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Structural studies of NF-kB signaling
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NF-kBs are a family of transcription factors that control a number of essential cellular functions including
immune responses, cell proliferation and antiapoptosis. NF-kB activities are tightly regulated through upstream
signaling molecules and downstream feedback loops. In this review, structural discoveries in the NF-kB pathway are
presented. With the structure information, the following questions may be addressed: (1) How do NF-kBs activate
their target genes? (2) How do IkBs inhibit NF-kB activities in the steady state? (3) How do upstream signaling
molecules activate the NF-kB pathway? and (4) How do the feedback loops shut down the NF-kB pathway to avoid

constitutive NF-kB activation?
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Introduction

NF-«B family proteins are evolutionarily conserved
master regulators of immune and inflammatory responses
[1, 2]. They play critical roles in a wide array of biologi-
cal processes including innate and adaptive immunity,
embryonic development and oncogenesis. They are ac-
tivated in response to ligation of many receptors includ-
ing T-cell receptors, B-cell receptors, members of the
tumor necrosis factor (TNF) receptor superfamily and
the Toll-like receptor/interleukin-1 receptor (TLR/IL-
IR) superfamily. Mammalian, viral and drosophila NF-
«B members were coincidently discovered about 25 years
ago [3-5], and were soon demonstrated to belong to the
same protein family [6-8]. The mammalian NF-kB fam-
ily consists of p65 (RelA), RelB, c-Rel, p50/p105 (NF-
kB1) and p52/p100 (NF-kB2). Today, the study of NF-
kB signaling represents a massive collection of effort
with over 40 000 publications, dedicated website (Www.
nf-kB.org) and patents.

NF-kB proteins activate target genes through a highly
conserved DNA-binding/dimerization domain called
the Rel homology region (RHR) (Figure 1A) [2, 9]. The
activities of p65, RelB and c-Rel are tightly regulated by
the interaction with inhibitor of kB (IxB). The interac-
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tion masks a nuclear localization signal (NLS) and re-
sults in the cytoplasmic retention of NF-xB proteins. In
comparison, pl05 and pl100 have an IkB-like domain at
their C-terminal region that inhibits the RHR activities in
cis. Thus, in most cells, NF-kBs are held captive in the
cytoplasm from translocating to the nucleus by the kB
proteins or IkB-like domains.

Activation of NF-kB requires phosphorylation of IkB
proteins or IkB-like domains, resulting in phosphoryla-
tion-induced polyubiquitination via Lys48 of ubiquitins.
This polyubiquitination is a signal for degradation of
the IxB inhibitor, or processing in the case of p100 or
p105, by the proteasome. The freed or processed NF-kB
homodimers or heterodimers translocate to the nucleus
and recognize specific sequence motifs known as the kB
site on their target genes for DNA interaction and tran-
scriptional activation. The kB sites have a great amount
of variability. The distinct DNA-binding site specificities
of different NF-xB dimers for a collection of related kB
sites, and the different protein-protein interactions the
individual dimers make at target promoters are some of
the reasons for the specificity in NF-xB signaling [2, 9].
In most cases, activation of NF-kB is transient and cycli-
cal in the presence of a continual inducer. These cycles
are due to repeated degradation and re-synthesis of IkB
and the consequent activation and inactivation of NF-«xB,
respectively [9].

The Ser/Thr-specific IkB kinases (IKKs) are at the
bottleneck for NF-kB activation [10]. A kinase complex,
with specificity for the Ser residues in the destruction
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box of IkB, has been known for a long time and was first ~ [KKa or IKKf, and the regulatory protein NEMO (also
partially purified from unstimulated HeLa cells. It is now  known as IKKy or FIP-3) [11-15]. IKK activation is ac-
known that the IKK holo-complex contains the kinase, = companied by phosphorylation of the activation loop
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Figure 1 Structures of NF-kB and their complexes with DNA and IkB. (A) Domain organization of the NF-xkB member p65 and
IkBa. NTD: N-terminal domain; CTD: C-terminal domain; TAD: transactivation domain. Location of the nuclear localization
signal (NLS) of p65 is shown. (B) Structure of the p65/p50 heterodimer:DNA complex (PDB:1VKX). (C) Structure of the p65/
p50 heterodimer:lkBo complex (PDB:1NFI). Upon interacting with 1kBa (magenta), the NLS (blue) of p65 (green) adopts a
helical conformation. The p50 subunit (cyan) used to crystallize the complex contains only CTD. (D) Superimposition of the
p65/p50 heterodimer in complex either with DNA or kBa. The p65 and p50 subunits in complex with DNA are shown in black

