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Abstract

NF-xB (nuclear factor kappa B) family transcription factors are master regulators of immune and
inflammatory processes in response to both injury and infection. In the latent state, NF-xBs are
sequestered in the cytosol by their inhibitor IxB (inhibitor of NF-xB) proteins. Upon stimulations
of innate immune receptors such as Toll-like receptors and cytokine receptors such as those in the
TNF (tumor necrosis factor) receptor superfamily, a series of membrane proximal events lead to
the activation of the IKK (IxB kinase). Phosphorylation of 1xBs results in their proteasomal
degradation and the release of NF-xB for nuclear translocation and activation of gene
transcription. Here, we review the plethora of structural studies in these NF-xB activation
pathways, including the TRAF (TNF receptor—associated factor) proteins, IKK, NF-xB, ubiquitin
ligases, and deubiquitinating enzymes. Although these structures only provide snapshots of
isolated processes, an emerging picture is that these signaling cascades coalesce into large
oligomeric signaling complexes, or signalosomes, for signal propagation.
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INTRODUCTION

It has been over 25 years since David Baltimore discovered the first member of the nuclear
factor-kappa B (NF-xB) protein family that bound selectively to the x-light-chain enhancer
in extracts of B-cell tumors (41, 43, 102). Since then, scientists have illuminated the role of
NF-xB proteins in the orchestration of complex biological processes in many thousands of
publications.

The eukaryotic NF-xB transcription factor family regulates the expression of a large variety
of genes that are involved in a number of processes like inflammatory and immune
responses of the cell, cell growth, and development. NF-xB transcription factors are
activated as a response to a variety of signals, including cytokines, pathogens, injuries, and
other stressful conditions. Activation of NF-xB proteins is tightly regulated, and
inappropriate activation of the NF-xB signaling pathways has been linked to autoimmunity,
chronic inflammation, and various cancers (4, 14, 111). In unstimulated cells, NF-xB is
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bound to an inhibitory protein, IxB. Binding to IxB masks the nuclear localization signal
(NLS) of NF-xB, sequesters the NF-xB:1xB complex in the cytoplasm, and prevents NF-xB
from binding to DNA.

Activation of NF-xB signaling is initiated by extracellular stimuli. These stimuli are
recognized by receptors and transmitted into the cell, where adaptor signaling proteins
initiate a signaling cascade. These signaling cascades culminate in the activation of 1xB
kinase (IKK). IKK phosphorylates the inhibitory 1xB subunit of the NF-xB:1xB complex in
the cytoplasm. This phosphorylation marks I«xB for degradation by the proteasome and
releases NF-xB from the inhibitory complex (26, 41, 43, 74, 102). The freed NF-xB proteins
are then transported into the nucleus where they bind to their target sequences and activate
gene transcription. In this review, we focus on the molecular mechanisms of NF-xB
signaling from receptor stimulation to activation of gene transcription (Figure 1).

NF-kB FAMILY

All members of the NF-xB protein family, RelA (p65), RelB, c-Rel, p50 (p105 precursor),
p52 (p100 precursor), and Relish share a highly conserved DNA-binding and dimerization
domain termed Rel homology region (RHR) that enables them to homo- or heterodimerize
(4,14, 27, 28, 39, 73, 108, 111) (Figure 24). RelA (p65), RelB, and c-Rel contain a C-
terminal transactivation domain (TAD) that allows them to activate target gene expression.
p50 (p105 precursor), p52 (p100 precursor), and Relish contain a long, ankyrin repeat—
containing domain (ARD) at their C terminus instead of the TAD domain and therefore
cannot activate target gene expression as a homodimer.

Structures of NF-kB Bound to DNA

NF-xB proteins bind as a homo- or heterodimer to a 10-base-pairDNAsequence first
identified in the enhancer of the immunoglobulin x-light-chain gene in mature B cells (27,
38,41, 43, 46, 102, 107). The first structure of an RHR was revealed from the structure of a
p50 homodimer bound to an idealized kB target DNA sequence (4, 14, 25, 80, 111). To
date, several other structures of NF-xB dimers bound to DNA have been solved and reveal a
common mode of DNA binding and dimerization. The structures resemble a butterfly with
the protein dimer forming the wings around a cylindrical body of DNA(25, 26, 54, 74, 80)
(Figure 26). The RHR domain of the NF-xB subunit forms into two distinct domains
connected by a linker, the N-terminal domain (NTD) and the C-terminal domain (CTD)
(Figure 2¢). NF-xB uses both RHR domains to encircle the target DNA. The flexible region
at the C-terminal end of the RHR contains the NLS. The core of the NTD and CTD folds
into a B-sandwich structure. The CTD is solely responsible for dimerization and makes
phosphate contacts with the DNA. In addition to nonspecific contacts with the sugar
phosphate backbone of the DNA, the NTD also recognizes the target DNA sequence via
specific interaction with DNA bases.

Analysis of the available structures has shown plasticity in the target sequence of NF-xB
homo- and heterodimers. The canonical NF-xB p50-p65 heterodimer recognizes its target
sequence via p50 binding to a 5" GGPyN half site and p65 binding to another 5’ GGPyN site
centered around an A:T base pair. However, flexibility in the short linker region and the
modular architecture of the RHR allows NF-xB to recognize variations in xB DNA
sequences by repositioning the RHR-NTD on the DNA and interacting with the DNA
backbone.

NF-kB Bound to Inhibitory IkB

Proteins of the inhibitory B family (IxB) serve as inhibitors and regulators of NF-xB
activity. Members of the IxB family are the classical 1xB proteins (IxBa, I1xBp, and IkBe),
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NF-xB precursor proteins (p100 and p105), and the nuclear 1xBs (IxB¢, Bcl-3, and 1xBNS).
IxB proteins contain an N-terminal signal-receiving domain (SRD), a central ARD, and a
C-terminal proline-, glutamate-, serine-, and threonine-rich (PEST) sequence (Figure 24).
IxBa was first discovered as a factor that dissociates preformed NF-xB-DNA complexes in
vitro (1, 23, 27, 28, 39, 73, 108, 132). The transcription of IxBa was shown to be regulated
by NF-xB; therefore, IxB in turn regulates activation and inactivation of NF-xB.

