Regulation of TGFp-activated-kinase 1 (TAK1) in Nuclear
Factor-kB and Tumour Necrosis Factor/Eiger Signalling in

Drosophila melanogaster .

Merennege Dilan Anush Fernando

The Department of Biochemistry,

University of Oxford.

A dissertation submitted for the degree of Doctor of Philosophy (DPhil) in
Biochemistry at the Department of Biochemistry, University of Oxford.

Trinity 2011

University College




Merennege Dilan Anush Fernando Submitted for the degree of DPhil
University College Trinifyerm 2011

Regulation of TGFbeta-activated-kinase 1 (TAK1) inNuclear Factor-kappaB and
Tumour Necrosis Factor/Eiger Signalling inDrosophila melanogaster.
ABSTRACT

Drosophila TGFbeta-Activating-Kinase 1 (dTAK1) is an essdntamponent of
both the Immune Deficiency (IMD) innate immune ardF/Eiger apoptotic cascades. The
IMD and JNK pathways bifurcate at the level of dTAKHence, elucidating the regulatory
mechanism of dTAK1 is pertinent to understanding riagulation of both innate immunity
and apoptosis.

In this study, Trabid was identified as a novelatag regulator of thé®rosophila
IMD pathway. Trabid interacted with dTAK1 and dexsed K63-linked ubiquitination,
thereby reducing immune signalling. Three tanderdMjnc Fingers (NZF) and C518 were
required for Trabid activity. Lysines 142 & 156 wadentified as the K63 Ub acceptor sites
of dTAKL, required for K63-linked ubiquitination drsignalling. Also, results show Lys
156 functioned as the K48 Ub acceptor site. Fusttheyr ZF domain of TAK1-associated
Binding Protein 2 (dTAB2) was important in modutefidTAK1 K63-linked ubiquitination
and thereby the immune signal. These results iteliea elaborate and multi-tiered
mechanism for regulating dTAK1 activity and modurgtthe immune signal.

Further, Ariadne-2 (Ari-2) was identified as a nbeemponent of thédrosophila
TNF/Eiger pathway which functioned at the levelddiAK1. Results indicate that Ari-2 is
essential for normal development and longevityerthances the apoptotic signal when
concomitantly over-expressed with Eiger. Furthei;Ainteracts with dTAK1, dTAB2 and
dTRAF2 which are all implicated in TNF/Eiger siginad. Thus, evidence supports the
hypothesis that Ari-2 functions as an adaptor, ive in assembling a distinct signalling

complex which transduces the apoptotic signal witlaetivating immunity (245 words).
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Chapter 1: Introduction

1.1Innate and Adaptive Immunity

Renowned Immunologist and Nobel Laureate Sir FrMdcfarlane Burnet
defined immunity as “the capacity to recognise ititeusion of material foreign to the
body and to mobilise cells and cell products tophedmove that particular sort of
foreign material with greater speed and effectigghgSoper, 1998). Immunity can
broadly be divided as adaptive (acquired) and mmkEpending on the intensity and
timing of the responses when exposed repeatediiigsame inducing agent/antigen

(Male, 2006).

Adaptive immunity is characterised both by its sfi@ty towards an inducing
antigen and memory - where it can mount a fastdrgaeater response in subsequent
infection by the same pathogen (Male, 2006). Howethas is present only in jawed
vertebrates, jawless fishes and is a relative newecoin evolution (Janeway and
Medzhitov, 2002). It should be noted that evolui®a gradual process and therefore, it
is highly likely that other organisms may possesBmentary adaptive immune systems
or parts of an adaptive process. One possibiligt thdaptive immunity has been
identified in higher chordates may be because tigesons may have focussed on

them and have not yet investigates other posséididates.

In contrast, innate immunity is universal, evoladoly ancient and is the
dominant system prevalent in invertebrates (Janeavaly Medzhitov, 2002). Malet
al., 2006, describes innate immunity as “simple thougmarkably sophisticated

systems present in all animals that are the fint bf defence against pathogens and



allow a rapid response to invasion.” It is an etiolharily conserved defence

mechanism that confers the host with immediate @ndti-faceted defence against

microbial pathogens. These include physical begrieellular responses and systemic
humoral responses (Lemaitre and Hoffmann, 2007hodigh the innate defences are
closely interlinked with adaptive responses in bigbhordates, all other species rely
solely on innate immunity to combat pathogens. Thugte immunity is considered as
the prototypical immune defence and is well consgramong species from plants to

fruit flies to mammals (Beck, 1996).

1.2 The Systemic Innate Immune Response idrosophila:

The hallmark ofDrosophilaimmune defence, upon microbial challenge, is the
synthesis and secretion of several families ofnaictiobial peptides (AMPSs) in the fat
body. This constitutes the “systemic immune respbrend is common to most
holometabolous insects (Boman et al., 1972; Feaanet al., 2007; Lemaitre and
Hoffmann, 2007). The fat body is a major immungpansive tissue that is equivalent
to the mammalian liver and acquires its immune cetemce at the onset of the first
larval stage. Its large size and central positiorine open circulatory system of the
insect body cavity enable it to then release tih@seune peptides into the haemolymph
or insect “blood”, where they accumulate to reaifbotive concentrations (Bulet et al.,

1999; Hoffmann and Reichhart, 2002; Lemaitre antfrdann, 2007).

1.2.1Immune effectors — antimicrobial peptides (AMPS):

Most prominent and well characterised amongst gén@us immune effectors
synthesised by the fat body in response to mictathallenge are the antimicrobial
peptides (AMPs). There are some 20 AMPs grouped intlasses discovered thus far

in Drosophila These can be divided into 3 families based oir thelogical targets -
2



Gram-positive bacteria (Defensin), Gram-negativectdrga (Cecropins, Drosocin,
Attacins, Diptericin), or fungi (Drosomycin, Metdkowin) (Asling et al., 1995; Bulet

et al., 1993; Dimarcq et al., 1994; Fehlbaum etl8194; Levashina et al., 1995; Wicker
et al.,, 1990). AMPs are cationic and typically 8m8ome are induced in surface

membranes whilst others are constitutively expissespecific tissue in the salivary

glands and the reproductive tract (Imler, 2005).

Antimicrobial | No. of genes Main Effective
peptide in the biological conc. in
family genome activities the blood

Anti bacterial,
Diptericin 2 Gram- 0.5uM
negative
Anti bacterial,
Attacin 4 Gram- nd
negative
Anti bacterial,
Drosocin 1 Gram- 40 uM
negative
Anti bacterial,
Cecropin 4 Gram- 20 uM
negative
Defensin 1 Anti bacte‘rl_al, 1 uM
Gram-positive
Drosomycin 7 Antifungal 100 uM
Metchnikowin 1 Antifungal 10 uM

Figure 1 - 1: Drosophila antimicrobial peptides. Depicting the name of the
AMP family, number of its genes in the genome, maimlogical activity at
physiological concentrations and estimated conagotr in the insect
blood/hemolymph after bacterial infectiomd: not determinedAdapted from:
Lemaitre, B. and J. Hoffmann (2007). "The Host Defe of Drosophila

melanogastef



1.2.2Requlation of AMP expression:

The expression of immune-inducible polypeptidesluding AMPs, is primarily
regulated at level of transcription. It is now knothat the promoters of genes encoding
AMPs contain DNA motifs that were mandatory for inmme inducibility, including
NF-xB binding sites, GATA binding sites and the R1 rm@tHoffmann and Reichhart,
2002; Lemaitre and Hoffmann, 2007). Similar to theiammalian counterparts, the
nuclear factorB (NF-«B) transactivators play a prominent role in aciivgtand
regulating AMP gene expression by interacting whigkB binding motifs (Engstréom et
al., 1993; Ferrandon et al., 2007). Three ®ff-proteins are encoded in tBeosophila
genome including Relish, Dorsal and Dif. All 3 miois have a highly conserved N-
terminal REL Homology Domain (RHD) which is implieal in DNA binding,
dimerisation, interaction withkB proteins and nuclear translocation. Using geft shi
assays and cell culture, it has been shown thaetBeproteins bind teB motifs and
transactivate some AMP genes. Under non-infectmmglitions, expression of AMP
genes is suppressed by Inhibitors of &RB--(IxB) proteins. These bind to ankyrin
repeats found in NKB, blocking their nuclear translocation and resulta

transcriptional activity (Belvin and Anderson, 198émaitre and Hoffmann, 2007).

During microbial infection, &B proteins and/or ankyrin repeats are
phosphorylated and cleaved. There is ample eviddégrateolyubiquitination (formation
of ubiquitin chains) also plays a prominent roléeTliberated’ RHD containing N-
terminus of NFkB proteins then translocate to the nucleus, whieey regulate the

expression of AMP genes (Ferrandon et al., 200mdige and Hoffmann, 2007).

Infections by different classes of pathogens resulictivation of specific NF-

kB transactivators, leading to expression of difiéreubsets of AMP genes. Thus,
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specific immune responses are elicited by threeadrcategories of microbial
pathogens, namely Gram-positive, Gram-negativeebactand fungi. Thus far, two
distinct pathways (i.e. Toll and Imd) have beemtd®d that mediate these responses

(Ferrandon et al., 2007; Lemaitre and Hoffmann,7200

1.2.3Detecting and recognising different classes of pabens:

The Drosophilainnate immune system can detect and recognisereiiff classes
of microorganisms. Microbial detection is facilgdt by direct contact between host
proteins called “pattern recognition receptors” KRR and microbial ligands
(peptidoglycans). Thus far, 2 distinct classes @&RB have been identified -
peptidoglycan recognition proteins (PGRPs) and Gmagative binding proteins
(GNBPs) (Kang et al., 1998; Lee et al., 1996; Ldreaet al., 1997; Yoshida et al.,

1996)

Bacterial invaders are discriminated by sensintediht forms of peptidoglycan
(PGN) of the bacterial cell wall by peptidoglycaacognition proteins (PGRPSs)
(Ferrandon et al., 2007). Peptidoglycan is a pyneanstituent of the bacterial cell wall
comprising long glycan chains of alternatiny-acetylglucosamine andN-
acetylmuramic acid residues that are cross-linkegbth other by short peptide bridges
(Mengin-Lecreulx and Lemaitre, 2005). In Gram-negabacteria (and a subclass of
Gram-positive bacteria includirBacillus species), the third amino acid of the peptidic
stem is a meso-diaminopimelic acid (DAP) residudev@ram-positive bacteria have a
lysine (Lys) residue in this position. The workihgpothesis is that the PGRPs of
Drosophilacan distinguish between DAP-type and Lys-type RG&ulier et al., 2003;

Stenbak et al., 2004).



In addition to DAP-type and Lys-type PGN, there atemerous other types of
PGN in bacteria. The PGN of Gram-positive bacteaa differ widely, with at least 8
different types based on th& @amino acid of the peptidic stem. Also, some specie
including halophilic bacteria such adalobacterium halobiumand Micrococcus

morrhuaelack peptidoglycan (Schleifer and Kandler, 1972).

So far, 13 different PGRPs have been identifie®iasophila They are highly
conserved and share the 160 amino acid PGRP dowhich is evolutionarily related
to the bacteriophage type Il amidases. These poiEan be further differentiated as
catalytic PGRPs and recognition PGRPs (Werner gt 28100). Catalytic PGRPs
(PGRP-SC1, LB, SB1 and possibly SB2, SC2) haveneddathis enzymatic activity and
modulate the immune response by removing peptides the glycan chains of PGN of
bacterial cell walls (through zinc-dependent amedastivity), thereby reducing or
eliminating the biological activity of PGN. Some dutate the immune signal by
scavenging PGN. On the other hand, recognition PKgRieluding PGRP-SA, SD, LA,
LC, LD, LE, and LF) function as pattern recogniticceptors only as they lack zinc-
binding residues required for amidase activity (kbeh et al.,, 2003; Werner et al.,

2000).

1.3The Toll Pathway

The Toll pathway irbrosophilais activated in response to microbial challenge by
Gram-positive bacteria, fungi and yeast. Evolurdyg conserved, this pathway also
plays a key role in several developmental processdading the formation of the
dorso-ventral axis of th®rosophila embryo (Anderson et al., 1985; Morisato and
Anderson, 1994). Homologous to the mammalian letdih 1 Receptor/Toll-Like

Receptor (IL-1R/TLR) cascades, its canonical conepts include Spatzle (an
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extracellular cytokine which is structurally sinmilto the nerve growth factor; NGF),
Toll (the transmembrane receptor), Tube and MyD&Rlaptors), Pelle (a
serine/threonine kinase), Cactus (bmsophilahomolog of kB), and Dorsal and Dif
(transcription activators) (Belvin and Anderson,99 Tauszig-Delamasure et al.,
2002). Except for Cactus and Dorsal, deletion aciivation of any of the other
components results in a similar immune-deficiergrgitype characterized by the non-
expression of several immune genes and a markeailslity to fungal and Gram-
positive bacterial infection (Lemaitre et al., 198&itschmann et al., 2002).

Induction triggers cleavage and activation of tl&raeellular cytokine Spatzle,
which then binds and activates the transmembraocepter Toll. This leads to the
recruitment of three intracellular death domain {@Dntaining proteins, MyD88, Tube,
and Pelle, resulting in the formation of the Taolthuced signalling complex (TISC)
which, in turn, sets off an intracellular signaflincascade. This culminates in
degradation of thédrosophila IkB homolog Cactus, leading to the activation and
nuclear translocation of NkB-like transcription factors Dorsal (in embryos)orial
and Dif (in larvae) and Dif (in adults) and theukant expression dbrosomycinand

several other AMP genes (Leulier et al., 2006; Reyal., 2005) (Fig. 1-2).

1.3.1The current model for Toll signalling in adult Drosophila melanogaster:

1. The transmembrane receptor Toll Drosophilais not activated directly by
binding with microbial ligands (like the mammali@ahRs) but by the binding of
a cleaved form of cytokine Spéatzle. Spatzle is lsgsized as an inactive pro-
protein dimer where the pro-domain is natively wnsured to prevent its
interaction with Toll. Spéatzle is processed to actional form by the serine
protease Spatzle processing enzyme (SPE) in resgonsfection (Hu et al.,

2004; Jang et al., 2006; Weber et al., 2003).
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2. The link between SPE and receptors that recognimngal, bacterial or viral
pathogens is yet to be clearly defined. One modgjgasts that distinct
proteolytic cascades are activated by Gram-pos#iha fungal infections which
results in the processing and activation of SPEcofding to this hypothesis
these cascades are initiated by pattern recogniémeptors peptidoglycan-
recognition proteins (PGRPs) and Gram-negativeibgngroteins (GNBPs) —
soluble receptors present in the haemolymph (Fdoraet al., 2007; Kambris et

al., 2006).

3. PGRP-SA, PGRP-SD, GNBP1 recognise Gram-positivéebacthrough Lys-
type peptidoglycan (PGN), while GNBP3 deteftglucans in yeast. Further,
fungal proteases secreted by entomopathogenic faagyate CLIP-domain
containing serine proteases like Persephone (Miehell., 2001; Wang et al.,

2008; Wang et al., 2006).

4. All three cascades result in the activation of 3edProcessing Enzyme (SPE)
which, in turn, cleaves and processes Spatzle miip into its mature form.
Mature Spatzle (the C-terminal 106-amino-acid fragm Spéatzle C106) binds
with high affinity to the extracellular domain obIl' in the ratio of one Spétzle
dimer to two Toll monomers causing conformationakrges in Toll and
thereby initiating immune signalling (Ferrandonaét 2007; Jang et al., 2006;

Weber et al., 2003).

5. This leads to the formation of a multivalent compdéentred on the intracellular
TIR domain of the receptor Toll. Three intracelluldeath domain (DD)

containing proteins, the highly conserved cytoplasadaptor MyD88 (myeloid
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differentiation primary-response gene 88), Tubea] Belle (a serine/threonine
kinase) are recruited leading to the formation e foll-induced signalling
complex (TISC). Complex formation is facilitated the bipartite death domain
of Tube, which contains two opposite surfaces wedlin the interaction with
the death domains of MyD88 and Pelle. Complex foionaleads to the
initiation of kinase activity of Pelle (Ferrandonas., 2007; Galindo et al., 1995;

Hecht and Anderson, 1993; Tauszig-Delamasure,2@02; Towb, 2009).

. Activation of Toll immune signalling leads to thehgsphorylation and
degradation of the NkB inhibitor Cactus. Polyubiquitination is also thybi to
play a key role. Cactus binds to and maintains m@mbition on NFxB
transcription factors Dif and/or Dorsal. The meabkanof Cactus degradation is
yet known. One model hypothesises that activatdte Peay phosphorylate
Cactus. Degradation of Cactus relieves the inlobitand leads to the graded
release and nuclear translocation of Dif and/orsBlp where they bind to NF-
kB response elementgB-RE) and regulate expression of AMP genes inclgidin
Drosomycin(Belvin et al., 1995; Edwards et al., 1997; Ferreamdt al., 2001;

Groszhans et al., 1994; Yang and Steward, 1997).

. There is evidence that Dif and Dorsal play redunhdates in AMP gene
expression at the larval stage, while Dif is sudint to mediate Toll activation in

adults (Manfruelli et al., 1999).
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Figure 1 - 2. (a) Mammalian TLR4 and (b) Drosophila Toll pathways. (A) In the

mammalian Toll-like receptor 4 (TLR4) pathway, patt recognition receptors MD2 and
CD14 present LPS to TLR4 resulting in the inte@cttbetween the cytoplasmic TIR
domains of TLR4 and MyD88. Then, MyD88 recruits IlLreceptor-associated kinase
(IRAK). In turn, IRAK interacts with the adaptor HR-associated factor 6(TRAF6),
leading to the activation of the IKK complex. IKKhgsphorylates the inhibitorB,
thereby targeting it for degradation. MB- translocates into the nucleus of cells and
transcribes related gene expression (Wang et@6)2 (B) TheDrosophilaToll pathway

is detailed il the text
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1.4The IMD Pathway

The Drosophila IMD (Immune Deficiency) pathway is triggered inspgnse to
Gram-negative bacterial infection. Closely resenmtpthe mammalian Tumour Necrosis
Factor Receptor 1 (TNFR1) cascade, activation oD IMignalling leads to the
expression of several AMP genes includdigtericin (Lemaitre et al., 1995; Levashina
et al., 1998). The canonical components of thieyay include IMD (a Death Domain
containing adaptor), PGRP-LC and PGRP-LE (patteaognition receptors), TAK1
(the Mitogen-Activated Protein 3 kinase - MAP3K)AB2 (an adaptor) dIAP2 (a
member of Inhibitor of Apoptosis proteins), [IRKrd5 and IKKy/Kenny (the
Drosophila equivalent of the mammalian IKK signalosome), dEADan adaptor)
DREDD (apical caspase) and Relish (the ®f~transcription factor) (Georgel et al.,
2001; Lemaitre et al., 1995; Leulier, 2000; Lu et 2001; Rutschmann et al., 2000;
Silverman et al., 2000; Stoven, 2000; Vidal et 2001). Deletion/mutation of any of
these components results in a similar phenotype high susceptibility to Gram-
negative bacterial infection. As yet, there is midence linking this pathway to any

developmental role (Hetru and Hoffmann, 2009; Léreaand Hoffmann, 2007).

Moreover, the Imd pathwayifurcates at the level of dTAK1 and also trandient
activates the c-Jun amino-terminal kinase (JNKhalighg cascade during infection
(Hoffmann and Reichhart, 2002) . Interestingly, d&IAis involved in activation of
both innate immunity and apoptosis and is a nexaiden the two (Silverman et al.,

2003; Vidal et al., 2001).
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Figure 1 - 3 (a) Mammalian TNFR-1 and (b) Drosophila IMD pathways. (A)
Upon stimulation, receptor TNFR1 recruits TNFR-asst®d death domain
(TRADD) which, in turn, assembles a signalling cdexp comprising Fas-
associated death-domain protien (FADD) and recepteracting protein (RIP).
Thereafter, FADD initiates an apoptotic cascade pna-caspase 8, whilst RIP
activates the kinase MEKK leading to phosphorytatib IkB by IKK«, IKK4 and
IKKy/NEMO complex. PhosphorylatedB is targeted for degradation, resulting
in the translocation of NkB into nucleus for gene expression. The mammalian
Jun N-terminal kinase (JNK) pathway can be linkethwhe NFxB pathway
through MEKK. JNK phosphorylates and activates Jumgch is part of the AP1
transcription factor (Schutze et al., 2008). (B Drosophila IMD pathway is

detailed in the text.
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1.4.1Current model for Imd signalling in adult Drosophila melanogaster

1. DAP-type PGN of Gram-negative bacteria is recoghisethe cell surface by
peptidoglycan-recognition protein-LC (PGRP-LC), ransmembrane type 11
receptor and the cytosolic PGRP-LE (a cleaved, esedr receptor in the
haemolymph). Both receptors sense the presenceamh-Gegative bacteria by
binding directly to and being activated by monomen polymeric DAP-type
PGNs or shorter peptidoglycan end fragments suttaelseal cytotoxin (TCT)

(Choe et al., 2002; Gottar et al., 2002; Kanekal e2006; Ramet et al., 2002).

2. Peptidoglycan is found in a single layer in theiglasmic space beneath the
outer membrane and lipopolysaccharide (LPS) laygBriam-negative bacteria.
Tracheal cytotoxin (TCT) was identified as the mmal PGN motif capable of
efficient induction of the Imd pathway. This murpfide is located at the end of
the PGN strand and is released from PGN during geivth and division

(Kaneko et al., 2004; Stenbak et al., 2004).

3. Modulating signal intensity: It is hypothesised that during infection, bacteria
release short PGN fragments (like TCT) as a resultell-wall remodelling
during growth and division. These PGN fragments @eeected, resulting in
activation of the IMD pathway. Consequently, invagimicroorganisms are
attacked by AMPs and lysozymes (effectors of theadémal immune response),
leading to the release of large fragments of poharieAP-type PGN that were
initially hidden under the LPS outer coat. Thessgfnents can then be sensed
directly by an array of membrane-bound PGRP-LC ptus (Brennan et al.,

2007; Ferrandon et al., 2007). In a parallel meigmancatalytic amidases like
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PGRP-LB specifically degrade DAP-type PGN and daguolate the IMD
pathway. This negative feedback mechanism provalesght control over
immune activation and modulates the level of thst mmune response to the

presence of infectious microorganisms (Zaidman-Réta}., 2006).

. Alternative splicing of PGRP-LC can generate 3 asofs (LCa, LCx & LCy)
which possess identical N-terminal intracellulad amnsmembrane regions but,
different extracellular PGRP domains in the C-temmsi (Werner et al., 2000).
For polymeric PGN recognition, at least 2 molecusPGRP-LCx in close
proximity are required while both PGRP-LCx & PGRE4d.are necessary for
monomeric PGN detection, where PGRP-LCa acts aglaptor (Kaneko et al.,

2004; Mellroth et al., 2005)

. Binding of PGN elements to the receptors cause tioectuster or multimerise,
triggering the immune signal (Lim et al., 2006).l16@ing multimerization,

death domain (DD) containing IMD (homologous to thammalian Receptor
Interacting Protein - RIP) is recruited (Georgelbkt 2001). IMD binds to the
cytoplasmic RHIM-like domain of PGRPs probably tgh a yet unidentified

mediator (Choe et al., 2005).

. IMD then recruitsDrosophila FAS-associated death domain (dFADD) and
death-related ced-3/Nedd2-like protein (DREDD)dmf a tripartite complex. It
interacts with dFADD through death domains (DDshjleedFADD binds with
the apical caspase DREDD via death effector dom@Ds) (Leulier et al.,

2002).
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7.

IMD is then cleaved in a DREDD dependent manneosixyg an IAP-binding
motif. IMD then binds with dIAP2 via this motif, d&ling to K63-linked

polyubiquitination and activation of IMD (Paquettal., 2010).

Once activated, IMD, in turn, activates two cassad@ne process leads to the
phosphorylation of the NkB-like transcription factor Relish through actiaati
of dTAK1 and the IKK complex. The other processutessin the cleavage of
Relish by DREDD (Silverman et al., 2000; StoverQ@0 Relish is very similar
to the mammalian REL family members p105 and pibObat it contains an N-
terminal DNA-binding REL domain and C-terminal ankyrepeats that are
characteristic of thexB family. These ankyrin repeats inhibit its activatand
translocation. Relish differs from Dif and Dorsti€ NF«xB transactivators of

Toll) in this regard (Stoven et al., 2003).

In the first process, activation of IMD results time activation ofDrosophila
transforming growth factop- (TGF3)-activated kinase 1 (dTAK1) by an
unknown mechanism. This Mitogen-Activated Protekirgase (MAP3K) forms
a dimer with the regulatory subumlmtosophilaTak1-binding protein 2 (dTAB2)
(Geuking et al., 2005; Vidal et al., 2001). In maatsn TAK1 is can be directly
activated by the E3 ubiquitin ligase, Tumour Neigofactor Receptor-
associated factor 6 (TRAF6). TAK1 also requires PABr activation (Besse et
al., 2007). InDrosophila the corresponding E3 ligase has not yet beenifoieh

(Lemaitre and Hoffmann, 2007).
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10. Activated dTAK1 then phosphorylates and activabtesCirosophilalxB kinase
(IKK) signalling complex. TheDrosophila IKK complex consists of the
catalytic subunit Ird5 (immune-response deficientte fly homologue of
mammalian IKK3) and the regulatory subunit Kenny (the fly homaiegof
mammalian IKK) (Lu et al., 2001; Rutschmann et al., 2000; 3itvan et al.,

2003).

11.The activatedDrosophilalKK complex then phosphorylates Relish, effectyvel

tagging it for subsequent cleavage (Lu et al., 2BQikschmann et al., 2000).

12.There is evidence to indicate that activation oAHTI and IKK involve K63-
linked polyubiquitination, possibly as a scaffoldr fthe assembly of active
complexes. There is also evidence that ubiquitimjugating E2 enzyme
Bendless (homologous to mammalian ubiquitin-corjuga enzyme 13 -
Ubc13) andDrosophila ubiquitin-conjugating enzyme E2 variant 1 (dUev1A)
are essential components of IMD signalling and prebably involved in
polyubiquitin chain formation. Collectively, thedsghlight the remarkable
similarities that exist between the mammalian ars&ct innate immune systems

(Chen, 2005; Zhou et al., 2005).

13. Activated dTAK1 (in complex with dTAB2) also traesitly activates the c-Jun-
N-terminal kinase (JNK) pathway. The dTAK1-dTAB2rairic complex is also
central in the TNF/Eiger-JNK apoptosis cascade sTOWAK1 is the nexus that
interlinks both immunity and apoptosis (Geukingakf 2005; Silverman et al.,

2003).
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14. Since dTAK1 is central to activating these cassaideas reasonable to assume
that dTAK1 activity will be carefully regulated arskveral processes may be
involved. It is known that the JNK signal is ragiderminated after immune
activation of dTAK1 and both Relish and POSH (RlesftSH3; an E3 ubiquitin

ligase) are involved (Park et al., 2004; Tsudd.e2805).

15.In the second process, the activated tripartite ptexnof IMD, dFADD and
DREDD is thought to endoproteolytically cleave pblosrylated Relish. The C-
terminal ankyrin repeats of Relish remain in théoplasm, while the REL
domain containing N-terminus migrates to the nuzlend regulates gene

expression of a battery of AMP genes includigtericin (Stoven et al., 2003).

1.4.2Negative regulation of the IMD pathway:

Although numerous investigations have been conduet® the activation of
the IMD pathway, much less is known about mechasiirat either negatively regulate
activated proteins after infection or repress amtiobial genes in the absence of

infection. Several negative regulators have bescodered in the recent past.

The RING finger protein Dnrl was discovered asrdmbitor of DREDD in cell
culture. It was also shown that immune stimulatgiabilises Dnrl in a DREDD-
dependent manner indicating that Dnrl may be ativegieedback loop where immune
stimulation, via DREDD, promotes accumulation oDREDD inhibitor (Foley and

O'Farrell, 2004).
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Caspar, theDrosophila homolog of the mammalian Fas-associating factor 1
(FAF1) was found to negatively regulate IMD sigimajl by blocking the nuclear
translocation of Relish. It was further shown thie# DREDD-dependent cleavage of
Relish was the target of Caspar-mediated IMD siggioe. Further, Caspar was highly

specific for IMD signalling and did not affect thell pathway. (Kim et al., 2006).

Khushet. al.(2002) showed for the first time that tbeosophilalMD pathway
is repressed by the ubiquitin-proteasome systermalt shown that loss-of-function
mutations in theSkpAgene (theDrosophilahomolog of human Skpl protein) resulted
in constitutive expression @iptericin. Skpl proteins function as subunits of SCF-E3
ubiquitin ligases that target substrates to the @@$%asome. It was further shown that
mutations affecting either tHerosophilaSCF components, Slimb and dCullinl, or the
proteasome also indudaiptericin expression. In cultured cells, inhibition of SkpAd
Slimb via RNAI increases levels of both the fulkgh Relish protein and the processed
Rel-homology domain, thereby implicating Relishtlas target for ubiquitin-mediated

proteasomal degradation (Khush et al., 2002).

More recently, Pirk was shown to be a negative leggu of IMD signalling.
Pirk bound to both IMD and the cytoplasmic tailR&RP-LC. It was further shown the
RNAi-mediated down-regulation of Pirk resulted iypbkractivation of IMD signalling
upon infection whilst Pirk overexpression drasticaéduced the IMD signal (Kleino et

al., 2008).

18



1.5The JNK Pathway

The c-Jun-N-terminal kinase (JNK) pathway has hegplicated in a variety of
processes including cellular proliferation, tissumorphogenesis, apoptosis,
inflammation and immune responses in both mammalsrasects. It is composed of a
group of Mitogen Activated Protein kinases (MAPK siress activated protein kinases)
that are generally activated by exposure to cyekiand environmental stresses (Ip and
Davis, 1998; Stronach and Perrimon, 2002). The ammponents inDrosophila
include JNKK HemipterougHep), the JNK Basket (Bsk), and the transcripfactors

Junand Fos (Geuking et al., 2005).

In mammals, there are 6 families of kinases thaction as the JNKKK and
involved in upstream regulation of this pathwaye®tenario is much more simplified
in Drosophila where there are only single homologues of eachhef mammalian
families, making it an ideal model to study thiscade (Stronach and Perrimon, 2002).
During Gram-negative bacterial infection, dTAK1 riséently activates the JNK
pathway although it is rapidly terminated before tustained expression of AMP
genes. There is evidence that the JNK pathway ive@jaregulates IMD signalling in
response to infection (Kim et al., 2005; Park et aD04). The JNK pathway also
appears to play a role in AMP gene expressionitsiprecise role is, as yet, unclear

(Kallio et al., 2005).

The JNK pathway is also potently activated by Eesophila Tumour Necrosis
Factor homologue Eiger and this leads to apoptbs&poptotic signalling, components
of the core JNK cassette were utilised. Eiger-ireducell death requires tirosophila
apoptosome comprising of Dronc (a caspase-9 home)jognd Dark (the Apaf-1

homologue) (Igaki et al., 2002; Moreno et al., 2002
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1.6 TNF/Eiger Apoptosis Cascade

The Tumour Necrosis Factor (TNF) family of proteiasd their receptors
function to transducer signals that regulate funelsiad process in mammalian
development and adult life. These vital proceseekide apoptosis, immunity, cell
survival, proliferation and differentiation. Abeti@ns in TNF signalling are associated
with numerous diseases including autoimmune camditand cancers (Locksley et al.,

2001).

Studying the mechanisms by which TNF exerts itgfion is complicated by the
presence of numerous ligands and receptors whiobtiin through at least three
intracellular signalling pathways (Locksley et 2001). In this lightDrosophilahas
the distinct advantage of possessing only one Tiy&ntl (Eiger) and one receptor
(Wengen) and can be used as a simple geneticabtfable model to identify all
evolutionary conserved regulators and transductiomponents of TNF signalling

(lgaki et al., 2002; Kauppila et al., 2003; Moreztal., 2002).

Strongly resembling a subset of mammalian TNFselEig a potent activator of
apoptosis. Here, Eiger uses the core cassetteeoINIK signalling pathway, which in
turn activates th®rosophilaapoptotic machinery, culminating in caspase-mediatll
death through DARK and DRONC (Moreno et al., 2002)e picture of how the Eiger
apoptotic signal reaches the JNK cassette hasthedeggan to emergeDrosophila
TNF-associated factor-2 (dTRAF2) links the ligaedeptor complex (Eiger-Wengen)
to the JINKK Hemipterous (Hep), the first componehthe core cascade (Glise et al.,
1995; Xue et al., 2007). The working hypothesithat the INKKKK, Misshapen (Msn)
activates thérosophilaTAK1 through a receptor-adaptor complex includdigRAF2

and dTAB2. With the help of its adaptor dTAB2, dTAKs the JNKKK that activates
20



the JNKK Hemipterous, which, in turn, activate thdK Basket and ultimately the

transcription factors Jun and Fos (Geuking eR8l05; Riesgo-Escovar et al., 1996).

Eiger (TNF)
\ dCYLD
Wengen (TNFR)

\

dTRAF2 =——5 dTRAF2" ——» degradation

\

dTAK  (JNKKK)

\

Hep (JNKK)

\

JNK

\

Apoptosis

Figure 1 - 4: A model for TNF/Eiger apoptotic signalling in Drosophila
melanogaster. Proposed byXue, L., T. Igaki, et al. (2007). "Tumor
Suppressor CYLD Regulates JNK-Induced Cell DeathDnosophila™

Developmental Cell3(3): 446-454.
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1.6.1Current model for TNF/Eiger apoptotic signalling in adult Drosophila
melanogaster:

1. Eiger (theDrosophilaTNF homologue) is a potent activator of apoptesid is
named in memory of the numerous mountaineers thae been killed by the
Eiger Nordwand, the “wall of death” (Moreno et #&002). Eiger is a type Il
membrane protein consisting of a short N-termiy@glasmic domain, a single
transmembrane domain and a long C-terminal exitdael domain which
comprises the TNF homology domain (THD). This damsihows significant
sequence homology (20-25% identity) to other memlmdrthe TNF family.
Further, similar to other members of the TNF famifyger can be cleaved from
the cell surface and secreted into the medium (Kidauet al., 2003; Moreno et
al., 2002). Eiger has 2 isoforms called Eiger-Idigger-L) and Eiger-short
(Eiger-s). These isoforms differ by five residueghvEiger-L predominating in

abundance (in tissue) by 5 to 10-fold (Kauppilalet2003).

2. Wengen (nhamed after a village at the foot of Mge) was identified as the
Drosophila TNF receptor (Kanda et al.,, 2002; Kauppila et 2D03). The
extracellular domain of Wengen contains a cysten-pseudorepeat which
shows significant homology to other TNFR family mmsrs. It was initially
reported as a type 3 membrane protein but, thezeidence it could be a type 1
membrane protein (Kanda et al., 2002; Kauppild.e2803). A model for Eiger
induced apoptotic signalling was proposed by Gaulkanh al, in 2005. This
followed similaralbeit less detailed models proposed by Igetkial (2002) and

Morenoet al (2002).
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3.

In mammals, ligand-induced apoptosis is modulatgdcéspase-8. However,
deletion of caspase-8 homologue DREDDDrosophila had little effect on

Eiger-induced apoptosis (Moreno et al., 2002). HErger transduced the signal
through the core JNK cassette. There is evidenak Elger induces a strong
transcriptional activation of the pro-apoptotic gehid and to a lesser extent,

reaper(Moreno et al., 2002).

In the absence of apoptotic stimuli, inhibitor qfoatosis (IAP) proteins like
Drosophila lAP1 (dIAP1) inhibit caspase activity by binding them. During
apoptotic signalling RHG domain containing pro-aotic proteins like Hid,
Reaper, Grim bind to dIAP1, leading to its ubiquithediated degradation and
consequent release of caspases. These caspasesadthgiate apoptosis (Xu et
al., 2009). Current research shows that TNF/Eid#{-JBignalling activates
DRONC by degrading the IAPs via a transcription@regulation of hid

(Moreno et al., 2002).

Apoptotic signalling is potently initiated by EigeEiger is differentially
glycosylated and can be cleaved and releasedhetanedium. It is thought that
Eiger binds to the TNFR domain (cystein-rich psuegeat) of Wengen through

its TNF homology domain (Kanda et al., 2002; Kalgpt al., 2003).

The next process leading to the phosphorylationaatidation of dTAK1 is yet
to be fully elucidated. It is known that the INKKKWisshapen (a Ste20 kinase;
Msn) is involved in Eiger signalling and is activpstream of dTAK1 (Geuking

et al.,, 2005; Moreno et al., 2002). Geukiag al, in 2005 proposed that
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following binding of Eiger and Wengen, a signallicgmplex composed of
Drosophila TNF receptor associated factor 1 (dTRAF1), M&rpsophila
TAKland DrosophilaTAB2 forms at the cytoplasmic domain of Wengenahhi

allows the phosphorylation and activation of dTABAMsn.

7. However, it was recently shown that dTRAF2 stapilitas paramount for Eiger
signalling. Mutations in the de-ubiquitinating enay dCYLD lead to increased
degradation of dTRAF2 and disrupted JNK activatidso, Eiger-induced
apoptosis was completely suppressed in the abs#rERAF2 while removal
of dTRAF1 had little or no effect (Xue et al., 2Q00Further, dTRAF2 exhibited
a stronger physical interaction with both Wenged aifAB2 than dTRAF1

(Geuking et al., 2005).

8. Initiation of apoptosis leads to the phosphorylatand activation of dTAK1
possibly by Msn, which is facilitated by dTAB2 (Gawng et al., 2005).
Subsequently, dTAK1 activates the core JNKK-JNK oledof Hemipterous
(Hep) and Basket (Bsk). This leads to the activatmf the Drosophila
apoptosome consisting of DRONC and DARK and sub=mtgwell death

(Geuking et al., 2005)

1.7 Ubiquitination-dependent regulation of NF«B signalling

Ubiquitination has been implicated in NB immune signalling in both
Drosophilaand mammals (Chen, 2005; Zhou et al., 2005). Manedoth K63- and
K48-linked polyubiquitination have been identifieth signal transduction and
termination in theDrosophilaIMD pathway (Paquette et al., 2010; Tsuda et28l05).

