lys63-
linked polyubiquitin chains on target 
components of TLR signalling pathways, 
including on TRAF6 itself. This 
polyubiquitination of TRAF6 leads to 
recruitment and activation of a downstream 
trimeric complex comprising TGF-β-
activated kinase 1 (TAK1), TAK1-binding 
protein 1 (TAB1), and TAB2 or TAB3 (12). 
TAB2 and TAB3 contain a novel conserved 
zinc finger domain which recognises Lys63-
linked polyubiquitin chains conjugated to 
TRAF6, thus facilitating recruitment of the 
TAK1/TAB1/TAB2/3 complex to TRAF6 
(13). Mutations of the TAB2 and TAB3 
ubiquitin-binding domains that abolished 
their ability to bind TRAF6 polyubiquitin 
chains showed that this association is 
essential for turning on TAK1 kinase 
activity and, hence, the subsequent TAK1-
mediated phosphorylation and activation of 
IKKβ (13). MAP kinase kinase (MKK) 
family members are also targets of TAK1 
phosphorylation and these in turn 
phosphorylate and activate the JNK (Jun N-
terminal kinase) and p38 MAP kinases 
(12,14).Within the IKK complex, NEMO 
acts as both a target of polyubiquitination 
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(15-18) and, like TAB2/TAB3, as an 
ubiquitin receptor preferentially binding 
Lys63-linked polyubiquitin chains on other 
signalling molecules (19). It would appear 
that both functions of NEMO are integral to 
TLR signalling. TRAF6 mediated 
polyubiquitination of NEMO at Lys285 was 
found to be required for optimal NF-κB 
activation by TLR4 (20). Further, a mutation 
in NEMO that results in a severe form of 
incontinentia pigmenti, a genetic disease that 
primarily manifests as a severe 
inflammation of the skin, was found to 
impede NF-κB activation via TNF, IL-1, 
LPS and PMA due to impaired NEMO 
polyubiquitination by TRAF6 (21). The 
recognition of Lys63-linked polyubiquitin 
chains on IRAK-1 by NEMO is also 
essential for the activation of signalling 
cascades downstream from IL-1R/TLRs (see 
below). Thus, NEMO undergoes 
polyubiquitination at numerous Lys residues 
upon IL-1R/TLR stimulation and is also 
recruited to key signalling complexes 
through the recognition of Lys63-linked 
polyubiquitination. However, the relative 
contribution of the ubiquitin binding 
function and the polyubiquitination of 
NEMO in different TLR signalling cascades 
merits further investigation as it is as yet 
unclear how these ubiquitin interactions 
activate signal transduction.  
 
Role of Ubc13 as an E2 ubiquitin 
conjugating enzyme in the TLR signalling 

Akira and colleagues tested the 
requirement for Ubc13 in TLR signalling in 
vivo by conditional knock-out of Ubc13 in 
mice. Although previously assumed to be 
central for NF-κB activation due to its role 
in TRA6 E3 ligase activity (see above), 
surprisingly in cells lacking Ubc13, NF-κB 
activation by numerous IL-1R/TLR agonists 
in different cell types was normal, while 
only MAP kinase activation was grossly 
impaired (22). IL-1-dependent TRAF6 
polyubiquitination proceeded normally in 
the absence of Ubc13, indicating that 
TRAF6 E3 ligase activity can be coupled to 
E2 enzymes other than Ubc13 to mediate its 

autoubiquitination. NEMO 
 polyubiquitination, however, was severely 
inhibited, and was shown to be required at 
least in part for IL-1-induced MAP kinase 
activation (22). Another study using cells 
from mice heterozygous for the Ubc13 gene 
found that LPS-induced IκBα degradation 
was significantly blocked in both 
macrophages and splenocytes (23). 
Strikingly, in that study the induction of 
TRAF6 polyubiquitination following LPS 
stimulation was prevented in the absence of 
Ubc13. Thus, it may be that the requirement 
for Ubc13 in catalysing TRAF6 
polyubiquitination and mediating 
downstream signal transduction is cell-type 
and signal dependent. 
 