All 1kBs recognize NF-xB via their ARD. The classical 1xB subfamily has a preference for
NF-xB dimers containing a p65 or c-Rel subunit, whereas the nuclear IxBs prefer p50 or
p52 homodimer (40, 85). Structures of NF-xB bound to IxB have revealed a common
mechanism of interaction (41, 43, 74). The NF-xB dimer is bound by one molecule of 1xB
(Figure 24d). The structure of the IxB ARD contains six ankyrin repeats, each of which
consists of one B-loop and two a-helices. 1xB folds into an elongated, barrel-like structure
with a concave and a convex surface (Figure 2¢). The concave surface of 1kB faces the NF-
kB dimerization domains. In the structure of the IxB-bound NF-xB heterodimer complex,
p50:p65:1xBa., the ankyrin repeats 1 and 2 bind the NLS of p65; repeats 4 and 6 contact p50
at the interface of the paired dimerization domains; and repeats 5 and 6 contact the
dimerization domain of p65 (41, 43). In the presence of 1xB, the p65 subunit of the NF-xB
heterodimer undergoes a conformational change and adopts a closed conformation when
compared with the DNA-bound heterodimer (Figure 2/). The NTD of p65 rotates ~180°
about its long axes and shifts by ~38A toward its dimerization domain. This allows for
allosteric inhibition of DNA binding of NF-xB. In addition, IxB contacts DNA-binding
residues of NF-xB directly; ankyrin repeat 6 and the C-terminal PEST residues of 1xB
interact with the RHR-NTD and interfere with DNA binding.

UBIQUITINATION

Ubiquitin is a small protein that can be attached to target proteins in a posttranslational
process. During ubiquitination, the carboxy-terminal end of ubiquitin is covalently
attached to a lysine in the target protein. This process requires several enzymes: an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin
ligase. After addition of the first ubiquitin to a target protein, further ubiquitin molecules
can be attached to the first one, generating polyubiquitin chains.

Ubiquitin contains seven lysine residues, which can serve as attachment points for
additional ubiquitin molecules. The classical polyubiquitin chains are the Lys48-linked
chains, Ub1(Lys48)-Ub2(Met1), which target proteins for degradation by the proteasome
(Figure 34). Lys63-linked polyubiquitin chains are nondestructive and are often formed
in signaling that triggers NF-kB activation. In these chains, the Lys63 of ubiquitin is used
to attach to the next ubiquitin molecule, Ub1(Lys63)-Ub2(Metl) (Figure 36). This results
in a different conformation of the ubiquitin moieties with respect to each other. In
addition, the N terminus of ubiquitin can be used as an attachment point, Ub1(Gly76)-
Ub2(Metl) (Figure 3¢). This results in the formation of a canonical peptide bond between
the ubiquitin molecules and is termed a linear ubiquitin chain. Linear and Lys63-linked
polyubiquitin chains are very similar in overall structure and differ mainly with respect to
their isopeptide bonds.

In contrast to p50-p65:1xBa., the structure of the IxBp-bound p65 NF-xB homodimer
revealed that the NLS-containing region remains largely flexible and that the NTD of the
p65 RHR does not contact 1xBf (27, 74). As a result, the crucial DNA-binding elements
appear to be free to bind DNA even in the presence of IxBp. These observations are
supported by the subcellular distribution of these two complexes. Whereas the
p50-p65-1xBa complex is exclusively localized in the cytoplasm in resting cells (27, 38, 39,
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46, 73, 102, 107, 108), the p65-p65:1xBp complex shuttles between cytoplasm and nucleus
(25, 27, 38, 46, 54, 80, 107).

Although the classical 1«xBs are well understood, we are only beginning to shed light on the
molecular mechanism of the nonclassical 1xBs IxB¢, Bcl-3, and IxBNS. 1xB ¢ was first
identified as a gene induced in immune cells in response to bacterial LPS or IL-1 (1, 23, 54,
132), and 1«BNS is expressed during negative selection in T-cells (23, 40, 85). Bcl-3 is a
proto-oncogene and is often found to be translocated in B-cell leukemias (78, 85). The
nuclear IxBs concentrate in the nucleus when expressed in cells (31, 78) and bind
specifically to NF-xB p50 homodimers (16, 31, 77, 96, 119, 133).

THE IKK COMPLEX

A key step in the NF-xB signaling pathway is the regulation of the interaction between NF-
xB and the inhibitory IxB. A majority of the signaling pathways leading to activation of NF-
xB converge at a 700-900-kDa molecular mass complex containing a serin-specific 1xB
kinase, termed the IKK (16, 77, 96, 119, 133). The IKK complex consists of two catalytic
subunits, IKKa and IKKp, as well as a regulatory subunit, NEMO (IKKy). The IKK
complex consists of a homo- (a-a or ) or heterodimer (a.-p) associated stoichiometrically
with NEMO (50). The IKK complex is functionally pleiotropic and plays a major role in
many biological processes, including inflammation, autophagy, insulin signaling, and DNA
damage response. The complex is responsible for the phosphorylation of two serine residues
in the SRD of 1xB (76, 77, 97, 124, 133). Phosphorylation of 1«B in turn leads to Lys48-
linked polyubiquitination (Figure 3) (see sidebar, Ubiquitination), which targets IxB for
degradation by the proteasome. Proteosomal degradation of 1«B ultimately frees and
activates NF-xB.

Structure of the Catalytic Subunit of the IKK Complex

The catalytic subunits IKKa and IKKp share ~50% sequence identity. The structure of
IKKP revealed a dimeric architecture containing an N-terminal kinase domain, followed by
a ubiquitin-like domain (ULD), and a scaffold/dimerization domain (SDD), resembling the
shape of a pair of scissors (122) (Figure 44,6). The kinase and ULD domains form the
“handle” of the scissors and the “blade” is formed by the SDD. All three domains interact
mutually with each other. The C-terminal end contains the NEMO-binding domain (Figure
44).