Ubiquitin is a highly conserved 76 amino acid residpresent in most tissue in
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eukaryotes. Ubiquitination is the covalent ligatiami a single residue (mono-
ubiquitination) or several residues in the formeofchain (poly-ubiquitination) to a
substrate protein (Hershko and Ciechanover, 198Bg ubiquitin system plays an
important role in the regulation of numerous preess including cell-cycle
progression, signal transduction, transcriptioregutation, receptor down-regulation,
and endocytosis. It is implicated in immunity, deygnent and apoptosis. Aberrations
in the ubiquitination system lead to diseases ohaly cancers and neurodegenerative

disorders (Hershko and Ciechanover, 1998; Kirisgtkal., 2006).

Conjugation of ubiquitin to substrates (either mooopolyubiquitination) plays a
crucial role in cellular processes. In formation mdlyubiquitin chains, ubiquitin
residues are linked through isopeptide bonds forbeddieen an internal Lys and the C-
terminal Gly (Kirisako et al., 2006). Polyubiquitchains are formed when ubiquitin
monomers attach to other ubiquitin monomers throoigd of the seven Lys residues.
The most studied of these are the K48-linked and-kted chains. K48-linked
polyubiquitin chains target a protein for proteasbmegradation while polyubiquitin
chains liked by K63 function in signal transducti@NA repair and gene transcription,
amongst others, through a degradation-independenhamism. There is also evidence
of polyubiquitination via other Lysine residuesh@t than K48 and K63) and also of
branching (Chen, 2005; Kim et al., 2007; Kirisakalk, 2006). Structural studies have
shown that K48-and K63-linked polyubiquitin chalmesve different configurations thus,

providing a molecular basis for their differing titions (Chen, 2005).

One of the key functions of the ubiquitin systenragulating or “recycling”
proteins — ubiquitin binds to proteins and tagsnthfor degradation via the 26S

proteosome system (Kirisako et al., 2006). The alisty of the protein-regulating
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system led to Aaron Ciechanover, Avram Hershko lanth Rose being awarded the

Nobel Prize for Chemistry in 2004 (Kirisako et &006; Nobel-Prize, 2004).

Ubiquitination occurs in 3 sequential steps catdysdy 3different classes of

enzymes - E1, E2 and E3 (Hershko and Ciechano968)1

1. Ubiquitin activation . Ubiquitin-activating enzyme (E1) activates thée@minal
Gly of ubiquitin in an ATP-dependent process encassmg 2 steps. Firstly,
ATP is hydrolysed (releasing PRand an ubiquitin-adenylate intermediate is
produced. Secondly, ubiquitin binds to the actiysteine of E1 in a thiol ester
linkage and AMP is released. The adenylation o&dditional ubiquitin occurs

in concert (Hershko and Ciechanover, 1998).

2. Transfer of ubiquitin to an E2 enzyme Activated ubiquitin is then transferred
from E1 to the active site cysteine of an ubiqudomjugating enzyme (Ubc; E2)
to form a thiol ester. A large number of E2 enzyrasge been identified and it
has been hypothesised that E2 enzymes may recognigein substrates
directly or in association with E3 enzymes (Glickmand Ciechanover, 2002;

Hershko and Ciechanover, 1998).

3. Linking ubiquitin to a substrate. An isopeptide bond is formed between ¢he

amino groups of a Lys of the substrate protein #red C-terminal glycine of
ubiquitin in a reaction mediated by E3 ubiquitiroigin ligases (Hershko and
Ciechanover, 1998; Kirisako et al., 2006). E3 legasvill have one of two

domains:
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(A) Really Interesting New Gene (RING) domain: Heraguliin is transferred

directly from the E2 enzymes to the substrate |gsed by the E3 enzymes.

(B) Homologous to the E6-AP Carboxyl Terminus (HECT)néin: in this, a
covalent E3-ubiquitin intermediate is formed. Tladter, ubiquitin is

transferred to the substrate (Hershko and Cieclean@998).

(a) Ubiquitination (c) Proteolytic pathway
" Ubiquitin
@ @ receptor \O

ATP 1 <
AMP ;

Deubiquitination

Proteasome

(d) Non-proteolytic pathway

Figure 1 - 5. The Ubiquitin proteasome system showir (a) process of
ubiquitination (b) attachment of ubiquitin to a strate (c) degradation via proteolytic

cleavage and (d) non-proteolytic pathway. Proceasegxplained in the text. Adapted

from: (Kaiser and Huang, 2005).
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1.8 Regulation of Innate Immune Signalling by deubiquitnation

The NFxB transcription factors regulate genes involvedinflammation and
immunity. Aberrations in its regulation, especiadlystained/chronic activation, lead to
numerous autoimmune diseases and cancers. Theradbnation and duration of NF-

kB signalling is transient and tightly controlledi€kantharajah and Ley, 2010).

Under normal conditions, NkB is maintained in an inactive state by Inhibitors
of NF«B (IkB) proteins. Stimulation by proinflammatory cyto&s lead to the
degradation of«dB proteins and thereby lift the inhibition of NdB elements, which
then migrate to the nucleus and promote the expressf inflammatory genes
(Sriskantharajah and Ley, 2010). At least 3 stepshis pathway is regulated by
ubiquitination including the activation of th&B kinase (IKK), degradation ofkB

(inhibitor of NF«B) and the processing of N€B precursors (Chen, 2005).

1.8.1Deubiquitinating enzymes (DUBS):

Ubiquitination, like phosphorylation, is a revelsilzovalent modification (Chen,
2005). Attached ubiquitin can be removed by deubitating enzymes (DUBs). These
are cysteine proteases that precisely cleave psotdithe Ub—protein bond (Balakirev
et al., 2003). Deubiquitination is highly regulatead has been shown to be involved in
numerous processes including cell cycle regulatigene expression, DNA repair,
microbial pathogenesis, kinase activation and psmme-and lysosome-dependent
protein degradation. Also, mutations in DUBs haweerb linked to cancers and
neurological disorders (Reyes-Turcu et al., 2008)Bs in humans are classed into 5
families. Four families are cysteine proteasesuiticlg ubiquitin C-terminal hydrolase

(UCH), ubiquitin-specific protease (USP/UBP), thean tumour domain (OTU), and
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Josephin domain (MJD). The other, JAB1/MPN/Mov34tatieenzyme (JAMM)

domain is a zinc-dependent metalloprotease farRigyés-Turcu et al., 2009).

Recently, two deubiquitinating enzymes, CYLD and)Afave been implicated in
negatively regulating the NkB pathway in humans (Brummelkamp et al., 2003;

Kovalenko et al., 2003; Trompouki et al., 2003; Y¥et al., 2004).

Tumour suppressor protein CYLD exhibits DUB activiand functions in
multiple signalling pathways by removing K48 andk@3-linked polyubiquitin chains
from its target. Mutations in theCYLD gene are associated with familial
cylindromatosis (Brooke-Spiegler syndrome). CYLDs Hzeen shown to inhibit IKK
activation in humans by cleaving Lys 63-linked pddiguitin chains on several
proteins, including TRAF2, TRAF6 and NEMO. Mutat®owithin its DUB domains
lead to the sustained activation of MB; thereby contributing to the pathogenesis of
the tumours (Brummelkamp et al., 2003; Kovalenkaalet 2003; Trompouki et al.,
2003). In Drosophilg CYLD was shown to function in the TNF/Eiger aputpt

signalling by deubiquitinating (and thereby stailg) dTRAF2 (Xue et al., 2007).

The cytoplasmic protein A20 has emerged as a negatigulator of NFR:B
signalling and a key element in limiting the dusatiof its signal through its dual
ubiquitin editing functions on the adaptor RIP1 yH®ck and Beyaert, 2005). A20 has
an N-terminal OTU domain and 7 zinc-finger domamsts C-terminus. A20 cleaves
K63-linked polyubiquitin chains on RIP1 through @IU domain and re-assembles
K48-linked chains through the E3 ligase activityitsf zinc-finger structures, thereby
tagging RIP1 for proteosomal degradation. Evidengggests that A20 also inhibits the

polyubiquitination and activation of human TRAF6 time Toll-like receptor 4 and
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interleukin-1 receptor (TLR4/IL-1R) pathways. Steslihave also implicated A20 in

TNF mediated cell death (Heyninck and Beyaert, 2@@mbade et al., 2010).

1.91Investigating Drosophila Takl regulation of immunity and
apoptosis

1.9.1Drosophila TAK1 the “nexus” between immunity and apoptosis

Stimulation of the IMD pathway through Gram-negatbacterial infection results
in an immune response. The JNK pathway is alscieatly activated and is possibly
involved in regulating the immune response. Howgeappoptosis is not triggered (Park
et al., 2004). Similarly, induction of TNF/Eigerdinced apoptosis through the core JNK

cassette results in cell death but does not affatiunity (Xue et al., 2007).

Further,Drosophila TAK1 is an essential component of both the IMD @K
pathways. Moreover, both pathways bifurcate atekel of and dTAK1. (Lemaitre and
Hoffmann, 2007)Drosophila TAK1 plays a crucial role in activating IMD medaak
innate immunity and mutations in dTAK1 resultedtie abrogation of the immune
signal (Vidal et al., 2001). SimilarlfprosophilaTAK1 is also an essential component

of TNF/Eiger-JNK apoptotic signalling (Geuking ét 2005).

Therefore, dTAK1 is both a principal component afdanexus between 2
pathways which elicit two very different respondgg. immunity and apoptosis).
Hence, the question of how dTAK1 activity is redeth is very pertinent to
understanding the precise regulation of both IM dMNF/Eiger pathway activation
during Gram-negative bacterial infection and als®regulation between immunity and

cell death.
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Eiger-JNK Pathway IMD Pathway

Apoptosis signal/Eiger Gram-negative bacteria
ligand (DAP-type PGN)
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complex complex
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Figure 1 - 6: Drosophila TAK1 - the ‘nexus’ between innate immunity and cel
death: Simplified schematic diagram depicting the cdnt@e of dTAK1 in
mediating both immunity and apoptosis through thi® land JNK pathways in

response to different stimuli, with the relativespions of Trabid and Ari-2.
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1.9.2 Aims and Objectives of this investigation:

The aims of this investigation were to elucidate tagulation of dTAK1 in (1)
the IMD innate immune pathway and (2) the TNF/Eiggoptotic cascade using
Drosophila melanogastess the model organism. A variety of biochemical levolar

biological and genetic techniques were utilisedjescribed in Chapter 2.

1.9.3Summary of results of this investigation:

In this study, | report the discovery Birosophila Trabid (Trbd; CG9448) as a
novel component of the IMD pathway and a negategstator of dTAK1. Trabid alters
K63-linked polyubiquitination in dTAK1 through it9OTU and NZF domains
attenuating the IMD innate immune signal. Evideix@resented to show that both
Lysines 142 and 156 are essential for dTAK1 fumctiothe IMD pathway and that Lys
142 is the probable K63 polyubiquitin acceptor .sidso, evidence indicates that
Lysine 156 is involved in modulating both K63 and&polyubiquitin chains, possibly
in a partially redundant role as an Ubiquitin adoegite. Moreover, the C-terminal ZnF
domain of dTAB2 plays a role in stabilising and mlading the dTAK1 signal. Taken
together, my findings indicate an elaborate andtistieted process regulating dTAK1

function during Gram-negative bacterial infection.

| further report the characterisation of AriadndAi-2; CG5709), a novel
component of the TNF/Eiger pathway that plays @ rol stabilising dTRAF-2. Ari-2
contains a novel TRIAD (two RING and a DRIL) domand its human ortholog
Triadl functions to stabilise growth factor indegence 1 (Gfil) during
haematopoiesis. Results show that loss of Ari-2 promised JNK dependent

development and adult lifespan. Moreover, it blatkEgger-induced cell death when the
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latter was over-expressed in the adult eye. Coeleréri-2 enhanced signalling when
concomitantly expressed with Eiger in theosophilaeye. My results further show that
Ari-2 functions as an adaptor for the stabilisataord assembly of a larger signalling
complex comprising dTRAF2, dTAB2 and dTAK1 in thBIH/Eiger apoptotic cascade.
Its human homologue Traidl also functions to sisdbiGrowth factor independence 1
(Gfil) and prevent its ubiquitination in granuloegtin a similar manner (Marteijn et al.,
2007). Co-immunoprecipitation assays show that2Ainteracts with dTRAF2, dTAK1
and dTAB2 (with the N-terminal half being sufficteior this interaction). Deletion of
the ZnF, coiled-coil and the 2 RING domains abadhhe function of Ari-2 in
apoptosisin vivo, thereby suggesting that these domains may bdviedan binding
with the components of the putative complex transdy the apoptotic signal. My
results show that dTRAF2 is stabilised through K6Red polyubiquitination in the
presence of dTAB2 and dTAKZ1. In this manner, adaplike Ari-2 specificity to such
complexes (like dTRAF2-dTAB2-dTAK1) and elicit a esjfic response. The
specificity of the complex would determine whichndstream cascade is activated and
would explain how dTAK1 (like its human homolog)ncactivate different pathways,
upon stimulation by different cytokines. Finally deb is proposed foDrosophila
TNF/Eiger apoptotic signalling in which Ari-2 funghs as an adaptor to form a

signalling complex and stabilises dTRAF2 at theeleof dTAKL.
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Chapter 2: Materials and Methods

2.1 Drosophila melanogaster — the Model Organism

The use ofDrosophila melanogasteas a model organism harks back to the
beginning of the 2D century when T.E. Morgan, renowned Geneticist Atubel
Laureate, used it to investigate the chromosoneadrihof inheritance. Since then, it has
gained enormous popularity as one of the favoumitelel organisms of geneticists (St

Johnston, 2002).

Drosophila melanogastehas distinct advantages as a model organism. It is
inexpensive and easy to grow; it has a very shemegation time of 10 days at 25°C and
produces many progeny with each female laying atdii®0 eggs (St Johnston, 2002).
As a model to study genetics, it has even greakeardgages. It has only 4 chromosomes
which can be visualised in the giant polytene closomes of the larval salivary glands.
Also, there is no meiotic recombination in maleartker, the exoskeleton has many
external features (bristles, wing veins, compouyesestc.) which can be affected by
mutations, and the resultant mutant phenotypes refdeby stereomicroscopy (St

Johnston, 2002).

Recent advances have only served to increase tifaetateness oDrosophila
melanogasteias a model. The development of tBAL4-UASsystem has meant that
any cloned gene can be selectively activated tgimgudegrees in a very wide variety of
cell and tissue specific manner (Brand and Perrimri@®3). New discoveries have
opened new vistas wher@rosophila has become interesting in other fields. The

sequencing of thérosophila genome in 2000 has added to this interest. Although
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Drosophila melanogastenas only ~ 15,000 genes, a high number have bigaran
homologues E-value <10 (Adams et al., 2000; St Johnston, 2002). A largmber

of development processes appear to be conserveedreftlies and vertebrates.

Certain aspects of the immune system too, shomgtomnservation, including
the innate immune system. Surprisingly, of the RB@wn human disease genes, 178
(~62%) appear to be conserved Dmosophila Strikingly, even some of the non-
homologous disease genes (like Parkinson’s), wh&pressed in Drosophila
melanogastercan produce symptoms similar to those in humgosgifi et al., 2000; St

Johnston, 2002).

Moreover, innate immunity can be studied at theell®f the whole organism in
Drosophilawhere resistance to infection by mutant straimshmmonitored. Sensitivity
to infection corresponds with decreased inductioiih® innate immune pathways which
can be monitored by expression levels of AMP geaefew hours after infection

(Ferrandon et al., 2007).

In addition, large-scale genetic screens for momatithat affect a given process
can be carried out iBrosophila melanogasteiThis strategy provides an unbiased way
to identify genes that function in a particular gess. Also, the mutants themselves are

a very useful tool to elucidate the function ofttharticular gene (St Johnston, 2002).

Therefore Drosophila melanogastds an ideal to use in this study as a model to

investigate both innate immunity and apoptasigivo.
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2.2 Drosophila Schneider’s Line 2 (S2) — Cell Culture

Drosophila Schneider's line 2 or simply ‘S2’ is a cell-linstablished from
primary cultures of late stage (20-24hi3)osophila embryos as a spontaneously
immortalized, nonclonal cell line. S2 cells are thest widely use@®rosophilacell line

(Rogers and Rogers, 2008; Schneider, 1972).

DrosophilaS2 cells have many advantages that make themadeaimodel. Cells
are easy to grow and maintain. They divide rap{dlgell cycle of about 20hrs), can be
grown at room temperature (20-25 °C) without,Cé@nd do not require specialized
equipment for their culture apart from a sterileothdor passage. They form a loose,
semi-adherent monolayer in tissue culture flaskd einsuspension in shake flasks

(Invitrogen, 2002; Rogers and Rogers, 2008).

Moreover, the ease of introducing transgenes ialis enables them to be used
for preliminary functional characterisation of gendefore generation of fly
transformants. Further, S2 cells provide an idéatfgrm for loss of function studies
using double-stranded RNA (dsRNA) since the celbs lsighly susceptible to gene
inhibition using RNA interference (RNAIi) and havesry little redundancy when
compared with mammals. S2 cells are algell suited to high-resolution light
microscopic assays (Dahmann et al., 2008; RogaetRagers, 2008). Moreover, RNA
interference is much cheaper and easier in inglst and this has led to genome-wide

RNAI screens usin@rosophilaS2 cells (Dahmann et al., 2008)

S2 cells show several properties that indicate edogte-derived lineage

(macrophages responsible for phagocytosis of imgadiacteria and play a role in
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immune responses). In particular they exhibit Taiid Imd-mediated induction of
AMPs and have the capacity to robustly phagocytosoorganisms. Several studies
have been conducted on phagocytosi€stherichia coli Mycobacterium fortuitum
Listeria monocytogeneand Candida albicandn S2 cells using RNAIi. Thus, S2 cells
are excellent models for the study of intracellutdections and apoptosis (Ferrandon et

al., 2007; Stroschein-Stevenson et al., 2005).

Figure 2 — 1: Drosophila S2 cells photographed through phase-contrast
microscopy. Cells are typically 5-10um in diameter. Adaptezhf: Rogers, S. L.
and G. C. Rogers (2008). "Culture @fosophilaS2 cells and their use for RNAI-
mediated loss-of-function studies and immunofluceese microscopy.” Nat.

Protocols3(4): 606-611.
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2.3 Cell Culture and Protein Biochemistry

2.3.1General Cell Maintenance:

Drosophila S2 cells (Invitrogen) were maintained at 25°C iohigider’s
Drosophila Medium (BioWhittaker/Lonza), supplemented with 10%at-inactivated
Foetal Bovine Serum (FBS) and antibiotics (100 Ufmehicillin G and 100 pg/ml
streptomycin sulfate — all Invitrogen). Cells wemaintained in 25cftreated tissue
culture flasks designed for adherent cell cultu®e({ner Bio One) and passaged or
subcultured to a final density of 2 - 4 x®1&lls/ml every 3 to 4 days. All cell culture
manipulations were done under aseptic conditions iMicroflow Peroxide Class 2

Advanced Biological Safety Cabinet (Astec Microflow

2.3.2Transient Transfection of Cells:

Introduction:  Transfection is the process of introducing nuclematerial into
eukaryotic cells by nonviral methods. Nuclear mateincludes DNA, RNA, short
interfering RNA (siRNA) and oligonucleotides. Vau® physical, lipid and chemical
methods are utilised. It is a technique widelyisgidl in a variety of fields including
microbiology and genetics. Transfection techniquesen coupled with assay-based
reporter technology, enables and enhances the sifighyotein:protein interactions,
MRNA processing, translation and recombination s/emammalian promoter and
enhancer sequencedransacting proteins such as transcription factors etc.

(Encyclopaedia-Britannica-Online, 2011; Promega120Lan et al., 1997)

There are 2 types of transfection — transient aaloles. In transient transfection,
the introduced nucleic material is not permaneméprporated into the genome of the
transfected cell and so its effects will last foryoa short period. By contrast, stable

transfection results in the introduced nuclear mi@téeing permanently incorporated
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into the genome of the cell and so, produces effinet are long lasting (Encyclopaedia-

Britannica-Online, 2011; Promega, 2011).

Principle: Effectene Transfection Reagent is non-liposonpédi lformulation designed

to transfer DNA into eukaryotic cells with high misfection efficiencies. To achieve
this, it utilises the DNA-condensation ability ohltancer and Buffer EC. In the first
step, DNA is condensed by interaction with the Eea in a defined buffer system
(Buffer EC). In the second step, Effectene Reageatided to the condensed DNA to
produce condensed Effectene—-DNA complexes (michectures). These structures
show no size or batch variation thus ensuring éxeereproducibility of results. The

Effectene—DNA complexes are then mixed with medamd directly added to the cells

(QIAGEN, 2002)

Protocol: Cells were transiently transfected using Effectdransfection Reagent
(QIAGEN) according to the manufacturer’'s instrungo Briefly, 5ml of cells (at a
concentration of 7.5xf6ells/ml) were subcultured into 60mm treated tissubure
dishes (Greiner Bio One) and incubated for 24 dneach a confluence of ~ 90%. For
each expression vector, 2ug of transfection graaenpd DNA (in TE Buffer, pH 8.0)
was used. Each expression vector was diluted ifeB&EC (DNA condensation buffer)
to a total volume of 150ul in sterile 1.5ml micrat#uge tubes (Greiner Bio One).
Next, Enhancer was added in a ratio of 8ul for dftNA, the mixture gently mixed
by tapping and incubated for 5 mins. Effectene eedgvas then added in a ratio of 10ul
for 1pg of DNA, mixed by gentle pippetting and ibated for 10 mins (to allow for
transfection complex formation). Thereafter, fregbwth medium was added to the
transfection complexes (to a final volume of 1midagently mixed. While complex

formation occurred, growth medium was gentle aspitdrom cell containing tissue
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culture dishes and cells washed with 4ml of tissu#fure grade 1x PBS pH 7.4
(phosphate buffered saline — Sigma-Aldrich). Thiteea3ml of fresh growth medium

was added to the cells. The transfection mixturallvas then added drop-wise onto
the cells, gently swirled to ensure uniform digitibn and incubated at 25°C for 12 hrs.
Empty pAc5.1/HA-His vectors were used to ensureaéq@mounts of DNA were

delivered in each transfection. Subsequently, thestection mixture was removed by
gentle aspiration, cells washed once by 4ml of IXRBd incubated for a further 48
hours with 5ml of fresh growth medium supplemenaeth heat inactivated-FBS and

antibiotics as detailed above.

2.3.3Co-immunoprecipitation (Co-IP)

Introduction : This is a common technique used to identify phygjmally relevant
protein:protein interactions in the cytoplasm dfsdt is often used in conjunction with

SDS PAGE and Western Blotting procedures (Clark820

Principle: Immunoprecipitation involves the precipitation af protein (or other

biological molecule - antigen) from a mixture ohet proteins and biological molecules
in a cell or tissue homogenate using an antibo@gip to the target protein (antigen).
By extension, if another protein is bound to thegéa protein (antigen), this second
protein too will be precipitated from the mixtu@gether with the primary target and
this is the basis for co-immunoprecipitation assayse antibody is incubated in the
mixture, allowing it to form an immune complex withe target protein. The immune
complex is then ‘captured’ or ‘precipitated’ on @ig@ support containing immobilized

Protein A or Protein G (antibodies bind with hidfiraty to Protein A or G). Other non-

complexed proteins are washed away. The boundemmtgtibody complex is eluted

from the immobilized beads and further analysedallgioy SDS PAGE and Western
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Blotting for identification (Clegg, 1998; Thermosdhier, 2010). More frequently, small
tags are engineered into target proteins whichtae expressed in culture cells. This

enables the use of antibodies specific to theitastgad of the protein (Clark, 2008).

Cell Lysate or Incubation with
Protein Mixture Antibody-coupled Resin
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Figure 2 - 2: Schematic summary of a standard c-immunoprecipitation

assay.Cell lysate contains a mixture of proteins. Additiof the antibody
coupled resin results in the binding of the targedtein (antigen) to the
antibody. Secondary proteins bound to the target aso ‘captured.’
Washing of the antibody beads remove other pratdihe protein-protein
complexes bound to the antibody are then elutedamadysed. Adapted

from “Protein Interaction Technical Handbook” (Ther-Fisher, 2010)
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Co-immunoprecipitation is often used to confirm timeraction between 2
proteins from yeast-2-hybrid assays. In such irtganthe 2 proteins in question can be
tagged with 2 different epitopes and simultaneoesiygressed in cultured cells. One of
the targets can then be precipitated (using amaahyi specific for its tag), resolved by
SDS PAGE and the presence of the other proteirbegsrobed with different antibody

for its tag using the Western blotting techniqu&a(k; 2008).

Protocol: DrosophilaS2 cells were transiently transfected with thevaht expression
vectors (as above). S2 cells were harvested 48bsstransfection. S2 cells were
removed from tissue culture dishes with the aidcelf scrapers (Greiner Bio One),
collected in 15ml centrifuge tubes (Greiner Bio Oneentrifuged at 1400rpm for 5
mins in an Allegra 6 centrifuge (Beckman Coultend asupernatant decanted. Cells
were resuspended in 1ml 1xPBS pH 7.4 (Sigma Aljiritlansferred to 1.5ml sterile
microcentrifuge tubes (Greiner Bio One), centrifdiget 3,000rpm for 5 mins and

supernatant decanted carefully.

S2 cells were lysed in RIPA buffer ((1% sodium dgxholate, 0.1% SDS, 1%
Triton X-100, 0.01M Tris-Cl, pH-8, 0.14M NaCl; Sig#Aldrich) supplemented with
Complete Mini Protease Inhibitor Cocktail tabletstéblet in 10ml of RIPA buffer;
Roche Applied Science) and Benzonase Nuclease é&#gdrich). Cell lysates were
incubated at 37°C for 10 mins for the proteasebibtis to act and centrifuged at
13,000rpm for 10mins to pellet the cell debris. &iquot of ~ 50ul was withdrawn
from each transfection (for cell lysates samplasixed with 12ul of 5x SDS sample
buffer and incubated at 95°C for 5 mins in 1.5mtmcentrifuge tubes. Another aliquot

of 2ul (from each transfection) was retained to sneatotal protein.
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The remaining cell lysates were supplemented witARbuffer to bring the
total volume to 300ul and incubated in SigmaPrdp splumns with 50ul of Anti-V5
or Anti-HA Agarose Affinity Gel (Sigma-Aldrich) fo2 hours at 4°C rotating in a Stuart
SB2 Laboratory Tube Rotator (Bibby Scientific). WRoaisly, Affinity Gel beads were
washed 5 times with 1xPBS (600ul each wash - t@wentraces of ethanol and sodium
azide) in SigmaPrep spin columns. In between waghesAffinity Gel beads were

centrifuged at 10,000rpm for 1 min to remove theesnatant.

Alternatively, Anti-HA antibody (Sigma-Aldrich) wasliluted 1:100 in cell
lysates and incubated in 0.5ml microcentrifuge sufé&reiner Bio One) at 4°C for 3 hrs
rotating. The cell lysate- antibody mixture wasrtteglded to Protein A-Sepharose 4B
Fast Flow beads (Sigma-Aldrich) and incubated &t #% a further 1.5 hrs rotating.

Affinity Gel beads and Protein A-Sepharose 4B Halstw beads (Sigma-
Aldrich) were pre-blocked (in RIPA buffer supplensesh with 0.2% BSA -New

England Biolabs) at 4°C for 2 hrs rotating, befadelition of cell lysates.

Affinity Gel beads or antibody-Protein A complexesre then washed with 600
pl ColP wash buffer 900 (50 mM Tris-HCI [pH 8.0p®mM NacCl, 5 mM EDTA [pH
8.0], 0.5% Igepal CA-6030) four times for 10 mimuteach rotating at room
temperature, followed by a final wash with 600 (oI wash buffer 150 (50mM Tris-
HCI [pH 8.0], 150mM NaCl, 5mM EDTA [pH 8.0], 0.5%épal CA-6030). In between
washes, the Affinity Gel beads or antibody-ProtAicomplexes were centrifuged at

10,000rpm for 1 min to remove the supernatant.

Immunoprecipitates were then eluted in 1x SDS sarhpffer. Briefly, ~50ul of

1xSDS sample buffer was added to Affinity Gel beadantibody-Protein A complexes
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in each spin column, incubated at 95°C for 5 mimd eentrifuged at 13,000rpm for 1
min to elute target and bound proteins. All cenyyédtions were performed in a Biofuge

Pico benchtop microcentrifuge (Heraeus).

2.3.4Protein Quantification — Bradford Protein Assay

Introduction : The Bradford Assay is a spectroscopy-based rapiisensitive method
for measuring protein concentration. It is the predd method of protein quantification

in many laboratories (Walker, 2002).

Principle: This is a colorimetric assay based on the binddhghe dye Coomassie
Brilliant Blue G250 to protein and the resultaniftsin absorbance. The unbound
cationic form has an absorbance maximum at 470mawflish-red) and this changes to
595nm (blue) when bound to protein. The increasealsorbance at 595nm is
proportional to the amount of bound dye and consetiy the concentration of protein
in the sample. The absorbance at 595nm is measamed protein concentration
determined by comparison to a standard curve akep® with known concentrations

(Bradford, 1976; Walker, 2002).

Protocol: Briefly, a series of standard concentrations 0 @pgml of BSA (Bovine
Serum Albumin; New England Biolabs) were preparédhl of Coomassie (Plus)
Bradford Protein Assay Reagent (Pierce) addedpeted for 5 mins and absorbance at
595nm measured. The data was used to generaten@datacurve. Thereafter, 2ul
aliquots of cell lysate from different transfectsowere dissolved in 18ul of sterile
milliQ H>0O, incubated with 1 ml of Coomassie (Plus) BradfBrdtein Assay Reagent

for 5 mins and absorbance measured at 595nm inrBsparent semi-micro cuvets

44



(Fisher). The resulting values were extrapolatethéostandard curve to determine the

concentration.

2.3.5Separation and resolution of proteins — SDS PAGE

Introduction: SDS PAGE (sodium dodecyl sulphate polyacrylamidel g
electrophoresis) is one of the most widely usedhoug for protein analysis. It has
numerous applications including determination obt@in mass (and estimation of
guantity), monitoring of protein purity and, @onjunction with Western Blotting,

identification of proteins in complexes (Corley0&).

Principle: Electrophoresis involves the migration of chargeattiples under the

influence of an electrical field where particleswvadowards the electrode bearing the
opposite charge. This technique can be modifieg4olve macromolecules on the basis
of size, shape, conformation and charge (Creight®89b; Westermeier and Gronau,

2005)

In SDS PAGE, proteins are first denatured and fbrte adopt a linear
configuration. SDS binds to proteins in a ratioapproximately 1.4 g SDS per 1.0 g
protein, giving the proteins an overall negativearge, irrespective of their native
charge. This gives an approximately uniform maskarge ratio for most proteins, so
that the distance of migration through the gel barassumed to be directly related to
only the size of the protein. Therefore, proteinbitity is proportional to the inverse of
logip molecular weight of the protein. Consequentlygéar proteins migrate more
slowly while smaller proteins travel faster and mdurther into the gel (Corley, 2005;

Westermeier and Gronau, 2005)
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Most SDS PAGE gels have a narrow “stacking gel’vabthe main “resolving
gel.” This stacking gel has both a lower pH andyaotylamide percentage than the
resolving gel. Proteins migrate through the staglgel and aggregate at the interface
with the resolving gel. This ensures that all preteenter the resolving gel at the same

time, thereby improving reproducibility and resaduat (Corley, 2005)

Protocol: Gel casting stands and frames (Atto Corporatioajevwassembled according
to the manufacturer’s instructions. The resolvimgd gplution was poured in upto 1cm
below the comb teeth level, overlaid with isoprogaand allowed to polymerise for
~45 mins. The isopropanol was then carefully rerdoybe 4% stacking gel solution
poured over the resolving gel, gel combs correpibgitioned and the gel solution
allowed to polymerise for a further 30 mins. Thenbs were then carefully removed
and wells thoroughly rinsed with Running Buffer té&hatively, 10% or 12% pre-cast

Precise Protein Gels (Thermo Scientific) were used.

Hand-cast gels were resolved in an AE-6450 elebtrmgsis chamber (Atto
Corporation) according to the manufacturer’s indians. Briefly, hand-cast gels were
assembled vertically in the electrophoresis chanamel tightly secured with tension
plates. The chamber was filled with 1x Tris-Glye®BBS Running Buffer (25mM Tris,
192mM glycine and 0.1% SDS; pH 8.3). Equal amooht®tal protein (150 — 250 pg)
were loaded into the wells and resolved at 150V Zohrs using a Consort E132

electrophoresis power supply (Sigma Aldrich).
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Alternatively, pre-cast gels were assembled vdlyicen a Novex Xcell
SureLock Mini-Cell electrophoresis chamber (Inwgea) according to the
manufacturer’s instructions. Adaptor plates weredu® secure the pre-cast gels in the
electrophoresis chamber. When using Precise Prgeisy, BupH Tris-HEPES-SDS
Running Buffer (0.1M Tris, 0.1M HEPES, 3mM SDS; gtHD; Thermo Scientific) was
used. Pre-cast gels were resolved at 120V for 4&snmais per the manufacturer’s

instructions.

2.3.6Detection of proteins - Western Blotting:

Introduction/Principle : Western blotting is a core technique in molecwdad cell

biology for the detection and characterisation pécfic proteins form cultured cells

and tissue homogenates. It encompasses 3 steps:

1. Separation of proteins by SDS PAGE

2. Quantitative transfer of proteins from gel to ntetulose (other filter
membrane) by capillary action or electroblotting.

3. Detection of proteins with specific primary antibesl Usually a secondary
antibody (peroxidise-linked) is used, which binas the primary antibody-
antigen complex. Complexes are detected by visngliswith a

chemiluminescent agent. Alternatively, radio-labelisotopes can be used.

The technique has several application includingmeihation of protein mass and

guantity (Corley, 2005; Hames and Higgins, 1995jRé&ta 2002)
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Protocol — (A) Electroblotting: Proteins were resolved by SDS PAGE as above.
Immobilon P PVDF membranes (Millipore) were cutoiricm x 7cm rectangles and
activated (by incubating in 100% methanol for 15)sas per manufacturer’s
instructions. The Mini Trans-Blot Cell (Biorad) wased for electroblotting. Briefly,
the gels and PVDF membranes were assembled inethgolyler cassette according to
the manufacturer’s instructions and inserted it® ¢lectrode module. The chamber
was filled with 1x Tris-Glycine Transfer Buffer (@M Tris, 192mM glycine in 20%
methanol; pH 8.0) and PVDF membranes were eledtiagol at 100V, 350mA for 1 hr

with an E455 Microcomputer Electrophoresis Powgrsby (Consort).

(B) Antigen-Antibody Complex Formation: PVDF blots were blocked in 50mg/ml
Marvel skimmed milk (Cadbury) dissolved in PBST PBS supplemented with 0.1%
Tween 20) either overnight or 1 hrs with rocking48C. Alternatively, 1% BSA
(Fraction V; Sigma-Aldrich) in PBST was used as Hbbecking solution when Anti-
ubiquitin antibodies (Biomol) were used. Blots werebed with the following primary
antibodies in a skimmed milk-PBST binding solutionmouse Anti-V5 (1:5000,
Invitrogen), mouse Anti-c-Myc peroxidasepflmi’.Roche Applied Science; Clone
9E10), mouse Anti-Actin (1:1000, Pierce), mouseifAudtin (1ug/ml, Abcam) or rat

Anti-HA antibodies (200 ng.rifi, Roche Applied Science; Clone 3F10).

Alternatively, blots were probed with Anti- mono dapolyubiquitin (FK2H;
HRP conjugate; 1:1000; Biomol) or Anti-polyubiquitk63-linkage- specific (Clone
HWAA4C4; 1:500; Biomol) in a 5% BSA in PBST bindirgplution. Blots were
incubated at room temperature for 2 hrs with rogkim a Model STR9 3D Rocking
Platform (Stuart Scientific). Thereafter, blots eevashed thrice with PBST (incubated

for 5mins with rocking between washes) followed &¥inal wash with PBST for 15

48



mins. Blots were then incubated (as appropriateth ihe following secondary
antibodies conjugated with HRP (horse radish peisg): Anti-mouse (1:20,000;
Sigma-Aldrich), Anti-rat (1:40,000; Sigma-Aldrictgr Anti-rabbit (1:80,000; Sigma-
Aldrich). As before, blots were incubated at ro@mperature for 2 hrs with rocking.
Blots were washed thrice with PBST (incubated forirts rocking between washes)
followed by a final wash with PBST for 15 mins. ® Rocking Platform STR9 (Stuart

Scientific) was used for all incubations with rawn

(C) Detection of Protein Bands:Protein bands were detected by chemiluminescence.
Blots were incubated with Pierce ECL Western BhgitReagent (Thermo Scientific)
according to the manufacturer’s instructions. Byieblots were air-dried to remove
excess wash buffer and incubated for 1 min in &imngrsolution of Detection Reagents
1 & 2 (mixed in equal parts) for 1 min at room tesrgiure. Approximately, 0.125ml of
working solution was used per 1€wf blot surface. Excess solution was removed from
blots and blots were placed in clear Saran wrap &hd covered to form a protective
layer. Covered blots were carefully pressed toonambubbles or air pockets present
between the membrane and plastic layer. The covdotsl were then placed in a film
cassette and exposed with Medical general purpesey Xilm (Kodak) in a dark room.
Exposure time was varied as necessary and thedéleloped in Compact X4 Imaging

System (Xograph).
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2.4 Molecular Biology

2.4.1Gene constructs used in this study:

(A) Eull-length constructs

Drosophilatakl, tab2, traf2, trabid, ari-2, puckered and eigevere amplified
by PCR fromD. melanogastecomplementary cDNA obtained from thl&rosophila
Genomics Resource Centre (DGRC; Indiana, U.S.Aindgated below, and cloned
into pAc5.1/V5-His, pAc5.1/HA-His or pUAST vectorBrimer sequences are detailed
in Appendix 2.

Table 2-1 : Details of genes used in this study

Gene cDNA clone GenBank Accession No

tak1(CG18492) LD42274 AY051953
tab2CG7417) LD40663 BT010287

traf2(CG10961) GH01161 AY047501
trabid (CG9448) GH21672 AY058438
ari-2 (CG5709) GHO07166 AY119482
puc(CG7850) SD08157 AY061616
eiger(12919) LP03784 BT021371

EGFEP: Full-length EGFP-HA was amplified by PCR usingGfP-N1 (Clonetech) as
template and cloned into pAc5.1/HA (c) (InvitrogeRyimer sequences are detailed in

Appendix 2.

