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Abstract

Members o f the Toll-like receptor (TLR) family are essential players in activating 

the host innate immune response against infectious microorganisms. All TLRs signal 

through Toll/IL-1 receptor (TIR) domain-containing adapter proteins. MyD88 adapter

like (Mai) is one such adapter, which is specifically involved in TLR-2 and TLR-4 

signalling. The aim o f this study was to further characterise signalling via Mai. In 

particular, this study focussed on the mechanisms o f  Mai phosphorylation.

Initial studies determined that overexpressed Mai undergoes phosphorylation. In 

vitro it was determined that Mai is a substrate for Interleukin-1 receptor-associated 

kinase-1 (IRA KI), IRAK4 and Bruton’s tyrosine kinase (Btk). Furtheimore Btk 

immunoprecipitated from THP-1 cells activated by LPS could phosphorylate Mai. 

Activation o f  THP-1 m onocytic cells w ith  th e  TL R 4 agonist 1 ipopolysaccharide ( LPS) 

and the TLR2 agonist, macrophage activating lipopeptide-2 (MALP-2), induced 

phosphorylation o f  Mai on tyrosine residues. Pre-treatment o f  THP-1 monocytic cells 

with the Btk inhibitor LFM-A13 could block the endogenous phosphorylation o f Mai on 

tyrosine in cells treated with MALP-2 or LPS. Three possible phospho-accepting 

tyrosines were identified at posifions 86, 106 and 187, and two mutant forms o f Mai in 

which tyrosines 86 and 187 were mutated to phenylalanine acted as dominant negative 

inhibitors o f NF-kB activation by LPS.

In addition, association studies revealed that Mai interacts with SOCS-1. Co

expression o f Mai w ith  SOCS-1 resulted in Mai degradation. Degradation o f Mai was 

abolished i n m ice containing a n ull m utant o f  Btk, s uggesting t hat p hosphorylation o f



Mai by Btk is likely to be required to recruit SOCS-1, thereby resulting in Mai 

degradation.

Our study therefore provides the first demonstration o f the key role o f  Mai 

phosphorylation on tyrosine during signalling by TLR2 and TLR4 and identifies a novel 

function for Btk as the kinase involved in regulating Mai signalling.
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C h a p te r  1- In tro d u c tio n

1.1 General Introduction

The immune system is often segregated into two main components, namely innate 

and adaptive immunity. The major difference between these two arms of the immune 

system is that the innate immune response uses a subset o f germline encoded receptors 

termed pattern recognition receptors (PRRs), whereas the adaptive immune response uses 

somatic gene rearrangement to produce specific antigen receptors.

In recent years the mechanism by which the innate immune system recognises 

invading microorganisms, has been further elucidated with the discovery of PRRs termed 

Toll-like receptors (TLRs). The term Toll was originally coined for a cell surface receptor 

governing dorsal/ventral polarity in the early Drosophila embryo (Hashimoto, Hudson et 

al. 1 988; Stein and Stevens 1 991). Toil w as 1 ater found to  play a crucial role in  anti- 

fungal defence in the adult fly (Lemaitre, Nicolas et al. 1996). A year subsequent to this 

discovery, a mammalian homologue o f Drosophila Toll was described (Mitcham, Pamet 

et al. 1996; Medzhitov, Preston-Hurlburt et al. 1997; Rock, Hardiman et al. 1998). To 

date 13 Toll homologues have been identified in mice and 10 in humans, all of which 

have been assigned to a new superfamily, known as the TLR/lnterleukin-1 receptor (IL- 

IR) superfamily (Medzhitov, Preston-Hurlburt et al. 1997; Rock, Hardiman et al. 1998; 

Chuang and Ulevitch 2000; Hemmi, Takeuchi et al. 2000; Zhang, Zhang et al. 2004).

In addition to their vital role in controlling the innate immune response, it has 

transpired that TLRs are required to enhance the adaptive immune response. Dendritic 

cells (DCs) are the key components in linking both the innate and the adaptive immune 

response. TLR signalling in  DCs leads to  their activation and maturation and controls 

secretion o f cytokines such as lL-12 which generally results in the induction o f T helper
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C h a p te r 1 - In troduction

type 1 (T hl) responses (Trinchieri 2003). In addition, TLR signal transduction in DCs 

induces the up-regulation o f co-stimulatory molecules required to translate the nonclonal 

pattern recognition signal into clonal antigen-specific immune responses (Steinman 

2003). The sequential activation o f innate and subsequent adaptive immunity mediated by 

TLRs is now known to be crucial step in sensing and eradicating invading pathogens.

1.2 The T L R /IL -IR  superfamily

All members o f the TLR/IL-IR superfamily are defined by the presence o f an 

evolutionary conserved intracellular TIR domain, which is characterised by three 

conserved sequence boxes, termed Box 1, 2 and 3. Members o f  the TLR/IL-IR 

superfamily can be further classified into three disfinct subgroups: the IL-IR  subgroup, 

whose members contain immunoglobulin (Ig)-like domains extracellularly; the TLR 

subgroup, whose members contain a tandem array o f  leucine-rich repeats (LRRs) in their 

extracellular region and lastly the third subgroup, which comprises o f cytosolic adapter 

molecules (Figure 1.1).

1.2.1 The IL-IR subgroup

In brief, the IL -IR  subgroup includes the founder member o f  the family, type I 

IL-1 receptor (IL-IRI) (Sims, March et al. 1988), which directly binds the pro- 

inflammatory cytokine IL-1; the IL-1 receptor accessory protein (IL lR A cP) (Greenfeder, 

Nunes et al. 1995); the IL-18 receptor (Pamet, Garka et al. 1996; Torigoe, Ushio et al. 

1997) and its accessory protein (IL l-ISRA cP) (Bom, Thomassen et al. 1998). Other 

members include TI/ST2 (Klemenz, Hoffmann et al. 1989; Tominaga 1989;
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Figure 1.1 Schematic representation depicting members of the TLR/IL-IR 

superfamily. The TLR/IL-IR superfamily share a region of homology in their 

intracellular domain termed the TIR domain. The IL-IR subgroup is typified by 

having multiple Ig-like domaias in their extracellular domain whereas the TLR 

subgroup has a leucine-rich repeat domain in its place. TLR3, TLR7, TLR8, and TLR9 

are located in intracellular compartments. The third subgroup consists of cytosolic 

adapters.
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C h a p te r  1 - In tro d u c tio n

Werenskiold, Hoffmann et al. 1989) and single Ig-domain containing IL-1 receptor 

related molecule (SIGIRR) (Thomassen, Renshaw et al. 1999).

1.2.2 The TLR subgroup

TLRs have been referred to as PRRs as they recognise conserved molecular 

patterns that are essential for the survival o f microorganisms. These invariant structures, 

among microorganisms o f  a particular class, are called pathogen-associated molecular 

patterns (PAMPs). The beauty o f  PAMPS is that they are  not expressed on host cells, 

thereby making them an excellent target for the immune response. It has emerged that 

TL R l, TLR2, TLR4, TLRS and TLR6 are all localised to the plasma membrane whereas 

TLR3, TLR7, TLRS and TLR9 are preferentially expressed in intracellular compartments 

such as endosomal vesicles (Figure 1.1) (Takeda and Akira 2005).

1.2.2.1 Ligands for the TLRs

TLRs are expressed differentially among immune cells (Muzio, Polntarutti et al. 

2000)and it has emerged that, despite their similarities, TLRs respond to different 

invading microorganisms. Combinations o f overexpression studies, ex vivo studies and 

knock-out (KO) mice have been used to identify specific ligands for each o f the TLRs 

(Figure 1.2).

TLR4 is the prototypical receptor o f this subgroup and has been identified as the 

long s ought a fter r eceptor fo r 1 ipopolysaccharide ( LPS), a gram-negative b acterial c ell 

wall component (Poltorak, He et al. 1998; Qureshi, Lariviere et al. 1999). Recognition o f 

LPS at the receptor level is instigated through a series o f  events. In brief, LPS is initially
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Figure 1.2 Schematic diagram depicting the natural ligands recognised by 

members of the TLR family. Recent studies have revealed that each member of the 

TLR family can selectively mediate responses to invariant structures on invading 

microorganims. Bacterial LPS responds to TLR4, whereas TLR2 dimerises with either 

TLR I or TLR6 to elicit an immune response against triacylated and diacylated bacterial 

lipoproteins respectively. TLR2 also recognises peptidoglycan (PGM); it has yet to be 

determined if additional TLRs are required (TLRX). CpG DNA produced by both 

bacteria and viruses, activates TLR9, the ligand for TLR3 is double-stranded RNA, and 

flagellin is recognized by TLRS. In mice, TLR 11 responds to uropathogenic bacteria. 

TLR4 also recognises the Respiratory Syncytial Virus (RSV) fusion (F) protein. Double 

stranded RNA (dsRNA) signals through TLR3, whereas TLR7 and TLRS respond to 

single stranded RNA (ssRNA). TLR3, TLR7, TLRS and TLR9 reside within the 

endosomal membrane. LRR: Leucine rich repeat.
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C h a p te r  1- In tro d u c tio n

recognised via its lipid A moiety by the LPS-binding protein (LBP) (Schumann, Leong et 

al. 1990). It has been reported that the function o f LBP is to directly enhance LPS 

activity by transferring LPS to CD14 (Jack, Fan et al. 1997; Wurfel and Wright 1997). 

LPS is subsequently presented by CD 14 to the extracellular adapter protein, MD-2 and 

TLR-4, which results in TLR4 activation (Yu and Wright 1996).

TLR2 appears to be unique in its requirement for cooperation with other TLRs, 

namely TLRl and TLR6 to mediate cell signalling. Triacylated lipoprotein has been 

identified as the natural ligand for TLR2 in cooperation with TLR l (Takeda, Takeuchi et 

al. 2002). Furthermore, the TLR2/6 heterodimer is required for the recognition o f 

diacylated lipoproteins. Macrophage activating lipopeptide-2 (MALP-2), a 

proinflammatory lipopeptide from Mycoplasma ferm entans, is one such diacylated 

molecule (Takeuchi, Kawai et al. 2001). It has also been reported that TLR2 elicits an 

immune response against peptidoglycan, a component o f the bacterial cell wall 

(Takeuchi, Hoshino et al. 1999). However, recent evidence has emerged indicating that 

TLR2 does not in fact recognize peptidoglycan, but rather that the TLR2 response was 

due to minor contaminants present in the peptidoglycan preparation, such as lipoproteins 

(Travassos, Girardin et al. 2004).. Moreover it has been determined that rather than 

initiating a TLR response, peptidoglycan degradation products in the form o f 

muropeptides may be recognized by other PRRs, namely nucleotide-binding 

oligomerization domains (NODs) and NACHT-, LRR- and pyrin domain (PYD)- 

containing proteins (NALPs) (Travassos, Girardin et al. 2004). It remains to be 

determined however, if  NODs and NALPs recognize the peptidoglycan degradation
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products directly or whether recognition occurs through the use o f  a linker protein 

(Travassos, Girardin et al. 2004).

The ligand for TLR3 is double-stranded RNA, which is a frequent byproduct o f 

viral infection ( Alexopoulou, H o l t e t a l .  2 001). Flagellin, a protein m onom er obtained 

from bacterial flagella, is recognised by TLR5 (Hayashi, Smith et al. 2001) and 

unmethylated bacterial CpG DNA is the ligand for TLR9 (Hemmi, Takeuchi et al. 2000). 

The antiviral synthetic compound R-848 is recognized by TLR7 and TLR8 and recently 

single-stranded RNA h as  been identified a s  their natural ligand (Hem m i, Kaisho et al. 

2002; Diebold, Kaisho et al. 2004; Heil, Hemmi et al. 2004). T L R l l  is essential in 

mediating an immune response to bacterial infections o f the urinary tract but only in mice 

(Zhang, Zhang et al. 2004). No ligand has been identified for TLRIO, which was 

identified in humans, but not mice. In addition, natural ligands for TLR12 and TLR13 

have yet to be identified.

1.2.3 TIR domain-containing adapter subgroup

Once the TLRs are activated by their respective agonists, receptor dimerisation 

via the TIR domain is thought to occur. This leads to recruitment o f  cytosolic TIR 

domain-containing adapter proteins (Vogel, Fitzgerald et al. 2003; Dunne and O'Neill 

2005). Five such adapters have been discovered to date, including (in order o f  their 

discovery) myeloid differentiation factor 88 (MyD88) (Lord, Hoffman-Liebermann et al. 

1990); MyD88 adapter-like (Mai) (Fitzgerald, Palsson-McDermott et al. 2001), also 

called TIR domain-containing adapter protein (TIRAP)(Homg, Barton et al. 2001); 

Toll/IL-1 receptor domain-containing adapter inducing IFN-p (TRIF) also referred to as
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TIR-containing adapter molecule-1 (TICAM-1) (Yamamoto, Sato et al. 2002; Oshiumi, 

Matsumoto et al. 2003); TRIF-related adapter protein (TRAM) (Fitzgerald, Rowe et al. 

2003)also known as TIR-containing protein (TIRP) (Bin, Xu et al. 2003) and TIR- 

containing adapter molecule-2 (TICAM-2) (Oshiumi, Sasai et al. 2003) and Sterile alpha 

and HEAT/Armadillo m otif protein (SARM) (Mink, Fogelgren et al. 2001) (Figure 1.3).

It has emerged that specificity with respect to adapter usage exists among the 

TLRs (Vogel, Fitzgerald et al. 2003). The prototype TIR-containing adapter protein, 

MyD88, has been being implicated in signalling from all the tested TLRs with the 

probable exception o f TLR3. Conversely Mai participates solely in TLR2 and TLR4 

signal transduction where it may act as a bridging adapter for MyD88 recruitment 

(Fitzgerald, Palsson-McDermott et al. 2001; Homg, Barton et al. 2001; Homg, Barton et 

al. 2002; Yamamoto, Sato et al. 2002). The third adapter to be identified, TRIF, is an 

essential adapter in TLR3 signalling and is required for initiation o f  the MyD88- 

independent activation o f the transcription factor interferon-regulated factor-3 (IRF-3), 

induced by both TLR3 and TLR4 ligands (Yamamoto, Sato et al. 2002; Oshiumi, 

Matsumoto et al. 2003). TRAM on the other hand is believed to act as a linker adapter in 

the MyD88-independent signalling pathway, as it has emerged that it is required to bring 

TLR4 and TRIF into close proximity (Oshiumi, Sasai et al. 2003). A role for SARM in 

TLR s ignalling h as yet t o b e d etermined, a s r ecent s tudies s uggest t hat i t i s u nable t o 

activate either the N F-kB or the IRF-3 pathways (Liberati, Fitzgerald et al. 2004).
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Figure U  Schematic representation of known mammalian TLR adapter molecules.

A- MyD88, TIRAP/Mal, TRIFATICAM-l, and TIRP/TRAM/TICAM-2 are all known 

TLR adapter proteins, while the function of SARM is not yet known. B. CLUSTAL W 

alignment of the TIR domains of human and mouse MyD88, TIRAP/Mal, TRIF/TICAM- 

l, and TIRP/TRAM/TICAM-2. The amino acid colours are based on their 

physicochemical properties where yellow = small, green = hydrophobic, turquoise = 

aromatic, blue = positively charged and red = negatively charged. The three important 

regions. Box 1,2, and 3 are labelled. Adapted from Vogel, Fitzgerald et al. 2003.
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1.3 Mai

Mai was initially identified during high-throughput sequencing o f a human 

dendritic cell expressed sequence tag (EST), complementary DNA library and found to 

have sequence similarity to MyD88 and other TIR-domain-containing genes (Fitzgerald, 

Palsson-McDermott et al. 2001). In particular, the TIR domain o f  Mai was found to 

contain the signature sequence (F/Y) D o f Box 1, and the consensus sequence RD and PG 

o f Box 2, while Box 3 is absent (Figure 1.3a).

Initial research into the function o f Mai, determined that it is required for NF-kB, 

Jun amino-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK)-l and 

ERK-2 activation (Fitzgerald, Palsson-McDermott et al. 2001; Homg, Barton et al. 2001). 

Mai also promotes phosphorylation o f the p65 subunit o f the NF-kB complex, which is 

required for transactivation o f  gene expression (Mansell, Brint et al. 2004). It was 

established that Mai interacted with TLR4, but not with TLR9, and that overexpression o f 

the isolated TIR domain o f Mai and a cell-permeable Mai blocking peptide both inhibited 

LPS signalling, clearly demonstrating that TLR4-signalling is M al-dependent (Homg, 

Barton et al. 2001). The generation o f Mal-deficient mice has since confirmed that Mai is 

required for LPS signalling, as Mai knock-out (KO) macrophages showed delayed NF- 

kB translocation and MAPK phosphorylation following stimulation with LPS (Homg, 

Barton et al. 2002; Yamamoto, Sato et al. 2002). Interestingly, it was noted that NF-kB 

translocation was essentially eliminated in Mai KO macrophages following MALP-2 

stimulation, establishing an additional role for Mai in TLR2 signalling. A direct 

interaction between Mai and TLR2 has been observed (Gray, P., unpublished), 

furthermore Mai has also been reported to interact with TLRl (Fitzgerald, K.,
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unpublished). Mal-deficient macrophages responded normally to poly(I:C) (TLR3), 

flagellin (TLR5), R-848 (TLR7), CpG DNA (TLR9), IL-1 (IL-IR) and IL-18 (IL-18R), 

indicating that Mai is not required to mediate responses via these receptors.

Yeast-two h ybrid a nalysis h as s hown t hat M al c an a Iso f  orm h omodimers, a nd 

that it heterodimerises with MyD88 (Fitzgerald, Palsson-McDermott et al. 2001). 

Although both adapters bind to TLR2 and TLR4, molecular modelling based on 

electrostatic surface representations suggest that Mai and MyD88 do not compete for the 

same b inding s ite, a nd t hat b oth a dapters a re b elieved t o b ind t o e ach o ther a t a n on- 

overlapping site (Dunne, Ejdeback et al. 2003). It has also been determined that Mai 

associates with the adapters TRIP and TRAM (Bin, Xu et al. 2003; Fitzgerald, Rowe et 

al. 2003)

Recent work has determined that Mai interacts with tumour-necrosis factor- 

receptor (TNFR)-associated factor (TRAF6) and contains a TRAF6 binding m otif (Pro- 

Pro-Glu-Leu-Arg-Phe) (Mansell, Brint et al. 2004). TRAF6 is an ubiquitin ligase that 

recruits the ubiquitin-UBC13 (ubiquitin-conjugating enzyme 13)-UEV1 (ubiquitin- 

conjugating enzyme E2 variant 1) complex which promotes its auto-ubiquitination (Deng, 

Wang et al. 2000). Mutation o f the critical glycine residue within the TRAF6 binding site 

located within Mai, to an alanine (Mal-E190A), did not effect the Mal-TRAF6 

interaction, suggesting that other regions o f Mai, yet to be identified, may be required to 

mediate this association. Nevertheless although the TRAF6 binding site was not required 

for T RAF6 a ssociation, it w as d etermined t hat i t w as e ssential fo r M al signalling. In 

particular, it was required for Mai to mediate NF-kB, JNK and p42/p44 M APK 

activation. Furthermore, Mal-E190A failed to activate p65-mediated transactivation o f
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gene expression, and inhibited TLR2- and TLR4-mediated NF-kB activation. It has 

already been established that the MyD88/IRAK complex recruits TRAF6, therefore it has 

been suggested that the ability o f Mai to interact with TRAF6 may be an essential 

mechanism required to recruit additional TRAF6 molecules to the TLR signalling 

pathway.

Regarding interactions with protein kinases that have been implicated in TLR 

signalling, it has been reported that Mai interacts with IRAK2 but not with overexpressed 

IRAKI (Fitzgerald, Palsson-McDermott et al. 2001). However although Mai does not 

bind to overexpressed IR A K I, studies with Mal-deficient cells revealed tha t similar to 

MyD88, Mai is required for IRAKI kinase activity in response to stimuli activating the 

TLR2 and TLR4 pathways (Yamamoto, Sato et al. 2002). Mai has also been shown to 

interact with a non-receptor protein-tyrosine kinase, termed Bruton’s tyrosine kinase 

(Btk) (Jefferies, Doyle et al. 2003) (see Section 1.5.2 for further discussion). In addition, 

Mai associates with the interferon (IFN)-regulated, double-stranded RNA (dsRNA)- 

activated protein kinase R (PKR), a kinase that has been recently implicated in LPS 

signalling (H om g, B arton e t al. 2001). M ai was also  observed to  b ind  to  th e  negative 

regulator o f  PKR activity termed p58, and a dsRNA-binding domain-containing protein 

that activates PKR, known as protein activator o f  PKR (PACT). These interactions were 

specific for Mai as association o f MyD88 with PKR was not observed. Furthermore, a 

peptide designed to encompass the box 2 region in Mai inhibited PKR phosphorylation 

induced by LPS but not CpG (Homg, Barton et al. 2001). These observations support the 

theory that PKR functions downstream o f Mai, although the exact mechanism has yet to 

be deciphered.

Page 9



C h a p te r  1- In tro d u c tio n

1.4 TLR signalling: an overview

1.4.1 The M yD88-dependent Pathway

Although MyD88- and Mal-deficient mice were resistant to the lethal effects o f 

LPS, NF-kB activation and IRF-3 activation still occurred, albeit delayed (Homg, Barton 

et al. 2002; Yamamoto, Sato et al. 2002). This pointed to a role for MyD88 and Mai in 

the early response to LPS, known as the MyD88-dependent pathway (Figure 1.4). Much 

o f what is known concerning the downsteam events mediated by the TLRs has been 

initially provided from studying the signalling mechanisms o f ILl-R I. In brief, following 

association o f  the TIR domain-containing adapter proteins, IRAKI, IRAK2 and IRAK4 

are recruited to the receptor complex along with the adapter TRAF-6 (Fig. 1.4) (Cao, 

Henzel et al. 1996; Cao, Xiong et al. 1996; Li, Commane et al. 1999; Li, Strelow et al. 

2002; Suzuki, Suzuki et al. 2002). IRAKI is then hyperphosphorylated, both by itself and 

by IRAK4. Hyperphosphorylation o f  IRAKI decreases its affinity for the receptor 

complex while increasing its affinity for TRAF6 (Cao, Xiong et al. 1996). IRAKI and 

TRAF6 interact with a membrane bound pre-associated complex o f  TGF-P activated 

kinase 1 (TA K l), and two TA K l-binding proteins (TAB), termed TA Bl and TAB2 

(Jiang, Ninomiya-Tsuji et al. 2002). Phosphorylation o f TA K l and TAB2 occurs in this 

membrane bound complex, initiating the dissociation o f TRAF6/TAK1/TAB1/TAB2 

from the membrane to the cytosol, and IRAKI degradation (Jiang, Ninomiya-Tsuji et al. 

2002). TAKl is subsequently activated which in turn activates the IkB kinase (IKK) 

complex consisting o f  IK K a, IKKp and NEMO/IKKy (Karin and Ben-Neriah 2000). The 

IKK complex consequently phosphorylates a set o f inhibitory-binding proteins kB 

(IkBs), which triggers their ubiquitination and degradation. NF-kB is then released and
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Figure 1.4 MyD88-dependent signaling pathway. MyD88, associates with the 

cytoplasmic TIR domain of TLRs, and recruits IRAK to the receptor upon Ugand 

binding. IRAK then activates TRAF6, leading to the activation of the IkB kinase (IKK) 

complex consisting of IKKa, IKKP and NEMO/IKKy. The IKK complex phosphorylates 

IkB, resulting in nuclear translocation of NF-kB that induces expression of inflammatory 

cytokines. Mai is involved in the MyD88-dependent signaling pathway via TLR2 and 

TLR4.Taken from Takeda and Akira 2004.
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translocated i nto t he n ucleus, w hich r esults i n t he i nduction o f  p ro-inflammatory gene 

expression (Mercurio, Zhu et al. 1997; Regnier, Song et al. 1997; Woronicz, Gao et al. 