The ULD is required for the catalytic activity of IKKB and together with the SDD helps to
bind, position, and orient IxBa with respect to the IKKp catalytic pocket. Dimerization of
IKKB is mediated by the SDD domain, and full-length IKK has been shown to be a dimer
in solution (122). However, in the IKKp dimer, the kinase domains are not located close to
each other and are unable to promote intradimer #rans-autophosphorylation. This suggests a
role for higher oligomerization in the activation of IKKp. Indeed, IKKp exists as a dimer of
dimers in the observed crystal structure. In this conformation, the activation loops of the
kinase domains are in a position close enough to activate the kinase of the neighboring
dimer (26, 74, 122). This conformation may be transient and stabilized by interaction
partners like NEMO and the ubiquitin chain network.

The regulatory subunit NEMO of the IKK complex is mainly helical and contains the helical
domains termed HLX1, CC1, HLX2, and CC2, followed by a leucine-zipper domain and a
C-terminal zinc-finger (ZF) region (27, 28, 39, 73, 76, 97, 98, 108, 124). The kinase-binding
domain (KBD) contains HLX1 and part of CC1. There is no full-length structure of NEMO;
however, several structures containing individual domains have been solved and enable us a
view of an elongated, flexible coiled-coil (CC) NEMO model (Figure 4¢-g).
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The IKKB-Binding Domain: Recognition of IKK by NEMO

The crystal structure of the KBD in complex with the C-terminal region of IKKp reveals a
heterotetramer in which the molecules pack as a parallel four-helix bundle (33, 60, 98, 105,
127) (Figure 4¢). The two NEMO molecules assemble a head-to-head dimer with each
molecule forming a crescent-shaped a-helix that interacts with the other NEMO molecule at
the N and C termini. The NEMO dimer is stabilized by hydrophobic interactions at the N
and C termini but leaves a slit-shaped aperture between them. The N-terminal dimerization
patch is more extensive and is strengthened by additional electrostatic interactions.

The two IKKB molecules do not contact each other but instead associate with each of the
NEMO molecules respectively. Although the interaction between the NEMO and IKKf
molecule is not extensive at the N terminus, the IKKB molecules are tightly wedged into the
NEMO dimer at the C-terminal end. The IKKB-binding pocket of NEMO mainly interacts
with three, large hydrophobic side chains of IKK that are oriented toward the binding
pocket on NEMO. This results in a specific, high-affinity interaction between NEMO and
IKKPB.

NEMO and vFlip

During the constant battle between our immune system and pathogens, invading pathogens
have learned to manipulate cellular processes to their advantage. Lymphogenic viruses, for
instance, have been observed to increase cell survival and proliferation by activating NF-xB
(22, 29, 33, 44, 52, 60, 105, 127). FLIP proteins are a group of cellular proteins identified as
inhibitors of death receptor—induced apoptosis (42, 110). The viral FLIP (vFLIP) proteins
are viral encoded proteins used to manipulate the host cells (11). In the case of the Kaposi’s
sarcoma virus KSHV, vFLIP is produced in infected cells and has been shown to interact
with and activate the IKK complex (2, 22, 29, 41-44, 102).

The crystal structure of the KSHV vFLIP in complex with its target region on NEMO has
been solved (2, 4, 14, 111). The structure reveals two molecules of vFLIP bound to the C-
terminal half of the head-to-head dimer of the NEMO HLX2 region (Figure 44). The vFLIP
monomers bind to NEMO in essentially identical fashion. They are oriented face-to-face but
do not interact with each other. vFLIP consist of two death-effector domains, DED1 and
DED?2, of which DED1 is the main contributor to the extensive complex interface. The
interface shows a high degree of structural complementarity and is characterized by two
vertical clefts on the surface of vFLIP. Each of the clefts interacts with one molecule of the
NEMO dimer. However, one of the clefts, cleft 1, is more extensive and comprises an
asymmetric pocket. The upper compartment of this pocket is deep and hydrophobic,
whereas the lower part of the cleft is more open and mediates hydrophilic interactions.

Interestingly, the mutationNEMOL227P is found in patients with the chronic genetic
disorder anhidrotic ectodermal dysplasia with immunodeficiency and is located in the HLX2
region of NEMO(2, 14, 26, 41, 43, 74, 102). The L227P mutation may therefore change the
helical folding tendency of NEMO and destabilize the NEMO dimer in the cell (2, 4, 14, 18,
27,28, 39, 73, 108, 111, 120). It is assumed that stabilization of NEMO dimerization, either
by receptor signaling or viral intervention, activates NEMO. Therefore, the stabilization or
destabilization of NEMO may be an important point of regulation in the NF-xB signaling
pathway.

NEMO and Di-Ubiquitin

Although NEMO does not have a catalytic activity, it is essential for the NF-xB pathway.
NEMO can specifically recognize linear and Lys63-linked polyubiquitin chains (Figure 3).
Many of the proteins in the NF-xB signaling cascade, including NEMO itself and TRAF6,
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are polyubiquitinated. Binding of NEMO to polyubiquitin is crucial for IKK recruitment and
subsequent NF-xB activation (12, 13, 18, 27, 38, 41, 43, 46, 68, 102, 107, 120, 131). It was
postulated that polyubiquitin chains serve as an extended scaffold for recruitment of
signaling molecules and enhance higher oligomerization (21).

Secondary structure analysis and several X-ray structures showed that, with the exception of
the carboxy-terminal ZF, NEMO is essentially an elongated, a-helical protein. Whereas the
N-terminal region interacts with the catalytic IKK subunits, the C-terminal region is
responsible for ubiquitin chain binding (122).

The crystal structures of the NEMO CC2-LZ region alone and in complex with linear or
Lys63-linked di-ubiquitin (di-Ub) have been determined (4, 12-14, 25, 68, 80, 111, 131).
NEMO forms a head-to head dimer spanning ~110A (Figure 4¢). The dimer observes a
pseudo-twofold symmetry, and each molecule of the NEMO dimer forms a continuous helix
(25, 26, 54, 68, 74, 80). In contrast to classical CC proteins, the two NEMO molecules use
hydrophobic residues and aliphatic portions of charged residues to pack against each other.