Function of IRAK-2 in TRAF6 
ubiquitination and NF-κB activation  

Although the importance of TRAF6 
ubiquitination in TLR signalling has been 
established, how exactly receptor-adaptor 
oligomerisation enhances or turns on 
TRAF6 E3 ligase activity is still somewhat 
unclear. Originally, IL-1 receptor-associated 
kinase 1 (IRAK-1) was shown to be required 
for certain IL-1R/TLR pathways to NF-κB 
and to interact with TRAF6, and as it could 
also interact with receptor complexes, it was 
placed ‘upstream’ of TRAF6 in signalling to 
NF-κB. IRAK-4 is also recruited to 
activated receptor complexes, and can 
phosphorylate and activate IRAK-1. 
Certainly IRAK-1 and/or IRAK-4 seem to 
be involved to some degree in almost all IL-
1R/TLR signalling pathways (but not 
necessarily in NF-κB activation). Thus when 
TRAF6 was found to function as an E3 
ligase, it was assumed that IRAK-1 must 
somehow turn on this activity. However this 
was never proven, and it has been shown 
that IRAK-1 is dispensable for TLR3, TLR4 
and TLR9 pathways to NF-κB (24-26). 
Further, a study of the Epstein-Barr virus-
encoded oncogene LMP-1, a known viral 
homologue of the TNF receptor superfamily 
members, was able to trigger TRAF6 
polyubiquitination and subsequent IKKβ 
activation in IRAK-1 deficient cells (27).  
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In keeping with this, we have 
recently proposed that IRAK-2, rather than 
IRAK-1, is required for turning on TRAF6 
E3 ligase activity in IL-1R/TLR signalling 
pathways to NF-κB (28). IRAK-2 was 
discovered in 1997 (29), but its particular 
role in TLR signalling has remained unclear 
until recently. In our hands, exogenous 
IRAK-1 could not induce the 
polyubiquitination of TRAF6 while IRAK-2 
could (28), even in IRAK-1-deficient cells 
(unpublished data). Further, point mutation 
of a TRAF6 binding motif within IRAK-2 
gave rise to a non-functional molecule that 
could no longer activate NF-κB and MAP 
kinases and importantly, could no longer 
drive TRAF6 polyubiquitination. The 
importance of IRAK-2 in the activation of 
NF-κB by TLR3, 4 and 8 in human cell lines 
was confirmed by IRAK-2 siRNA, while 
knock-down of IRAK-2 expression also 
inhibited TLR4/LPS-mediated IL-8 
production in primary human cells (28).  

An essential requirement for IRAK-
2 in NF-κB-dependent signalling by TLRs 
has now also been shown in mice. Kawagoe 
et al generated Irak2 -/- mice and showed 
that IRAK-2 was critical for the induction of 
NF-κB-dependent cytokines by a range of 
TLRs tested (30). Mice lacking IRAK-2 
displayed greatly enhanced survival in 
response to either LPS or CpG challenge, 
thus further verifying the potent pro-
inflammatory function of IRAK-2. Further 
in the case of TLR2, although early NF-κB 
and MAP kinase activation was normal in 
cells lacking IRAK-2, sustained or late NF-
κB activation was seriously impaired (30). 
How this fits with a role for IRAK-2 in 
triggering TRAF6 autoubiquitination has yet 
to be ascertained given that this is often an 
early and transient event, at least for IL-1 
signalling (11). However the kinetics of 
TRAF6 polyubiquitination for TLR ligands 
is less clear, and it will be of interest to 
measure this both in normal and IRAK-2-
deficient cells.  