1997; Zandi, Rothw arf et al. 1997).

1.4.2 The MyD88-independent/TRIF-dependent pathway

Thus far, TLR3 and TLR4 appear to be the only receptors that can signal in the 

absence o f MyD88. Moreover, TLR3 seems to be unique in that it signals exclusively 

through the adapter protein TRIP, whereas TLR4 signalling in the absence o f MyD88, 

requires both TRIP and TRAM (Yamamoto, Sato et al. 2003; Yamamoto, Sato et al. 

2003). In vitro studies suggest that TRAM functions as a bridging adapter to recruit TRIP 

to the receptor complex as it has emerged that TRIP does not directly bind to the TIR 

domain o f TLR4 (Oshiumi, Sasai et al. 2003). The MyD88-independent/TRIF-dependent 

pathway is required to initiate the delayed activation o f N P -kB  and IRP-3 (Pigure 1.5). 

Pollowing recruitment o f TRAM and TRIP in the case o f TLR4, or TRIP alone in 

response to TLR3 activation, the model for NP-kB activation is presumed to involve a 

similar series o f events as noted above, with TLR3 signalling being shown to require the 

receptor-interacting protein-1 (RIP-1) for sufficient NP-kB activation (Sun, Yin et al. 

2002). The activation o f  IRP-3 however involves the noncanonical IKKs, IKKs, (also 

called IKK-i), and TANK-binding kinase-1 (T B K l), (also known as tumour necrosis 

factor (TNP) receptor-associated factor 2 (TRAP-2)-associated kinase (T2K)). In  brief, 

IK K e and TBK-1 mediate phosphorylation and a ctivation o f IRP-3 through interaction 

with TRIP and TRAM. Pull activation o f IRP-3 is reported to require further 

phosphorylation which is dependent on recruitment o f  the lipid kinase, phosphoinositol 3-
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MyD88-independent manner. A third TIR domain-containing adaptor, TRIF, is essential 

for the MyD88-independent pathway. Non-typical IKKs, IKK/TIKKi; and TBKl, mediate 

activation of IRF-3 downstream of TRIF. A fourth TIR domain-containing adaptor, 

TRAM, is specific to the TLR4-mediated MyD88-independent (TRJF-dependent) 

pathway. Taken from Takeda and Akira 2004.
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kinase (PI3K) to tyrosine phosphorylated TLR3 (see section 1.4.3, for further discussion) 

(Sarkar, Smith et al. 2003). IRF-3 dimerisation and nuclear translocation subsequently 

occurs, allowing IRF-3 to bind to the interferon-sensitive response element (ISRE), 

thereby inducing the IFN-P promoter which leads to the induced expression of IFN- 

inducible genes (Arbibe, Mira et al. 2000; Fitzgerald, Rowe et al. 2003; Sharma, 

tenOever et al. 2003)

1.5 Phosphorylated proteins in the TLR and adapter molecule subgroups 

1.5.1 TLR4

It has long been thought that tyrosine kinases were intrinsically involved in the 

signalling pathway mediated by LPS (Ziegler, Wilson et al. 1988). Recently, it has been 

determined that TLR4 itself, undergoes time dependent tyrosine phosphorylation upon 

LPS stimulation (Chen, Zuraw et al. 2003). To date, the tyrosine residue or residues that 

are phosphorylated remain undetermined, as does the LPS activated protein tyrosine 

kinase.

1.5.2 TLR2

Studies have also indicated that TLR2 is tyrosine phosphorylated following 

stimulation with heat killed Staphylococcus aureus (HKSA) (Arbibe, Mira et al. 2000). It 

is believed that the small GTPase Racl mediates this phosphorylation event. Results 

demonstrated that a signalling complex is formed upon stimulation with HKSA 

consisting o f  R ac l, the cytoplasmic domain o f  TLR2 and the p 85 subunit o f  the lipid 

kinase, phosphoinositol 3-kinase (PI3K). PI3K consists of a catalytic subunit (pllO)
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associated with a regulatory subunit (p50a, p55a and p85a) (Leavers, Vanhaesebroeck et 

al. 1999). The regulatory subunit o f PI3K consists o f tandem SH2 domains, which 

interact with phosphotyrosine YXXM motifs (Fry 1994). It has been hypothesized that 

this signalling complex activates NF-kB by phosphorylation o f  the p65 subunit o f  NF- 

k B .

Simultaneous mutation o f two tyrosine residues located in two putative PI3K 

binding sites in the cytosolic region o f TLR2, at positions 616 and 761, abolished N F-kB 

activity and p85 association (Arbibe, M ira et al. 2000). As TLR2 was found not to exhibit 

intrinsic t yrosine k inase a ctivity, autophosphorylation c an b e r uled o ut. Therefore i t i s 

assumed that TLR2 tyrosine phosphorylation is regulated by a yet to be identified 

tyrosine kinase, that is activated upon HKSA stimulation through a Racl-dependent 

pathway.

1.5.3 TLR3

In addition to TLR2 and TLR4, TLR3 has been reported to contain 

phosphotyrosine residues (Sarkar, Smith et al. 2003). It was determined that 

phosphorylation o f  TLR3 on tyrosine in response to dsRNA, was essential for TLR3 

signalling. Further investigation revealed that tyrosine phosphorylation o f TLR3 is 

required to recruit PI3K to its cytoplasmic domain. This event most likely initiates a 

kinase cascade, which leads to full activation o f  IRF-3 as a result o f further 

phosphorylation events on yet to be identified residues in IRF-3 (Sarkar, Smith et al. 

2003).
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1.5.4 MyD88

In addition to TLR2 it has determined that both TLR4 and MyD88 associate with 

PI3K, upon LPS stimulation. MyD88 interaction with PI3K was observed even when 

cells were untreated, however upon LPS stimulation, formation o f this complex increased 

rapidly and transiently (Ojaniemi, G lumoff et al. 2003). Further investigations revealed 

that MyD88 is tyrosine phosphorylated, and that tyrosine phosphorylation was enhanced 

upon stimulation with LPS. Additional work is required to identify the tyrosine kinase 

responsible for phosphorylating MyD88.

1.5.5 TRIP

Reminiscent o f  T LR4 and M yD88, T RIF w as a Iso f  ound t o b e p hosphorylated 

upon LPS stimulation, and once phosphorylated TRIF was observed to bind to TRAF6 

(Sato, Sugiyama et al. 2003). In addition, co-expression o f either IKKe or T B K l, with the 

N terminal and TIR domain o f TRIF resulted in TRIF phosphorylation (Shimada, Kawai 

et al. 1999; Bonnard, Mirtsos et al. 2000; Peters and Maniatis 2001), suggesting that these 

kinases might mediate this phosphorylation event. Although TRIF phosphorylation 

appears to be regulated by LPS, the real significance o f  this phosphorylation event has yet 

to be determined.

1.5.6 TRAM

It has also been reported that TRAM is phosphorylated following TLR4-mediated 

NF-kB activation (Bin, Xu et al. 2003). However, the mechanisms o f TRAM
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phosphorylation have yet to be deciphered, as neither the region that is phosphorylated, 

nor the kinase responsible for mediating phosphorylation o f TRAM, have been identified.

1.6 Protein Kinases implicated in TLR Signalling 

1.6.1 Serine/Threonine Kinases

As previously mentioned, following recruitment o f the TIR domain-containing 

proteins, a cascade o f kinase activity is initiated involving the IRAKs. To date there are 

four members in this family, IRAKI, and IRAK4, both o f which possess kinase activity 

and the kinase inactive proteins, IRAK2 and IRAKM. All four members contain a death 

domain at the N-terminus followed by a regulatory domain, a kinase domain, and a C- 

terminal undefined region (Figure 1.6).

1.6.1.1 IRAKI

Initial studies into the function o f IRA KI, established that IRAKI activates NF- 

k B and is  required fo r IL-1-mediated N F - k B activation ( Wesche, H enzel e t  al. 1 997). 

Analysis o f IRAKI-deficent mice demonstrated that in addition to IL-1 signalling, 

IRAKI is also required to mediate responses to LPS (Thomas, Allen et al. 1999; 

Swantek, T sen e t  al. 2 000) Studies have revealed tha t IRAKI associates w ith  M yD88 

upon activation o f  the TLR signalling pathway, and that this association is mediated 

through the death domains present in both proteins (Wesche, Henzel et al. 1997). Once 

IRAKI is associated with the receptor complex it is phosphorylated both by IRAK4 and 

by autophosphorylation on multiple residues (Li, Strelow et al. 2002).
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4). All four members contain a death domain at the N-terminus followed by a regulatory 

domain, a kinase domain, and a C-terminal undefined region.
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Recent investigations have clarified the complex series o f events resulting in 

IRAKI activation. In brief, three sequential autophosphorylation steps are required for 

phosphorylation o f IRA K I, the sites o f which have been mapped to Thr-209 and Thr-387, 

culminating in the hyperphosphorylation o f  several residues in the ProST region located 

between the death domain and kinase domain. Although Thr-209 and Thr-387 were found 

to be phosphorylated by IRAKI itself, peptide analysis has shown that these residues are 

also potential targets for phosphorylation by IRAK4. It is believed that phosphorylation 

o f IR A K I b y IR A K 4 triggers IR A K I autophosphorylation (Kollewe, Mackensen et al. 

2004). Results have shown that hyperphosphorylation o f IRA K I releases IR A K I from  

the adapter molecule Tollip and the receptor-MyD88 complex (Bums, Clatworthy et al. 

2000). This leads to the formation o f a new protein complex comprising o f 

hyperphosphorylated IRAKI and TRAF6. Hyperphosphorylation o f  IRAKI leads to its 

ubiquitin-mediated proteolysis, thus depleting the intracellular pool o f  IRAKI available 

for signal transduction. To date the only substrates known for IRAKI are IRAKI itself, 

Tollip, Pellino2 and IRF-7, but their phosphorylation sites for Tollip, Pellino2 and IRF-7 

have yet to be determined (Bums, Clatworthy et al. 2000; Strelow, Kollewe et al. 2003; 

Uematsu, Sato et al. 2005).

1.6.1.2 IRAK4

Preliminary studies investigating the role o f IRAK4 in TLR signalling determined 

that IRAK4 activates the ERK, JNK and NF-kB pathways (Li, Strelow et al. 2002). In 

addition, it has been ascertained that upon overexpression IRAK4 undergoes auto- and/or 

cross-phosphorylation (Li, Strelow et al. 2002). Interestingly, it was noted that in contrast
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to the other members o f the IRAK family, IRAK4 requires its kinase activity to activate 

NF-kB (Li, Strelow et al. 2002). Reconstitution o f  IRAK4 in cells deficient in IRAKI 

cannot activate NF-kB in response to IL-1 (Li, Strelow et al. 2002). Further investigation 

revealed that IRAKI autophosphorylation is partially inhibited in cells overexpressing a 

kinase-inactive form o f IRAK4 (Li, Strelow et al. 2002). It has also emerged that only the 

kinase-inactive form o f IRAK4 can interact with IRAKI, MyD88 and TRAF6 (Li, 

Strelow et al. 2002). Taken together these results suggest that the kinase activity o f 

IRAK4 important for mediating TIR-domain signalling.

Studies with IRAK4-deficient mice confirmed an essential role for IRAK4 in TLR 

signalling (Suzuki, Suzuki et al. 2003). In brief, mice lacking IRAK4 were completely 

resistant to LPS-induced septic shock and showed virtually no cytokine response. 

Following LPS stimulation, IRAK4-deficient macrophages exhibited delayed and 

decreased activation o f  NF-kB. Similar to LPS treatment, IRAK4-deficient macrophages 

stimulated with ligands for TLR2, TLR3 and TLR9 failed to produce inflammatory 

mediators. The position o f IRAK4 in the TLR signalling pathway was also investigated 

and it was determined using IRAK4-deficient cells that both MyD88 and Mai require 

IRAK-4 for signal transduction, whereas TRAF6 does not (Suzuki, Suzuki et al. 2003). 

As m entioned above, IRAK4 signalling i s dependent o n  i ts kinase activity, suggesting 

that it may be required to mediate a series o f phosphorylation events for efficient TLR 

signalling. Thus far the only known substrates for IRAK4 are IRAK4 itself, IRAKI and 

Pellino2 (Li, Strelow et al. 2002; Strelow, Kollewe et al. 2003; Kollewe, Mackensen et al. 

2004). However, the exact phosphorylated residues o f IRAK4 or Pellino2 that are 

phosphorylated by IRAK4 have yet to be elucidated.

Page 17



C h a p te r I - In tro d u c tio n

1.6.1.3 The IkB kinase (IKK) complex

In addition to the IRAKs, it has also emerged that serine-specific kinases termed 

the IkB kinases (IKKs), are essential components o f TLR-mediated N F -kB activation. 

The IKK complex contains two closely related kinases, IK K a (also known as IK K l) and 

IKKp (also known as IKK2), and a structural subunit termed IKKy (Karin and Ben- 

Neriah 2000). TA K l phosphorylates and activates IKK(3 on serine 177 and 181 (Malinin, 

Boldin et al. 1997). The activated IKK complex then phosphorylates the NF-kB inhibitor 

protein, iKBa, on serine residues 32 and 36 (Karin and Ben-Neriah 2000). This leads to 

the polyubiquitination and degradation o f iKBa, thereby allowing NF-kB to translocate 

into the nucleus. To date it is believed that the kinase activity o f both IKKe and TBKl are 

essential components o f the IRF-3 signalling pathway mediated by the adapter protein 

TRIF, however it has yet to be determined if  these kinases phosphorylate IRF-3 directly 

(Fitzgerald, Rowe et al. 2003).

In addition, IKKp, IKKe and TBK l have been shown to phosphorylate the p65 

subunit o f N F-kB, on Ser-536 resulting in its enhanced transactivating activity 

(Weinstein, Gold et al. 1991; Fitzgerald, McW hirter et al. 2003).

1.6.1.4 The mitogen activated protein kinases (MAPKs)

A large family o f serine/threonine kinases termed the mitogen activated protein 

kinases (MAPKs) have also been implicated in TLR signal transduction. Three major 

groups o f the MAPKs regulate TLR signalling in humans, namely the extracellular signal 

regulated kinases (ERKs), c-Jun N-terminal kinase (JNK) and p38 MAPK.
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Activation o f MAPKs themselves require initial phosphorylation on both 

threonine and tyrosine residues by the MAP kinase kinases (MAPKK), which are in turn 

activated by serine/threonine phosphorylation by MAPKK kinases (MAPKKKs). TAKl 

is a member o f  the MAPKKK family, which is required for the phosphorylation and 

activation o f  IKKp (Malinin, Boldin et al. 1997). TLR mediated activation o f  the MAPKs 

leads to the phosphorylation o f many proteins, the best studied o f which is the activating 

protein-1 (AP-1) family o f transcription factors which cooperate with NF-kB in 

mediating an immune response against the invading pathogen.

1.6.1.5 Receptor-interacting protein (RIP) family kinases

The RIP family o f serine/threonine kinases consists o f seven members (RIPl-7), 

all o f  which are closely related to the IRAK family (Meylan and Tschopp 2005). Previous 

studies have shown that RIPl mediates NF-kB activation independent o f its kinase 

activity (Hsu, Huang et al. 1996; Ting, Pimentel-Muinos et al. 1996). However, the 

ability o f RIPS to induce NF-kB activation remains controversial, as conflicting reports 

show that RIP3 can both activate and inhibit NF-kB (Pazdemik, Donner et al. 1999; Sun, 

Lee et al. 1999; Yu, Huang et al. 1999; Kasof, Prosser et al. 2000). A short region o f 

approximately 35 amino acids, termed the RIP homotypic interaction m otif (RHIM), was 

identified in the intermediary domains o f  R IPl and RIP3. Association studies have 

revealed that RIP3 and RIPl interact via their RHIMs, which subsequently results in 

RIPl phosphorylation by RIP3 (Sun, Yin et al. 2002). It has since emerged that TRIF also 

possesses a RHIM, which mediates recruitment o f RIPl and RIP3 to the TLR3 signalling 

pathway (Meylan, Bums et al. 2004). TLR3- but not TLR4-mediated NF-kB activation
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was abolished in the absence o f RIP 1, indicating that RIPl plays a crucial role on the 

signalling pathway emanating from  TLR3 (M eylan, Bums et al. 2004). I n contrast to 

R lP l, RIP3 negatively regulated the capacity o f  TRIP to activate NF-kB by competing 

with the interaction between RIPl and TRIP (Meylan, Bums et al. 2004). Similar to RIPl 

and RIPS, RIP2 overexpression results in  activation ofN F-K B . R IP2 K O  studies have 

revealed a role for RIP2 in mediating signals emanating from TLR2, TLR4, and TLR3 

(Chin, Dempsey et al. 2002).

1.6.1.6 PK R

PKR is an additional serine/threonine kinase involved in TLR signalling. Studies 

have revealed that mice deficient in PKR were unable to activate p38 and JNK MAPKs 

following LPS treatment (Goh, deVeer et al. 2000). It has also been determined that 

following LPS signalling, PKR is a critical component in mediating apoptosis (Hsu, Park 

et al. 2004). As has been discussed in Section 1.2.2, PKR has been shown to interact with 

Mai, further implicating PKR in the TLR signalling pathway (Homg, Barton et al. 2001)

1.6.2 T yrosine Kinases 

1.6 .2.1 Src-fam ily

In addition to serine/threonine kinases, it has long been thought that tyrosine 

kinases were intrinsically involved in the signalling pathway mediated by LPS 

(Weinstein, Gold et al. 1991). In particular, it has been reported that inhibition o f the non

receptor Src-family tyrosine kinase Lyn, following LPS treatment, impaired production 

o f the cytokine T N F-a in monocytes (Stefanova, Corcoran et al. 1993). Further studies
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have shown that upon LPS stimulation, the kinase activity o f  both Src and Lyn is 

increased in human dendritic cells (Napolitani, Bortoletto et al. 2003).In addition, 

increased synthesis o f the Src kinases, Hck and Lyn following chronic exposure o f 

macrophages to LPS has been reported.

Taken together these results suggested a role for the Src kinases in mediating the 

signalling pathway initiated by LPS. However, the generation o f triple knockout mice 

deficient in the Src-family kinases, Hck, Fgr and Lyn demonstrated that these kinases are 

not e ssential f  or m ediating t he s ignalling p athway i nduced b y LPS ( Meng a nd Lowell 

1997). Nonetheless, the investigators could not rule out the possibility that other members 

o f  the Src-family kinases could compensate for the lack o f expression o f Hck, Fgr and 

Lyn. Further work is therefore required to ascertain the exact role o f the Src-family in 

TLR signalling.

1.6.2.2 Syk

Recent evidence has also ascribed a role for the tyrosine kinase Syk, in the LPS 

induced activation o f JNK. Studies have determined that Syk is activated following LPS 

treatment. In addition, Syk was found to associate with TLR4, and this association 

increased upon LPS stimulation (Arndt, Suzuki et al. 2004). Further studies are required 

to elucidate the exact mechanisms o f Syk-mediated JNK activation.

1.6.2.3 Btk

Btk was first identified as the gene responsible for X-linked agammaglobulinemia 

(XLA), an immune disorder in humans characterised by abnorm al B cell development
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(Bradley, Sweatman et al. 1994). A naturally occurring mutation in Btk leads to the less 

severe X-linked immune deficiency (Xid) in mice (Rawlings 1999). Btk is a non-receptor 

protein-tyrosine kinase, belonging to the Tec family. Its structure is divided into 4 main 

domains; a Src homology (SH) 2 domain; a SH3 domain; a pleckstrin homology (PH) 

domain responsible for membrane localisation due to its high affinity for 

phosphatidylinositol lipids; and a Tec homology (TH) domain which contains a proline- 

rich region (Figure 1.7a).

Btk was initially implicated as a participant in LPS signalling, following the 

discovery that B cells derived from Xid mice exhibited impaired responses following 

LPS treatment. (Mukhopadhyay, Mohanty et al. 2002; Jefferies, Doyle et al. 2003). 

Further investigation revealed that monocytes from patients with XLA were also 

unresponsive to LPS (Horwood, Mahon et al. 2003). A role for Btk in LPS signalling was 

further established following the observation that LPS treatment induced tyrosine 

phosphorylation o f  Btk and activated its kinase activity in vitro (Horwood, M ahon et al. 

2003). Moreover the Btk inhibitor, LFM-A13, inhibited NF-kB activation mediated by 

LPS. Association studies have revealed tha t B tk  interacts with k ey  components o f  the  

TLR signalling pathway. At the receptor level, Btk associates with the TIR domains o f 

TLR4, TLR6, TLR8 and TLR9 (Jefferies, Doyle et al. 2003). In addition, Btk interacts 

with the adapter molecules MyD88 and Mai, and with IRAKI.

Studies have shown that Btk is not required for iKB-a degradation in response to 

LPS. Rather, evidence has emerged indicating that Btk is involved in the LPS-induced 

pathway leading to phosphorylation o f the p65 subunit o f NF-kB on Ser-536, promoting 

transactivation o f gene expression (Doyle, Jefferies et al. 2005).
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The exact mechanisms leading to Btk activation following LPS stimulation have 

yet to be elucidated. However, normally Btk activation is a two step process, with 

membrane targeting o f Btk being required initially (Figure 1.7b). The PH domain o f  Btk 

binds selectively to phosphatidylinositol(3,4,5) triphosphate (PIP3), a product o f PI3- 

Kinase, which results in recruitment o f Btk to the plasma membrane o f the cell, an event 

that is essential for Btk activation as this relieves intramolecular inhibition o f its kinase 

domain (Suzuki, Terauchi et al. 1999). Incidentally, PI3K is activated by TLR2, TLR4 

and TLR9 signalling. Given that Btk interacts directly with multiple TLRs, it remains to 

be elucidated if  these interactions are sufficient to  promote translocation o f Btk to the 

membrane. Btk can also become membrane bound via its interaction with the G protein 

(3y s ubunit a nd F -actin, a gain t hrough i ts P H d omain. M embrane t argeting o f  Btk i s a 

prerequisite for its phosphorylation, as it is here that Btk comes in close proximity with 

an array o f protein kinases.

The second step in Btk activation involves phosphorylation o f  Btk by members o f 

the S rc fam ily, s uch a s Lyn. T his p hosphorylation e vent h as b een m apped t o T yr-551 

which i s 1 ocated o n t he activating 1 oop o f  B tk. Src k inases a re k nown t o b e a ctivated 

following LPS treatment, suggesting that Src kinases may phosphorylate Btk in response 

to LPS stimulation. Transphosphorylation o f Btk, results in the autophosphorylation o f 

Tyr-223 in the SH3 domain o f  Btk, thereby activating downstream signalling pathways. 

(Kurosaki and Kurosaki 1997).