The NEMO CC2-LZ dimer provides a composite binding surface with contributions from
both NEMO molecules for ubiquitin. NEMO CC2-LZ preferentially binds linear di-Ub and
has a modest affinity toward Lys63-linked di-Ub. Lys48-linked di-Ub was found not to bind
to the NEMO CC2-LZ. In linear di-Ub binding, NEMO binds to a conserved hydrophobic
surface patch and the C-terminal tail of the distal ubiquitin while recognizing an adjacent
surface on the proximal ubiquitin (1, 23, 27, 28, 39, 68, 73, 108, 131, 132). In the case of
Lys63-linked di-Ub binding, only one ubiquitin contacts each NEMO dimer, which explains
the observed lower affinity (5, 40, 85, 131). Therefore, even though linear and Lys63-linked
ubiquitin chains share an extended, open structural architecture (56), the subtle differences
in the linkages and the conformations underlie their distinct functions in NF-xB activation.

The very C-terminal end of NEMO contains a ZF that has been shown to bind ubiquitin.
Mutations in the ZF have been linked to human anhidrotic ectodermal dysplasia with
immunodeficiency and incontinentia pigmenti (24, 41, 43, 74). Nuclear magnetic resonance
studies revealed that the NEMOZF folds into a canonical p-B-a fold (Figure 41).
Interestingly, a mutant missing the last zinc-chelating residue (C417F) retains the ability to
bind zinc with a native-like affinity (13, 41, 43). However, analysis of the ZF surface and
biochemical experiments identifies two putative protein interaction sites that are destabilized
in the mutant and may explain the signaling defects of the C417F mutant. Furthermore, the
NEMOZF was shown to be a ubiquitin-binding domain, which binds ubiquitin with a 1:1
stoichiometry and submillimolar affinity (12, 27, 74). The interaction between the NEMOZF
and ubiquitin resembles previously solved interactions between a-helical ubiquitin-binding
domains and ubiquitin; the amphipathic a-helix of the NEMO ZF binds to a hydrophobic
patch centered around residue Ile44 of ubiquitin (12, 27, 38, 39, 46, 73, 102, 107, 108).

SIGNALING VIA THE TNF RECEPTOR SUPERFAMILY

In the canonical NF-xB pathway, proinflammatory signals like cytokines, pathogen-
associated molecular patterns (PAMPs), and danger-associated molecular patterns activate a
signaling cascade that leads to the activation of IKK, which ultimately frees NF-xB from its
inhibitory complex. Several receptor-induced activation pathways of IKK have been
elucidated for the tumor necrosis factor receptor (TNFR) superfamily and the Toll-like
receptor/interleukin-1 receptor (TLR/IL-1R) superfamily.
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Signaling cascades triggered by the TNFR superfamily are diverse and can induce either the
NF-xB pathway or apoptosis (3, 5, 25, 27, 38, 46, 54, 80, 107). The signaling outcome is
determined by the proteins recruited to the intracellular domain of the TNFRs. Upon ligand-
dependent trimerization of the TNFR, TNFR-associated factors (TRAFs) are recruited to the
receptor either directly or via adaptor proteins (1, 3, 23, 54, 75, 92, 132). For instance, after
binding of TNF-a, TNFR1 recruits the adaptor protein TRADD through death domain (DD)
interaction, which in turn recruits TRAF2 (Figure 1).

TRAF proteins contain an N-terminal RING domain, followed by several ZFs and a CTD
containing a CC and the TRAF-C region (5, 23, 34, 35, 40, 75, 85, 92) (Figure 5a). The C-
terminal part of TRAFs facilitates trimerization and is involved in sequence-specific
interactions with the TNF receptor and adaptor proteins. The N-terminal region of TRAFs
mediates dimerization and in the case of TRAF®6, functions as a ubiquitin ligase (E3) for
Lys63-linked polyubiquitination (5, 34, 35, 70, 78, 85, 115, 134). The difference in the
symmetry of the N-terminal region and the C-terminal region likely results in alternating
dimerization and trimerization, leading to infinite TRAF aggregation (129). Formation of
high-order assemblies is required for TRAF6-mediated polyubiquitination and NF-xB
activation (129).

The CC region of the TRAF2 trimer recruits clAP1/2 (5, 7, 31, 34, 35, 70, 78, 115, 134) and
the RING domains of clAP1/2 nucleate polyubiquitination of target proteins, including RIP1
kinase, NIK, TRAF2, and clAP1/2 (5, 7, 16, 30, 31, 34, 35, 69, 77, 95, 96, 119, 133).
Ubiquitinated RIP1 serves as a platform for the assembly of downstream proteins like
transforming growth factor (TGF)-B-activated kinase 1 (TAK1), TAK1-binding protein
(TAB) 2 and TAB3, and NEMO, as well as other ubiquitin ligases such as the linear
ubiquitin chain assembly complex (7, 16, 30, 69, 77, 95, 96, 119, 129, 133). Binding of
NEMO to ubiquitin chains promotes IKK activation, either by induction of conformational
changes or by placing IKK in a context where it is susceptible to phosphorylation by
upstream kinases like TAK1 or trans-autophosphorylation. Ubiquitination of NIK by
clAP1/2 leads to its proteasomal degradation and suppression of the noncanonical NF-xB
pathway.

Structure of TRAF RING-ZF and Interaction with Ubc13

TRAF6 is an E3 ubiquitin ligase crucial for TNFR-, TLR-, and IL-1R-induced NF-xB
activation and AP-1 signaling pathways (50, 121). It was shown that dimerization of TRAF6
is crucial for E3 ligase activity in vitro and activation of NF-xB in vivo (76, 77, 97, 124,
129, 133). TRAF6 mutants incapable of forming dimers are compromised in polyubiquitin
chain assembly and promotion of 1xB phosphorylation (122, 129).

The structures of the N-terminal region of TRAF2 and TRAF6 contain the RING domain
and part of the ZF region and have revealed that both proteins form homodimers (122, 128,
129) (Figure 55,¢). Homodimerization is mediated by the RING domain and adjacent linker
region and has been confirmed in solution (122, 128, 129). The structure of TRAF6 can be
described as a golf club-like formation with the ZFs forming the shaft and the RING domain
forming the club head (76, 97, 98, 124, 128, 129). The RING domain folds into a canonical
cross-brace fold but contains an Asp instead of a more classical zinc-coordinating residue.
The hydrophobic dimer interface is formed by stacked aromatic and aliphatic side chains,
which are conserved among TRAF proteins. The three ZFs form the canonical p-p-a-fold
and exhibit conserved orientations with respect to each other.