Ubiquitin:  Full-length ubiquitin was PCR amplified from pUASA—ubiquitin (a gift

from Prof. Toshiro Aigaki, Tokyo Metropolitan Unirsaty) with an elongated Fwd
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primer containing the cMyc-epitope sequence anth &itreverse primer containing a

STOP codon (Appendix 2). The PCR product was thamed into pAc 5.1/HA.

dIAP1: Full-length dIAP1 was PCR amplified from pGEX—dRA (a gift from Prof.

Pascal Meier, Institute of Cancer Research) angedanto pAc5.1/HA (c) (Invitrogen).

Primer sequences are detailed in Appendix 2.

(B) Ari-2 domain deletion constructs

Due to overlapping domains, four possible repredemts of the Ari-2 protein
have been predicted (see Appendix 4). The most abteb representation was
determined using SMART (Simple Modular Architectiresearch Tool), a programme
which allows the identification and annotation @&ngtically mobile domains and the
analysis of domain architectures (wwwmart.embl-heidelberg.de) as previously

described (Schultz et al., 1998). This represaatias used for domain deletions.

Figure 2 - 3: Schematic diagram of the most probable representain of

Ari-2. The various motifs are: low complexity regions fkguares), RING
domains (red triangles), In Between RING domairu¢bhexagon) and
coiled-coil motif (green rectangle). There is aB@utative C2HC zinc-

finger domain within the IBR motif (http://smart.birheidelberg.de/).
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The following domain deletion mutants of Ari-2 wereade using the fusion PCR
method (primer sequences are detailed in Appendix 2

o Ari-2RY  _ Deletion of the N-terminal RING domain (153 — 28Pa

« Ari-2*®?  _, Deletion of the C-terminal RING domain (313 — 38Ba

o Ari-2*R™R2_, Deletion of both RING domains (153 — 202 & 313588a)

o Ari-2*"" _, Deletion of the ZnF domain (270-286aa)

o Ari-2°¢  _ Deletion of the C-terminal coiled-coil domain (45281aa)

(C) Single and multi-site point mutation constructs

Single and multi-site point mutation constructs evemade using QuikChange
Lightning Site-Directed & Multi Site-Directed Mutagesis Kits (Agilent). Primer
sequences are detailed in Appendix 2. The followpaognt mutant constructs were
made:

«  Drosophila Trabid: dTrabid®®> & dTrabid™>!85*N2FPel(first Cys residue of

the 3 NZF domains, C13, C94 and C238, were muttaiedla in addition to
C518S).

«  Drosophila TAKL: dTAKL**® dTAK1?R dTAKIR gTAK1*R &

dTAK1KIOR

«  Drosophila TAB2: dTAB2**"F (mutating the first 2 Cys residues in the C-

terminal ZnF motif - C769A and C772A)
«  Ubiquitin : cMyc-Ub“*® (mutation of all Lys sites to Arg except K48) & givh
UbX®® ((mutation of all Lys sites to Arg except K63).riher, cMyc-UB“®R &

cMyc-Ub“®*R were made previously.
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Transformation and processing of cDNA into desire@gdxpression vectors:

Complementary cDNA containing FTA Elute discs wdransformed into
competent cells according to the supplier’'s ingtams. Briefly, discs were washed for
1 or 2 seconds with 50ul TE buffer (to remove antical present on the disc that would
inhibit transformation) in sterile 1.5ml microcefige tubes and TE buffer quickly
withdrawn. Thereafter, aliquots of 50ul thawed hityr Efficiency DHm Competent
Cells (Invitrogen) were mixed with the discs andubated on ice for 30 mins. The cell-
disc mixes were vortex for 1 second halfway throtighincubation and just before heat
shock. The cell-disc mixes were heat shocked fanir’s at 37°C and the cells (without
the discs) transferred to 1ml of Luria Bertani (Bdth, incubated at 37°C for 1 hr with
shaking. Thereafter, 200ul of each transformati@s wpread on pre-warmed LB agar

plates containing 100 g/ml carbenicillin and indglaovernight at 37°C.

Purified expression vectors were obtained by DNAiprep and were used as
templates for PCR amplification. The protein codsggjuences (CDS) were amplified
with primers (flanked with appropriate restrictisites) using PfuUltra 11 Fusion Hot
Start DNA polymerase (Agilent) in a Mastercycler@ pghermal cycler (Eppendorf).
Generated DNA constructs were verified through ddath sequencing by Source
Bioscience Lifesciences. Primer sequences for etpand standard PCR reaction mix

are detailed in Appendix 2.

2.4.2Mutagenesis:

Point mutations in DNA constructs were made usingkQhange Lightning
Site-Directed Mutagenesis kits and QuikChange lagigg Multi Site-Directed
Mutagenesis kits (Agilent) according to the mantfesr’s instructions. Mutagenesis

primers were designed using the QuikChange Prine=igd Application found in the
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Agilent website (www.genomics.agilent.com). A Masteler© pro thermal cycler
(Eppendorf) was used for PCR amplification. Prirsequences, standard mutagenesis
PCR reaction mixes and thermal cycling parameterssingle-site and multi-site

reactions are detailed in Appendix 2.

After amplification the parental (non-mutated) ds®bktrands were digested by
addition of 2ul Dpn 1 enzyme (for single site matagsis or 1ul for multi-site
mutagenesis) and incubating at 37°C for 5 minsrddfeer, the mutated plasmids were

transformed into XL10-Gold Ultra competent Celldasailed below.

2.4.3Fusion PCR:

Introduction : This method enables the rapid creation of repaytare fusions on a
large scale. It was initially developed to cregefusion constructs ready to be injected

into Caenorhabditis elegana one day without the need for subcloning (Hob2002).

Principle: Here, 2 separate PCR products (amplicon # 1 &r@)generated from both
the full length gene of interest and tiji® reporter to be fused (Fig 2-2). The 3’ end of
Primer B (£ PCR) has a 24 nucleotide overhang which is comgigary to thegfp
gene, thereby ensuring that i is fused ‘in-frame’ to the gene of interest. e &°
PCR, amplicon # 1 & 2 are used as the templateet®igite amplicon #3 — the fused

gene (Hobert, 2002).
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Figure 2 - 4: Outline - PCR fusion approach to generate GFP reportersSee text for
details. Primers used: A = 5 upstream, 20-25 ratades; A* = nested to A (3-10bp
downstream of A); B = 20-24 nucleotides of the aidthe gene to fuse + 24
nucleotides of GFRector pPD95.75; C = polylinker beginning of pPD&g.D= at the
end ofunc-543' UTR and D* = closely nested to D. Adapted from EdpO. (2002).
"PCR fusion-based approach to create reporter genstructs for expression analysis

in transgenicC. elegans.Biotechnique82(4): 728-730.

Modified protocol for generation of domain deletiors. This principle can be modified

to generate gene constructs with either completgadral deletion of protein domains.
Using standard methods, a domain deletion req@ireslependent cloning procedures
(Sambrook and Russell, 2001). Briefly, the 2 DNgioas flanking the domain have to
be amplified by PCR and cloned separately (in-fiaimi@® a suitable cloning vector (eg:
pBluescript). Then, the ‘fused’ deletion constriscPCR amplified and cloned into the
desired expression vector. Also, there will be s@lveucleotides added between the 2

flanking regions.

The modified method can generate a domain delejere construct without any

additional nucleotides in only 3 separate PCR diongtions. Moreover, only one
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cloning step is necessary - the final cloning itite desired expression vector. Thus, a

deletion mutant can be generated in a single dag.pfotocol is as follows:

Gene region 1 Gene region 2

A l C
— _
Deletion

<

B D

PCR 1 PCR 2

Amplicon 1 Amplicon 2

PCR 3

)

Figure 2 - 5. Outline — Modified fusion PCR approach to generate
domain deletion constructs.The gene regions flanking the domain to be
deleted are amplified by PCR with primers contajnicomplementary
overhangs (see text). The 2 PCR products are thed as the template for

the 3% PCR reaction to generate the fusion construct {eeefor further

details
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1. Two separate PCR amplifications (PCR 1 & 2) werdgomed to amplify the
DNA regions (Gene region 1 & 2) on either side loé lomain to be deleted
(Fig. 2-3). Primer B contained an overhang of 20aR4leotides (at its 3’ end)
that was complementary to the 5’ end of Gene regioRrimer C contained a
similar overhang at its 5’ end that was complemsnta the 3’ end of Gene
region 1. As a result, Amplicon 1 contained a 3’edwang which was
complementary to the 5’ end of Amplicon 2. Simyathe 5’ end of Amplicon 2
contained an overhang complementary to the 3’ ehdroplicon 1. The
overhangs would ensure that both Gene regions tefeame’ and lead to
annealing of the 2 Gene regions during the finattien.

2. Amplicons 1 & 2 were gel purified and concentrat@etermined.

3. Fusion PCR 100-150ng each of Amplicons 1 & 2 was used fertdmplate in
a final reaction volume of 100ul.

4. The resultant fusion construct was gel purifiedgtnietion digested and cloned

into the appropriate expression vector.

2.4.4Size Fractionation of DNA — Agarose Gel Electrophagsis:

Introduction/Principle : Agarose gel electrophoresis is a standard methodoiecular

biology to resolve and separate nucleic acids férdint sizes and conformations. The
polysaccharide agarose (obtained from red algae)sésl as the matrix. The matrix
consists of pores and migration through the maisixdependent upon size and
confirmation of the nucleic acid (Corley, 2005; @EN, 2000). Shorter nucleic acid
fragments migrate faster and further through th&impores than larger fragments in a
phenomenon known as “sieving.” The size of thesegas dependent on agarose

concentration — higher concentrations resultingnraller pore sizes. This phenomenon
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is used to enhance fragment resolution. Low comaBoh gels are typically used to
resolve large fragments while higher agarose cdratons are useful to separate
smaller fragments (Corley, 2005; QIAGEN, 2000). Thigration of DNA through the

electric field is dependent upon the phosphatetherDNA backbone. Therefore, the
charge to mass ratio of all DNA fragments is ideadtiirrespective of the length.
Consequently, the migration of DNA fragments isgandional to the inverse of lag

molecular weight of the fragment. The sizes of ah&nown fragments are calculated
by comparison to commercially available “ladderdiieh contain fragments of known

sizes (Corley, 2005).

Protocol: A 1% Agarose solution was made by dissolving 1é\gdrose LE (Ambion)

in 100ml of 1x Tris-Borate-EDTA buffer (90mM Tri®0mM Boric acid and 2mM
EDTA; pH 8.3) by warming the solution in a Micro €hST44 microwave (Proline).
Ethidium bromide (0.5ug/ml) was then added andgidepoured into a UV transparent
gel tray, the gel comb inserted and allowed to®@ate set, the gel was placed in a Sub
Cell GT Cell (Biorad), and immersed in 1x TBE buffBNA samples were then loaded
onto the wells and samples were resolved at 100\ fahrs. Thereafter, DNA bands
were examined under UV light in a Multiimage 11 higCabinet (Alpha Innotech

Corp.)

2.4.5Gel Extraction, Restriction Digestion and Ligation:

Gel Extraction: Relevant DNA bands were excised from agarose géls avsterile

scalpel and transferred into 1.5ml centrifugatiaobels. DNA was extracted from gel
plugs using the QIAquick Gel Extraction Kit (QIAGENaccording to the
manufacturer’s instructions. Briefly, 3 volumesBifffer QG was added to 1 volume of

gel and incubated at 50°C for 10 mins, vortexingfty until the gel slices were
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completely dissolved. The pH of samples were chidke examining the colour and
10ul 3M sodium acetate (pH 5.0) was added if necesdargppropriate , one gel
volume of isopropanol was added and mixed to eaatpke. Samples were applied to
QIAquick spin columns, centrifuged for 1 min ance thlowthrough discarded. The
membrane bound DNA was washed with 0.75ml of BuR& and centrifuged for 1
min. The DNA was incubated in Buffer PE for 3 tonBns to remove excess salt.
Columns were centrifuged again for 1 min to disoaxdess buffer and placed in new
1.5ml microcentrifuge tubes. Bound DNA was elutgdaading 3@l Buffer EB (10
mM Tris-Cl, pH 8.5) to the centre of the QIAquiclembrane, incubating for 1 min and
centrifuging for 1 min. All centrifugations wereni@med at 13,000rpm (~ 17,900gx

in a Biofuge Pico benchtop microcentrifuge (Heraeus

Restriction Digestiont Purified DNA fragments were restriction digestedhwielevant

restricion enzymes (New England Biolabs) accorditg the manufacturer’s
instructions. A typical restriction digestion raaatis detailed in Appendix 2. Reactions

were incubated at the appropriate temperature (ys2i&C) for ~ 3 hrs.

PCR Clean up The digested DNA was purified using a QIAquick P@Rrification

Kit (QIAGEN) according to the manufacturer’s ingttions. Briefly, 1 volume of each
restriction digestion was mixed with 5 volumes affiér PB. The pHs of the samples
were checked by examining the colour angl1¥M sodium acetate (pH 5.0) added to
each, if necessary. Samples were applied to QlAkgqrotumns, centrifuged for 1 min at
13,000rpm and the flowthrough discarded. The meniaound DNA was washed
with 0.75ml of Buffer PE and centrifuged for 1 mithe DNA was incubated in Buffer
PE for 3 to 5 mins to remove excess salt. Columaewentrifuged again for 1 min to

discard excess buffer and placed in new 1.5ml roemtrifuge tubes. Bound DNA was
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eluted by adding 30 Buffer EB (10 mM Tris-ClI, pH 8.5) to the centretbe QIAquick
membranes, incubating for 1 min and centrifuging ¥amin. All centrifugations were
performed at 13,000rpm (~ 17,900gX in a Biofuge Pico benchtop microcentrifuge

(Heraeus).

2.4.6Quantification of DNA and RNA — Spectrophotometry

Introduction/Principle : Sprctrophotometry is a widely used technique tamgify

substances in solution including nucleic acids,tggns and other metobolites. A
spectrophotometer is used to measure the amouighdfthat a sample absorbs. The
instrument passes a beam of light (a stream ofopisdt of known intensity ¢) and a

particular wavelength, through a sample. The madéscin the sample absorb a certain
amount of the light, thereby reducing the intensityhe light beam. The intensity of the

resulting output beam (1) is then detected(Creighi®99a; Gore, 2000).

The basis for spectrophotometry is the Lambert-Beer. This Law is based on
the physical phenomena that certain compounds ioomgachromophores will absorb
UV light at specific wavelengths. Here, absorbai#deis equal to the log of the ratio of

incident (b) and transmitted (1) light and can be expressetthemaatically as follows:

Absorbance (A) =-log lo
I

Further, absorbance (A) is proportional to comegion (c) and there is a
linear relationship between theiherefore, A = g,.c. | [where | = path length of
the cuvette (lcm)g. = extinction coefficient ath wavelength (in ml.g.cmY)].
Concentration can be determined from this equaboee absorbance is known (Gore,

2000).
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Protocol: Nucleic acids (both DNA and RNA) were quantifiedngsa NanoDrop ND-
1000 (Thermo Scientific) according to the manufeats instructions. The sample

volume used was 2l.

2.4.7Cloning of DNA constructs into expression vectors:

Purified restriction digested DNA fragments werertttloned into appropriate
expression vectors using T4 DNA ligase (New Engl@idlabs) according to the
manufacturer’'s instructions. Previously, expressieectors had been restriction
digested, resolved by agarose gel electrophorgsisfied by gel extraction and
quantified. A construct to expression vector com@ion of 3:1 was used as a rule of
thumb. Ligation reactions were made in 10ul voluraed were incubated overnight at

16°C. A typical ligation reaction is detailed in pgndix 2.

Expression_Vectors Expression vectors pAc5.1/V5-His, pAc5.1/cMyc-H{both

Invitrogen) or pAc5.1/HA-His (modified in our lakatory) were used as expression
vectors. These plasmids have an Actin binding sitedhe promoter which allows
constitutive expression of cloned proteins in Slsc&ector pAc5.1/HA —His was ly
previoumodified in our laboratory by replacing 6 epitope of plasmid pAc5.1/V5-
His (Invitrogen) with an HA epitope. This was acled by ligating the following

annealed phosphorylated oligomers iB&BI-Agd-digested pAc5.1/V5-His:-

* HA-F: 5-CGAAAGATCTGCATACCCATACGACGTCCCAGACTACGCTCGA-3

* HA-R:5-CCGGTACGAGCGTAGTCTGGGACGTCGTATGGGTATGCAGAOTTT-3
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2.4.8Bacterial Transformation and Cloning:

Expression vectors containing cloned genes weresfibamed into Subcloning
Efficiency DH5: Chemically Competent Cells (Invitrogen) according the
manufacturer’s instructions. Briefly, competentiselere thawed on ice and 50ul
aliquots (for each transformation) were transfenr@d pre-chilled 14-ml BD Falcon
polypropylene round bottom tubes (BD Biosciences)oe. Ligation reaction mixtures
(10ul) were added to cells, mixed gently with thgefte tip and incubated for 30 mins
on ice. Cells were heat shocked for 20s in a 42&®Emwbath and placed on ice for 2
mins. Pre-warmed S.0.C. medium (950ul; Invitrogems added into each tube and
incubated at 37°C for 1 hr with shaking at 225rpimereafter, 200ul of each
transformation was spread on pre-warmed LB agateplacontaining 100ug/ml
carbenicillin (for selection of positive transforma) and incubated at 37°C overnight.
Alternatively, the entire transformation mixturesyaated. In this case, the mixture was
centrifuged at 3,000rpm for 5 mins and 800u! ofesnptant/medium was discarded.

The cell pellet was then resuspended in the remgimiedium and plated as above.

Single-site_and _multi-site_mutants Transformation of point mutants made using

QuickChange mutagenesis kits was carried out acwprdo the manufacturer’s
instructions. Briefly, 45ul aliquots of XL10-Goldltchcompetent cells were thawed on
ice in pre-chilled 14-ml BD Falcon polypropyleneunal bottom tubes. 2ul of-
Mercaptoethanol was added to each aliquot in onderincrease transformation
efficiency, gently swirled to mix and incubated ime for 2 mins. Thereafter, 2ul of
mutagenesis reaction was added to each aliqualgsvgently to mix and incubated on
ice for 30 mins. Cells were heat shocked for 308 #2°C water bath and incubated on
ice for 2 mins. Thereafter, 500ul of pre-warmedYNDroth was added into each tube

and incubated at 37°C for 1 hr with shaking at p&br Afterwards, 250ul of each
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transformation was spread on pre-warmed LB agateplacontaining 100ug/ml

carbenicillin (for selection of positive transformsg) and incubated at 37°C overnight.

2.4.9Selection of Positive Transformants:

Colonies were selected from LB agar plates incubateernight were used to
prepared cultures for DNA minipreps. Briefly, siagtolonies were cultured in 5ml of
LB broth supplemented with 100pg/ml carbenicillimdancubated at 37°C for 12 - 16

hrs with shaking at 250rpm.

Expression vectors were purified and concentragdgua QIlAprep Miniprep
Kit (QIAGEN) according to the manufacturer’'s ingttions. Briefly, bacterial cells
containing expression vectors were harvested inl t&mtrifugation tubes (Greiner Bio
One) by centrifugation at 5,400 ¢« for 10 mins at 4°C in an Allegra 6 centrifuge
(Beckman Coulter). Cell pellets were resuspended®56 pl Buffer P1 each and
transferred into 1.5ml microcentrifuge tubes. Cellye lysed by adding 250ul Buffer
P2, mixing thoroughly by gently inverting the tub¢imes and incubating for 5 mins at
room temperature (RT). The lysis reaction was sdppy adding 350ul of Buffer N3
and mixing gently by inverting the tubes 6 timegaBtion mixtures were centrifuged
for 10 mins, the supernatants applied to QlAprep splumns, centrifuged for 1 min
and flow through discarded. Membrane bound DNA washed by 0.75ml of Buffer
PE. The DNA was incubated in Buffer PE for 3 tmiis to remove excess salt before
centrifugation for 1 min. Column were centrifugegha for 1 min to discard excess
buffer and placed in new 1.5ml microcentrifuge wibEhe DNA was eluted by adding
50 to 10@l Buffer EB (10 mM Tris-Cl, pH 8.5) to the centrd the QIlAprep

membranes, incubating for 1 min and centrifuging ¥amin. All centrifugations were

63



performed at 13,000rpm (~ 17,900gX in a Biofuge Pico benchtop microcentrifuge

(Heraeus).

2.4.10Glycerol Stocks of Bacteria:

Bacterial cultures were maintained on a long-teasid as glycerol stocks as
previously described (Sambrook and Russell, 20Bfigfly, 150ul of 100% glycerol
were aliquoted into 2ml screw-cap storage vials aerilised by autoclaving.
Thereafter, 850ul of logarithmic-phase bacterialtuwce were added into the pre-
sterilised glycerol, mixed thoroughly by vortexirftagsh-frozen in an ethanol bath and

stored at -80°C (QIAGEN, 1998).

2.4.11Confirmation of Positive Transformants:

The presence of relevant DNA constructs in expoessiectors were initially
confirmed by restriction digestion followed by \feration of the DNA sequence by

standard sequencing (Source Bioscience Lifescieqdsrd).

2.4.12Transfection grade expression vectors for cell cultre:

Transfection grade expression vectors for cellucalivere made using QIAGEN
plasmid Midi Kit (QIAGEN) according to the manufacer’s instructions. Briefly, ingle
colonies from overnight incubated LB agar plated0(lg/ml carbenicillin) were used to
inoculate 5ml each of LB broth starter culture dappented with 100ug/mi
carbenicillin. Cultures were incubated at 37°C 6oto 8 hrs with shaking at 250rpm.
Starter cultures were diluted 1:1000 in 100ml of wBth supplemented with 100pg/ml
carbenicillin and incubated at 37°C for 16 hrs wi#haking at 250rpm in a G24
Environmental Incubator Shaker (New Brunswick Stfie). Bacterial cells were

harvested by centrifuging at 6,000gxor 15 mins at 4°C. Cells were resuspended in
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4ml of Buffer P1 (supplemented with RNase 1 anck libue) and transferred into
polypropylene ultra-centrifugation tubes (Beckmaoulter). Cells were lysed with 4ml
of Buffer P2, mixing thoroughly by inverting 6 tim@nd incubated for 5 mins at room
temperature (RT). Lysis reactions were stoppeddualyrg 4ml of pre-chilled Buffer P3,
thoroughly mixing by inverting 6 times and inculbation ice for 15 mins to precipitate
SDS. Tubes were then centrifuged at 20,00@ %or 30 mins at 4°C. Resultant
supernatants were centrifuged again at 20,0@0for 15 mins at 4°C and applied to
QIAGEN-tip 100 columns. These columns were previpesjuilibrated by application
of 4ml of Buffer QBT and allowing them to empty gyavity flow. Membrane bound
DNA in QIAGEN-tips were washed twice with 10ml otiter QC. Membrane bound
DNA was eluted by applying 5ml of Buffer QF. DNA svarecipitated by adding 3.5ml
(0.7x volumes) of isopropanol, gently mixing andaitcéuging at 20,000 xj for 30 mins
at 4°C. Supernatants were carefully decanted. DidKeis were washed with 2ml of
70% ethanol at RT, centrifuged at 20,00@ xor 10 mins at 4°C and supernatants
decanted. DNA pellets were then air dried for 1thsnand gently resuspended in
endotoxin-free TE buffer, pH 8.0 (QIAGEN). All ceifigations were performed in a

J2-21 High Speed centrifuge (Beckman Coulter).

2.5 Drosophila Fly Strains

2.5.1General Maintenance

Drosophila melanogasteflies were maintained at 25°C on standard fly fqsde
Appendix 1). They were transferred into new vials‘fopped” every 2 weeks. Stock
strains were maintained at 18°C and “flipped” ev@myeeks. The recipe for fly food is

detailed in Appendix 1
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2.5.2GAL4 — UAS System:

Introduction: This is a biochemical method used to study ectgpite expressiom
vivo. Using this system, a cloned gene can be activsgkattively in a wide variety of

tissue and cell specific manner (Brand and Pemiri®93; Duffy, 2002).

Principle: The system consists of 2 partSAL4 (a yeast transcriptional activator) and
UAS (UpstreamActivator Sequence; a short section of the promoter, to wiGetv

binds and activates transcription).

The GAL4 gene is inserted randomly into tlFosophila genome generating
“enhancer trap” lines that expreS&\L4 under the control of nearby genomic enhancers.
A large collection of GAL4 lines have now been produce that exprégd 4 in a
massive variety of cell and tissue specific patde(Brand and Perrimon, 1993; St
Johnston, 2002). The target gene (gene X) is utitercontrol of a promoter UAS
which contains GAL4 binding sites and is thus un@&t.4 control. The expression of
gene X is driven by crossing the appropriate GAbhHancer-trap line to flies that carry

the UAS—gene X transgene (St Johnston, 2002).

Protocol: DNA constructs containing the coding sequences f2Awt) and Ari-2
mutants (Ari-27%2 Ari-22°C and Ari-2**") were generated as described above using
fusion PCR techniques. Full length and domain d®letonstructs were then cloned
into fly transformation vector pUAST (Brand and faon, 1993). Primers used were:

* UASAri2-F: 5-CCCGGTACCCAAAATGGACTCGGACATCGAAATG-3

* UASAri2-R: 55CCCTCTAGACTATGCGTCCACTGGGAAGA-3..
Fly transformation was performed by Rainbow Transgé-lies (Newbury Park, CA,
USA).
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Figure 2 - 6: Directed gene expression irDrosophila - GAL4/UAS
system.The genomic enhancer is silent until crossed toGhé¢.4 driver.
When males with the GAL4 are mated with femalesywiag the UAS-gene
X, the progeny of the cross will have gene X exgedsin tissues under the
control of the GAL4 genomic enhancer (Duffy, 2002)dapted from: St
Johnston, D. (2002). "The art and design of genstieens: Drosophila

melanogaster.” Nat Rev Gerg¢B): 176-188.

2.5.3Drosophila stocks and procedures:

UAS-egr GMR-GAL4 UAS-TAK1-RNAi UAS-bskand heat-shockGAL4 (hs-
GAL4) have been described previously ((Hay et al., 12@ulier et al., 2002; Moreno
et al., 2002; Riesgo-Escovar et al., 1996). Nultanutrbd flies (generated by a deletion
thetrbd locus, CG9448, by homologous recombination) wekend gift from Mariann
Bienz (Tran et al., 2008Wn, is an isogenised wild type strain, which was gtrain

used as a background to generateréfé® mutant as previously described (Hedengren
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et al.,, 1999).For the UAS-bsk/hs-GALZxperiments we heat-shocked synchronised
cultures (28C) 3 days after puparium formation for thirty miest at 37C.
Subsequently, the eclosion rates were measuredefBomine adult lifespan, cohorts of
20 wild-type male or 2@ri-2 mutant male flies (trans-homozygotes) were plaoed
standard food vials at 26 or 30C and their survival was determined daily. Deatls wa
diagnosed by a lack of a sit-up response. JNK wé#saded by heat shock of flies at
37°C for 90 min or by depriving flies of food and wafer 24h (dry starvation) or by
exposure to filter papers soaked in 15 mM paraqu&® sucrose (Methyl-viologen,

Sigma-Aldrich) for 90 min.

2.5.4Quantitative PCR (gPCR):

Introduction/Principle : This technique is widely used to monitor expressiba target

gene. Here, the target gene is simultaneously &istpland quantified in a single step.
Several different fluorescent chemistries are uaed they correlate PCR product
concentration to fluorescence intensity (Wong, 308 BR Green is one such widely
used intercalating dye that fluoresces upon bindmglouble-stranded DNA. With
amplification of the target gene, increasing amsuot SYBR Green binds to the
product and emits a strong fluorescent signalithaasily detected (Van Guilder, 2008).
The start of amplification is known as the linedape and fluorescence emission is at
background levels. The base fluorescence is cadmlit this point. When amplification
enters exponential/log phase, fluorescence riseseabackground levels. An arbitrary
threshold is placed on the exponential phase andluasescence increases (with
increasing product), this threshold is crossed. HG® cycle in which the threshold was
crossed is known as the threshold cycle) (The greater the amount of the target gene

in the reaction, the faster the amplification-bafledrescence will increase resulting in
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a lower G value. Therefore, the numerical value of teis inversely related to the

amount of target gene in the reaction (Schmittgehlavak, 2008; Wong, 2005).

Protocol:

RNA Extraction: Total RNA either from aliquots of S2 cells (a madr from a

60mm tissue culture dish or ~1@ells) or 20 - 30 flies was extracted with TRIzol
reagent (Invitrogen) according to the manufactsremstructions. Briefly, flies were
crushed with 0.5ml of TRIzol reagent in 1.5ml mumeatrifuge tubes using
polypropylene pellet pestles (Sigma-Aldrich). Celmples were lysed by gentle
pippetting. Thereafter, 200ul of chloroform (Sigmlarich) was added to each sample,
vortexed for 30s and centrifuged at 16,000rpm forndins at 4°C. The RNA in the
supernatant was precipitated by addition of 0.7uwms of isopropanol (Sigma
Aldrich). Samples were then centrifuged at 16,000rfor 30 mins at 4°C, the
supernatant decanted, 500ul of 70% ethanol addeéaemtrifuged again at 16,000rpm
for 10 mins at 4°C. The supertanant was discarB®&tA pellets air-dried on ice for 10

mins, resuspended in RNase free water (Agilent)curaohtified.

DNA Digestion & RNA Purification: DNA in the samples was digested with RNase-

free DNase | (10U/ul; Roche Applied Science) aceomydto the manufacturer’'s
instructions. 5ug of total RNA was used from eaamgle in 50ul reaction volumes.
The reactions were incubated at 37°C for 30minsnias were then purified in 2
separate extraction with phenol:chloroform:isoanay¢tohol 25:24:1 in TE pH8.0
(Sigma Aldrich) and then chloroform (Sigma AldriciBriefly, 50ul of RNase free
water was added to the samples to increase theneota 100ul. Thereafter, 100ul of
phenol:.chloroform (24:1; Sigma-Aldrich) was addedeach sample, vortexed to mix

thoroughly and centrifuged at 16,000rpm for 10 mans4°C. The RNA containing
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upper phases were extracted (~100ul), mixed wilbul@1lx volume) of chloroform,

vortexed briefly and centrifuged at16,000 rpm fornbns at 4°C. Upper phases
containing RNA were collected, mixed with 2x volusnef 100% ethanol and 0.1x
volumes 3M sodium acetate (pH 5.0). Samples weare tentrifuged at 16,000rpm for
30 mins at 4°C, supernatants decanted, 500ul of &tanol added and centrifuged
again at 16,000rpm for 10 mins at 4°C. The supamatwere discarded, RNA pellets
air-dried on ice for 10 mins, resuspended in RNese-water and quantified. All

centrifugation were performed in Microcentrifugel3® (Eppendorf).

cDNA Synthesis Complementary DNA (cDNA) was synthesised from RNging the

AffinityScript Multi Temperature cDNA Synthesis KifAgilent) according to the
manufacturer’'s instructions (first-strand cDNA gyesis protocol). Briefly, 1ug of
RNA (from each sample) was mixed with 3ul of randammers (0.1pug/ul) and RNase-
free water to a total volume of 15.7ul in thin-veallPCR tubes (VWR), incubated at
65°C for 5 mins and cooled at room temperaturelfdmins (to allow the primers to
anneal). The following components were then addedrer):

e 2.0ul of 10x AffinityScript RT Buffer

e 0.8ul of dNTP mix (25 mM each dNTP)

e 0.5ul of RNase Block Ribonuclease Inhibitor (40ul)/

e 1 ul of AffinityScript Multiple Temperature RT

Reaction components were gently mixed and cDNA hggised using the following
thermal cycling procedure in a Mastercycler Prarttad cycler (Eppendorf):

e 25°C — 10 mins

* 42°C — 60 mins

¢« 70°C — 15 mins
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Quantitative PCR: QuantitativePCR reactions were performed using the Brilliant 11

SYBR Green gPCR Master Mix Kit (Agilent) accordirtg the manufacturer’s
instructions in a Rotor-Gene Q Real-Time PCR imatrnt (Corbet/QIAGEN). Briefly,
reactions components (see below) were assemblg®@R strip tubes (QIAGEN) in
final volumes of 25ul. Reactions were performedriplicate. The cycle threshold {)C
value was determined and gene expression levalrgét genes calculated, relative to
the internalDrosophilareference genBp49 using theAAC; method (Schmittgen and

Livak, 2008). A typical reaction was as follows:

5.5ul of nuclease free PCR grade water

12.5ul of 2x Brilliant Il SYBR Green gPCR master mix
2.5ul of forward primer (400 nM final concentration)
2.5ul of reverse primer (400 nM final concentration)
2.0ul of cDNA

25.0nl — final volume

The following thermal cycling conditions were used:

Cycle Duration Temperature
1 10 mins 95°C
30 sec 95°C
40
60 sec 60°C
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The following primers were used for gPCR:

Primer Sequence
Diptericin - F 5 — GCTGCGCAATCGCTTCTACT -3
Diptericin - R 5- TGGTGGAGTGGGCTTCATG -3
Drosomycin - F 5 — CGTGAGAACCTTTTCCAATATGATG -3’
Drosomycin - R 5 — TCCCAGCACCACCAGCAT -3
puckered-F 5 — TCTGGCATGTGACGAAGTG - 3
puckered-R 5" — ATAGATGCGGGAAAACGGG - 3
RP49-F 5 — GACGCTTCAAGGGACAGTATCTG - &
RP49-R 5" — AAACGCGGTTCTGCATGAG - 3

2.5.5Reverse Transcription PCR (RT-PCR)

Introduction/Principle: This is a biochemical technique used to measwanmount of

RNA in a sample. In this method, mRNA is first certed into complementary DNA
(cDNA) using the enzyme reverse transcriptase. ¢B&IA is then amplified by
conventional PCR and analysed by agarose gel epgairesis (Wilson and Walker,

2000).

Protocol: Total RNAs were extracted from either eight maldiee female flies using

TRIzol reagent(Invitrogen) as described above. [TRMA was treated with DNAse as
described above. Complementary DNA (cDNA) was preghausing RETROscript
First-Strand Synthesis Kit (Ambion) according tce timanufacturer’s instructions.

Briefly, 1pg of RNA (from each sample) was mixedthwRul of random decamers
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(50uM) and RNase-free water to a total volume aDARin thin-walled PCR tubes
(VWR), incubated at 70°C for 3 mins and placed oa iThe following components

were then added:

2.0ul 10x RT Buffer

4.0ul ANTP mix (2.5 mM each dNTP)
1.0ul RNase Inhibitor (10 Wd)

1.0ul MMLV-RT (reverse transcriptase)

20.0pl — final volume

Reaction components were gently mixed and cDNA hggised using the following
thermal cycling procedure in a Mastercycler Prarttad cycler (Eppendorf):
e 44°C — 60 mins

¢« 92°C — 10 mins

PCR: PCR reactions were performed in a MastercyclertReanal cycler (Eppendorf)
in final volumes of 50pul. A typical reaction was fallows:

2.5ul of cDNA from RT reaction

5.0ul of 10x PCR buffer

2.5ul of dNTP mix

1.25u of forward primer (5 uM final concentration)

1.25u of reverse primer (5 uM final concentration)

1.0ul of Super Taq DNA polymerase
36.5ul of nuclease-free water

50.0pul — final volume
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The following primers were used for RT-PCR:

Primer Sequence
ari-2-F 5-TACAACACAGGCGAGGACTG-3
ari-2-R S-TGTGATCTGCAGGATGGTGT-3’
puckered-F 5'-CATCATCAACGGCAATGAAC-3’
puckered-R S-TTGGGACTTTGGCAGGTAAC-3
RP49 — F 5-TCCTACCAGCTTCAAGATGAC-Z
RP49 - R 5'- CACGTTGTGCACCAGGAACT-3’

The following thermal cycling conditions were used:

Segment Cycles Duration Temperature
1 1 4 mins 95°C
30 sec 94°C
2 30 30 sec 55°C
60 sec/kb 72°C
3 1 5 mins 72°C

The PCR products were then analysed using agardselartrophoresis as described

above.
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Chapter 3: Negative Regulation ofDrosophila TAKL in
IMD Innate Immune Signalling — Results

3.1 Ubiquitin mediated activation of TAK1

Innate immunity is highly conserved from insectsntammals to humans. In
mammals, TAK1 is critical for activating severagsalling cascades including tumour
necrosis factor alpha (TN, interleukin-B (IL-1p)-induced kB kinase (IKK)/nuclear
factorkB (NF«B) and c-Jun N-terminal kinase (JNK)/activator piot1 (AP-1)
pathways (Lemaitre and Hoffmann, 2007; Tran e28l08). In humans, TRAF6 (an E3
ubiquitin ligase) controls the activation of TAKh iIL-1 signalling. In this model,
TAK1 is ubiquitinated by K63-linked ubiquitin chanleading to phosphorylation and
activation. TAB2 mediates TAK1 activation by linkimTAK1 to TRAF6. Subsequently,
activated TAK1 phosphorylates and activates IKK [F«B activation (Deng et al.,
2000; Fan et al., 2010; Jiang et al., 2002; Takagésil, 2000b).

In Drosophila dTAK1 has been similarly implicated in activatirsgveral
pathways including NkB and JNK cascades (Silverman et al.,, 2003). Dué¢h#o
conserved nature of innate immune pathways betwesetts and mammals, it was
reasonable to assume tHatosophila TAK1 may be regulated in a similar way to

hTAK1.

3.2Lys 142 in dTAK1 is essential for immune signalling

It was recently shown that activation of TNEBnd IL-13 cascades result in the
K63-linked polyubiquitination of hTAK1 at Lys 158&v(thin the kinase domain) and
this was critical for downstream activation of abopathways (Fan et al., 2010).
Therefore, we attempted to find the correspondiyg hBcceptor site ibrosophila

TAK1.
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Fanet al.{ 2010) had determined that the Lys acceptor site hcated in the N-
terminal half of hTAK1. Therefore, we aligned trejaences of human TAK1 (1 — 230
amino acids) and dTAK1l to determine the correspumdiys acceptor site in
Drosophila(Fig 3-1A). Based on the conservation of the paléir sequence of residues
in the region containing Lys 158 in hTAK1, Lys 14#s determined as the most
probable candidate in dTAK1. The mutant dTA%X%" was constructed, with the
substitute arginine maintaining the positive chargenot serving as an acceptor site for

Ub modification.