The mechanism whereby IRAK-2 
activates TRAF6 E3 ligase activity also 
remains to be deciphered, but one possibility 

is that IRAK-2 may direct TRAF6 
oligomerisation. The coupling of TRAF6 
oligomerisation to ubiquitination has been 
suggested as a central feature of IKK 
activation following antigen binding to T 
cell receptors (16). Only high molecular 
weight oligomeric forms of both BCL10 and 
MALT1, two essential T cell receptor 
signalling mediators, could activate IKK and 
NF-κB in vitro. MALT1 oligomers, and not 
the monomeric protein, bound TRAF6 
directly, triggering its subsequent 
oligomerisation and simultaneously 
switching on its E3 ligase activity such that 
NEMO polyubiquitination was observed. 
Thus for TLR signalling, IRAK-2 may 
provide a TRAF6 oligomerisation trigger, 
similar to MALT1 in T cells. 
 
Lys63-linked polyubiquitination of IRAK-1 
in the NF-κB activation pathway 

Although IRAK-1 may not have a 
role in stimulating TRAF6 E3 ligase 
activity, it is itself ubiquitinated. Previously, 
it was considered that following its 
phosphorylation and concomitant activation, 
IRAK-1 was rapidly ubiquitinated and 
targeted for proteasomal degradation (31). 
Somewhat surprisingly, it has now emerged 
that IRAK-1 undergoes Lys63-linked 
polyubiquitination and, in fact, this 
modification is critical for signal 
transduction rather than marking a 
degradation event (32-34). The attachment 
of Lys63-linked polyubiquitin chains to 
IRAK-1 has now been demonstrated after 
both IL-1 and LPS stimulation (33,34).  

Both TRAF6 and the Pellino 
proteins have been put forward as candidate 
E3 ligases involved in assembling 
polyubiquitin chains on IRAK-1 (34,35). 
The presence of recombinant GST-TRAF6 
appeared to enhance the polyubiquitination 
of IRAK-1 in combination with all other 
components necessary to catalyse a 
ubiquitination reaction in an in vitro 
reconstitution system (34). However, IL-1 
stimulated polyubiquitination of IRAK-1 
was not impaired in IL-1 stimulated TRAF6 
-/- fibroblasts (33). The presence of a RING-
like domain within the secondary structure 
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of the Pellino proteins initially led to the 
proposal that these proteins may act as E3 
ligases and indeed, over-expression of 
Pellino1 and Pellino2 was found to promote 
non-degradative polyubiquitination of 
IRAK-1 (36). The Pellinos have been shown 
to directly catalyse the elongation of 
polyubiquitin chains in vitro thus solidly 
confirming the role of these proteins as E3 
ubiquitin ligases (32,35). The topology of 
the polyubiquitin chains constructed by the 
Pellino proteins appears, in fact, to be 
governed by the particular E2 ubiquitin 
ligase engaged (32). Thus, when in 
combination with the Ubc13/Uev1a E2 
complex, Pellino1 specifically triggered the 
formation of Lys63-linked polyubiquitin 
chains while when working in conjunction 
with UbcH3 polyubiquitin chains linked via 
Lys48 were preferentially assembled. Both 
IRAK-1 and IRAK-4 can directly 
phosphorylate the Pellinos in vitro leading to 
their enhanced E3 ligase activity (32). 
Interestingly, this also leads to degradative 
(Lys48) ubiquitination of Pellinos, and hence 
not only can Pellinos regulate IRAK-1 by 
catalysing its Lys63-linked ubiquitination, 
but IRAK-1 can also cause Pellino 
degradation (35). The exact role of Pellinos 
in the complex regulation of TLR signalling 
is still being elucidated, with some family 
members likely having a positive role, while 
others may negatively regulate these 
pathways (35,37).  

What then is the role of IRAK-1 
Lys63 polyubiquitination in TLR signalling? 
Windheim et al showed that Lys63 
polyubiquitination of IRAK-1 causes its 
association with NEMO in a ligand-
dependent manner, while unmodified IRAK-
1 failed to interact with NEMO (33), and 
this was recently confirmed by another 
group (34). Further a NEMO point mutant 
unable to interact with Lys63 
polyubiquitinated IRAK-1 failed to restore 
IL-1 stimulated NF-κB activation in 
NEMO-deficient cells (33). Thus 
ubiquitinated IRAK-1 likely has a role in 
recruiting NEMO to a post-receptor 
complex containing TAK1, which would 

contribute to NF-κB activation by bringing 
the IKK complex into proximity to TAK1. 
 