and gray, respectively. Upon interacting with IxBa, the NTD of p65 undergoes large conformational changes that prevent DNA
interaction.
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Ser residues in the canonical MEK (MAP kinase kinase)
consensus motif SxxxS in the kinase domain [11-16].
NEMO is critical for IKK activation because in cells
lacking NEMO, IKKa and IKKf cannot be activated by
any of the classical NF-xB inducers [15]. While IKKp is
responsible for activation of the canonical NF-kB path-
way in response to pro-inflammatory stimuli [17, 18],
IKKa plays an indispensable role in the non-canonical
NF-kB pathway by phosphorylating p100, leading to its
processing and nuclear translocation [19, 20].

Receptor-induced IKK activation pathways have been
elucidated for both the TNF receptor superfamily and the
TLR/IL-1R superfamily. Upon TNFa binding, TNFR1
recruits the adaptor protein TRADD through death-do-
main interactions, which in turn recruits TRAF2. Many
other TNF receptor superfamily members such as CD40
directly recruit TRAF family members including both
TRAF2 and TRAF6. Activation of the TLR/IL-1R su-
perfamily members leads to recruitment of TIR domain-
containing adaptors such as MyD88 via TIR domain
interactions, which in turn recruits IRAK proteins via
death-domain interactions. IRAK proteins are then able
to directly interact with and activate TRAF6.

IKK activation in these signaling pathways has been
shown to depend on Lys63-linked non-degradative
polyubiquitination [21]. For the IL-1R and TLR signal-
ing pathways, TRAF6 acts as the ubiquitin ligase (E3)
to mediate Lys63-linked polyubiquitination of itself and
downstream proteins such as IRAK1, in conjunction
with the specific dimeric ubiquitin conjugating enzyme
Ubc13/Uevl A complex (E2). For the TNFa signaling
pathway, the RIP1 kinase is Lys63-polyubiquitinated by
the TRAF2:cIAP1/2 complex [22-25]. In TNF-mediated
IKK activation pathways, TRAF2 and cIAP1/2 are also
critical components of the E3 complex that regulates the
stability of NIK, a kinase that phosphorylates IKKa and
activates NF-kB via the non-canonical NF-kB signaling
pathway [26-31]. Deubiquitinating enzymes such as A20
and CYLD downregulate the pathway in the negative
feedback loops.

Increasing evidence suggests that NF-«B signaling
pathways play important roles in both inflammation and
tumor development [1, 32-41]. In fact, it has been shown
that inflammation and tumorigenesis are highly linked
processes [1, 33]. NF-kB inducible genes include in-
flammatory and immunoregulatory genes, anti-apoptotic
genes and genes that positively regulate the cell cycle.
Chronic inflammation prevents elimination of genetically
altered cells and enhances metastatic potential. Consti-
tutive NF-kB activities are found in a large number of
inflammatory diseases and malignancies including epi-
thelial and lymphoid tumors. Because of the importance
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of the NF-xB pathway in human diseases, many key
signaling proteins in this pathway have become potential
therapeutic targets. In this review, we highlight the struc-
tural studies in NF-xB signaling pathways in the follow-
ing five sections.

NF-kB: the central transcription factor

DNA recognition by NF-xB

The RHR of NF-«B proteins is responsible for di-
merization, DNA binding, nuclear localization and IxB
binding [42-44]. The structure of p50 bound to a palin-
dromic kB site first showed that RHR contains two im-
munoglobulin-like domains connected by a short flexible
linker and interacts with DNA in the major groove [45,
46]. A number of additional structures of RHR homo-
and heterodimers bound to DNA targets have confirmed
a common mode of dimerization and DNA recognition
[45-49] (Figure 1B). The N-terminal domain (NTD)
interacts with DNA bases specifically and phosphate
backbones nonspecifically. The C-terminal domain (CTD)
mediates dimerization and nonspecific DNA contacts.
Instead of using a-helices to interact with DNA, as often
seen in other transcription factors, NF-xB dimers use
flexible loops from the NTD and CTD to mediate DNA
contacts. The consensus sequence of NF-«xB target genes
is 5'-GGGRNYYYCC-3" (where R is a purine, Y is a
pyrimidine and N is any nucleotide), which consists of
two half sites [44]. Different NF-xB members prefer dif-
ferent half sites. For example, p50 recognizes a five base
pair half site, whereas p65 uses a four base pair half site.
In certain cases, the presence of one half site is sufficient
for the recruitment of an NF-kB dimer [48]. C-terminal
to the RHR is a flexible region that contains the nuclear
localization signal.

