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Structure-Function Analysis of the Interleukin-1 Receptor Associated
Kinase (IRAK-1) in IL-1f Signal Transduction to NFxB.
Emma-Louise Cooke

Abstract

The IL-1 receptor-associated kinase (IRAK1) is essential for IL-1-stimulated NFkB-dependent gene
activation. To study the role of IRAK-1 in IL-1 signalling, we have generated a set of IRAK-1 variants
that express distinct domains of IRAK-1 either alone or in combination and have examined their effects on
an NFkB responsive reporter in HeLa cells. Unlike full-length IRAK-1, the deletion mutants were unable to
activate NFkB in the absence of cytokine stimulation. However, an IRAK-1 variant lacking only the N-
terminal domain retained the ability of the full-length protein to potentiate both IL-13 and TNFa-induced
NFkB activation. In contrast, expression of the N-terminus or the C-terminus of IRAK-1, or a fusion
protein incorporating both domains inhibited both IL-1B and TNFa-induced effects. Expression of an
IRAK-1 variant lacking only the C-terminal domain preferentially inhibited IL-1B versus TNFa-induced NF
kB activation. These data suggest that the C-terminal domain may link IRAK-1 to downstream signalling
components common to both the IL-1 and TNF pathways. We have demonstrated that endogenous IRAK-1
becomes phosphorylated upon IL-1f treatment and can be detected along with NEMO and IKK in high
molecular weight complexes of 600-800kDa. Moreover, IRAK-1 could be detected in NEMO
immunoprecipitates from IL-1B stimulated cells, suggesting that NEMO recruits IRAK-1 into the IxB
kinase complex. Additionally, we have identified proteins that potentially interact with the C-terminus of
IRAK-1 by utilising the yeast 2-hybrid system. A novel protein, which we called IRIP (IRAK-1-interacting
protein) was identified. Bioinformatic analysis suggests that IRIP is a member of a family of ecto-
nucleotide pyrophosphatase/phosphodiesterases and is likely to be the human homologue of a yeast protein
called GPI7, which is involved in the addition of side chains to GPI anchors. It remains to be established
whether IRIP has phosphodiesterase/pyrophosphatase activity and also what role this protein may play in

IL-1 signal transduction or cell regulation.
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TACE TNFo Converting Enzyme
TAK-1 TGFpB-Activated Kinase-1

TCA Trichloroacetic Acid

TD Transactivation Domain

TE Tris EDTA buffer

TGFo Transforming growth factor o

XIX



TIR Toll/IL-1 Receptor Homology Domain

TLR Toll-Like Receptor

TNF Tumour Necrosis Factor

TNFR1 Type 1 TNF Receptor

TRADD TNF-Receptor Associated Death Domain Protein
B-TRCP B-Transducin-Repeat-Containing Protein

TRIP TRAF-Interacting Protein

UAS Upstream Activating Sequences

uv Ultraviolet Radiation

18W 18-Wheeler

Wg Wingless

X-Gal 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
Y2H Yeast two-Hydrid



Amino Acid Codes and Abbreviations

The standard genetic code:

UUU Phe UCU Ser UAU Tyr UGU Cys
UUC Phe UCC Ser UAC Tyr UGC Cys
UUA Leu UCA Ser UAA STOP UGA STOP
UUG Leu UCG Ser UAG STOP UGG Trp
CUU Leu CCU Pro CAU His CGU Arg
CUC Leu CCC Pro CAC His CGC Arg
CUA Leu CCA Pro CAA GIn CGA Arg
CUG Leu CCG Pro CAG GlIn CGG Arg
AUU lIle ACU Thr AAU Asn AGU Ser
AUC Ile ACC Thr AAC Asn AGC Ser
AUA Ile ACA Thr AAA Lys AGA Arg
AUG Met ACG Thr AAG Lys AGG Arg
GUU Val GCU Ala GAU Asp GGU Gly
GUC Val GCC Ala GAC Asp GGC Gly
GUA Val GCA Ala GAA Glu GGA Gly
GUG Val GCG Ala GAG Glu GGG Gly

AUG is part of the initiation signal, as well as being the codon for internal methionine

XXI



Symbols for Amino Acids:

A Ala
B Asx
C Cys
D Asp
E Glu
F Phe
G Gly
H His
I Ile
L Leu
K Lys
M Met
N Asn
P Pro
Q Gin
R Arg
S Ser
T Thr
V Val
W Trp
Y Tyr
Z Glx

Alanine
Asparagine or Aspartic acid
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine

Glutamine or Glutamic acid

XXTII
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Chapter 1

Introduction

Eukaryotic organisms have developed elaborate mechanisms to ensure that gene expression is tightly
regulated and specifically activated in response to particular developmental and extracellular stimuli. Gene
expression can be regulated in several ways, for example, post-transcriptionally through RNA splicing or
stability (Hodges and Bernstein, 1994; Ross, 1996), at the level of protein translation (Kaufman et al.,
1994) and also the stability of the mature protein can be controlled by processes such as the ubiquitin-
conjugation system (Jennissen, 1995). Sequence-specific DNA-binding proteins known as transcription
(trans-acting) factors modulate transcription initiation in Eukaryotes. These factors can repress or activate
transcription through interactions with transcription initiation sequences located within the promoter
regions of genes, or through interactions with regulatory (cis-regulatory) elements known as enhancers.
Many extracellular mediators such as growth factors and cytokines activate or repress the action of
transcription factors, leading to changes in gene expression. Interleukin-1 (IL-1) is a key mediator in the
body’s response to microbial invasion, injury, or antigenic challenge. It activates a number of signalling
pathways, one of which culminates in the activation of the transcription factor NFkB. Dysregulation of
NFxB has been associated with cellular transformation and NFkB controls genes of significant biomedical
importance, such as those encoding proinflammatory cytokines, chemokines, interferons, major
histocompatibility complex (MHC) proteins, growth factors, cell adhesion molecules and viruses (Baeuerle
and Baltimore, 1996). Elucidation of the IL-1 signal transduction pathway leading to NFkB activation

should therefore provide valuable insight into potential mechanisms to alleviate inflammation.

1.1 Overview of Innate and Adaptive Immunity

The immune system is an organisation of cells and molecules with specialised roles in defending against
infection. There are two fundamentally different types of responses to invading microbes, termed innate
and adaptive immunity (Delves and Roitt, 2000). Innate immune responses involve effector cells
(neutrophils, monocytes, macrophages) that can phagocytose and kill microbes, as well as cells that release
inflammatory mediators (basophils, eosinophils, mast cells), which kill cells infected with intracellular
pathogens. The molecular components of innate responses include complement, acute-phase proteins, and

cytokines such as the interferons (IFNs) (Delves and Roitt, 2000).
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Adaptive immune responses involve the selection and proliferation of antigen-specific B and T cells, which
occurs when the surface receptors of these cells bind to antigen. Specialised cells, called antigen-presenting
cells (APCs), display the antigen to lymphocytes and collaborate with them in the response to the antigen
(Delves and Roitt, 2000). B cells secrete immunoglobulins (Igs), the antigen-specific antibodies
responsible for eliminating extracellular micro-organisms. T cells assist B cells to make antibodies and can
also eradicate intracellular pathogens by activating macrophages and by killing virally infected cells
(Delves and Roitt, 2000). The main distinction between the innate and adaptive arms of the immune system
lies in the mechanisms and receptors used for immune recognition. In the adaptive immune system,
diversity in the genes encoding T-cell receptor and B-cell receptor structures is generated somatically,
during the development of B and T cells (Medzhitov and Janeway, 2000). Each lymphocyte displays a
structurally unique receptor, so the repertoire of antigen receptors in the lymphocyte population is very
large and extremely diverse. This increases the probability that an individual lymphocyte will encounter an
antigen that binds to its receptor thereby triggering activation and proliferation of the cell (Medzhitov and
Janeway, 2000). However, since the binding sites of these antigen receptors arise as a result of random
genetic mechanisms, the receptor repertoire contains binding sites that can react not only with infectious

micro-organisms, but also with self-antigens.

Innate immune recognition is mediated by germ-line-encoded receptors that have broad specificity, because
they can recognise ligands which share a common molecular pattern. These receptors are therefore known
as pattern-recognition receptors (PRRs). The best-known examples of pathogen-associated molecular
patterns are highly conserved molecular structures, such as bacterial lipopolysaccharide (LPS),
peptidoglycan, lipoteichoic acids, mannans, bacterial DNA, double-stranded RNA and glucans (Medzhitov
and Janeway, 2000). Typically, PRRs are expressed on cells that are the first to encounter pathogens during
infection, such as neutrophils, macrophages and dendritic cells. PRRs are also found on B cells — the
professional antigen-presenting cells. Once pathogens are recognised by the PRRs, the innate immune cells
can perform their effector functions rapidly, as selection and proliferation is not necessary. This explains
the rapid kinetics of innate immune responses, which are essential to limit the expansion of rapidly dividing
microorganisms (Medzhitov and Janeway, 1997a). As pathogen-associated molecular patterns are
produced only by microbial pathogens, the innate immune system can discriminate between “foreign” and

“self” molecules and can therefore signal the presence of infection.
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The recognition of “non-self” may provide important signals to direct subsequent adaptive immune

Iresponses.

Functionally, PRRs can be divided into three classes of molecules that are involved with secretion,
endocytosis or signalling. The best-characterised secreted receptor is the mannan-binding lectin, which
binds to carbohydrates on Gram positive and Gram negative bacteria, yeast and some viruses and parasites
(Medzhitov and Janeway, 2000). This initiates the lectin pathway of complement activation (Epstein ef al.,
1996; Fraser et al., 1998). Endocytic PRRs occur on the surface of phagocytes and mediate the uptake and
delivery of the pathogen into lysosomes, where it is destroyed and processed. The resulting peptide can be
presented by MHC molecules on the surface of the macrophage (Medzhitov and Janeway, 2000). An
example of such a PRR receptor is the macrophage mannose receptor (Fraser et al., 1998). The signalling
receptors, once they have recognised pathogen-associated molecular patterns, activate signal transduction

pathways that induce the expression of a variety of immune and inflammatory response genes.

Recently identified Toll family members appear to have a major role in the induction of immune and
inflammatory responses (Ghosh ef al., 1998). The prototype Toll-receptor was discovered in Drosophila,
where signalling via the Toll- and related 18wheeler (18W) receptors, mediate the production of anti-fungal
and anti-bacterial peptides respectively (Lemaitre et al., 1996; Williams et al., 1997). In this respect, the
Drosophila receptor appeared to function as a PRR. Interestingly, evidence that the promoter regions of the
genes encoding these peptides contain NFkB binding sites and that the cytoplasmic region of the
Drosophila Toll protein was shown to exhibit sequence similarity to the cytoplasmic domain of the
mammalian type I interleukin-1 receptor (IL-1RI) (Gay and Keith, 1991) further supported a role for Toll in
innate immunity. Both receptors induce signalling pathways that lead to the activation of transcription
factors of the NFxB family (Ghosh et al., 1998). Subsequently, a human homologue of the Drosophila Toll
receptor was cloned in 1997, called Toll-like receptor 4 (TLR4) (Medzhitov et al., 1997) and to date 10
human TLRs have been reported or annotated in databases. TLR4 overexpression was shown to induce the
activation of NFkB, leading to the expression of a variety of cytokines and costimulatory molecules that are
crucial to adaptive immune responses (Medzhitov ef al., 1997). TLR4 is required for responses to LPS, an

integral component of the outer membrane of Gram negative bacteria (Poltorak et al., 1998).
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TLR2, on the other hand, is required for responses to Gram positive bacteria and fungi, responding to
products such as peptidoglycan and lipoteichoic acid (Brightbill et al., 1999; Underhill ef al., 1999). These
findings suggest that TLRs may function as PRR receptors of the innate immune system and play a role in

controlling adaptive immune responses.

As mentioned, the adaptive immune system responds to a pathogen only after it has been recognised by the
innate immune system, preventing the induction of immune responses to self-antigens. For example, T
cells use their antigen receptors to recognise a ligand in the form of a peptide bound to an MHC class 11
molecule on the surface of an APC (Medzhitov and Janeway, 2000). However, these peptides can be either
self peptides or peptides derived from a microbial pathogen. The recognition of the peptide-MHC ligand by
the antigen receptor alone is not sufficient to activate T cells. Signals generated via PRRs on activated
innate immune cells also promote the expression of co-stimulatory molecules, such as CD80 and CD86 on
the surface of the APC (Medzhitov and Janeway, 2000). It is only when the APC expresses both antigen
and CD80 or CD86 molecules that the T cell can be activated. As this is controlled by pathogen
recognition, this is an important primary mechanism to ensure that T-cell responses are targeted only
towards APC’s recognising “non-self” structures and may also serve to modulate the ensuing adaptive
response (Fearon and Locksley, 1996). These properties represent a previously unrecognised role for cells

of the innate system in primary recognition, education and integration of appropriate inmune responses.