The N-terminal region of TRAF6 was shown to function as an E3 ubiquitin ligase (33, 60,
98, 105, 121, 127). The complex structure between TRAF6 and its cognate E2 Ubc13
resembles other RING-E2 structures. The core of the complex is formed by hydrophaobic
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interactions of the RING domain near the first zinc-binding site, whereas residues N-
terminal to the RING domain form additional charged interactions (Figure 54). The first ZF
of the region is required for the interaction of TRAF6 with Ubc13, although ZF does not
directly contact Ubc13. The ZF1 forms a three-stranded, antiparallel p-sheet with residues
N-terminal to the RING domain, thereby locking these residues into a conformation suitable
for Ubc13 binding.

Interestingly, superposition of theTRAF2RING-ZFonto theTRAF6-Ubc13 structure reveals
steric clashes between TRAF2 and Ubc13 (22, 29, 33, 44, 52, 60, 63, 75, 81, 92, 105, 126—
128), and purified TRAF2 fails to interact with UBC13 in gel-shift assays in vitro (128).
Residues critical for Ubc13 binding in TRAF6 are not conserved in TRAF2, and mutations
of these residues to their TRAF2 counterparts abolish Ubc13 interaction as well as E3
activity of TRAF6. Therefore, TRAF2 requires interaction with clAP to induce
polyubiquitination (115, 134).

TRAF CC Domain and Interaction with clAP

TRAF2 and clAP form an E3 complex and are essential components of the TNF-a-induced
canonical and noncanonical NF-xB pathways (70, 71, 115,134). Upon binding to TNF-
a,TNFR1 recruits the adaptor protein TRADD, which in turn recruits TRAF2 and RIP1.
Lys63-linked polyubiquitination of RIP1 is essential for IKK activation (18) and dependent
on binding of TRAF2 to clAP1/2 (115, 134).

The TRAF2-CC domain forms a continuous homotrimer both alone and in complex with the
BIR1 domain of clAP2 (70, 134) (Figure 5e). Strikingly, each TRAF-CC trimer interacts
with only one clAP molecule in the crystal structure as well as in solution. Upon binding of
clAP the TRAF2-CC trimer undergoes subtle conformational changes, which result in an
enhanced binding site while at the same time prohibiting binding of further cl AP molecules
to the other two potential binding sites on the TRAF-CC trimer.

In contrast to TRAF2, the role of TRAF1 in NF-xB activation is still unclear. TRAF1 has
been suggested to act as both a negative and a positive regulator, possibly in a cell type—
dependent manner. Little is known about the exact mechanism of regulation. However, in
the presence of TRAF1-CC, a heterotrimer consisting of one TRAF1-CC molecule and two
TRAF2-CC molecules (TRAF1.[TRAF2],) is preferentially formed (134). Interestingly,
biochemical analysis of this interaction showed that the TRAF1.[TRAF2], heterotrimer has
a higher affinity to clAP2 than the TRAF2 homotrimer. Inspection of the TRAF2-CC
homotrimer and the TRAF1.[TRAF2], heterotrimer structures display a high degree of
similarity. However, upon superpositioning of the clAP2 molecules, a relative rotation of
~9° between the two trimers is observed. Additionally, the interaction with clAP2 is
mediated mostly by TRAF1 and exhibits higher hydrophaobicity and better shape
complementarity than that observed in the homotrimer.

TRAF1 was shown to rescue a clAP2-binding-defective mutant of TRAF2 and was able to
inhibit TNFR2-induced proteosomal degradation of TRAF2 (17, 134). Therefore, the
differences in the binding affinity and mode of clAP to TRAF1-[TRAF2], and TRAF2
trimer provide a first explanation for these regulatory functions of TRAF1 in NF-xB
activation.

TRAF CTD and Interactions with Peptides and TRADD

The activated TNFR recruits signaling adaptors to their intracellular domains. The TNFR
superfamily can be divided into two subgroups: TNFRs called death receptors that contain
an intracellular DD, and TNFRs without a DD. Those without a DD are able to directly
recruit members of the TRAFs. Death receptors related to TNFR1 require the adaptor
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protein TRADD to recruit TRAF2. The DD of TRADD bhinds to the receptor, and the NTD
of TRADD facilitates interaction with TRAF2 (92, 93).

Several complexes betweenTRAF2 and receptor peptides have been solved (63, 75, 81, 92,
126). Overall, these complexes resemble a mushroom-like shape with the TRAF2-CC
domain as the stalk and the p-sandwich domain as the cap of the mushroom (Figure 5£¢). In
all receptor- TRAF2 structures, the receptor peptides have an extended main chain
conformation and form a p-strand. This p-strand extends the p-sandwich of TRAF2 at the
edge of the mushroom cap. The TRAF2-binding motifs are defined by specific side chain
interactions between the receptor peptides and TRAF2 (75, 92, 126).

The crystal structure of the CTD (CC and TRAF-C) of TRAF2 and the NTD of TRADD
(TRADD-N) reveal that the mushroom-like shape of TRAD?2 is decorated by three
molecules of TRADD bound to the top side of the mushroom cap (93) (Figure 54,/). Each of
the TRADD molecules exclusively interacts with the p-sandwich fold of one TRAF2
subunit. TRADD-N folds into an a-p-sandwich with a four-stranded B-sheet and six a-
helices (Figure 54,/). The interface is divided into two regions. Region 1 is largely
hydrophobic and formed by a surface protrusion on TRAF2 and an exposed shallow face of
the B-sheet of TRADD. Region Il is formed by a highly charged ridge on TRADD and a
surface depression of TRAF2 and features a hydrophilic interface with many hydrogen
bonds and salt bridges.

The C terminus of TRADD-N projects away from theTRADD-TRAF2 complex and
indicates a possible location of the C-terminal DD of TRADD, which directly binds the
intracellular DD of TNFR1 close to the cell membrane. The DD domain of TRADD is also a
central platform for the recruitment of intracellular signaling molecules such as FADD for
caspase-8 binding or RIP1 for NF-xB activation. In this conformation, the trimeric CC
regions are protruding toward the center of the cell, poised to interact with downstream
signaling proteins like clAPs. Interestingly, the binding region of TRADD on TRAF2 is
similar to the surface region occupied by receptor peptides (71, 75, 92, 115, 126) and
highlights the competitive nature of direct and indirect recruitment of TRAFs by the TNFR
family.