Interaction of NF-xB with its inhibitor IkB

IkB can be categorized into classical IxB (IxBa,
IkBp and IxBg), NF-kB precursors (p105 and p100) and
nuclear IkB (IkBE, Bcl-3 and IkBNS) [50]. All the IxB
family members contain a conserved central ankyrin
repeat domain (ARD) that is responsible for interacting
with NF-xB (Figure 1A). Each subfamily of IxB has its
own preferred NF-kB binding partners. The classical
IkBs bind NF-kB dimer with at least one p65 or c-Rel
subunit, the non-classical IkBs are able to bind all NF-
kB subunits and the nuclear [kBs have specificities for
p50 or p52 homodimer [50, 51]. The crystal structures
of the IxkBa:NF-kB p50/p65 heterodimer complex (Fig-
ure 1C) [52, 53] and IkBB:NF-kB p65/65 homodimer
[54] have been solved. In these structures, each NF-kB
dimer binds to one molecule of IkB. The ARDs of IkBa
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and IkBp consist of six ankyrin repeats stacking together
forming an elongated structure. Each layer is an ankyrin
repeat that contains an outer helix, an inner helix and a
short B-hairpin. In both complexes, ankyrin repeats 1 and
2 contact the NLS-containing C-terminal region of one
p65 subunit. Ankyrin repeats 4, 5 and 6 interact with the
RHR-CTD of NF-kB. While the IxBB:NF-kB complex is
still able to bind to DNA, the presence of [kBa inhibits
the DNA-binding ability of NF-«xB. In the IkBa:NF-xB
complex, ankyrin repeat six and the C-terminal PEST
residues interact with the p65 RHR-NTD, occupying the
DNA-binding residues of NF-kB. In addition, upon inter-
acting with IkBa, p65 subunit undergoes a large confor-
mational change locking NF-kB into a closed conforma-
tion [52, 53] (Figure 1D). In contrast, it appears that the
NTD of the p65 homodimer do not contact IxBf and are
free to bind DNA even in the presence of IkBf [54].

NEMO: the key IKK regulatory subunit

Recognition of IKKf by NEMO

NEMO, the regulatory component of the IKK com-
plex, appears to be a highly helical protein with an N-
terminal kinase-binding domain (KBD) that includes a
helical domain (HLX1) and part of coiled-coil domain 1
(CC1), a second helical domain (HLX2), another coiled-
coil domain CC2, a leucine zipper domain (LZ) and a
zinc-finger (ZF) domain [15, 55, 56] (Figure 2A). The
crystal structure of the complex between NEMO KBD
and the IKKP C-terminal region shows a heterotetramer
with two molecules from each protein [57] (Figure 2B).
The four molecules pack as a parallel four-helix bundle.
NEMO molecules are cach a crescent-like a-helix,
and interact with each other at both N- and C-termini,
leaving an open slit in the middle. The more extensive
N-terminal interface comprises both hydrophobic and
charge interactions, while hydrophobic interaction alone
contributes to the C-terminal dimer interface. Overall,
the NEMO dimer is symmetrical. The only subtle ex-
ception is for some C-terminal interfacial residues that
adopt different side chain conformations to make distinct
contacts with IKK. The two IKK[ peptides do not inter-
act with each other, but are associated with both NEMO
molecules. The consensus NEMO-binding site of both
IKKa and IKKf} contains a LDWSWL sequence [58, 59].
Bulky side chains such as the Trp residues in the consen-
sus sequence fit nicely into nonpolar pockets created by
both strands of NEMO to attain specificity.