The crystal structure o f Btk has been resolved, revealing that Btk displays an 

extended conformation with no, or little, inter-domain interactions (Marquez 2003). This 

implies that unlike Src kinases, Btk does not require an assembled conformation for the
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regulation o f its kinase activity. As Btk lacks a negative regulatory domain which is 

present in the Src kinases, it has led to speculation that Btk may rely on cytoplasmic 

proteins to regulate its kinase activity. Indeed, recent evidence has reported the 

identification o f  a new Btk-interacting protein, termed IBtk which inhibited Btk kinase 

activity and N F-kB activation mediated by Btk upon anti-IgM stimulation (Liu, Quinto et 

al. 2001). In addition Sab and c-Cbl are known negative regulators o f Btk kinase activity 

(Marquez, Smith et al. 2003).

Recent evidence has revealed that Btk directly phosphorylates the transcription 

factor, cAMP response element-binding (CREB) on Ser-133, during neuronal 

differentiation (Yang, Yoon et al. 2004). This observation revealed that Btk can act as a 

dual specific protein kinase, as it can phosphorylate both tyrosine and serine/threonine 

residues o f exogenous substrates. To date, the only other identified substrate for Btk is 

the B cell antigen receptor (BCR)-associated protein (BCAP), which is transiently 

phosphorylated on tyrosine in response to BCR engagement (Yang and Desiderio 1997).

1.6.3 P13K

Studies have also implicated PI3K, a kinase that catalyses the phosphorylation o f 

phosphoinositides, in TLR signal transduction (Leevers, Vanhaesebroeck et al. 1999). In 

particular it has been determined that LPS-induced IxB -a degradation is dependent on 

PI3K activity in primary B cells and that mice deficient in p85, p55 and p50 subunits o f 

PI3K, failed to respond normally to LPS treatment (Fruman, Snapper et al. 1999). 

Furthermore, inhibition o f P13K has been reported to impair TLR3-mediated signalling 

(Sarkar, Smith et al. 2003). As has been previously discussed, PI3K has been shown to
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interact with members o f the TLR signalHng pathway, namely TLR2, TLR3, TLR4 and 

MyD88 (Arbibe, M ira et al. 2000; Ojaniemi, G lum off et al. 2003; Sarkar, Smith et al. 

2003)

In addition, recent reports have suggested a negative regulatory role for PI3K, as 

IL-12 synthesis by dendritic cells from PI3K-deficient mice was enhanced following 

activation o f the TLR2, TLR4, and TLR9 pathways (Fukao, Tanabe et al. 2002). To date, 

evidence h as e merged i mplying t hat P I3K  i s b oth a p ositive a nd n egative r egulator o f 

TLR signalling. Further work is therefore required to elucidate the exact role o f PI3K in 

the TLR signalling pathway.

1.7 Negative regulation of TLR-mediated immune responses

1.7.1 Soluble decoy TLRs

Activation o f the TLR signalling pathway, if  left unrestrained, can contribute to 

severe immunopathologies including Crohn’s disease and septic shock. It is for this 

reason that it is essential that TLR signal transduction is tightly regulated in order to 

prevent tissue damage that arises from sustained inflammation. Multiple checkpoints are 

in place in order to control TLR signalling. Beginning at the receptor level, the first-line 

o f negative regulation is performed by naturally produced soluble TLRs. These proteins 

are believed to behave as decoy receptors by preventing a direct interaction between 

TLRs and their bacterial ligands. To date only soluble forms o f TLR2 and TLR4 have 

been described (Iwami, Matsuguchi et al. 2000; LeBouder, Rey-Nores et al. 2003).
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1.7.2 Intracellular and transmembrane negative regulators 

1.7.2.1 MyD88s, ST2

Upon activation, the TLRs can be further controlled by intracellular negative 

regulators which are present either constitutively or are upregulated. These proteins can 

interfere with the formation o f signalling competent TLR complexes thus limiting TLR 

signalling. A n  exam ple o f a T IR  d omain-containing n egative regulator is M yD88s, an 

alternatively spliced form o f MyD88 which lacks the short intermediate domain (ID) that 

separates the death domain and the TIR domain in the full-length form o f MyD88 

(Janssens, Bums et al. 2002). MyD88s limits the TLR response by preventing recruitment 

o f IRAK4 to the receptor signalling complex, thereby inhibiting the ability o f IRAK4 to 

phosphorylate IRA KI. In addition to MyD88s, the orphan transmembrane receptor, ST2, 

is an important TlR-domain containing negative regulator. ST2 is present in two forms, 

the full length version (ST2L) and a soluble form (sST2). The mode o f action for sST2 

has yet to be deciphered, whereas ST2L is known to sequester MyD88 and Mai through 

its TIR domain (Brint, Xu et al. 2004). Other proteins that negatively regulate TLR 

activation but do not contain TIR domains include IRAKM, splice variants o f IRAKI and 

IRAK2, Tollip, PI3K, and suppressor o f cytokine signalling (SO CS-I) (Liew, Xu et al. 

2005).

L7.2.2 SOCS-1

SOCS-I is a member o f  the SOCS family o f  proteins, and comprises o f an N- 

terminal kinase inhibitory region (KIR) thought to function as a pseudosubstrate, a central 

SH2 domain which binds phosphorylated tyrosine residues, and a C-terminal SOCS box,
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which has been reported to mediate interactions with elongins B and C, both o f  which are 

members o f the E3 ubiquitin hgase complex (Figure 1.8) (Larsen and Ropke 2002). It is 

well established that most cytokine receptors activate intracellular non-receptor protein 

tyrosine kinases o f  the Janus family (JA K l, JAK2, JAK3 and Tyk2). Cytokine binding 

induces oligomerization o f receptor subunits leading in turn to trans-phosphorylation and 

activation o f JAKs. Activated JAKs subsequently phosphorylate the cytoplasmic domain 

o f the receptor, thereby creating a docking site for SH2 domains o f  signal transducer and 

activation o f transcription (STAT) molecules. STATs are then phosphorylated on specific 

tyrosine residues by JAKs, resulting in their dimerisation and translocation into the 

nucleus to induce transcription o f cytokine responsive genes (Larsen and Ropke 2002).

SOCS-1 was initially identified as an intracellular negative-feedback molecule 

that inhibits overactivation o f the JAK-STAT-mediated signal cascade initiated by 

various stimuli, such as IFN-y, IL-4 and IL-6 (Starr, Willson et al. 1997). A role for 

SOCS-1 in TLR signalling has also been established from studies using SOCS-1-deficient 

mice. In particular, it was noted that SOCS-1-deficient macrophages produced heightened 

levels o f  nitric oxide and pro-inflammatory cytokines in response to stimulation with the 

TLR4 and TLR9 ligands, LPS and CpG DNA respectively (Kinjyo, Hanada et al. 2002; 

Nakagawa, Naka et al. 2002). Mice lacking SOCS-I have also been shown to be 

hypersensitive to LPS-induced endotoxic shock compared to wild-type mice (Kinjyo, 

Hanada et al. 2002; Nakagawa, Naka et al. 2002). Furthermore, SOCS-1 expression was 

induced in macrophages following stimulation with LPS, MALP-2 and CpG DNA 

(Kinjyo, Hanada et al. 2002). In response to LPS stimulation, macrophages from SOCS- 

1-deficient mice exhibited enhanced phosphorylation o f STAT-1, iK B - a ,  p38 and JNK.
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Furthermore, overexpression o f SOCS-1 abohshed LPS-induced NF-kB activation. It has 

been reported tha t SOCS-1 interacts w'ith IRAK-1 through its  SH2 dom ain, indicating 

that IRAK-1 may be its target for regulating TLR4 and TLR9 signalling (Nakagawa, 

N ak ae t al. 2002). Taken together these results suggest a negative-feedback regulatory 

mechanism for TLR4 and TLR9 signalling.

1.7.3 Degradation of TLRs and TIR domain adapters

TLR activation can be further controlled by downregulation o f essential 

components in the signalling pathway, resulting in a reduced inflammatory response. 

Regarding members o f the TLR family, evidence has emerged indicating that TriadSA, 

an E3 ubiquitin-protein ligase, downregulates TLR4 and TLR9 expression through 

ubiquitination and degradation (Chuang and Ulevitch 2004). Moreover, TLR2 has been 

shown to be basally ubiquitinated although the exact mechanisms leading to this have yet 

to be determined.

In addition, it has been reported that the anti-inflammatory cytokine, 

transforming growth factor-pi (TG F-pi) downregulates TLR4 expression and induces 

degradation o f M yD88, thereby limiting TLR signalling (Naiki, Michelsen et al. 2004).
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1.8 Aims and Objectives

Preliminary evidence suggested that Mai may be post-translationally modified 

upon overexpression. This study sought to further define this event. The specific aim s 

were as follows;

• To investigate if  Mai was post-translationally modified by 

phosphorylation.

• To identify the kinase or kinases involved, having determined that Mai 

was phosphorylated.

• To identify the phospho-accepting Mai residues.

• To determine the functional relevance o f Mai phosphorylation for signal 

transduction

The overall aim o f the project was to provide novel insights into TLR signalling 

by focusing on Mai phosphorylation.
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2.1 M aterials

Lipopolysaccharide from Escherichia coli serotype 026:B6 (Cat. No. L8274) was 

purchased from Sigma (Poole, Dorset, UK). y-^^P-ATP, 9.25 Ci/mmol was obtained from 

Amersham Life Sciences (Uppsala, Sweden). The FLAG M2 antibody was obtained from 

Sigma (Poole, Dorset, UK). Maxi prep and endotoxin free plasmid purification kits were 

obtained from Promega (Madison, Wisconsin, USA). The human macrophage THP-1 cell 

line was obtained from the European Collection o f Animal Cell Cultures (Salisbury, 

U.K.) The human embryonic kidney cell line 293 (HEK293) was a gift from Tularik Inc, 

San Francisco, CA 94080. All cell culture materials, RPMI 1640, DMEM, penicillin, 

streptomycin, gentamycin, trypsin, L-glutamine and foetal calf serum were obtained from 

Sigma (Poole Dorset, UK). Genejuice was purchased from Novagen. General laboratory 

chemicals were purchased from Sigma (Poole, Dorset, UK), with the exception of 

Glutathione-Sepharose 4B (Amersham), coelentrazine (Argus Fine Chemicals), Passive 

Lysis Buffer (Promega), Broad band pre-stained protein marker (New England Biolabs 

Ltd.), and ECL reagent (Amersham). The Btk specific inhibitor, LFM-A13, was obtained 

from Calbiochem (Nottingham, United Kingdom).

N-terminal His-tagged, recombinant, full-length, human BTK, expressed by 

baculovirus in Sf21 insect cells, was purchased from Upstate (Catalogue number: 14- 

552). Recombinant His-tagged IRAKI and recombinant His-tagged IRAK4 were 

expressed from a baculovirus in insect cells and were gifts from Holger Wesche, Tularik, 

Inc.
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2.2 Expression vectors

The empty vector pC D N A S.l was purchased from Invitrogen. The expression  

vector pC D N A 3-M al and pCDN A 3-M al-(P125H ) was a kind gift from Dr. Mikael 

Edjeback. pG ex4T2-M al was a kind gift from Dr. A isling Dunne. The p G L3-5kB-1uc 

plasm id was a kind gift from Dr. R Hofmeister (Universitat Regensburg, Germany). The 

plasmid encoding M yD 88 was a gift from M. M uzio (Mario Negri Institute, Milan, Italy). 

IRAKI (w ild type and dominant negative versions) were kind gifts from Emma-Louise 

Cooke (G laxo-W elcom e, Stevenage UK). The plasmid encoding C D4-TLR4 was a kind 

gift from Dr. R. M edzhitov (Yale, N ew  Haven, CT, U SA ).

2.3 Cell culture

The HEK293 cell line was cultured in DM EM  medium w hile the THP-1 cell line 

was cultured in RPMI 1640 medium. All medium contained 10% (v/v) foetal ca lf serum, 

100 U/ml gentam ycin and 2 mM L-glutamine. Cells were maintained at 37°C in a 

humidified atmosphere o f  5% CO2 For use in transfection assays, HEK293 were 

typically seeded at 1x10^ ml“' in 96 w ell plates or 10 cm  dishes, 24  hrs prior to 

transfection. For continuing cell culture cells were seeded at 1 x 10  ̂m l’ ' and sub-cultured 

every 3-4 days. In all cases cell viability was determined using the dye Trypan blue, 

which is excluded from healthy cells but taken up by non-viable cells. C ells w ere counted 

using a haem ocytom eter and a bright light microscope.
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2.4 DNA plasmid mutagenesis

2.4.1 In vitro site-directed mutagenesis

The parental DNA used in all reactions was either pCDNA3-Mal or pGEX4T2- 

Mal in the case of GST fusion proteins. DNA had been purified using Wizard® 

PureFection Plasmid DNA Purification System from Promega, isolated from the dam"̂  

DH5a Escherichia coli strain. The mutant oligonucleotide primers are depicted below.

Y86F Forward: 5’ GCT GGA GCA AAG ACT TCG ACG TCT GCG TGT GC 3’

Y86F Reverse: 5’ GCA CAC GCA GAC GTC GAA GTC TTT GCT CCA GC 3’

SI05A Forward: 5’ CAG GAC CTG GTC GCC TAG TTG GAA GGC 3’

S105A Reverse: 5’ GCC TTC CAA GTA GTA GGC GAC CAGGTC CTG 3’

Y106E Forward: 5’ GAC CTG GTC TCC GAA TTG GAA GGC AGC 3’

Y106E Reverse: 5’ GCT GCC TTC CAA TTC GGA GAC CAG GTC 3’

Y106F Forward: 5’ GAC CTG GTC TCC TCC TTG GAA GGC AGC 3’

Y106F Reverse: 5’ GCT GCC TTC CAA GAA GGA GAC CAG GTC 3’

Y159F Forward: 5’ CCC CTG GTG CAA GTT CCA GAT GCT GCA GG 3’

Y159F Reverse: 5’ CCT GCA GCA TCT GGA ACT TGC ACC AGG GG 3’

Y187F Forward: 5’ CAG CAG AGC TGC CTT CCC ACC TGA GCT CC 3’

Y187F Reverse: 5’ GGA GCT CAG GTG GGA AGG CAG CTC TGC TG 3’

Y195F Forward: 5’ GAG CTC CGA TTC TAC GTC GAT GGC AGG 3’

Y195F Reverse: 5’ CCT GCC ATC GAC GTA GAA CAT GAA TCG GAG CTC 3’ 

Y196F Forward: 5’ CTCCGA TTC ATG TAC TTC GTC GAT GGC AGG GGC 3’ 

Y196F Reverse: 5’ GCC CCT GCC ATC GAC GAA GTA CAT GAA TCG 3’

Page 32



Chapter 2- Materials and M ethods

Mutant strand synthesis reaction was conducted using the Quick-Change® Site-Directed 

Mutagenesis Kit supplied by Stratagene. Sample reactions were prepared as indicated 

below:

5|il o f  lOx reaction buffer 

lOng o f  parental DNA  

125ng o f Forward Primer 

125ng o f  Reverse Primer 

1 |j,l o f  dNTP mix

Sterile distilled H2O to a final volume o f 50|j,1

Finally l |i l  o f  PfuTurbo DNA polymerase (2.5 U/fil) was added. The cycling parameters 

ibr the Site-Directed Mutagenesis were as follows:

95°C for 30 seconds 

16 cycles o f  95°C for 30 seconds 

55°C for 60 seconds 

68°C for 6 minutes

Following temperature cycling, the reaction was placed on ice for 2 minutes to cool the 

reaction to approximately 37°C. Ijil o f  the Dpn /  restriction enzyme (10 U/|u,l) was added 

directly to each amplification reaction and mixed thoroughly. The reaction mixture was 

spun down in a microcentrifuge for 1 minute and incubated immediately at 37°C for 1 

hour to digest the parental supercoiled dsDNA.
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2.4.2 DNA plasmid transformation

Samples were then transformed into XL 1-Blue supercompetent cells (Stratagene). 

Cells were gently thawed on ice and once thawed, 50|j,l o f the supercompetent cells were 

aliquoted into pre-chilled F alcon® 2059 polypropylene tubes. l|j,l o f the Dpn /-treated 

DNA from the sample reaction was transferred to separate aliquots o f the supercompetent 

cells. The transformation reaction was swirled gently to mix and incubated on ice for 30 

minutes. Following this incubation period the transformation reaction was heat pulsed for 

45 seconds a t 42°C and then placed on ice fo r 2 minutes. 500 (j.1 o f  Luria Broth p re

heated to 42°C was added to each sample and the transformation reaction was incubated 

for 1 hour at 37°C with shaking at 250 rpm. 250 |il o f the transformation reaction was 

plated on agar plates containing the antibiotic ampicillin. The transformation plates were 

incubated at 37°C for 18 hours.

2.4.3 Restriction digestion of DNA plasmids

Approximately 1 |j.g DNA to be digested was incubated with 1 unit of the 

appropriate restriction enzyme and IX buffer as recommended by the manufacturers in a 

final volume o f 20 |al. BSA was also added to the mixture if required, to a final 

concentration o f 100 (j,g/ml. The reaction mix was then incubated at 37°C for 1 hour.

2.4.4 Mini-preparation of plasmid DNA

DNA from bacterial colonies was isolated using Wizard® Plus SV Minipreps DNA 

Purification System (Promega, Madison WI, USA). Briefly, bacterial cultures were 

grown in 5 ml LB medium. Bacteria cultures were then centrifuged and resuspended in
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250 fj.1 Cell Resuspension Solution. Cells were incubated for 5 m inutes w ith the addition 

o f 250 fj.1 Cell Lysis Solution before addition o f  350 )j,l neutralization solution. The 

mixture was centrifuged at 13,000 x g for 10 m inutes at room temperature. The cleared 

lysate was transferred to a spin column inserted into a 2 ml collection tube. The 

supernatant was centrifuged for 1 minute at room  tem perature and then washed with 750 

1̂1 and then 250 (̂ 1 Column wash solution. The DNA was eluted by addition o f  100 |j.l 

Nuclease Free H2 O. The insert was then sequenced to verify that selected clones 

contained the desired mutation.

2.5 DNA plasmid purification for transient transfection 

2.5.1 Preparation of competent DH5a cells

One colony o f the bacterial strain D H 5a grown from a glycerol stock was picked 

and transferred to 10 ml o f  L-broth and cultured overnight shaking at 37°C overnight. 

150 (J.1 o f this culture was transferred to 10 ml o f fresh L-broth and cultured for 2 hours 

or until it reached an absorbance o f  0.6 at 600nm. The cells were centrifuged at 10,000 

rpm  for 10 min at 4°C and resuspended in 5 ml o f autoclaved ice cold 50 mM  CaCla. The 

cells were incubated on ice for 30 minutes before repeating the centrifugation and finally 

resuspended in 1 ml o f  CaCh. The cells were then incubated on ice for 1-1.5 hours, 

aliquoted and frozen in liquid N 2 and stored at -70°C.

2.5.2 DNA plasmid transformation

D H 5a com petent cells were prepared as described in section 2.5.1 and 1 ^g  o f 

plasm id DNA was transform ed into these competent cells as in section 2.4.2.
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2.5.3 DNA plasmid purification procedure

Plasmids were purified using Wizard PureFection Plasmid D N A  Purification  

System  from Promega. Bacterial cultures were pelleted by centrifugation at 10,000 x  g 

for 10 minutes at 4°C. Cells were resuspended in 6.25 ml resuspension buffer (50  mM  

Tris-HCL pH 7.5, 10 mM EDTA, 100 mg/ml R N A se A). 8.25 ml cell lysis buffer (0.2M  

NaOH, 1% (w /v) SD S) was then added and allowed to incubate for 5 minutes at room  

temperature. The reaction w a s  then stopped by the addition o f  8.75 ml Neutralisation  

Buffer (1.32 M potassium acetate, pH 4.8) and m ixed thoroughly. Cellular debris was 

removed by centrifugation at 10,000 x g for 40 minutes. Supernatant was retained and 

endotoxin removed by addition o f  2.5 ml Endotoxin Removal Resin. Plasmid D N A  was 

then m ixed with 5 ml o f  5 M guanidine thiocyanate and purified using MagneSiF'^ 

paramagnetic particles. In order to purify the D N A  further it was washed with 5 ml 4/40  

Wash Solution (4.2 M guanidine-HCL/40%  (v/v) isoproponal) and multiple times with  

80% (v/v) ethanol. Plasmid D N A  was then dissolved in 6 ml water and precipitated using  

3 ml 7.5M  sodium acetate and 22.5 ml 95% ethanol. D N A  was pelleted by centrifugation  

at 14,000 X g for 15 minutes, washed in 70% ethanol and pelleted again by centrifugation  

at 14,000 X g for 5 minutes before dissolving in 500 ml TE buffer pH 7.4. Plasmid D N A  

quality and concentration was determined on a 0.8% (w /v) agarose gel stained with 

ethidium bromide and by obtaining the A 260 o f  the D NA.

2.6 Transient transfection

GeneJuice Transfection Reagent from N ovagen was used for transfection o f  

HEK293 cells. For a 96 w ell plate transfection, c e lls  w ere seeded at 1x10^ m l and
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grown overnight. Cells were transfected in triplicate with 220 ng DNA per transfection. 

In all cases the am ount o f DNA used per transfection was norm alised using the 

appropriate amount o f  relevant empty vector control. 0.8 |al Gene Juice was mixed with 

9.2 |al serum  free DM EM  per transfection and incubated at room  temperature for 5 

minutes. 30 |al o f  this mixture was added to triplicate amounts o f  DNA and incubated for 

15 m inutes at room  temperature. 10 |j,l per well was then added to the cells, which were 

allowed to recover for 16 hours at 37°C prior to stimulation. For 6 well plate transfection 

the total DNA used was 1-2 ng, 8 |j.l Gene Juice and 92 |j,l DNA. For transfection o f 100 

m m plates, 4 -8  |^g DNA w as used  in  com bination w ith  1 5 )j.l G ene Ju ice  and  235 (o.l 

serum free DMEM.

2.7 Luciferase gene reporter assay 

2.7.1 Preparation of cellular lysates

HEK293 cells were transfected in 96 well plates as described in section 2.6. Cells 

were washed with Ix PBS, they were then lysed for 15 m inutes at room tem perature with 

50 |j.l Ix  Passive Lysis Buffer (Promega, M adison, W isconsin, USA). Following 

centrifugation o f  plates for 10 minutes (2000 x g) at room temperature, 50% o f the 

supem atant was used to determine Firefly luciferase activity and an equivalent amount 

used for Renilla luciferase activity.

2.7.2 Measurement of luciferase activity

Firefly luciferase activity was assayed by the addition o f 40 |j,l o f  luciferase assay 

mix (20 mM tricine, 1.07 mM (M gC0 3 )4M g(0 H)2.5H2 0 , 2.67 mM M gS04, 0.1 M
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EDTA, 33.3 mM  DTT, 270 mM coenzym e A, 470 mM  luciferin, 530 mM ATP) to the 

sample and Renilla  luciferase was read by the addition o f  40 ng Coelentrazine 

(Innovation Centre, U niversity o f  Sussex, Palmer, Brighton, UK ) in PBS. Lum inescence  

was read using M ediators PHL luminometer. Firefly lum inescence readings were 

corrected for Renilla  activity and expressed as fold stimulation over unstimulated empty 

vector (EV) control.

2.8 Western blot analysis

2.8.1 Preparation of cell extracts

Cells were seeded as in 2.4. Reactions were terminated with the addition o f  ice- 

cold PBS to the cells follow ed by centrifugation at 1500 x g  for 5 minutes. Pellets were 

resuspended in 1 ml PBS and transferred to eppendorfs. The sam ples were centrifuged at 

12000 X g  (5 minutes, 4°C) and the pellets resuspended in 150-300 |al o f  RIPA buffer 

(PBS buffer containing 1% Nonidet P40, 0.5% (w /v) sodium  deoxycholate and 0.1%  

SDS containing 10 |^g/ml PMSF, 30 ^1/ml aprotinin and 1 f^l/ml sodium  ortho vanadate). 