Innate responses frequently involve cytokines, such as IL-1, TNF and IL-6. Cytokines are soluble, low
molecular weight proteins that act as messengers both within the immune system and between the immune
system and other systems of the body, forming an integrated network that is highly involved in the
regulation of immune responses (Delves and Roitt, 2000). Cytokine effects are pleiotropic and influenced
by dose as well as presence or absence of other cytokines. They are produced primarily by activated innate
effector cells, such as monocytes/macrophages, natural killer (NK) cells, polymorphonuclear leukocytes
(PMN) at sites of tissue infection or damage and can rapidly initiate a local acute inflammatory reaction
causing the recruitment and activation of additional inflammatory cells (Delves and Roitt, 2000). Under
normal conditions, these cells contribute to an acute self-limiting inflammatory response, which effectively
eliminates the infection and stimulates tissue repair to bring about resolution of injury and restoration of

normal function.
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Activated APCs that have reached local lymphatic structures can also produce cytokines, which regulate T

and B- cell responses to initiate longer-term adaptive immunity.

Certain defense mechanisms appear to be prominent during viral infections. Foremost amongst them is the
early production of IFNa and IFNB (Biron, 1998). IFNs, among other effects, strongly upregulate the
expression of the MHC class I molecules, thus increasing the efficiency of presentation of viral peptides to
cytotoxic T cells (Sen and Lengyel, 1992). IL-1, TNFa and chemokines, direct the migration of antigen-
specific lymphocytes, along with other effector cells, to the site of infection either by inducing the
expression of adhesion molecules on endothelial cells (IL-1 and TNFa) or by stimulating chemotaxis
(chemokines) (Murphy, 1994; Shimizu et al,, 1992). Finally, IL-6 induces the terminal differentiation of B

lymphocytes into Ig-producing plasma cells (Medzhitov and Janeway, 1997b; Van Snick, 1990).

Under pathological conditions persistent activation of inflammatory cells by an irritant or foreign organism
may cause chronic overproduction of inflammatory cytokines and excessive activation of effector
mechanisms which lead to tissue damage. In these circumstances a breakdown or short-circuiting of normal
innate mechanisms of recognition may also lead to inappropriate presentation of self-antigens leading to
activation of auto-reactive T-cells and auto-immune disease. Monocytes and macrophages are important
effector cells which, when activated, can produce large amounts of potent proinflammatory cytokines such
as IL-1 and TNF. Recently it has been recognised that in addition to their important roles in host
protection, over-production of these cytokines can be contributory factors in chronic inflammatory diseases
such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD) and asthma (Dinarello, 1996).
Therapeutic strategies based on antagonists of these cytokines have shown clinical benefits in several
diseases, particularly RA and IBD confirming the importance and relevance of these cytokines in

pathological mechanisms.
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1.2 Interleukin-1 (IL-1)
1.2.1 Biological Effects Of IL-1

Interleukin-1 is the name given to two genetically distinct polypeptides (IL-la and IL-1PB) that signal
through the same cell surface receptor and share many biological properties. They were originally known
by a number of different names (endogenous pyrogen, mononuclear cell factor (MCF), lymphocyte
activating factor (LAF), catabolin etc) corresponding to their diverse biological activities (Stylianou and
Saklatvala, 1998). Much attention has focused on IL-1 because of its critical role in immune and
inflammatory responses. It is one of the key mediators in the body’s response to microbial invasion,
inflammation, immunological reactions and injury. In the first few hours after infection or injury, the
biological effects of IL-1 are manifested in nearly every tissue and organ (O'Neill, 2000). On activation by
IL-1, cells display an inflamed phenotype, caused by the expression of over 90 genes, including those
coding for other cytokines, cytokine receptors, acute-phase reactants, growth factors, tissue remodelling
enzymes, extracellular matrix components and adhesion molecules (O'Neill, 1995). Most of these genes are
NFxB-regulated, so this transcription factor has become the focus of extensive research due to its virtual
ubiquity as a regulator of inflammatory and immune gene expression. Much of the work presented in this

thesis has focused on elucidating the mechanisms by which IL-1 signals via the IL-1RI to activate NFxB.

IL-1 is primarily produced by activated monocytes and macrophages, although almost all cells, including
fibroblasts, endothelial cells, keratinocytes, osteoblasts and neutrophils, can produce IL-1 to some extent
(Bresnihan and Cunnane, 1998; Rosenwasser, 1998). While the constitutive expression of IL-1 is very low
in health, it is highly inducible in response to a variety of stimuli, including endotoxins, micro-organisms,
various cytokines, fragments of complement, immune complexes and products of activated T-lymphocytes
(Dinarello, 1992). It is able to act on most tissues and can mediate many physiological, metabolic,
inflammation, immunological and haematopoietic responses. Table 1-1 gives examples of the plethora of

IL-1-induced biological effects.
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Immunological Properties

T cell activation: synergy with IL-6 for IL-2 synthesis

Increased lymphokine synthesis (IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10 and IL-12)
Increased IL-2Rf3

B cell activation via induction of IL-6: increased antibody production

Natural killer activity: synergy with IL-2 and IFN

Inhibition of tolerance to protein antigens

Pro-inflammatory Properties

Fever, sleep, anorexia, neuropeptide

Amino acid turnover, hyperlipidemia

Hypotension, myocardial suppression, shock, death
Cytotoxicity (apoptosis of insulin-producing islet  cells)
Endothelial cell activation

Increased adhesion molecule expression (ICAM-1, VCAM-1 and ELAM-1)
Neutrophilia

Neutrophil priming

Neutrophil tissue infiltration via induction of IL-8
Eosinophil degradation

Cyclooxygenase and lipooxygenase gene expression
Synthesis of collagenases

Cartilage breakdown

Osteoblast activation

Induction of osteoclastogenesis and bone resorption

Table 1-1: The Biological Effects of IL-1. Figure adapted from (Dinarello, 1992) and (Dinarello, 1996).
Abbreviations: ICAM-1, intracellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; ELAM-1,

endothelial leukocyte adhesion molecule-1.
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1.2.2 Molecular Nature of IL-1

As mentioned above, the biological activity of IL-1 is mediated by the two agonist forms IL-1a and IL-1P
(Auron et al., 1984; March et al., 1985), which show only 25% primary amino acid sequence identity, yet
bind to the same cell surface receptor, the IL-1RI and initiate similar biological responses (Dower et al.,
1985; Dower et al., 1986; McMahan et al., 1991; Sims et al., 1988). These cytokines are synthesised as
31kDa precursors (pro-IL-1a and pro-IL-1B) without hydrophobic leader sequences and are proteolytically
cleaved into mature 17kDa proteins (Cameron ef al., 1986; Kostura et al., 1989). Unlike IL-1, IL-1a is
fully active as a precursor protein and remains intracellularly (Mosley et al., 1987). IL-1a is not commonly
found in the circulation or in body fluids, except during severe disease, in which case it is released from
dying cells. In the absence of cell death, pro-IL-1a is cleaved by calcium-dependent membrane-associated
cysteine proteases called calpains, allowing mature IL-1a to be secreted from cells (Kobayashi et al., 1990),
(Miller et al., 1994; Watanabe and Kobayashi, 1994). The cysteine protease responsible for the processing
of pro-IL-1B from its inactive precursor to the bioactive form is called the interleukin-1f converting
enzyme (ICE) / caspase-1 (Black et al., 1988; Black et al., 1989a; Cerretti et al., 1992; Kostura et al., 1989;
Thomberry et al., 1992). Caspase-1 cleaves pro-IL-1p at Aspl16-Alall7, creating the 17.5kDa mature
biologically active cytokine, which is exported from the cell via a non-classical secretory pathway (Auron
and Webb, 1987; Black et al., 1989b; Hazuda et al., 1990; Howard et al., 1991; Thornberry et al., 1992).
Although caspase-1 is unable to cleave pro-IL-la, it can cleave an inactive precursor of interferon-y-
inducing factor / IL-18, the third member of the IL-1 family of cytokines (Ghayur et al., 1997; Gu et al.,
1997; Howard et al., 1991; Okamura et al., 1995; Ushio et al., 1996). Caspase-1 is therefore involved in
the regulation of IL-18 production and the subsequent activation of T cells. Human caspase-1 is
synthesised in cells of the monocytic lineage as an inactive 45kDa precursor, which is processed
proteolytically to generate enzymatically active 10- and 20kDa proteins (Miller et al., 1993; Thornberry et

al., 1992).

The fourth member of the IL-1 family is the naturally occurring IL-1 receptor antagonist (IL-1Ra). IL-1Ra
is also synthesised as a precursor protein, pro-IL-1Ra, that is translated in the Endoplasmic Reticulum (ER)

and transported to the Golgi (Eisenberg et al., 1990).
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In contrast to IL-1c. and IL-1B, pro-IL-1Ra evolved with a 25 amino-acid leader sequence and once
cleaved, is readily transported out of cells and termed secreted IL-1Ra (sIL-1Ra) (Dinarello, 1994). An
intracellular form of the IL-1Ra, (icIL-1Ra) which is retained inside cells due to the absence of a leader
peptide has also been identified (Haskill et al, 1991). icIL-1Ra is synthesised by alternate mRNA
splice/insertion of the IL-1Ra transcript, replacing the first exon coding for the signal peptide (Dinarello,
1996; Haskill et al., 1991). Studies using human blood monocytes have shown that the gene for sIL-1Ra is
initially expressed following cell stimulation and can be visualised in the Golgi during the first 4-6 hours
(Andersson et al.,, 1992). However, after 24 hours, icIL-1Ra is the primary transcript detected in the
cytoplasm of these cells (Andersson et al, 1992). Both sIL-1Ra and icIL-1Ra are functionally
indistinguishable. sIL-1ra blocks cell surface IL-1 receptors, while at least in keratinocytes and epithelial
cells, the constitutively produced icIL-1Ra is thought to inhibit intracellular binding of IL-1a to nuclear
receptors (Dinarello, 1994; Haskill et al., 1991). See figure 1-1 for a diagrammatic representation of the

production of active IL-1q, IL-1f, IL-1Ra and IL-18.

Analysis of the human genome sequence and other DNA databases has led to the discovery of six gene
sequences predicted to encode homologues of IL-1, called IL-1F5-IL-1F10 (Barton et al., 2000; Busfield et
al., 2000; Debets et al., 2001; Kumar et al., 2000; Lin et al., 2001; Mulero et al., 1999; Pan et al., 2001;
Smith et al., 2000,). All members of the IL-1 family, with the exception of IL-18, which maps to
chromosome 11q, are clustered in the same region of human chromosome 2q, consistent with the notion of
evolution by gene duplication (Dinarello, 1996; Kumar et al., 2000; Smith et al., 2000). The discovery of
these novel members of the IL-1 family is interesting due to the identification of orphan receptors belonging
to the IL-1R superfamily (O’Neill and Dinarello, 2000). Possible roles for some of the novel IL-1
homologues in immunity and inflammation are beginning to emerge. For example, IL-1F5 and IL-1F9 are
expressed strongly in keratinocytes and the expression of IL-1F9 is induced in skin during contact
hypersensitivity and in psoriasis patients (Dunn et al., 2001). IL-1F7 and IL-1F10 have been shown to bind
to the IL-18R and the soluble IL-1RI respectively, although specific functions for these proteins, as well as

the other novel IL-1 homologues have not yet been established.
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1.3 The IL-1 Receptor/Toll-like Receptor Superfamily.
Two different IL-1 receptors, types I and II (IL-1RI and IL-1RII) have been cloned and characterised (Sims

and Dower, 1994). These receptors are single transmembrane proteins that possess 3 conserved
extracellular Ig-like domains of 319 amino acids responsible for ligand binding (McMahan ef al., 1991;
Sims et al., 1988). The IL-1RI has a long cytoplasmic region of 217 amino acids which allows it to
transduce cellular signalling events, while IL-1RII, containing less than 30 cytoplasmic amino acids, acts as
a decoy receptor, competing with IL-1B for binding to the IL-1RI (Colotta et al., 1993; Stylianou et al.,
1992). In 1995, it was shown by Greenfeder ef al., that an additional subunit of the IL-1RI was necessary
for IL-1 signal transduction, called the IL-1 receptor accessory protein (IL-1RAcP) (Greenfeder et al.,
1995). This accessory protein is capable of cross-linking to IL-1 and increases the affinity of the IL-1RI for
the ligand by about 5-fold (Greenfeder et al, 1995; Korherr et al, 1997, Wesche et al, 1997a).
Furthermore, studies using gene knockout mice have revealed that both the IL-1RI and the accessory
protein are essential for IL-1-dependent NFxB activation (Labow et al., 1997, Wesche et al., 1997a).
Moreover, structural studies have identified differences between agonist/antagonist-bound conformations of
the IL-1R1, which may relate to interactions of the IL-1RAcP with the receptor complex (Auron, 1998;
Schreuder et al., 1997, Vigers et al., 1997). These studies have shown that the ligands IL-1a, IL-1B and the
IL-1Ra are all made up of 12 B-strands, which form an open B-barrel, that is capped at one end by a B-sheet.
IL-1B associates with the extracellular domain of the IL-1RI via two distinct interactions: the open end of
the barrel interacts with domain III of the receptor, while domains I and II act co-operatively to bind the
back side of the IL-1p through distinct residues. This results in IL-1B being buried deep into the receptor,
with a total buried ligand surface of 3.089A. In contrast, the IL-1Ra binds with high affinity to domains I
and II of the IL-1RI, but shows minimal association with domain III. Only 1.744A of the surface of IL-1Ra
is buried in the receptor. It can be proposed therefore, that the binding site missing from the IL-1Ra, is in
fact, the site that binds the IL-1RAcP, although no coxtal structure has yet emerged. In addition to the IL-