It has been established previously that overexpmesd dTAK1 activates IMD
signalling while co-overexpression of dTAK1 and dcBAresults in increased immune
signalling (Delaney et al., 2006; Vidal et al., 2D0This assay was used to determine
whether dTAKE*?R was functional in IMD immune signalling. Expressivectors
encoding dTAK1, dTAK£*?R and dTAB2 were transiently transfected in combamet
shown intoDrosophilaS2 cells. Expression dfiptericin (an established transcriptional
target of IMD signalling) was assayed 48 hrs poamtdfection with quantitative PCR
(gPCR). Results show that the K142R mutant faikeddtivate IMD immune signalling
(Fig 3-1B). Activation of the JNK pathway was exaeu (with puckeredas the
transcription target) using these samples. Reshltsv that although the JNK pathway
was only slightly activated, the K142R mutant fdil®® upregulate it beyond basal
levels (Fig. S1 (A)— Appendix 3). Therefore, it wamcluded that Lys 142 is essential

for the immune activity of dTAK1 and may also bguied for JINK activation.
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Figure 3-1: Lys 142 and 156 oDrosophila TAK1 are essential for immune
signalling. (A) Sequence alignment of 1 to 230 amino acidsuohdén (hTAK1) and
DrosophilaTAK1 (dTAK1). Lys 142 (red) and 156 (blue) are simoby arrows and
the kinase activation loop is underlined. (Bpsophila TAK1K42R & dTAK1<%R
mutant failed to activate the IMD Pathwdyrosophila TAKL (wt) or dTAK1KM2R
or dTAKI***R mutant was expressed along with dTAB2 in combametishown in

S2 cells andliptericin expression was assayed 48hrs post-transfedioar bars

represent SEM of 3 separate experiments. Results m@malized to the empty

vector. Results from the K156R mutant are from f@ements.* & ** indicate

significance value of the results as determinedstudent’s t-Test (t= 7.1629, <
0.025 & t=14.8567p < 0.05 respectively).
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3.3 Ubiquitination of dTAK1 is altered in the K142R mutant

In humans, ubiquitination regulates TAK1 activitRejley et al., 2007).
Activation of TNFe and IL-13 pathways induce K63-linked TAK1 polyubiquitination
(Fan et al., 2010). Evidence indicates that ubigaiton also plays a role iDrosophila
TAK1 regulation (Tsuda et al., 2005). It was sougghtletermine whether there was a

1K42R mutant. It was

change in the ubiquitination profile of dTAK1 andrAK
previously shown that co-overexpression of humarKTAand TABL1 in cell culture

results in TAK1 polyubiquitination (Fan et al., ZI)1

This assay was modified f@rosophilaS2 cells. Expression vectors encoding
for C-terminally V5-tagged dTAK1 or dTAKZ**R were co-transfected with dTAB2-
HA and cMyc — Ub into S2 cells. Cells were lysed A& post-transfection,
immunoprecipitated with anti-V5 antibody, resolvemh 10% SDS PAGE and
immunoblotted with anti-c-Myc antibody (Fig. 3-2i). contrast to human TAK1, where
mutation of the Lys 158 Ub acceptor site resultednon-ubiquitination, there was
increased ubiquitination in dTAK1**?- Examination of the cell lysates showed there

was greater degradation of dTAR4?® when compared wittvild typed TAK1.

There is a major band of slightly over 80 kDa pnéserhis is possibly
monoubiquitinated dTAK1 although it has not beempesinentally established. The
presence of a major band with the combined molecwkeight of TAK1 + 1 Ub
monomer corresponds to an observation in humans.eEaal., (2010) found that
overexpression of TAK1 and stimulation of eitheg th-1 or TNFa pathways resulted
in a major band that corresponded to the moleawaght of monoubiquitinated TAK1
(when immunoblotted with anti-Ub) and that this @atabilised over time even though
larger polyubiquitinated entities disappeared. K, itherefore, possible that
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monoubiquitinated dTAK1 plays an important role riegulating NF<B immunity.
However, it has not yet been experimentally esshblil. Interestingly, overexpression
of dTAK1 and its subsequent immunoprecipitatiorcliided as a marker) also resulted
in a band with a molecular weight of slightly o\&% kDa. Thein vivo ubiquitination
assays and overexpression of dTAK1 for the markerewerformed separately and
resolved in different gels. The alignment (betweke ubiquitinated forms and the
marker) is based on the migration of a protein éadth some of the marker blots, the
major band is only present while in others (Fig® & 3-4) there are smaller bands
below the predominant band (which may representadghified dTAK1). Therefore, it
appears that unmodified dTAK1 is post-translatipnatodified into a major band of
higher molecular weight. The reason for this shifis not been experimentally

established. There are several possibilities figrghift.

Based on size comparison, it is probable that th&nd represents
monoubiquitinated dTAK1. However, this has not begperimentally established. A
review of literature revealed that Drosophilg investigations into ubiquitination of
TAK1 have been very few. Tsudsd al, (2005) studied dTAK1 polyubiquitination in
the context of POSH, where the assumption wascthatverexpression of dTAK1 with
POSH results in dTAK1 polyubiquitination and degrgoin. However, there are no
indications that they had witnessed a similar bahidt in dTAK1 in the lysate. A
further review of literature did not indicate a sihe band shift observed in human
TAKL. It was shown in humans, that overexpressibhAK1 and stimulation of IL-B
or TNFo pathways resulted in a major band that corresptmtise molecular weight of
monoubiquitinated TAK1 and this band stabilised rotene even though larger
polyubiquitinated entities disappeared (Fan et28l1,0). Thus, results appear to suggest
that monoubiquitinated TAK1 is important (perhapsere greater than longer

polyubiquitinated forms, since the band persistsgéy) in both TNE and IL-13
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induced NF«B signalling in humans. However, as before, thereno indication of

whether investigators witnessed a band shift in TAK the cell lysate. It was shown
later that overexpression of hTAK1 in HEK293 celish K63-specific Ub resulted in a
major band corresponding to the molecular weighthohoubiquitinated TAK1 and the
size of this band was similar to the amount of hTAK the lysates (Fan et al., 2011).
Although no indication of a band shift is mentioneskults point to the possibility that
overexpression of TAK1 with K63-specific UB may wéisin a significant amount of

TAK1 being modified and resulting in a band shifilso, when TAK1 was

overexpressed with TAB1 or TAB3 in HEK293 cells,distinct bands (very close
together) are seen in TAK1 immunoprecipitates (Bess al., 2007). Therefore,
although not specifically mentioned or discussddappears that the band shift

phenomenon has been previously encountered in lsiman

It has been previously established that overexymessf dTAK1 alone was
sufficient for IMD activation (Silverman et al., @B). Further, examination of the cell
lysates of the dTAK1 Ub assay (Fig. 3-2) show tlamost all dTAK1 is
monoubiquitinated. Taken together, one possibldaggbion is that overexpression of
dTAK1 leads to its monoubiquitination (by endogemaubiquitin) probably through
activation of the IMD cascade. Am vitro ubiquitination analysis is required to

establish whether ubiquitination is involved in thend shift.

Alternatively, it is possible that the band sh#étdue to another form of co-
translational or post-translational modification @fAK1, including glycosylation or
phosphorylation. Since dTAK1 is a serine/threonytesine kinase that requires
phosphorylation for its activation, both possikekt are very likely. A similar band shift
phenomenon was observed with TAB1 in CO4cells. It was shown here that human

TAB1 may be present in a glycosylated and partighgsphorylated form (72 kDa) in
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the membrane and cytosol fractions of naive TD4ell lysates, whereas native TAB1
protein (56kDa) increased in anergic CD7Z cells lysates. Interestingly, deglyosylation
by treatment with a peptidg:glycanase (PNGase) shifted the molecular weight of

TAB1 from 72 to 5&Da (Ohkusu-Tsukada et al., 2010).

3.4Lys 142 is the probable K63 Ub acceptor site in dTAK1

Thereafter, the linkage type (whether K48 or K@684d) of these
polyubiquitination chains on dTAK1 & dTAK%**R were analysed. N-terminally
cMyc-tagged UB* or UB®?® (ubiquitin mutants having only a single Lys residat
position 48 or 63 respectively) were generatedvaeck used in determining the type of
polyubiquitin chain. Expression vectors encodingAHI-V5 or dTAK1***?R.v5 and
dTAB2-HA together with cMyc-UE"® or cMyc-UB®® were co-overexpressed as
indicated in S2 cells. Cells were lysed 48 hrs f@stsfection, immunoprecipitated
with anti-V5 antibody, resolved on 10% SDS PAGE amdhunoblotted with anti-c-
Myc antibody. Separate dTAK1 size markers wered Usecause dTAK1-V5 is not

visible when blotted with anti-cMyc.

As expected, dTAKT*?R showed much greater K48-linked polyubiquitination
(indicative of proteasomal degradation) and minirf&3-linked polyubiquitination
(Fig. 3-3). Elimination of Lys 142 had severely gqmomised the ability of dTAK1 to
form K63-linked polyubiquitination chains, althoughhad retained the ability to form
K48-linked chains. Therefore, in contrast to humBAK1, there appears to be 2
separate Ub acceptor sites for K48 and K63-linkedlyybiquitination chains in

DrosophilaTAK1 with Lys 142 being the probable K63 Ub accetite.
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Figure 3-2: Ubiquitination profile is altered in the dTAK
dTAK R shows enhanced ubiquitination. Expression ve@oc®ding dTAK1-V5 or
dTAK1**®R _v5 were transfected along with dTAB2-HA and cMyb- in
combinations shown in S2 cells. Cells were lysed A8 post-transfection,
immunoprecipitated with anti-V5 antibody, resolvesh 10% SDS PAGE, and
immunoblotted with anti-cMyc antibody — size marker for dTAK1 as indicated by
arrow (dTAK1-V5 expressed in S2 cells, immunopretgd by anti-V5 and

immunoblotted by anti-V5). Protein size markers depicted adjacent to the top and

middle panels with values given in kDa.
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cMyc-Ub"® N N B B
cMyc-Ub"“® kDa M kDa
- - + +
Poly-Ub chains on e &
175- »
dTAK1/dTAK1 K142R i | 5.4 175 -
<3 b IP: Anti-V5
80
“ " 80 IB: Anti-cMyc
Loading Ctrl (IgG) . 6 ‘ ‘
dTAKL/dTAK1 K42 - - e .. IB:@aV5
dTAB2 —— — e |B: a-HA Cell lysates
Loading Citrl W WP  wee @ Bl c-actin
Figure 3-3: K48 ubiquitination is enhanced in the TAK1¥*?R mutant.

Mutant dTAKI**?R shows enhanced K48-linked ubiquitination and Véte
K63-linked ubiquitination. Expression vectors enogd dTAK1-V5 or
dTAK1K*?R _v5 were transfected along with dTAB2-HA and cMyb“®® or
cMyc-Ub“*® in combinations shown in S2 cells. Cells were dy48 hrs post-
transfection, immunoprecipitated with anti-V5, resa on 10% SDS PAGE,
and immunoblotted with anti-cMyc antibodyl — size marker for dTAK1 as
indicated by arrow (dTAK1-V5 expressed in S2 caéflspunoprecipitated by
anti-V5 and immunoblotted by anti-V5). Protein simarkers are depicted

adjacent to the top panels with values given in kDa
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3.5Lys 156 is the likely K48 acceptor site

It was then sought to determine the K48 Ub accegiter It was plausible to
assume that the 2 putative Ub acceptor sites (K6348&) would be in close proximity
to both each other and to the kinase activationadontHence, Lysines 134, 156, 189
and 194 were selected as likely candidates. Nevatioat constructs dTAKE3*Rv/5,
dTAK1¥P®Ryv5 dTAK1K%R V5 & dTAK1"9*Rv5 were made mutating the Lys to
Arg at these sites. To determine activity in theDiathway, a quantitative PCR assay
was performed. Results showed that dTARS® showed anomalous expression
(greatly decreased) daliptericin when compared to dTAK1 (Fig. 3-1B). K48 and K63
specific Ub assays were performed in S2 cells terdene whether Ub profiles of the
new mutant constructs differed from wild type dTAKResults indicate that
polyubiquitination was reduced in dTAK¥®R (Fig. 3-4A). K48-specific Ub assays
showed that K48-linked polyubiquitination was sigrantly diminished in
dTAK1¥™®R Also, K63-specific Ub assays showed that K63duhlpolyubiquitination

was reduced in dTAKE®®R (Fig. 3.4B).

3.6Lys 156 is involved in IMD immune signalling

To determine whether Lys 156 was involved in IM@nslling, cell culture
based gPCR experiments were performed. Expresseotons encoding dTAK1 or
dTAK1¥*®R\were transiently transfected together with dTAB® DrosophilaS2 cells.
Expression oDiptericin (an established transcriptional target of IMD siiing) was
assayed 48 hrs post-transfection with quantitafi@R (qPCR). Results show that the

K156R mutant failed to activate IMD immune signadii(Fig.3-1B).
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A time-course expression analysis of dTAK1 and mistad TAKI*R &

dTAK1K"®®R \was performed after treatment with 26S proteasamtzibitor MG132
(75uM for 8 hrs) at concentrations that are knowrblock proteasome activity as
previously described (Stoven, 2000). Results shoted full-length dTAK1, and
mutants dTAKL*?R & dTAK1***°R were similarly expressed (Fig. S1(B) — Appendix

3).

Taken together, results indicate that Lys 156 fionst in a similar manner to
Lys 158 in hTAK1, where both K48 and K63-linked yabiquitination was abrogated
upon its mutation. However, Lys 156 in dTAK1 does nompletely abrogate either
K63 or K48-linked polyubiquitination, although igaificantly reduces both. Also, in 2
gPCR assays, the K156R mutant failed to signifiganpregulate the IMD immune
signal, although it was not completely abrogatelger&fore, it is very likely that Lys
142 and 156 function in a partially redundant mante mediate K63-linked

polyubiquitination of dTAK1 and modulate the IMDniate immune signal.

It cannot be ruled out that both Lys 142 and 1%6rat Ub acceptor sites and
the differences in ubiquitination and immune siginglobserved following mutations at
these 2 sites were artefacts. One possible exppanest that the kinase domain may
have been disrupted following these mutations. rAilar phenotype (deficient in both
ubiquitination and immune signalling) may be obsernf any ATP binding motif was
disrupted. However, considering that the Ub acaegite in hTAK1 is also within the
kinase domain and the ATP binding motif has beemtifled at the very start of the

protein, it is far more probable that both Lys B2l 156 are Ub acceptor sit
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Figure 3-4: Decreased ubiquitination n the dTAK1"***® mutant. (A) Mutant

dTAK1*"®R shows decreased polyubiquitination when comparil ¢ AK1.

M — size marker for dTAK1 as indicated by arrowA&L-V5 expressed in S2

cells, immunoprecipitated by anti-V5 and immundklbtby anti-V5). Protein

size markers are depicted adjacent to the top anéh values given in kDa.
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(B) — Fig 3.4
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Figure 3-4: Decreased ubiquitination n the dTAK1**®® mutant. (B) Both

K48 and K63-linked polyubiquitination is decreasedhe dTAKT"*°F mutant.

Expression vectors encoding dTAK1-V5 or dTAKTR —V5 were transfected

along with dTAB2-HA and cMyc-Ub, cMyc-UB* or cMyc-UB“® in

combinations shown in S2 cells. Cells were lysed48 post-transfection,

immunoprecipitated with anti-V5, resolved on 10% SDPAGE, and

immunoblotted with anti-cMyc antibodyM — size marker for dTAK1 as

indicated by arrow (dTAK1-V5 expressed in S2 cétisnunoprecipitated by

anti-V5 and immunoblotted by anti-V5). Protein siaarker (NEB) is depicted

adjacent to the top panels with values in kDa.
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3.7 Trabid — a novel negative regulator of the IMD patlway

3.7.1Role of de-ubiquitinating proteins in attenuating NF-kB signalling:

Since K63-ubiquitination plays a critical role isti@ating dTAK1, it follows
that de-ubiquitination is required for inactivatimJf AK1 and terminating the IMD
immune signal. Recently, the deubiquitinating enegy@¥LD has recently been shown
to physically interact with TAK1 in humans and ibiing its ubiquitination and

catalytic activity (Reiley et al., 2007).

In mammals, the zinc finger protein A20 (also knoas TNFAIP3) plays an
essential role in limiting the strength and dunatixd NF«B signalling (Shembade et al.,
2010) A20 proteins have been identified as negative eggud of NFkB transcription
factors in both TNF and IL-1 signalling through it®-ubiquitinating (DUB) and
ubiquitin editing functions. In this model, K634ked chains are cleaved by the N-
terminal OTU domain and re-arranged to form K4&dich Ub chains through the E3
ligase activity of the C-terminal tandem Zinc-finggomains, thereby tagging the

protein for proteosomal degradation (Heyninck aegdrt, 1999; Wertz et al., 2004).

3.8 Drosophila Trabid and Rabex-5 interact with dTAK1.:

Recently, Trabid was discovered as a positive eggulof both the mammalian
andDrosophilawnt pathway with a remarkable preference for lmgdb, and cleaving,
K63-linked ubiquitin chains. Indeed, Trabid is thaly representative of the A20 OTU
family in flies (Tran et al., 2008). Furthddrosophila Rabex-5 was shown to restrict
Ras signalling in the Ras pathway leading to tlmper establishment of organism size,

wing vein pattern, and eye versus antennal fatehas$ been shown that excess Ras
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signalling disrupts developmental patterning andisea developmental disorders,

leading to cancers in mature tissues (Yan et @LOp

To determine whether Trabid and Rabex 5 also faneti inDrosophilaIMD
signalling, co-immunoprecipitation assays were qrenked to see whether these 2
enzymes interacted with dTAK1. Expression vectarsoding dTrabid-V5 or dRabex-
5-V5 were transiently transfected along with dTAKZ, immunoprecipitated with
anti-v5 antibody, resolved with 10% SDS PAGE andnmmoblotted with anti-HA
antibody. Results show that both dTrabid and Rdbéround strongly with dTAK1

(Fig. 3-5A).

3.9 Drosophila Trabid negatively regulates the IMD immune signain a

dose-dependent manner:

Thereatfter, than vivo effects on IMD immune signalling of tbd deletion

generated by homologous recombination were teSteah (et al., 2008)Homozygous

and heterozygoushbd deletion flies, together wittvhite flies (as the background used

for genetic transformation of the inititthd targeting construct) anelish®° mutants
(negative control) were injected with Gram-negatbaeterium Escherichia coliand
dipt levels assayed after 6 hrs using qPCR. Resultweghthat removal of 1 copy of
trbd resulted in a two-fold upregulation dipt compared to wild type and removal of
both alleles led to a 4-fold increase. A Studemiest showed that the results were

statistically significant (Fig 3-5B).
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Figure 3-5: Both Drosophila Trabid and Rabex-5 binds to dTAK1 and dTrabid
also negatively regulates the IMD signalA) Both DrosophilaTrabid and Rabex-

5 binds strongly with dTAK1Drosophila TAK1-HA was co-transfected with or
without either dTrabid-V5 or Rabex-5-V5 in S2 cells (in combinations shown),
immunoprecipitated with anti-V5, resolved on 10%SSPAGE and immunoblotted
with anti-HA. (B) DrosophilaTrabid negatively regulates the IMD signal in aelo
dependent manne@regon 25174wt), Relistf*® (negative ctrl), trbd heterozygous
andtrbd homozygous mutant flies, were injected wihcoli anddiptericin levels
assayed after 6 hrs using qPCRror bars represent the SEM of 3 separate
experiments* & ** indicate significance value of the results agedmined by
Student’s t-Test (t= 32.288p,< 0.025 & t=8.2532p < 0.025 respectively).
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3.10Drosophila Trabid does not function in either Toll signallingor

survival

To determine whether dTrabid function was limitedyao the IMD pathway or
whether it affected innate immunity generally, s$anicohorts of flies as above were
injected with the Gram-positive bacteriumdlicrococcus luteusand assayed for
drosomycinexpression (target of the Toll cascade) afterra4 All flies showed similar

up-regulation ofirosomycin(Fig. 3-6A).

Changes in immune signalling could potentially etffehe survival of the
organism. Therefore, experiments were carried @utetermine whether Trabid had an
impact on survival. Cohorts of #+ 159 of Oregon 25174wt), relish®° (negative
ctrl), trbd heterozygous anttbd homozygous mutarfties were injected withe. coli
and survival assayed every 24 hrs for 5 dRgsults showed that removing one or both

genes ofrbd had no effect on survival, when compared to wijekt (Fig. 3-6B).
Taken together, it can be concluded that dTrabidctions solely in IMD

signalling at the level of dTAK1 where it negatiyekgulated the immune signal in a

dose-dependent manner.
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Figure 3-6: Drosophila Trabid (A) does not regulate Toll-dependent
immunity and (B) has no impact on fly survival. (A) DrosophilaTrabid does
not regulate Toll signallingOregon 25174wt), RelistF*° (negative ctrl), trbd
heterozygous anttbd homozygous mutant flies, were injected with luteus
and drosomycinlevels assayed after 24 hrs using gPERor bars represent
the SEM of 3 independent experimefB). Drosophila Trabid does not play a
role in survival. Cohorts of 1% + 152 of Oregon 25174(wt), Relistf*
(negative ctrl), trbd heterozygous and homozygous mutties were injected

with E. coliand survival assayed every 12 hrs for 5 days.
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3.11C518 and the 3 NZF domains are required for dTrabidactivity

Trabid (like A20) belongs to the OTU (ovarian tumpoufamily of
deubiquitinating enzymes (DUBs). The OTU is a covesg cysteine protease domain
that possesses DUB activity (Balakirev et al., 2008abid possesses three N-terminal
NZF (Npl4 zinc finger) domains and a C-terminal O@dmain, which shows DUB
activity with a preference for K63-linked ubiquit{iran et al., 2008). Further, it was
shown that two or more NZF domains are requiredioding to K63-linked Ub chains
(because of the ‘outspread’ conformation of K6¥did polyubiquitin). Also, C443 was

shown to be the catalytic residue in the OTU donmaimumans (Tran et al., 2008).

Sequence alignment of human Trabid &rdsophilaTrabid showed that C518
was the most probable corresponding catalytic uesidDrosophila(Fig 3-7A). To test
the functions of both C518 and the 3 NZF domaing)uant constructs, dTrat5iet®>
and dTrabif>*85*3N2FPel\yhere the first Cys residue of the 3 NZF domaldis3, C94
and C238, were mutated to Ala in together with @&8S mutation) were made. To
test the functional importance these mutationsM Isignalling, dTAK1 and dTAB2
were co-transfected along with dTrabitf® and dTrabif®'8S**NFPelin 52 cells and
relative dipt expression assayed using qPCR. Results showeavbkaEexpression of
dTrabid, significantly decreased the IMD signahaligh it did not completely abrogate
it. The C518S mutation relieved the negative effadbstantially and the C518S +
3xNZFDel mutations completely reversing the eff@ag 3-7B). To determine whether
dTrabid had a role in the JNK pathway, the abovepas were used to assay the
expression levels opuckered(a target of the JNK cascade) using qPCR. Results
revealed that the JNK pathway was not affectedicatiohg that dTrabid functioned

solely in the IMD pathway (Fig. S2 — Appendix 3).
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Figure 3-7: Cys 518 is the probable catalytic cysitge in Drosophila Trabid
(A) Schematic representation of dTrabid and seqa@tignment of human and
DrosophilaTrabid in the OTU domain. The putative cataly@sidue is in red &
is indicated by an arrow. (B) Point mutations in18%and the 3 NZF domains
significantly affect dTrabid function in IMD sigriedg. Expression vectors
containing dTrabit®'®S dTrabid>8S*3N2FPel gTAK1 and dTAB2 were co-
transfected in S2 cells in the combinations shomehdaptericin expression was
assayed by gPCR 48 hrs post-transfectiResults were normalised to an empty
vector (Emp Vec) and the error bars represent SEM3oindependent
experiments*, ** & *** indicate significance value of the resdts as determined by
Student’s t-Test (t= 9.8004, < 0.025, t=10.5654p < 0.01 & t=4.4876p < 0.05
respectively).
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Trabid exerts its deubiquitinating activity by peegntially cleaving K63-linked
polyubiquitin chains (Tran et al., 2008). Both @& U domain and the 3 NZF motifs
are essential for its function in humans. To deieenthe relative contribution of the
catalytic C518 and the 3 NZF motifs for deubiquation in Drosophila a DUB assay
was performed in S2 cells. Expression vectors engo-terminally HA-tagged
dTrabid, dTrabi>*®Sor dTrabid>!85**N2FPelyere transiently transfected with dTAK1-
V5, dTAB2-HA and cMyc-UB®3/cMyc-Ub“*® in S2 cells in the combinations indicated.
Cells were lysed 48 hrs post-transfection, immueaoipitated with anti-V5 antibody,
resolved on 10% SDS PAGE and immunoblotted withr@ic peroxidise antibody.
In agreement with the qPCR data, dTrabid substgntieduced K63-linked
ubiquitination of dTAK1 when co-transfected with AB2, although not completely
abrogated (lane 3). Further, ubiquitination was ematkly affected by dTrabid®®
(lane 4) and not at all by dTraf}®S*#N2Peljane 5) (Fig 3-8). We also similarly
tested the effects of dTrabid, dTrabitf® and dTrabif®!85*¥N4Pel o0 K48-linked
ubiquitination of dTAK1. Results show that dTAK1 &4polyubiquitination was not

affected by either dTrabid or the mutants (Fig.)3-9

It is likely that dTrabid may function in a negatieedback mechanism in the
same manner as A20. In agreement with this hypisthes/ results show that itnbd
deletion mutants, the IMD innate immune signal wgeesatly enhanced. This is similar
to the phenotype obtained wik20-deficient mice a previously described (Lee et al.,
2000). However, dTrabid also needs to be upreglilapon IMD induction and this is

yet to be established.
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Figure 3-8: Drosophila Trabid significantly decreases K63-linked
polyubiquitination in dTAK1. Expression vectors containing C-terminally HA-
tagged dTrabid, dTrabfd™®s or dTrabi¢®8S™3N2FPel glong with dTAK1-V5,
dTAB2-HA and cMyc-UB® were co-transfected in S2 cells in the combination
shown. Cells were lysed 48 hrs post-transfectiommunoprecipitated with anti-
V5, resolved on 10% SDS PAGE and immunoblotted waitti-cMyc peroxidise.
M — size marker for dTAK1 as indicated by arrow AKL-V5 expressed in S2
cells and immunoblotted by anti-V5). Protein sizrkars are depicted adjacent

to top panels with values given in kDa.
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Figure 3-9: Drosophila Trabid does not affect K48-linked polyubiquitination
in dTAK1. Expression vectors containing C-terminally HA-tadgdTrabid,
dTrabid™>*®S or dTrabi¢>8S*¥N2FPel glong with dTAK1-V5, dTAB2-HA and
cMyc-Ub*® were co-transfected in S2 cells in the combinatishown. Cells
were lysed 48 hrs post-transfection, immunopreaipd with anti-V5, resolved
on 10% SDS PAGE and immunoblotted with anti-cMycopéalise. M — size
marker for dTAK1 as indicated by arrow (dTAK1l-Vprmssed in S2 cells and
immunoblotted by anti-V5). Protein size markers depicted adjacent to top

panels with values given in kDa.
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3.11.1Drosophila Trabid — summary

Taken together, results indicate that dTrabid negigtregulates the IMD signal
in a dose-dependent manner. Results show thattivéyaof dTrabid was limited to the
IMD pathway and did not function in either the Toll JNK cascades. It functions by
de-ubiquitinating K63-linked polyubiquitin chaing dTAK1. Both C518 and the 3
NZF domains were required to fully execute thisction. Also, dTrabid did not affect
K48-linked ubiquitination. Results also show thatedion of the catalytic residue alone
was not sufficient to abrogate its function, le@vihe possibility that the Npl4-related
zinc finger motifs may also play an active roledigrubiquitination. Mutations in both
the catalytic residue and the NZFs rendered théeprdunctionally inert. Both gPCR
data (Fig 3-6B) and K63-specific ubiquitination &gs (Fig. 3-7) indicate that while
dTrabid significantly reduces the IMD signal, itedm’'t completely abrogate it, leaving
the possibility that it may function in a partialledundant manner with another
regulatory component. There is evidence to indicdtat Rabex-5 may be that

component, although further work is required t@abks$h this.

3.12Drosophila TAB2 ZnF domain is involved in regulating IMD

signalling

DrosophilaTAK1-associated Binding Protein 2 (dTAB2; CG74isran adaptor
protein which has been implicated in protein compégmation. Homologous to human
TAB2 and TAB3 and consisting of a CUE, coiled-caid ZnF domaindprosophila
TAB2 is the binding partner of dTAK1 (Geuking et,a&005; Hetru and Hoffmann,

2009; Kleino et al., 2005; Zhuang et al., 2006).
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In mammals, TAB2 and TAB3 function as adaptors WwHink TRAF proteins
(TRAF2 and TRAF6) to TAK1, facilitating complex foation and activation of TAK1
in IL-1land TNF-induced NKB activation (Besse et al., 2007; Ishitani et aDQ3;
Takaesu et al., 2000a) . Both TAB2 and TAB3 continighly conserved C-terminal
novel zinc finger domain, which binds preferentiatb K63-linked polyubiquitin
chains. Mutation of this domain abolishes the abitif TAB2 and TAB3 to bind to
polyubiquitin chains, as well as their ability totimate TAK1. (Besse et al., 2007;

Kanayama et al., 2004).

It was sought to determine the functional signifioa of the corresponding C-
terminal ZnF domain oDrosophila TAB2 in IMD immune signalling.Drosophila
TAB2 was previously found to interact with dTAK1 chressential for the immune
activation of JNK and NkB (Zhuang et al., 2006). Arosophila TAB2 mutant
(dTAB2”""P®') \was made mutating the first 2 Cys residues énGrterminal ZnF motif
to Ala (C769A and C772A) as previously performedhuman TAB2 (Fig. 3-10A)
(Kanayama et al., 2004). Thereafter, effect of thigation on IMD immune signalling
was assayed in cell culture using gPCRosophilaTAK1 was transfected either alone
or together with dTAB2 or dTAB?™® into S2 cells (as indicated below) adipt
expression assayed 48 hrs post-transfection ugt@Rq Interestingly, signalling was
increased by 2-fold in the presence of the mut@AtRR*"™*'when compared with full-

length dTAB2 (Fig 3-10B).
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Figure 3-10: Drosophila TAB2 ZnF domain regulates IMD signalling (A)
Sequence alignment of the C-terminal ZnF domairhtAB2, hTAB3 and
dTAB2. Conserved Cys residues are in red and itelichy arrows. (B) IMD
signalling is significantly increased in dTAB2°® mutant. S2 cells were co-
transfected with expression vectors in combinatishewn andDiptericin
expression was assayed 48hrs post-transfection BgRg Results were
normalised to Emp Vec and the error bars represeatSEM of 3 independent
experiments** indicates significance value of the result astedmined by

Student’'s t-Test (t= 6.283B8,< 0.025)
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IncreasedDipt induction may be the result of greater dTAK1l adiwa
Therefore, the level of K63-linked ubiquitinatiorf dTAK1 was examined in the
presence of either dTAB2 or dTABY ® Expression vectors encoding dTAK1-HA
was co-transfected with cMyc-8% and dTAB2-V5 or dTAB2"™PeLy5 into S2 cells.
Cells were lysed 48 hrs post-transfection, immuecoipitated with anti-HA and
immunoblotted with anti-cMyc. Results showed th&63-linked ubiquitination of
dTAK1 was increased in the presence of dTABZ! (Fig. 3-11A). Analysis of the cell
lysate showed a greater amount of dTAK1 presenth Wie mutant, although equal
amounts of total protein (200ug per lane) were u3edten together, results indicate
that the mutation in the dTAB2 ZnF domain stabdiseTAK1 by enhancing its K63-
linked ubiquitination. This led to an increase WO immune signalling through
increasediptericin induction. Therefore, it appears that the inteoscof dTAK1 with
the dTAB2 C-terminal ZnF domain pacifies dTAK1 aiy and thereby, the IMD

signal.

To test whether dTrabid binds with dTAB2, co-immprexipitation assays
were performed. These showed that dTrabid boundT#B2“""°¢' two-fold stronger
than to dTAB2 (Fig. 3-11B). Of note, dTABY"® up-regulatedipt expression by 2-
fold over dTAB2. This indicated that the tighteettiTrabid bound to dTAB2 the higher

the signalling capacity of dTAK1.
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Figure 3-11:. Drosophila TAB2 is involved in the regulation of dTAKL.
(A) Mutation of dTAB2 ZnF stabilises dTAK1 and ieeses its K63-linked
ubiquitination. Drosophila TAK1-HA was co-transfected with cMyc-U% and
either dTAB2-V5 (wt) or dTAB2FP?Lv5 into S2 cells. Cells were lysed 48hrs
post-transfection, immunoprecipitated with anti-HA&solved on 10% SDS PAGE
and immunoblotted with anti-cMyc antibody. (E)rosophila Trabid binds to
dTAB2”"™® byt not to dTAB2 (wt). S2 cells were transfectedhwilTrabid-HA
alone or with either dTAB?P®'—v5 or dTAB2-V5. Cells were lysed 48 hrs post-
transfection, immunoprecipitated with anti-V5, resal on 10% SDS PAGE and
immunoblotted with anti-HAM — size marker for dTAKL1. Protein size markers are

depicted adjacent to M with values in k
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Chapter 4. Negative Regulation ofDrosophila TAKL in

IMD Innate Immune Signalling - Discussion

4.1 TAK1 - activation of several pathways by a single ikase

During growth and differentiation, organisms reeenumerous external stimuli,
whose signals of are then transduced from thesteface to the nucleus via specific
sets of intracellulasignalling molecules. One such set are the Mitoggivated protein
kinases (MAPK) and they play crucial roles in gefbliferation, differentiation, and
development (Nishida and Gotoh, 1993; Treismang)lL98ctivation of MAPK is by a
sequential cascade of protein kinases. It is aetivédy dual phosphorylation through
catalysis by MAPK kinasgVIAPKK), which is itself phosphorylated and actiedtby a
MAPKK kinase (MAPKKK). Prominent MAPK regulated cascadedude thec-Jun
amino-terminal kinase (JNK)/stress-activated prot&inase (SAPK) pathway, the
MAPK/extracellular signal-regulated kinase (ERK)tlpgay, and the p38 MAPK

cascade (Davis, 1994; Marshall, 1995; Nishida aotbkg 1993; Waskiewicz, 1995).

TAK1 is a member of the MAPKKK superfamily. It isiggered by tumour
growth factorp (TGF{f) and therefore, can function in cascades triggdrgdthe
superfamily of TGRS ligands as indicated in transient transfectiomgssising cultured
cells. TAK1 has an N-terminal serine/threonine kmadomain and a C-terminal

conserved domain (Takatsu et al., 2000; Vidal e28l01; Yamaguchi et al., 1995).

Recent evidence implicates TAK1 in various sigmgllpathways, including IL-
1, IL-18, TNF, and receptor activator of NB- ligand (RANKL) (Irie et al., 2000;
Ninomiya-Tsuiji et al., 1999; Sakurai et al., 199%ald et al., 2001). It is hypothesised

that upstream, including members of the TNF regegésociated factor (TRAF) family
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of adaptor proteins play a crucial role in provglspecificity of downstream signalling
through formation of specific complexes depending tbe particular stimulation.
Depending on the specificity of the complex formediticular signalling cascades will
be activated (Besse et al., 2007; Cao et al., 1888p et al., 1999; Yeh et al., 1997).
Therefore, the regulation of TAK1 assumes greatoirtgmce in light of its activity in

different pathways.

4.2 Activation of TAK1 in NF- kB signalling- the Mammalian Model:

In humans, TRAF6 has been identified as the E3uitiigligase which controls
the activation of TAK1 in IL-1 signalling. In thimodel, TRAF®6 itself is first activated
by auto-ubiquitination via K63-linked polyubiquitinThe intact RING domain of
TRAF6 and dimeric ubiquitin E2- conjugating enzyommplex (Ubcl13/Uev1A) were
found to be essential. Activated TRAF6 would subsedly polyubiquitinate TAK1
again through K63-linkages. Ubiquitinated TAKL1 leh phosphorylated and activated
by an unknown mechanism. Thereafter, activated TAKtsphorylates and activates
IKK for NF-xB activation (Fan et al., 2010; Lamothe et al., Z0@onsidering the
conserved nature of innate immunity between insactd mammals, it is highly
plausible thabDrosophila TAK1 is activated in a similar manner. Althoughnmerous
attempts have been made, the E3 ubiquitin ligagerasophilawhich activates TAK1

is yet unknown (Ferrandon et al., 2007; Paqueti. €2010).

4.3 Negative regulation ofDrosophila TAK1:

Although many investigations have been conductedabivation ofDrosophila
IMD signalling, much less is known about its negatiegulation, especially at the level
of dTAK1 (Khush et al., 2002). This aspect is pmatarly important since IMD

signalling shows an “acute phase profile.” The imeausignal increases rapidly,
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peaking ~6hrs post-infection and then graduallylidiegy to reach basal levels by 24
hrs (Lemaitre et al., 1997). There appear to bepseific studies conducted on whether
sustained activation of IMD results in harmful etieinDrosophila My results show
that IMD hyperactiveirbd mutant flies have the same survival patterns dd type.
However, the long-term energy costs of maintairhegghtened immunity may impair
certain aspects of growth and development. In mals\nNFxB regulates genes
involved in both inflammation and immunity and sised or chronic signalling has
been implicated in several autoimmune diseasescanders in humans. Therefore,
under normal conditions, immune signalling is baténsient and tightly controlled

(Sriskantharajah and Ley, 2010).