TRAF Higher-Order Oligomerization

Although the N-terminal part of TRAF proteins forms dimers, the CTDs form trimers. This
apparent symmetry discrepancy within the same protein can be rectified with a higher-order
oligomerization network. Indeed, spontaneous aggregation of endogenous TRAF6 has been
observed as a response to receptor stimulation in vivo (129). Furthermore, fluorescence
resonance energy transfer experiments have shown that TRAF6 can form higher-order
oligomers. The capability to oligomerize can be abolished by a mutant incapable of
dimerization. Taking all the available structural information together, a model of activated,
full-length TRAF6 was proposed (88, 106, 129) (Figure 5/). The TRAF6 model reveals the
potential for infinite oligomerization into a two-dimensional lattice via the dimerization and
trimerization interfaces. This network of interactions would lead to an increase in local
concentration of all associated signaling proteins by providing a docking platform and
promoting autoubiquitination, polyubiquitination, and downstream signaling.

SIGNALING CASCADES TRIGGERED BY THE TLR/IL-1R SUPERFAMILY

The TLR/IL-1R superfamily belongs to the pattern recognition receptors, with each of the
TLRs recognizing a specific PAMP via their extracellular domain. PAMPs include
lipopolysaccharides of gram-negative bacteria, peptidoglycan and lipoteichoic acid of gram-
positive bacteria, RNAs indicative of virus presence, and various forms of stress signals.
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The TLRs are related to the IL-1R subfamily of membrane receptors. They share a common
cytoplasmic TIR domain and consequently utilize overlapping components for downstream
signaling. TLRs are evolutionarily conserved from Caenorhabditis elegans to mammals, and
to date, a total of 13 mammalian TLRs have been identified. TLRs are composed of three
domains: an N-terminal extracellular leucine-rich repeat region (LRR) that senses
extracellular pathogens and signals generated during tissue injury, a single transmembrane
domain, and a C-terminal intracellular Toll/IL-1R (TIR) domain (88, 106, 112) (Figure 64).
Upon ligand-induced activation, TLRs and IL-1Rs form dimers (62, 112) or alter their
preexisting conformation (45, 49, 62, 67, 90, 130).

Membrane Proximal Interactions

To date, several structures of the extracellular domain of TLRs bound to a ligand have been
solved and reveal a common overall structure (45, 49, 67, 90, 130). The extracellular LRR
domains of the dimeric TLRs resemble an m-like shape with the two N termini extending in
opposite directions and the two C termini converging in the middle region. However, each
of the different ligands is bound to distinct surfaces on the TLR dimers.

Receptors of the IL-1R family contain three immunoglobulin-like domains in their
extracellular portion (Figure 64). Upon initial binding to IL-1R1, association with IL-1RAcP
is required for tight binding of the cytokine and downstream signaling (57, 87, 102). The
structures of the IL-1-bound IL-1R1-IL-1RACcP and the IL-1R1-IL-1RII heterodimer reveal
similar architecture and show that the Ig-like domains of the receptor are brought in close
proximity upon dimerization (26, 109, 114, 117).

The TLRs and IL-1R family of membrane receptors share a common cytoplasmic TIR
domain and consequently utilize overlapping components for downstream signaling (28,
86). It was suggested that higher-order oligomers of receptors may be critical for
intracellular signal initiation (79, 102). The TIR domain forms a small, globular, parallel p-
sheet surrounded by a-helices (25, 80, 123) (Figure 6¢). It is thought that upon binding of
the ligand to the extracellular domain, the intracellular TIR domains come in close
proximity to each other and can engage in homotypic interaction. This creates a platform
from which oligomerization of TIR-domain-containing adaptor molecules can be nucleated
(1, 88, 106, 132). To date, five adaptor molecules have been identified: myeloid
differentiation primary-response gene 88 (MyD88), MyD88-adaptor-like protein, TIR-
domain-containing adaptor protein—inducing IFNB (TRIF), TRIF-related adaptor molecule,
and sterile a.- and armadillo-motif-containing protein (40, 88). Several structures of TIR-
domains are known. However, due to the difficulty in reconstituting stable TIR domain
oligomers, the nature of TIR domain oligomerization still remains elusive. And several
proposed models based on mutagenesis studies, crystal structures, or docking studies still
await conformation (41, 43, 51, 74, 83, 84, 113).

Oligomeric DD Interactions and Activation of IRAK: The Myddosome

It was suggested that higher-order oligomers of receptors may be critical for intracellular
signal initiation (79, 102). Upon binding of the ligand to the receptor, the intracellular TIR
domains come in close proximity to each other and can engage in homotypic interaction.
This creates an initial TIR platform at which other TIR-domain-containing adaptor
molecules can assemble and oligomerize (88, 106, 132).

The primary signaling adaptor protein for TLR and IL-1R signaling is MyD88. In addition
to its TIR domain, it contains a C-terminal DD (Figure 64). MyD88 is a member of the DD
superfamily, which also includes pyrin, caspase recruitment, and death effector domains
(91). The DD fold contains six antiparallel a-helices arranged in a Greek key bundle (37,
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104). The DD fold is characterized by a low sequence homology that generates diverse,
specific interaction surfaces. Within each subfamily, members form conserved homotypic
interactions and facilitate the assembly of oligomeric signaling complexes, which are crucial
components of inflammatory and apoptotic signaling pathways.

In the TLR- and IL-1R-induced pathways, MyD88 associates with members of the IL-1R-
associated kinase (IRAK) family. IRAK proteins contain an N-terminal DD followed by a
C-terminal kinase domain (Figure 64). The DDs of MyD88 and IRAKSs assemble into a large
oligomeric complex termed a Myddosome (79). The structure of this Myddosome has been
solved and reveals a tower shape consisting of four layers; a layer of IRAK4 is sandwiched
between two top layers of MyD88 and a bottom layer of IRAK2 (66) (Figure 66). The DDs
of MyD88, IRAK4, and IRAK?2 assemble into a left-handed, helical structure that is
stabilized by three types of conserved DD interactions (20). Surface shape and charge
complementarity between the adjacent layers and the fact that the IRAK4DDis monomeric
whereas the DD of MyD88 is prone to oligomerization in solution suggests a sequential
assembly order of the entire complex (66). Therefore, a strict hierarchical assembly
mechanism can be easily envisioned. First, binding of a ligand to the receptor brings the
intracellular receptor TIR domains into close proximity, which leads to recruitment of
MyD88. Second, the DD of MyD88 oligomerizes and nucleates IRAK4 binding and
oligomerization. Third, after four IRAK4 molecules have assembled a layer of the
Myddosome, IRAK2 and IRAK1 molecules can bind to the Myddosome.