1RI, the IL-1RII and the IL-1RACP, other IL-1R-related proteins exist in mammals.
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These proteins are classified according to the presence of extracellular Ig-like motifs and an
intracytoplasmic TIR (Toll/IL-1 receptor) homology domain. Among these are the IL-18 receptor (IL-18R)
(Hoshino et al., 1999; Torigoe et al., 1997) and it’s accessory protein, AcPL (Born et al., 1998), IL-1Rrp2
(Lovenberg et al., 1996), T1/ST2 (Mitcham et al., 1996) and the recently discovered IL-1RAPL (IL-1
receptor accessory protein-like) (Carrie ef al., 1999) (see Figure 1-2, subgroup 1). The IL-18R and it’s
accessory protein form a complex to initiate signal transduction and appear to signal in a similar fashion to
IL-1 (Born et al., 1998; Kojima ef al., 1998; Matsumoto et al., 1997). Like IL-1, IL-18 triggers
phosphorylation of IRAK-1 and the recruitment of IRAK-1 to the IL-18 receptor complex (Kojima et al.,
1998; Robinson et al., 1997). However, IL-18 and IL-1 act on different cell types and lead to divergent
cellular responses. IL-18 has been implicated primarily in inducing IFNy production from NK and T-helper
(Th1) cells (Adachi et al., 1998; Takeda et al., 1998), whereas IL-1 is a potent inducer of IL-6 from
fibroblasts and macrophages during inflammation (Akira and Kishimoto, 2000; Bankers-Fulbright et al.,
1996; Kanakaraj et al., 1998). The T1/ST2 receptor is expressed on macrophages and Th2 cells, but its
precise role remains unclear (Mitcham et al., 1996). IL-1Rrp2 is more closely related to the IL-1RI than
any other proteins, including the IL-1RII and the IL-1RACP, yet it is does not bind, at least by itself, to IL-
la, IL-1B or the IL-1Ra (Lovenberg et al, 1996). IL-1RAPL is a novel receptor found on the X-
chromosome, which is associated with mental retardation. Its discovery has highlighted the importance of
IL-1 signalling pathways in cognitive function and in the normal physiology of the CNS. The ligands for

these three novel receptors remain to be identified.

The second group within the IL-1R/Toll receptor superfamily, consists of type I membrane proteins that
contain multiple leucine rich regions (LRR) extracellularly (see Figure 1-2, subgroup 2). Toll is the
prototypic member of this group, but there are now eight other receptors identified in the fly, including
18W (Eldon et al., 1994), MstProx (Mitcham ef al., 1996) and Tehao (Luo and Zheng, 2000) (Figure 1-2,
subgroup 2). In 1991, Nick Gay and Fionna Keith made the striking observation based on amino acid
sequence comparisons, that the intracellular domain of the IL-1R1 contained a 200 amino acid region

homologous to the equivalent region of the Drosophila Toll receptor (Gay and Keith, 1991)..
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Figure 1-2: The Currently Known Members of the IL-1R/TLR Superfamily. All members contain a conserved
cytosolic region termed the TIR domain (Toll-IL-1R domain). The superfamily can be divided into two subgroups. The
members of subgroup 1, the immunoglobulin (Ig) subgroup, all contain extracellular Ig domains and include receptors
and accessory proteins for IL-1, IL-18, and the orphan receptor T1/ST2. Subgroup 2, the leucine-rich repeat (LRR)
subgroup, includes the signalling receptors for LPS (TLR-4) and molecules from Gram-positive bacteria such as
peptidoglycan and lipoproteins (TLR-2). Several plant members are also in this subgroup. MyD88 is exclusively
cytosolic and is a signalling adapter for IL-1RI, IL-18R, TLR-2, and TLR-4, if not the entire family. Superfamily
members may also occur in Caenorhabditis elegans and Streptomyces coelicor (not shown). (B) Three well-conserved
regions in the TIR domain, as derived from an alignment of 31 family members (O'Neill and Dinarello, 2000) Single-
letter abbreviations for amino acid residues are as follows: A, Ala; C, Cys; D, Asp; F, Phe; G, Gly; I, Ile; K, Lys; L,
Leu; P, Pro; R, Arg; S, Ser; W, Trp; and Y, Tyr. The entire domain spans about 200 amino acids with varying numbers
of amino acids separating the boxes, depending on the particular receptor. There are additional regions within the
domain that exhibit high similarity. Subconsensus sequences for IL-1R, TLR, and plant members have also been
calculated (Rock et al., 1998), but the three boxes shown are the most highly conserved regions. A Pro to His mutation
in box 2 of the gene encoding TLR-4 renders TLR-4 unable to signal in C3H/HeJ mice (Poltorak et al., 1998). Studies
using site-directed mutagenesis indicate that Arg and Asp in box 2, and Phe and Trp in box 3, are essential for IL-1RI
function (Heguy et al., 1992). Arg®' in IL-1RI, which lies outside the three conserved boxes, is also required for
signalling (Heguy et al., 1992). Figure and legend taken from review by Luke O’Neill with permission (O'Neill and

Dinarello, 2000).
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Chapter 1: Introduction

As mentioned earlier, this conserved motif, which has been termed the TIR (Toll/IL-1 Receptor) domain,
has subsequently been used to define members of the IL-1 receptor / Toll receptor superfamily (O'Neill and
Dinarello, 2000). It appears that Drosophila is capable of discriminating between classes of invading
microorganisms. Toll receptors play a central role in innate immunity in the adult fly, controlling
expression of antifungal genes through NFkB sites in their promoters and also in the establishment of
dorsoventral polarity during embryogenesis (Hashimoto et al., 1988; Lemaitre et al., 1996; Levashina et al.,
1998). Fly embryos lacking the Toll-related receptor 18W, show increased lethality to bacterial challenge
and hence have confirmed that 18W also plays a role in eliciting the innate immune response in Drosophila
(Eldon et al., 1994; Williams et al., 1997). 18W signalling is responsible for mounting an immune defence
against bacterial gene products such as attacin, through the activation of Dif, whereas Toll appears to
function in antifungal responses by activation of Dorsal (Lemaitre et al., 1996; Williams et al., 1997). The
roles of MstProx and Tehao however remain to be established. Four plant proteins involved in disease
resistance have also been identified. These are the tobacco N gene, the flax L6 gene and RPP1 and RPP5
found in Arabidopsis (Lawrence et al., 1995; Meyers et al., 1999; Parker et al., 1997, Whitham et al,
1994). Like the Toll receptors, these receptors contain a TIR domain preceded by nucleotide binding and
LRR segments. However, in contrast to the Toll receptors, these proteins are intracellular. There ligands

are wholly unknown.

As in insects, a key feature of innate immunity in mammals is the ability to limit infectious challenge
rapidly (Hoffmann et al., 1999). Over the last few years, a family of mammalian Toll-like receptors (TLRs)
has been identified (Rock et al., 1998). These receptors are classified as Toll-like receptors because they
possess an extracellular leucine-rich repeat (LRR) region (Medzhitov et al., 1997; Rock et al., 1998). To
date, at least nine human cDNAs for Toll receptors have been reported or sequences annotated in public
databases (Chaudhary et al., 1998; Mitcham ef al., 1996; Rock et al., 1998; Takeuchi ef al., 1999). Not all
of these TLR’s have been characterised functionally, but it is believed that at least TLR4 functions in
response to LPS produced by Gram negative bacteria (Medzhitov et al.,, 1997; Medzhitov and Janeway,
1997a; Poltorak et al., 1998; Qureshi et al., 1999). The endogenous ligands for the TLR’s have yet to be
identified. By analogy with the Drospohila Toll system, it is thought that human TLRs may be activated by

cysteine knot factors equivalent to Spatzle.
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As can be seen in Figure 1-2, there are two members of the IL-1R/Toll R superfamily that do not contain
either IgG-like domains or LRRs. One is the cytosolic adapter molecule MyD88, which contains an N-
terminal death domain (DD), followed by the TIR domain and the other is a recently identified protein
termed SIGGIR (single Ig IL-1 receptor relative) (Thomassen et al., 1999). Gene knockout studies have
shown that MyD88 is essential not only for IL-1RI-mediated signal transduction, but also for endotoxin
signalling via the TLR4 receptor and in signalling mediated by the IL-18R (Adachi et al., 1998; Kawai et

al., 1999). The ligand for the SIGGIR receptor and its function remain to be determined.

1.4 IL-1RI/TollR-mediated Signalling Pathways

It has been estimated that on many cell types, there are fewer than one hundred IL-1 receptors, of which less
than 5% need to be occupied to elicit a biological response. Consequently, IL-1R-mediated signal
transduction must be highly efficient and receptor signals greatly amplified. Rapid amplification of signals
is achieved through the activation of kinase cascades. IL-1 activates four signalling cascades, three of
which involve the mitogen activated protein kinases (MAPK) p42/p44, c-Jun N-terminal kinase (JNK) and
p38 and the other is a well characterised pathway which culminates in the activation of the transcription
factor NFkB (O'Neill, 1996). Since the discovery of the IL-1RI, many studies have focused on
understanding the mechanisms involved in receptor signal transduction leading to activation of these kinase
cascades in an attempt to explain the efficient coupling of the IL-1RI to downstream signalling events. Due
to the central importance of NF«xB in the regulation of many inflammatory genes, there is considerable

interest in elucidating the mechanisms involved in activation of this transcription factor.

The intracellular portion of the IL-1RI receptor contains a domain that is homologous to the Drosophila
Toll receptor, which has been termed the TIR domain (Gay and Keith, 1991; Schneider et al., 1991).
Heguy ef al., (1992) showed by site-directed mutagenesis, that residues within this region that are essential
for IL-1R-mediated signal transduction, are conserved in the Toll protein, suggesting that both receptors
may share a common mechanism of action (Heguy et al., 1992). These studies also demonstrated that non-
conserved amino acid sequences could be mutated without affecting IL-1 signalling function (Heguy et al.,
1992). The intracellular domains of the IL-1R/Toll receptors, although large enough, do not contain motifs
predicted to have intrinsic enzymatic activity, which might couple the receptor complexes to

established/known signalling mechanisms.
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It therefore seemed likely that novel, but similar signal transduction processes were involved in both IL-1R
and Toll-mediated signalling. This has turned out to be the case. Molecular characterisation of genes
involved in the Drosophila Toll signal transduction pathway revealed that striking parallels existed between
the cytokine-induced activation of NFkB in mammals and the activation of the morphogen Dorsal in the fly
(see below). Taken together these observations suggested that the Toll signal transduction cassette pathway
had been conserved throughout evolution and that a homologous system was involved in the IL-1R-
mediated pathway in mammalian cells. Subsequently, this paradigm has been further strengthened by the
discovery of mammalian Toll-like receptors and additional signalling components. The Drosophila system

has continued to provide a general insight into the regulation of Rel proteins in mammals.

1.4.1 Clues from the Drosophila Toll Pathway

During early embryogenesis in the fruit fly, activation of the Dorsal protein leads to a nuclear gradient of
this morphogen, resulting in activation and repression of gene transcription (Roth et al., 1989; Rushlow et
al., 1989; Steward, 1989). This gradient is formed due to the selective nuclear transport of dorsal to the
ventral, but not the dorsal nuclei within the developing syncitium, upon binding of the ligand Spatzle to the
Toll receptor (Morisato and Anderson, 1994; Morisato and Anderson, 1995; Roth ef al., 1989; Rushlow et
al., 1989; Schneider et al., 1994; Steward, 1989). Toll activation correlates with the dissociation of cactus,
an inhibitor protein that retains Dorsal as an inactive complex in the cytoplasm of cells (Belvin et al., 1995;
Geisler et al., 1992; Roth et al., 1991). Recessive mutations of cactus result in a phenotype in which dorsal
cell fates are shifted ventrally (Govind and Steward, 1991). Molecular cloning of Dorsal and Cactus
revealed that these proteins were structurally, as well as functionally homologous to NFkB and IkB (Karin
and Ben-Neriah, 2000). Genetic studies in Drosophila indicated that products of the Tube and Pelle genes
functioned downstream of the Toll receptor, but upstream of Dorsal and either parallel to, or upstream of
Cactus (Hecht and Anderson, 1993; Letsou et al., 1991; Shelton and Wasserman, 1993). Tube and Pelle
were therefore likely candidate signal transducers for transmitting the signal required for the nuclear import
of the Dorsal protein (Hecht and Anderson, 1993; Letsou et al., 1991; Shelton and Wasserman, 1993).
Cloning and characterisation of Tube/Pelle was achieved before their functional counterparts in the
mammalian NFxB pathway (MyD88 and the Interleukin-1 Receptor Associated Kinase (IRAK-1)
respectively), highlighting the value of the Drosophila system as a model for predicting components of the

IL-1R1-mediated pathway.
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Tube is an adapter molecule that is required for the association of Pelle with the Toll receptor (Galindo et
al., 1995; Grosshans et al., 1994; Letsou et al., 1993; Norris and Manley, 1996). The mammalian
functional homologue of Tube is MyD88, a protein containing an N-terminal DD and a C-terminal region
that contains a TIR domain (Bonnert ef al., 1997; Hardiman et al., 1996; Hultmark, 1994). Although Tube
and MyD88 are not structurally similar, MyD88 appears to function in a similar fashion to Tube, recruiting
IRAK-1 and IRAK-2 to the IL-1R complex following IL-1 stimulation of cells (Muzio ef al., 1997; Wesche
et al., 1997b). However, it must be emphasised there is no evidence to confirm that MyD88 binds directly
to the IL-1RACcP or the IL-1RI receptor chains, and there is limited evidence to suggest a direct interaction
of the Toll receptor with Tube. Work by Muzio et al., (1997) has shown that MyD88 and the IL-1RAcP
form an immunoprecipitable complex upon coexpression of the two proteins, whereas the IL-1RI, which
shows weaker similarity to MyD88, did not associate with MyD88 under the same experimental conditions

(Muzio et al., 1997).