4.41ys 142 in dTAK1 is essential for immune signalling

Ubiquitination plays a key role in TAK1 activatiand therefore, its ubiquitin
acceptor site is critical for TAK1 activity. It waseviously shown that Lysine 158 was
the Ub acceptor site in humans (Fan et al.,, 20Mignment of the N-terminal
sequences of human amdosophila TAKL led to the determination that Lys 142 in
Drosophilawas the corresponding Ub-acceptor site. My resshitsw that Lys 142 in
Drosophilais essential for immune signalling and that th&AKT"**** mutant failed to
activate the IMD innate immune pathway. Furthere thbiquitination profile of
dTAK1¥?R was significantly altered — K63-linked ubiquitinati was diminished
whilst K48 ubiquitination was greatly enhanced. Bwrer, results show greater
degradation of dTAKA**R in the cell lysate, possibly indicative of K48-
polyubiquitination linked proteasomal degradatiddased on my evidence, it was
reasonable to conclude tHatosophilaTAK1 has 2 different Ub acceptor sites for K63

and K48-linked chains and that Lys 142 was the giotdoK63 acceptor site.
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4.5Lys 156 is also an Ub acceptor site:

Investigations to find the possible K48 Ub acceite revealed K156 as a
candidate. Ubiquitination assays showed that dTART mutant showed significantly

reduced ubiquitination than wild-type dTAK1. Funttaalysis, with K48 and K63-

specific Ub assays showed that K48 polyubiquitorativas greatly reduced in the
dTAK1¥"®®R mutant. Also, K63 polyubiquitination was reduce@herefore, Lys 156
appears to function in a manner similar to K15&6AK1, which is the acceptor site
for both K63- and K48-linked polyubiquitin. Prelinary gPCR results show that the
IMD signal is severely reduced in the dTARI®® mutant and is similar to that of
dTAK1*?R In both dTAKT***®and dTAKT**®R mutants, the IMD immune signal,
although greatly reduced, is not completely abredlatMore work, including
guantitative gPCR & Ub assays with double mutamtstmict of K142R and K156R

will indicate the redundancy aspect of these Zsite

Taken together, results suggest that Lys 142 arsd15¢ function in a partially
redundant manner. Both K142 and K156 function a8 Kb acceptor sites, whilst

K156 also functions as the K48 Ub acceptor site.

Possible Monoubiquitination in dTAK1:

In ubiquitination assays of dTAK1 in S2 cells, ajondand is seen at ~ 84 kDa
(representing the molecular weight of monoubiqait&ad dTAK1) and is visible when
blotted with the antibody specific for Ub. Thereforthis band is likely to be the
monoubiquitinated form of dTAKL. As described aboaesimilar band is observed in
humans (Fan et al., 2011; Fan et al., 2010). Haheppears that a significant amount
of total ubiquitinated dTAK1 is monoubiquitinatetlike K63 polyubiquitination,
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monoubiquitination is also implicated in degradatindependent functions including
protein kinase activation, DNA repair, membrandéitiking and chromatin remodelling
(Liu and Chen, 2011). Different types of ubiquitimodifications (including
monoubiquitination as well as polyubiquitination K@, K63 or linear ubiquitin chains)
have been reported on NEMO, the regulatory subointhe IKK complex in NF«B
signalling. Investigations of different NEB signalling pathways revealed several
potential ubiquitination sites on NEMO, including285, K277, K309 and K399
(Abbott et al., 2004; Abbott et al., 2007; Hinzaét 2010; Huang et al., 2003; Tokunaga
et al., 2009; Zhou et al., 2004). In genotoxic sgrenduces NkB activation (where
DNA damage signals originate in the nucleus and IK&tivation occurs in the
cytoplasm) NEMO is monoubiquitinated and this euahy results in activation of the
TAK1 kinase complex. TAK1 then phosphorylates IKi€sulting in NF«B activation
(Wu et al., 2010). Moreover, it was recently shahet site-specific monoubiquitination
of subunit IKKB of the IKK complex regulates its phosphorylationdapersistent

activation (Carter et al., 2005).

Like NEMO, TAKL1 is deferentially activated duringF\B signalling. During
IMD innate immune signallindorosophila TAK1 also transiently activates the JNK
pathway, in addition to downstream activation o KK complex. However, JNK
activation is short-lived and is quickly terminateyl a Relish-dependent process (Park
et al., 2004). Tsudat. al, (2005) reported that POSH (an E3 ubiquitin l@awas
involved in terminating the JNK signal by ubiquéatmg dTAK1 and tagging it for

degradation.

One possible explanation is that, upon activatibiMiD signalling, dTAK1 is
involved in regulating several aspects of its sligma (including JNK and IMD) and is

differentially ubiquitinated for these differentqmesses. It is also possible that (like
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NEMO) dTAK1l has several Ub acceptor sites whichfedéntially ubiquitinate.
Monoubiquitination itself may be sufficient for a@tion of dTAK1 kinase activity.
This would explain the presence of a significanbant of possibly monoubiquitinated

dTAK1 when the IMD pathway is activated in cell tcué.

Further, overexpression of dTAK1 alone is suffitidn activate the IMD
pathway, as seen by gPCR ass&mmsophila TAK1 immunoprecipitates (even when
expressed alone) show ladder-like bands, indicativpolyubiquitination. Therefore,
we can assume that dTAK1 ubiquitin modification wsceven when overexpressed
alone (with the aid of endogenous components). #&s wshown that chronic
phosphorylation of IK at Ser-177/Ser-181 leads to monoubiquitin attactinas
nearby Lys-163, which in turn modulates the phosghtion status of IKK during
chronic inflammation (Carter et al., 2005). Sinlijfarconstitutive over-expression of
dTAK1 may lead to its chronic activation and moniguitination. This may explain
why singly overexpressed dTAK1 appears to havestmae migration as a possibly
monoubiquitinated form.

Alternatively, dTAK1 might be co-translationally post-translationally modified
which may explain the band shift in the marker.tker experiments are required to

firmly establish this.

4.6 Role of Lys 142 in JNK Signalling

In Drosophila the JNK pathway is transiently activated duridgDI innate
immune signallingDrosophilaTAK1 is a central component of the JNK cascadeiand
essential for its activation (Geuking et al.,, 2005ijverman et al., 2003). My
quantitative PCR (qPCR) data show that the JNKwpayhis not strongly activated

during IMD innate immune signalling, although aykli upregulation is evident (Fig. S1
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(A) - Appendix 3). This is most probably due to tfaet that the JNK pathway is
purposely “turned off” at the onset on IMD signadji Parket al, 2005 showed that
Relish plays a crucial role in limiting the durati@f JNK activation and output in
response to Gram-negative infections. Here, Redidivation results in proteasomal
degradation of dTAK1, leading to a rapid terminatiaf JNK signalling. It was also
shown that the RING finger containing adaptor PO&, played a crucial role in
limiting the JNK signal in innate immune signallifgsuda et al., 2005).Similarly, in
mammals, the IKK-NRe¢B module negatively regulates JNK activation (Taigal.,
2001).

My results show that, even at a low level of adtiwg the mutant dTAKE42R
failed to activate JNK signalling above basal lsv@imilarly, it was shown that Lys
158 in human TAK1 was required for TdNFand IL-13 induced IKK/NFxB and
JNK/AP-1 activation (Fan et al., 2010). Hencesivery likely that Lys 142 is essential
for JINK activation and signalling. However, furthgork is required to establish this
firmly.

Puckered is an established transcriptional target of JNKynalling in
Drosophila Puckered is a dual-specificity MAP kinase phosgémathat antagonizes the
JNK signal cascade through a feedback loop. Ileas implicated in several processes
including regulating JNK during dorsal closure, aganising JNK-induced apoptosis
and interaction with the 53 exoribonucleasg@acman It was recently shown that
Puckered also affects Wingless (Wg) signalling whér functioned as a potential
regulator of Armadillo (Grima et al., 2008; MartBlanco et al., 1998; McEwen and
Peifer, 2005; Tuskey, 2001). Therefore, cautioruhbe exercised whepucis solely
used to monitor JNK activity. An alternative methaauld be to assay for JNK
phosphorylation through specific anti-phospho-JNKntitkeodies or another

phosphorylation assay.
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Examination of the domain architecture@osophilaTAK1 using the SMART
programme (www.smart.embl-heidelberg.de) revedbad it contains a series of 12 to
13 serine/threonine/tyrosine kinase domains ingemdh the N-terminus. Both Lys 142
and 156 are within the dTAK1 kinase domain. Thexefd is possible that changes in
ubiquitination in the dTAK1 mutants are due to theruption of one or more of these
domains which render it inactive. It is not possild investigate this matter further
because the domain architecture has not been e@iecmapped. Alternatively,
disruption of an ATP binding motif could render thmtein inactive. Although these
explanations cannot be completely ruled out, tleeyain unlikely. In human TAK1, the
Ub acceptor site K158, too, is within the kinasendo. In both human aridrosophila
TAK1, the kinase activation loop is strongly conveet and the Lysines are not within
this critical structure. Moreover, Lys 63 was idgetl as part of the ATP binding motif
in human TAK1 by Faret. al, (2010). A similar conserved residue can be ifledtin
DrosophilaTAK1 (Lys 45) by alignment analysis with hTAKL1. fduer, disruption of
the ATP binding motif would render the protein ipahle of any ubiquitination. Also,
the expression profiles of both mutants (with MG182atment) were similar to wild
type dTAK1 in the soluble fraction. Taken togethirjs unlikely that changes in
ubiquitination in the dTAK1 mutants are due to dron of either the kinase domain
or the ATP binding motif. It is far more likely thdoth Lys 142 and 156 are Ub

acceptor sites.

4.7 Negative Regulation of NFkB Signalling — the DUBs:

De-ubiquitinating enzymes (DUBs) have been impédain regulating NkB
signalling in mammals. A20 is a potent inhibitor MF«B signalling in the tumour
necrosis factor receptor (TNFR) and Toll-like reicep(TLR) pathways, through the

cooperative activity of its 2 ubiquitin-editing dams (Wertz et al., 2004). The N-
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terminal OTU domain de-ubiquitinates K63-linked iclsafrom receptor interacting
protein 1(RIP1). Then, its C-terminal seven tand&C, zinc fingers polyubiquitinates
it with K48-linked chains, thereby tagging RIP1 fmoteosomal degradation (Wertz et
al., 2004). A20 was previously shown to also biodfRAF6 and interfere with IL-1-
induced NFxB activation (Heyninck and Beyaert, 1999). It wasantly established
that A20 inhibited the E3 ligase activities of TRAFTRAF2, and clAPl by
antagonizing interactions with the E2 ubiquitin gmating enzymes Ubcl3 and
UbcH5c. Here, A20 interacted with the E2 enzymegdther with the regulatory
molecule TAX1BP1) and triggered their ubiquitinatiand proteosomal degradation

(Shembade et al., 2010).

The tumour suppressor CYLD has also been showrdgatively regulate NF-
kB signalling by deubiquitination in both humans abtbsophila In human cells,
CYLD interacted with NEMO and inhibited the activst of NF«B by
deubiquitinating signalling molecules of TNFR-asated pathways including CD40,
XEDAR and EDAR (Brummelkamp et al., 2003; Kovalerétaal., 2003; Trompouki et
al., 2003). SimilarlyDrosophilaCYLD interacted with Kenny and negatively reguthte

NF-kB signalling through deubiquitination (Tsichritasal., 2007).

Also, the Drosophila ubiquitin-specific protease 36 (dUSP36) was rdgent
described as a negative regulator of the IMD payhwais ubiquitin protease interacted
with IMD and prevented the accumulation of K63-pddiguitinated IMD while
promoting IMD degradation, thereby preventing thansgpecific activation of innate

immune signalling (Thevenon et al., 2009).

Trabid, a member of the OTU family (as A20), wasergly discovered as a

regulator of the Wnt pathway of both mammals &rdsophila with DUB activity.
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Here, it showed remarkable preference to bindingl aleaving K63-linked
polyubiquitin chains (Tran et al., 2008).

Recently,DrosophilaRabex-5 was shown to restrict the Ras signalletgpway
in order to establish organism size, wing veingrattand eye versus antennal fate. It
was further shown that Rabex-5-mediated Ras ulmatiibn promoting Ras endosomal
localization and leading to the suppression of E&tivation (Xu et al., 2010; Yan et

al., 2010).

4.8 Drosophila Trabid negatively regulates IMD innate immune

signalling

Co-immunoprecipitation assays show that bdtbsophila Trabid and Rabex-5
interacts with dTAK1. Both interactions appear ®dtrong, leading to the assumption
that these are direct bindings and not transigetactions. Therefore, it was probable
that both dTrabid and Rabex-5 functioned at thelle¥ dTAK1 and would be strong

candidates for DUBs in the IMD pathway.

Examination of then vivo effects of oftrbd deletion flies (both homozygous
and heterozygous) on IMD immune signalling cleatiypwed that dTrabid negatively
regulated the immune signal in a dose-dependenhenaResults showed that removal
of 1 copy oftrbd resulted in a two-fold upregulation dipt compared to wild type and

removal of both alleles led to a 4-fold increase.

Importantly, injection of trbd deletion flies (both homozygous and
heterozygous) with Gram-positive bacteriuM. luteus and assaying for Toll
upregulation with gqPCR showed that dTrabid didfoattion in the Toll cascade. Also,

co-overexpression of dTrabid and its mutants il celture had no effect on JNK
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signalling (although the JNK pathway was not sigaifitly upregulated). Further,
survival experiments wittrbd deletion flies showed that removal one or bothegeof
trbd had no effect on survival, when compared to wiidet Therefore, the results
clearly indicate thabrosophilaTrabid functions solely in IMD signalling at theviel of

dTAK1 where it negatively regulated the immune aign a dose-dependent manner.

4.9 The role of the OTU and NZF domains in dTrabid DUB ativity

In humans, the deubiquitination function of Tral&d exercised through the
catalytic residue C443 in the OTU domain, with efprence for K63-linked ubiquitin.
Deletion of this residue eliminated the DUB acivitf Trabid. Further, the N-terminal
three tandem Npl4-related zinc finger (NZF) motiésch bear the T10 F/Y1®22
signature of ubiquitin-binding NZF motifs which apredicted to be NZF surface
residues that participate directly in ubiquitin diimy. It was also reported that at least 2
of these motifs were required to bind K63-linkedypbiquitin which has a much more

spread configuration when compared with K48-linkbdins (Tran et al., 2008).

My results show that C518 is the correspondinglgtitaresidue inDrosophila
Trabid. However, mutation of this residue resulte@ significant reduction (~50%) of
DUB activity (as seen in both gPCR data and K63ifigeUb assays) but not its
complete elimination. Mutations of the 3 NZF donwmitogether with C518 in
dTrabid>*85*3N2FDel randered it inert. The elimination of DUB functioin
dTrabid™>18S"3N2FPelq1d be explained in terms of the inability of tN&F motifs to

bind K63-linked polyubiquitin, the first step, prito its cleavage by the OTU domain.

The ubiquitin assays (using both K63 and K48-linkeayubiquitin) clearly

show that dTrabid functions by deubiquitinating Klé&ed polyubiquitin on dTAKL. It
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does not affect K48-linked polyubiquitination of AK1. Thus, the functional
mechanism ofDrosophila Trabid appears to be very similar to that of itamian

ortholog.

However, this is markedly different from the adyvof A20, the most studied
member of the OTU family of DUBs in humans. A20 sacit the level of
TRAF2/TRAF6 (the E3 ubiquitin ligase) and preveatgoubiquitination of the E3 by
binding to and polyubiquitinating the E2 enzymeshwK48-linked polyubiquitin,
thereby tagging them for proteosomal degradatidrelf®ade et al., 2010). Definite
comparisons cannot be drawn since both protein® wet comparatively analysed
using the same experimental techniques and sopdisibility does exist that the

differences are due to the different investigatipproaches.

4.10Drosophila Trabid partially redundant with Rabex-5?

Co-overexpression of dTrabid together with dTAKH alTAB2 in cell culture
did not completely abrogate the immune signal (gssay gPCR), although it was
significantly reduced by ~50% (Fig. 3-7B). Intriggly, co-overexpression of Rabex-5
together with dTAK1 and dTAB2 in S2 cells resultedan almost identical reduction in
the IMD immune signal. Moreover, in the K63-spexifubiquitin assay, co-
overexpression of dTrabid together with dTAK1 andAB2 in cell culture did not
completely eliminate K63-linked ubiquitination of AK1. In agreement with the gPCR
data, it significantly reduced polyubiquitinatiog 850% (Fig.3-8). These results raises
the very interesting possibility that dTrabid fuoats in a partially redundant manner
with another DUB. Traret al. (2008) also suggested that dTrabid may be redundan

with another gene when they found ttrad-null mutant flies were viable and fertile.
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My results suggest that Rabex-5 is a likely can@idar this role. Rabex-5 was
first identified as a Rab5 guanine nucleotide ergeafactor (GEF) with a highly
conserved C-terminal VPS9 domain. Importantly,Ilsbehas an N-terminal zinc finger
(ZnF) domain that belongs to the A20 ZnF familyafths involved in K48-linked
ubiquitination) and has shown E3 ubiquitin ligast\aty. It was shown to be involved
in ubiquitin-mediated negative regulation of thesRethway (Xu et al., 2010; Yan et
al., 2010). Results show that Rabex-5 interacth WirAK1 and that it significantly
decreases the IMD immune signal when co-overexpdessth dTAK1 and dTAB2 in
S2 cells. Deletion allele homozygotes and heteroteg) of Rabex-5and even flies
undergoing strong, constitutiRabex-5RNAI died as giant larvae or giant pupae, often
containing melanotic tumors (Yan et al., 2010). rElfiere, obtainingn vivo evidence
has proved to be problematic. However, further wgnkludingin vivo evidence) is

required to establish the role of Rabex-5 in IMBnsilling.

As discussed previously, A20 is a negative regulafoNF«B signalling. It
functions through a negative feedback mechanismerevtactivation of NRB is
required to initiate A20 transcription. AlsA20 deficient mice showed NkB response
and severe inflammation (Coornaert et al., 200® éeal., 2000). Trabid was original
discovered as a novel A20-like protein showing sege similarity together with
Cezanne (Evans et al., 2001). Cezanne was shoimhibot NF-«B through modulation
of the ubiquitination state of two of its positivegulators, RIP-1 and TRAF6 (Evans et
al., 2003). Trabid was also shown to bind to arehwt K63 polyubiquitin chains in
wnt signalling (Tran et al., 2008). Given the sawe and functional similarities
between A20 and Trabid, it is likely that Trabidpf functions in a negative feedback
mechanism. Like withA20 deficient mice,trbd deletion flies showed enhanced

activation of IMD signalling. In order to functioas a negative feedback regulator,
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Trabid expression must be upregulated upon Retistadion inDrosophila This is yet

to be established.

4.11Drosophila TAB2 ZnF domain is involved in regulating IMD

signalling

DrosophilaTAB2 (CG7417) is an adaptor with a CUE, a coiled;@and a zinc-
finger domain. Homologous to human TAB2/TAB3, itlie binding partner of dTAK1.
This binding and the formation of the dimeric comypls essential to activate dTAK1

(Geuking et al., 2005; Kleino et al., 2005; Zhuangl., 2006).

In humans, activation of TAK1 necessitates a comptmsisting of TAK1 and
two specific TAK1-binding proteins, TAB1 and TABRlere, TAB1 functions as an
activator of TAK1, whilst TAB2 functions as an adapthat links TAK1 to the RING
domain containing E3 ligase TRAF6 in the IL-1 siljng pathway. Upon IL-1
stimulation, TAB2 facilitates the interaction beemeTAK1 and TRAF6. TAB3 has a
redundant role with TAB2 in IL-1 signalling (Ishitget al., 2003; Zhuang et al., 2006).
Both TAB2 and TAB3 contain a highly conserved Gwgral novel zinc finger (NZF)
domain, which binds preferentially to K63-linked lybiquitin chains. Once
stimulated, TRAF6 interacts with a dimeric Ub-caygting enzyme (E2) complex
consisting of Ubc13 and Uevl/Mms2 which leads gaiitoubiquitination by formation
of a K63-linked polyubiquitin chain. Then, TAB2 ®AB3 will bind to this K63-linked
polyubiquitin chain of TRAF6 through this NZF domaiBinding of TAB2/3 to
polyubiquitinated TRAF2 or TRAF6 leads to the aation of TAKL and IKK in a
proteasome-dependent manner (Takaesu et al., 2008 et al., 2001; Zhuang et al.,

2006). Mutations to this domain abolish the ability TAB2 and TAB3 to bind to
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polyubiquitin chains and thereby, their abilityaotivate TAK1 and IKK (Besse et al.,

2007; Kanayama et al., 2004).

DrosophilaTAB2 is the only homolog of the human TAB protentiscovered
thus far in flies. It shows little sequence simijfato the human TABs and was
designated ®&rosophilaTAB homolog on the basis of conserved domain sechire -
the CUE, coiled-coil, and zinc-finger domains awarfd together only in human TAB2
and TAB3 and in homologs of these proteins in otirganisms (Geuking et al., 2005;

Zhuang et al., 2006).

Contrary to the mammalian model, my results shoat thutations in the C-
terminal ZnF domain in dTAB2 (C769A and C772A) rdésuin a significant
upregulation of IMD immune signalling (Fig. 3-10Bpterestingly, the IMD signal
increases 2-fold (~ 100%) when dTAK1 and dTAB2® are co-overexpressed in S2
cells, when compared with full-length dTAK1 and dBZ co-overexpression. In
agreement with this, there is more K63-linked pobiguitination in dTAK1 (again
~100% increase) in the presence of dTABZ' when compared with the full-length
dTAK1 and dTAB2 scenario (Fig. 3-11A). Moreovergté is more dTAK1 (again ~
100%) in the cell lysates when co-overexpressetl @itABZ“""°®'when compared to
the full-length dTAK1 and dTAB2 co-overexpressi@rikingly, when dTAB3"™¢ is
co-overexpressed with dTAK1, the IMD immune signaTAK1l K63-linked
polyubiquitination and dTAK1 concentration in célsates all show ~100% increase
when compared with full-length dTAB2 + dTAK1 ovepgrssion. Very interestingly,
this is almost identical to the proportional redwmictof the IMD immune signal seen
when either dTrabid or Rabex-5 was co-overexpre@sedresulted in the reduction of

the IMD immune signal by ~ 50%).
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Moreover, co-immunoprecipitation assays showed hidirabound to
dTAB2”"P¢ two-fold stronger than to dTAB2 (Fig. 3-11B). Thisdicated that the

tighter the dTrabid bound to dTAB2 the higher tigmalling capacity of dTAK1.

These results are contrary to the human model whieding of polyubiquitin
chains by the NZF domain of TAB2/TABS3 is necessfanyactivating TAK1 and IKK
and mutation of the NZF domain abolishes the gbdit TAB2 and TAB3 to activate

TAK1 and IKK (Kanayama et al., 2004).

Taken together, results indicated that the mutatmothe dTAB2 ZnF domain
stabilised dTAK1 by enhancing its K63-linked ubitipation. This led to an increase in
dipt induction. Therefore, it appears that the inteoacof dTAK1 with the dTAB2 ZnF
domain pacifies dTAK1 activity and thereby, the IMDmune signal. Hence, it is
improbable that this ZnF domain of dTAB2 is invadven binding to the E3 ligase
which activates dTAK1. It was far more likely thtats domain is involved in binding a
negative regulator of dTAK1 and its mutation haguted in releasing dTAK1 from this

inhibition. Further work is necessary to explons fhossibility.

4.12Summary:

Taken together, results show a multi-tiered and pterregulation of dTAK1
signalling in the IMD cascad@&rosophilaTAK1 activity was enhanced by K63-linked
ubiquitination at Lys 142 and 156. Trabid negatvegulated this activity by reducing
K63-linked ubiquitination, through its DUB functioin addition, the dTAK1-dTAB2
interaction through the latter's ZnF moderated dTAlactivity. There are two
alternative scenarios to explain this last redtilther tightening of the dTAB2-Trabid

interaction interfered with (or altered) the dTAKR1abid interaction thus reducing the
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Trabid influenceor dTAB2 through its ZnF recruited another proteirheTlatter
scenario would predict the presence of a protea Would act in concert with Trabid
sharing some of its characteristics (e.g DUB atgfjviThis would explain why loss of
trbd in vivoresulted in a moderate increasdipt induction followingE. coliinfection.

More work will be needed to distinguish betweersthivo possibilities.

Somewhat surprisingly, belying the conserved natfréhe innate immune
pathways, there seems to be a marked departure tfrerhuman parallel on several
levels. Drosophila TAK1 has 2 K63 Ub acceptor sites and one K48 Uidibig site.
The key ZnF domain ofDrosophila TAB2 functions very differently than its
corresponding domains in human TABs. The DUB ne&gategulator acts directly on
dTAK1 rather than on the E3 ligase as is the casaeimans. Therefore, it appears that
DrosophilaTAK1 is regulated differently in comparison to humaHowever, definite
comparisons between dTAK1l and hTAK1l cannot be drawte they were not
comparatively analysed and there remains the pbgsibat the differences are due to
the different investigative approaches adopted ttalys TAK1 in Drosophila and
humans. Nevertheless, the observed deviations raexesting and merit further

investigation.
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Chapter 5 : Regulation of Drosophila TAK1 in TNF/Eiger
Signalling - Results

The Tumor Necrosis Factor (TNF) family of proteands as signal transducers
to regulate fundamental process in mammalian dpwedmt and adult life including
apoptosis, immunity, cell survival, proliferationdadifferentiation. Aberrations in TNF
signalling are associated with numerous diseasssdimg autoimmune conditions and
cancer (Locksley et al., 2001). However, studylmgmechanisms by which TNF exerts
its functions is complicated by the presence of emgus ligands and receptors as well

as at least three intracellular signalling pathwé@ysksley et al., 2001).

Drosophila melanogaster, as a model organism, has the distinct advantédge o
possessing only one TNF ligand (Eiger) and one ptece(Wengen). Therefore,
Drosophila can be used as a simple genetically tractable mtmedentify all
evolutionary conserved regulators and transductiomponents of TNF signalling

(Igaki et al., 2002, Moreno et al., 2002, Kaupilal., 2003).

5:1 Ari-2 is a novel component of theDrosophila TNF/Eiger pathway
Ariadne-2 (Ari-2; CG5709) was discovered as a nowemponent of the
TNF/Eiger apoptotic cascade in a yeast 2-hybriéestiby Dr. Anthony Brown in our
laboratory. This was later confirmed in a screevoiving the Drosophila eye used
specifically for the isolation of novel genes ofstlpathway as previously described
(Moreno et al., 2002, Geuking et al., 2005). Theeaa relies on the ability of Eiger to
potently activate the JNK pathway and trigger apsist Overexpression of Eiger in the

Drosophila eye triggers massive apoptosis and results in all seaye phenotype.
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Mutations or a reduction in copy number of genedimg TNF/Eiger components will

rescue this phenotype (Geuking et al., 2005).

Apoptosis induceeiger was expressed specifically in tBeosophila eye either
alone or in combination withAS-ari-2 under the control of the glass multiple reporter
(GMR) promoter. Furthegiger was also expressed either alone or with in comisinat
with one copy ofari-2 in the Drosophila eye as above. Results show that
overexpression oéiger causes ablation in thBrosophila eye previously described
(Moreno et al., 2002, Geuking et al., 2005). Whiger was co-overexpressed wihi-

2, this phenotype was greatly enhanced (Fig. 5-igrdéfore,eiger andari-2 appear to
function synergistically in apoptosis. However, whe copy ofari-2 was removed,
there was a ‘rescue’ of the small eye phenotypdicating thatari-2 functioned in a

dose-dependent manner.

An ari-2 hypomorph was generated in our laboratory with Anthony Brown
by combining two transposable element insertiomtified in public stock centres -
ari-2°""%® (554bp; a P-element insertion allele) amd25" %" (590bp; agipsy element
insertion) upstream of the transcriptional state qiFig. S3A — Appendix 4). The
heteroallelic combinationati-2°""®®/ari-25°® henceforth referred to aari-2™ (or
12341/20092) showed very low levels of thg-2 message when the mutant was

analyzed by reverse transcription PCRdnr2 mRNA (Fig. S3B — Appendix 4).
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(©) (D)

GMR-Gal4 UAS-egr UAS-egr + UAS-egr +
(control) UAS-ari-2 UAS-ari-2
(homozygous) (heterozygous)

Figure 5-1: Ari-2 is a novel component of theDrosophila TNF/Eiger
apoptotic pathway. (A) GMR-Gal4 only eye phenotype (control). (Bargeted
overexpression otiger (GMR-Gal4/CyO;UAS-egr/+) in the Drosophila eye
results in a small eye phenotype. (C) This pher®tgsynergistically enhanced
when ari-2 (homozygous) is co-overexpressed wigr (UAS-ari2/GMR-
Gal4;UASegr/+). (D) Removal one copy d@ri-2 (GMRGAL4.UASegr/20092)
greatly suppresses the eye apoptotic phenotypecéadiy over-expressing

eiger.

5:2 Ari-2 is required for development

Previously, Ariadne-1 (Ari-1; CG5659) had been disred as a novel
Drosophila RING-finger protein required for neural developmenhe authors also
identified ai-2 as a closely related gene (Aguilera et al., 2000grefore,ari-2 was

investigated for a possible role in development.
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Firstly, ari-2 expression patterns in different developmentalgesawere
examined using reverse transcription PCR. Total RKMé&m flies of different
developmental stages was extracted, DNA digesté¢ld BiNase 1, cDNA synthesised
from mRNA, PCR performed with 2.5ul of cDNA reactimixture and resolved with
agarose gel electrophoresis. Results showaitie? was expressed by wild type flies in
all developmental stages as well as in both matefamale adults. Expression ani-

2™ mutant flies was severely compromised after fhéadval instar (Fig 5-2A).

Additionally, the development ddri-2 expressing wild-type flies and mutant
ari-2"™ flies were examined. Successful development wasméned (together with Dr.
Anthony Brown) by scoring the number of embryoshédch, the number of larvae to
pupate and the number of pupae to successfullyseclBesults show that while the
hatching rates ofri-2™ embryos were comparable to wild type, the percentafy
larvae entering pupariation and pupae eclosing dolt® was severely reduced in
comparison to wild type (Fig 5-2B). Very importantlparallel experiments in our
laboratory by Dr. Anthony Brown show that this pberenon was reversed if the JNK
bsk was overexpressed (througHJ&S-bsk transgene) from '8 larval instar onwards.
Here, the transgene was expressed through a hea(-GAL4 driver with a single half
hour heat shock at the beginning &f istar. Additionally, parallel experiments in our
laboratory showed that repeated balanced crosdésting two insertion alleles gave
homozygous heteroallelic progeny in ratios diverteignificantly from the Mendelian
norm. Taken together, the above results indicdtathati-2 is essential for development

from at least late larval stage onwards.
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Figure 5-2: Ari-2 is required for development. (A)Expression ofari-2 in

different developmental stages. Expressionaof2 and of ari-2™ mutant
(12341/20092) during development was detected bgrse transcription PCR
(RT-PCR) from RNA isolated from wild-type (Wn; upppanel) and mutant
(12341/20092; middle pandDrosophila at the indicated developmental stages.
RP49 was used as a loading control for the amolunDBIA used in the RT-
PCR reaction (lower panelXB) Ari-2 is required for early development
Development of wild-type andri-2"™ mutant flies were determined by scoring
the number of embryos to hatch, the number of Etegoupate and the number
of pupae to successfully eclose. Developmentalsrae each stage were
determined by comparison to the initial numbermbeyos.Error bars show the

SEM from 3 independent experiments of 100 embryos.
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5:3 Ari-2 is required for normal adult life span and mounting a stress

response

It was previously shown that mutations aniadne-1 resulted in reduced life-
span and development abnormalities like motor inmpants, and short and thin bristles
(Aguilera et al., 2000). Therefore, the possiblgureement ofari-2 for life span was
evaluated. Cohorts of wild-type ari-2"™ mutant (12341/20092) flies were placed in
standard food vials at 26 and their survival determined daily. Food wasncjeal
every 3 to 4 days. The experiment was also replicat 30C. Results show that the
lifespan ofari-2"™ mutant (12341/20092) flies was reduced. AAQ%ri-2™ mutants
(12341/20092) lived significantly less than wildogy (with a mean life span of 18.2
days as opposed to 33.6 days for their wild typenterparts (Fig 5-3A). Significantly,
85% of mutant flies were dead in 25 days as opptsenhly 20% of their wild type
counterparts (Fig 5-3B). The effect at a highergerature was evaluated together with
Dr. Anthony Brown. At 38C this phenotype was more pronounced with a mdan li
span of 13.4 days fari-2™flies compared to 18.4 days for wild type. Furtt89% of
mutant flies were dead in 17 days whilst only 40R4vdd type adults died within the

same period (Fig. S5 -Appendix 4).

In organisms ranging fronDrosophila and C. elegans to mice and humans
shortened adult lifespan may result from comprochisesponses to various stress
conditions such as high temperature, starvatiomume challenge or exposure to free
radicals (Stronach, 1999, Wang et al., 2003, Wadkgmo et al., 2004). Several
conserved signalling pathways related to the mitagtivated protein kinase (MAPK)
pathway counter such stimuli, with JNK being a piment example among them
(Kyriakis and Avruch, 2001). Therefore, the poddipiof ari-2 functioning within or
through the JNK pathway was examined together @ithAnthony Brown.
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Figure 5-3: Ari -2 mutant flies have a reduced adult lifespan. (4 Mean adult
lifespan ofari-2 mutant flies (12341/20092; white bars; 18.2 dagsR5C
compared to wild-type flies (Wn; grey bars; 33.§g)aError bars show SEM of

3 independent experiments. (B). Survival graph of aboveri-2 wild-type and
mutant flies at 25°C. Cohorts of 20 wild-type m@ién; green line) or 20 Ari-2
mutant male (12341/20092; red line) flies were @thin standard food vials at
25°C and their survival determined daily. Death weaagdosed by a lack of a
sit-up response. Experiments depict mean values fib least 2 independent
experiments. ** indicates significance value of ttesult as determined by
Student’s t-TestH=<0.01).
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Survival of wild type and mutant (12341/20092) dlieere evaluated under heat
shock/high temperature conditions {87or 4 hrs). This was comparedWASITAK 1-

RNAI flies devoid of a JNK response.

Results show that survival of wild-type flies waspeox. 50% after heat shock
of 37°C for 4 hrs. In comparisomyi-2" mutant flies exhibited a mean survival of 30%,
similar to JNK deficientUASJTAK1-RNAI flies. However, survival was greatly
facilitated (and even improved in comparison todwiifpe flies) if during the treatment
an ari-2 UAStransgene was expressed. Addition otJAS-dTAK1-RNAI construct
together with thari-2 UAS-transgene resulted in survival reduced tolegemparable

to ari-2™ mutants or JNK deficient flies (Fig S6 - Appendix

Thereafter, the ability of wild type arati-2™ mutant (12341/20092) flies to
activate the JNK pathway under stress conditions waaluated using reverse
transcription PCR. JNK pathway activation was asdathrough the expression of
puckered (puc), a prototypical target of JNK signalling Drosophila. Cohorts of wild
type and mutant male flies were either unchallengedubjected to stress conditions
including Q generation (by administration of paraquat) and lsback (37C for 90
mins). Total RNA from flies of different developmtal stages was extracted, DNA
digested with DNase 1, cDNA synthesised from mRRE&R performed with 2.5ul of
cDNA and resolved with agarose gel electrophorédsults show thadri-2™ mutant
(12341/20092) flies were unable to activate the Jdkhway following heat shock and
free radical generation. However, this phenotyps vescued wheari-2 mutant flies
challenged by heat shock at’@7expressed BAS-ari-2 transgene throughctin-GAL4

(Fig 5-4).
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Figure 5-4: Ari-2 mutant flies are sensitive to cdlilar stress and fail to
mount a JNK response. (AUNK activity inari-2" mutant (Ari-2-P) and wild-
type (Wn) flies were compared by reverse transasptPCR from RNA isolated
from unchallenged male flies (left), male flies egpd to a 15mM paraquat (PQ)
solution (centre), or flies subject to 90 min hehbck at 37C (right). Top
panels shovpuckered (puc) expression as a molecular readout for JNK agtivit
RP49 was used as a loading control (lower pan@@3)actin-GAL4/UAS-ari-2
flies exhibited increaseguc transcript levels with respect to wild-type (Wn)
flies after heat shock at 3Z for 90 min (top-right panel) when compared to
unchallengedactin-GAL4/UAS-ari-2 flies and wild type (Wn) flies (top-left

panel). RP49 (lower panels) was used as a loadintyai.
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Taken together the above results indicate @hia® is required for development
and a normal adult life span. Furthari-2 is required for mounting a stress response.
Moreover, results suggest the involvemenara$2 in the JNK pathway upstream of (or

at the same level witlTAK 1.

5:4 Ari-2 enhances TNF/Eiger-induced JNK activation andcell death

Ari-2 was initially discovered as a novel componehthe TNF/Eiger apoptotic
cascade using a screen based on the ability ofr E@ygotently activate the JNK
pathway and trigger apoptosis. Overexpression gérEin theDrosophila eye triggers
massive apoptosis and results in a small eye phea@Geuking et al., 2005). The role

of Ari-2 in modifying this cell death phenotype wihgn evaluated.

As shown above, overexpression of Eiger specificadl the Drosophila eye
(under the control of th&MR promoter) resulted in a small eye phenotype. Co-
overexpression of both Eiger and Ari-2 resultecaisynergistic enhancement of this
phenotype and negated photoreceptor formation @A). However, this small eye
phenotype was suppressed when Puckered was coxpressed together with both
Eiger and Ari-2 (Fig. 5-5B). Also, the small eyeeplotype was moderately suppressed
when the JNK pathway was inhibited by usiddéSRNAiI for dTAK1 together with

Eiger and Ari-2 (Fig. 5-5C).