IRAK4 was shown to phosphorylate the activation loop of IRAK1 and autophosphorylate
itself in vitro (64), whereas MyD88 was found to promote phosphorylation of IRAK1 and
IRAKA4 (9). This suggests that the Myddosome provides a platform at which
phosphorylation is initiated by IRAK4 and propagated downstream to IRAK1 and IRAK2.
Phosphorylated IRAK1 and IRAK2 in turn recruit TRAF6 to the membrane (10, 94, 125)
(Figure 6¢).

Activation of the TAK1 Complex

The TAK complex is involved in signaling pathways induced by various cytokines,
including TGF-B, TNF-a, IL-1, and even LPS (61), and is required to activate IKK. The
TAK complex consists of a kinase, TAK1, and TAB1, TAB2, and TAB3 (Figure 78). TAK1
is a member of the MAPKKK family (82). TAK1 requires TABL1 for its kinase activity (53,
103). The structure of the TAK1.-TAB1 complex shows that the interacting a-helix of TAB1
is bound in an extensive pocket on the surface of the C-terminal TAK1 kinase lobe (8)
(Figure 7). This close interaction promotes autophosphorylation of the TAK1 kinase
activation lobe, likely through an allosteric mechanism (8, 89, 100).

The TAK1 complex is regulated by Lys63-linked polyubiquitination (116). The ZF domains
of TAB2 and TAB3 were shown to specifically recognize Lys63-linked polyubiquitin chains
that are either unanchored or anchored to substrate proteins such as RIP1, TRAF6, or
NEMO; mutations preventing polyubiquitin binding abolish TAK1 or IKK complex
activation (48, 116). Secondary structure analysis shows a similar domain structure for
TAB2 and TAB3: an N-terminal ubiquitin binding (CUE) domain and a CC region,
followed by a TAK1-binding (TB) domain and a C-terminal Npl4 ZF (NZF) (48). The
sequences of the TAB2 and TAB3 NZF domains are ~80% identical, and crystal structures
of both in complex with Lys63-linked polyubiquitin have been solved and are practically
identical (59, 101). The TABNZF folds into a pair of antiparallel p-sheets followed by a
long loop and binds to both ubiquitin moieties simultaneously (Figure 7¢). TAB does not
recognize the Lys63-linked isopeptide bond but interacts with hydrophobic patches centered
around Ile44 on adjacent ubiquitin moieties. Specificity for Lys63-linked ubiquitin is
achieved by conformational constraints. The distal and proximal ubiquitin-binding sites of
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the TAB NZF are organized to optimize simultaneous binding to adjacent ubiquitin moieties
in a configuration specific to Lys63-linked ubiquitin chains (56). The conformational
constraints imposed by TAB on the Lys63-linked di-Ub cannot be adopted by a linear
linkage (59).

Multiple TAB NZF domains could bind to long Lys63-linked ubiquitin chains. Recruitment
of multiple TAK1 complexes to the TRAF6-polyubiquitination scaffold would bring the
kinase domains of TAK1 in close proximity to each other. This would promote
autophosphorylation and activation of the TAK1 kinase, which in turn can activate the IKK
complex.

NEGATIVE REGULATION BY DEUBIQUITINASES

Polyubiquitin chains play a crucial role in the activation of the NF-xB pathway by proving
an assembly platform for signaling molecules. Therefore, the removal of the polyubiquitin
chains by deubiquitinases (DUBs) presents one way of terminating NF-xB activation.
Similar to E3 ligases, DUBs can have specificity for certain polyubiquitin linkage types. The
specificity can be mediated by selectivity of the catalytic core, ubiquitin-binding domains of
the DUB, or adaptor proteins. Several DUBs have been found to regulate the NF-xB
pathway. The DUBs, A20 (TNF-a-induced protein 3), Cezanne, Usp21, and the ubiquitin
carboxyl-terminal hydrolase CYLD have been shown to be important for negative feedback
regulation of the NF-xB pathway. A20, CYLD, Cezanne, and Usp21 differ in their temporal
activation and ubiquitin linkage specificity. However, all four DUBs have been implicated
in the removal of ubiquitin chains from RIP1 in TNF signaling.

A20 belongs to the ovarian tumor superfamily of DUBs (72). It contains an N-terminal
ovarian tumor domain (OTU) and seven ZF domains (Figure 74). A20 is a ubiquitin-editing
enzyme (19). It mediates deubiquitination of Lys63-linked polyubiquitin but can also
generate Lys48-linked polyubiquitin chains via the E3 ligase activity of the fourth ZF motif
(15, 19, 118). Both activities are required for NF-xB inhibition (32).

The fourth ZF (ZF4) of A20 was also shown to selectively bind Lys63-linked ubiquitin
chains (6). A crystal structure of ZF4 bound to monoubiquitin in addition to solution-phase
characterization revealed a three-interface-binding site for Lys63-linked ubiquitin.

The OTU domain of A20 folds into wedge-like shape (Figure 7¢). A highly conserved,
negatively charged surface patch close to the active site of A20 was suggested as the
ubiquitin-binding region (65). The putative binding site is located at a position similar to
ubiquitin-binding sites of two other DUBs, Yuhl1 and HAUSP (36, 47). A20 was shown to
remove the entire Lys63-linked polyubiquitin chain from TRAFG in one step, thereby
effectively turning off the NF-xB pathway (65). It was suggested that the ZF domain
recruits A20 to Lys63-linked polyubiquitin chains on activated signaling complexes. The
A20 OTU disassembles the polyubiquitin chains, which in turn could facilitate the synthesis
of degradative Lys48-linked ubiquitin chains on the substrates (Figure 7 5.