In contrast, Wesche et al., (1997) showed that MyD88 coprecipitated with neither the IL-1RI nor the IL-
1RACcP when they were individually expressed, but was readily detectable in immunoprecipitates from cells
that expressed both chains (Wesche et al., 1997b). However, both groups agreed that it is the C-terminal
TIR domain of MyD88 that is responsible for its interaction with the IL-1 receptor complex. All these
studies were based on immunoprecipitation of overexpressed proteins and therefore may not correctly
reflect the interactions of MyD88 with the receptor complex under physiological conditions. Furthermore,
these experiments demonstrate an association of MyD88 with the receptor complex, rather than a direct
interaction. However, studies by Wesche et al., did show that endogenous MyD88 associates with the IL-
1R complex within seconds after IL-1 stimulation, but not in the absence of cell stimulation (Wesche et al.,

1997b).

Until recently, there was also no evidence to suggest that Drosophila Tube and Toll interact directly. Yeast
two-hybrid (Y2H) studies carried out by Galindo et al., (1995) and Grosshans et al., (1994), showed that
Tube and the serine/threonine kinase Pelle interacted through their homologous N-terminal DD regions
(Galindo et al., 1995; Grosshans et al., 1994). The crystal structure of the Tube/Pelle DD complex has now
been solved confirming this interaction (Xiao et al., 1999). However, these Y2H studies failed to show an

interaction between Toll and Tube, even though both proteins showed similar localisation patterns
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Later studies by Shen and Manley (1998) have provided evidence of a Toll/Tube interaction (Shen and
Manley, 1998). Unpublished in-house studies have also shown by Y2H that residues 258-462 of Tube
interact with residues 829-1097 of the Toll receptor (White et al., 1995). So presently, the proposed model
for Toll signalling based on these studies is as follows: Upon activation of Toll, Tube recruits Pelle to the
plasma membrane, where Pelle becomes activated. Pelle is then released from the receptor complex and
interacts with Drosophila TNF Receptor Associated Factor ({TRAF) to initiate downstream signalling
events. A conserved pathway also occurs in mammals and is represented diagrammatically in figure 1-3.
The original cloning and sequencing of Pelle by Shelton and Wasserman in 1993, showed that this gene
encoded a serine/threonine kinase of the Raf/Mos family (Shelton and Wasserman, 1993). Subsequently,
Cao et al., biochemically purified, characterised and cloned IRAK-1, which was shown to exhibit sequence

similarity to Pelle (Cao et al., 1996a).

IRAK-1 and Pelle are members of a small family of serine/threonine kinases, which, based on homology
within kinase domains include the plant kinases Pto and Pti-1 and two recently identified human
serine/threonine kinases called IRAK-2 and IRAK-M (Cao et al., 1996a; Muzio et al., 1997). A detailed
definition of the predicted structure and function of the IRAK-1 molecule is given in chapter 3 and

consequently will not be discussed further here.
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Chapter 1: Introduction

The residues on IRAK-1 that become phosphorylated in response to cytokine stimulation have not yet been
identified and, although IRAK-1 is able to autophosphorylate in vitro (Maschera et al., 1999), studies in
IRAK-deficient cells have shown that IRAK-1 is also phosphorylated by an additional kinase(s), whose
identity has yet to be determined (Li ef al, 1999¢). The experiments carried out by Yamin and Miller in
lung fibroblast cells, demonstrated that following its multiphosphorylation, IRAK-1 is degraded by
proteasomes at a rate comparable to the degradation of the NFxB inhibitor molecule IxkBa (Yamin and
Miller, 1997). The t,;,, of disappearance of both proteins was about four minutes. This degradation could be
inhibited by proteasome inhibitors or the non-specific kinase inhibitor, K-252b, indicating that the
degradation occurred after the phosphorylation of IRAK-1 and IkBa. Evidence that the phosphorylation
and degradation of IRAK-1 was IL-1R-specific was indicated by the lack of effect of TNFa and the ability

of the IL-1R antagonist to block these events (Yamin and Miller, 1997).

As mentioned previously, the formation of a complex including at least IL-1, the IL-1RI and the IL-1RAcP
is essential for the initiation of IL-1 signal transduction (Martin and Falk, 1997). This model is supported
by evidence that a cell line containing a functional IL-1RI but not expressing the full-length IL-1RACcP is
unable to respond to IL-1 stimulation (Korherr er al., 1997, Wesche et al., 1997a). By Y2H and
coimmunoprecipitation experiments, previous work in our laboratory has shown that IRAK-1 is able to
interact with the cytoplasmic region of the IL-1RAcP (residues 385-570), but is unable to interact with the
cytoplasmic region of the IL-1RI (356-569) (Volpe et al., 1997). It was proposed that, in non-stimulated
cells, IRAK-1 is bound to the IL-1RAcP and that both molecules are recruited simultaneously to the IL-1RI
complex upon IL-1 stimulation. These studies also showed by Y2H that full-length IRAK-1 did not bind to
MyD88 in unstimulated cells (Volpe et al., 1997). However, as discussed previously, work by Muzio et al.,
(1997) and Wesche ef al, (1997) has shown that upon IL-1 stimulation, MyD88 associates with both
IRAK-1 and the IL-RI signalling complex (Muzio et al., 1997; Wesche et al., 1997b). These studies
demonstrated that MyD88 is the functional mammalian analogue of Drosophila Tube. Additionally, work
from our laboratory carried out in collaboration with Jurg Tschopp, has provided evidence for the existence
of a protein called Tollip, which forms a complex with IRAK-1 before IL-1p stimulation of cells (Burns et
al., 2000). These studies show that Tollip-IRAK-1 complexes are recruited to the activated IL-1 receptor

complex through an association of Tollip with the IL-1RAcP.
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MyD88 is then recruited to the receptor complex and triggers the progressive phosphorylation of IRAK-1,
leading to the subsequent dissociation of IRAK-1 from Tollip and the IL-1R receptor complex (Burns et al.,
2000). This data is consistent with the initial Y2H data, which showed an interaction of IRAK-1 with the

IL-1RACP and not MyD88 in the absence of cell stimulation (Volpe et al., 1997).

1.4.2.2 The Role of the Kinase Activity of IRAK-1

In an embryo rescue assay, the kinase activity of Pelle was shown to be required for Toll-mediated
signalling (Shelton and Wasserman, 1993), whereas IRAK-1 in contrast, appears to function independently
of its catalytic function (Li ef al., 1999c; Maschera et al., 1999; Vig et al., 1999). This was a surprising
finding due to the analogous structures and functions of IRAK-1 and Pelle, but similar observations have
been seen with other serine/threonine kinases, such as the receptor interacting proteins (RIP) in TNFa

signalling (Ting et al., 1996).

Recently, the role of IRAK-1 in cytokine signalling has been studied taking a genetic approach. IRAK-1
knockout mice are severely compromised in IL-1-induced neutrophilia and IL-1-induced increases in serum
levels of TNFa and IL-6 (Thomas er al., 1999). Furthermore, IL-18-induced secretion of IFNy from
cultured splenocytes was reduced by approximately 50%, showing that IRAK-1 is important for signalling
via a number of TIR domain-containing proteins (Thomas et al., 1999). Deletion of IRAK-1 however, did
not affect the ability of mice to develop delayed-type hypersensitivity or clear infection to Listeria
monocytogenes, indicating that IRAK-1 is not involved in processes involving antigen processing and
presentation, T lymphocyte presence and activation and T lymphocyte movement to skin where rechallenge
occurs (Thomas et al., 1999). In vitro, cultured cells derived from IRAK1-deficient mice, showed reduced
activation of NFxB and JNK in response to IL-1 and IL-18 (Kanakaraj et al., 1998; Kanakaraj et al., 1999).
Deletion of IRAK-1 was shown to attenuate, but not eliminate the cytokine responsiveness of mutant cells
and mice. However, this phenomenon may be cell specific. In mouse embryonic fibroblasts lacking IRAK-
1, partial responses to IL-1 were retained, whereas in human embryonic kidney (HEK293) cells, the IL-1
responses were practically abolished, but this may be due to the fact that HEK293 cells do not respond to
IL-1 very well anyway (Kanakaraj et al., 1998; Li et al., 1999c; Wesche et al., 1999). This implicates the
presence of molecules with overlapping functions that can compensate (although not completely) for the

lack of the IRAK-1 protein, of which IRAK-2 and IRAK-M are likely candidates.
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These proteins are able to reconstitute IL-1 responses in IRAK 1-deficient cells, showing that they have the
potential to perform a similar function to IRAK-1 (Wesche et al., 1999). Additionally, IRAK-M is only
expressed in cells of monocytic lineage and IRAK-2, although expressed in most cell lines, is only
expressed at very low levels in the HEK293 cells, providing an additional explanation for the complete
abolition of IL-1 responses that occurred in the IRAK1-null HEK293 cells (Wesche et al., 1999). This
correlates with the role of IRAK-2 and IRAK-M in compensating for the lack of IRAK-1 in the fibroblasts.
However, it is unlikely that in animals these molecules play completely redundant roles, emphasised by
their varied tissue distribution and also the differences displayed between the three proteins in terms of

kinase activity (Wesche et al., 1999).

The results of the IRAK-1 knockout animals were in contrast to those seen with the MyD88-deficient
animals, where no residual responses to IL-1 or IL-18 were retained. Mice null for MyD88 had defects in T
cell proliferation, failed to induce acute phase proteins and produced no IL-6 or TNFa in response to IL-1.
In MyD88-null Th1-developing cells, IL-18-induced activation of NFxB or JNK was also lost (Adachi et
al., 1998). MyD88 is therefore essential for IL-1RI and IL-18R-mediated signalling to NFkB and JNK in
vitro (Adachi et al., 1998). This is not the case for LPS signalling however, where JNK and NFxB could be
activated, although the response was delayed in the MyD88-null cells (Kawai et al., 1999; Takeuchi et al.,

2000). LPS can therefore signal less efficiently via molecules other than MyD88.

As mentioned earlier, although IRAK-1 possesses intrinsic kinase activity, mutations that eliminate this
function do not affect the ability of IRAK-1 to mediate IL-1p signal transduction (Li et al, 1999c;
Maschera et al., 1999). Moreover, the IRAK1-related proteins IRAK-2 and IRAK-M, which lack apparent
kinase activity themselves, are also able to transduce IL-1-mediated signals in the absence of IRAK-1
(Wesche et al., 1999). Thus it is possible that members of this family of proteins function as adapter
molecules in signal transduction, and that their kinase domains play a role other than protein
phosphorylation. In response to IL-1 stimulation in [IRAK1-null cells, Li ez al., have shown that wild-type
or kinase-dead (K239A) versions of IRAK-1 undergo potent phosphorylation, which is not detected with
IRAK-2 or IRAK-M (Li et al.,, 1999c; Wesche et al., 1999). These studies indicate that another kinase is

capable of phosphorylating IRAK-1, at least in part, in addition to its autophosphorylation.
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The mechanistic role of this phosphorylation is not clear, but it could play a role in negatively regulating
IL-1 signalling. Studies have implied that the phosphorylation state of IRAK-1 does affect its affinity for
signalling molecules. Receptor-associated IRAK-1 becomes highly phosphorylated (Muzio et al., 1997,
Wesche et al., 1997b; Yamin and Miller, 1997), but the regulatory significance and mechanisms responsible
for this process remain to be fully established. It is thought that IRAK-1 phosphorylation may influence its
subsequent dissociation from the receptor complex and movements into the cytoplasm where it binds to
TRAF6 (TNF-receptor associated factor 6) (Cao ef al., 1996b). Wesche ef al.,, (1997) have shown that
MyD88 has a high affinity for hypophosphorylated IRAK-1, lacking the ability to bind to phosphorylated
IRAK-1 (Wesche et al., 1997b). It may therefore be hypothesised that in response to IL-1, IRAK-1 is
phosphorylated after its recruitment to the IL-1RI complex by MyD88. There has also been some evidence
to suggest that IRAK-2 and IRAK-M may be substrates for IRAK-1. Wesche ef al., (1999) showed that the
wild-type forms of IRAK-2 and IRAK-M were phosphorylated better than their corresponding kinase-
inactive mutants in the presence of IRAK-1 (Wesche et al., 1999). They went on to suggest that IRAK-1
phosphorylates IRAK-2 and IRAK-M, thereby activating the intrinsic kinase activities of these molecules.
It is possible that IRAK-1 may be the primary signal transducer and that IRAK-M and IRAK-2 function to
amplify the cytokine signals, but the possibility that IRAK-2 and IRAK-M signal mainly via other receptors -
cannot be excluded. The IL-1R1 signalling pathway leading to NFkB activation is shown in Figure 1-4.
Once IRAK-1 is phosphorylated and leaves the IL-1 receptor complex, subsequent events leading to IKK
activation remain to be fully determined. IRAK-1 is initially thought to form a complex with TRAF6 (Cao

et al., 1996b), but it is unclear what happens next.