The cells were then incubated on ice for 30 minutes with the addition o f  a further 3 |o,l 10 

|o,g/ml PMSF. Follow ing this incubation period, samples were centrifuged at 13000 x  g 

for 20 minutes at 4°C. The supernatants (total cell lysate) w ere assayed for protein (see  

section 2.9) and aliquots containing equal amounts o f  protein were m ixed with 5 )j,l SDS  

sample buffer (5 ml glycerol, 10 ml 10% SD S, 10 m g brom ophenol blue, 6.25 ml IM  

Tris pH 6 .2 5 , 2 8.75 m l H 2O). 250 |al P-mercaptoethanol w a s  added p er  m l o f  sam ple  

buffer immediately prior to use. Samples were then boiled for 5 minutes.
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2.8.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Samples were resolved on Sodium Dodecylsulphate (SDS) polyacrylam ide gel 

using a constant current o f  25 mA per gel. Samples were first run through a stacking gel 

(1 ml 30% bisacrylam ide mix, 0.75 ml 1 M Tris pH 6.8, 60 (j,l 10% amm onium  

persulphate and 6 |al TEM ED made up to 6ml with H2O) to condense protein and then 

resolved according to size using 10-15% polyacrylam ide gels (required volume o f  30% 

bisacrylamide mix, 3.75 ml 1.5 M Tris pH 8.8, 150 |al 10%> (w/v) amm onium  

persulphate, 6 )o,l TEM ED made up to 15 ml with H 2 0 ) Samples were then run with pre

stained protein m arkers (New England Biolabs) as m olecular weight standards.

2.8.3 Transfer of proteins to membrane

The resolved proteins were transferred to either nitrocellulose or polyvinylidene 

diflouride (PVDF) using a wet transfer system with all components soaked beforehand in 

transfer buffer (25 mM  Tris-HCl pH 8.0, 0.2 M glycine, 20%> methanol). Briefly, the gel 

was placed on a sponge followed by a layer o f  filter paper and overlaid with 

nitrocellulose paper. A  second piece o f  filter paper was placed on top followed by a 

second sponge. The entire assem bly was placed in a cassette and an electric current o f 

150 mA was applied for 2 hours.

2.8.4 Immunodetection

M embranes were blocked to prevent non-specific binding by  incubation in 

blocking buffer (5% (w/v) non-fat dried milk in 1%> (v/v) Tris Buffered Saline (TBS)- 

Tween at 4°C overnight. The membrane was washed for 5 m inutes in 1% (v/v) TBS-
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Tween three times. The membrane was then incubated for 1 hour at room  tem perature 

with the antibody o f  interest at 1:100 to 1:1000 dilutions depending on antibody. N ext the 

m em brane was washed three times and incubated with the appropriate secondary 

horseradish peroxidase linked antibody. Blots were developed by enhanced 

chem ilum inescence (ECL) according to m anufacturers instructions (Amersham).

2.8.5 Coomassie staining

Resolved gels were soaked in Coom assie Brilliant blue G stain (50% (v/v) 

methanol, 10% (v/v) glacial acetic acid, 2.5 g/L Coom assie blue dye) for at least 1 hour 

and then washed several tim es with destain Solution (50% (v/v) methanol, 10% (v/v) 

glacial acetic acid) until clear bands appeared.

2.9 Protein concentration determination

Protein determ ination was carried out by the m ethod o f  Bradford. Samples were 

diluted 1:10 with Tris-HCl to give a final volume o f  20 )al and 200 |j,l Bradford Reagent 

(0.01% (w/v) Coom assie Brilliant Blue G-250, 4.7% (v/v) ethanol, 8.5% (v/v) 

orthophosphoric acid) was added to each. The reaction was allowed to develop for 5 

minutes after which tim e the plates were read at O D 570  using a Dynatech M R5000 plate 

reader. Protein concentrations were determined using a standard curve constructed using 

BSA concentrations in the range 0-20 |^g/20 |il. A  typical standard curve is shown in 

figure 2 . 1 .
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2.10 Im m unoprecipitation

The relevant antibodies were pre-coupled to either protein A  (polyclonal 

antibodies) or protein G Sepharose (m onoclonal antibodies), by incubating 30 ,̂1 o f  a 

50% protein A/G  slurry per immunoprecipitation sample with gentle rotation overnight at 

4°C.

HEK293 cells were seeded into 10 cm dishes (1 x 10  ̂ cells/m l) 24 hours prior to 

transfection. Transfections were carried out using Genejuice^*'^ Transfection Reagent as 

described in Section 2.6. For co-im munoprecipitations, 4 |j,g o f  each construct was 

transfected, where only one construct was expressed the total amount o f  D N A  (8|jg) was 

kept constant by supplementation with empty vector (pC D N A B .l). The cells were 

harvested 24 hours post-transfection by scraping in 1ml o f  ice-cold  PBS. The samples 

were centrifuged at 13,200 rpm for 5 minutes and the supernatant discarded. The pellets 

were resuspended in 1ml o f  ice-cold  PBS and centrifuged again at 13,200 rpm for 5 

minutes. The supernatant was discarded and the cells were lysed in 800|j.l o f  lysis buffer 

(50m M  HEPES, pH 7.5, lOOmM NaCl, Im M  EDTA, 10% glycerol, 0.5% N P-40, 

containing ImM  Aprotinin, ImM  sodium orthovanadate (N a3V 0 4 ) and Im M  PMSF) for 

20 minutes. Samples were then centrifuged for 10 minutes at 13,200 rpm. Protein 

concentration o f  the supernatant w as determined by the method o f  Bradford (Section 2.9) 

and lysates containing equal protein were added to the relevant pre-coupled antibody. 

Samples were incubated for 2 hours at 4°C with gentle rotation. For immunoprecipitation 

o f  phospho-M al, cell lysates were incubated with anti-phosphotyrosine-agarose; clone 

PT-66, overnight at 4°C. A  portion o f  the lysate was retained to confirm that the protein 

o f  interest was expressed, which was added to sample buffer and boiled for 4  minutes.
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Following the incubation of samples at 4°C, the immune complexes were washed twice 

with 1ml o f lysis buffer; the final wash contained 1ml o f ice-cold PBS. The beads were 

then resuspended in 40(j,l of sample buffer, samples were boiled for 4 minutes and SDS- 

PAGE analysis was performed on the precipitated complexes.

2.11 GST-fusion proteins

2.11.1 Purification of GST-fusion proteins

10 ml o f an ovemight culture of BL21 transformed with the pGEX vector 

containing the relevant insert specified in the result section, was diluted into 500 ml LB 

and incubated at 37°C until the ODeoo reached approximately 0.6. Cultures were pelleted 

by centrifugation at 10,000 x g for 20 minutes and the supernatant removed. Cells were 

then lysed in 30 ml o f ice-cold NETN lysis buffer (100 mM NaCl, 1 mM EDTA, 20 mM 

Tris-HCL pH 8.0, 0.5% (v/v) NP-40). 20 |J.g/ml lysozyme was added and the lysate 

incubated on ice for 30 minutes. This was followed by sonication on ice with 5 second 

pulses followed by 5 second pauses to prevent over heating of the preparation. The 

suspension was cleared of insoluble material by centrifugation at 15,000 x g for 30 

minutes. The lysate was then incubated with 0.5 ml o f a 50% solution glutathione- 

agarose beads/PBS for 2 hours at 4°C. The beads were pelleted by centrifugation at 2000 

x g for 5 minutes and washed 5 times with 25 ml washes o f NETN. Finally the beads 

were resuspended in an equal volume of PBS and a 10 |j,l aliquot removed, added to 20 

|o.l 5 X S DS sample buffer (125 mM Tris-HCL pH 6.8, 1 0% glycerol, 2%  (w/v) SDS, 

0.0002% (w/v) bromophenol blue, 1% (v/v) (3-mercaptoethanol) and boiled for 5
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minutes. The protein-containing supernatant was then analysed by SDS-PAGE and 

Coomassie staining for the expression o f the fusion proteins.

2.11.2 Affinity purification of complexes using GST-fusion proteins

Cells were transiently transfected with the indicated plasm ids as described in 

section 2.6. After 24 hours cells were washed with ice-cold PBS and lysed on ice for 30 

minutes in  1 m l lysis bu ffer (10 m M  CH A PS, 1 50 m M  N aC l, 2 m M  EDTA, 1 0 m M  

N 33V0 4 , 2 mg/ml aprotinin,! mM phenylm ethylsulphonylflouride). Lysates were cleared 

by centrifugation at 13,200 x g for 5 minutes at 4°C and the protein concentration o f  the 

supernatant detennined by the m ethod o f Bradford. Lysates containing equal protein 

were incubated for 1 hour at 4°C with approxim ately 10 |j,g o f  each GST-fusion protein 

or 10 fag o f GST alone pre-coupled to glutathione agarose beads. The bead pellet was 

washed three times in lysis buffer and finally resuspended in 25 |j,l SDS sample buffer. 

Proteins were separated by SDS-PAGE and following transfer o f  proteins to 

nitrocellulose membranes, the precipitated complexes were analysed by western blotting.

2.12 Phosphatase treatment 

2.12.1 Digestion of phosphoproteins with Calf intestine alkaline phosphatase 

(CIP)

Phosphoproteins were immunoprecipitated as described in Section 2 .10, except 

that when cells were lysed 10 mM Na3V0 4  was om itted in the preparation o f the lysis 

buffer. The im m unocom plexes were washed once more with the phosphatase digestion 

buffer (50 mM Tris-HCl, pH 7.5, 1 mM M gCb). 30 )o,l o f  the phosphatase buffer was
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added per sample and where indicated, lOOU o f  C alf intestine alkaline phosphatase (CIP) 

was added. Samples were incubated at 37°C for 3 hours. The reaction was term inated 

with the addition o f  SDS-PAGE sample buffer.

2.12.2 Digestion of phosphoproteins with protein tyrosine phosphatase 

(PTP-IB)

Phosphoproteins were imm unoprecipitated as described in Section 2 .10 , except 

that when cells were lysed 10 mM N a3V0 4  was om itted in the preparation o f  the lysis 

buffer. The im m unocom plexes were washed once more with the phosphatase digestion 

buffer (50 mM imidazole, pH 7.5) for 10 m inutes at 37°C. 10 U o f  protein tyrosine 

phosphatase-IB  (PT P-IB ) was added to each sample, were indicated, for 30 m inutes at 

37°C. The dephosphorylation reaction was term inated with the addition o f  SDS-PAGE 

sample buffer.

2.13 In vitro kinase assay

Immunoprecipitations and affinity purification o f  complexes using GST-fusion 

proteins were perform ed as described in sections 2.10 and 2.11 respectively. After 

immunocomplexes w ere washed twice with 1 ml o f  lysis buffer, they were w ashed an 

additional three times with kinase buffer (20 mM  Hepes, pH 7.5, 2 m M  DTT, 10 mM 

M gCh, 50 mM NaCl, 100 )j,M Na3V 0 4  and 20 mM  |3-glycerol phosphate, plus protease 

inhibitors nam ely Im M  Aprotinin, Im M  sodium orthovanadate and Im M  PM SF). On 

the final wash the rem ainder o f  the kinase buffer was removed. The indicated 

concentration o f the substrate was then added to the immune complexes.

Page 44



C h ap ter!- Materials and M ethods

For direct in vitro kinase assays lOOng of the recombinant kinase, plus the 

indicated concentration o f the recombinant substrate were used.

30)0,1 o f kinase buffer plus 2 |j,Ci [y^^P] ATP, 0.6 |oM of cold ATP was then added 

to each sample. Samples were subsequently incubated at 37°C for 30 minutes. 20 jal of 

sample buffer was added to each sample and samples were analysed by SDS-PAGE. Gels 

were transferred onto polyvinylidene diflouride membrane and visualised by 

autoradiography

2.14 Two-dimensional SDS-PAGE 

2.14.1 Sample preparation

HEK293 cells were seeded into 15 cm dishes (1 x 10  ̂cells/ml) 24 hours prior to 

transfection. Transfections were carried out using Genejuice^"^ Transfection Reagent as 

described in Section 2.6.1 using 10 |ag o f DNA. Immunoprecipitations were carried out 

as described in Section 2.10.2 using the anti-HA antibody. After the immune complexes 

were washed, samples were resuspended in 400 fil of Sample solubilisation solution (8M 

Urea, 5 OmM DTT, 4 % (w/v) C HAPS, 0.2%  ( w/v) c arrier ampholytes, 0.0002% ( w/v) 

bromophenol blue).

2.14.2 Isoelectric focusing

Sample was transferred to the rehydration tray. The 17 cm IPG strip (pH 4-7) 

obtained from Amersham was placed over the sample, and allowed to rehydrate over 

night at room temperature. Rehydrated strips were then moved to the focusing tray and 

were overlaid with mineral oil. The focusing conditions were as follows:
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Step 1: Linear Slope to 500V for 1 hour 

Step 2: Constant 500V for 5hours 

Step 3: Linear slope to 3 500V for 5 hours 

Step 4: Constant 3 500 for 12 hours 

Step 5: Hold at 50V

2.14.3 Rehydration of IPG strips

IPG strips were incubated in DTT equilibration buffer (6M Urea, 375 mM Tris, 

pH8.8, 2% SDS, 20% glycerol and 2% DTT) for 10 minutes, followed by iodoacetamide 

equilibration buffer (6M Urea, 375 mM Tris, pH8.8, 2% SDS, 20% glycerol and 2.5% 

iodoacetamide) for 10 minutes.

2.14.4 Second dimension

IPG strips were positioned on top o f the second dimension gel (12%) (16ml 30% 

bisacrylamide, 10ml 1.5M Tris, pH 8.8, 400 |al 10% SDS, 400 )al 10% APS, 16)il 

TEMED). The IPG strip was secured in place by overlaying it with 0.5% molten agarose 

prepared in SDS-PAGE running buffer with a small amount o f bromophenol blue, used 

to track the ion front during electrophoresis. Samples were resolved on a SDS 

polyacrylamide gel using a constant current of 25 mA per gel. Samples were transferred 

and immunoblotted as described in Sections 2.8.3 and 2.8.4
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2.15 Isolation and generation of murine splenocytes

M ice were euthanised in a CO2 chamber. U sing sterile instruments, the skin was 

cut away from the abdomen to expose the peritoneal membrane and sprayed with 70% 

alcohol. The spleen should be visible as a dark red brown organ at the m id-body region  

on the dorsal side. The peritoneal membrane was cut and the spleen was removed with a 

sterile forceps and placed in a petri dish. A  sterile syringe and 26 gauge needle  

containing 10ml o f  DM EM  supplemented m edium (DM EM , 25 mM HEPES pH 7.3, 2 

mM L-glutamine, 5% FCS, 100 U/ml gentam ycin) was inserted in to  the spleen. Cells 

were flushed out by pressing the syringe plunger gently. The cell suspension was 

collected and centrifuged at 1000 rpm for 10 minutes. Cells were w ashed once in 10 ml 

o f supplemented DM EM . A ny red blood cells were removed at this stage using Red 

Blood Cell Lysis Buffer (Sigm a). The supernatant was discarded and the pellet 

resuspended in 10 ml o f  medium. Cells were counted, and an appropriate quantity o f  

medium was added to result in a seeding density o f  1 x 10^ m l’'. C ells were maintained at 

37° in a humidified atmosphere o f  5% CO 2
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3.1 Introduction

Intense investigations over the past 5 years have greatly improved our 

understanding o f the complexity of the TLR signalling pathway. It is now well 

recognised that upon ligand binding activated TLRs initiate a kinase cascade which 

culminates in the activation o f transcription factors, including NF-kB, API and IRF-3. 

Several serine/threonine protein kinases are known to be activated during TLR signal 

transduction. In particular, the most receptor proximal serine/threonine protein kinases, 

which are recruited by TIR domain-containing adapters, are IRAK4 and IRAKI, RIP-1 

and RIP-3, TBK-1 and PKR (Homg, Barton et al. 2001; Suzuki, Suzuki et al. 2002; Li, 

Strelow et al. 2002; Li, Commane et al. 1999; Cao, Henzel et al. 1996; Cao, Xiong et al. 

1996). Regarding tyrosine kinase activation, the tyrosine kinases Src, Fgr, Hck, Lyn and 

Btk have all been shown to be activated upon TLR signal transduction (Stefanova, 

Corcoran et al. 1993; Jefferies, Doyle et al. 2003; Napolitani, Bortoletto et al. 2003).

Studies investigating the functional role o f Mai have revealed that its 

electrophoretic mobility is reduced following SDS-PAGE analysis, which is often an 

indication that the protein may be post-translationally modified. Given that kinases play a 

crucial role in the activation and regulation of TLR signaling pathways, it was of interest 

to investigate i f  M ai w as p hosphorylated upon activation. Therefore, this investigation 

focused on the phosphorylation status o f Mai and as a comparison MyD88. Having 

determined that Mai was covalently modified, the identity o f the kinases involved was 

next assessed.

It has been reported that Mai interacts directly with the tyrosine kinase Btk. 

Immunoprecipitation studies in this chapter, determined that Mai also interacted with the
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serine/threonine kinase IRAKI. Given that endogenous IRAK4 interacts with IRAKI (Li, 

Strelow et al. 2002), investigations were carried out to determine if Btk, IRAKI, or 

IRAK4 were required for Mai phosphorylation. It was revealed that Mai is indeed a 

substrate for Btk, IRAKI and IRAK4 in vitro.
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3.2 Results

3.2.1 Overexpressed Mai migrates as multiple species on SDS-PAGE

Previous data originally describing Mai revealed that in addition to the 

predominant 32 kDa form, slower migrating forms o f Mai could be detected following 

SDS-PAGE analysis, suggesting that Mai may be covalently modified (Fitzgerald, 

Palsson-McDermott et al. 2001) To examine this, a plasmid encoding wild-type Mai 

tagged at its N-terminus with HA, was transiently transfected into the HEK293 cell line, 

samples were analysed by SDS-PAGE and immunoblotted with an anti-HA antibody. 

The observation that the mobility of Mai is retarded following SDS-PAGE analysis was 

verified and it was determined that Mai exists as four distinct forms, ranging in molecular 

size from approximately 29 to 36 kDa, with the predominant form con'esponding to a 32 

kDa protein (Figure 3.2.1a). Recent evidence has determined that the fastest migrating 

form o f Mai detected in immunoprecipitates is a by-product o f Mai cleavage by caspase- 

1. As a comparison, the mobility pattern o f the adapter MyD88 was analysed. HEK293 

cells were transiently transfected with a plasmid encoding AUl-MyD88, samples were 

analysed by SDS-PAGE and immunoblotted with an anti-AUl antibody. In contrast to 

Mai, MyD88 was detected as a single band (Figure 3.2.1b).

Given that the mobility of Mai was retarded on SDS-PAGE, it was o f interest to 

analyse t he m obility p attem o f  t he N-terminus o f M al a nd its T IR  d omain. S imilar t o 

wild-type Mai, the truncated versions of Mai contained slower migrating species. In 

particular, it was observed that two species could be detected for the N-terminus of Mai 

(Figure 3.2.2a), whereas the TIR domain o f Mai existed as three distinct forms (Figure 

3.2.2b).
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Figure 3.2.1 Slower migrating forms of overexpressed Mai were detected upon 

immunoblotting, whereas MyD88 migrates as a single form. HEK293 cells (Ix 10^) 

were transiently transfected with 4\xg  of plasmid encoding (a) HA-Mal or (b) AUl- 

MyD88 for 24 hours. Cells were lysed in high stringency lysis buffer and centrifuged to 

remove cell debris. 25 |̂ 1 of the cell lysate was added to SDS-PAGE sample buffer and 

analysed by SDS-PAGE, which was followed by immunoblotting with the indicated 

antibody. Data shown is a representative experiment from four separate experiments.
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Figure 3.2.2 Similar to full length Mai, both the N-terminal and the TIR domain of 

Mai, contain slower migrating forms when analysed by SDS-PAGE. HEK293 cells 

(1x10^) were transiently transfected with 4 |j.g o f plasmid encoding (a) the N-terminal of 

Mai or (b) the TIR domain of Mai. Cells were lysed in high stringency lysis buffer and 

centrifuged to remove cell debris. 25 |al o f the cell lysate was added to SDS sample buffer 

and analysed by SDS PAGE, followed by immunoblotting with the anti-HA antibody. 

Data shown is a representative experiment from four separate experiments.
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3.2.2 Two-dimensional analysis of Mai

As the isoelectric point o f a protein is always altered once phosphorylation occurs, 

the electrophoretic mobility of Mai by two-dimensional (2-D) gel analysis was examined. 

Using the computer programme, Compute pI/Mw, located on the ExPASy Proteomics 

Server, it was determined that the theoretical isoelectric point o f Mai was 5.95. In order 

to determine if  the isoelectric point of Mai was altered, HEK 293 cells were transiently 

transfected with a plasmid encoding HA-Mal or untransfected. Cell lysates were prepared 

and proteins w ere immunoprecipitated w ith an  anti-HA antibody. Proteins w ere eluted 

with 2-D sample solution and separated in the first dimension by isoelectric focusing on 

Immobiline dry strips, with a linear pH 4-7. Focused proteins were then separated in the 

second dimension bySDS-PA GE. In contrast to one dimensional SDS-PAGE analysis 

only two forms o f Mai were detected on a 2-D SDS-PAGE (Figure 3.2.3a). It was 

observed that the slower migrating form o f M ai had a lower isoelectric p oint than the 

predominant 32 kDa form, which is most likely an unresolved mixture o f the two slower 

migrating forms detected following one dimensional SDS-PAGE analysis, whilst the 

form with the higher isoelectric point corresponding to the theoretical isoelectric point o f 

5.95, is probably an unresolved mixture o f the two faster migrating forms. It was 

confirmed that the two forms that were detected were specific for Mai as they were not 

present in the immunoprecipitates that contained no HA-Mal (Figure 3.2.3b).

3.2.3 Calf intestinal phosphatase (CIP) treatment of Mai

It has been reported that upon overexpression, IRAKI spontaneously 

autophosphorylates, resulting in the reduction o f its electrophoretic mobility on SDS-
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Figure 3.2,3 Two-dimensional gel analysis o f  the phosphorylation status o f Mai.

HEK293 cells were transiently transfected with a plasmid encoding (a) HA-M al or (b) 

empty vector (EV). Cell lysates were prepared and HA-Mal was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a 

pH gradient o f  4 to 7. Focused proteins were then separated in the second dimension 

by SDS-PAGE, followed by immunoblotting with anti-HA antibody. Data shown is a 

representative experiment from three separate experiments.
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PAGE (Cao, Henzel et al. 1996). Studies have shown that following incubation with calf 

intestinal phosphatase (CIP), which can remove phosphates from serine, threonine and 

tyrosine residues, the 100 kDa phosphorylated form o f IRAKI, is converted into an 80 

kDa protein which corresponds to dephosphorylated IRAKI. The in vitro CIP assay was 

therefore employed as a means to investigate the phosphorylation status o f overexpressed 

Mai, using overexpressed IRAKI acting as a positive control. HEK293 cells were 

transiently transfected w ith  plasmids encoding IRAKI (Figure 3 .2.4), HA-Mal ( Figure 

3.2.5) or AUl-MyD88 (Figure 3.2.6). Proteins were immunoprecipitated from cell lysates 

with the relevant antibodies and treated with 100 U of CIP for three hours at 37°C.