Taken together, these results firmly implicate -Arin the TNF/Eiger-JNK

cascade and place it upstream of/at the samedéddlAK1.
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(B) (©)

GMR-Gal4 UAS-egr
(control)

(D) (E)

UAS-egr + UAS-egr +

UAS-ari2 + UAS-ari2 +
UAS- puc UAS-Tak1-RNAI

Figure 5-5: Epistatic analysis to determine relatie position of Ari-2 within
the JNK signalling pathway. (A) GMR-Gal4 only eye phenotype (control). (B)
Targeted overexpression otiger (GMR-Gal4/CyO;UAS-egr/+) in the
Drosophila eye results in a small eye phenotype. (C) Thisnptype is
synergistically enhanced wheari-2 is co-overexpressed witlegr (UAS
ari2lGMR-Gal4;UAS-egr/+). (D) Co-overexpression giuckered together with
eiger and ari-2 (UAS-ari2GMR-Gal4.UASegr;UASpuc- both on the %
chromosome) greatly suppressed the apoptotic egegiype. (E) Inhibition of
the JNK pathway by co-expressing a dTAK1-dsRNA twes together with
eiger and ari-2 (UASari2/GMR-Gal4;UAS-egr/lUAS Tak1-RNAI), rescues the
apoptotic eye phenotype.
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5:5 Ari-2 interacts with dTAK1 and dTAB2

Drosophila TAK1 has previously been shown to be a principgieponent of the
TNF/Eiger cascade (Geuking et al., 2005). In marsm@AK1l ubiquitination and
activation is essential in both the TNF and IL-gnsilling (Besse et al., 2007). Further,
the epistatic analysis placed Ari-2 upstream dfiatlevel of dTAK1. Therefore, Ari-2
was tested for interaction with dTAK1. Expressicgctors encoding Ari-2-HA were
transiently transfected in S2 cells with or withaltAK1-V5. Cells were lysed 48 hrs
post-transfection, immunoprecipitated with anti-¥Btibody, resolved on 10% SDS
PAGE, and immunoblotted with anti-HA. Results shbat Ari-2 interacts with dTAK1

(Fig. 5-6A).

Drosophila TAB2 was previously identified an essential comgrunof the
TNF/Eiger cascade and it was shown that the trgadmplex of dTRAF2-dTAB2-
dTAK1 can form (Geuking et al., 2005). It was shotinat dTAB2 interacts with
dTAK1 and is essential for dTAK1 activation in bdtie JNK and NFReB signalling
pathways (Zhuang et al., 2006). A co-immunopreatph assay was performed to
determine whether Ari-2 interacted with dTAB2. Eggsion vectors encoding Ari-2-
HA were transiently transfected in S2 cells withwaithout dTAB2-V5. Cells were
lysed 48 hrs post-transfection, immunoprecipitatétt anti-V5, resolved on 10% SDS
PAGE, and immunoblotted with anti-HA. Results shibat Ari-2 interacts with dTAB2

(Fig. 5-6B).
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(A) Ari-2-HA + +

dTAK1-V5 + -
Ari-2 )
IP: anti-V5
Loading control IB: anti-HA
(laG)
Ari-2 _
; ; IB: anti-HA
dTAK1 - IB: anti-V5 Cell lysate
(B) _
Ari-2-HA + +
dTAB2-V5 + -
IP: anti-V5
Loading control IB: anti-HA
(1aG)
dTAB2 - IB: anti-V5 Cell lysate
Loading control - IB: anti-actin

Figure 5-6: Ari -2 binds with (A) dTAK1 and (B) dTAB2. Expression vectors
encoding Ari-2-HA were transiently transfected i@ Sells with or without

either dTAK1-V5 or dTAB2-V5 in combinations shown. Cells were lysetl 4
hrs post-transfection, immunoprecipitated with Afdj resolved on 10% SDS

PAGE, and immunoblotted with anti-HA antibody.
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It was previously established that the C-termiradf bf dTAB2 (dTAB2-C; aa
451-831) was sufficient to bind with dTAK1 and finéeraction was narrowed to the
coiled-coil domain. The N-terminal half (ATAB2-Na 4—450), which includes the CUE
domain, did not bind to dTAK1 (Geuking et al., 2D0F 0 establish the location of the
Ari-2-dTAB2 interaction in dTAB2, 2 new mutant cangts, dTAB2-N-V5 (1 to 450aa
of dTAB2) and dTAB2-C-V5 (451 to 831aa) were malgpression vectors encoding
Ari-2-HA were transiently transfected in S2 cellghwor withouteither dTAB2-N-V5
or dTAB2-C-V5. Cells were lysed 48 hrs post-trang@ett immunoprecipitated with
anti-V5, resolved on 10% SDS PAGE, and immunobibtwéh anti-HA. Results show

that Ari-2 interacts with only with the N-termina&lf of dTAB2 (Fig. 5-7A).

5:6 Ari-2 interacts with dTRAF2

Drosophila TRAF2 was previously described as an essentialpooent of the
TNF/Eiger apoptotic cascade (Xue et al., 2007)wdts shown that ubiquitination-
mediated proteosomal degradation of dTRAF2 distudfédK activation and that the
stability of dTRAF2 was paramount to apoptotic sifjng (Xue et al., 2007). Further,
dTRAF2 was found to function upstream of/at theeleof dTAK1 (Geuking et al.,
2005). A co-immunoprecipitation assay was perforni@ddetermine whether Ari-2
interacted with dTRAF2. Expression vectors encodig2-HA were transiently
transfected in S2 cells in the presence or absehdd RAF2-V5. Cells were lysed 48
hrs post-transfection, immunoprecipitated with -Afj resolved on 10% SDS PAGE,
and immunoblotted with anti-HA. Results show that-2 binds with dTRAF2 (Fig. 5-

7B).
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(A) Ari2 -HA + + + +
dTAB2-N-V5 + - - -

dTAB2-C-V5 _ _ + _
Ari-2
IP : anti-V5
Loading control (IgG) IB: anti -HA
Ari-2 IB: anti-HA
Q)
D
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D
=
Loading control IB: anti-actin
(B) _
Ari2 -HA + +
dTRAF2-V5 + _
Ari-2 wosk,
: : IP: anti-V5
. IB: anti-HA
Loading control (IgG)
Ari-2 IB: anti-HA
dTRAF2 IB: anti-V5 Cell lysate

. IB: anti-actin
Loading control

Figure 5-7: Ari-2 binds with (A) the N-terminus of dTAB2 and not with the
C-terminus & (B) with dTRAF2. Expression vectors encoding Ari-2-HA were
transiently transfected in S2 cells with or withaltAB2-N-V5, dTAB2-C-V5
or dTRAF2-V5 in combinations shown. Cells were bsd8 hrs post-
transfection, immunoprecipitated with anti-V5, resol on 10% SDS PAGE,

and immunoblotted with anti-HA antibody.
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5:7 Analysis of the discrete functions of the N- and @erminal RING
domains of Ari-2

It was previously shown that Traidl (human homobddAri-2) bound to and
stabilised Growth factor independence 1 (Gfil) gventing its ubiquitination and
proteosomal degradation and that the C-terminal@Riddbmain (R2) mediated this
interaction (Marteijn et al., 2007). It was als@win that the N- and C-terminal RING
domains of Traidl differentially bound ubiquitiosgugating enzymes, UbcH7 and
Ubc13 respectively and exhibited dual ubiquitiraig activity (i.e. formed both K48-
and K63-linked polyubiquitin) in myelopoies{#/arteijn et al., 2009). To determine
whether the 2 RING domains of Ari-2 similarly parfted discrete roles, two mutant
constructs, Ari-2%* and Ari-2*"?, were made by deleting the the N-terminal (R1; 453
202aa) and C-terminal (R2; 313 — 358aa) RING domawspectively, as described in

Chapter 2.

To determine whether deletion of either RING dorndiiected the interactions
of Ari-2 with dTAK1, dTAB2 and dTRAF2 (and therebgetermine the binding
domains), co-immunoprecipitation assays were peréol. Expression vectors encoding
Ari-2°RLHA or Ari-2*72-HA were transiently transfected in the presencahlsence of
dTAK1-V5, dTrab2-N-V5 or dTRAF2-V5 in combinatiortketailed below. Cells were
lysed 48 hrs post-transfection, immunoprecipitatét anti-V5, resolved on 10% SDS

PAGE, and immunoblotted with anti-HA antibody.

Results show that both Ari*?* and Ari-?*®?interacted with dTAK1 (Fig. 5-8),

dTAB2-N (Fig. 5-9) and dTRAF2 (Fig. 5-10) in thensamanner as full-length Ari-2.
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Ari-2°FHA + + - _
Ari-2 F2-HA - - + +

dTAK1-V5 +

i »AR1 i~ AR2

Ari-2RY Ari-24R2

Figure 5-8: Ari-2*f! and Ari-2**? mutants bind with dTAK1. Expression

vectors encoding Ari“Z-HA or Ari-2**%HA were transiently transfected in S2
cells in the presence or absence of dTAK1-V5 in lwoations shown. Cells
were lysed 48 hrs post-transfection, immunopreaied with anti-V5, resolved

on 10% SDS PAGE, and immunoblotted with anti-HA lzody.
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Ari-28%-HA + + _ _
Ari-2 *R2_HA - - + +

dTAB2-N-V5 + - + -

Ari-2 2RYArj-2 AR2
IP : anti-V5

Loading control (IgG) o IB: anti-HA

. 5ARL jp i 5AR2
Ari-277 [Ari-2 - IB: anti-HA

Figure 5-9: Ari-2**" and Ari-2*** mutants bind with dTAB2-N. Expression

vectors encoding Ari“?-HA or Ari-2*R%HA were transiently transfected in S2
cells with or without dTAB2-N-V5 in combinations ®hn. Cells were lysed 48
hrs post-transfection, immunoprecipitated with i resolved on 10% SDS

PAGE, and immunoblotted with anti-HA antibody.
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Ari-2°F-HA + +
Ari-2 “F2-HA - - + +

dTRAF2-V5 + - + -

IP : anti-V5

- - o - Iysate

dTRAF2

Loading control

Figure 5-1C: Ari -2*" and Ari-2*%* mutants bind with dTRAF2. Expression
vectors encoding Ari“%-HA & Ari-2 **%HA were transiently transfected in S2
cells with or without dTRAF2-V5 in combinations stio. Cells were lysed 48
hrs post-transfection, immunoprecipitated with Af8j resolved on 10% SDS

PAGE, and immunoblotted with anti-HA antibody.
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5:8 Analysis of the discrete functions of the Zinc-fingr, coiled-coil and
2 RING domains of Ari-2

As seen above, deletion of either the N-termindl)(& C-terminal (R2) RING
domains of Ari-2 did not inhibit its interactionsttv dTRAF2, dTAB2-N and dTAK1.
Both Ari-2*R! and Ari-2'R?interacted with proteins in the same manner asldaljth
Ari-2. Therefore, the interactions with dTRAF2, dB2 and dTAK1 may be modulated
by the GHC In Between RING (IBR) domain or the zinc-fing@nF) or coiled-coil
(CC) domains of Ari-2. To determine whether thisswihe case, 3 new mutant
constructs, Ari-27'7? (deletion of both R1 and R2; 153-202aa & 313 —a@9BAri-
2*“"F (deletion of the ZnF domain; 270 — 286aa) and2Aff{deletion of the coiled-coil
domain; 452 — 481aa) were made as described int&€hapTo observe the effects of
these 3 mutations on the function of Ari-2 in TNig# signalling, the mutant
constructs were cloned into the fly transformatieactor pUAST as previously
described (Brand and Perrimon, 1993). Fly transédion was performed by Rainbow
Transgenic Flies (Newbury Park, CA, USA). The AnirRitants were co-overexpressed

with Eiger in theDrosophila eye, as before, under the controlGMR-Gal4.

Results show that, in contrast to the full lengtimstruct, the Ari-2%%2 Ari-
2" and Ari-2*°© mutants failed to synergistically activate apojstosvhen co-
overexpressed with Eiger and theosophila eye reverted back to a size similar to the

control (Fig 5-11).

Taken together, results show that the N- and Ci#&drRING domains (in
tandem), zinc-finger domain and coiled-coil domare essential for Ari-2 function in

TNF/Eiger induced apoptosis.
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(©)

GMR-Gal4 UAS-egr +
(control) UAS-ari-2*"7?

(D) (E)

—

UAS-egr + UAS-egr +
UAS- ari-2*4" UAS-ari-2"*

Figure 5-11: Functional analysis of the zinc-finger coiled-coil and 2 RING
domains (N- and C-termini) of Ari-2 in apoptosis.(A) GMR-Gal4 only eye
phenotype (control). (B) Targeted overexpressioreigér (GMR-Gal4/CyO;UAS
egr/+) in theDrosophila eye results in a small eye phenotype. (C) AR*?is non-
functional in TNF/Eiger-induced apoptosiSo-expression ofri-2*™* with Eiger
(UAS-ari-2*®/GMRGal4;UASegr/+) failed to induce the apoptotic phenotype
observed whereiger is expressed alone. (D) Ar*2" is also non-functional in
TNF/Eiger-induced apoptosisCo-expression ofari-2*“" with eiger (UAS-ari-
2**FIGMR-Gal4; UASegr/+) failed to induce apoptosis observed wheger is
expressed alone (E) A% is also non-functional in TNF/Eiger-induced apso
Co-expression odri-2*““ with eiger (UAS-ari-2"““/GMR-Gal4; UAS-egr/+) failed to

induce the apoptotic phenotype observed wdiger is expressed alone.
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5:9 Role of dTRAF2 in formation of signalling complexes

In humans, TAK1 has the capacity to be activated/doyous cytokines and is
known to activate multiple pathways including IL}L;18, TNF, and receptor activator
of NF«B ligand (RANKL) (Ninomiya-Tsuiji et al., 1999, Iriet al., 2000, Sakurai et al.,
1999, Wald et al., 2001). Here, upstream adaptecunles (like the TRAF family of
adaptors) are critical in providing the selectivitfyinitiating distinct signalling events
upon receptor activation (Besse et al., 2007)s thought that, upon stimulation by a
specific cytokine, a particular adaptor will segeed AK1 into a distinct complex and
the specificity of this complex determines whichwiigtream signalling cascade is
activated. This enables in single kinase like TAK Jctivate multiple pathways (Besse
et al., 2007). It has the been shown that TNF tecegssociated factor (TRAF) family
of adaptor proteins are involved in coupling adieeB TNF and IL-1 receptors to NéB
and MAPKs pathways (Cao et al., 1996, Yeh et &971 Naito et al., 1999, Silverman
and Maniatis, 2001). Further, Xue et al., in 200und that the stability dDrosophila
TRAF2 was essential for TNF/Eiger-induced apoptsignalling. Hence, the role of

Drosophila TRAF2 as an adaptor was explored.

5.9.1 Drosophila TRAF?2 is probably capable of auto-ubiquitination:

In humans, the TRAF6 RING finger domain functiossaa ubiquitin E3 ligase
and is capable of autoubiquitination via K63-linkgalyubiquitin chains. It is believed
that these non-degradative K63-linked polyubiqudirains serve as docking sites for
formation of signaling complexes, and that K63-#dkautoubiquitination of TRAF6 is
essential for formation and activation of a compiexolving TAK1 and its adapters,
TAB1 and TAB2 in IL-1 and TNF signaling (Walsh dt,2008). It is also known that
the intact RING domain is required for TRAF6 sidimg) and mutation of the first Cys

residue of the RING domain (C70) abolished TRAF®awbiquitination (Lamothe et
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al., 2007). Of the 2 TRAF proteins identified Drosophila (i.e. dTRAF1 and
dTRAF2), only dTRAF2 contained a RING domain anthis ortholog of TRAF6 (Liu
et al., 1999, Cha et al., 2003). To determine wdreduto-ubiquitination occurred in
dTRAF2, two RING mutant constructs, dTRARZ” (mutation of the first Cys residue
in the RING domain) and dTRAEZ** (mutation of the & Cys residue in the RING
domain) were constructed as described in Chapt&xgression vectors encoding for
cMyc-Ub were transiently transfected with dTRAF2-\G dTRAFZ*AvV5 or
dTRAFF?*Av5 in S2 cells. Cells were lysed 48 hrs post-tfaction and
immunoblotted with anti-cMyc antibody. Results shdwat dTRAF2 exhibit strong
ubiquitination (when co-overexpressed only with @y this requires an intact RING
domain. Mutation of either C104 or C124 (which dged the RING) abolished its
ubiquitination capability (Fig. 5-12). In order tdetermine conclusively whether

dTRAF?2 is capable of self-catalysis, ianvitro ubiquitination analysis is required.

5.9.2 Drosophila TRAF2 interacts with dTAB2 and E2 enzymes

Lamothe et al.,(2007) showed that the K63 spedfZ conjugating enzyme
dimer Ubc13/Uev1A was required for human TRAF6 aubauitination, in addition to
the intact RING domain. It was also reported thambn TAB2 facilitates TRAF6
ubiquitination and thereby mediates IL-1 signall{gshida et al., 2005). To determine
whether theDrosophila E2 homologues of Ubc1®éndless) and Uev1A interacted with
dTRAF2, co-immunoprecipitation assays were perfatnkeirther, the possible binding
of dTAB2 with dTRAF2 was also examined. Expressientors encoding for dcTRAF2-
V5 or dTRAF2-HA were transiently transfected in &3ls with dUbc13-cMyc and
dUev1A-cMyc or dTAB2-V5 in combinations shown. Gellvere lysed 48 hrs post-
transfection, immunoprecipitated with anti-cMyc r(f&2 enzymes) or anti-V5 (for

dTAB2) and immunoblotted with anti-HA antibody. Réis show that dTRAF2 binds
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with both dUbc13 and dTAB2 in a similar manner t® hhuman homologue TRAF6

(Fig. 5-13).

5.9.3 Drosophila TRAF2 is stabilized in the dTRAF2-dTAB2-dTAK1 compex

It was previously reported that dTAB2 binds dTAKL dTRAF2 and thereby
forming a tripartite complex iDrosophila TNF/Eiger signalling (Geuking et al., 2005).
Further, Xueet al. (2007) found that the stability @rosophila TRAF2 was essential
for TNF/Eiger apoptotic signalling. K63-linked ubigination is known to stabilise
proteins and aid in complex formation (Chen, 200Bherefore, the K63-specific
ubiquitination status of dTRAF2 when in complex wilTAK1 and dTAB2 was
analysed in S2 cells using a ubiquitin constructcthas a Lys at position 63 only
(cMyc-Ub*®®). Expression vectors encoding for dTRAF2-V5 wen@nsiently
transfected in S2 cells with or without dTAK1-HA @ TAB2-HA in combinations
shown. Cells were lysed 48 hrs post-transfectiomniinoprecipitated with anti-V5,
resolved on 10% SDS PAGE and immunoblotted with-\d&tantibody. Drosophila
TRAF2 showed significantly enhanced K63-linked uwfiigpation when co-
overexpressed with both dTAK1 and dTAB2. The cglate showed significantly
increased dTRAF2 levels (when co-overexpressed @itAB2 and dTAK1). Both
dTRAF2 ubiquitination and cell lysate levels rediligerogressively as dTAK1 and
dTAB2 were withdrawn. Lowest levels of ubiquitir@ti and cell lysate levels were
observed when only dTRAF2 and Ub were co-overesaeegFig. 5-14). Therefore,
results clearly indicate that dTRAF2 is stabilisgden in complex with dTAK1 and

dTAB2 through enhanced K63-linked ubiquitination.

Taken together, results show that dTRAF2 is capablprobably capable of

auto-ubiquitination (amn vitro ubiquitination analysis is required for verificat) and
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that this requires an intact RING domain. FurtlldiRAF2 binds with both the adaptor

dTAB2 and K63 specific E2 ubiquitin conjugating gme dUbcl3. Moreover,

dTRAF2 is stabilised in the presence of dTAB2 andAll through K63-linked

polyubiquitination.

cMyc-Ub +
dTRAF2-V5 +
dTRAF2 “1#*A.y5
dTRAF2 “1%A.y5

Ubiquitinated
dTRAF2 -
dTRAF2 and mutants —» | ' — -

Loading control

(anti-actin)

+

+

kDa

+175

- 80
- 58

46

Cell lysate
IB: anti-V5

Figure 5-12: Drosophila TRAF2 can auto-ubiquitinate and requires an

intact RING domain for this. Expression vectors encoding dTRAF2-V5,

dTRAFZF2*Av5 or dTRAFZ1%AV5 were transiently transfected in S2 cells

together with cMyc-Ub in combinations shown. Cellsre lysed 48 hrs post-

transfection and immunoblotted with anti-V5 antilgoBrotein size markers are

depicted adjacent to the top panel with values given in kDa.
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dTRAF2-HA

(A)
dTAB2-V5
dTRAF2 .
IP: anti-V5
Loading control IB: anti-HA
(1aG)

dTRAF2 IB: anti-HA

dTAB2 IB: anti-V5 Cell lysate
Loading control

(anti-actin) IB: anti-actin

dTRAF2-HA
dUbc13-cMyc
dUev1A-cMyc

dTRAF2

IP: anti-cMyc
Loading control IB: anti-HA
(1aG)
dUbc13/dUev1A IB: anti-cMyc
Cell lysate
dTRAF2 IB: anti-HA
Loading control IB: anti-actin
(anti-actin)

Figure 5-13: Drosophila TRAF2 binds with (A) dTAB2 & (B) with E2

enzyme dUbcl3.Expression vectors encoding dTRAF2-HA were trambje

transfected in S2 cells with or without dTAB2 -V& dUbcl3-cMyc or

dUevlA-cMyc in combinations shown. Cells were lysd@ hrs post-

transfection, immunoprecipitated with anti-V5 or tismMyc antibody(as

indicated), resolved on 10% SDS PAGE, and immurttgdowith anti-HA.



cMyc -Ub"®® + + +

dTRAF2-V5 + + +
dTAK1-HA + - -
dTAB2-HA
+ + - kDa
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dTRAF2 o IP: anti-V5
IB: anti-V5
Loading control
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Figure 5-14: Drosophila TRAF2 is stabilised when in complex with dTAK1
and dTAB2. Expression vectors encoding dTRAF2-V5 and cMy&3lwere
transiently transfected in S2 cells with or withadtAB2—HA and dTAK1-HA
in combinations shown. Cells were lysed 48 hrs -pasisfection,
Immunoprecipitated with anti-V5 antibody, resolved 10% SDS PAGE, and
immunoblotted with anti-V5 antibodyProtein size markers are depicted
adjacent to the top panel and panel 5 from top (showing cell lysates of dTRAF2)

with valuesin kDa.
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Chapter 6 Regulation of Drosophila TAK1 in TNF/Eiger

Signalling - Discussion

6:1 Ariadne-2: A Novel Component of the TNF/Eiger pathvay

Ariadne-2 (Ari-2; CG5709) was first discovered am@vel component of the
TNF/Eiger pathway in a yeast 2-hybrid assay byAnthony Brown of our laboratory.
Ariadne-2 belongs to a new class of proteins wimhtain a cysteine-richd&8C motif
(termed DRIL — Double RING finger linked). This nfotvas defined as the fourth
family member of the zinc-binding RING, LIM, and BAPHD fingers (Van Der
Reijden et al., 1999)n mostinstances, this motif is flanked by 2 RING domaifisese
C3sHC4 RING domains show deviation from the traditiondNR motif. In the N-
terminal RING domain (R1), the spacing between 6@ @8 is 4 instead of 2 amino
acids whilst in the C-terminal RING (R2) there dre- 4 amino acids instead of 2
between C5 and C6. Also, the histidine residue ewadion in R2 varies and there is a
preference for basic residues after C6 instead h&f tonsensus hydrophobic
components. Further, the 2 RING and DRIL motifsnfoa large tripartite structure
termed TRIAD (two RING fingers and DRIL) and theosty conservation of these 3
sub-domains indicate that they may be functiondiihked. Triadl is the human

homolog of Ari-2 (Van Der Reijden et al., 1999).

6:2 Role of Ari-2 in INK-dependent development & stressesponse
Results indicate that Ari-2 is required in JNK-degent development and stress
response. Results show that Ari-2 expresses inla@vental all stages and in both
sexes. It is essential for development from attldate larval stage onwards and
development ofari-2™ mutants was compromised. Furtherj-2™ mutants were

unable to activate JNK signalling in response tatlshock, oxidative stress and dry
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starvation. This phenomenon was reversed whenNKeBEk was overexpressed via a
transgene. These results firmly implicate Ari-2tle JNK pathway. Further, epistatic
analyses and co-immunoprecipitation assays plac® Apstream of/at the level of

dTAK1.

Aguilera et al., in 2000, had reported the discovery of a closelgted gene,
ariadne-1 as a noveDrosophila RING-finger protein, which was required for neural
development. They showed that both Ari-1 and Afiedjether with the corresponding
murine and human homologues) belonged to a newecoed protein family RBR
(Ring Between Ring) or TRIAD. Als@ri-1 was found to be expressed in most tissue
and all developmental stages with increased lewvelthe adult nervous system and
female gonads. Nullri-1 mutants show 24% - 29% lethality in pupal stagguifera et
al., 2000). Additionally, these mutants exhibitedtar task and neural connectivity
defects. Also, deletions in the N-terminal RING domhad a deleterious effect in
oogenesis. Interestingly, it was shown that arintl ari-2 were non-redundant and

functionally distinct (Aguilera et al., 2000).

6:3 The Role of Ari-2 in the TNF/Eiger apoptotic cascad:

Eiger is a potent activator of apoptosis and tageted expression in the
Drosophila eye results in ablation leading to a small sizgel €o-overexpression of a
dominant modifier together with Eiger results inhanced ablation (Geuking et al.,
2005, Moreno et al., 2002). Results show that oymession of Ari-2 with Eiger
resulted in enhancement of the small eye phenofher, removal of 1 copy afi-2
significantly suppressed the eye apoptotic phemoigduced by over-expressing Eiger,
effectively rescuing this phenotype. Co-overexpmssf Puckered together with Ari-2

and Eiger suppresses apoptosis and reverts thbaggkealmost to normal size. Similar
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results were observed (albeit a less dramatic e@sadnen UAS-dTAK1-RNAI was
expressed along with Ari-2 and Eiger. The somewhbadued suppression may be due
to the fact that RNAI ‘blockage’ is not completedaa sizeable amount of dTAK1 will
be present. Taken together, these results firmpficate Ari-2 as a dominant modifier

of the TNF/Eiger apoptotic cascade which functitmeugh the core JNK cassette.

6:4 The Zinc-finger, coiled-coil and both RING domains(in tandem) of
Ari-2 are required for TNF/Eiger apoptotic signalling

In Triadl, the N- and C-terminal RING motifs playiscete roles by
differentially binding to ubiquitin-conjugating eyrnes, UbcH7 and Ubc13 respectively
and exhibiting dual ubiquitin ligase activity (i.eormed both K48- and K63-linked
polyubiquitin) in myelopoiesis. Interestingly, dita of either the N-terminal (R1) or
C-terminal (R2) RING domains of Ari-2 did not inltilits interactions with dTRAF2,
dTAB2 and dTAK1. Both Ari-2®*! and Ari-2*®? interacted with these proteins in the
same manner as full-length Ari-2, including not g with dTAB2-C. The Co-IP
system immunoprecipitating with anti-V5 and subssdly immunoblotting with either
anti-HA or anti-cMyc has been well optimized andlgithe best results. These results
have been confirmed with the reciprocal assaysifhsunoprecipitating with anti- HA
or anti-cMyc and immunoblotting with anti anti-V5)he optimized results are shown.
Since the physiological interactions were maintdjri®th mutants were assumed to be
functional. Thus, through the process of elimimatia is likely that interactions with
dTRAF2, dTAB2 and dTAK1 were modulated by the imnthc Between RING (IBR),

Zinc-finger or coiled-coil domains of Ari-2.

Further, results show that Arf2'"? (deletion of both R1 and R2), Ari*8*

(deletion of the ZnF domain) and Ar*Z (deletion of the coiled-coil domain) mutants
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failed to synergistically activate apoptosis, tbgetwith Eiger in theDrosophila eye.
This clearly indicates that the ZnF, the coiled-doimain and 2 RING motifs in tandem
were essential for Ari-2 activity in apoptosis. Téfere, it is very likely that the IBR,

ZnF and coiled-coil domains mediate interactionthwirRAF2, dTAB2 and dTAK1.

It is unlikely that the 2 RING domains (R1 and R@hction in a redundant
manner. Although both R1 and R2 show s#dC, motif, the spacing between Cys and
His residues are very different and R2 shows a npyomounced deviation from
consensus. Alternatively, it is possible that th@ét TRIAD domain (consisting of R1,
IBR and R2) is required for signalling and deletmhany part may render it inert. It
was previously postulated that due to the consenatdre of the TRIAD domain that
the entire and intact tripartite structure wouldréguired for signalling in Triad proteins

(Van Der Reijden et al., 1999).

6:5 A novel cell culture based platform to activate Ari2 and study its

function under active apoptosis conditions

One of the key elements in trying to elucidate iiechanism of Ari-2 function
is to examine the ubiquitination states of Ari-2tflb K48 and K63-linked) in the
presence or absence of key components of the Emsrade, namely dTAK1 and
dTRAF2. My observations indicate that Ari-2 did nabiquitinate when the Eiger
pathway was inactive. Therefore, it is highly lkéhat Ari-2 is activated only when the
Eiger pathway is stimulated. Since Eiger is a potactivator of apoptosis, its
overexpression in cell culture will result in cealeath. Therefore, to address this
difficulty, the need arose for an experimental fplath where the TNF/Eiger apoptosis
cascade could be activated without the resultaoptagis. Theoretically, this could be

achieved in a S2 cell culture system by abrogatiluyvnstream signalling by
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overexpressingdrosophila IAP1. This is proposed as a possible solution.

Drosophila Inhibitor of Apoptosis 1 (IAP1) is involved in molhting
programmed cell death (Xu et al.,, 2009). Apoptasisexecuted by Cys-proteases
termed “caspasesDrosophila IAP1 binds to caspases and inhibit their actiyXy et
al., 2009). In JNK signallindyrosophila IAP1 functions below the level giickered.

The proposed novel cell culture platform would bestable S2 cell line
expressingdrosophila IAP1. Initial gPCR tests have shown that the TN§€E cascade
can be activated by addition of media in which Eigead been previously
overexpressed. It was previously shown that whegerEis overexpressed in cell
culture, its mature form is cleaved and releas&altime medium and this is sufficient to
activate apoptosis (Kauppila et al., 2003, Igakilet2002). Activation of apoptosis and
changes in apoptotic signalling can be monitoredgP\CR usingpuckered as the
transcriptional target since dIAP1 functions doweasin of this. This is especially
useful since all of the components in this stude. (Ari-2, dTAK1, dTAB2 and
dTRAF2) are upstream qduckered. This system provides an ideal platform to study
Ari-2 and its functions in an activated scenaribieTsystem, however, has not been

completed as yet, is untested and has not beenmu#ad study.

6:6 Drosophila TRAF2 — the “switch” between apoptosis ad innate

Immunity?

Parallel experiments by Dr. Anthony Brown show tledtivation of the
TNF/Eiger pathway does not induce innate immuneaiog in vivo. This is further
confirmed by my preliminary gPCR data in cell cudtuThis ‘separation’ between
apoptosis and innate immunity exists despite thet that dTAK1 is a central
component of and a nexus between both the TNF/Eager IMD innate immune

pathways. It has been previously shown that the FRamily of proteins function as
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upstream adaptors that sequester TAK1l into spedignalling complexes and
selectively activate downstream cascades (Besak, &007). TRAF1 and TRAF2 are
the only representatives of the TRAF family Drosophila, with TRAF2 having a
RING domain (Cha et al., 2003). Moreover, the $tglof dTRAF2 has been shown to
be essential for Eiger-induced apoptotic signalliige et al., 2007). My results show
that Drosophila TRAF2 is possibly capable of auto-ubiquitinatiordahe intact RING
domain is essential for this. Further, dTRAF2 bindth dTAB2 (dimeric partner of
dTAK1) and the E2 conjugating enzyme dUbc13. Ins¢haspects, dTRAF2 is very
similar to its human homologue TRAF6. Moreoveruitsclearly show that dTRAF2 is
stabilised when in complex with dTAK1 and dTAB2. tBodTRAF2 K63-linked
ubiquitination and its concentration in the cebdye decreases as dTAK1 and dTAB2
are withdrawn from this mix. Moreover, preliminagi?CR data from cell culture show
overexpression dTRAF2 together with dTAK1 and dTABsults in the dampening of
the innate immune signal, although the signal isalwogated. Overexpression of the
dTRAFZ%* (which is incapable of ubiquitination) ‘rescuekist inhibition thereby

suggesting that ubiquitination is essential fos {artial dampening.

Taken together, results appear to suggest that &#PRAay also function to
dampen innate immune signaling Drosophila thereby, helping to partially “switch
off” innate immune signaling and providing spedatficto the apoptotic signal. More

work is required to establish this.

6:7 Ari-2 functions as an adaptor in TNF/Eiger apoptott signalling

Adapter or linker molecules have been previouslscdbed as proteins that lack
enzymatic activity and contain multiple binding daims and sequence motifs to which
such domains bind (Samelson, 2002). Phosphorylagiters the surface of these

adaptors and allows additional enzymes or adapadosd, leading to the formation of
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multiprotein signalling complexes. These compleaes generally at the proximal end
of a series of subsequent activation events, antipteusignalling complexes and
pathways can be involved. Generally, these prosegssult in the transfer of
information, that is, the transmission of an eventthe exterior of the cell (receptor-
ligand binding) to activation and regulation of tile intracellular events occurring at

the plasma membrane, cytosol, or nucleus (Samet&@2, Downward, 2001).

It has been previously shown that human TAK1 hascidpacity to be activated
by various cytokines and is known to activate nplatipathways including IL-1, IL-18,
TNF, and receptor activator of NdB ligand (RANKL) (Ninomiya-Tsuiji et al., 1999,
Irie et al., 2000, Sakurai et al., 1999, Wald et 2001). A central point of interest in
TNF/Eiger signalling is how TAKL1 is activated (Sa#uet al., 2000, Shibuya et al.,
1996). The working hypothesis is that in a numbkdifferent biological contexts
TAK1 functions as the biologically active molecule a complex of TAK1-binding
proteins (TABs) and TNF-associated proteins (TRAFBE biological specificity of the
complex is likely determined by the repertoire ohstituent components and the nature
of the external signal rather than the intrinsieaficity of a particular kinase, i.e.

TAK1 (Delaney, 2006).

Results show that Ari-2 functions as an adaptotHerstabilisation and assembly
of a larger signalling complex comprising dTRAFZTAB2 and dTAK1 in the
TNF/Eiger apoptotic cascade. Its human homologwdIralso functions to stabilise
Growth factor independence 1 (Gfil) and preventliguitination in granulocytes in a
similar manner (Marteijn et al., 2007). Co-immureppitation assays show that Ari-2
interacts with dTRAF2, dTAK1 and dTAB2 (with the thrminal half being sufficient

for this interaction). It was previously reportduat dTAB2 interacted with dTAK1
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through its C-terminal coiled-coil domain (Geukieigal., 2005). It was also shown that
dTRAF2 was in a complex with dTAB2 and dTAK1. Moveo, dTRAF2 interacted
with the TNF receptor Wengen (Geuking et al., 2008) results show that dTRAF2 is
stabilised through K63-linked polyubiquitinationtime presence of dTAB2 and dTAK1.
Taken together, it appears that Ari-2 forms a caxphith dTRAF2, dTAB2 and

dTAK1 which modulates TNF/Eiger signalling.

Deletion of the ZnF, coiled-coil and the 2 RING daons abolished the function
of Ari-2 in apoptosisn vivo, thereby suggesting that these domains may bdviedan
binding with the components of the putative compglaxsducing the apoptotic signal.
In this manner, adaptors like Ari-2 may provide afieity to such complexes (like
dTRAF2-dTAB2-dTAK1) and elicit a specific responstowever, this aspect requires

further investigation.

Xue et al., (2007) showed that the stability of dTRAF2 wassemntial for
transducing the TNF/Eiger apoptotic signal. Theunid that mutations in the de-
ubiquitinating enzyme CYLD resulted in increased iquliination-mediated
proteosomal degradation of dTRAF2 and the consedueakdown in JNK mediated
apoptosis. Thus, the ubiquitination status of dTRA¥as shown to play a critical role
in modulating TNF/Eiger signalling iDrosophila. Parallel cell culture experiments by
Dr. Anthony Brown indicate that Ari-2 may stabilid@RAF2. Taken together, results

indicate that Ari-2 may play a similar role by steing dTRAF2.

Also, whilst both dTAK1 and dTAB2 are essential guments of both the
TNF/Eiger and IMD innate immune pathwaysj-2"™ mutant flies showed the same

degree of sensitivity to Gram-negative bacteri&ation as wild type flies. This shows
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that the functions of Ari-2 are limited to the apmjr cascade. Moreover, whilst
dTRAF2 dampened innate immune signalling when oymessed with dTAK1 and
dTAB2, it did not abolish it. This suggests thatRiF2 may play a redundant role in
“switching off” innate immunity during apoptosisri®, with its relative position in the
cascade (at the level of dTAK1) and its domaing kel a prime candidate for the role
of the redundant partner of dTRAF2. Based on tlmilte the following model is
proposed foDrosophila TNF/Eiger apoptotic signalling in which Ari-2 futens as an

adaptor to form a signalling complex and stabild€RAF2 at the level of dTAKL.

Eiger

}

Wengen

“dTRAF2 ==—* dTRAF2.Ub —# Degredation

;Arl 2 / l \dTAEZ

-

Hep

Eik JNK}}iPucq—:

APOPTOSIS |

JNK target genes

Figure 6 - 1. Proposed model for the TNF/Eiger pattvay in Drosophila
melanogaster. The apoptotic signal is transduced from the ligesweptor
complex of Eiger-Wengen to a complex composed t2AdTRAF2, dTAK1
and dTAB2. Here, Ari-2 functions as an adaptor aonf the complex. The
apoptotic signal is then transduced to the core dhiésette of Hep (JNKK) and
Bsk (JNK) leading to the activation of tibgosophila “apoptosome” consisting

of DARK and DRONC.
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Future Per spectives.

Negative Regulation of Drosophila TAK1 in IMD Innate Immune
Signalling:

Quantitative PCR and Ub assays with double mutant construct of dTAK1

comprising the point mutations K142R and K156R needs to be performed to eucidate the

redundant nature of these 2 sitesin dTAK1 activity.

Also, in vivo data in a Rabex-5 RNAI background is necessary to establish its role
in the IMD pathway. Moreover, a double knockout of dTrabid and Rabex-5 will be
required to establish the proposed partial redundancy between these 2 enzymes in

negatively regulating the IMD signal in Drosophila.