NEMO and Kaposi'’s sarcoma herpesvirus FLIP (ks-
vFLIP)
Since NEMO is absolutely required for canonical NF-

kB activation, it is not surprising that it falls prey to cer-
tain viruses. ks-vFLIP is one such usurper. Bagneris et
al. reported the crystal structure of NEMO (150-272) in
complex with ks-vFLIP [60] (Figure 2C). The construct
used for crystallization spans from the C-terminal region
of CC1 to the N-terminal region of CC2. However, only
the region between CC1 and CC2 (193-253) is visible in
the structure, which is dubbed the HLX2 domain. The
structure consists of a central HLX?2 coiled-coil dimer
and two symmetrically bound ks-vFLIPs. The two ks-
VvFLIP molecules clamp the C-terminal half of HLX2. Of
the ks-vFLIP tandem death-effector domains (DEDs), the
NEMO coiled coil fits snugly into two clefts on the sur-
face of the first DED domain. While both clefts are key
to the interaction, the interaction in the first cleft is more
extensive, with hydrophobic contacts in the upper com-
partment and more hydrophilic interactions in the lower
compartment. It is postulated that stabilization of NEMO
dimerization, either by ks-vFLIP or receptor signaling,
activates NEMO and NF-xB. L227P, a NEMO mutation
found in patients with anhidrotic ectodermal dysplasia
with immunodeficiency may change the helical tendency
of NEMO and destabilize the NEMO dimer [60].

Diubiquitin interaction by NEMO

The CC2-LZ region of NEMO interacts with ubiquitin
and its crystal structures, both alone and in complex with
linear or Lys63-linked diubiquitin (di-Ub), have been de-
termined [61-63] (Figure 2D). In all cases, NEMO CC2-
LZ forms a parallel dimeric coiled coil expanding about
100 A in length. Interestingly, the dimer does not strictly
observe two-fold symmetry. A Pro residue (P299 in hu-
man NEMO and P292 in mouse NEMO) between CC2
and LZ breaks the otherwise continuous a-helix and pro-
vides a “hinge” as the natural boundary between the two
domains. Unlike classical coiled coils, where the a and
d positions of the heptad repeats are occupied by hydro-
phobic residues, CC2-LZ dimer packs against each other
using both hydrophobic residues and aliphatic portions
of charged residues. CC2-LZ preferentially binds linear
di-Ub, has a modest affinity towards Lys63-linked di-
Ub, but does not bind Lys48-linked di-Ub at all. Struc-
tural and biochemical studies showed that the ubiquitin-
binding motif resides in the LZ domain, right after the
“hinge”. The ubiquitin-binding surface is composite,
with contributions from both NEMO molecules. In linear
di-Ub binding, NEMO binds to the conserved hydropho-
bic patch and the C-terminal tail of distal ubiquitin and
recognizes an adjacent surface on proximal ubiquitin
[61]. The stoichiometry between NEMO and di-Ub is
debatable, as both 2:2 and 2:1 have been observed [61,
62, 64]. It is possible that NEMO contains a high-affinity
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ubiquitin-binding site for the distal ubiquitin in both lin-
ear and Lys63-linked di-Ub. For linear di-Ub, the proxi-
mal ubiquitin contacts the same NEMO dimer, creating
high affinity in the interaction. For Lys63-linked di-Ub,
only one ubiquitin contacts each NEMO dimer, explain-
ing the much lower affinity between NEMO and Lys63-
linked di-Ub [62].

NEMO zinc finger

Zinc finger (ZF) constitutes the extreme C-terminal
end of NEMO. NMR studies of NEMO ZF and its C417F
mutant revealed a canonical B-f-a fold [63, 64] (Figure
2E). Interestingly, replacement of the last Cys residue
with a non-chelating Phe did not disrupt its ZF fold or
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its zinc ion chelating ability, although the Phe residue
swings away from the zinc site and shortens the a-helix
by half a pitch. Analysis of NEMO ZF surface suggests
protein:protein interaction potentials. NMR studies
showed that the NEMO ZF is a ubiquitin-binding domain
(UBD). It binds to ubiquitin in a 1:1 fashion with submil-
limolar affinity. The amphipathic a-helix in ZF interacts
with the 144-centered hydrophobic patch of ubiquitin,
reminiscent of the interactions between a-helical UBDs
and ubiquitin.