In agi'eement with previous reports, it was observed that CIP treatment converted 

phosphorylated IRAKI into a dephosphorylated 8 0 kD a protein (Figure 3.2.4, lane 2), 

whilst the addition o f phosphatase inhibitors retained IRAKI in its phosphorylated state 

(Figure 3.2.4, lane 1) (Huang, Gao et al. 1997; Greene and O'Neill 1999). Treatment of 

Mai with CIP also converted its slower migrating forms into a dephosphorylated 32 kDa 

protein (Figure 3.2.5, lane 2), an effect that was blocked by the addition of phosphatase 

inhibitors (Figure 3.2.5, lane 1). This indicates that the slower migrating forms o f Mai 

represent phosphorylated Mai. Similar treatment had no effect on the molecular size of 

MyD88 (Figure 3.2.6, compare lane 1 to lane 2).

3.2.4 GST-Mal is phosphorylated by cellular kinases in vitro.

To confirm that Mai could incorporate phosphate, an in vitro kinase assay w as 

carried out, using GST-Mal conjugated to glutathione Sepharose. The GST and GST-Mal 

fusion proteins were expressed in the BL21 strain o f Escherichia coli as described in the
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Figure 3.2.4 Phosphatase treatm ent results in the disappearance o f the slower 

m igrating forms o f overexpressed IRA K I. HEK293 cells were transiently transfected 

with 4 |o.g o f a plasmid encoding IRA K I, as a positive control. Cell lysates were prepared 

and IRAKI was immunoprecipitated with an anti-IR A K l antibody. Immunoprecipitates 

were incubated at 37°C for 3 hrs in phosphatase buffer with 100 U o f  C alf Intestinal 

Phosphatase (CIP), in the presence (lane 1) or absence o f  CIP inhibitors (lane 2). Samples 

were separated by 8% SDS-PAGE, transferred to PVDF and immunoblotted with anti- 

IRA K1 antibody. Data shown is a representative experiment from three separate 

experiments.
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Figure 3.2.5 Phosphatase treatment results in the disappearance o f the slower 

migrating forms o f overexpressed Mai. HEK293 cells were mock transfected with 

empty vector (EV) (lane 1) or transiently transfected with 4|o.g o f  a plasmid encoding 

HA-Mal (lanes 2 and 3). Cell lysates were prepared and HA-Mal was 

immunoprecipitated with an anti-HA antibody. Immunoprecipitates were incubated at 

37°C for 3 hrs with 50 U o f CIP, in the presence (lane 1 and 2) or absence o f  CIP 

inhibitors (lane 3). Samples were analysed by SDS-PAGE and immunoblotted with an 

anti-HA antibody. Data shown is a representative experiment from three separate 

experiments.
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Figure 3.2.6 Phosphatase treatm ent had no affect on the expression profile of  

overexpressed M yD88. HEK293 cells were transiently transfected with 4 (xg o f a 

plasmid encoding A U l tagged MyD88. Cell lysates were prepared and A ul-M yD 88 was 

immunoprecipitated with an anti-AUl antibody. Immunoprecipitates were incubated at 

37°C, in phosphatase buffer, for 3 hours with 100 U o f  C alf Intestinal Phosphatase (CIP), 

in the presence (lane 1) or absence o f CIP inhibitors (lane 2). Samples were separated by 

12% SDS-PAGE, transferred to PVDF and immunoblotted with anti-A U l antibody. Data 

shown is a representative experiment from three separate experiments.
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Materials and Methods section. As indicated in Figure 3.2.7, a protein o f the expected 

molecular weight o f GST-Mal (50 kDa) was expressed following induction o f the cells 

with IPTG compared with uninduced cells, and following purification o f GST-Mal from 

the bacterial cell lysates a single band corresponding to GST-Mal was observed. Firstly, a 

GST-pulldown assay was performed using the purified glutathione-coupled GST-tagged 

Mai or GST and HEK 293 cell lysates, which served as the kinase source. It was reasoned 

that GST-Mal would interact with the protein kinase or kinases that were responsible for 

mediating M ai phosphorylation, and thereby phosphorylate Mai. In  addition, GST-Mal 

and GST were incubated with lysis buffer alone to determine if  Mai can undergo 

autophosphorylation. The samples were then subjected to in vitro kinase assays and 

analysed by SDS-PAGE, followed by autoradiography. As can be seen in Figure 3.2.8a, 

lane 1, GST-Mal becomes phosphorylated by cellular kinases. GST alone is not 

phosphorylated (Figure 3.2.8a, lane 2 and 4) and Mai does not undergo 

autophosphorylation (Figure 3.2.8a, lane 3). To ensure that the amount of GST-Mal and 

GST was equivalent in all samples the gel was stained with Coomassie Brillant Blue 

(G250) stain (Figure 3.2.8b).

3.2.5 GST-MyD88 is phosphorylated by cellular kinases in vitro.

As Mai was phosphorylated in an in vitro kinase assay, it was of interest to 

investigate if the adaptor protein MyD88 was phosphorylated under the same conditions. 

The GST and GST-MyD88 fusion proteins were expressed in the BL21 strain of 

Escherichia coli as described in the Materials and Methods section and the resulting 

purified fusion proteins were analysed by SDS-PAGE. As indicated in figure 3.2.9, a
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Figure 3.2.7 Production of recombinant GST-Mal. GST-Mal fusion protein was 

purified from the BL21 strain o f Escherichia coli, grown to an ODeoo o f 0.6 and induced 

with 100 |o,M IPTG for 3 hours, (a) 1ml o f cells was removed pre-induction with IPTG 

(lane 1), and post-induction (lane 2). Cells were centrifuged, supernatants were removed 

and pellets were lysed in 25 |j.l o f SDS-PAGE sample buffer, (b) 0.5 L of BL21 cells 

transformed with GST-Mal, were grown as above and centrifuged at 16 000 x g for 30 

minutes. The supernatant was incubated with 600 )o.l o f glutathione-agarose beads at 4° C 

for 2 hours. The beads were washed five times with NETN buffer; a 20 |il sample was 

then removed and added to 20 |xl o f SDS-PAGE sample buffer. For (a) and (b), samples 

were boiled and analysed for protein content on a 12 % SDS-PAGE gel. Gels were 

subsequently stained with Coomassie Brilliant Blue stain. Data shown is a representative 

experiment from three separate experiments.
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Figure 3.2.8 GST-M al is phosphorylated by cellular kinases in vitro. GST-Mal is 

phosphorylated, but does not undergo autophosphorylation when subjected to an in vitro kinase 

assay. GST-Mal (lane 1) and GST (lane 2) were incubated with cell lysates from the HEK293 cell 

line, or with lysis buffer alone (lanes 3 and 4) for 2 hours at 4°C. (a) Samples were subjected to 

an in vitro kinase assay, separated by SDS-PAGE, and visualised by autoradiography, (b) 

Samples were also stained with Coomassie Stain (lower panel). Data shown is a representative 

experiment from six separate experiments.
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Figure 3.2.9 (a) Production of GST-MyD88. GST-MyD88 fusion protein was purified 

from the BL21 strain of Escherichia coli, grown to an ODeoo of 0.6 and induced with 100 

|aM IPTG for 3 hours. 1ml of cells was removed pre-induction with IPTG (lane 1), and 

post-induction (lane 2). Cells were centrifuged, supernatants were removed and pellets 

were lysed in 25 |al of SDS-PAGE sample buffer, (b) 0.5 L o f BL21 cells transformed 

with GST-MyD88 were grown as above and centrifuged at 16 000 x g for 30 minutes. 

The supernatant was incubated with 600 fxl o f glutathione-agarose beads at 4° C for 2 

hours. The beads were washed five times with NETN buffer; a 20 |̂ 1 sample was then 

removed and added to 20 (al o f SDS PAGE sample buffer. For (a) and (b), samples were 

boiled and analysed for protein content on a 12 % SDS-PAGE gel. Gels were 

subsequently stained with Coomassie Blue stain. Data shown is a representative 

experiment from three separate experiments.
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protein o f the expected molecular weight o f GST-MyD88 was expressed following 

induction of the cells compared with uninduced cells and following purification o f GST- 

MyD88 from the bacterial cell lysates a single band corresponding to GST-MyD88 was 

observed. Cell lysates from the HEK293 cell line were subsequently prepared and a GST- 

pulldown assay was carried out with GST-MyD88 or GST. In addition, GST-MyD88 and 

GST were incubated with lysis buffer alone to determine if  MyD88 can 

autophosphorylate. In vitro kinase assays were performed and samples were analysed by 

SDS-PAGE analysis followed by autoradiography. A ^^P-labelled band was observed at 

the molecular mass corresponding to GST-MyD88, following incubation with cell lysates 

(Figure 3.2.10a, lane 1). This band was only detected if GST-MyD88 was pre-incubated 

with cell lysates (Figure 3.2.10a, lane 2). This suggests that similar to Mai, MyD88 can 

be phosphorylated, although phospho-MyD88 does not display altered mobility following 

SDS-PAGE analysis. In addition it was determined that MyD88 is unlikely to undergo 

auto-phosphorylation. To ensure that the amount o f GST-MyD88 was equivalent in both 

samples the gel was stained with Coomassie stain (Figure 3.2.10b).

3.2,6 Mai interacts with unphosphorylated IRAKI

Previous investigations have determined that MyD88 interacts with the faster 

migrating unphosphorylated form o f IRAKI and does not associate with the 

phosphorylated form o f IRAKI (Wesche, Henzel et al. 1997). Coimmunoprecipitation 

studies in this laboratory have determined that similar to MyD88, Mai does not interact 

with overexpressed IRAKI. As has been stated, overexpression o f IRAKI in HEK293 

cells results in its autophosphorylation, it was o f interest therefore to determine if  like
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Figure 3.2.10 GST-MyD88 is phosphorylated, but similar to Mai does not undergo 

autophosphorylation, when subjected to an in vitro kinase assay. HEK293 cells 

(1x10^) were lysed in lysis buffer and centrifuged to remove cell debris, (a) 10 |j.g of 

GST-MyD88 (lane 1) was incubated with proteins prepared from HEK293 cell lysates, or 

with high stringency lysis buffer alone (lane 2), for 2 hours at 4°C. Samples were washed 

and incubated with [y^^PJATP for 30 min, at 37°C . Following incubation in an in vitro 

kinase assay, samples were analysed by SDS-PAGE, and subjected to autoradiography, 

(b) Coomassie stained gel depicting expression of GST-MyD88. Data shown is a 

representative experiment from three separate experiments.
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MyD88, Mai only interacted with the unphosphorylated form of IRAKI. In order to 

assess this possibility, HEK293 cells were transiently transfected with plasmids encoding 

HA-Mal alone (Figure 3.2.1 la, lane 2) or left un-transfected (Figure 3.2.1 la, lane 1). Cell 

lysates were prepared, and proteins were immunoprecipitated with an anti-IRAKl 

antibody. Samples were analysed by SDS-PAGE and i mmunoblotted with an anti-HA 

antibody. As can be seen in Figure 3.2.11a, lane 1, Mai associated with endogenous 

IRAKI, which corresponds to the unphosphosphorylated form of IRAKI. Cell lysates 

were immunoblotted with an anti-IRAKl antibody to confirm expression of endogenous 

IRAKI (Figure 3.2.11b, lanes 1 and 2). Cell lysates were also immunoblotted with an 

anti-HA antibody to confirm expression of HA-Mal (Figure 3.2.1 Ic, lane 1).

3.2.7 Mai is phosphoryiated by IRAK-1

Having determined that recombinant Mai could be phosphoryiated following 

incubation with (y-^^P) ATP, the identity o f the kinase or kinases involved, was next 

explored. The most immediate candidates that are known to belong to the MyD88- 

dependent pathway are the active kinases, IRAKI and IRAK4. As shown above, Mai 

interacted with unphosphorylated IRAKI, suggesting that IRAKI could be required for 

Mai phosphorylation. In order to assess if Mai was a substrate for IRAKI, HEK293 cells 

were mock-transfected or transiently transfected with plasmids encoding IRAKI or a 

kinase-inactive form o f IRAKI. Cell lysates were prepared and Flag-tagged proteins were 

immunoprecipitated with an anti-Flag antibody cross-linked to Sepharose beads. 100 ng 

of recombinant Mai was added to each sample, after which samples were then subjected 

to in vitro kinase assays and separated by SDS-PAGE. Gels were dried and analysed
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Figure 3.2.11 Mai interacts with unphosphorylated endogenous IR A K I, (a) HEK293 

cells were transiently transfected with a plasmid encoding HA-Mal (lane 1-2) or with a 

plasmid encoding IRAKI. Cell lysates were prepared and proteins were 

immunoprecipitated with an anti-IRAKl antibody. Samples were analysed by SDS- 

PAGE and immunoblotted with an anti-HA antibody, (b) Samples were also 

immunoblotted with an anti-IRAKl antibody, (c) Cell lysates were likewise analysed to 

confirm expression o f  HA-Mal in the appropriate sample by immunoblotting with an 

anti-HA antibody.
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autoradiography. As figure 3.2.12 illustrates, IRAKI autophosphorylation was evident in 

the broad band detected at 100 kDa following incubation with radiolabelled ATP (Figure 

3.2.12a, lane 1). A faint band at approximately 100 kDa in the kinase-inactive IRAKI 

sample was also detected, which most likely corresponds to endogenous 

autophosphorylated IRAKI (Figure 3.2.12a, lane 2). The identity of the faint band 

corresponding to  the molecular mass o f  8 3 kDa in m ock transfected c ells i s unknown 

(Figure 3.2.12a, lane 3). It was noted that Mai phosphorylation was not detected 

following incubation with either kinase-inactive IRAKI or with immunoprecipitates that 

did not contain IRAKI protein (Figure 3.2.12a, lane 2 and 3 respectively). However, 

when in vitro kinase assays were performed with samples containing both IRAKI and 

Mai, Mai phosphorylation by kinase active IRAKI occurred (Figure 3.2.12a, lane 1). 

Similar to the expression profile o f overexpressed Mai, distinct forms of recombinant Mai 

were detected, indicating that phosphorylation o f Mai by IRAK-1 results in the 

production of three phosphoproteins.

3.2.8 Recombinant Mai is phosphorylated by recombinant IRAKI

Having established that recombinant Mai was phosphorylated in vitro by 

overexpressed IRAKI, it was necessary to confirm that it was IRAKI that was directly 

phosphorylating Mai and not an unidentified kinase that was interacting with 

phosphorylated IRAKI. In order to address this, a direct in vitro kinase assay with 

recombinant Mai and recombinant IRAKI was performed in a cell-free system. As figure 

3.2.13 illustrates, incubating IRAKI with radiolabelled ATP results in its 

autophosphorylation (lane 1 and lane 2). When recombinant Mai was combined with
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Figure 3.2.12 Overexpressed IRA K I phosphorylates recom binant M ai. (a) HEK293 

cells (1x10^) were transfected with 8 jiig o f plasmid encoding Flag-IRAKl or Flag- 

IRAKl KD, for 24 hours. Proteins were immunoprecipitated from cell lysates with an 

anti-Flag antibody. The immunoprecipitates were washed and recombinant Mai was then 

added to each sample and incubated with [y^^P] ATP for 30 min, at 37°C. Following 

incubation in an in vitro kinase assay, samples were analysed by SDS-PAGE, the gel was 

dried and subjected to autoradiography. Data shown is a representative experiment from 

three separate experiments. KD, kinase dead.



In vitro kinase assayP-IRAKl

Figure 3.2.13 Recombinant Mai is phosphorylated in vitro by recombinant IRAKI.

R-ecombinant IRAKI (100 ng) was incubated alone (lane 1), or with 250 ng of 

recombinant Mai (lane 2). Samples were subjected to an in vitro kinase assay, analysed 

by SDS-PAGE, and visualised by autoradiography.
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recombinant IRAKI, phosphorylation of Mai occurred, demonstrating that Mai is a 

substrate for IRAKI (Figure 3.2.13, lane 2).

3.2.9 Recombinant Mai is phosphorylated by overexpressed IRAK4

Based on the observation that Mai is phosphorylated by IRAKI, the possibility 

that Mai is also a substrate for IRAK4 was subsequently investigated. HEK293 cells were 

mock-transfected or transiently transfected with plasmids encoding IPL\K4, or a kinase- 

inactive form o f IRAK4. Cell lysates were prepared and subjected to 

immunoprecipitation with an anti-Flag antibody cross-linked to Sepharose. 100 ng of 

recombinant Mai was added to each sample. Samples were then subjected to in vitro 

kinase assays, separated by SDS-PAGE and visualised by autoradiography. As has been 

previously reported, incubation of IRAK4 with radiolabelled ATP resulted in IRAK4 

autophosphorylation (Fig. 3.2.14a, lane 1). As expected no kinase activity was detectable 

in the samples containing kinase-inactive IRAK-4 or cells that were mock-transfected 

(Fig. 3.2.14a, lane 2 and 3 respectively). Phosphorylated Mai was observed only when it 

was incubated with kinase active IRAK-4 (Figure 3.2.14a, lane 1). While IRAKI 

phosphorylation resulted in the formation o f three Mai phosphoproteins, Mai 

phosphorylation by IRAK-4 produced two phosphoproteins.

3.2.10 Recombinant Mai is phosphorylated by recombinant IRAK4

As has been discussed above for IRAKI, it was necessary to confirm that IRAK4 

was directly phosphorylating Mai, and not another kinase that was interacting with 

IRAK4 with the same molecular weight. Therefore in vitro kinase assays were performed
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Figure 3.2.14 Overexpressed IRAK-4 phosphorylates recombinant Mai in an in 

vitro kinase assay. HEK293 cells (1x10^) were transiently transfected with plasmids 

encoding Flag-1RAK4 (lane 1), Flag-IRAK4 KD (lane 2) and mock-transfected (EV, lane 

3, negative control) for 24 hours. Proteins from cell lysates were immunoprecipitated 

with an anti-Flag antibody cross-linked to Sepharose, samples were washed three times 

with lysis buffer and twice with kinase buffer. 250 ng of recombinant Mai was added to 

each sample, which was then incubated for 30 min. at 37°C with [y32P] P04. Following 

incubation in an in vitro kinase assay, samples were analysed by SDS-PAGE, the gel was 

dried and subjected to autoradiography, (b) Cell lysates were subsequently 

immunoblotted with an anti-lRAK4 antibody in order to confirm expression of IRAK4 

and IRAK4KD in the relevant samples. Data shown is a representative experiment from 

three separate experiments. EV, empty vector. KD, kinase dead.
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in a cell-free system that contained only recombinant IRAK4 and recombinant Mai. 

Samples were analysed by SDS-PAGE and visualised by autoradiography. In agreement 

with the literature, IRAK4 autophosphorylation was detected upon incubation with 

radiolabelled ATP (Figure 3.2.15 lanes 1 and 2) (Li, Strelow et al. 2002). When 

recombinant M ai w as added to recombinant IRAK4, i t  w as observed that IRAK4 was 

able to efficiently phosphorylate Mai (Figure 3.2.15 lane 2).

3.2.11 The TIR domain of Mai is not phosphorylated by recombinant IRAK4

Given that Mai was phosphorylated by IRAK4, it was o f interest to determine 

whether the phosphorylated residues were located within the TIR domain o f Mai. The 

GST and GST-Mal-TIR fusion proteins were expressed in the BL21 strain o f Escherichia 

coli as described in the Materials and Methods section and the resulting purified fusion 

proteins were analysed by SDS-PAGE. As indicated in figure 3.2.16a, a protein o f the 

expected molecular weight of GST-Mal-TIR was expressed following induction o f the 

cells compared with uninduced cells. Following purification o f GST-Mal-TIR from the 

bacterial cell lysates a single band corresponding to GST-Mal-TIR was observed (Figure 

3.2.16b). HEK293 cells were subsequently transiently transfected with a plasmid 

encoding Flag-IRAK4; cell lysates were prepared and subjected to immunoprecipitation 

using an anti-Flag antibody cross-linked to Sepharose. 100 ng o f recombinant Mai, GST- 

Mal-TIR or GST protein was then added to the indicated sample (Figure 3.2.17a). In vitro 

kinase assays were performed and samples were separated by SDS-PAGE. Gels were 

then dried and visualised by autoradiography. Similar to previous results, incubation of 

IRAK4 with radiolabelled ATP resulted in IRAK4 autophosphorylation (Figure 3.2.17a,
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Figure 3.2.15 Recombinant Mai is phosphorylated in vitro by recombinant IRAK4.

Recombinant IRAK4 (100 ng) was incubated alone (lane 1), or with 250 ng of 

recombinant Mai (lane 2). Samples were subjected to an in vitro kinase assay, analysed 

on SDS-PAGE, and visualised by autoradiography. Samples were subsequently 

immunoblotted with (b) an anti-IRAK4 antibody. Data shown is a representative 

experiment from two separate experiments.
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Figure 3.2.16 (a) GST-Mal-TIR fusion protein was purified from the BL21 strain of 

Escherichia coli, grown to an ODeoo of 0.6 and induced with 100 )aM IPTG for 3 hours. 

1ml of cells was removed before induction with IPTG (lane I), and post-induction (lane 

2). Cells were centrifuged, supernatants were removed and pellets were lysed in 25 |il of 

SDS-PAGE sample buffer, (b) 0.5 L of BL21 cells transformed with GST-Mal-TIR were 

grown as above and centrifuged at 16 000 x g for 30 minutes. The supernatant was 

incubated with 600 [4,1 o f glutathione-agarose beads at 4° C for 2 hours. The beads were 

washed five times with NETN buffer; a 20 |il sample was then removed and added to 20 

Hl o f SDS PAGE sample buffer. For (a) and (b), samples were boiled and analysed for 

protein content on a 12 % SDS-PAGE gel. Gels were subsequently stained with 

Coomassie Blue stain.
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Figure 3.2.17 The TIR domain of Mai is not phosphosylated by IRAK4. HEK293 

cells (1x10^) were transiently transfected with plasmids encoding Flag-IRAK4 for 24 

hours. Cell lysates were prepared and combined to a total volume o f 1.6 ml. 750 jal o f cell 

lysate was then aliquoted into three separate eppendorfs and proteins were 

immunoprecipitated from the cell lysate with an anti-Flag antibody. Recombinant Mai 

(lane 2), and the recombinant TIR domain o f Mai (lane 3) were added as indicated. The 

samples were then incubated for 30 min. at 37°C with [y32P] P04. Following incubation 

in an in vitro kinase assay, samples were analysed by SDS-PAGE and subjected to 

autoradiography, (b) Cell lysates were subsequently immunoblotted with an anti-IRAK4 

antibody in order to verify the expression o f 1RAK4. Data shown is a representative 

experiment from two separate experiments.
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lanes 1-3). As a positive control, recombinant Mai was shown to be phosphorylated by 

1RAK4, (Figure 3.2.17a, lane 2). However, it was observed that IRAK4 did not 

phosphorylate the TIR domain of Mai (Figure 3.2.17a, lane 3), suggesting that either Mai 

must be intact for phosphorylation by IRAK4 to occur or the residues that are 

phosphorylated are located in the N-terminal region o f Mai.