1.5 Tumour Necrosis Factor (TNF)
1.5.1 The Biological Effects of TNF

TNF is a pleiotropic cytokine, which is a key mediator in immune and inflammatory responses (Bacuerle
and Henkel, 1994; Beutler, 1995). It was originally described as an endotoxin-induced, monocyte-derived
factor, which could cause haemorrhagic necrosis of solid tumours (Carswell ef al., 1975). TNF is produced
mainly by activated macrophages and T cells in response to infection (Tartaglia and Goeddel, 1992). TNF
acts both as a type 2 transmembrane protein, as well as a soluble 17kDa cytokine after cleavage from the
cell surface by the TNFa converting enzyme (TACE) (Black et al., 1997; Moss et al., 1997; Peschon et al,,

1998a; Schluter and Deckert, 2000).
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Chapter 1: Introduction

The soluble form of TNF then aggregates into trimolecular complexes, which bind and activate its receptor
(Papadakis and Targan, 2000). The principle function of TNF is to stimulate the recruitment of neutrophils
and monocytes to sites of infection and to activate these cells to eradicate microbes. The biological effects
of TNF are similar to those of IL-1 described in section 1.2 (Papadakis and Targan, 2000; Schluter and
Deckert, 2000), so will not be discussed again here. However, in addition to its role in inflammation, TNF
activates signal transduction pathways that lead to cell death (Beutler and Bazzoni, 1998). Cell death is
only thought to occur in transformed cells or when new gene expression is inhibited by gene products such
as the zinc finger protein A20, the Bcl-2 homologue Al, TRAF-interacting protein (TRIP) or the cellular
inhibitor of apoptosis proteins (CIAPs) (Soares ef al., 1998; Wang et al., 1998). A20 was shown to inhibit
both IL-1B-driven NFkB activation at the level of TRAF6 (Heyninck and Beyaert, 1999) and also TRAF2-
mediated NFkB activation (Song et al, 1996). For TNFR2, stimulation of the receptor results in the
recruitment of TRAF1, TRAF2, cIAP1 and cIAP2 (Rothe et al., 1995). The TRAF1/TRAF2/cIAP1/cIAP2
complex can also be recruited to the TNFRI1 signalling complex and may confer anti-apoptotic functions
(Chan et al., 2000a; Wang et al., 1998). TRIP was identified as an associate of TRAF1 and TRAF2,

inhibiting both CD30 and TNF-induced NFkB activation (Lee and Choi, 1997).

1.6 The TNF Receptor Superfamily

The cellular responses triggered by TNF are initiated through interactions with two cell surface receptors,
TNF-R1 (CD120a, 55kDa) and TNF-R2 (CD120b, 75kDa). The 55kDa TNFR1 is ubiquitously expressed,
whereas the 75kDa TNFR2 is found predominantly on leukocytes and endothelial cells (Papadakis and
Targan, 2000). In most cell types, NFkB activation in response to TNFa occurs primarily through TNFR1,
as mice lacking the TNFRI1 are resistant to endotoxic shock (Pfeffer et al., 1993; Rothe et al., 1993).
TNFR2 binds soluble TNFa poorly and may only be activated by membrane bound TNFa (Grell et al.,
1995). It has no cytoplasmic domain, but can directly interact with TRAF1 and TRAF2 to produce
activation signals or modulate the activity of TNFR1 (Grell et al., 1998; Peschon et al., 1998b; Tartaglia et
al., 1993a). TNFR2 knockout mice display increased resistance to TNFa-induced cell death and tissue
necrosis, raising the possibility that some death signals are also mediated by this receptor (Erickson ef al.,
1994; Magnusson and Vaux, 1999; Sheehan et al., 1995). These two receptors belong to a superfamily,

which are defined based on homology within their extracellular domains.
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This region contains cysteine residues, which are able to form extended rod-like structures responsible for
ligand binding (Armitage, 1994; Banner et al., 1993). The TNF superfamily of receptors play a role in
regulating cell death, but many are also capable of activating signal transduction pathways that are required

for many other effects, such as cell growth, differentiation and inflammation.

The TNF receptors do not possess kinase activity and therefore triggering of the receptors with their
cognate ligands results in receptor trimerisation and recruitment of cytosolic proteins. The cytoplasmic
regions of this family can be subdivided according to the presence or absence of a DD. DD-containing
receptors include TNFR1 (p55), CD95/APO-1/Fas, APO-3/DR3/WSL-1/TRAMP/LARD, TRAIL-R1/DR4
and TRAIL-R2/DR5/TRICK2/Killer and DR6 (Bodmer et al., 1997; Chaudhary et al., 1997, Marsters et al.,
1996; Pan et al., 1997; Pan et al., 1998; Screaton ef al., 1997, Sheridan et al., 1997, Walczak et al., 1997,
Wu et al., 1997). Receptors lacking a DD include TNFR2, lymphotoxin (LT)-B receptor, HVEM/ATAR,
TR2, RANK, CD27, CD30, CD40, 4-1BB/ILA/CD137, OX-40 and GITR (Anderson et al., 1997,
Armitage, 1994; Crowe et al, 1994; Hsu et al, 1997; Kwon et al, 1997, Montgomery et al, 1996;
Nocentini et al., 1997). The known ligands which are responsible for activation of these receptors are all
structurally related and are listed in table 1-2. Biochemical purification of receptor-associated proteins and
Y2H screening has also allowed the identification of two groups of signal transducer molecules. The DD-
containing proteins FADD/MORT1, TRADD, RAIDD/CRADD, MADD and RIP (Ahmad et al., 1997,
Boldin et al., 1995; Chinnaiyan et al., 1995; Duan and Dixit, 1997; Hsu et al., 1995; Hsu et al., 1996a;
Schievella et al., 1997) and the TRAF domain-containing proteins, TRAF1, TRAF2, TRAF3 (CRAF, LAP-

1, CD40bp), TRAFS and TRAF6 (Arch et al., 1998).
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1.7 Intracellular Signalling in Response to TNF
1.7.1 Death Induction by TNF

DDs were originally defined as a region of similarity within the cytoplasmic portion of the pS5 TNF
receptor and Fas/Apo that is essential for the induction of apoptosis (Brakebusch et al., 1992; Itoh and
Nagata, 1993; Tartaglia et al., 1993b). These regions were later found to be capable of mediating protein-
protein interactions (Boldin et al., 1995). DDs consist of approximately 100 amino acids that form
amphipathic o helices arranged in a novel fold (Huang et al, 1996). Apoptosis is essential for
development, tissue turnover or deleting cells at the end of an immune response (Steller, 1995). The death
receptors can activate death caspases within seconds of ligand binding, causing apoptosis of cells within
hours. In Caenorhabditis. elegans, CED-3 was identified as a gene found to promote apoptosis during
development and is activated by self cleavage (Hengartner and Horvitz, 1994; Salvesen and Dixit, 1997).
CED-3 is related to the mammalian ICE/Caspase 1 (Yuan et al., 1993) and it has since been shown that ICE
and the other caspase family members play critical roles in the cell-death pathway in mammals. Fourteen
caspases have been identified, of which eleven are human forms. The caspases are cysteine proteases,
which are specific for cleavage after aspartic acid residues. Caspases are produced as inactive zymogens
(30-50kDa) known as pro-caspases (Alnemri, 1997). They consist of an N-terminal pro-domain together
with one large subunit (20kDa) and one small subunit (10kDa). The crystal structures of the active mature
caspases suggest that they exist as heterotetramers consisting of two large subunits surrounding two small
subunits (Cohen, 1997; Nicholson and Thornberry, 1997). Caspases have been classified as upstream
caspases, which act as initiators of the death signal and the downstream caspases, which are the

executioners of apoptosis (Ledgerwood et al., 1999).

1.7.2 Signalling by TNFR1

It has recently been shown that TNFR complexes exist pre-assembled on the cell surface in the absence of
ligand and that ligand binding induces a change in the orientation of the receptor chains within the complex
to facilitate signal transduction (Chan et al., 2000b; Papoff et al., 1999; Siegel et al., 2000). A domain is
present at the N-terminus of TNFR1, TNFR2 and Fas which has been called the pre-ligand binding

assembly domain (PLLAD) domain.
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The PLAD domain is necessary and sufficient to mediate formation of ligand-independent complexes
(Chan et al., 2000b). Activation of the TNFR1 by TNFa leads to the rapid dissociation of the silencer of
death domains (SODD) from the pre-assembled receptor complex, allowing the TNF-receptor-associated
death domain protein (TRADD) to bind to the receptor through the same region (Hsu et al., 1996b; Jiang et
al., 1999). TRADD then functions as a platform adapter, as it is able to recruit several signalling molecules
to the activated receptor. When transmitting death signals, TRADD recruits the Fas-associated death
domain protein (FADD) to the trimerised TNFR1 complex through DD-DD interactions (Chinnaiyan et al.,
1995; Hsu et al., 1996b). FADD is also required for cell-death signalling by CD95, to which it binds
directly through its DD (Chinnaiyan ef al., 1996b). FADD contains a death effector domain (DED) at it’s
N-terminus and is able to interact with the long pro-domain of the initiator caspase, pro-caspase 8 (FLICE)
(Boldin et al., 1996; Muzio et al., 1996). This complex of proteins is referred to as the death-inducing
signalling complex (DISC). Clustering of the pro-caspase 8 molecules to the TNFR1 or CD95 receptor
complexes is thought to lead to generation of active caspase 8 through transcatalysis (Muzio et al., 1998a).
Caspase 8 is believed to be the key protease responsible for mediating cell death via these adapters, as
targeted disruption of the mouse caspase 8 gene abolished cell death induced by CD9S, TNF-R1 and DR3
(Varfolomeev et al., 1998). Interestingly, TRADD is also thought to induce cell death by associating with
RAIDD (RIP associated ICH-1/CED-3-homologous protein with a death domain), probably via an
interaction with RIP (Duan and Dixit, 1997). RAIDD interacts with pro-caspase 2 via their CARD domains
(caspase recruitment domains) leading to its activation. However, the significance of this pathway for
apoptosis is stilbl unknown, due to the fact that RIP, FADD and caspase 8 knockout animals are unable to
signal cell death via CD95 or TNFR1 activation (Varfolomeev et al., 1998; Yeh et al., 1998; Zhang et al.,
1998), whereas knockout animals lacking caspase 2 still mediate cell death upon TNFa stimulation
(Bergeron et al., 1998). Furthemore, FADD knockout mice die during embryogenesis and lymphocytes
form these FADD-dominant negative trasgenic mice do not proliferate normally in response to T cell
mitogens in vitro (Newton et al., 1998; Yeh et al., 1998; Zhang et al., 1998). Additionally, caspase 2 can
only process itself, whereas caspase 8 activates all the known caspases, indicating that caspase 8 is likely to
be the major apical caspase in TNFR1 and CD95-activated kinase cascades (Medema et al., 1997). Caspase
8 can activate downstream effector caspases such as caspase 9, committing cells to apoptosis. The CD95L
(FasL), like TNFa exists as a homotrimer and binds three CD95 molecules (Nagata, 1997; Smith er al.,

1994b).
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FADD can bind to the CD95 receptor directly to initiate apoptosis via activation of pro-caspase 8.
Signalling by Apo3L mediated DR3 receptor activation is very similar to TNF signalling via the TNFR1.
DR3 activates NFkB through TRADD, TRAF2, RIP and NIK and apoptosis through TRADD, FADD and
Caspase 8. The difference between these signalling pathways occurs in the expression of the receptors and
ligands. TNF is expressed mainly in macrophages and lymphocytes and the TNFRI is ubiquitously
expressed (Tartaglia and Goeddel, 1992), while the DR3 receptor is mainly found in the spleen, thymus and

peripheral blood and are induced by activation of T cells (Chinnaiyan et al., 1996a; Kitson e al., 1996).