CYLD is a member of the ubiquitin-specific protease (USP) family. It contains three
cytoskeletal-associated protein (CAP)—glycine-conserved repeats in its N-terminal portion
and a USP domain at the C terminus (Figure 6d). CYLD contains a TRAF2-binding
sequence, and the third CAP was shown to interact with a Pro-rich sequence in NEMO (58,
99). The USP domain mediates disassembly of Lys63-linked polyubiquitin chains. Unlike
other USPs, CYLD is able to hydrolyze polyubiquitin chains internally, resulting in an
efficient inhibition of the NF-xB pathway. The structure of the CYLD USP domain revealed
a proximal ubiquitin-binding site near the active site and a Lys63-specific set of conserved
residues near the catalytic center, explaining the specificity for Lys63 (Figure 7g).
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Structural studies of NF-xB signaling have helped illustrate the underlying molecular
mechanisms in many aspects of the signaling cascades from adaptor recruitment to
activation of ubiquitin ligases and kinases, culminating in transcriptional control of immune
and inflammatory responses. Several central themes are emerging from these studies. First,
the conventional view that signal transduction is composed of linear strings of events is
being challenged in that large multimeric assemblies, or signalosomes, are formed in these
signaling processes. Second, at least three types of multimerization scaffolds have been
identified from these studies: the infinite high-order oligomerization of TRAF6, the
ubiquitin chain network, and the helical assembly in the DD superfamily. Third,
oligomerization appears to occur at all levels of the signaling cascade in which multiple
signaling oligomers combine to form gigantic signalosomes to perform multiple reactions
simultaneously and efficiently, such as ubiquitination and phosphorylation. The intrinsic
cooperativity in the formation of multimeric signalosomes may predict a digital threshold
response in NF-xB signaling, a property that may be quite general in many other biological

processes.
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Figure 1.
Simplified view of the TLR/IL-1R (/ef?)) and TNFR (righ?) pathways leading to activation of

NF-xB. Known interactions between proteins are indicated and discussed in detail in the
text. Abbreviations: IL-1R, interleukin-1 receptor; NF-xB, nuclear factor xB; TLR, Toll-like
receptor; TNFR, tumor necrosis factor receptor.
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Figure 2.

Structures of NF-xB and IxBs. (4) Domain organizations of representative members. (0)
Space-filling model of the crystal structure of the p50/p65 heterocomplex bound to DNA.
(¢) The same structure shown in ribbon diagrams in two orientations. () Space-filling
model of the crystal structure of p50/p65 heterocomplex bound to 1xBa.. NLS of p65 is
shown in red. (&) The same structure shown in ribbon diagrams in two orientations. (#
Superposition of p65 in the IxBa-bound form (6/u€) and DNA-bound form (orange).
Abbreviations: CTD, C-terminal domain; IxB, inhibitor of NF-xB; NF-xB, nuclear factor
xB; NLS, nuclear localization signal; NTD, N-terminal domain.
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Structural overview of (&) Lys48-linked, (4) Lys63-linked, and (¢) linear di-ubiquitin (di-

Ub) showing the resulting different overall conformation. Lys48, Lys63, and Met1 are

highlighted in red. Note that in linear di-Ub chains, no lysine residue is used for the linker.
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Figure 4.

Structures of the IKK complex. (§) Domain organizations. (6) Crystal structure of IKK
dimer. (¢) Crystal structure of IKKp NBD in complex with the N-terminal kinase-binding

domain (HLX1) of NEMO.
(e) Crystal structure of CC2

(d) Crystal structure of NEMO HLX2 in complex with vFLIP.

-LZ of NEMO in complex with linear di-Ub. (#) Structure of the

NEMO ZF domain. (g) A model of full-length NEMO dimer. Abbreviations: di-Ub, di-

ubiquitin; IKK, IxB kinase;
modulator; ZF, zinc finger.

NBD, NEMO-binding domain; NEMO, NF-xB essential
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Figureb5.

Structures of TRAFs. (&) Domain organizations. (4) Crystal structure of the dimeric RING
and ZF domains (ZF1-3) of TRAF6. (¢) Crystal structure of the dimeric RING and ZF
domain (ZF1) of TRAF2. (d) Crystal structure of TRAF6 RING and ZF domain (ZF1) in
complex with Ubc13. () Crystal structure of TRAF2 CC in complex with clAP2 BIR1
domain. (7, g) Crystal structure of the TRAF domain of TRAF2 in complex with a peptide
from the CD40 receptor in space-filling and ribbon diagrams, respectively. (4, /) Crystal
structure of the TRAF domain of TRAF2 in complex with the NTD of TRADD in space-
filling and ribbon diagrams, respectively. () An infinite aggregation model of full-length
TRAF proteins by alternating dimerization and trimerization. Abbreviations: CC, coiled
coil; NTD, N-terminal domain; TRAF, tumor necrosis factor (TNF) receptor—associated
factor.
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Structures of the Myddosome and other membrane-proximal interactions in the TLR/IL-1R
pathway. (8) Domain organizations. () Crystal structure of the DD complex of the
Myddosome in two orientations, showing a structure with 6 MyD88, 4 IRAK4, and 4
IRAK1 or IRAK2 molecules. (¢) A structural model of the membrane-proximal events in
TLR signaling. Abbreviations: DD, death domain; IL-1R, interleukin-1 receptor; IRAK,
interleukin-1 receptor (IL-1R)-associated kinase; MyD88, myeloid differentiation primary-
response gene 88; TLR, Toll-like receptor.
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Figure7.

The TAK1 complex and deubiquitinases in downregulating NF-xB signaling. (g) Domain
organizations of TAK1 complex components. (&) Crystal structure of TAK1 kinase domain
in complex with an activating peptide from TAB1. (¢) Crystal structure of TAB2 NZF in
complex with Lys63-linked di-ubiquitin. (d) Domain organizations of deubiquitinases A20
and CYLD. (¢) Crystal structure of the OTU domain of A20. (#) Crystal structure of the
fourth ZF domain of A20 in complex with three ubiquitin molecules. (g) Crystal structure of
the USP domain of CYLD. The B-box is a small zinc-binding domain similar to RING
domains. Abbreviations: NZF, Npl4 zinc finger; OTU, ovarian tumor domain; USP,
ubiquitin-specific protease; ZF, zinc finger.
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