3.2.12 MyD88 is not phosphorylated by recombinant IRAKI or recombinant 

IRAK4

Given that MyD88 is phosphorylated by intracellular kinases in an in vitro kinase 

assay, it was of interest to determine if MyD88 was phosphorylated by either IRAKI or 

IRAK4. Interaction studies have shown that MyD88 associates with unphosphorylated 

IRAKI and kinase-inactive IRAK4. In vitro kinase assays were performed in a cell-free 

system that contained only recombinant proteins. Samples were analysed by SDS-PAGE 

and visualised by autoradiography. In agreement with the literature, IRAKI 

autophosphorylation was detected upon incubation with radiolabelled ATP (Figure

3.2.18, lanes l-2)(Cao, Henzel et al. 1996). When recombinant MyD88 was added to 

recombinant IRAKI, it was observed that IRAKI did not phosphorylate MyD88 (Figure

3.2.18, lane 2).

It was next tested if IRAK4 could selectively phosphorylate MyD88 by 

performing in viYro kinase assays. As has been previously noted incubation ofIR A K 4 

with radiolabelled ATP resulted in its autophosphorylation ( Figure 3.2.19a, lanes 1-2). 

However similar to IRAKI, IRAK4 was unable to phosphorylate MyD88 (Figure 3.2.19a, 

lane 2). Samples were subsequently immunoblotted with an anti-IRAK4 antibody (Figure
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Figure 3.2.18 Recombinant MyD88 is not phosphorylated by recombinant IRAKI.

Recombinant IRAKI was incubated with GST-M yD88 (lane 1), or with GST alone (lane 

2). The samples were incubated for 30 min. at 37°C with 2\x.C\ [y32P] P 04 . Following 

incubation in an in vitro kinase assay, samples were analysed by SDS-PAGE, transferred 

to PVDF membrane and subjected to autoradiography. * Indicates the m olecular weight 

o f GST-M yD88. (b) Samples were also immunoblotted with an anti-M yD88 antibody to 

confirm the presence o f  GST-M yD88 in the relevant sample. Data shown is a 

representative experim ent from two separate experiments.
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Figure 3.2,19 Recombinant MyD88 is not phosphorylated by recombinant IRAK4.

(a) Recombinant IRAK4 was incubated with GST-MyD88 (lane 1), or with GST alone 

(lane 2). The samples were incubated for 30 min. at 37°C with 2|j,Ci [y32P] P04. 

Following incubation in an in vitro kinase assay, samples were analysed by SDS-PAGE, 

transferred to PVDF membrane and subjected to autoradiography. * Indicates the 

molecular weight o f GST-MyD88. Samples were immunoblottted with (b) an anti- 

1RAK4 antibody (c) an anti-MyD88 antibody. Data shown is a representative experiment 

from two separate experiments.
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3.2.19b) or an anti-MyD88 antibody (Figure 3.2.19c) in order to verify the presence of 

the relevant proteins. Phosphorylation o f Mai by IRAKI and IRAK4 therefore indicates a 

distinct difference in the signalling mechanisms utilised by MyD88 and Mai.

3.2.13 Recombinant Mai is phosphorylated by recombinant Btk.

Given that Mai interacts directly with Btk, investigations were therefore carried 

out to determine if Btk could directly phosphorylate Mai (Jefferies, Doyle et al. 2003). In 

order to assess this possibility in vitro kinase assays were performed with recombinant 

active Btk and recombinant Mai. The GST-Mal fusion protein was expressed in the 

BL21 strain o f Escherichia coli as previously described. In vitro kinase assays were then 

performed and in agreement with previous reports (Park, Wahl et al. 1996), incubation o f 

Btk with radiolabelled ATP resulted in Btk autophosphorylation (Figure 4.2.20a, lane 1). 

To determine if Mai was indeed a substrate for Btk, recombinant Mai was then incubated 

with recombinant Btk. It was observed that Btk efficiently phosphorylated Mai, with two 

distinct phospho-forms appearing (Figure 4.2.20a, lane 2). Samples were also 

immunoblotted with an anti-Btk antibody (Figure 4.2,20b). Therefore Mai is also a 

substrate for Btk.

3.2.14 MyD88 is not a substrate for Btk

Although it has been reported in the literature that MyD88 is tyrosine 

phosphorylated, the identity of the kinase has yet to be resolved (Park, Wahl et al. 1996). 

Like Mai, MyD88 has been shown to associate with Btk in immunoprecipitation studies 

(Jefferies, Doyle et al. 2003). It was therefore o f interest to determine if Btk could also
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Figure 4.2.20 Recombinant Btk phosphorylates recombinant Mai. (a) Recombinant 

Btk was incubated alone (lane 1), or with recombinant Mai (lane 2). The samples were 

incubated for 30 min. at 37°C with 2|^Ci [y32P] P04. Following incubation in an in vitro 

kinase assay, samples were analysed by SDS-PAGE, transferred to PVDF membrane and 

subjected to autoradiography, (b) Samples were subsequently immunoblotted with an 

anti-Btk antibody. Data shown is a representative experiment from five separate 

experiments.
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phosphorylate MyD88. In vitro kinase assays were therefore performed using GST- 

MyD88 and active recombinant Btk. As had been previously noted autophosphorylation 

of B tk occurred following incubation w ith radiolabelled ATP ( Figure 4 .2.21a, lane 1). 

However, unlike Mai, GST-MyD88 was not a substrate for Btk (Figure 4.2.21a, lane 2). 

Samples were immunoblotted with an anti-Btk antibody to verify that equal 

concentrations o f Btk were present (Figure 4.2.21b). In addition, samples were 

immunoblotted with an anti-MyD88 antibody to confirm that GST-MyD88 had been 

added (Figure 4.2.21c).

Page 61



(a)

Btk + 
GST-MyD88

P-Btk

+
+

kDa
175
83

62
47.5

— 32.5

In vitro kinase assay

(b)
Btk

(C ) GST-MyD88

■ 175 
83

62
47.5

— 47.5

IB: anti-Btk

IB: anti-MvD88

Lane 1

Figure 4.2.21 Recombinant MyD88 is not phosphorylated by Btk. Recombinant Btk 

was incubated alone (lane 1), or with recombinant GST-MyD88 (lane 2). The samples 

were incubated for 30 min. at 37°C with 2|iCi [y32P] P04. Following incubation in an in 

vitro kinase assay, samples were analysed by SDS-PAGE, transferred to PVDF 

membrane and subjected to autoradiography. * Indicates the molecular weight o f GST- 

MyD88. Samples were also immunblotted with (b) an anti-Btk antibody or (c) an anti- 

Mai antibody to confirm expression of Btk and MyD88 in the appropriate samples. Data 

shown is a representative experiment from three separate experiments.
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3.3 Discussion

The past five years have witnessed an outburst o f intense research activity in the 

pursuit to further decipher the components o f the TLR signalling pathway. To date ten 

TLRs have been discovered in humans, all o f which have a conserved cytosolic domain 

termed the TIR domain, which mediates signalling by TLRs. In addition to the TLR 

transmembrane proteins, it has emerged that cytoplasmic TIR-domain containing adapter 

proteins exist. Currently, there are five cytosolic TIR-containing TLR adapters, the first 

o f which to be identified being the generically recruited MyD88 (O'Neill, Fitzgerald et al. 

2003). Work in this laboratory identified the second adapter, known as Mai (Fitzgerald, 

Palsson-McDermott et al. 2001). In addition, the adapters TRIF, TRAM and SARM have 

recently been described.

During the initial investigations into the function o f Mai, it was observed that the 

mobility o f overexpressed Mai was retarded following SDS-PAGE analysis. Altered 

mobility o f a protein on a SDS polyacrylamide gel is often indicative o f phosphorylation 

or a post-translational modification. Therefore the phosphorylafion status o f Mai was 

investigated. Two dimensional S DS-PAGE analysis revealed that the  slower migrating 

forms o f Mai displayed a lower isoelectric point than the faster migrating forms. As the 

isoeletric point o f a protein is almost always altered once phosphorylation occurs, this 

result further implied that Mai undergoes phosphorylation. Phosphatase treatment 

confirmed that the slower migrating forms o f Mai represent phosphorylated Mai.

Biochemical evidence has shown that MyD88 associates with the 

unphosphorylated form o f IRAKI via DD-DD interactions (Bums, Martinon et al. 1998). 

In addition, MyD88 has been placed upstream of IRAKI on the TLR signalling pathway,
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as expression of IRAKI (1-211), which encompasses the DD and ProST region, inhibited 

MyD88 mediated NF-kB activation. Data presented in this chapter, established that Mai 

also only interacts with the unphosphorylated form o f IRAKI. The particular interaction 

sites between Mai and IRAKI have yet to be mapped, however as Mai lacks a DD, the 

interaction sites between IRAKI and Mai will be different to that observed between 

IRAKI and MyD88. Indeed, Mai h as b een s hown t o i nteract w ith IRAK2 v ia i ts T IR  

domain {Fitzgerald, 2001 #8}. In contrast to MyD88, studies have shown that IRAK1(1- 

211) had no effect on NF-kB activation induced by Mai, leading investigators to rule out 

the possibility that IRAKI is required for Mai to function(Fitzgerald, Palsson-McDermott 

et al. 2001). However IRAKI (1-211) most likely inhibits MyDBS-mediated NF-kB 

activation by disrupting the  DD-DD interaction sites between MyD88 and IRA KI. A s 

Mai may not interact with the DD of IRAKI, this may explain why IRAKI (1-211) does 

not inhibit NF-kB activation mediated by Mai.

Given that Mai interacted with unphosphorylated IRAKI, the ability o f IRAKI to 

phosphorylate Mai was investigated. In addition, we examined the only other active 

kinase o f the IRAK family, IRAK4, to determine if  it could phosphorylate Mai. Results in 

this chapter, clearly demonstrate that Mai is a substrate for both IRAKI and IRAK4 in 

vitro. Moreover, phosphorylation by IRAKI resulted in the formation o f three Mai 

phosphoproteins, whereas two phospho-forms of Mai were detected following 

phosphorylation of Mai by IRAK4, indicating that Mai is phosphorylated differentially 

by both IRAKs.

Recent investigations have clarified the complex series of events resulting in 

IRAKI activation. Three sequential autophosphorylation steps are required for
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phosphorylation o f IRAKI, the sites o f which have been mapped to Thr-209 and Thr-387, 

culminating in the hyperphosphorylation o f several residues in the ProST region located 

between the death domain and kinase domain (Kollewe, Mackensen et al. 2004). 

Although Thr-209 and Thr-387 were found to be phosphorylated by IRAKI itself, 

peptide analysis has shown that these residues are also potential targets for 

phosphorylation by IRAK4. It is believed that phosphorylation o f IRAKI by IRAK4 

triggers IRAKI autophosphorylation. Results have shown that hyperphosphorylation of 

IRAKI releases IRAKI from the adapter molecule Tollip and the receptor-MyD88 

complex. This leads to the formation of a new protein complex comprising of 

hyperphosphorylated IRAKI and TRAF6. IRAKI is subsequently degraded, thus 

depleting the intracellular pool o f IRAKI available for signal transduction. To date the 

only substrates known for IRAKI are IRAKI itself, Tollip, Pellino2 and IRF-7, however 

the phosphorylation sites for Tollip, Pellino2 and IRF-7 have yet to be determined 

(Bums, Clatworthy et al. 2000; Strelow, Kollewe et al. 2003; Uematsu, Sato et al. 2005).

Studies into IRAK4 activation have revealed that like IRAKI, IRAK4 undergoes 

autophosphorylation. Moreover, it has emerged that only the kinase-inactive IRAK4 

mutant protein can interact with IRAKI, MyD88 and TRAF6 (Li, Strelow et al. 2002). 

As o f now, the known substrates for IRAK4 are IRAKI and Pellino2(Li, Strelow et al. 

2002; Strelow, Kollewe et al. 2003; Kollewe, Mackensen et al. 2004). Like IRAKI, the 

residues phosphorylated on Pellino2 by IRAK4 have yet to be determined. Therefore Mai 

joins IRAKI and Pellino2 as a group of substrates phosphorylated in vitro by the 

serine/threonine kinases, IRAKI and IRAK4. Further work will however be required to 

confirm that Mai is a substrate for IRAKI and IRAK4 in vivo.
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Interestingly, overexpression o f Mai in cells lacking either IRAKI or IRAK4 

could not activate NF-kB, further indicating a critical role for both kinases in Mai 

signalling(Suzuki, Suzuki et al. 2003). In addition, following stimulation with TLR2 and 

TLR4 ligands, the kinase activity of IRAKI was abolished in macrophages that were 

deficient for Mal(Yamamoto, Sato et al. 2002). This observation suggests that Mai may 

be required for IRAKI activation. Indeed Mai may act as a bridging partner, facilitating 

IRAKI recruitment to the TLR receptor complex, which may in turn reposition IRAKI 

closer to IRAK4. This may then lead to phosphorylation of IRAKI by IRAK4, thereby 

triggering IRAKI autophosphorylation. Once activated, IRAKI may then phosphorylate 

Mai. However, further work is required to determine if such a positive feedback 

mechanism is required to facilitate phosphorylation o f IRAKI and Mai during TLR 

signal transduction.

Recent evidence in our laboratory has emerged suggesting that phosphorylation of 

Mai by IRAKI and IRAK4 may result in Mai degradation (Dunne, A., unpublished 

results). It has been reported that upon overexpression IRAKI and IRAK4 spontaneously 

phosphorylate. Co-expression studies revealed that increasing concentrations o f either 

IRAKI or IRAK4 in HEK293 cells resulted in the depletion o f Mai from the cell lysates. 

However, as IRAKI is known to be activated upon overexpression of IRAK4, Mai 

degradation by IRAK4 may also be mediated by IRAKI. Given that overexpression of 

IRAKI and IRAK4 activates their kinase activity, it is tempting to hypothesise that 

phosphorylation o f Mai by IRAKI and IRAK4 may result in the depletion o f the 

intracellular pool o f Mai. Degradation o f a protein eliminates its availability for signal
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transduction; Mai degradation may therefore be used as a further mechanism to ensure 

tight regulation of the TLR2 and TLR4 signaling pathways.

Although characterization of the TLR signaling pathway has mainly focused on 

the role o f serine or threonine kinases, in recent years the importance o f tyrosine 

phosphorylation following TLR activation has come to the forefront. In particular, it has 

been noted that stimulation with the TLR ligands, MALP-2 and LPS resulted in an 

increase in tyrosine phosphorylated proteins. Although tyrosine phosphorylation is 

known to occur following stimulation with MALP-2, to date the identity of the tyrosine 

kinases involved have yet to be ascertained. Regarding tyrosine kinase activation by LPS, 

the Src-family tyrosine kinases Src, Fgr, Hck, Lyn and the Tec family kinase, Btk have 

all been shown to be activated(Horwood, Mahon et al. 2003; Jefferies, Doyle et al. 2003; 

Napolitani, Bortoletto et al. 2003). The Src kinases have been implicated in TLR4 

signaling mainly due to their enhanced expression and activation following LPS 

stimulation. However, the relative importance o f the Src-family kinases in LPS signaling 

remains a controversial one, as the generation o f triple knockout mice deficient in Hck, 

Fgr and Lyn demonstrated that these kinases are not essential for mediating the signaling 

pathway induced by LPS (Meng and Lowell 1997).

In contrast to the Src kinases, a role for Btk in LPS signal transduction is now 

widely accepted. Evidence establishing that Btk was involved in the LPS signaling 

pathway was initially observed in mice expressing an inactive form o f Btk (Xid mice); as 

it was observed that B cells generated from these mutant mice showed impaired 

responses to LPS (Mukhopadhyay, Mohanty et al. 2002).. It has since emerged that LPS 

induces tyrosine phosphorylation of Btk and activates its kinase activity (Horwood,
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Mahon et al. 2003; Jefferies, Doyle et al. 2003). In addition a Btk-specific inhibitor LFM- 

A13 blocked LPS induced NF-kB activation (Jefferies, Doyle et al. 2003). Furthermore, 

association studies also placed Btk on the TLR signaling pathway, as it has been revealed 

that Btk interacts with key proteins involved in TLR signal transduction, namely, TLR4, 

MyD88, Mai and IRAKI. Recent evidence has also determined that Btk is involved in 

p65-mediated transactivation and phosphorylation o f p65 on Ser-536 during NF-kB 

activation by LPS (Doyle, Jefferies et al. 2005). Our findings here clearly demonstrated 

that Btk phosphorylates Mai in vitro. This observation therefore identifies Mai as the only 

known substrate for Btk on the TLR signaling pathway.

Previous studies have determined that MyD88 is tyrosine phosphorylated and that 

following LPS stimulation, tyrosine phosphorylation o f MyD88 is enhanced (Ojaniemi, 

Glumoff et al. 2003). Results in this chapter revealed that similar to Mai, MyD88 is 

phosphorylated by cellular kinases. However, it was noted that MyD88 was not 

phosphorylated by IRAKI, IRAK4 or Btk. Moreover, overexpression o f either IRAKI or 

IRAK4 had no effect on the expression profile of MyD88, suggesting that Mai undergoes 

an alternative method o f regulation compared to MyD88 (Dunne, A., unpublished 

results).

Numerous studies have shown that members o f the TLR family are modified by 

phosphorylation. In particular MyD88, TLR2, TLR3 and TLR4 have all been shown to be 

tyrosine phosphorylated following activation. To date with the exception of the most 

recently identified TIR-domain containing adapter SARM, all other TIR adapters are 

phosphorylated, indicating that phosphorylation serves as an important mechanistic tool 

in mediating TLR signal transduction. Although members of the TLR family have been
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shown to undergo phosphorylation, the kinases required have only been speculated upon. 

Therefore this chapter identifies for the first time, kinases that phosphorylate a TIR- 

domain containing protein.

Taken together data presented in this chapter clearly demonstrates that Mai is a 

phosphoprotein and an in vitro substrate for IRAKI, IRAK4 and Btk. In addition, 

phosphorylation o f Mai by IRAKI, IRAK4 and Btk provides a distinguishing feature 

between Mai and MyD88 in mediating TLR signal transduction.
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Chapter 4-Identification o f  phospho-accepting residues in Mai and their role in signalling

4.1 Introduction

In the previous chapter, it was shown that Mai was phosphorylated by IRAKI, 

IRAK4 and Btk in vitro. Having identified the kinases involved in Mai phosphorylation, 

it was of interest to establish the residues that were phosphorylated. Therefore, in this 

chapter mutational analysis of Mai was undertaken in order to identify potential 

phosphorylation sites.

It was observed that replacement of specific serine or threonine residues had no 

effect on Mai function. However, certain tyrosine residues o f Mai, namely Tyr-86, Tyr- 

106 and Tyr-187 were identified as possible phospho-accepting residues. This chapter 

subsequently focused on examining the tyrosine phosphorylation status o f Mai both 

endogenously and in overexpression studies. Furthermore, the effect o f mutating Tyr-86, 

Tyr-106 and Tyr-187 on Mai signal transduction was assessed. In addition, the role of 

Btk with respect to tyrosine phosphorylation of Mai was further examined.
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4.2 Results

4.2.1 Mutational Analysis of specific serine and threonine residues located within

the sequence of Mai

As the previous chapter revealed that Mai was phosphorylated by IRAKI and 

IRAK4, both of which are serine/threonine kinases, the sequence o f Mai was next studied 

to determine possible serine/threonine phospho-accepting residues. Mai consists o f 235 

residues, out o f which 31 are serines and 12 are threonine residues, o f which 25 serines 

and 6 threonines are conserved in the mouse sequence. In order to predict possible 

phosphorylated residues, the sequence o f Mai was analysed in the computer programme, 

NetPhos (www.cbs.dtu.dk). In total 15 serine residues and 3 threonine residues were 

selected as potential phospho-accepting residues. As illustrated in figure 4.2.1 the serines 

that displayed the highest score for potential phosphorylation sites, were located at 

positions 39, 52, 66, 83, 93, and 105. In order to assess if these serine residues were 

required for Mai phosphorylation, each residue was mutated conservatively to alanine by 

in vitro site directed mutagenesis. In addition Ser-3, Ser-4, Ser-5, Thr-6 and Ser-183, all 

o f which are conserved in the murine sequence, were randomly chosen as possible 

phospho-accepting residues. Using the plasmid pCDNA3-HA-Mal as the parental DNA, 

in vitro site directed mutagenesis was performed. The mutagenic oligonucleotide primers 

for use were designed individually according to the desired mutation. The sequence of 

each construct was subsequently confirmed by DNA sequencing.

As CIP treatment o f Mai in the previous chapter, had abolished the slower 

migrating phosphorylated forms o f Mai, it was hypothesised that mutating a phospho- 

accepting residue to alanine should alter the electrophoretic mobility pattern of Mai.
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numbered according to their location in hum an Mai.
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Therefore, HEK293 cells were transiently transfected with plasmids encoding HA-Mal 

and the serine Mai mutant proteins HA-Mal-S39A, HA-Mal-S52A, HA-Mal-S66A, HA- 

Mal-S83A, HA-Mal-S93A, HA-Mal-S39AS52A, HA-Mal-S3A, HA-Mal-S4A, HA-Mal- 

T5A, HA-Mal-S5A and HA-Mal-S183A, in order to investigate their expression profile. 

Cell lysates were prepared, samples were then analysed by SDS-PAGE and subsequently 

immunoblotted with an anti-HA antibody to detect expression. As shown in Fig. 4.2.2a 

and 4.2.2b, mutation o f these specific serine residues displayed the same mobility pattern 

as wild-type Mai. A double mutant, Mal-S39AS52A, that was generated to determine if 

mutating both of these serine residues together would reduce or abolish the slower 

migrating forms of Mai, again displayed the same electrophoretic mobility pattern as 

wild-type Mai (Figure 4.2.2b, lane 7). As mutation o f these specific serine residues had 

no effect on the electrophoretic mobility pattern of wild-type Mai, it suggests that they 

are not individually required to induce the mobility shift that occurs upon Mai 

overexpression.

Having established that the serine Mai mutant proteins did not affect the 

expression profile o f Mai, their effect on NF-kB activation was next investigated. 