Full-length NEMO
Structures of domains of NEMO enable a likely view
of activated, full-length NEMO as an elongated, flexible
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Figure 2 Structures of NEMO and their complexes. (A) Domain organization of human NEMO. Solid bars below the diagram
indicate current NEMO structures and their binding partners. HLX: helical domain; CC: coiled coil; LZ: leucine zipper; ZF:
zinc finger. (B) Structure of NEMO KBD in complex with an IKKB peptide (PDB code 3BRT). Two orthogonal views show the
central slit in NEMO dimer and the binding mode of the IKKp peptide. (C) Structure of NEMO HLX2 (green) in complex with
ks-vFlip (wheat) (PDB code 3CL3). (D) Structure of mouse NEMO CC2-LZ domain in complex with linear di-Ub (PDB code
2ZVN). (E) Structure of NEMO zinc finger (PDB code 2JVX). The zinc ion is shown as a gray sphere. (F) Proposed model of
full-length NEMO as an elongated dimer. All structurally determined domains are colored as in (A-E); regions without known

structures are shown as dotted lines.
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dimeric coiled coil (Figure 2F).
TRAFs: major adaptor and ubiquitin ligase

TRAF trimerization and interaction with receptors and
adaptor proteins

TNF and related ligands are trimeric in nature. Upon
ligand binding, TNFRs assemble into specific trimeric
complexes [65] that recruit intracellular TRAFs [66, 67].
Depending on the receptors, TRAFs can be recruited to
these receptors either via direct interactions or via inter-
mediary adapter proteins such as TRADD and IRAK.
TRAF proteins contain an N-terminal region with RING
and zinc-finger domains and a C-terminal region with
coiled coil and TRAF-C domains (Figure 3A). The
TRAF-C domain mediates interactions with receptors
and adaptor proteins, and is responsible for the specificity
and diversity of TRAF recruitment. Structures of TRAF2
in complex with receptor peptides and TRADD have
been reported, revealing a shallow surface on TRAF2 for
these interactions [66-73] (Figure 3B and 3C). Structures
of TRAF6 in complex with receptor peptides showed an
analogous surface groove that possesses distinct recep-
tor-interaction specificity [69].

TRAF RING and ZF structures and interaction with
Ubcl3

The N-terminal region of TRAF proteins may func-
tion as a ubiquitin ligase (E3) for Lys63-linked polyu-
biquitination. Structure of TRAF6 showed that the RING
and following three ZFs are arranged linearly in a rigid
golf club-like conformation (Figure 3D), rather than
“beads-on-a-string” [74]. The RING domain conforms
to the canonical “cross-brace” fold but with the last zinc-
coordinating residue replaced by an Asp. All three ZFs in
TRAF6 structure share the canonical B-f-a structure and
exhibit a conserved orientational relationship between
them. Hence additional ZFs in TRAF6 can be modeled to
generate the full-length structure of TRAF6.

The interaction between TRAF6 and its cognate E2
Ubc13 (Figure 3E) is similar to other RING/E2 interac-
tions. In the core of this interaction are hydrophobic con-
tacts from the RING domain near the first zinc-binding
site. Residues preceding the RING enhance the interac-
tion by providing additional charge:charge contacts. This
additional interaction may account for the relatively high
affinity between TRAF6 and Ubc13. The first ZF does
not directly interact with Ubc13 but is required for this
interaction. It forms a three-stranded anti-parallel B-sheet
with residues that precede the RING, locking them into
the interaction-facilitating conformation. It has long been
assumed that like TRAF6, TRAF2 functions as an E3 to

add Lys63-linked polyubiquitin chains to itself and other
substrates. Unexpectedly, superposition of TRAF2 N-
terminus structure onto TRAF6/Ubc13 structure reveals
two regions of clashes, hence, precluding TRAF2/Ubc13
interaction [75] (Figure 3F). Consistently, purified N-ter-
minal construct of TRAF2 does not interact with Ubc13
in gel-shift assay under the same condition where N-
terminal construct of TRAF6 shows a robust shift. This
incapability of interaction might not be limited to Ubc13,
as modeling shows similar clashes with UbcH5b. In ad-
dition, TRAF6 residues critical for Ubc13 interaction
are not conserved in TRAF2. Mutation of these residues
to their TRAF2 counterparts abolishes Ubc13 interac-
tion and E3 activity of TRAF6 [74]. This new evidence
prompts a re-evaluation of TRAF2 function in TNF re-
ceptor signaling.