1.7.3 Induction of NFkB and Antiapoptotic and Proinflammatory Signals by

TNF

TNF can induce the activation of the transcription factors NFkB and Activating Protein 1 (AP-1), both of
which contribute to anti-apoptotic effects on cells (Roulston et al., 1998; Van Antwerp ef al., 1998). NFkB
pathway activation via IKK complex activation is discussed in section 1.11. AP-1 is a member of the basic
region leucine zipper family and exists as a homodimer or heterodimer with Jun, Fos and activating
transcription factor (ATF) family members (Jun:Jun, Jun:Fos, Jun:ATF) (Karin et al., 1997). Protein
kinases of the MAPK family (ERK, JNK) have been shown to be key components of signalling pathways
that lead to phosphorylation of these transcription factors and subsequent activation of nuclear AP-1
complexes (Song et al., 1997). JNK phosphorylation is mediated by MAPKK (MEK), which itself is
phosphorylated by MAPKKK (MEKK1). MAPKKK is phosphorylated by the germinal centre kinase
related protein (GCKR) (Minden and Karin, 1997; Shi and Kehrl, 1997). TRAFs appear to mediate this
pathway at a very proximal step (Yeh ef al, 1997). TRAFs are also involved in NFkB activation in
response to TNF. TRADD has been shown to couple TNFR1 activation to both apoptosis via FADD and to
gene activation via TRAF2, which binds to the N-terminal domain of TRADD (Hsu et al., 1996b).
TRADD recruits both TRAF2 and RIP to the TNFRI complex, but they are believed to mediate distinct
antiapoptotic pathways. In RIP-deficient embryonic fibroblasts, TNF-induced NFxB activation is
abolished, whereas the JINK/SAPK response is normal (Kelliher ez al., 1998). TRAF2 on the other hand is
thought to play a predominant role in AP-1 activation (see below) and there is also some indication that it
plays a role as a coactivator in the nucleus (Min ez al., 1998). TRAF2 and RIP activate the NFkB-inducing

kinase (NIK) which in turn activates the IKK complex (Malinin et al., 1997).
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1.8 The TNF Receptor Associated Factor (TRAF) Proteins
1.8.1 Modular Architecture of the TRAF Proteins

Currently, six mammalian TRAFs have been identified, two Drosophila melanogaster TRAFs and one
TRAF protein of the nematode Caenorhabditis elegans (Arch et al., 1998; Wajant et al., 1998), indicating
an evolutionary conserved role for these proteins. With the exception of TRAF4, TRAF proteins interact
with receptor molecules either directly, or indirectly, through binding to another TRAF or to TRADD
(Magnusson and Vaux, 1999). As seen in figure 1-5, the TRAF proteins share a common stretch of
approximately 230 amino acids at their carboxy terminus, termed the TRAF domain, which is involved in
protein-protein interactions (Cao ef al., 1996b; Rothe ef al., 1994). The TRAF domain itself can be further
divided into the TRAF-C and TRAF-N subdomains (Cheng et al., 1995). TRAF-C is highly conserved
among the family members and is primarily involved in mediating the homo- and hetero—dimerisation of the
TRAF proteins and in mediating interactions with cell surface receptors. TRAF-N on the other hand,
adopts a coiled-coil configuration and is not well conserved, but may also contribute to receptor binding
(Force et al., 1997; Lee et al., 1996; Takeuchi et al., 1996). With the exception of TRAF-1, all the
mammalian TRAF proteins contain an N-terminal ring finger motif, which is thought to mediate
interactions with downstream macromolecules, as deletion of this region gives rise to mutant TRAFs with
dominant negative activities (Rothe et al., 1994). Additionally, the TRAF proteins contain Zinc finger
domains, which are involved in mediating DNA binding and/or protein-protein interactions (Mackay and
Crossley, 1998). TRAFs 2, 3, 5 and 6 contain five zinc finger repeats, while TRAF4 has seven. Currently,
the significance of these differences remains to be established. TRAF4 also has two potential nuclear
localisation signals (NLS) and has been shown to be present in the nucleus of cells (Regnier ef al., 1995).
In contrast, TRAFs 1,2, 3, 5 and 6 are localised in the soluble fraction of the cytoplasm of cells, functioning

as adapters that promote intracellular signalling by recruiting proteins to receptor complexes.

As summarised in table 1-2, the TRAF molecules interact with the cytoplasmic regions of distinct members
of the TNFR and IL-1/TLR superfamilies. In TNFR signalling, all the TRAF proteins (with the exception
of TRAF4) interact with the receptors directly, through interaction with another TRAF protein or via

TRADD.

31



! 4 $&8>% H ' H$ 927
! 8 $ ! 87>
! 9 I 997
1 2 9
&l 8;2
&! 0 8;2
$ ! 9>6
97 ! # ' o ## G #
04> # % G # @ # ! #0* 1 # ) ! $
% ! . % # * < G ! @ # #H# !
# % @ , # . , # # # @
) # ) ! * @ ! Q
# % @ , ) ) # &. % H * o 0@ 4@ 9
2 ) E @ , 18 y * 18 , : % ,
% % *
G # @ ! o@ ! ! , # @ '3R3!
# # ) # H#% I, # 6% ; A
& # 66;A & ) 662A 662%A 1 667 * | 0 %
I, y ! && - 662% *



Chapter 1: Introduction

TRAF®6 has also been shown to bind to CD40 and RANK, but through a distinct binding site, thought to be
QXPXEX, although extensive mutational analysis is required to confirm this (Darnay et al., 1998; Darnay
et al., 1999; Ishida et al., 1996a). A unique feature of TRAF®6 is that it is also involved in IL-1R and
TLR2/4 signalling, binding to the death domains of IRAK-1 and IRAK-2 (Muzio et al., 1997; Muzio et al.,

1998b).

1.8.2 Physiological roles of the TRAF Proteins

To elucidate the physiological roles of the TRAF proteins, various groups have used gene-targeting
approaches. To date, the roles of TRAF1, TRAF3, TRAFS and TRAF6 have been elucidated using this
approach. Mice lacking TRAF2 appear normal at birth, but become progressively runted and die
prematurely between day 10-14. Ex vivo studies have revealed that TRAF2”" embryonic fibroblasts are
highly sensitive to TNF-induced cell death, supporting a role for TRAF2 in anti-apoptotic signalling (Yeh et
al., 1997). Additionally, TNFa or CD40-mediated JNK/SAPK activation was greatly reduced with only a
very mild effect seen on NFxB activation, indicating that TRAF2 may not be required for signalling to
NF«kB in these cells (Yeh et al., 1997). However, TRAFS5 and TRAF6 are also able to mediate NFkB
activation (Aizawa et al., 1997; Cao et al., 1996b; Ishida et al., 1996a; Ishida et al., 1996b; Nakano et al.,
1996) and in the TRAF2-deficient animals, these proteins could play a compensatory role. TRAF3
knockout mice also appeared normal at birth, but died by day 10 (Xu et al., 1996). TRAF3 was shown to
be required for T-cell dependent immune responses and not to be involved in CD40 signalling (Xu et al.,
1996). However, TRAF2, TRAF3 and TRAFS are all thought to bind to the same domain in the CD40
receptor, so a compensatory role for these TRAFs in the TRAF3 knockout cells cannot be discounted. The
TRAFS knockout animals exhibited milder phenotypes than the others, but a role for TRAFS5 in CD40
signalling was elucidated, as indicated by defects in proliferation and induction of CD23, CD54, CD80,
CD86 and Fas in response to CD40 stimulation (Nakano et al., 1999). Results of the TRAF6 knockout
studies confirmed an essential role for TRAF6 in CD40 and IL-1 signalling, but also demonstrated a role for
TRAF6 in LPS signalling and in bone metabolism. The mice exhibited severe osteopetrosis due to
impairment of osteoclast formation and/or function, which is dependent on the association of
osteoprotegerin ligand (OPGL) with the RANK receptor (Kong ef al., 1999; Lomaga et al., 1999; Naito et

al., 1999).
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Although TRAF1, TRAF2, TRAF3, TRAFS and TRAF6 have all been shown to bind to RANK, the binding
site for TRAF6 is distinct from the others and deletion of this site leads to prevention of RANK-dependent
activation of NFxB (Galibert et al., 1998). Hence RANK signalling to NFkB mediated via TRAF6 is
important for the formation of functional osteoclasts. Diagrammatic representation of the IL-1RI, TNFR1

and CD935R signalling pathways can be seen in figure 1-4.

1.9 Inducible Transcription Factors and the Basal Transcription
Machinery

Stimulation and activation of the NF«kB transcription factors does not require protein synthesis and allows
rapid activation of defense genes which are crucial for immune, inflammatory and acute phase responses
following exposure to viruses and bacteria. NFkB activation acts as a rate-limiting step in the assembly of
the basal transcription machinery at the core promoter elements (the TATA boxes and initiator elements) of
target genes. Preinitiation complex assembly is the first step in transcription initiation, which is followed
by isomerisation and promoter clearance (Goodrich and Tjian, 1994). Transcription initiation involves the
reversible binding of RNA polymerase II and the general transcription factors (GTFs) (TFIIA, TFIIB,
TFIID (TBP), TFIIE, TFIIF, TFIIH and TFILJ) to the promoter DNA (Fields and Song, 1989). Originally, it
was thought that the pre-initiation complex assembled in a stepwise fashion, with the binding of each factor
promoting association of the next (Koleske and Young, 1995). However, recently, the concept of ordered
assembly has been challenged with the discovery of a pol II holoenzyme, a pre-formed complex of pol 11
and a subset of the GTFs (Koleske and Young, 1995). A diagrammatic representation of the two models is

shown in figure 1-6.

Isomerisation is an almost irreversible step, where a small region of DNA close to the site of transcription
initiation becomes unwound and is followed by the clearance of RNA polymerase from the promoter to
elongate the primary transcript. In the absence of transcription factors, only a minimal level of transcription
can be supported by the basal transcription machinery (Buratowski, 1994). Inducible transcription factors
are able to influence assembly of the pre-initiation complex by interacting directly or via intermediary

proteins, with specific components of the basal transcription machinery.
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Chapter 1: Introduction

1.10 The NFxB Family of Transcription Factors

NFxB was originally discovered as a lymphoid specific protein that bound to the decameric oligonucleotide
element GGGACTTTCC present in the intronic enhancer of the immunoglobulin x light chain (Igk) gene
(Sen and Baltimore, 1986). NFkB was subsequently shown to exist in virtually all cell types, sequestered in
the cytoplasm by a family of inhibitor proteins called the IxBs (Baeuerle and Baltimore, 1988a; Baeuerle
and Baltimore, 1988b). Upon cell stimulation, IxB proteins are phosphorylated and either degraded or
processed releasing active NFxB-family dimeric complexes which translocate to the nucleus and activate
target genes that contain kB sites (Kopp and Ghosh, 1995). NFkB complexes can be activated by a wide
variety of signals, such as IL-1, TNF, bacterial and viral products such as LPS, double stranded RNA and
the Tax protein from human T-cell leukaemia virus 1 (HTLV-1). Also, necrotic stimuli and proapoptotic
stimuli such as UV light, y-irradiation and oxygen free radicals activate this transcription factor (Baeuerle
and Baltimore, 1996; Verma et al., 1995). NF«B induces the expression of numerous cytokines, adhesion

molecules and acute phase proteins in the body’s response to infection, stress and injury (Ghosh ez al.,

1998; Grilli et al., 2000).

NF«B exists as homo- or heterodimers of a family of structurally-related proteins called the Rel/NFxB
proteins (see Figure 1-7). NFkB was first purified as a heteromeric transcription factor composed of 50kDa
and 65kDa subunits, both from B lymphoid cell nuclear extracts and from HeLa cell cytosol (Bacuerle and
Baltimore, 1989; Kawakami et al., 1988). Molecular cloning of the genes that encode these subunits of
NF«B revealed that pS0 (NFkB1) and p65 (RelA) shared homology with the oncogene products v-rel and c-
Rel (Rel) and the Drosophila morphogen Dorsal (Bours et al., 1990; Ghosh et al., 1990; Kieran et al., 1990;
Meyer et al., 1991; Nolan et al., 1991; Ruben et al., 1991). Other members of this family have since been
cloned and include p52 (NFkB2), RelB and the Drosophila Rel protein Dif (Bours et al., 1992; Ip et al.,
1993; Mercurio ef al., 1992; Ruben et al., 1992; Ryseck et al., 1992). Each of the subunits identified to
date contains a conserved N-terminal region of approximately 300 amino acids called the Rel homology
domain (RHD). The RHD includes DNA binding and subunit dimerization domains and a NLS located
near the C-terminus. Most Rel/NFxB family members can form homo- and heterodimers in vitro, with the

exception that RelB that can heterodimerise only with p50 or p52 (Dobrzanski ef al., 1994).
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The majority of amino acid residues involved in DNA and dimer contacts are conserved in Rel/NFkB
family members, therefore the specific DNA-binding and dimer partners are determined by subtle amino

acid differences which lie within the amino terminal “DNA recognition loop” or dimerization domains.

The Rel protein family can be divided into two groups based on differences in their structure, function and
mode of synthesis. In unstimulated cells, two types of Rel protein complexes can be detected. The first
consists of Rel homo- or heterodimers (eg p50/p65) bound to inhibitory IxB proteins (e.g IkBa, IxkBp,
IxBe, Drosophila cactus). The second involves heterodimeric complexes formed between a mature Rel
protein (eg p6S) and an unprocessed precursor (pl05). Not all dimers of Rel/NFkB proteins are
transcriptionally active. RelB, c-Rel, p65, Dorsal and Dif form a group with divergent C-terminal halves
that contain one or more transactivation domains (TDs) (see Figure 1-7). TDs are serine rich, acidic and
hydrophobic regions, which, when mutated diminish or abolish the transactivating potential of the proteins
(Blair ez al., 1994; Bull ez al., 1990; Ryseck er al., 1992; Schmitz et al., 1994; Schmitz et al., 1995; Schmitz
and Baeuerle, 1991). In addition, RelB contains an N-terminally located leucine-zipper-like region and it
has been shown that both the N and C-terminal domains of RelB are required for full activity (Dobrzanski
et al., 1993). p5S0 (NFxB1) and p52 (NFkB2) on the other hand, do not contain transcriptional activation
domains. P50 and p52 are synthesised as precursor proteins of 105 and 100kDa respectively and are

inactive for DNA binding (Ghosh et al., 1990; Kieran et al., 1990; Rice et al., 1992; Schmid et al., 1991).