HEK293 cells were therefore transiently transfected with the Mai mutant proteins in 

conjunction with an NF-KB-dependent luciferase reporter gene. As figure 4.2.3 

illustrates, the tested Mai mutant proteins activated NF-kB to the same extent as wild- 

type Mai.
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Figure 4.2.2 Serine Mai mutants still retain the slower m igrating forms o f wild- 

type Mai. (a) HEK293 cells (1x10^) were transiently transfected with 2 |j.g o f  plasmids 

encoding the following proteins HA-Mal (lane 1), HA-M al-S3A (lane 2), HA-M al-S4A 

(lane 3), HA-M al-T5A (lane 4), or HA-M al-S6A (lane 5). Cell lysates were prepared and 

samples were analysed by SDS-PAGE, followed by imm unoblotting with an anti-HA 

antibody. Data shown is a representative experiment from three separate experiments, (b) 

HEK293 cells (1x10^) were transiently transfected with 2 fig o f  plasmids encoding the 

following proteins HA-M al-S39A (lane 1), HA-M al-S52A (lane 2), HA-M al-S66A (lane 

3), HA-M al-S83A (lane 4), and HA-M al-S93A (lane 5) or HA-M alS39AS52A (lane 6), 

for 24 hours. Cell lysates were prepared and samples were analysed by SDS-PAGE, 

followed by imm unoblotting with an anti-HA antibody. Data shown is a representative 

experim ent from three separate experiments.
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Figure 4.2.3 Mai serine mutant proteins activate NF-kB to the same extent as wild- 

type Mai. HEK293 cells were transiently transfected with plasmids encoding the 

following proteins empty vector (EV), HA-Mal, HA-Mal-S3A, HA-Mal-S4A, HA-Mal- 

T5A, HA-Mal-S6A and HA-Mal-S183A. Extracts were prepared and measured for 

luciferase activity. Results are normalized for Renilla luciferase activity and represented 

as fold induction relative to empty vector (EV) control. Results are expressed as mean ± 

standard deviation for a representative experiment from three separate experiments, each 

performed in triplicate.
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4.2.2 Mutational analysis of tlie tyrosine residues located within the sequence of

Mai

Having ascertained that Mai was also a substrate for the tyrosine kinase Btk, the 

sequence o f Mai was next analysed to determine the number o f potential phospho- 

accepting tyrosine residues. Mai contains six tyrosine residues, all of which are located at 

the carboxyl terminus within its TIR domain. As shown in figure 4.2.4, these six 

tyrosines are conserved in the mouse sequence, attesting to their possible importance in 

the functioning o f Mai. One tyrosine, tyrosine 86 is a conserved residue among all TIR 

domain containing proteins, and is located within Box 1, the signature sequence of the 

TIR domain. Tyrosine 106 is situated between Box 1 and Box 2, whereas the remaining 

four other tyrosine residues at positions 159, 187, 195 and 196 are located distally to Box 

2. In order to examine the role o f these tyrosine residues in Mai phosphorylation the six 

tyrosine residues were mutated conservatively to phenylalanine. Using the plasmid 

pCDNA3-HA-Mal as the parental DNA, in vitro site directed mutagenesis was performed 

as described in the Materials and Methods section. The mutagenic oligonucleotide 

primers for use were designed individually according to the desired mutation. The 

sequence o f each construct was subsequently confirmed by DNA sequence analysis.

As the electrophoretic mobility o f Mai is retarded on SDS-PAGE, the mobility 

pattern o f the Mai tyrosine mutants was analysed. HEK293 cells were transiently 

transfected with increasing concentrations o f plasmids encoding the mutant proteins HA- 

Mal-Y86F, HA-Mal-Y106F, HA-Mal-Y159F, HA-Mal-Y187F, HA-Mal-YI95F or HA- 

Mal-Y196F. Cell lysates were prepared and samples were analysed by SDS-PAGE and 

immunoblotted with the anti-HA antibody. Interestingly, it was observed that the slowest
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Figure 4.2.4 Alignment o f  human Mai (hMal) and murine Mai (mMal). Two

regions, Box 1 and Box 2, which are conserved among all TIR domain containing 

proteins are over lined. The tyrosine residues conserved in both human and murine Mai 

are underlined and numbered according to their location in human Mai.



C hapte r 4 -Iden tifica tion  o f  p h ospho-accep ting  residues in M ai and th e ir  ro le in signa lling

migrating form of wild-type Mai was no longer evident in Mal-Y86F (Figure 4.2.5, lanes 

4-6), Mal-Y106F (Figure 4.2.5, lanes 7-9) or Mal-Y187F (Figure 4.2.6, lanes 4-6). In 

contrast the mutant proteins Mal-Y159F (Figure 4.2.6, lanes 1-3), Mal-Y195F (Figure 

4.2.6, lanes 7-9), or Mal-Y196F (Figure 4.2.6, lanes 10-12), retained the same 

electrophoretic mobility pattern as wild-type Mai (Figure 4.2.5, lanes 1-3).

The effect o f mutating the three tyrosine residues at position 86, 106 or 187 in 

different combinations was next examined. HEK 293 cells were transiently transfected 

with plasmids encoding HA-Mal-Y86F Y106F, HA-Mal-Y86F Y187F, HA-Mal-Y106F 

Y187F, and HA-Mal-Y86F Y106F Y187F, cell lysates were prepared and samples were 

separated by SDS-PAGE and immunoblotted with the anti-HA antibody to detect 

expression. Double and triple mutant forms o f Tyr-86, Tyr-106 and Tyr-187 gave the 

same profile as a single mutant o f each o f these amino acids (Figure 4.2.7). These results 

suggested that the tyrosine residues located at positions 86, 106 and 187 were potential 

phosphorylation sites with all three tjTosine residues requiring phosphorylation for the 

altered mobility o f Mai on SDS-PAGE.

4.2.3 Two-dimensional SDS-PAGE analysis of the Mai tyrosine mutants

Having established in the previous chapter that the isoelectric point o f Mai is 

altered, the phosphorylation status of the tyrosine mutant proteins following 2-D gel 

analysis was next examined. HEK 293 cells were transiently transfected with plasmids 

encoding wild-type Mai and the mutant proteins HA-Mal-Y86F, HA-Mal-Y 106F, HA- 

Mal-Y159F, HA-Mal-Y187F, HA-Mal-Y195F, HA-Mal-Y196F or HA-Mal-Y86F 

Y106F Y187F. Cell lysates were prepared and the Mai mutant proteins were
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Figure 4.2.5 Analysis o f the expression profile o f the Mai tyrosine mutants. HEK

293 cells were transfected with 0.15 [ig, 0.3 |j,g, and 0.6 |ag, o f a plasmid encoding HA- 

Mal (lanes 1-3), or 0.25 |j.g, 0.5 |j.g, and 1 }o.g o f  expression plasmids encoding HA-M al- 

Y86F (lanes 4-6) and HA-M al-Y106F (lanes 7-9). Cell lysates were prepared, samples 

were subsequently analysed by SDS-PAGE and proteins were detected using an anti-HA 

antibody.
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Figure 4.2.6 Analysis of the expression profile of the Mai tyrosine mutants. HEK

293 cells were transfected with 0.25 |o,g, 0.5 |ag, and 1 |o,g expression plasm ids encoding 

HA-M al-Y159F (lanes 1-3), HA-M al-Y187F (lanes 4-6), HA-M al-Y195F (lanes 7-9) and 

HA-M al-Y196F (lanes 10-12). Cell lysates were prepared, samples were subsequently 

analysed by SDS-PAGE and proteins were detected using an anti-HA antibody.
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Figure 4.2.7 Analysis o f the expression profile o f the double and triple Mai 

tyrosine mutants. HEK 293 cells were transfected with 0.25 fig, 0.5 fxg, and 1 |j.g 

expression plasmids encoding HA-M al-Y86F Y106F (lanes 1-3), HA-M al-Y86F Y106F 

(lanes 4-6), HA-M al-Y106F Y187F (lanes 7-9) and HA-M al-Y86F Y106F Y187F (lanes 

10-12). Cell lysates were prepared, samples were subsequently analysed by SDS-PAGE 

and proteins were detected using an anti-HA antibody.
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immunoprecipitated with the anti-HA antibody. Proteins were eluted with 2-D sample 

solution and analysed by 2D SDS-PAGE. In Figure 4.2.8, wild-type Mai migrated as 2 

spots, as shown previously in Chapter 3 (Figure 3.2.3.). It was observed that whilst Mal- 

Y86F (Figure 4.2.9), Mal-Y106F (Figure 4.2.10), Mal-Y187F (Figure 4.2.11) and Mal- 

Y86F Y106F Y187F (Figure 4.2.12) still existed as two forms, there was a dramatic 

reduction in the quantity of the slower migrating form o f Mai that exhibited the lower 

isoelectric point. This is consistent with the hypothesis that this form o f Mai is most 

likely an unresolved mixture o f the two slower migrating phosphorylated forms of Mai 

detected on a 1-D SDS-PAGE gel. Similar to 1-D SDS-PAGE analysis, the Mai mutant 

proteins Mal-Y159F (Figure 4.2.13), Mal-Y195F (Figure 4.2.14) and Mal-Y196F (Figure 

4.2.15), all displayed the same phosphorylation profile as wild-type Mai, with the two 

forms existing at the same concentration level. These results further implied that the 

tyrosine residues located at positions 86, 106 and 187 were potential phosphorylation 

sites with all three tyrosine residues requiring phosphorylation for the altered mobility of 

Mai on SDS-PAGE.

4.2.4 The structural model of the TIR domain of Mai

Having identified Tyr-86, Tyr-106 and Tyr-187 as possible phospho-accepting 

Mai residues, it was o f interest to analyse whether these residues were on the surface. 

Although the crystal structure for Mai has yet to be elucidated, a molecular model for 

Mai can be constructed using the crystal structures o f the TIR domains from TLRl and 

TLR2 (Dunne, Ejdeback et al. 2003). It was noted that both Tyr-86 and Tyr-106 appear to 

be surface exposed, whereas Tyr-187, just visible on the surface model, appears to be the
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Figure 4.2.8 Two-dimensional gel analysis of the phosphorylation status of Mai.

HEK293 cells were transiently transfected with 3 |j,g o f a plasmid encoding (a) HA-Mal 

or (b) empty vector (EV). Cell lysates were prepared and HA-M al was 

immunoprecipitated with an anti-HA antibody. Samples were then isoelectrophoretically 

focused under a pH gradient o f  4 to 7. Focused proteins were then separated in the second 

dimension by SDS-PAGE, followed by immunoblotting with anti-HA antibody.
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Figure 4.2.9 Two-dim ensional gel analysis o f the phosphorylation status o f Mal- 

Y86F. HEK293 cells were transiently transfected with 5 (o,g o f  a plasmid encoding HA- 

M al-Y86F. Cell lysates were prepared and HA-M al-Y86F was immunoprecipitated with 

an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by imm unoblotting with anti-HA antibody.
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Figure 4.2.10 Two-dim ensional gel analysis o f the phosphorylation status o f M al- 

Y106F. HEK293 cells were transiently transfected with 5 )ig o f  a plasmid encoding HA- 

M al-Y106F. Cell lysates were prepared and HA-M al-Y106F was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by imm unoblotting with anti-HA antibody.
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Figure 4.2.11 Two-dim ensional gel analysis o f the phosphorylation status o f Mal- 

Y187F. HEK293 cells were transiently transfected with 5 |j.g o f a plasmid encoding HA- 

M al-Y187F. Cell lysates were prepared and HA-M al-Y187F was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by imm unoblotting with anti-HA antibody.
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Figure 4.2.12 Two-dim ensional gel analysis o f the phosphorylation status o f M al- 

Y86F Y106F Y187F. HEK293 cells were transiently transfected with 5 )j,g o f  a plasmid 

encoding HA-M al-Y86F Y106F Y187F. Cell lysates were prepared and HA-M al-Y86F 

Y106F Y187F was immunoprecipitated with an anti-HA antibody. Samples were then 

isoelectrophoretically focused under a pH gradient o f  4 to 7. Focused proteins were then 

separated in the second dimension by SDS-PAGE, followed by immunoblotting with 

anti-HA antibody. Data shown is a representative experim ent from three separate 

experiments.
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Figure 4.2.13 Two-dim ensional gel analysis o f the phosphorylation status of M al- 

Y159F. HEK293 cells were transiently transfected with 5 fj.g o f  a plasmid encoding HA- 

Mal-. Y159F. Ceil lysates were prepared and HA-M al-Y159F was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by immunoblotting with anti-HA antibody. Data shown is a 

representative experiment from three separate experiments.
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Figure 4.2.14 Two-dim ensional gel analysis o f the phosphorylation status o f M al- 

Y195F. HEK293 cells were transiently transfected with 5 (xg o f  a plasmid encoding HA- 

M al-Y195F. Cell lysates were prepared and HA-M al-Y195F was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by imm unoblotting with anti-HA antibody. Data shown is a 

representative experiment from three separate experiments.
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Figure 4.2.15 Two-dim ensional gel analysis o f the phosphorylation status o f M al- 

Y196F. HEK293 cells were transiently transfected with 5 |J,g o f a plasmid encoding HA- 

M al-Y196F. Cell lysates were prepared and HA-M al-Y196F was immunoprecipitated 

with an anti-HA antibody. Samples were then isoelectrophoretically focused under a pH 

gradient o f  4 to 7. Focused proteins were then separated in the second dimension by SDS- 

PAGE, followed by immunoblotting with anti-HA antibody. Data shown is a 

representative experiment from three separate experiments.
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least accessible (Figure 4.2.16). The backbone o f the TIR domain is reported to be similar 

to that o f CheY, a bacterial chemotaxis protein (Rock, Hardiman et al. 1998). Studies 

have shown that CheY undergoes phosphorylation, and that this phosphorylation event 

triggers a conformational change, thereby regulating its association with other proteins. It 

is possible that phosphorylation o f Mai on Tyr-86 or Tyr-106 is required to initiate a 

conformational change in the TIR domain o f Mai, thereby exposing Tyr-187 for 

phosphorylation, leading to activation o f downstream signals.

4.2.5 Mai is tyrosine phospliorylated

As there is evidence demonstrating the dependence o f TLR signaling on tyrosine 

kinase activity, the tyrosine phosphorylation status of Mai was examined. Using a protein 

tyrosine phosphatase (PTP-lB) which specifically dephosphorylates phosphotyrosine 

residues, the tyrosine phosphorylation of Mai was primarily investigated. HEK 293 cells 

were transfected with a plasmid encoding HA-Mal, cell lysates were prepared and HA- 

Mal was immunoprecipitated with an anti-HA antibody. Immunoprecipitated Mai was 

then treated with or without Protein Tyrosine Phosphatase-IB (PTP-lB) and incubated at 

37°C for 60 min. Samples were analysed by SDS-PAGE and immunoblotted with anti- 

HA antibody. Following phosphatase treatment the slower migrating form o f Mai was 

eliminated, indicating that Mai is tyrosine phosphorylated (Figure 4.2.17, compare lane 2 

to lane 1).

To further confirm that Mai was tyrosine phosphorylated, HEK 293 cells were 

transiently transfected with a plasmid encoding HA-Mal or mock transfected. Cell lysates 

were prepared and HA-Mal was immunoprecipitated using an anti-HA antibody. Samples
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Figure 4.2.16 Structural surface analysis of the TIR domain of MaL Structural 

features representing the conserved boxes of the TIR domains are shown in green (Box I) 

and blue (Box 2). The side chain of the semi-conserved proline residue in the BB-loop is 

coloured purple. The phospho-accepting tyrosines Tyr-86, Tyr-106, and Tyr-187 are 

highlighted in red.
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Figure 4.2.17 Mai is tyrosine phosphorylated. HEK-293 cells ( Ix  10^) were 

transiently transfected with 5 |j.g o f  a plasmid encoding HA-M al for 24 hours. Lysates 

were prepared and HA-Mal was immunoprecipitated with the HA antibody. 

Immunoprecipitates were washed three times and incubated at 37°C with lOU o f Protein 

Tyrosine Phosphatase-IB  (PTP-IB ) (lane 2) or without PTP-IB  (lane 1). Samples were 

analysed by 12% SDS-PAGE and immunoblotted with an anti-HA antibody. Following 

treatm ent with PTB -IB , the slowest migrating species o f  Mai was no longer detected 

(lanes 2). Data shown is a representative experiment from two separate experiments.
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were then separated by SDS-PAGE and immunoblotted with an antibody that specifically 

recognises phosphotyrosine residues. A band corresponding to the molecular mass o f the 

slowest migrating form o f Mai was detected in the sample expressing Mai (Figure 

4.2.18a, lane 2), whereas no phosphorylated tyrosine residues were detected in the mock- 

transfected sample (Figure 4.2.18a, lane 1). Overexpressed Mai therefore clearly 

undergoes tyrosine phosphorylation (Figure 4.2.18a, lane2). Samples were 

immunoblotted with an anti-HA antibody to confirm expression o f HA-Mal (Figure 

4.2.18b, lane2).

4.2.6 Endogenous Mai is tyrosine phosphorylated following stim ulation with LPS.

Having determined that overexpressed Mai contained phosphorylated tyrosine 

residues, the tyrosine phosphorylation status o f endogenous Mai was next examined. It 

was first necessary to identify a cell line, which naturally expresses Mai. Previous reports 

have determined using RT PCR analysis that Mai is expressed in a variety of cell types 

including mature and immature murine bone-marrow derived dendritic cells and in 

monocytic/macrophage cell lines (Fitzgerald, Palsson-McDermott et al. 2001). In order to 

assess the expression profile of endogenous Mai, a polyclonal antibody was raised against 

recombinant Mai as described in the Materials and Methods Section. HEK293 cells were 

transfected with a plasmid encoding HA-Mal (Figure 4.2.19, lanes 2 and 4) or left 

untransfected (Figure 4.2.19, lanes 1 and 3). Cell lysates were prepared and proteins were 

immunoprecipitated with an anti-HA antibody (Figure 4.2.19a, lanes 1 and 2). Samples 

were analysed by SDS-PAGE and immunoblotted with an anti-Mai antibody. It was 

confirmed that the anti-Mai antibody could detect both immunoprecipitated Mai (Figure
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Figure 4.2.18 M ai is Tyrosine Phosphorylated. HEK-293 cells ( Ix  10^) were mock- 

transfected (lane 1) or transfected with 5 |j,g o f  a plasmid encoding HA-Mal (lane 2). HA- 

Mal was immunoprecipitated from cell lysates with an anti-HA antibody, (a) Samples 

were analysed by 12% SDS-PAGE and imm unoblotted with an antibody that recognises 

phospho-tyrosine residues (Anti-4G10). (b) A portion o f  the sample was immunoblotted 

with an anti-HA antibody to demonstrate that HA-M al was present only in lane 2. 

Results shown are representative o f three separate experiments.



Figure 4.2.19 The expression profile of endogenous Mai in (a) the HEK293 cell line

and (b) the THP-1 cell line, (a) HEK293 cells were transfected with 5 fig o f a plasmid 

encoding HA-Mal (lanes 2 and 4) or left un-transfected (lanes 1 and 3). Cell lysates were 

prepared and proteins were immunoprecipitated with an anti-HA antibody (lanes 1 and 

2). Samples were analysed by SDS-PAGE and immunoblotted with an anti-Mai antibody, 

(b) Cell lysates were prepared from THPl cells, 10 |̂ 1, 20 p.1, 30 )al o f cell lysates were 

analysed by SDS-PAGE and immunoblotted with the anti-Mai antibody. Results shown 

are representative o f three separate experiments.
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4.2.19a, lane 2) and overexpressed Mai in the cell lysate (Figure 4.2.19a, lane 4). 

Endogenous Mai was also detected in HEK293 cells, existing as two distinct forms 

(Figure 4.2.19, lane 3).

The expression profile of endogenous Mai in the human monocytic/macrophage 

THP-1 cell line was next assessed. Cell lysates were prepared from THPl cells, samples 

were analysed by SDS-PAGE and immunoblotted with the anti-Mai antibody. Again 

endogenous Mai was detected as two distinct forms (Figure 4.2.19b, lanes 1-3). I next 

tested whether the anti-Mai antibody could immunoprecipitate endogenous Mai in 

HEK293 cells in order to test for phosphorylation of endogenous Mai. While the anti-Mai 

antibody could immunoprecipitate overexpressed Mai, it was not effective at 

immunoprecipitating endogenous Mai (Figure 4.2.20).

As the anti-Mai antibody could not immunoprecipitate endogenous Mai, proteins 

phosphorylated on tyrosine residues were immunoprecipitated from THP-1 cells with an 

anti-phosphotyrosine antibody and immunoblotted with an anti-Mai antibody. Cell 

lysates were prepared and normalised for total protein content following determination of 

protein concentration using the Bradford assay. To confirm that the total protein content 

was equal in all samples, cell lysates were immunoblotted with an anti-P-actin antibody 

(Figure 4.2.21d). In addition, it was verified that the THP-1 cells had responded to LPS 

by immunoblotting cell lysates with an anti-lKB-a antibody (Figure 4.2.21c). Blotting for 

endogenous Mai revealed two distinct forms (Figure 4.2.21b). No tyrosine 

phosphorylated Mai was detected in untreated cells (Figure 4.2.21a, lane 1). Having 

established that Mai was not tyrosine phosphorylated in resting cells, its phosphorylation 

status was investigated following LPS treatment. Treatment of cells with LPS led to
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Figure 4.2.20 The anti-M ai antibody can imm unoprecipitate overexpressed HA- 

M al, but does not imm unoprecipitate endogenous M ai. Cell lysates were prepared 

from un-transfected HEK293 cells (lanes 1-4) or from cells overexpressing HA-Mal 

(lanes 5-6) and incubated with either pre-immune anti-serum (lane 1) or with anti-Mai 

serum (lanes 2-3 and 6). Immunoprecipitates were washed three tim es with lysis buffer 

and analysed by SDS-PAGE. Samples were immunoblotted with an anti-Mai antibody. 

Cell lysates confirmed the presence o f  endogenous Mai (lane 4) and overexpressed HA- 

Mal (lane 6). Endogenous Mai could not be immunoprecipitated from HEK293 cells. 

Data shown is a representative experiment from ten separate experim ents that were 

performed with various concentrations o f anti-Mai antibody.
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Figure 4.2.21 Tyrosine phosphorylation o f endogenous M ai following LPS 

stim ulation. THP-1 cell (2x10^) were treated with 1 |J.g/ml o f LPS for the indicated 

times, (a) Cell lysates were prepared and tyrosine phosphorylated proteins were 

immunoprecipitated with anti-phosphotyrosine agarose, followed by imm unoblotting 

with an anti-Mai antibody. Cell lysates were also immunoblotted with (b) an anti-Mai 

antibody, (c) an anti-lK Ba antibody and (d) an anti-P-actin antibody.
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tyrosine phosphorylation o f Mai, with two tyrosine phosphorylated forms o f endogenous 

Mai proteins being detected at 5 minutes treatment time (Figure 4.2.21a, lane 2). It was 

noted that tyrosine phosphorylation o f Mai following LPS treatment was remarkably 

transient with no tyrosine phosphorylation detected at later times.

4.2.7 Endogenous Mai is tyrosine phosphorylated following stimulation with

MALP-2.

Given that Mai is specifically involved in TLR2 and TLR4 signalling and that it 

had been determined that Mai is tyrosine phosphorylated following stimulation with LPS, 

its phosphorylation status following activation of the TLR2 signalling pathway was next 

examined. THP-1 cells were treated with MALP-2, cell lysates were prepared and 

normalised for total protein content following determination of protein concentration 

using the Bradford assay. To confirm that the total protein content was equal in all 

samples, cell lysates were immunoblotted with an anti-P-actin antibody (Figure 4.2.22d). 

In addition, it was verified that the THP-1 cells had responded to MALP-2 by 

immunoblotting cell lysates with an anti-lKB-a antibody (Figure 4.2.22c). Blotting for 

endogenous Mai revealed two distinct forms (Figure 4.2.22b). Proteins phosphorylated on 

tyrosine residues were immunoprecipitated from THP-1 cell lysates with an anti- 

phosphotyrosine antibody and immunoblotted with an anti-Mai antibody. As had been 

previously determined, no tyrosine phosphorylated Mai was detected in untreated cells 

(Figure 4.2.22a, lane 1). Similar to LPS, the TLR-2 ligand MALP-2, led to tyrosine 

phosphorylation o f Mai, the effect being evident at 10 minutes post stimulation (Figure 

4.2.22a, lane 5), with two tyrosine phosphorylated forms again being detected.
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Figure 4.2.22 Tyrosine phosphorylation of endogenous Mai following MALP-2 

stimulation. THP-1 cell (2x10^) were treated with MALP-2 (O.OlnM) for the indicated 

times, (a) Cell lysates were prepared and tyrosine phosphorylated proteins were 

immunoprecipitated with anti-phosphotyrosine agarose, followed by immunoblotting 

with an anti-Mai antibody. Cell lysates were also immunoblotted with (b) the anti-Mai 

antibody, (c) the anti-lKBa antibody and (d) the anti-P-actin antibody.
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4.2.8 Tyr-86, Tyr-106 and Tyr-187 are required for Mai mediated NF-kB

activation.