Symmetry mismatch and higher-order aggregation

The N-terminal regions of both TRAF2 and TRAF6
are dimers in crystal lattices and in solution [74, 75] (Fig-
ure 3D and 3G). The RING domain and the following
linker region both participate in dimer formation. Aro-
matic and aliphatic side chain stacking forms the mainly
hydrophobic dimer interface. Dimerization is critical for
TRAFG6 E3 activity in vitro and NF-kB activation in vivo,
as dimerization defective mutants are compromised in
polyubiquitin chain assembly and the ability to promote
IxB phosphorylation [74]. The dimerization residues are
well conserved among TRAF family members, which
underlines the importance of dimerization.

Given that the C-terminal regions of TRAF proteins
are trimeric, symmetry mismatch exists between the N-
and the C-terminal regions. Our fluorescence resonance
energy transfer (FRET) experiments showed that TRAF6
is capable of higher-order oligomerization, which can be
disrupted by an N-terminal region dimerization muta-
tion [74]. In addition, spontaneous TRAF6 aggregation
occurs upon receptor stimulation under endogenous
conditions, forming microscopically discernable clus-
ters on the cell surface [74]. The observed higher-order
aggregation of TRAF6 is consistent with an infinitely
expandable model of full-length TRAF6 in its activated
state as a consequence of the symmetry mismatch (Figure
3H). The massive increase in local concentrations of the
associated signaling proteins in this aggregation platform
probably acts as a factory to promote polyubiquitin syn-
thesis, autoubiquitination and recruitment of downstream
proteins to facilitate signal transduction.

Recognition of cIAP1/2 by TRAF2 trimer and the

TRAF1:TRAF?2 heterotrimer
TRAF2 and cIAP1/2 form an E3 complex that plays
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Figure 3 Structures of TRAF and their complexes. (A) The common domain organization of TRAF2 and TRAF6. (B) Structure
of TRAF2 C-terminal region in complex with human CD40 peptide (PDB ID 1QSC). Magenta: CD40. (C) Structure of TRAF2
C-terminal region in complex with TRADD (PDB ID 1F3V). (D) Structure of TRAF6 N-terminal region dimer (PDB code
3HCS). Domains/motifs are colored according to the scheme in (A). Zinc ions are shown as gray spheres. (E) Structure of
TRAF6 N-terminal region in complex with Ubc13 (PDB code 3HCT). Green: TRAFG6; blue: Ubc13. The second and third zinc
fingers (in pale green) are appended to the C-terminal end of TRAF6 in 3HCT based on structure superposition. Zinc ions are
shown as spheres, colored in green or pale green, accordingly. (F) Structure model showing clashes between TRAF2 and
Ubc13 or UbcH5b. TRAF2 (PDB ID 3KNV) and UbcH5b (PDB ID 2CLW) are superimposed onto TRAF6/Ubc13 complex (PDB
ID 3HCT), respectively. For clarity, TRAF6 molecule is removed. Pink: TRAF2; blue: Ubc13; yellow: UbcH5b. Side chains
causing clashes are shown as sticks and colored in red. (G) Structure of TRAF2 dimer (PDB ID 3KNV). Structure elements
are colored the same as TRAF6 in (D). (H) A model of oligomerized full-length TRAF6 in the activated state, showing the
potential for infinite aggregation. TRAF6 is shown in four alternative colors (magenta, green, cyan and blue) and is modeled
by piecing together the N-terminal region structure and the C-terminal region structure. Zinc finger 4 is modeled based on its
predicted relationship with zinc finger 3. The linker between zinc finger 4 and the coiled coil may act as a flexible hinge. R:
RING. () Structure of TRAF1-CC:TRAF2-CC:clAP2 (right, PDB ID 3M0OD) complex. Zinc ions are shown as gray spheres.
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important roles in canonical and non-canonical NF-«kB
pathways, as well as in the development of MALT B-cell
lymphoma. The crystal structure of the TRAF2:cIAP2
complex [76] showed that the coiled-coil region of
TRAF2 forms a homotrimer and interacts with one mol-
ecule of cIAP2 BIR1 domain, a stoichiometry that was
confirmed by multiple techniques and by another group
[77]. TRAF2 alone adopts a symmetrical trimer confor-
mation, whereas the TRAF2 trimer in the TRAF2:cIAP2
complex is somewhat asymmetrical. Hence, it seems
that, upon interacting with one molecule of cIAP2,
TRAF?2 undergoes a conformational change that prevents
additional cIAP2 molecules from binding to the TRAF2
trimer. Two chains of the TRAF2 trimer directly contact
cIAP2 with one chain providing more contacts than the
other.