The N-terminal regions of these precursor proteins contain the RHDs of p50 and p52, adjacent to which is a
glycine-rich region (GRR). Proteolytic processing of these precursors occurs via phosphorylation and
ubiquitination of residues located within the C-terminus and leads to production of the mature p50 and p52
subunits (Fan and Maniatis, 1991; Orian et al., 2000; Palombella et al., 1994). The GRR may serve as a
signal for proteolytic cleavage, although the specific site of processing lies a distance downstream of the
GRR (Betts and Nabel, 1996; Lin and Ghosh, 1996). Alternatively, there has been some suggestion that the
GRR functions as a physical barrier, preventing the entry of pS50 into the cavity of the proteasome and
therefore limiting processing (Orian et al., 1999). Dimers consisting only of Rel proteins that lack TDs,
such as p50 or p52 can repress kB-dependent transcription in vivo, perhaps by competing for kB binding
sites on DNA which would otherwise be occupied by transcriptionally active NFxB dimers (Brown et al.,

1994; Kang et al., 1992; Lernbecher et al., 1993; Plaksin et al., 1993; Schmitz and Baeuerle, 1991).
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Chapter 1: Introduction

The unprocessed proteins, pl100 and pl105, form stable dimers with other Rel proteins and remain
sequestered in the cytoplasm, able to function as IxB proteins by virtue of their C-terminal ankyrin domains

(Mercurio et al., 1993; Naumann ef al., 1993; Rice et al., 1992).

A Drosophila homologue of pl00/p105 called Relish has been identified and like its mammalian
counterpart, Relish contains both a RHD and an IkB-like domain. Relish pays a role in antibacterial
responses in the fly (Dushay et al., 1996). p100 and p105 have a role in regulating basal NFkB activity.
Genetic studies have shown that mice lacking the C-terminal ankyrin domain of pl00 or pl105 show
increased constitutive NFkB activity associated with elevated numbers of nuclear p50 homodimers or p52-
containing active heterodimers respectively (Ishikawa et al., 1997; Ishikawa ef al., 1998). Processing of
both p100 and p105 is increased in response to NFkB activating stimuli (Boland et al., 1996; Donald e? al.,
1995; MacKichan et al, 1996; Mercurio et al., 1993). These precursors contain a C-terminal PEST
sequence, which, at least for p105, is thought to inhibit processing unless it is phosphorylated in response to
as yet identified kinases (Coux and Goldberg, 1998). One possible candidate was thought to be TPL2, a
kinase recently identified and shown to associate with pl05 and stimulate proteasome-mediated
degradation, resulting in NFkB activation. TPL2 however, does not directly phosphorylate p105 (Belich et

al., 1999).

1.10.1 Control of Transcription Initiation by the IxB Family of Proteins

1.10.1.1 The IxB Proteins: Structure and Function

In most cell types, NFkB dimers are sequestered in the cytoplasm through non-covalent interactions with
members of the IkB family of inhibitor proteins. Different dimers of Rel/NFkB proteins may coexist in a
given cell type, so in order that their activity can be regulated independently or co-ordinately, many IxB
proteins exist. The common pathway to NFkB activation is based on inducible IkB degradation. The IxBs
form a small family of structurally related proteins that contain six or seven ankyrin repeats, which are
necessary for their interactions with Rel/NFkB complexes. Members of this family include IkBa, IxBpB,
IxB-y, IxB-¢, Bcl-3, the precursors of NFkB1 (p105) and NFkB2 (p100) and the Drosophila protein cactus

(Ghosh et al., 1998; Whiteside and Israel, 1997).
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A schematic representation of members of the mammalian IxB family of proteins is shown in Figure 1-7.
Alternative splicing results in two isoforms of IxBf, IxkBB1 and IxBB2 (Hirano et al., 1998). In addition to
the ankyrin repeats, IkBa, IkBf and IxBe contain NH,-terminal regulatory regions that are required for
stimulus-induced degradation. Amino acid residues within this region accept phosphorylation and
ubiquitination signals and though important for NFkB activation, do not appear to be critical for [kB/NFxB
complex formation (Hatada et al., 1992; Jaffray et al., 1995; Sun et al., 1996). Some IkBs also contain a C-
terminal region rich in proline, glutamate, aspartate, serine and threonine residues (a so-called PEST
sequence). This domain is a site for phosphorylation and has been implicated in regulating the stability of
the proteins as well as playing a role in the ability of the IkBs to inhibit DNA-binding to Rel/NFxB

complexes (Emst et al., 1995; Whiteside and Israel, 1997).

1.10.1.2 Specificity of the IxB Proteins for Rel/NFxB Family Members

A number of studies have shown that specific IxkB proteins interact preferentially with different NFxB
family members. For example, IkBa and IkBf show the same binding specificity, both strongly inhibiting
complexes containing c-Rel and p65 in the cytoplasm of cells (Baeuerle and Baltimore, 1989; Beg et al.,
1992). Studies have shown that the proto-oncogene Bcl-3, believed to be involved in certain human B-cell
leukaemia’s, encodes a protein that is located in the nucleus. Bcl-3 associates with pS0 or p52 homodimers,
preventing them from binding to DNA, therefore promoting NFkB activation by enabling transactivation
heterodimers to bind to the free kB sites (Franzoso et al., 1992; Franzoso et al., 1993; Wulczyn et al.,
1992). Alternatively, Bcl-3 can impart transactivating ability on the normally inactive pS0 and p52
homodimers by directly binding to kB sites (Fujita et al., 1993). Mice lacking Bcl-3 exhibit specific defects
in response to certain immunological agents (Franzoso et al., 1997; Schwarz et al., 1997). 1t is thought that
Bcl-3 is involved in selective antigen-specific priming events of B and T lymphocytes. IkBy is a 70kDa
molecule detected only in lymphoid cells and therefore is likely to have a very specialised function (Inoue
etal, 1992). It is identical to the C-terminal half of p105 and is thought to bind and inhibit only p50 or p52
homodimers (Liou ef al., 1992). Alternative splicing of RNA transcripts encoded by the murine p105
NF«B gene generates smaller IxkBy isoforms (IkBy-1 and IkBy-2), which show preferential inhibition of

p50 Rel/NFkB dimers (Grumont and Gerondakis, 1994).
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Chapter 1: Introduction

It remains unclear as to whether this interaction disrupts the binding of NFkB to DNA, but ankyrin repeat 6
and part of the PEST sequence of IkBa were shown to bind to residues within the RHD of p65 and this is
thought to have the largest impact on DNA binding (Huxford ef al., 1998). When complexed to the IkB
inhibitor, the N-terminal Ig-like domain of the p65 RHD is rotated by 180° compared to the situation with
the DNA-bound complex, occluding critical residues required for DNA contact. Jacobs and Harrison also
showed that ankyrin repeats 1 and 2 force the NLS and flanking sequences of p65 into an o-helical

confirmation that may not be compatible for recognition of the NLS by nuclear transport proteins (Conti et

al., 1998; Jacobs and Harrison, 1998).

1.10.1.4 Activation and Degradation of the IxBs

In response to diverse stimuli including proinflammatory cytokines, mitogens and several viral proteins,
active NFxB translocates to the nucleus as a result of the complete proteolytic degradation of the IxB
proteins or partial degradation of the pl05 and p100 precursors (Israel, 2000). Located within the N-
terminal regulatory region of the IxkB proteins are two essentially invariant serine residues. Homologous
serines are also present in IkBe (Baeuerle and Baltimore, 1996) and in the Drosophila 1xB homologue,
Cactus (Reach et al, 1996). These residues lie within a DSGyXS motif (Figure 1-9) and are
phosphorylated by a large multi-kinase complex upon cell activation (Brown et al., 1995; Chen et al., 1996;
Karin and Delhase, 2000). In IkBa, serine residues 32 and 36 are phosphorylated, followed by
polyubiquitinated of lysine residues 21 and 22 by a specific E3 ubiquitin ligase complex (DiDonato et al.,
1996, Scherer et al., 1995; Spencer ef al., 1999; Traenckner et al., 1995; Winston et al., 1999; Yaron et al.,
1998). This triggers the rapid degradation of the protein by the 26S proteasome (Alkalay et al., 1995;
DiDonato et al., 1995). All members of the IkB family are degraded/processed by a similar mechanism.
For example, IkBp is phosphorylated at serine residues 19 and 23 upon stimulation with extracellular
agents, although with slower kinetics than those of IxkBa phosphorylation (DiDonato et al., 1996). The

defining characteristic of IkBa is its ability to regulate rapid, but transient induction of NF«B activity.
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Chapter 1: Introduction

1.11 The IxB Kinase (IKK) Complex - a Key Regulator of NFxB
Activation

The signal-induced phosphorylation of IkB proteins is a prerequisite for their subsequent ubiquitination and
degradation (Chen et al., 1995). Many laboratories therefore attempted to clone and characterise the IkB
kinase (IKK) complex. The first reports of a specific serine-protein kinase activity described the partial
purification and characterisation of a high molecular weight complex from cytosolic extracts that appeared
to phosphorylate serine residues 32 and 36 of IkBa (Chen ef al., 1996). The majority of IKK activity eluted
from gel filtration columns at an apparent molecular size of 700-900kDa suggesting that it was a

multicomponent protein complex (DiDonato et al., 1997; Mercurio e? al., 1997; Zandi et al., 1997).

The kinetics of IKK activation corresponded precisely with those of IkBa phosphorylation and degradation
following treatment of cells with IL-18 or TNFa (DiDonato et al, 1997). Three components of this
complex have now been identified by various groups through protein purification, microsequencing and
molecular cloning techniques. The 85kDa and 87kDa catalytic proteins IKK1 (IKKa, CHUK) and IKK2
(IKKP) (DiDonato et al., 1997; Li et al., 1999¢; Mercurio et al., 1997; Regnier et al., 1997; Woronicz et al.,
1997; Zandi et al., 1997) and a 48kDa regulatory subunit called NEMO (IKKy, IKKAP1, FIP-3) (Li et al.,
1999b; Mercurio et al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998). Several other proteins have
been suggested as integral members of the IKK complex, such as the IKK-complex-associated protein
(IKAP) (Cohen et al., 1998), MAPK/ERK kinase kinase 1 (MEKK1) (Mercurio ef al., 1997) and NIK (Ling
et al., 1998; Malinin et al., 1997; Nakano et al., 1998). However, subsequent studies have suggested that
these proteins do not play a role in IKK activation. IKAP appears to be the mammalian homologue of a
yeast translation elongation factor (Otero et al., 1999) and it’s interaction with the IKK complex has not
been confirmed using other purification schemes (Rothwarf ef al., 1998). However, it is possible that these
purification systems lose less tightly associated IKK components. Overexpression experiments initially
demonstrated that in transfected cells, NIK was a potent activator of IKK and NFkB activity (Karin and
Delhase, 1998; Malinin et al., 1997; Regnier et al., 1997; Woronicz et al., 1997). However, subsequent
studies in IKK1-deficient mice and cells have shown that IKK1, the preferential target for NIK, is not

directly involved in IKK activation (Delhase et al., 1999; Hu et al., 1999; Ling et al., 1998).
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Additionally, it was found that mice carrying the aly mutation that results in loss of lymphoid organs, carry
a point mutation in the gene encoding NIK (Shinkura et al., 1999). The phenotypic appearance of these
mice is similar to that of lymphotoxin (LT)-deficient mice, so NIK is now thought to play a role as a
mediator of LT signalling (Shinkura ef al., 1999). Recently, mice deficient in MEKK1 have been generated

and deletion of this protein did not impair IKK or NF«B activation (Xia et al., 2000).

1.11.1 The IxB Kinases: Structure and Function

IKK1 and IKK2 are highly homologous proteins (50% sequence identity) containing NH,-terminal protein
kinase domains as well as leucine-zipper (LZ) and helix-loop-helix (HLH) motifs (Figure 1-10). In vitro,
IKK1 and IKK2 can form hetero- and homodimers through direct interactions between their LZ domains,
although only heterodimers are found in vivo (Rothwarf ef al., 1998). Mutations within the LZ that prevent
dimerisation abolish IkB kinase activity (Zandi ef al., 1997; Zandi et al., 1998). The kinase domains of the
IKKs are similar to those of other known serine/threonine kinases, containing highly conserved ATP
activation loops. Within these binding sites are specific residues whose phosphorylation causes a
conformational change that results in kinase activation (Johnson et al., 1996). For example, in IKK2,
serines 177 and 181 are the critical residues that become phosphorylated in response to proinflammatory
stimuli, such as IL-1 and TNF (Delhase et al., 1999). Replacement of these residues by negatively charged
glutamic acid residues (which mimic phosphoserine) or alanines results in the constitutive activation or
inhibition of kinase activity respectively (Delhase et al., 1999; Mercurio et al., 1997). In contrast, recent
work has shown that conversion of serine residues 176 and 180 to alanine in IKK1 (either individually or

together), elicits no effect on IL-1 or TNFa-induced IKK 1 activity (Delhase et al., 1999).