Regulation of Drosophila TAK1in TNF/Eiger Signalling:

The mechanism of Ari-2 activity needs to be elucidated in a background where the
TNF/Eiger pathway is activated. In thisregard, the novel cell-culture based platform will be
very useful. This system will enable both gPCR and Ub assays to be performed in an active

TNF/Eiger background.

156



Refer ences:

1. Abbott, D.W., Wilkins, A., Asara, J.M., and CantleyC. (2004). The Crohn's
Disease Protein, NOD2, Requires RIP2 in Order doide Ubiquitinylation of a
Novel Site on NEMO. Current Biologl4, 2217-2227.

2. Abbott, D.W., Yang, Y., Hutti, J.E., Madhavarapu, Kelliher, M.A., and Cantley,
L.C. (2007). Coordinated Regulation of Toll-Like d@ptor and NOD2 Signaling by
K63-Linked Polyubiquitin Chains. Mol Cell Bid@7, 6012-6025.

3. Adams, M.D., Celniker, S.E., Holt, R.A., Evans, G.&ocayne, J.D., Amanatides,
P.G., Scherer, S.E., Li, P.W., Hoskins, R.A., Gdid-, et al. (2000). The Genome
Sequence of Drosophila melanogaster. Scie8ce2185-2195.

4.  Aguilera, M., Oliveros, M., Martinez-Padrén, M.,mBas, J.A., and Ferrus, A. (2000).
Ariadne-1: A VitalDrosophila Gene Is Required in Development and Defines a New
Conserved Family of RING-Finger Proteins. Genetls 1231-1244.

5. Anderson, K.V., Jirgens, G., and Nusslein-Volhatd, (1985). Establishment of
dorsal-ventral polarity in th®rosophila embryo: Genetic studies on the role of the
Toll gene product. Celi2, 779-789.

6. Asling, B., Dushay, M.S., and Hultmark, D. (199jentification of early genes in
the Drosophila immune response by PCR-based differential disptlag: Attacin A
gene and the evolution of Attacin-like proteinssdot Biochemistry and Molecular
Biology 25, 511-518.

7. Balakirev, M.Y., Tcherniuk, S.O., Jaquinod, M., ar@@hroboczek, J. (2003).
Otubains: a new family of cysteine proteases inuthiguitin pathway. EMBO reports
4,517-522.

8. Beck, G., Habicht, G. S. (1996). Immunity and thevertebrates. Scientific
American, 60-66.

9. Belvin, M.P., and Anderson, K.V. (1996). A Consetv8ignalling Pathway: The
Drosophila Toll-Dorsal Pathway. Annual Review of Cell and B®pmental Biology
12, 393-416.

10. Belvin, M.P., Jin, Y., and Anderson, K.V. (1995)adc@us protein degradation
mediates Drosophila dorsal-ventral signaling. Géh&evelopmen®, 783-793.

11. Besse, A., Lamothe, B., Campos, A.D., Webster, WNkaddineni, U., Lin, S.-C.,
Wu, H., and Darnay, B.G. (2007). TAK1-dependentn8iogng Requires Functional
Interaction with TAB2/TABS3. J Biol Cher82, 3918-3928.

12. Boman, H.G., Nilsson, I., and Rasmuson, B. (19F@}ucible Antibacterial Defence
System in Drosophila. Natug87, 232-235.

157



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bradford, M.M. (1976). A rapid and sensitive methémr the quantitation of
microgram quantities of protein utilizing the priple of protein-dye binding.
Analytical Biochemistryr2, 248-254.

Brand, A.H., and Perrimon, N. (1993). Targeted gempression as a means of
altering cell fates and generating dominant phgredyDevelopmeritl8, 401-415.

Brennan, C.A., Delaney, J.R., Schneider, D.S.,Amderson, K.V. (2007). Psidin Is
Required inDrosophila Blood Cells for Both Phagocytic Degradation andninme
Activation of the Fat Body. Current Biology, 67-72.

Brummelkamp, T.R., Nijman, S.M.B., Dirac, A.M.GndBernards, R. (2003). Loss
of the cylindromatosis tumour suppressor inhibip@@osis by activating NkB.
Nature424, 797-801.

Bulet, P., Dimarcq, J.L., Hetru, C., Lagueux, M.hadlet, M., Hegy, G., Van
Dorsselaer, A., and Hoffmann, J.A. (1993). A nawducible antibacterial peptide of
Drosophila carries an O-glycosylated substitution. JournaBaflogical Chemistry

268, 14893-14897.

Bulet, P., Hetru, C., Dimarcq, J.-L., and Hoffmabn,(1999). Antimicrobial peptides
in insects; structure and function. DevelopmentaC&mparative Immunologg3,
329-344.

Cao, Z., Xiong, J., Takeuchi, M., Kurama, T., amake@del, D.V. (1996). TRAF6 is a
signal transducer for interleukin-1. Nat\3&8, 443-446.

Carter, R.S., Pennington, K.N., Arrate, P., OltaIE and Ballard, D.W. (2005). Site-
specific Monoubiquitination of I-kappa-B Kinase IKlbeta Regulates Its
Phosphorylation and Persistent Activation. Jouafd@iological Chemistry280,
43272-43279.

Cha, G.-H., Cho, K.S., Lee, J.H., Kim, M., Kim, Bark, J., Lee, S.B., and Chung, J.
(2003). Discrete Functions of TRAF1 and TRAF2 Dmosophila melanogaster
Mediated by c-Jun N-Terminal Kinase and NB-Dependent Signaling Pathways.
Mol Cell Biol 23, 7982-7991.

Chen, Z.J. (2005). Ubiquitin signalling in the B-pathway. Nat Cell BioV, 758-
765.

Choe, K.-M., Lee, H., and Anderson, K.V. (2009)rosophila peptidoglycan
recognition protein LC (PGRP-LC) acts as a sigmatgducing innate immune
receptor. Proceedings of the National Academy aériges of the United States of
Americal02, 1122-1126.

Choe, K.-M., Werner, T., Stoven, S., Hultmark, Bnd Anderson, K.V. (2002).

Requirement for a Peptidoglycan Recognition Prof@i@RP) in Relish Activation
and Antibacterial Immune Response®irosophila. Science296, 359-362.

158



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Clark, D.P., Pazdernik, N.P. (2008). Biotechnologgplying the Genetic Revolution
(Elsevier Academic Press).Pgs. 295-296

Clegg, R.A. (1998). Protein Targeting Protocolstidels in Molecular Biology, Vol
88 (Humana Press).

Coornaert, B., Carpentier, I., and Beyaert, R. @0®&20: Central Gatekeeper in
Inflammation and Immunity. Journal of Biological €histry284, 8217-8221

Corley, R.B. (2005). A Guide to Methods in the Bemfical Sciences (Springer).Pgs.
7,13 & 28.

Creighton, T.E. (1999a). Encyclopedia of Moleculiology - Volume 1, Vol 1
(John Wiley). Pgs. 6-8.

Creighton, T.E. (1999b). Encyclopedia of Molecuiblogy - Volume 2, Vol 2
(John Wiley). Pgs. 963-4.

Dahmann, C., Baum, B., and Cherbas, L. (2008psophila Cell Lines as Model
Systems and as an Experimental TodDnesophila (Humana Press), Pgs. 391-424.

Davis, R.J. (1994). MAPKs: new JNK expands the grolrends in Biochemical
Scienced9, 470-473.

Delaney, J.R., Mlodzik, M. (2006). TGF-beta actadhtkinase-1: new insights into
the diverse roles of TAK1 in development and imnyirCell Cycle5, 2852-2855.

Delaney, J.R., Stoven, S., Uvell, H., Anderson, KBhgstrom, Y., and Mlodzik, M.
(2006). Cooperative control @frosophila immune responses by the JNK and RB--
signaling pathways. EMBO2b, 3068-3077.

Deng, L., Wang, C., Spencer, E., Yang, L., Braun,You, J., Slaughter, C., Pickart,
C., and Chen, Z.J. (2000). Activation of thk® IKinase Complex by TRAF6 Requires
a Dimeric Ubiquitin-Conjugating Enzyme Complex aadUnique Polyubiquitin
Chain. Cell103, 351-361.

Dimarcq, J.-L., Hoffmann, D., Meister, M., Bulet, Ranot, R., Reichhart, J.-M., and
Hoffmann, J.A. (1994). Characterization and traipgicmal profiles of aDrosophila
gene encoding an insect defensin. European JoofrBabchemistry221, 201-209.
Downward, J. (2001). The ins and outs of signalldgture411, 759-762.

Duffy, J.B. (2002). GAL4 system iDrosophila: A fly geneticist's swiss army knife.
genesis34, 1-15.

Edwards, D.N., Towb, P., and Wasserman, S.A. (1990 activity-dependent

network of interactions links the Rel protein Ddragth its cytoplasmic regulators.
Developmenitl24, 3855-3864.

159



40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Encyclopaedia-Britannica-Online (2011). Transfecti@@ncyclopaedia Britannica),
Website.

Engstrom, Y., Kadalayil, L., Sun, S.-C., Samakquls, Hultmark, D., and Faye, I.
(1993). xB-like Motifs Regulate the Induction of Immune Gesni& Drosophila.
Journal of Molecular Biolog232, 327-333.

Evans, P.C., Taylor, E.R., Coadwell, J., Heyniri€k,Beyaert, R., and Kilshaw, P.J.
(2001). Isolation and characterization of two no&20-like proteins. Biochem 357,
617-623.

Evans, P.C., Smith, T.S., Lai, M.-J., Williams, M.®urke, D.F., Heyninck, K.,
Kreike, M.M., Beyaert, R., Blundell, T.L., and Kilaw, P.J. (2003). A Novel Type of
Deubiquitinating Enzyme. Journal of Biological Chstry 278, 23180-23186.

Fan, Y., Yu, Y., Shi, Y., Sun, W., Xie, M., Ge, \Mao, R., Chang, A., Xu, G.,
Schneider, M.D. et al. (2010). Lysine 63-linked Polyubiquitination of TAKat

Lysine 158 Is Required for Tumor Necrosis Fact@nd Interleukin-f-induced

IKK/NF-xB and JNK/AP-1 Activation. Journal of Biological @mistry 285, 5347-

5360.

Fan, Y., Yu, Y., Mao, R., Zhang, H., and Yang, 201(1). TAK1 Lys-158 but not
Lys-209 is required for IL-1beta-induced Lys63-kukTAK1 polyubiquitination and
IKK/NF-kappaB activation. Cellular Signalling 2366-665.

Fehlbaum, P., Bulet, P., Michaut, L., Lagueux, Broekaert, W.F., Hetru, C., and
Hoffmann, J.A. (1994). Insect immunity. Septic mjuwf Drosophila induces the
synthesis of a potent antifungal peptide with segaehomology to plant antifungal
peptides. Journal of Biological Chemisf§9, 33159-33163.

Fernandez, N.Q., Grosshans, J.r., Goltz, J.S.,Stamh, D. (2001). Separable and
redundant regulatory determinants in Cactus mediatelorsal group dependent
degradation. Developmef®8, 2963-2974.

Ferrandon, D., Imler, J.-L., Hetru, C., and Hoffmad.A. (2007). Thédrosophila
systemic immune response: sensing and signallinghglubacterial and fungal
infections. Nat Rev Immunal, 862-874.

Foley, E., and O'Farrell, P.H. (2004). Functionasdection of an Innate Immune
Response by a Genome-Wide RNAI Screen. PLoSBie203.

Fortini, M.E., Skupski, M.P., Boguski, M.S., andritha@ran, I.K. (2000). A Survey of
Human Disease Gene Counterparts inDinesophila Genome. The Journal of Cell
Biology 150, F23-F30.

Galindo, R.L., Edwards, D.N., Gillespie, S.K., aMlasserman, S.A. (1995).
Interaction of the pelle kinase with the membrasgeaiated protein tube is required
for transduction of the dorsoventral signaDrosophila embryos. DevelopmeiPl,
2209-2218.

160



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Georgel, P., Naitza, S., Kappler, C., Ferrandon, Zachary, D., Swimmer, C.,
Kopczynski, C., Duyk, G., Reichhart, J.-M., and tiwdnn, J.A. (2001)Drosophila
Immune Deficiency (IMD) Is a Death Domain Protelratt Activates Antibacterial
Defense and Can Promote Apoptosis. DevelopmenthllC803-514.

Geuking, P., Narasimamurthy, R., and Basler, KOBJOA Genetic Screen Targeting
the Tumor Necrosis Factor/Eiger Signaling Pathwlagntification of Drosophila
TAB2 as a Functionally Conserved Component. Geséiit, 1683-1694.

Glickman, M.H., and Ciechanover, A. (2002). The diliiin-Proteasome Proteolytic
Pathway: Destruction for the Sake of Constructi®imysiol Rev82, 373-428.

Glise, B., Bourbon, H., and Noselli, S. (1995). Heerous encodes a novel
Drosophila MAP kinase kinase, required for epithelial celkehmovement. Ce83,
451-461.

Gore, M.G. (2000). Spectrophotometry and spectooilaetry: a practical approach
(Oxford University Press). Pgs. 2 & 183-86.

Gottar, M., Gobert, V., Michel, T., Belvin, M., DkyG., Hoffmann, J.A., Ferrandon,
D., and Royet, J. (2002). THarosophila immune response against Gram-negative
bacteria is mediated by a peptidoglycan recognipiatein. Naturet16, 640-644.

Grima, D.P., Sullivan, M., Zabolotskaya, M.V., Bnogy C., Seago, J., Wan, K.C.,
Okada, Y., and Newbury, S.F. (2008). The 5' - 8r#onuclease pacman is required
for epithelial sheet sealing iDrosophila and genetically interacts with the
phosphatase puckered. Biology of the Cell 100, B&¥-

Groszhans, J., Bergmann, A., Haffter, P., and MNusdlolhard, C. (1994).
Activation of the kinase Pelle by Tube in the demural signal transduction
pathway ofDrosophila embryo. Natur&72, 563-566.

Hames, B.D., and Higgins, S.J. (1995). Gene prabgsactical approach (IRL Press
at Oxford University Press). Pg. 177.

Hay, B.A., Maile, R., and Rubin, G.M. (1997). Pratnt insertion-dependent gene
activation in theDrosophila eye. Proceedings of the National Academy of Sagsnc
94, 5195-5200.

Hecht, P.M., and Anderson, K.V. (1993). Genetic 1@hterization of tube and pelle,
Genes Required for Signaling between Toll and ddrsahe Specification of the
Dorsal-Ventral Pattern of tHerosophila Embryo. Genetic435, 405-417.

Hedengren, M., Asling, B., Dushay, M.S., AndoBkengren, S., Wihlborg, M., and
Hultmark, D. (1999). Relish, a Central Factor im tGontrol of Humoral but Not
Cellular Immunity inDrosophila. Molecular Cell, 827-837.

Hershko, A., and Ciechanover, A. (1998). The Uligubystem. Annual Review of
Biochemistry67, 425-479.

161



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77,

78.

Hetru, C., and Hoffmann, J.A. (2009). NF-kappa-Btle Immune Response of
Drosophila. Cold Spring Harbor Perspectives in Bioldgy

Heyninck, K., and Beyaert, R. (1999). The cytokingéucible zinc finger protein A20
inhibits IL-1-induced NF-kappa-B activation at tlevel of TRAF6. FEBS Letters
442, 147-150.

Heyninck, K., and Beyaert, R. (2005). A20 inhib\iB-kappa-B activation by dual
ubiquitin-editing functions. Trends in Biochemi&diences0, 1-4.

Hinz, M., Stilmann, M., Arslan, S.C., Khanna, K.Bittmar, G., and Scheidereit, C.
(2010). A Cytoplasmic ATM-TRAF6-clAP1 Module Links¢uclear DNA Damage
Signaling to Ubiquitin-Mediated NF-kappa-B Activari. Molecular Cell0, 63-74.

Hobert, O. (2002). PCR fusion-based approach tatereeporter gene constructs for
expression analysis in transgeficelegans. Biotechniques$2, 728-730.

Hoffmann, J.A., and Reichhart, J.-M. (200Drosophila innate immunity: an
evolutionary perspective. Nat Immur)[121-126.

Hu, X., Yagi, Y., Tanji, T., Zhou, S., and Ip, Y.[004). Multimerization and
interaction of Toll and Spatzle Drosophila. Proceedings of the National Academy
of Sciences of the United States of Ameltia, 9369-9374.

Huang, T.T., Wuerzberger-Davis, S.M., Wu, Z.-Hd &tiyamoto, S. (2003).
Sequential Modification of NEMO/IKK-gamma by SUMOahd Ubiquitin Mediates
NF-kappa-B Activation by Genotoxic Stress. Cdlb, 565-576.

Igaki, T., Kanda, H., Yamamoto-Goto, Y., Kanuka, Kuranaga, E., Aigaki, T., and
Miura, M. (2002). Eiger, a TNF superfamily ligarttat triggers thérosophila JINK
pathway. EMBO 21, 3009-3018.

Imler, J., Bulet, P. (2005). Antimicrobial Peptidesn Drosophila:
Structures,Activities and Gene Regulation. Chem umaoh Allergy 86, 1 - 21.

Invitrogen (2002)Drosophila Schneider 2 (S2) Cells (Invitrogen Life Techno&x)i

Ip, Y.T., and Davis, R.J. (1998). Signal transduttby the c-Jun N-terminal kinase
(INK) - from inflammation to development. Currergifon in Cell Biology10, 205-
219.

Irie, T., Muta, T., and Takeshige, K. (2000). TAKiediates an activation signal
from toll-like receptor(s) to nuclear factor-kapBain lipopolysaccharide-stimulated
macrophages. FEBS Lettet87, 160-164.

Ishitani, T., Takaesu, G., Ninomiya-Tsuji, J., Shib, H., Gaynor, R.B., and

Matsumoto, K. (2003). Role of the TAB2-related piot TAB3 in IL-1 and TNF
signaling. EMBO 22, 6277-6288.

162



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Janeway, C.A., and Medzhitov, R. (2002). Innate imen Recognition. In Annual
Review of Immunology (Annual Reviews), pp. 197-216.

Jang, I.-H., Chosa, N., Kim, S.-H., Nam, H.-J., l=éne, B., Ochiai, M., Kambris, Z.,
Brun, S., Hashimoto, C., Ashida, Met al. (2006). A Spatzle-Processing Enzyme
Required for Toll Signaling Activation inDrosophila Innate Immunity.
Developmental CellO, 45-55.

Jiang, Z., Ninomiya-Tsuji, J., Qian, Y., Matsumot,, and Li, X. (2002).

Interleukin-1 (IL-1) Receptor-Associated Kinase-Begent IL-1-Induced Signaling
Complexes Phosphorylate TAK1 and TAB2 at the Pladfteanbrane and Activate
TAK1 in the Cytosol. Mol Cell Biok2, 7158-7167.

Kaiser, P., and Huang, L. (2005). Global approatbaesiderstanding ubiquitination.
Genome Biology, 233.

Kallio, J., Leinonen, A., Ulvila, J., Valanne, ¥£zekowitz, R.A., and Ramet, M.
(2005). Functional analysis of immune response g@mBrosophila identifies JNK
pathway as a regulator of antimicrobial peptideegexpression in S2 cells. Microbes
and Infection7, 811-819.

Kambris, Z., Brun, S., Jang, I.-H., Nam, H.-J., RamY., Takahashi, K., Lee, W.-J.,
Ueda, R., and Lemaitre, B. (200@®)rosophila Immunity: A Large-Scale In Vivo
RNAI Screen Identifies Five Serine Proteases Reduior Toll Activation. Current
Biology 16, 808-813.

Kanayama, A., Seth, R.B., Sun, L., Ea, C.-K., Holklg, Shaito, A., Chiu, Y.-H.,
Deng, L., and Chen, Z.J. (2004). TAB2 and TAB3 #ate the NF-kappa-B Pathway
through Binding to Polyubiquitin Chains. Molecul@ell 15, 535-548.

Kanda, H., Igaki, T., Kanuka, H., Yagi, T., and iy M. (2002). Wengen, a
Member of the Drosophila Tumor Necrosis Factor Receptor Superfamily, Is
Required for Eiger Signaling. Journal of Biologi€tiemistry277, 28372-28375.

Kaneko, T., Goldman, W.E., Mellroth, P., Steiner, Hukase, K., Kusumoto, S.,
Harley, W., Fox, A., Golenbock, D., and Silvermas#, (2004). Monomeric and
Polymeric Gram-Negative Peptidoglycan but Not PRewlif LPS Stimulate the
Drosophila IMD Pathway. Immunity20, 637-649.

Kaneko, T., Yano, T., Aggarwal, K., Lim, J.-H., WeK., Oshima, Y., Peach, C.,
Erturk-Hasdemir, D., Goldman, W.E., Oh, B.;e al. (2006). PGRP-LC and PGRP-
LE have essential yet distinct functions in tBeosophila immune response to
monomeric DAP-type peptidoglycan. Nat Immuiplr 15-723.

Kang, D., Liu, G., Lundstrom, A., Gelius, E., andeiSer, H.K. (1998). A

peptidoglycan recognition protein in innate immyndonserved from insects to
humans. Proceedings of the National Academy ofrfseis95, 10078-10082.

163



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kauppila, S., Maaty, W.S.A., Chen, P., Tomar, REBy, M.T., Chapo, J., Chew, S.,
Rathore, N., Zachariah, S., Sinha, Sd€al. (2003). Eiger and its receptor, Wengen,
comprise a TNF-like system Drosophila. Oncogen&2, 4860-4867.

Khush, R.S., Cornwell, W.D., Uram, J.N., and LemegitB. (2002). A Ubiquitin-
Proteasome Pathway Represses mosophila Immune Deficiency Signaling
Cascade. Current Biology?, 1728-1737.

Kim, H.T., Kim, K.P., Lledias, F., Kisselev, A.FScaglione, K.M., Skowyra, D.,
Gygi, S.P., and Goldberg, A.L. (2007). Certain ®amnf Ubiquitin-conjugating
Enzymes (E2s) and Ubiquitin-Protein Ligases (E3ghtigesize Non-degradable
Forked Ubiquitin Chains Containing All Possible psptide Linkages. Journal of
Biological Chemistry282, 17375-17386.

Kim, M., Lee, J.H., Lee, S.Y., Kim, E., and Chudg(2006). Caspar, a suppressor of
antibacterial immunity inDrosophila. Proceedings of the National Academy of
Scienced03, 16358-16363.

Kim, T., Yoon, J., Cho, H., Lee, W.B., Kim, J., $pr¥.H., Kim, S.N., Yoon, J.H.,
Kim-Ha, J., and Kim, Y.-J. (2005). Downregulationlipopolysaccharide response in
Drosophila by negative crosstalk between the AP1 and NF-k&ppsignaling
modules. Nat Immund, 211-218.

Kirisako, T., Kamei, K., Murata, S., Kato, M., Fukoto, H., Kanie, M., Sano, S.,
Tokunaga, F., Tanaka, K., and lwai, K. (2006). Aquitin ligase complex assembles
linear polyubiquitin chains. EMBO2b, 4877-4887.

Kishida, S., Sanjo, H., Akira, S., Matsumoto, KndaNinomiya-Tsuji, J. (2005).
TAK1-binding protein 2 facilitates ubiquitinatiorf ®RAF6 and assembly of TRAF6
with IKK in the IL-1 signaling pathway. Genes tollSd0, 447-454.

Kleino, A., Myllymaki, H., Kallio, J., Vanha-aho,.M., Oksanen, K., Ulvila, J.,
Hultmark, D., Valanne, S., and Ramet, M. (2008)k s a Negative Regulator of the
Drosophila IMD Pathway. J Immundl80, 5413-5422.

Kleino, A., Valanne, S., Ulvila, J., Kallio, J., Mymaki, H., Enwald, H., Stoven, S.,
Poidevin, M., Ueda, R., Hultmark, Det al. (2005). Inhibitor of apoptosis 2 and
TAK1-binding protein are components of theosophila IMD pathway. EMBO 24,
3423-3434.

Kovalenko, A., Chable-Bessia, C., Cantarella, Graél, A., Wallach, D., and
Courtois, G. (2003). The tumour suppressor CYLDatiegly regulates NF-kappa-B
signalling by deubiquitination. Natu#&24, 801-805.

Kyriakis, J.M., and Avruch, J. (2001). Mammaliantdjen-Activated Protein Kinase
Signal Transduction Pathways Activated by Stress laflammation. Physiological
Reviews81, 807-869.

Lamothe, B., Besse, A., Campos, A.D., Webster, WWu, H., and Darnay, B.G.
(2007). Site-specific Lys-63-linked Tumor Necrodiactor Receptor-associated

164



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Factor 6 Auto-ubiquitination is a Critical Deterramt of I-kappa-B Kinase
Activation. J Biol Chen?282, 4102-4112.

Lee, E.G., Boone, D.L., Chai, S., Libby, S.L., Ghi&l., Lodolce, J.P., and Ma, A.
(2000). Failure to Regulate TNF-Induced NF-kappar8l Cell Death Responses in
A20-deficient Mice. Scienc289, 2350-2354.

Lee, W.J., Lee, J.D., Kravchenko, V.V., Ulevitch,JR and Brey, P.T. (1996).

Purification and molecular cloning of an inducilgeam-negative bacteria-binding

protein from the silkwormBombyx mori. Proceedings of the National Academy of
Science$3, 7888-7893.

Lemaitre, B., and Hoffmann, J. (2007). The Host ddsk of Drosophila
melanogaster. Annual Review of Immunolog®5, 697-743.

Lemaitre, B., Kromer-Metzger, E., Michaut, L., Nias, E., Meister, M., Georgel, P.,
Reichhart, J.M., and Hoffmann, J.A. (1995). A rebes mutation, immune
deficiency (imd), defines two distinct control patiys in theDrosophila host
defense. Proceedings of the National Academy @rfeei<02, 9465-94609.

Lemaitre, B., Nicolas, E., Michaut, L., ReichhattM., and Hoffmann, J.A. (1996).
The Dorsoventral Regulatory Gene Cassette spattle/dctus Controls the Potent
Antifungal Response iBrosophila Adults. Cell86, 973-983.

Lemaitre, B., Reichhart, J.-M., and Hoffmann, X2097).Drosophila host defense:
Differential induction of antimicrobial peptide genafter infection by various classes
of microorganisms. Proceedings of the National A&cag of Science®4, 14614-
14619.

Leulier, F., Lhocine, N., Lemaitre, B., and MeiBr,(2006). Thérosophila Inhibitor
of Apoptosis Protein DIAP2 Functions in Innate Immity and Is Essential To Resist
Gram-Negative Bacterial Infection. Mol Cell Bigb, 7821-7831.

Leulier, F., Parquet, C., Pili-Floury, S., Ryu, J.laroff, M., Lee, W.J., Mengin-
Lecreulx, D., and Lemaitre, B. (2003). Th#rosophila immune system detects
bacteria through specific peptidoglycan recognitidat ImmunoH, 478-484.

Leulier, F., Rodriguez, A., Khush, R.S., Abram3dyl.J.Lemaitre, B. (2000). The
Drosophila caspase Dredd is required to resist gram-negétacterial infection.
EMBO Repl, 353-358.

Leulier, F., Vidal, S., Saigo, K., Ueda, R., andmiagtre, B. (2002). Inducible
Expression of Double-Stranded RNA Reveals a RalelfADD in the Regulation of
the Antibacterial Response Drosophila Adults. Current Biologyl2, 996-1000.

Levashina, E.A., Ohresser, S., Bulet, P., Reichidam., Hetru, C., and Hoffmann,
J.A. (1995). Metchnikowin, a Novel Immune-Inducildfoline-Rich Peptide from
Drosophila with Antibacterial and Antifungal Properties. Epean Journal of
Biochemistry233, 694-700.

165



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Levashina, E.A., Ohresser, S., Lemaitre, B., anterimJ.L. (1998). Two distinct
pathways can control expression of the gene engati@Drosophila antimicrobial
peptide metchnikowin. Journal of Molecular Biolagi8, 515-527.

Lim, J.-H., Kim, M. S., Kim, H. E., Yano, T., OshanY., Aggarwal, K., Goldman,
W.E., Silverman, N., Kurata, S., and Oh, B. H. @0O0OStructural Basis for
Preferential Recognition of Diaminopimelic Acid-g/Peptidoglycan by a Subset of
Peptidoglycan Recognition Proteins. Journal of &yatal Chemistry281, 8286-
8295.

Liu, H., Su, Y.C., Becker, E., Treisman, J., anoI8ik, E.Y. (1999). ADrosophila
TNF-receptor-associated factor (TRAF) binds th&8&tdnase Misshapen and
activates Jun kinase. Current Bioldgyl01-104.

Liu, S., and Chen, Z.J. (2011). Expanding rolelmfuitination in NF-kappa-B
signaling. Cell Re&1, 6-21.

Locksley, R.M., Killeen, N., and Lenardo, M.J. (200The TNF and TNF Receptor
Superfamilies: Integrating Mammalian Biology. CEM, 487-501.

Lu, Y., Wu, L.P., and Anderson, K.V. (2001). Thetibacterial arm of the
Drosophila innate immune response requires an I-kappa-B &in&enes &
Development5, 104-110.

Male, D., Brostoff, J., Roth, D., & Roitt, I. (26Q Immunology, 7th Edition 7th
Edition edn (Mosby).

Manfruelli, P., Reichhart, J.-M., Steward, R., Hoéinn, J.A., and Lemaitre, B.
(1999). A mosaic analysis Drosophila fat body cells of the control of antimicrobial
peptide genes by the Rel proteins Dorsal and DMBE J 18, 3380-3391.

Marshall, C.J. (1995). Specificity of receptor giree kinase signaling: Transient
versus sustained extracellular signal-regulateddearactivation. Ce80, 179-185.

Marteijn, J.A., van der Meer, L.T., Smit, J.J., Mdermeer, S.M., Wissink, W.,
Jansen, P., Swarts, H.G., Hibbert, R.G., de WitteSixma, T.K, et al. (2009). The
ubiquitin ligase Triadl inhibits myelopoiesis thghuUbcH7 and Ubc13 interacting
domains. Leukemia3, 1480-1489.

Marteijn, J.A.F., Van der Meer, L.T., Van Emst, Man Reijmersdal, S., Wissink,
W., de Witte, T., Jansen, J.H., and Van der Rejj@eA. (2007). Gfil ubiquitination
and proteasomal degradation is inhibited by theguibn ligase Triadl. Blood 10,
3128-3135.

Martin-Blanco, E., Gampel, A., Ring, J., Virdee, Kirov, N., Tolkovsky, A.M., and
Martinez-Arias, A. (1998)Puckered encodes a phosphatase that mediates a feedback
loop regulating JNK activity during dorsal closuie Drosophila. Genes &
Development2, 557-570.

166



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

McEwen, D.G., and Peifer, M. (2005)uckered, a Drosophila MAPK phosphatase,
ensures cell viability by antagonizing JNK-inducapoptosis. Developmerit32,
3935-3946.

Mellroth, P., Karlsson, J., HA¥kansson, J., Schiltz Goldman, W.E., and Steiner,
H.K. (2005). Ligand-induced dimerization Bfrosophila peptidoglycan recognition
proteins in vitro. Proceedings of the National Aeaxy of Sciences of the United
States of Americd02, 6455-6460.

Mellroth, P., Karlsson, J., and Steiner, H.K. (2008 Scavenger Function for a
Drosophila Peptidoglycan Recognition Protein. Journal of 8gatal Chemistry278,
7059-7064.

Mengin-Lecreulx, D., and Lemaitre, B. (2005). Sture and metabolism of
peptidoglycan and molecular requirements allowiisgdietection by th®rosophila
innate immune system. Journal of Endotoxin ReseHrch05-111.

Michel, T., Reichhart, J.-M., Hoffmann, J.A., andyRt, J. (2001)Drosophila Toll is
activated by Gram-positive bacteria through a ¢atbong peptidoglycan recognition
protein. Naturetl4, 756-7509.

Moreno, E., Yan, M., and Basler, K. (2002). Evajuti of TNF Signaling
Mechanisms: JNK-Dependent Apoptosis Triggered byeEi the Drosophila
Homolog of the TNF Superfamily. Current Biolo@, 1263-1268.

Morisato, D., and Anderson, K.V. (1994). The spéigéne encodes a component of
the extracellular signaling pathway establishing ttorsal-ventral pattern of the
Drosophila embryo. Cell6, 677-688.

Naito, A., Azuma, S., Tanaka, S., Miyazaki, T., @kk S., Takatsu, K., Nakao, K.,
Nakamura, K., Katsuki, M., Yamamoto,,Tet al. (1999). Severe osteopetrosis,
defective interleukin-1 signalling and lymph nodganogenesis in TRAF6-deficient
mice. Genes to Cells 353-362.

Ninomiya-Tsuiji, J., Kishimoto, K., Hiyama, A., IneuJ.-i., Cao, Z., and Matsumoto,
K. (1999). The kinase TAK1 can activate the NIKagpa-B as well as the MAP
kinase cascade in the IL-1 signalling pathway. N=838, 252-256.

Nishida, E., and Gotoh, Y. (1993). The MAP kinassaade is essential for diverse
signal transduction pathways. Trends in Biochentszaénced8, 128-131.

Nobel-Prize (2004). The Nobel Prize in Chemistr£20 Popular Information.
Ohkusu-Tsukada, K., Toda, M., Udono, H., Kawakamj,and Takahashi, K. (2010).
Targeted inhibition of IL-10-secreting CD25- Treta \p38 MAPK suppression in

cancer immunotherapy. European Journal of Immurnyodidy 1011-1021

Paquette, N., Broemer, M., Aggarwal, K., Chen, Husson, M., Ertlrk-Hasdemir,
D., Reichhart, J.-M., Meier, P., and Silverman, (2010). Caspase-Mediated

167



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Cleavage, IAP Binding, and Ubiquitination: LinkiAghree Mechanisms Crucial for
Drosophila NF-[kappa]B Signaling. Molecular C8H, 172-182.

Park, J.M., Brady, H., Ruocco, M.G., Sun, H., Vditts, D., Lee, S.J., Kato, T., Jr.,
Richards, N., Chan, K., Mercurio,,Ft al. (2004). Targeting of TAK1 by the NF-
kappa B protein Relish regulates the JNK-mediatethune response idrosophila.
Genes De\8, 584-594.

Promega (2011). Transfection, pp. Application Guide

QIAGEN (1998). The QIAGEN Guide to Good Microbiologl Practice. In Part 11 -
Storage oE. coli Strains (QIAGEN Worldwide).

QIAGEN (2000). Plasmid DNA - A Guide to Analyticgels. In (QIAGEN
Worldwide Inc).

QIAGEN (2002). Effectene Transfection Reagent Had#l(QIAGEN ).P. 7

Ramet, M., Manfruelli, P., Pearson, A., Mathey-rte\B., and Ezekowitz, R.A.B.
(2002). Functional genomic analysis of phagocytoarsl identification of a
Drosophila receptor folE. coli. Nature416, 644-648.

Reiley, W.W., Jin, W., Lee, AJ., Wright, A., Wu,. XTewalt, E.F., Leonard, T.O.,
Norbury, C.C., Fitzpatrick, L., Zhang, Met al. (2007). Deubiquitinating enzyme
CYLD negatively regulates the ubiquitin-dependeiake Takl and prevents
abnormal T cell responses. The Journal of Experiahéhedicine204, 1475-1485

Reyes-Turcu, F.E., Ventii, K.H., and Wilkinson, K.[{2009). Regulation and
Cellular Roles of Ubiquitin-Specific Deubiquitinag Enzymes. Annual Review of
Biochemistry78, 363-397.

Riesgo-Escovar, J.R., Jenni, M., Fritz, A., andddakE. (1996). Th®rosophila Jun-
N-terminal kinase is required for cell morphogesdsit not for DJun-dependent cell
fate specification in the eye. Genes & Developni@n®759-2768.

Rogers, S.L., and Rogers, G.C. (2008). Cultur®rafsophila S2 cells and their use
for RNAi-mediated loss-of-function studies and immtluorescence microscopy.
Nat Protocols3, 606-611.

Royet, J., Reichhart, J.-M., and Hoffmann, J.A.080 Sensing and signaling during
infection inDrosophila. Current Opinion in Immunology7, 11-17.

Rutschmann, S., Jung, A.C., Zhou, R., Silverman, Noffmann, J.A., and
Ferrandon, D. (2000). Role dbrosophila IKK-gamma in a Toll-independent
antibacterial immune response. Nat Immuhd42-347.

Rutschmann, S., Kilinc, A., and Ferrandon, D. (2002utting Edge: The Toll
Pathway Is Required for Resistance to Gram-PosiBaeterial Infections in
Drosophila. The Journal of Immunology68, 1542-1546.

168



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Sakurai, H., Miyoshi, H., Mizukami, J., and Sugifg, (2000). Phosphorylation-
dependent activation of TAK1 mitogen-activated pmotkinase kinase kinase by
TAB1. FEBS Lettergl74, 141-145.

Sakurai, H., Miyoshi, H., Toriumi, W., and Sugifia, (1999). Functional Interactions
of Transforming Growth Factor-beta-activated Kindswith I-kappa-B Kinases to
Stimulate NF-kappa-B Activation. Journal of Biologi Chemistry274, 10641-
10648.

Sambrook, J., and Russell, D.W. (2001). Molecullmn{dg: a Laboratory Manual
(Cold Spring Harbor Laboratory Press).

Samelson, L.E. (2002). Signal Transduction Mediabsd the T Cell Antigen
Receptor: The Role of Adapter Proteins. In AnnuaVviBw of Immunology (Annual
Reviews), pp. 371-394.

Schmittgen, T.D., and Livak, K.J. (2008). Analyzingal-time PCR data by the
comparative CT method. Nat Protoc8|s1101-1108.

Schleifer, K.H., and Kandler, O. (1972). Peptidagly types of bacterial cell walls
and their taxonomic implications. Microbiol Mol BiRev 36, 407-477.

Schneider, I. (1972). Cell lines derived from |at@bryonic stages ddrosophila
melanogaster. Journal of Embryology and Experimditaiphology27, 353-365.

Schultz, J., Milpetz, F., Bork, P., and PontingPC(1998). SMART, a simple
modular architecture research tool: Identificatadrsignaling domains. Proceedings
of the National Academy of Sciences 95, 5857-5864

Schutze, S., Tchikov, V., and Schneider-Brachert,(2808). Regulation of TNFR1
and CD95 signalling by receptor compartmentalizatidat Rev Mol Cell Biol9,
655-662.