Although it is known that TRAF1 and TRAF?2 interact
with each other, we unexpectedly showed that they form
a distinct TRAF1:(TRAF2), heterotrimeric complex [76].
Subsequent biochemical characterization showed that
the heterotrimeric complex interacts with cIAP2 with
highest affinity, followed by the TRAF?2 trimer, while the
TRAF]1 trimer interacts very weakly with cIAP2. The
crystal structure of the TRAF1:(TRAF2),:cIAP2 com-
plex (Figure 31) is similar to that of the TRAF2:cIAP2
complex. Surprisingly, it is TRAF1 that mediates most
of the interaction with cIAP2, an interaction that appears
to exhibit higher shape complementarity and hydropho-
bicity. cIAP1 and cIAP2 share 73% sequence identify
and have redundant functions [22, 78]. Therefore, cIAP1
is expected to bind to TRAF1/2 in a similar fashion as
clAP2.

NF-kB activation by Toll-like receptors: the
MyD88:IRAK4:IRAK2 complex

The TLR intracellular signal transducer MyD88 and
the IRAK kinases are crucial for anti-pathogen responses
and inflammation. We recently showed that MyD&8,
IRAK4 and IRAK?2 assemble into a tertiary complex
through their death domains (DD) (Figure 4A) [79]. The
crystal structure of the complex revealed a helical oli-
gomer with six MyD8S, four IRAK4 and four IRAK2
DDs that form a tower-shaped structure (Figure 4B).
The DD helix contains approximately 3.7 DD molecules
per turn with 4 DD molecules forming a layer of the
helix. Assembly of the helical oligomer is likely to be
hierarchical and explains the sequence of events in TLR
signaling. MyD88 oligomerization first results in IRAK4
recruitment and activation of the IRAK4 kinase domain
through induced proximity. The subsequent recruitment
of IRAK2 or IRAK1 allows IRAK4 to phosphorylate
these IRAKs. Hyperphosphorylated IRAK1 or IRAK2

then leaves the complex to interact with TRAF6 for IKK
activation. Unexpectedly, despite the different overall ar-
chitecture, the interactions in the complex are similar to
DD complexes in cell death signaling [82-84].

Deubiquitinases: the negative regulators

Non-destructive polyubiquitin chains play important
roles in NF-kB activation pathways by serving as scaf-
folds for recruitment of signaling proteins [21]. One way
of terminating the NF-xB pathway is to remove the non-
destructive polyubiquitin chains that are required for the
activation stage by deubiquitinases (DUBs). Constitutive
activation of the NF-xB pathway is often associated with
aggressive tumor formation and cancer therapy resis-
tance in patients [80, 81]. Two DUBs, A20 and CYLD,
are important in this negative feedback regulation of NF-
kB activation [82-86].

A20

A20 is a member of the ovarian tumor (OTU) su-
perfamily of DUBs [87]. It has an OTU domain at the
N-terminal region and seven ZF motifs at the C-terminal
region (Figure 5A). The A20 OTU mediates deubiquit-
ination of Lys63-linked polyubiquitin chain. However,
the fourth A20 ZF motif also has E3 ligase activity that
generates Lys48-linked polyubiquitin chains. Both the
deubiquitination and ubiquitination activities of A20 are
required for NF-«xB inhibition, making A20 a ubiquitin-
editing enzyme [88, 89].

The crystal structures of A20 OTU domain [90, 91]
revealed a teakettle-shaped molecule (Figure 5B) with
the catalytic residues close to productive conformations.
A highly conserved surface patch next to the active site
was proposed to be the ubiquitin-binding site, a location
that is similar to the ubiquitin-binding sites of two other
DUBs, Yuhl and HAUSP [92, 93]. The predicted ubig-
uitin-binding site on A20 is negatively charged, comple-
menting the positively charged surface of ubiquitin.
Biochemical studies showed that A20 OTU removes the
entire Lys63-linked polyubiquitin chain from TRAF6, in-
stead of gradually chewing up or internally cleaving the
attached polyubiquitin chain, which in turn effectively
terminates the NF-kB pathway [90, 91]. The A20 OTU
has a broad and open surface surrounding the active site,
giving room to accommodate the substrates and the at-
tached polyubiquitin chain [90]. In comparison, Yuhl
has a crossover loop directly over its active site, granting
only small or unstructured substrates to access the active
site [93].