This was a surprising finding, as the activation loops of the two kinases have identical sequences.
However, these findings were entirely consistent with the results of genetic studies which indicated that
IKK2, rather than IKKI1 is essential for the IkB kinase activity generated in response to these
proinflammatory cytokines (Hu et al., 1999; Li et al., 1999a; Li et al., 1999b; Li et al., 1999¢; Takeda et al.,

1999; Tanaka et al., 1999).
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The HLH motif also appears to play a crucial role in IKK activitation. Truncated IKK constructs lacking
the COOH-HLH region, or constructs containing mutations within this motif, exhibit decreased IKK
activity, although they are still able to dimerise and bind to NEMO (Delhase et al., 1999; Karin, 1999;
Zandi et al., 1997; Zandi et al, 1998). Interestingly, coexpression of the HLH fragment (amino acid
residues 558-756) with a construct expressing the kinase and LZ domains (amino acids 1-559) of IKK2
restores kinase activity (Delhase ef al., 1999). It has been proposed that the HLH of IKK2 serves as an
endogenous activator of the IKK complex. However, the proteins involved in the activation and regulation

of the IKKs have yet to be determined.

1.11.2 NEMO (IKKy/IKAP1)

NEMO (NFxB Essential Modulator) is a structural component of the IKK complex that was cloned by two
distinct methods. Rothwarf ez al., (1998) and Mercurio et al., (1998) purified the native IKK complex to
homogeneity from human cell lines and identified IKKy, which will now be referred to as NEMO, by mass
spectrometry (Mercurio et al, 1999; Rothwarf et al, 1998). Yamaoka et al, (1998) used genetic
complementation of a cell line unresponsive to NFkB-activating stimuli to identify NEMO (Yamaoka et al.,
1998). IKK activation is absolutely dependent on the presence of NEMO. Cells lacking NEMO do not
respond to proinflammatory stimuli such as IL-1, TNF, endotoxin or dsRNA, so NFkB activation is
abolished (Yamaoka et al., 1998). NEMO has a molecular weight of 48kDa and is composed mainly of
three a-helical regions capable of forming coiled-coils and a LZ (Figure 1-10). It does not have a
recognisable kinase domain and serves a regulatory function through the recruitment of upstream activators

into the IKK complex.

The IKK complex consists of IKK1:IKK2 heterodimers bound to an unidentified number of NEMO
subunits (Rothwarf et al., 1998). Cross-linking studies have indicated that NEMO can exist as a dimer or
trimer (Rothwarf et al., 1998), but it has yet to be determined in what form it exists under physiological
conditions. NEMO appears to play a role in stabilising the IKK complex. Gel filtration analysis of NEMO-
deficient cell extracts using an IKK1 antibody, resulted in an elution peak of 300-450kDa, rather than the

700-900kDa peak normally observed in wild-type cells (Yamaoka et al., 1998).
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Chapter 1: Introduction

This suggests the possible involvement of other proteins, or IKK2 in mediating the interaction of NEMO
with IKK1. Additionally, NEMO deletion mutants have been used as tools to map the interaction sites of
the protein. The results of two separate studies, when analysed together have demonstrated that the critical
regidues required for the interaction of NEMO with IKK2 lie between amino acid residues 135-235 of
NEMO (Mercurio et al., 1997; Rothwarf et al., 1998). These results were consistent with the finding that
mutants expressing only the final 119 or 154 residues of NEMO could still interact with IKK2 (Mercurio et
al., 1997; Rothwarf et al., 1998). However, a separate study by a different group has provided evidence to
suggest that the first 100 amino acids of NEMO are in fact required to see this interaction (Chu et al.,
1999). The discrepancies between these results reflect the difficulties associated with the construction of

deletion mutants, which can disrupt the correct structural orientation of proteins.

1.11.3 Physiological Functions of the IKKSs.

In order to identify the specific physiological roles of IKK1 and IKK2, mice have been generated that are
deficient in these proteins. These studies have shown that, despite the sequence similarity of IKK1 and
IKK2, NF«B activation by proinflammatory cytokines is mainly dependent on IKK2. IKK1 is now thought
to play a role during skin and skeletal development, although the morphogenic signal(s) remains to be
determined. Two groups (Hu et al., 1999; Takeda ef al., 1999) used gene targeting to disrupt the gene
encoding IKK1 and the mice that resulted exhibited identical phenotypes. Homozygous mice died shortly
after birth, displaying striking developmental abnormalities. Mutant foetuses had rudimentary protrusions
instead of normal limbs, truncated heads and tails and no external ears. Limb outgrowth was severely
impaired due to encasement of the embryos in a shiny taut skin. This resulted due to hyperplasia of the
suprabasal layer of the epidermis, which caused a thickening of the skin (Hu et al., 1999; Takeda et al.,
1999). Additionally, the mutant epidermis also lacked the two upper layers of the skin (the stratum
granulosum and the stratum corneum) indicating a blockade of keratinocyte differentiation. Interestingly,
thymocytes, fibroblasts and liver tissue from the IKK 17" mice displayed normal IKK activation in response
to TNF, IL-1 and LPS treatment. However, nuclear translocation of p65/RelA during keratinocyte
differentiation was blocked in the knockout animals. The signals for the developmental and morphogenetic

activity of IKK1 need to be established and also the composition of the IKK complexes involved.
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It is not clear whether the standard IKK complex, consisting of IKK1/IKK2 heterodimers and NEMO or
perhaps IKK1 homodimers with an as yet unidentified regulatory subunit make up the relevant complex in

developing keratinocytes.

Gene targeting has also been used to disrupt the IKK2 gene (Li ef al., 1999b; Li et al., 1999¢; Tananka et
al., 1999). The IKK2-deficient embryos died from severe liver apoptosis at embryonic day (E)12.5-14.5,
indicating that IKK2 plays an essential role in hepatocyte survival. The phenotype of the IKK2™ mice was
identical to that seen in p65™ or p65/p50” mice (Beg et al., 1995b; Horwitz et al., 1997). Embryonic livers
express copious amounts of TNFa and it appears that in the absence of a functional NFxB response, the
mice die from TNF-driven apoptosis. In line with this, mice deficient in both TNFa and p6S5 are viable and
have normal livers (Doi et al., 1999). Embryonic fibroblasts derived from IKK2-deficient mice were
unable to elicit NFkB activation in response to IL-1 and TNFa (Li et al., 1999b; Li et al., 1999¢; Tananka
et al, 1999). Additionally, the cytokine-induced IKK kinase activity was greatly reduced in these cells
compared to wild-type controls. These studies showed that IKK1 couldn’t compensate for the loss of
IKK?2, indicating that IKK2 is the catalytic subunit required for NFkB activation in response to

proinflammatory cytokines, including TNF and IL-1.

1.11.4 Inactivation of the IxB Kinase (IKK) Complex.

The activity of the IKK complex appears to be tightly regulated. Following stimulation by IL-1 or TNFa,
IKK activity is rapidly increased, peaking between S and 15 minutes, but subsequently declines to 25% of
its peak value by approximately 30 minutes. IKK activity then decreases back to basal levels over the next
90 minutes (Delhase et al., 1999; DiDonato et al., 1997, Zandi et al., 1997). In line with this, IkBa is
phosphorylated and degraded in response to stimuli such as TNFo within 15 minutes and resynthesised
pools of cytoplasmic IkBa reappear by 60 minutes (Sun et al., 1993). The newly synthesised IkBa. seems
to escape degradation due to the IKKs preferentially phosphorylating NFkB-bound IxBa, as free IxBa is a
poor substrate (Zandi et al., 1998). The initial downregulation of IKK in TNFa-stimulated cells appears to
be regulated by carboxy-terminal autophosphorylation of IKK. Mutations disrupting the o-helical
structures of the HLH motifs situated within this region of IKK1 and IKK2 lead to dramatic inhibition of

kinase activity (Delhase et al., 1999).
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In resting cells, the HLH motif and the kinase domain of each of the IKKs interact and the IKKs are
unphosphorylated and inactive. In response to inflammatory stimuli, the IKKSs are recruited by NEMO into
the IKK complex as heterodimers, where IKK2 is phosphorylated on serine residues located within it’s ATP
binding domain, resulting in intramolecular trans-autophosphorylation and activation of the second subunit.
The activated IKK complex then catalyses IkBa phosphorylation, resulting in NFxB activation.
Subsequently, Delhase et al., (1999) noted that serine residues located between amino acid residues 670-
705 of the C-terminal region of IKK2 become progressively phosphorylated. Once at least 9 serines were
phosphorylated, IKK activity was diminished (Delhase et al., 1999). Phosphorylation of the C-terminal
domain could result in either electrostatic repulsion of the HLH away from the kinase domain, or a change
in conformation of the protein, so that a phosphatase can be recruited into the complex, dephosphorylating
the phosphoacceptor sites in the activation loop. This whole process has been described in a three step

model (see Figure 1-11)
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Chapter 1: Introduction

1.12 The Ubiquitin System

Ubiquitin is a small, widely expressed 8.6kDa polypeptide which plays a central role in the control of many
cellular processes, including cell cycle progression, immune and stress responses and signal transduction
(Hershko and Ciechanover, 2000). The ubiquitin signals on target proteins can be genetically programmed
(for example by short hydrophobic amino acid sequences), or can be acquired by binding to an adapter
protein, by protein damage due to fragmentation, oxidation or ageing (Wilkinson, 2000). In many cases
however, proteins are recognised only following their phosphorylation. Ubiquitin polymers then covalently
attach to the substrate allowing it’s subsequent degradation by the 26S proteasome (Hershko and

Ciechanover, 2000). The ubquitination process can be described in three stages:

1) Ubiquitin activation through its attachment to E1 (ubiquitin-activating) enzymes occurs in an ATP-
dependent manner to form high-energy thioester bonds.

2) Transfer of activated ubiquitin to one of several E2 (ubiquitin-conjugating) enzymes through a trans-
acetylation reaction.

3) Creation of an isopeptide bond between the polyubiquitin chains and the e-amino group of lysine
residues of the substrate, through the action of E3 (ubiquitin ligases). The polymers of ubiquitin act as

degradation signals, targeting “tagged” proteins for proteolytic attack by the 26S proteasome complex.

Formation of polyubiquitin chains can form through attachment of further ubiquitin molecules to specific
lysine residues within ubiquitin itself. It is generally believed that a single E1 enzyme activates ubiquitin.
However, a whole family of E2 enzymes have been identified, that are thought to specialise in distinct
ubiquination processes (Haas and Siepmann, 1997). A small family of E3 ubiquitin ligases have also been
found, some of which are associated with large multisubunit complexes. There are various mechanisms by
which E3's can promote substrate ubiquitination, and consequently the definition of E3’s has been described
as “a protein or a protein complex that binds directly, or indirectly to specific protein substrates and
promotes the transfer of ubiquitin from a thioester intermediate (E2 or E3) to amide bonds within proteins”

(Karin and Ben-Neriah, 2000).
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1.12.1 The Role of the Ubiquitin-proteasome Pathway in the Degradation of

IxBa, B-catenin and the Processing of Cubitus Interruptus (Ci).

Recently, a modular ubiquitin E3 ligase complex called the SCF (Skp1-Cullin-F-box)-ubiquitin ligase, has
been identified and shown to be responsible for mediating the phosphorylation-dependent ubiquitination of
a wide number of proteins (Elledge and Harper, 1998). At least three groups have identified the component
of this SCF-ubiquitin ligase that binds to phosphorylated IxkBa. It is an F-box/WD40-repeat protein called
E3RS™®/B-TrCP (B-transducin-repeat-containing-protein), the mammalian homologue of the Drosophila
protein Slimb (Spencer et al., 1999; Winston et al., 1999; Yaron et al., 1998). Slimb and B-TrCP have been
implicated in the regulation of three signal transduction pathways, NFkB, Wnt/Wingless (Wg) and
Hedgehog (Hh) (Jiang and Struhl, 1998; Marikawa and Elinson, 1998). Interestingly, it appears that one

SCF ligase complex is able to meditate ubiquitination of the protein targets in all three pathways.

1.12.1.1 The Hedgehog (Hh) and Wnt/Wingless (Wg) Signalling Pathways

Loss of function of Slimb results in ectopic activation of the Hh and Wg pathways causing supernumerary
limbs. The 155kDa transcriptional regulatory protein, Cubitus interruptus (Ci), which is a component of the
Hg pathway, forms part of a microtubule-bound complex with three other proteins, Costal-2 (Cos-2), Fused
(Fu) and Supressor of Fused (Su). Under non-stimulatory conditions, Ci is proteolytically processed, via
phosphorylation by protein kinase A (PKA) and ubiquitination, producing a 75kDa N-terminal protein
which acts as a transcriptional repressor. Only upon Hg signalling is degradation prevented and the 155kDa
Ci accumulates and is released from the microtubule complex initiating transcription of genes (Lin et al.,

1995; Orford et al., 1997).

B-catenin/Armadillo functions with the trascriptional regulatory protein TcF/Lef to regulate patterning and
other developmental decisions in Drosophila. In the absence of Wnt signalling, B-catenin is present in a
complex containing APC (adenomatous polyposis coli), the tumour suppresser protein Axis and the protein
kinase GSK3p (glycogen synthase kinase 3B). This complex formation allows phosphorylation of B-
catenin, targeting it for degradation via the ubiquitin-proteasome pathway (Aberle et al., 1997; Orford et al.,

1997).
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