Model for the role of polyubiquitination in 
TLR signalling to NF-κB 

Taken together, the data described 
above leads to the following current model 
for how Lys63-linked ubiquitination 
contributes to activation of the IL-1R/TLR-
NF-κB axis (see Figure 1). After ligand 
stimulation, IRAK-2 induces TRAF6 E3 
ligase activity, leading to the Lys63-linked 
polyubiquitination of TRAF6 itself, and 
other substrates including NEMO. TAK1 is 
then recruited to ubiquitinated TRAF6 via 
TAB2 and TAB3. Concurrently, Pellino 
proteins polyubiquitinate IRAK-1, which 
allows recruitment of the IKK complex (via 
NEMO) to IRAK-1. Upstream of these 
events, IRAK-4 may ‘turn on’ both the 
IRAK-2-TRAF6-TAK1 and the Pellino-
IRAK-1-NEMO pathways. At some early 
time point post stimulation, ubiquitinated 
TRAF6 and ubiquitinated IRAK-1 may act 
in close proximity, or be part of the same 
TRAF6 complex, such that TAK1 recruited 
by TRAF6 can phosphorylate and hence 
activate the IKK complex recruited via 
IRAK-1. For TLR2 at least, it has now been 
proven that both IRAK-1 and IRAK-2 are 
required for maximal and sustained NF-κB 
activation in mice (30). However, in other 
cases the role of IRAK-1 described in this 
model would be stimulus-specific, since at 
least some TLRs such as TLR3 and TLR9 
have been shown to activate NF-κB without 
a requirement for IRAK-1. However the 
IRAK-2-TRAF6-TAK1 axis may be utilised 
by all TLRs. 
 
Future Perspectives 

The importance of the regulation of 
signalling by ubiquitin is reflected in the fact 
that it is so highly conserved in nature. For 
example, activation of Drosophila TAK1 
(dTAK1) and the IKK complex (DmIKK) in 
response to stimulation of the IMD 
signalling pathway by Gram-negative 
bacteria has been shown to be dependent on 
the Drosophila Ubc13 and Uev1A 
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homologues (38). Thus, a signal activation 
function for ubiquitination in innate 
immunity is evolutionarily conserved from 
Drosophila to humans. A further indication 
of the importance of ubiquitin in signalling 
pathways sensing micro-organisms is the 
fact that pathogens target this host process to 
shut down immune responses. For example, 
the Yersinia pestis virulence factor, YopJ, 
acts as a deubiquitinating protease that 
specifically targets TRAF6 and TRAF3 to 
effectively block the activation of NF-κB 
and MAP kinases as well as IFN induction 
by TLRs (39). Further investigation of the 
means whereby pathogens manipulate E3 
ligases such as TRAF6 and TRAF3 will be 
invaluable in uncovering the relevance of, 
and detailed mechanism whereby, Lys63-
linked polyubiquitination leads to activation 
of signalling mechanisms. 

Whereas ubiquitination involving 
TRAF6 is essential in linking receptor 
proximal events to the IKK complex for NF-
κB activation, there is now evidence to 
suggest that polyubiquitination by TRAF3 
may play an equivalent role in IRF 
activation (40,41) and the targeting of this 
activity by Yersinia Pestis to block TLR-
mediated IFN induction further supports 
this. Over-expressed TRAF3 was modified 
by the addition of Lys63-linked polyubiquitin 
chains, and using siRNA targeted to DUBA 
(a de-ubiquitinating enzyme found to 
promote the removal of Lys63-linked 
polyubiquitin chains from TRAF3) 
enhanced the IFN response induced by 
TLR3, TLR4, TLR7 and RIG-I-like 
receptors (42). The downstream targets of 
TRAF3 polyubiquitination have yet to be 
characterised but one may be TANK (43). 