CYLD
CYLD belongs to the ubiquitin-specific protease (USP)
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Figure 4 Structure of the MyD88:IRAK4:IRAK2 complex. (A) Domain organization of IRAK2, IRAK4 and MyD88. DD: death
domain; TIR: Toll/IL-1R homology domain. (B) The MyD88:IRAK4:IRAK2 ternary complex structure (PDB:3MOP) with four
IRAK2 DD (orange), 4 IRAK4 DD (green) and six MyD88 DD (cyan).

family of DUBSs. It contains three cytoskeletal-associated
protein-glycine-conserved (CAP-Gly) repeats and one
USP domain (Figure 5A). NMR chemical shift pertur-
bation data showed that the third CAP-Gly domain of
CYLD directly interacts with a Pro-rich sequence that
resides in the C-terminal region of NEMO [94]. Close
to the third CAP-Gly is a consensus TRAF2-binding
sequence that interacts with the C-terminal TRAF do-
main of TRAF2 [84]. The USP domain of CYLD is the
catalytic unit that mediates disassembly of Lys63-linked
polyubiquitin chains. Similar to A20, the USP of CYLD
seems to be pre-configured for catalysis even without the
bound substrate [95]. The crystal structure of the USP
domain of CYLD provides a structural explanation for
its specificity toward Lys63-linked polyubiquitin [95]
(Figure 5C). This property is attributed to the proximal
ubiquitin-binding site near the catalytic site, as Lys63-
specific USPs have a different set of conserved residues
compared with Lys48-specific USPs. Unlike other USP
domains identified so far, CYLD is able to hydrolyze the
polyubiquitin chain internally. This makes CYLD more
efficient in terms of shutting off the NF-kB pathway. An-
other special feature about the CYLD USP domain is the
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presence of an inserted Type I B-box domain that is re-
quired for the retention of CYLD protein in the cytosol.

Conclusion

We have come far in terms of understanding the NF-
kB pathway. With the structure information, we now
have a clearer picture about how NF-xB pathway is
regulated. The NF-xB pathway is a classic example

of how cells can switch on and switch off an array of

genes by tightly regulating one family of transcription
factors. Posttranscriptional modifications, proteasome-
degradations, translocalizations and oligomerizations are
the tricks that cells use to control the flow of the signal
transduction. For instance, both destructive and non-
destructive ubiquitinations are essential for activation as
well as timely shutdown of the NF-xB pathway. Lys63-
linked polyubiquitin chains are widely used in the path-
way as a platform to recruit and activate downstream
molecules. Removal of the Lys63-linked polyubiquitin
chains and replacement with the destructive Lys48-
linked polyubiquitin chains are ways to efficiently turn
off the NF-xB pathway. In addition, there is an emerging
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A

A20

Figure 5 Structures of A20 and CYLD. (A) Domain organizations of A20 and CYLD. ZF: zinc finger; CAP: CAP-Gly repeats. (B)
Structure of A20 OTU domain (PDB:3DKB). (C) Structure of the CYLD USP domain (green, 2VHF). The blue bar shows the
location of TRAF2-binding motif (TBM, residues 453-PVQES-457). The third CAP-Gly repeat is the NEMO-binding site (NBS).
The CYLD USP domain has an inserted Type | B-box domain (cyan).

theme of signaling through oligomerization, which may
be previously under-appreciated. Now it is believed that
TRAF6 is able to form a higher-order oligomer that is
important for downstream signaling. More striking is the
“signaling tower” of IRAK2, IRAK4 and MyD88, which
is a perfect oligomeric helical structure in the center of a
signaling activation platform. Oligomerization may be a
great way nature has found to control signaling events,
likely in an all-or-none fashion due to the positive coop-
erativity. While we have come a long way, many ques-
tions remain including the central question on how the
IKK kinase phosphorylates IxB to activate NF-kB.
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