Shembade, N., Ma, A., and Harhaj, E.W. (2010).4itioin of NF-kappa-B Signaling
by A20 Through Disruption of Ubiquitin Enzyme Corepés. Scienc&27, 1135-
1139.

Shibuya, H., Yamaguchi, K., Shirakabe, K., TonegatvaGotoh, Y., Ueno, N., Irie,
K., Nishida, E., and Matsumoto, K. (1996). TAB1: Axctivator of the TAK1
MAPKKK in TGF-beta Signal Transduction. Scier®, 1179-1182.

Silverman, N., and Maniatis, T. (2001). NF-kappaRjnaling pathways in
mammalian and insect innate immunity. Genes & Dgwelentl5, 2321-2342.

Silverman, N., Zhou, R., Erlich, R.L., Hunter, NBernstein, E., Schneider, D., and

Maniatis, T. (2003). Immune Activation of NF-kapBa-and JNK Requires
Drosophila TAK1. J Biol Cheni278, 48928-48934.

169



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Silverman, N., Zhou, R., Stéven, S., Pandey, N.ltrhark, D., and Maniatis, T.
(2000). A Drosophila I-kappa-B kinase complex required for Relish clegay and
antibacterial immunity. Genes & Developmé@nt 2461-2471.

Soper, R., Taylor, D.J.,Green, N.P. O., Stout, G.(¥298). Biological Science 3rd
Edition (CLPE) (Cambridge University Press India).

Sriskantharajah, S., and Ley, S.C. (2010). Turn®f§ Inflammation Signaling.
Science327, 1093-1094.

St Johnston, D. (2002). The art and design of genstreens:Drosophila
melanogaster. Nat Rev Gene3, 176-188.

Stenbak, C.R., Ryu, J. H., Leulier, F.O., Pili-FguS., Parquet, C., Hervé, M.,
Chaput, C., Boneca, I.G., Lee, W.-J., Lemaitre, @.al. (2004). Peptidoglycan
Molecular Requirements Allowing Detection by theosophila Immune Deficiency
Pathway. The Journal of Immunolody3, 7339-7348.

Stoven, S., Ando, |., Kadalayil, L., Engstrom, Myltmark, D. (2000). Activation of
the Drosophila NF-kappa-B factor Relish by rapid endoproteolylieavage. EMBO
Repl, 347-352.

Stoven, S., Silverman, N., Junell, A., Hedengrece@] M., Erturk, D., Engstrom,
Y., Maniatis, T., and Hultmark, D. (2003). Caspasediated processing of the
Drosophila NF-kappa-B factor Relish. Proceedings of the NwtioAcademy of

Scienced00, 5991-5996.

Stronach, B., and Perrimon, N. (2002). Activatidritee JNK pathway during dorsal
closure in Drosophila requires the mixed lineage kinase, slipper. Geges
Development6, 377-387.

Stronach, B.E., Perrimon, N. (1999). Stress siggaln Drosophila. Oncogen€ls,
6172-6182.

Stroschein-Stevenson, S.L., Foley, E., O'Farrel.,Pand Johnson, A.D. (2005).
Identification of Drosophila Gene Products Required for Phagocytosi<anfdida
albicans. PLoS Biol4, e4.

Takaesu, G., Kishida, S., Hiyama, A., Yamaguchi, Bhibuya, H., Irie, K,
Ninomiya-Tsuji, J., and Matsumoto, K. (2000a). TAB2 Novel Adaptor Protein,
Mediates Activation of TAK1 MAPKKK by Linking TAK1to TRAF6 in the IL-1
Signal Transduction Pathway. Molecular Gglb49-658.

Takaesu, G., Kishida, S., Hiyama, A., Yamaguchi, Bhibuya, H., Irie, K,

Ninomiya-Tsuji, J., and Matsumoto, K. (2000b). TAB2 novel adaptor protein,
mediates activation of TAK1 MAPKKK by linking TAKIo TRAF6 in the IL-1

signal transduction pathway. Mol C#&|l649-658.

170



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Takatsu, Y., Nakamura, M., Stapleton, M., DanosCMMatsumoto, K., O'Connor,
M.B., Shibuya, H., and Ueno, N. (2000). TAK1 Papates in c-Jun N-Terminal
Kinase Signaling durin®rosophila Development. Mol Cell Bio20, 3015-3026.

Tang, G., Minemoto, Y., Dibling, B., Purcell, N.H.j, Z., Karin, M., and Lin, A.
(2001). Inhibition of JNK activation through NF-kagB target genes. Natudéd4,
313-317.

Tauszig-Delamasure, S., Bilak, H., Capovilla, Mgftfhann, J.A., and Imler, J. L.
(2002).Drosophila MyD88 is required for the response to fungal amdn&positive
bacterial infections. Nat Immun8| 91-97.

Thermo-Fisher (2010). Protein Interaction Techniendbook (Thermo Fisher
Scientific Inc) Pg. 5.

Thevenon, D., Engel, E., Avet-Rochex, A., Gottar, Bergeret, E., Tricoire, H.,
Benaud, C., Baudier, J., Taillebourg, E., and Fequa M. O. (2009). The
Drosophila Ubiquitin-Specific Protease dUSP36/Scny Targets itdPrevent
Constitutive Immune Signaling. Cell Host & Microbg309-320.

Tokunaga, F., Sakata, S. |., Saeki, Y., SatomiK¥isako, T., Kamei, K.,
Nakagawa, T., Kato, M., Murata, S., Yamaokagt&al. (2009). Involvement of
linear polyubiquitylation of NEMO in NF-kappa-B adation. Nat Cell Biol11, 123-
132.

Towb, P., Huaiyu, S., Wasserman, S.A. (2009). Tisban IRAK-4 Homolog in a
Toll Pathway Adapted for Development and Immunitynnate Immuri, 309-321.

Tran, H., Hamada, F., Schwarz-Romond, T., and Bi&hz(2008). Trabid, a new
positive regulator of Wnt-induced transcription twipreference for binding and
cleaving K63-linked ubiquitin chains. Genes & Deymhent22, 528-542.

Treisman, R. (1996). Regulation of transcription MjP kinase cascades. Current
Opinion in Cell Biology8, 205-215.

Trompouki, E., Hatzivassiliou, E., Tsichritzis, Trarmer, H., Ashworth, A., and
Mosialos, G. (2003). CYLD is a deubiquitinating gme that negatively regulates
NF-kappa-B activation by TNFR family members. Na@4, 793-796.

Tsichritzis, T., Gaentzsch, P.C., Kosmidis, S., vidqip A.E., Skoulakis, E.M.,
Ligoxygakis, P., and Mosialos, G. (2007). Brosophila ortholog of the human
cylindromatosis tumor suppressor gene regulategly¢eride content and
antibacterial defense. DevelopméBd, 2605-2614.

Tsuda, M., Langmann, C., Harden, N., and Aigaki,(d005). The RING-finger
scaffold protein Plenty of SH3s targets TAK1 to ttohimmunity signalling in
Drosophila. EMBO Rep6, 1082-1087.

Tuan, R.S., Groskreutz, D., and Schenborn, E.T9{L9Reporter Systems. In
Recombinant Protein Protocols (Humana Press), {301

171



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Tuskey, C. (2001). Characterization of the duak#jwity phosphatase puckered, a
potential regulator of armadillo.

Van Der Reijden, B.A., Erpelinck-Verschueren, C.Bowenberg, B., and Jansen,
J.H. (1999). TRIADs: a new class of proteins witmavel cysteine-rich signature.
Protein ScB, 1557-1561.

Van Guilder, H.D., Vrana, K. E., Freeman, W. M. @). Twenty-five years of
guantitative PCR for gene expression analysis.d8latiquegi4, 619-626.

Vidal, S., Khush, R.S., Leulier, F., Tzou, P., Nakea, M., and Lemaitre, B. (2001).

Mutations in the Drosophila dTAK1 gene reveal a conserved function for
MAPKKKs in the control of rel/NF-kappa-B-dependenhate immune responses.

Genes & Developmerits, 1900-1912.

Wadgaonkar, R., Pierce, J.W., Somnay, K., Damict,,Crow, M.T., Collins, T.,
and Garcia, J.G.N. (2004). Regulation of c-Jun Mateal Kinase and p38 Kinase
Pathways in Endothelial Cells. Am J Respir Cell \adl 31, 423-431.

Wald, D., Commane, M., Stark, G.R., and Li, X. (2ROIRAK and TAK1 are
required for IL-18-mediated signaling (WILEY-VCH Yag GmbH), pp. 3747-3754.

Walker, J.M. (2002). The Protein Protocols Handhdbklustrated Edition (Humana
Press).Pgs. 15-21

Walsh, M.C., Kim, G.K., Maurizio, P.L., Molnar, E,Eand Choi, Y. (2008). TRAF6
Autoubiquitination-Independent Activation of the X&ppa-B and MAPK Pathways
in Response to IL-1 and RANKL. PLoS ON3Ee4064.

Wang, C., Deng, L., Hong, M., Akkaraju, G.R., Inpudd., and Chen, Z.J. (2001).
TAK1 is a ubiquitin-dependent kinase of MKK and IKKature412, 346-351.

Wang, L., Gilbert, R.J.C., Atilano, M.L., Filipe,R., Gay, N.J., and Ligoxygakis, P.
(2008). Peptidoglycan recognition protein-SD pregidversatility of receptor

formation in Drosophila immunity. Proceedings of the National Academy of
Scienced 05, 11881-11886.

Wang, L., Weber, A.N.R., Atilano, M.L., Filipe, S,R5ay, N.J., and Ligoxygakis, P.
(2006). Sensing of Gram-positive bacteria Dmosophila: GNBP1 is needed to
process and present peptidoglycan to PGRP-SA. ENIES)5005-5014.

Wang, M.C., Bohmann, D., and Jasper, H. (2003). Bitfbaling Confers Tolerance
to Oxidative Stress and Extends Lifespaiosophila. Developmental Ceb, 811-
816.

Waskiewicz, A.J., Cooper, J. A. (1995). Mitogen atréss response pathways: MAP

kinase cascades and phosphatase regulation in maranthyeast. Current Opinion
in Cell Biology7, 798-805.

172



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Weber, A.N.R., Tauszig-Delamasure, S., HoffmanA,,J.elievre, E., Gascan, H.,
Ray, K.P., Morse, M.A., Imler, J. L., and Gay, N2003). Binding of thé®rosophila
cytokine Spatzle to Toll is direct and establistigmaling. Nat Immunod, 794-800.

Werner, T., Liu, G., Kang, D., Ekengren, S., Steitk., and Hultmark, D. (2000).
A family of peptidoglycan recognition proteins irhet fruit fly Drosophila
melanogaster. Proceedings of the National Acade®gience®7, 13772-13777.

Wertz, I.E., O'Rourke, K.M., Zhou, H., Eby, M., Aiad, L., Seshagiri, S., Wu, P.,
Wiesmann, C., Baker, R., Boone, D.& al. (2004). De-ubiquitination and ubiquitin
ligase domains of A20 downregulate NF-kappa-B dlgra Nature430, 694-699.

Westermeier, R., and Gronau, S. (2005). Electragdisrin practice: a guide to
methods and applications of DNA and protein separat(\Wiley-VCH).

Wicker, C., Reichhart, J.M., Hoffmann, D., HultmarR., Samakovlis, C., and
Hoffmann, J.A. (1990). Insect immunity. Charactatian of aDrosophila cDNA
encoding a novel member of the diptericin familyimimune peptides. Journal of
Biological Chemistry265, 22493-22498.

Wilson, K., and Walker, J.M. (2000). Principles amechniques of practical
biochemistry (Cambridge University Press).Pgs. 1%&2129

Wong, M.L., and Medrano, J. F. (2005). Real-timdRHGr mRNA quantitation.
Biotechniques39, 75 - 85.

Wu, Z. H., Wong, E.T., Shi, Y., Niu, J., Chen, Kliyamoto, S., and Tergaonkar, V.
(2010). ATM- and NEMO-Dependent ELKS Ubiquitinati@oordinates TAK1-
Mediated IKK Activation in Response to GenotoxiceSs. Molecular Cel0, 75-86.

Xu, D., Woodfield, S.E., Lee, T.V., Fan, Y., AntoniC., and Bergmann, A. (2009).
Genetic control of programmed cell death (apopjasiBrosophila. Fly 3, 78-90.

Xu, L., Lubkov, V., Taylor, L.J., and Bar-Sagi, [2010). Feedback Regulation of
Ras Signaling by Rabex-5-Mediated Ubiquitinationri@nt Biology20, 1372-1377.

Xue, L., lgaki, T., Kuranaga, E., Kanda, H., MiuM,, and Xu, T. (2007). Tumor
Suppressor CYLD Regulates JNK-Induced Cell Deatriosophila. Developmental
Cell 13, 446-454.

Yamaguchi, K., Shirakabe, K., Shibuya, H., Irie, Rishi, I., Ueno, N., Taniguchi,
T., Nishida, E., and Matsumoto, K. (1995). Idewctfion of a Member of the
MAPKKK Family as a Potential Mediator of TGF-betaisal Transduction. Science
270, 2008-2011.

Yan, H., Jahanshahi, M., Horvath, E.A., Liu, H.-#&nd Pfleger, C.M. (2010). Rabex-

5 Ubiquitin Ligase Activity Restricts Ras Signalintp Establish Pathway
Homeostasis in Drosophila. Current Bioldgfy, 1378-1382.

173



215.

216.

217.

218.

219.

220.

221.

Yang, J., and Steward, R. (1997). A multimeric ctarm@nd the nuclear targeting of
the Drosophila Rel protein Dorsal. Proceedings of the Nationahdamy of Sciences
94, 14524-14529.

Yeh, W. C., Shahinian, A., Speiser, D., KraunusBillia, F., Wakeham, A., de la
Pompa, J.L., Ferrick, D., Hum, B., Iscove,, Nt al. (1997). Early Lethality,
Functional NF-kappa-B Activation, and Increased s8ety to TNF-Induced Cell
Death in TRAF2-Deficient Mice. Immunity, 715-725.

Yoshida, H., Kinoshita, K., and Ashida, M. (199B)rification of a Peptidoglycan
Recognition Protein from Hemolymph of the SilkworBombyx mori. Journal of
Biological Chemistry271, 13854-13860.

Zaidman-Rémy, A., Hervé, M., Poidevin, M., Pili-bhy, S., Kim, M. S., Blanot, D.,
Oh, B.-H., Ueda, R., Mengin-Lecreulx, D., and Letr&iB. (2006). Thérosophila

Amidase PGRP-LB Modulates the Immune Response toteBal Infection.
Immunity 24, 463-473.

Zhou, H., Wertz, I., O'Rourke, K., Ultsch, M., Seghi, S., Eby, M., Xiao, W., and
Dixit, V.M. (2004). Bcl10 activates the NF-kappapBthway through ubiquitination
of NEMO. Nature427, 167-171.

Zhou, R., Silverman, N., Hong, M., Liao, D.S., Cgul., Chen, Z.J., and Maniatis,
T. (2005). The Role of Ubiquitination idrosophila Innate Immunity. J Biol Chem
280, 34048-34055.

Zhuang, Z.-H., Sun, L., Kong, L., Hu, J. H., Yu, M., Reinach, P., Zang, J. W., and

Ge, B. X. (2006)Drosophila TABZ2 is required for the immune activation of JNK
and NF-kappaB. Cellular Signalliri@, 964-970.

174



Appendix 1: Supplementary Data — Standard recipes

Luria —Bertani broth (1 litre)

10 g of bacto-tryptone

5 g of bacto — yeast extract

10 g of NaCl

Dissolve in 800ml of autoclaved milliQ water, adjts pH 7.0 and make upto 1 litre with

autoclaved milliQ water. Add 15g/L of agar if magimedium. Autoclaved before use.

NZY ™ Broth (per litre)

10 g of NZ amine (casein hydrolysate)

5 g of yeast extract

5 g of NaCl

Add 800ml of autoclaved milliQ water, adjust to @ using NaOH and make upto 1 liter
with autoclaved milliQ water. Autoclave. Add thelléaving filer-sterilized supplements
prior to use:

12.5 ml of 1 M MgC}

12.5 ml of 1 M MgSQ

20 ml of 20% (w/v) glucose
Carbenicillin stock solution (100mg/ml):

Dissolved 1.0g of carbenicillin in 10ml of autoctal milliQ water, filter-sterilesed and

stored at -20°C.
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2x SDS sample buffer (Laemmli Buffer):

2.5ml of 0.5 M Tris-HCI, pH 6.8

2.0ml of glycerol (100%)

4.0ml of 10% (w/v) SDS

0.5ml of 0.1% (w/v) Bromophenol Blue

Make upto 10ml with autoclaved milliQ water. Add Mercaptoethanol to final

concentration of 5.0%.

10% SDS solution:
Dissolve 10g of SDS in 90ml of milliQ water withrgée stirring. Make upto 100ml with

milliQ water.

TE Buffer
10 mM Tris-HCI (pH 8.0)

1 mM EDTA (pH 8.0)

Drosophila fly food:
(A) 20.0g of agar

750ml of autoclaved milliQ water

125ml of golden syrup
(B) 275ml of autoclaved milliQ water

125¢g of wholemeal flour
(©) 250ml of autoclaved milliQ water

12ml of nipagin (stock solution 2&igsolved in 250ml alcohol)

7ml propionic acid
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Stir all A ingredients into a saucepan and bring twoil. Mix B ingredients to a fine paste,
add to the saucepan and bring it to a boil. Simther mixture for 5 mins. Mix C
ingredients away from the flame. Add it to the sman, bring it to a boil and pour into

sterile vials or bottles. Add live Baker’s yeastite top of the food before use.
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Appendix 2: Supplementary data — primer sequences &

standard reactions

Table A2-1: Primer sequences for generation of fulength constructs

Primer .
Construct Primer sequence
name
JTAKL ACTAK1-F 5- CCCGAATTCCAAAATGGCCACAGCATCGCTGGACG-3'
AcTAK1-R 5- CCCCTCGAGCGCATTGTGATGCGGTGGGATGAC-3
AcAri2-F 5'- CCCGAATTCCAAAATGGACTCGGACATCGAAATG-3’
Ari-2
AcAri2-R 5- CCCGCGGCCGCTGCGTCCACTGGGAAGAAGTC-3
Trabid AcTrbd-F 5' - CCCGAATTCCAAAATGTGCGATACCAAAGACGATGCG - 3'
AcTrbd-R 5'- CCCGCGGCCGCCTCCTCATCCGAGTCGCCATC - 3'
ACTIT:AF& 5-CCCGAATTCCAAAATGCAGCGAGTCCAGGCC-3
dTRAF2
ACTRAF6-
R 5-CCCGCGGCCGCCACAATATTGATCTCGATCTTGATG-3'
ACTAB2-F | 5- CCCGCGGCCGCCAAAATGGCGGCTACACCACCAATG-3'
dTAB2
AcTAB2-R 5- CCCCTCGAGTGTATGCAGAGCGTACGGCTGCTG-3
5-CCCGAATTCCAAAATGGCCGAACAAAAACTTATTTCTGAAGAA
Ubiguitin AcUb-F | GATCTGGGTGCCGGTATGCAGATCTTCGTGAAAACCCTTAC-3’
AcUb-F 5-CCCGCGGCCGCTTAACCACCTCTCAGACGCAGG-3
Eier AcEgr-F 5-CCCGAATTCCAAAATGACTGCCGAGACCCTCAAGC-3
g AcEgr-R 5-CCCGCGGCCGCCACCTTGAAGATGCCAAAGTAGC-3
puckered AcPuc-F 5-CCCGCGGCCGCCAAAATGTGTGTGAATCGAGAAACGC-3'
AcPuc-R 5' - CCCCTCGAGGTCCCTCGTCAAATTGCTAGCC - 3
ACdIIf\ P1- 5 - CCCGAATTCCAAAATGGCATCTGTTGTAGCTGATCTTCC - 3
dIAP1
AcdIAP1-
R 5 - CCCGCGGCCGCAGAAAAATATACGCGCATCACATCGG - 3
Rabex-5-F | 5- CCCGCGGCCGCCAAAATGTCAACGGCGGCGCGACCTC-3
Rabex-5 Rabex-5-
R 5- CCCCTCGAGTTTGGGAGCATCCGCGCCGTCCTGTCC-3'
EGEP EGFP-F 5-CCCGAATTCCAAAATGGTGAGCAAGGGCGAGGAGC-3
EGFP-R 5-CCCGCGGCCGCCTTGTACAGCTCGTCCATGC-3’

*Restriction sites are underlined.
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Table A2-2: Primer sequences for generation of dTAB-N and dTAB2-C constructs

Construct | Primer Primer sequence
name

dTAB2-N | AcTAB2-F | 5- CCCGCGGCCGCCAAAATGGCGGCTACACCACCAATG-3’
TAB2-N-R | 5- CCCCTCGAGCGGCTCACAGGGCGTTGCGTACAAGG-3’

dTAB2-C | TAB2-C-F | 5-CCCGCGGCCGCCAAAATGGTGACAAGTGTTCCGGCAAACC-3’
ACTAB2-R | 5- CCCCTCGAGTGTATGCAGAGCGTACGGCTGCTG-3'

*Restriction sites are underlined.

Standard PCR reaction

40.0ul milliQ H20 (sterile)

1.0ul DNA template (100ng/ul)

5.Qul PfuUltrall reaction buffer (10x)

1.Qul dNTP mix (25 mM each dNTP)

1.0ul reverse primer (10uM)

1.0ul forward primer (10uM)

1.Qul PfuUltrall fusion HS DNA polymerase

50.0nl — total volume

PCR Cycling parameters:

Cycle Temperature Duration

1 95°C 2 mins

95°C 20 sec

30 PrimerTy, - 5°C 20 sec
72°C 15 sec/kb

1 72°C 3 mins
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Table A2-3: Mutagenesis primers for fusion PCR -Drosophila Ari-2

Construct

Primer
name

Primer sequence

Ari-2*%

Ari-2RA

5'- CCCGAATTCCAAAATGGACTCGGACATCGAAATG-3

Ari-2°R1.B

5- CCTCGGGCACCCTAACATTCATCTGGCTGCGGTACTGTGG-3’

Ari-2°R.c

5-CCACAGTACCGCAGCCAGATGAATGTTAGGGTGCCCGAGG-3

Ari-2°RL.p

5- CCCGCGGCCGCTGCGTCCACTGGGAAGAAGTC-3

Ari-24R2

Ari-22R2A

5'- CCCGAATTCCAAAATGGACTCGGACATCGAAATG-3

Ari-2°R2_B

5-GGGTTGTCCTTGTAGCGAGACTTGGGGCAGTCTTTGGTGTG-3

Ari-2°R2.C

5-CCACACCAAAGACTGCCCCAAGTCTCGCTACAAGGACAACCC-3

Ari-2*R2.D

5'- CCCGCGGCCGCTGCGTCCACTGGGAAGAAGTC-3

Ari_zAZnF

Ari-224"F_A

5'- CCCGAATTCCAAAATGGACTCGGACATCGAAATG-3

Ari-224"F.B

5-GGCGCACTTGGTCAGCCAGCCCGTGTGGCAAGCCTTGC-3’

Ari-224"F_C

5'-GCAAGGCTTGCCACACGGGCTGGCTGACCAAGTGCGCC-3

Ari-224"F_p

5- CCCGCGGCCGCTGCGTCCACTGGGAAGAAGTC-3

Ari-24¢¢

Ari-2:¢C-A

5'- CCCGAATTCCAAAATGGACTCGGACATCGAAATG-3

Ari-2°¢¢-B

5-CTCGAGATCACCCAGGTCACCGGCCTCCATGTAATAGG-3

Ari-22¢¢.C

5-CCTATTACATGGAGGCCGGTGACCTGGGTGATCTCGAG-3

Ari-22¢“-D

5- CCCGCGGCCGCTGCGTCCACTGGGAAGAAGTC-3

*Restriction sites are underlined.

Note: Ari-2°"*?was made with the same primers used for makin@&tbut, using Ari-

2AR2

as the template.
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Table A2-4: Mutagenesis primers -Drosophila TAK1 single site mutations

Construct | Primer name Primer sequence

dTAKL dTak1lA137G-F 5-CAAGCTGGTTGCCGTCAGGGAGTTCTTCGC-3'

(K45R) dTak1A137G-R 5-GCGAAGAACTCCCTGACGGCAACCAGCTTG-3'

dTAK1 dTak1A401G-F 5-ATATTTGCATGCCATGACGCCAAGACCACTAATACATCG-3
(K134R) | dTak1A401G-R 5-CGATGTATTAGTGGTCTTGGCGTCATGGCATGCAAATAT-3'

dTAK1L dTak1K142R-F 5'- CACTAATACATCGCGACGTGAGGCCGCTGAACC - 3
(K142R) | dTak1K142R-R 5 - GGTTCAGCGGCCTCACGTCGCGATGTATTAGTG - 3

dTAKL dTak1A467G-F 5'-AAGGGACGCAATCTGAGGATATGCGACTTCGGC-3'
(K156R) | dTaklA467G-R 5'-GCCGAAGTCGCATATCCTCAGATTGCGTCCCTT-3'

dTAK1 dTak1A566G-F 5-GGTCTTCGAAGGCTCCAGGTATACGGAGAAGTGTG-3'
(K189R) | dTak1A566G-R 5-CACACTTCTCCGTATACCTGGAGCCTTCGAAGACC-3

dTAKL dTak1lA578G-F 5-GCTCCAAGTATACGGAGAGGTGTGACATTTTTAGCTG-3'
(K194R) | dTak1A578G-R 5-CAGCTAAAAATGTCACACCTCTCCGTATACTTGGAGC-3’

Table A2-5: Mutagenesis primers -Drosophila TAB2 single site mutations

Construct Primer name Primer sequence
dTab2FP-F 5-GAGATGAAGCAGGAGGCAGCCACGATACCCGATGCC-3
dTAB2*"
dTab2FP-R 5- GGCATCGGGTATCGTGGCTGCCTCCTGCTTCATCTC-3
5-GCTGGACTCGTGGGCCGCCAACATGGCTACATTCCGCA
dTab2C769A/CT72A-F
ACCAT - 3
dTAB2**" 5 -

dTab2C769A/C772A-R

ATGGTTGCGGAATGTAGCCATGTTGGCGGCCCACGAGTC
CAGC - 3
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Table A2-6: Mutagenesis primers -Drosophila Trabid single site mutations

Construct Primer name Primer sequence
TrbdT1552A-F 5.CAGTGCTGGCGACAGCCTGCTGGACTC-3'
dTrabid®>*8s
TrbdT1552A-R 5.GAGTCCAGCAGGCTGTCGCCAGCACTG-3'

TrbdT37G/G38C-F | 5.GACGATGCGCAGAAATGGAAAGCTGAAACTTGCACCTACG-3'

dTrabid“***
TrbdT37G/G38C-R 5'-CGTAGGTGCAAGTTTCAGCTTTCCATTTCTGCGCATCGTC-3'
TrbdT283G/G284C-F | 5. CAGCGAAAAGTGGCCCGCCAAGGTGTGCACCTAT-3'
dTrabid®®®*
TrbdT283G/G284C-R | 5 ATAGGTGCACACCTTGGCGGGCCACTTTTCGCTG-3'
TrbdT712G/G713C.F | 5-CTATGTCTCCAAATGGGCGGCTAACTCTTGCACTTACGAA-3
dTrabid“%#A

TrbdT712G/G713C-R 5-TTCGTAAGTGCAAGAGTTAGCCGCCCATTTGGAGACATAG-3'

« Construct dTrabitP*®*>was made with primers TrbdT1552A-F & TrbdT1552A-R
with full-length dTrabid as the template using aikQihange Lightning Site-
Directed Mutagenesis Kit (Agilent).

« Construct dTrabitP'®**“"" was made with primers TrbdT37G/G38C-F,
TrbdT283G/G284C-F & TrbdT712G/G713C-F using full rdBid>'®s as the
template with a QuikChange Lightning Multi Site-Bited Mutagenesis Kit

(Agilent).

Table A2-7: Mutagenesis primers -Drosophila TRAF2 single site mutations

Construct Primer name Primer sequence
dTraf2¢*A. F | 5-GGACTCGCGATACGAGGCCGCCATTTGCATCGAT-3'
dTRAF2C10%A
dTraf2“**A. R | 5-ATCGATGCAAATGGCGGCCTCGTATCGCGAGTCC-3’
dTraf2c*?* - F 5 TTGACGTCGTGCGGCGCTCGATTTGCTCGCAGCTGCCTCAC-3'
dTRAF2C124A
dTraf2®**A- R 5-GTGAGGCAGCTGCGAGCAAATCGAGCGCCGCACGACGTCAA-3'
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Standard single-site mutagenesis reaction

40.0ul milliQ H20 (sterile)
1.0ul dsDNA template (100ng/ul)
5.Qul Reaction buffer (10x)
1.Qul dNTP mix (25 mM each dNTP)
1.0ul oligonucleotide primer # 1 (125ng)
1.0ul oligonucleotide primer # 1 (125ng)
1.5ul QuikSolution reagent

50.0pl — total volume

Then added:

1.0l of QuikChange Lightning Enzyme

PCR Cycling parameters:

Segment Cycle Temperature Duration
1 1 95°C 2 mins
95°C 20 sec
2 18 60°C 20 sec
68°C 30 sec/kb
3 1 68°C 5 mins
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Table A2-8: Mutagenesis primers —Ubiquitin multi ste mutations:

Primer name Primer sequence
Ub-Al17G-F 5-ATGCAGATCTTCGTGAGAACCCTTACCGGCAGG-3
Ub-A17G-R 5-CCTGCCGGTAAGGGTTCTCACGAAGATCTGCAT-3
Ub-A32G-F 5'-AAAACCCTTACCGGCAGGACCATCACCCTTGAG-3'
Ub-A32G-R 5-CTCAAGGGTGATGGTCCTGCCGGTAAGGGTTTT-3'

Ub-A80G_A86G-F | 5'-CACCATCGAAAATGTGAGGGCCAGGATCCAGGATAAGGAAG-3'

Ub-A80G_A86G-R | 5-CTTCCTTATCCTGGATCCTGGCCCTCACATTTTCGATGGTG-3'

Ub-A98G-F 5'-GCCAGGATCCAGGATAGGGAAGGCATTCCC-3'

Ub-A98G-R 5'-GGGAATGCCTTCCCTATCCTGGATCCTGGC-3'

Ub-A143G-F 5-AGGCTCATCTTTGCAGGCAGGCAGCTGGAAG-3'

Ub-A143G-R 5-CTTCCAGCTGCCTGCCTGCAAAGATGAGCCT-3

Ub-A188G-F 5-TCTTTCTGACTACAACATCCAGAGAGAGTCGACCCT-3'

Ub-A188G-R 5-AGGGTCGACTCTCTCTGGATGTTGTAGTCAGAAAGA-3'

Mutant constructs cMyc-UB® & cMyc-Ub<®?

were made using a QuikChange Lightning
Multi Site-Directed Mutagenesis Kit (Agilent). Onlyre forward primer set were used.

Mutagenesis was performed in 2 steps.

1. Full-length cMyc-Ub was used as the template andemtides 32, 80, 86 and 143
(or 188) were mutated from A to G. This generatedu2ant constructs with either
K48 (A143G) or K63 (A188G) mutated together wittesi32, 80 and 86.

2. Thereafter, sites 17 and 98 were mutated using HwhK48 and K63 mutant

constructs as templates.
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Standard multi-site mutagenesis reaction

X ul sterile milliQ H0 (upto a final volume of 25ul)

X ul dsDNA template (100ng)

2.5ul reaction buffer (10x)

1.0ul dNTP mix (25 mM each dNTP)

X ul oligonucleotide primer # 1 (100ng)
X ul oligonucleotide primer # 1 (100ng)
X ul oligonucleotide primer # 1 (100ng)
0.75ul QuikSolution reagent

1.0l of QuikChange Lightning Enzyme

25.0nl — total volume

PCR Cycling parameters:

Segment Cycle Temperature Duration
1 1 95°C 2 mins
95°C 20 sec
2 30 55°C 30 sec
65°C 30 sec/kb
3 1 65°C 5 mins

185




Standard restriction digestion reaction
X ul sterile milliQ H0 (upto a final volume of 100ul)
X ul dsDNA template (2.5u0)
10.Qul appropriate reaction buffer (10x)
10.Qul bovine serum albumin (10x)
2.5ul restriction enzyme # 1
2.5ul restriction enzyme # 2
100.0pl — total volume

Incubated at 37°C for 3 hrs

Typical ligation/cloning reaction

X ul sterile milliQ H0 (upto a final volume of 10ul)

X ul restriction digested expression vector DNA (~50ng
X ul restriction digested DNA construct (~150ng)

1.0ul reaction buffer (10x)

1.0ul DNA Ligase enzyme

10.0pl — total volume

Incubated at 16°C for 12 - 16 hrs
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Appendix 3 — Supplementary Data - Chapter 3
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Figure S1: JNK activity & expression profiles of Lys 142 and 156 mutants
of Drosophila TAK1. (A) DrosophilaTAK1¥*?R & dTAK1****® mutant failed

to activate the JNK signalling above basal lev&lsosophila TAK1 (wt) or
dTAKL*2R or dTAKI'®*R mutant was expressed along with dTAB2 in
combinations shown in S2 cells apdckeredexpression was assayed 48hrs
post-transfectionError bars represent SEM of 3 separate experimeResults
were normalized to the empty vect¢B) Both dTAKI!*?R & dTAK1K!®R
show similar expression profiles to dTAKL. A timeucse expression analysis
after treatment with proteasomal inhibitor MG135%{® for 8 hrs) show the
profiles of both mutants were similar to full-lehgd TAK1.

187



(A) 16 -
2 14 -
g 12
EE 1
EE 08
EE‘ D.E_
2E p4 -
ot
= 0.2 -
E :I_ T T T T T T :I
oo — ™~ + + - T
5 FE & o o 20z
z i = = = L5 o= i
— = - E'E 2 o m o
= + - B - X Py +
) — + = + = 'GEE ~
e = 0 P a
i} — T — @ L Find
S F° EE zB B
= = ET #= =
= = = o +
'UE —
=
5 F
=
(B)
2.5 7
1_
1]
w
)
s -
Eo 15
=E
=
E
gE 1
z &
o]
&
05 o
:I T T T T
Emp Vect EGFP dTakl dTakl + dTakl +
dTah2 dTabhZ2ZnFOel

Figure S2: JNK activity in the presence of (A) dTrdgid and mutants & (B)
dTAB2 and dTAB2°¢“"F | (A) Activity of the JNK pathway was not affected
by dTrabid or its mutants. S2 cells were co-tractsié with expression vectors
in combinations shown anguckered expression was assayed 48hrs post-
transfection by gPCRResults were normalised to the empty vector (Eng) Ve
and the error bars represent the SEM of 3 indepehéeperiments(B) The
JNK pathway is slightly activated above basal Isvel the presence of
DrosophilaTAB2®“" mutant when compared with full-length dTAB2. S2sel
were co-transfected with expression vectors in d¢oatlons shown and
puckeredexpression was assayed 48hrs post-transfectigif@R.Results were
normalised to the empty vector (Emp Vec) and thar éxars represent the SEM
of 3 independent experiments.
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Appendix 4 — Supplementary Data - Chapter 5
(A) Chromosome 2R:18,100,346..18,104,769

18100346 18101024 18102387 18103690 1810389818104769
ATG

Ari-2-RA B }

18100945 18103751

12341 (18,100,391): P{PZ}ari-207765cn1/CyO;»506 KB
20092 (18,100,355): yws7c23;P{EPgy 2}ari2€Y00574

(B)

Wn Ari-2-P

Ari-2

RP49

Fig. S3. Characterisation of F-element insertion lines. (A Schematic
genomic map oAri-2-RA depicting positions of insertion of the P-elenseint
the two mutant lines (black arrow) used to genetae transheterozygous
mutant Ari-2 stock utilised in the stud) The transheterozygous 12341/20092
mutant was analyzed by reverse transcriptase PCRarfe2 mRNA (upper
panel), and shown to be a strong hypomorph whenpaoed with wild-type
flies (Wn). rp49 (also known afRpL39 was used as a loading control (lower

panel).

189



112 153 202 284 384

128 222 314 447 431

430 452 509

112 1':3 2»2 27288 3':4 43,,54':2 533

447 431

112 153 202 270286 364 430452 509
128 314 447 431

112 153 202 284 364 430452 509

128 222 292 447 431

Fig. $4. Possible Representations of A-2. Due to overlapping domains, Ari-
2-PA is predicted to form four possible represeotst of the Ari-2 protein
(http://smart.embl-heidelberg.de/). Grey box repnés a low complexity region;
Black triangle represents a RING finger domain; #&hiexagon represents an
IBR (In Between RING fingers domain); Black rectingepresents a 2C-

type zinc finger; Hatched rectangle representsladaoil region.
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Figure S5: Ari -2 mutant flies have a reduced adult lifespar(A) Mean adult

lifespan & s.e.) ofari-2 mutant flies (12341/20092; white bars; 13.4 daats)
30°C compared to wild-type flies (Wn; grey bars; 18a4/s). (B) Survival graph

of aboveari-2 wild-type and mutant flies at 30°C Cohorts of 2ildvype male

(Wn; black line) or 20 Ari-2 mutant male (12341/2Q0 grey line) flies were

placed in standard food vials at °80 and their survival determined daily

Experiments

indicates significance value of the result as aeteed by Student's t-Test

(P=<0.01).

depict mean values from at least 2peddent experiments. **
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Figure S6: Ari-2 mutant flies are sensitive to celllar stress and fail to
mount a JNK response Cohorts of 20 male flies were placed in standaatifo
vials and exposed to heat shock at@7or 4 hours. Survival (determined by a
sit-up response) was scored after this period. Medneszts.e. are depicted
from at least 3 independent experiments. The sahf Ari2 mutant flies
(12341/20092) was compromised with respect to wipe flies (wCam), and
found to be comparable to flies devoid of a JNK pose
(CyOl/If;hsGal4/UASdTak1-RNAI Survival, however, could be extended by
overexpressing ari-2 (UAS-ari2/CyO;hsGal4/y. This extended lifespan
phenotype could however, be restored to wild-typeels by co-expressing a
dTAK1 dsRNA UAS-ari-2/CyO;hsGal4/UAS-dTAK1-RNAI
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