TRAF6 is also used by TLR7, 8 and 
9 to activate IRFs via MyD88 (24,44), thus 
raising the question as to whether its E3 
ligase activity is equally important here. 
Ectopically expressed TRAF6 associated 
with, and stimulated, IRF7 ubiquitination in 
a Ubc13-dependent manner (44). However, 

the relative contribution of TRAF3 and 
TRAF6 to IFN-α induction via TLRs 
remains to be assessed. IRAK-1 has 
similarly been implicated in the stimulation 
of IFN-α release by TLR7, 8 and 9 while 
being dispensible for NF-κB activation in 
this pathway (24). It will be interesting to 
see whether IRAK-1 needs to be 
polyubiquitinated via a Lys63 ubiquitin 
linkage for this function. If so, deciphering 
the role of the Pellinos (or indeed TRAF3 or 
TRAF6) as E3 ligases of IRAK-1 in IRF 
activation will be required. 

Although we have discussed the 
mechanisms whereby Lys63-linked 
polyubiquitination contributes to IL-1R/TLR 
signalling for the family as a whole, and the 
role of TRAF6 and TRAF3 in NF-κB and 
IRF activation respectively, it is almost 
inevitable that receptor-specific differences 
will exist, and some of these differences are 
already apparent. For example, the protein 
kinase RIP1, which is required for TLR3 
and TLR4 signalling to NF-κB but not IRF-
3 activation, undergoes polyubiquitination 
upon TLR3 stimulation (45). RIP1 is only 
used by TLR3 and TLR4 for TRIF-
dependent activation of NF-κB (45,46) so 
this polyubiquitination step is likely not 
required for TLR signalling to NF-κB in any 
other context. As well as receptor-specific 
differences, the observation that NF-κB 
activation was largely normal in certain cell 
types lacking Ubc13 while not in others 
(22,23) indicates that the ubiquitinating 
enzymes used by a given TLR pathway may 
differ between different cell types. These 
issues highlight the need for further 
exploration of the regulation of TLR 
signalling by Lys63-linked 
polyubiquitination and this will no doubt 
reveal further complexities inherent in these 
pathways. 
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Footnotes: 
*The abbreviations used are: PRR, pattern recognition receptor; PAMP, pathogen-associated 
molecular pattern; IFN, interferon; TLR, Toll-like receptor; LPS, lipopolysaccharide; NF-κB, 
nuclear factor-κB; IRF, interferon regulatory factor; IKK, IκB kinase; NEMO, NF-κB essential 
modifier; TRAF, tumour necrosis factor receptor-associated factor; Ubc, ubiquitin conjugating 
enzyme; TAK1, TGF-β-activated kinase 1; TAB, TAK1-binding protein,; MAP kinase, mitogen 
activated protein kinase; RING, really interesting new gene; IRAK, interleukin-1 receptor 
associated kinase. 
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Figure Legends 
Figure 1. Role of Lys63-linked polyubiquitination in IL-1R/TLR signalling to NF-κB. IL-
1R/TLR stimulation leads to receptor dimerisation allowing recruitment of the appropriate 
downstream TIR adaptor via TIR:TIR domain associations. This is followed by activation of 
IRAK-1 and IRAK-2. IRAK-1 activation involves phosphorylation by IRAK-4, but this has yet to 
be confirmed for IRAK-2. IRAK-2 triggers the E3 ligase activity of TRAF6, potentially by 
promoting its oligomerisation, leading to TRAF6 autoubiquitination and the synthesis of Lys63-
linked polyubiquitin chains on target molecules such as NEMO. TAB2 (or TAB3) specifically 
recognises Lys63-linked polyubiquitin chains on TRAF6, thus recruiting TAK1 to the TRAF6 
complex resulting in TAK1 activation. In parallel, Pellino proteins are phosphorylated by IRAK-
1, a process that results in their degradation. However, the Pellinos also mediate Lys63-linked 
polyubiquitination of IRAK-1, facilitating the recruitment of NEMO and therefore the IKK 
complex through the specific recognition of these ubiquitin modifications. Activated TAK1, now 
in close proximity to the IKK complex, phosphorylates and activates this complex. Red arrows 
indicate recruitment via binding to polyubiquitin chains. 
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