Previous reports have shown that overexpression o f Mai activates NF-kB 

(Fitzgerald, Palsson-McDermott et al. 2001; Homg, Barton et al. 2001). In order to assess 

the requirement for the tyrosine residues in Mai to mediate NF-kB activation, Mai mutant 

proteins were overexpressed in HEK 293 cells in conjunction with an NF-KB-dependent 

luciferase reporter gene. In agreement with published results wild-type Mai strongly 

activated NF-kB (Figure 4.2.23) (Fitzgerald, Palsson-McDermott et al. 2001; Homg, 

Barton et al. 2001). In contrast, the Mai mutant proteins Mal-Y86F, Mal-Y106F and Mal- 

Y187F were less active, with Mal-Y86F and Mal-Y106F particularly impaired. Mal- 

Y159F, Mal-Y195F or Mal-Y196F activated NF-kB to a similar level as wild-type Mai 

(Figure 4.2.23). These results imply that it is Mai phosphorylated on Tyr-86, Tyr-106 

and Tyr-187 that is the active form o f Mai when overexpressed.

As we had determined that Tyr-86, Tyr-106 and Tyr-187 were important for Mai 

signalling, the effect o f substituting all three possible phospho-accepting tyrosine residues 

in different combinations was investigated. As had been expected, Mal-Y86F Y106F 

Y 187F displayed dramatically reduced NF-kB activation, similar to a mutant form o f Mai 

in which proline 125 in Box 2 o f the TIR domain is mutated to histidine (Mal-P125H) 

(Figure 4.2.24). In addition Mal-Y86F Y106F displayed similar NF-kB activity as the 

triple mutant, suggesting that the tyrosine residues at positions 86 and 106 are critical for 

activating NF-kB. It was noted that substitution o f Tyr-187 to phenylalanine in 

combination with substitution of either Tyr 86 or Tyr 106 to phenylalanine reduced NF- 

kB activity by approximately 50% (Figure 4.2.24). Overall these results imply that
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Figure 4.2.23 Mal-Y86F, Mal-Y106F and Mal-Y187F do not activate the NF-kB 

pathw ay as strongly as w ild-type Mai. HEK293 cells were transfected with a 5x NF-kB 

reporter gene plasmid and co-transfected with plasmids encoding wild-type Mai, Mal- 

Y86F, Mal-Y106F, Mal-Y159F, Mal-Y187F, Mal-Y195F and Mal-Y196F, for 24 hours. 

Cell lysates were prepared and luciferase activity was measured. Results are normalized 

for Renilla luciferase activity and represented as fold induction relative to empty vector 

(EV) control. Mean relative stimulation o f luciferase activity ± s.d. for a representative 

experiment from three separate experiments, each performed in triplicate, is shown.
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Figure 4,2.24 Multiple mutations in Mai, severely reduced Mai mediated NF-kB 

activation. HEK293 cells (2x10"*) were transiently transfected with a 5x NF-kB reporter 

gene plasmid and co-transfected with plasmids encoding empty vector (EV), wild-type 

Mai, Mal-Y86F Y106F, Mal-Y86F Y106F, Mal-Y106F Y187F, or Mal-Y86F Y106F 

Y187F, for 24 hours. Cell lysates were prepared and luciferase activity was measured.

Results are normalized for Renilla luciferase activity and represented as fold induction

relative to empty vector (EV) control. Results are expressed as mean ± standard deviation 

for a representative experiment from three separate experiments, each performed in 

triplicate.
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tyrosine residues located at positions 159, 195 and 196 are not critical for Mal-mediated 

NF-kB activity, whereas Tyr-86, Tyr-106 and Tyr-187 are essential for NF-kB activity 

induced by Mai.

4.2.9 Involvement of specific tyrosine residues in Mal-mediated NF-kB activation

Following the discovery that specific tyrosine residues were more critical for NF- 

kB activation, the effect of these Mai mutants on wild-type Mai induced NF-kB 

activation was assessed. HEK293 cells were transiently transfected with a plasmid 

encoding HA-Mal and co-transfected with plasmids encoding Mal-P125H, Mal-Y86F, 

Mal-Y106F, Mal-Y187F and Mal-S105A. The effect o f Mai on NF-kB was strongly 

inhibited by overexpression o f Mal-P125H and Mal-Y86F, as NF-kB activation was 

reduced by approximately 75%. In both cases Mal-Y106F and Mal-Y187F on the other 

hand reduced NF-kB activation by approximately 50% (Figure 4.2.25). As an additional 

control the serine mutant Mal-S105A had no effect on the stimulatory effects o f wild-type 

Mai.

4.2.10 Specific tyrosine residues can inhibit MyD88-mediated NF-kB activation

Having established that certain Mai mutant proteins inhibited wild-type Mal- 

induced NF-kB activation, it was of interest to determine if  they would have an effect on 

NF-kB activation mediated by MyD88. In agreement with previous studies MyD88 

strongly activated NF-kB (Figure 4.2.26) (Wesche, Henzel et al. 1997). As would be 

expected, co-expression o f wild-type Mai with MyD88 had an additive effect on NF-kB 

activation induced by MyD88. In contrast, co-expression of either Mal-P125H or Mal-
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Figure 4.2.25 Wild-type Mal-mediated NF-kB activation was inhibited by Mai 

tyrosine mutants. HEK293 cells (2x10'') were transiently transfected with a 5x NF-kB 

reporter gene plasmid (80ng) and thymidine kinase Renilla luciferase (40ng). The cells 

were also transfected with plasmids encoding empty vector or with plasmids encoding 

wild-type Mai (30ng), either by itself or with the following plasmids encoding wild-type 

Mai, Mal-P125H; Mal-Y86F, Mal-Y187F, or Mal-S105A, for 24 hours. Extracts were 

prepared and measured for luciferase activity. Results are normalized for Renilla 

luciferase activity and represented as fold induction relative to empty vector (EV) 

control. Results are expressed as mean ± standard deviation for a representative 

experiment from three separate experiments, each performed in triplicate.
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F igure  4.2.26 M yD 88-inediated N F-kB  activation  w as inh ib ited  by M al-P125H  and  

M al-Y 86F. HEK293 cells (2x10'*) were transiently transfected with a 5x NF-kB reporter 

gene plasmid (80ng) and thymidine kinase Renilla luciferase (40ng). The cells were also 

transfected with plasmids encoding empty vector (EV) or with plasm ids encoding 

MyD88 (50ng) either by itself, or with 50ng o f  the following plasmids encoding wild- 

type Mai, M al-P125H, M al-Y86F, M al-Y106F, M al-Y187F, or M al-S105A, for 24 hours. 

Extracts were prepared and measured for luciferase activity. Results are normalized for 

Renilla luciferase activity and represented as fold induction relative to empty vector (EV) 

control. Results are expressed as mean ± standard deviation for a representative 

experiment from three separate experiments, each performed in triplicate.
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Y86F with MyD88 reduced the ability o f MyD88 to activate NF-kB by approximately 

40%. Interestingly, the stimulatory effects of MyD88 were not inhibited by 

overexpression o f either Mal-Y106F or Mal-Y187F. As an additional control the serine 

mutant Mal-S105A had no effect on the stimulatory effects o f MyD88 (Figure 4.2.26).

4.2.11 Mal-Y86F and Mal-Y187F inhibit LPS signalling.

Given that Mai is tyrosine phosphorylated following LPS treatment, it was of 

interest to determine the effect that the Mai tyrosine mutants would have on NF-kB 

activation by LPS. HEK293 cells stably transfected with Flag-TLR-4 were transfected 

with a 5x NF-kB reporter gene plasmid and co-transfected with plasmids encoding Mal- 

P125H, Mal-Y86F, Mal-Y106F, Mal-159F, Mal-Y195F and Mal-Y196F. Cells were then 

left untreated or incubated with LPS for 6 hours. In agreement with previous studies, 

Mal-P125H strongly inhibited activation of NF-kB mediated by TLR4 (Figure 4.2.27a) 

(Fitzgerald, Palsson-McDermott et al. 2001; Homg, Barton et al. 2001). Interestingly, 

activation o f NF-kB mediated by LPS was also strongly inhibited by Mal-Y86F, 

suggesting that this tyrosine residue is critical for efficient TLR4 signalling (Figure 

4.2.27a). Mal-Y187F also blocked the LPS response albeit to a lesser degree. LPS could 

still stimulate NF-kB activation in cells expressing Mal-Y106F. The Mai mutant proteins 

Mal-Y159F, Mal-Y195F and Mal-Y196F were strongly active when overexpressed and 

LPS treatment had no major influence on their effect (Figure 4.2.27b). These results 

suggest that phosphorylation o f Mai on Tyr 86 and Tyr 187 is required for Mai to signal 

NF-kB activation since the mutant forms o f these residues inhibited the LPS response.
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Figure 4.2.27 Mal-Y86F and Mal-Y187F inhibit LPS signaling, (a) HEK293 cells 

stably transfected with Flag-TLR-4 were transfected with a 5x NF-kB reporter gene 

plasmid and co-transfected with 100 ng of each plasmid encoding the following proteins: 

Mal-P125H, Mal-Y86F, Mal-Y106F, Mal-Y187F. Cells were then left untreated or 

incubated with LPS (100 ng ml-1) for 6 hours, (b) HEK293 cells stably transfected with 

Flag-TLR-4 were transfected with a 5x NF-kB reporter gene plasmid and co-transfected 

with 1 00 n g  o f  each plasm id encoding the following proteins: Mal-P125H, Mal-159F, 

Mal-Y195F and Mal-Y196F. Cells were then left untreated or incubated with LPS (100 

ng ml-1, 6 hours) 24 hours post-transfection. Mean relative stimulation of luciferase 

activity ± S.D. for a representative experiment from 3 separate experiments, each 

performed in triplicate, is shown.
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4.2.12 Interaction of Mai tyrosine mutants with wild-type Mai, MyD88 and TLR4.

Having identified Tyr-86, Tyr-106 and Tyr-187 as possible phospho-acceptors, it 

was of interest to investigate if  mutating these tyrosine residues would interfere with their 

association with wild-type Mai, Mal-P125H, MyD88 and TLR4. Thus GST-Mal, GST- 

Mal-P125H, GST-Mal-Y106F, GST-MyD88 and GST-TLR4 fusion proteins were 

expressed in the BL21 strain o f Escherichia coli. To verify that the fusion proteins were 

correctly prepared their ability to interact with HA-Mal was firstly confirmed. HEK293 

cells were transiently transfected with a plasmid encoding HA-Mal. Cell lysates were 

prepared and incubated with the fusion proteins coupled to glutathione-agarose beads for 

2 hours at 4°C. Samples were washed three times with lysis buffer, analysed by SDS- 

PAGE and immunoblotted with an anti-HA antibody. In agreement with previous 

findings Mai interacted with itself, Mal-P125H, MyD88 and TLR4 (Figure 4.2.28a) 

(Fitzgerald, Palsson-McDermott et al. 2001; Homg, Barton et al. 2001). As a control HA- 

Mal did not associate with the GST fusion protein. Cell lysates were immunoblotted with 

an anti-HA antibody to confirm expression (Figure 4.2.28, lane 6).

The ability o f Mal-Y86F to interact with these fusion proteins was subsequently 

investigated. HEK293 cells were transiently transfected with a plasmid encoding HA- 

Mal-Y86F. Cell lysates were prepared and GST-pulldown assays were performed. 

Similar to wild-type Mai, Mal-Y86F strongly interacted with Mai and Mal-P125H 

(Figure 4.2.29a). A weak association with Mal-Y86F and MyD88 (Figure 4.2.29a, lane 3) 

was apparent and it was observed that mutation of Tyr-86 to phenylalanine severely 

affected the latent ability of Mai to associate with TLR4, as only a minor interaction was 

observed (Figure 4.2.29a, lane 4). Mal-Y86F did not interact with the GST protein
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GST-Mal . + .  .  .
GST-Mal-P125H .  . + . -
GST-MyD88 . . . + .
GST-TLR4 . . . .  +
HA-Mal + + + + + CL

IB: anti-HA 

Lane

Figure 4.2.28 Wild-type Mai interacts with GST-Mal, GST-MalP125H, GST- 

MyD88, and GST-TLR4. (a) HEK293 cells (1x10*) were transfected with 4 of 

plasmid encoding wild-type Mai. Cells were lysed and cell lysates were subsequently 

combined. 30 |̂ 1 o f cell lysate (CL) was removed and added to 5)̂ 1 o f SDS sample buffer 

(lane 6). The remaining cell lysate was incubated with equivalent amounts of purified 

GST (lane 1), GST-Mal (lane 2), GST-Mal-P125H (lane 3), GST-MyD88 (lane 4), and 

GST-TLR4 (lane 5) attached to glutathione-agarose beads for 2 hours at 4°C. The beads 

were isolated by centrifugation, washed three times with lysis buffer and added to 30|j,l of 

SDS sample buffer. Samples were then analysed by separation on 12% SDS-PAGE and 

immunoblotted with an anti-HA antibody.
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Figure 4.2.29 M al-Y86F interacts with wild-type M ai, M al-P125H and to a lesser 

extent with M yD88 and TLR4. HEK293 cells (1x10^) were transfected with 4 jig o f 

plasmid encoding HA-M al-Y86F. Cells were lysed and cell lysates were subsequently 

combined. 30 (j.1 o f the cell lysate was removed and added to 5(j,l o f  SDS sample buffer 

(lane 6). The remaining cell lysate was incubated with equivalent amounts o f  purified 

GST (lane 1), GST-M al (lane 2), GST-M al-P125H (lane 3), GST-M yD88 (lane 4) and 

GST-TLR4 (lane 5) attached to glutathione-agarose beads for 2 hours at 4°C. The beads 

were isolated by centrifugation, washed three times with lysis buffer and added to 30|o,l o f 

SDS sample buffer. Samples were then analysed by separation on 12% SDS-PAGE and 

immunoblotted with an anti-HA antibody.
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confirming that each interaction is specific for the expressed ftision protein (Figure 

4.2.29a, lane 1). Cell lysates were immunoblotted with an anti-HA antibody to confirm 

expression o f HA-MalY86F (Figure 4.2.29, lane 6).

The effects o f mutating Tyr-106 to phenylalanine on coupling Mai to the 

immediate upstream and downstream molecules in the signalling pathway was next 

assessed. HEK293 cells were transiently transfected with a plasmid encoding HA-Mal- 

Y106F. Cell lysates were prepared and GST-pulldown assays were performed. Similar 

interaction results for Mal-Y86F were obtained for Mal-Y106F. As can be seen in figure 

4.2.30, Mal-Y106F interacted with both wild-type Mai and Mal-P125H and weakly 

associated with MyD88 and TLR4. No interaction was detected between Mal-Y106F and 

GST (Figure 4.2.30a, lane 1). Control immunoblots confirmed that Mal-Y106F was 

expressed at similar levels in all samples (Figure 4.2.30, lane 6).

Finally the ability o f Mal-Y187F to interact with Mai, Mal-P125H, MyD88 and 

TLR4 was investigated. HEK293 cells were transiently transfected with a plasmid 

encoding HA-Mal-Y187F. Cell lysates were prepared and GST-pulldown assays were 

performed. It was observed that similar to Mal-Y86F and Mal-Y106F, Mal-Y187F 

associated with wild-type Mai, Mal-P125H, and to a lesser extent MyD88 and TLR4 

(Figure 4.2.31a). No association between Mal-Y187F and GST protein was detected 

(Figure 4.2.31a, lanes 1), and expression of Mal-Y187F was confirmed in all the samples 

by immunoblotting with an anti-HA antibody (Figure 4.2.31, lane 6). These results 

suggest a potential mechanism for the inhibition of LPS induced NF-kB activation via 

Mai, as unphosphorylated Mai may sequester downstream wild-type Mai molecules from 

TLR4 and in this way limit its availability to participate in signalling from LPS.
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Figure 4.2.30 M al-Y106F interacts with wild-type M ai, M al-P125H, and to a lesser 

extent with M yD88 and TLR4. HEK293 cells (1x10^) were transfected with 4 }xg o f 

plasmid encoding HA-M al-(Y106F). Cells were lysed and cell lysates were subsequently 

combined. 25 (xl o f the cell lysate was removed and added to 5|il o f  SDS sample buffer 

(lane 6). The remaining cell lysate was incubated with equivalent amounts o f  purified 

GST (lane 1), GST-M al (lane 2), GST-M al-P125H (lane 3), GST-M yD88 (lane 4) and 

GST-TLR4 (lane 5) attached to glutathione-agarose beads for 2 hours at 4°C. The beads 

were isolated by centrifugation, washed three times with lysis buffer and added to 30|o,l o f 

SDS sample buffer. Samples were then analysed by separation on 12% SDS-PAGE and 

immunoblotted with an anti-HA antibody.
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Figure 4.2.31 MaI-Y187F interacts with wild-type Mai, Mal-P125H, MyD88 and 

TLR4. HEK293 cells (1x10^) were transfected with 4 |j,g o f plasmid encoding HA-Mal- 

Y187F. Ceils were lysed and cell lysates were subsequently combined.. 25 (il of the cell 

lysate was removed and added to 5|al of SDS sample buffer (lane 6). The remaining cell 

lysate was incubated with equivalent amounts of purified GST (lane 1), GST-Mal (lane 

2), GST-Mal-P125H (lane 3), GST-MyD88 (lane 4) and GST-TLR4 (lane 5) attached to 

glutathione-agarose beads for 2 hours at 4°C. The beads were isolated by centrifugation, 

washed three times with lysis buffer and added to 50|j,l o f SDS sample buffer. Samples 

were then analysed by separation on 12% SDS-PAGE and immunoblotted with an anti- 

HA antibody.
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4.2.13 Recombinant Mai Y86F Y106F Y187F is phosphorylated by recombinant

Btk to a lesser extent than wild type Mai.

Given that Btk was shown to phosphorylate Mai in the previous chapter and 

having identified Tyr-86, Tyr-106, and Tyr-187 as possible phospho-acceptors, the 

effects o f mutating these residues on Mai phosphorylation by Btk was next investigated. 

In order to address this, tyrosine residues located at positions 86, 106 and 187 were 

conservatively mutated to phenylalanine singly or in combination using in vitro site 

directed mutagenesis on the parental DNA, pGex-Mal. The sequence o f this construct 

was subsequently confirmed by DNA sequencing.

In vitro kinase assays were then performed and as previously observed incubation 

o f Btk with radiolabelled ATP resulted in Btk autophosphorylation (Figure 4.2.32, lane 

1). In addition as shown in chapter 3, Mai was phosphorylated by Btk, with two distinct 

phospho-forms appearing (Figure 4.2.32, lane 2). It was noted that Mai Y86F, Mai 

Y106F and Mai Y187F were still phosphorylated by Btk (Fig. 4.2.32, lanes 3-5). 

However, using recombinant Mal-Y86F Y106F Y187F as a substrate for Btk, Mai 

phosphorylation was almost completely abolished (Figure 4.2.33, lane 3). In addition, 

whilst phosphorylation o f Mai resulted in two phospho-forms, for Mal-Y86F Y106F 

Y187F as a substrate, only one phospho-form was evident, consistent with these amino 

acids as key phospho-acceptors. Samples were also immunoblotted with an anti-Btk 

antibody (Figure 4.2.33b) and an anti-Mai antibody (Figure 4.2.33c) to confirm that each 

sample contained equal amounts o f recombinant protein.
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Figure 4.2.32 Recombinant Btk phosphorylates recombinant Mai. Recombinant Btk 

was incubated alone (lane 1), or with recombinant Mai (lane 2) or the recombinant Mai 

mutant proteins Mal-Y86F (lane 3), Mal-Y106F (lane 4), Mal-Y187F (lane 5). Samples 

were subjected to an in vitro kinase assay, analysed on SDS-PAGE, and visualised by 

autoradiography. Samples were also immunoblotted with (b) an anti-Btk antibody.
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Figure 4.2.33 Recombinant Mai Y86F Y106F Y187F is phosphorylated by 

recombinant Btk to a lesser extent than wild type Mai., (a) Recombinant Btk was 

incubated alone (lanes 1 and 4), or with recombinant wild-type Mai (lane 2), recombinant 

Mal-Y86F Y106F Y187F (lane 3) or recombinant GST-MyD88 (lane 5). Samples were 

subjected to an in vitro kinase assay, analysed on SDS-PAGE, and visualised by 

autoradiography. Samples were also immunoblotted with (b) an anti-Btk antibody or (c) 

an anti-Mai antibody.
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4.2.14 Recombinant Mai is phosphorylated by endogenous Btk

As it had been determined that Mai was a substrate for recombinant Btk, the 

ability o f endogenous Btk to phosphorylate recombinant Mai following TLR4 activation 

was next assessed. THPl cells (2x 10^) were stimulated with LPS for the indicated times. 

Cells were lysed and endogenous BTK was immunoprecipitated with an anti-BTK 

antibody. Immunoprecipitates were washed three times with lysis buffer and twice with 

kinase buffer. Recombinant Mai was added to each sample. Following incubation in an 

in vitro kinase assay, samples were analysed by SDS-PAGE, transferred to PVDF 

membrane and subjected to autoradiography. Phosphorylation o f wild-type Mai by 

endogenous Btk was determined by incorporation of radioactive phosphate.

As figure 4.2.34 illustrates, the kinase activity o f Btk was basally active prior to 

stimulation, but could be activated further following treatment o f the cells with LPS for 

60 minutes. It was observed that recombinant Mai was a substrate for endogenous Btk in 

vitro and that increased activity o f Btk corresponded to an increase in the phosphorylation 

o f recombinant Mai by Btk. Similar to previous results, phosphorylation o f Mai by Btk 

resulted in the appearance o f two phospho-forms o f Mai. Samples were also 

immunoblotted with an anti-Mai antibody to confirm that recombinant Mai was present 

in the relevant samples (Figure 4.2.34b).

4.2.15 Mai Tyrosine Phosphorylation is abolished following pre-treatment with the 

Btk inhibitor, LFM-A13

Having established that Mai is tyrosine phosphorylated both endogenously and in 

overexpression studies, and that recombinant Mai is phosphorylated by endogenous Btk
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Figure 4.2.34 Recombinant Mai is phosphorylated by endogenous BTK. (a) THPl 

cells (2x 10^) were stimulated with l|o,g/ml LPS for indicated times. Cells were lysed and 

endogenous BTK was immunoprecipitated with an anti-BTK antibody. 

Immunoprecipitates were washed three times with lysis buffer and twice with kinase 

buffer. Recombinant Mai was subsequendy added to each sample. Samples were washed 

three times with lysis buffer and a further two times with kinase buffer and subjected to 

an in vitro kinase assay. The samples were then incubated for 30 min. at 37°C with 2|j,Ci 

[y32P] P04. Following incubation in an in vitro kinase assay, samples were analysed by 

SDS-PAGE, transferred to PVDF membrane and subjected to autoradiography, (b) 

Samples were also immunoblotted with an anti-Mai antibody.
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in vitro, the in vivo role o f Btk in the tyrosine phosphorylation o f Mai following 

stimulation with LPS or MALP-2 was next investigated. THP-1 cells were pre-treated 

with LFM-A13 (CnHgBr2N202), a specific Btk inhibitor. Since LFM-A13 is solubilised 

in DMSO, THP-1 cells were also pretreated with DMSO as a control. In Figure 4.2.35a, 

lane 2 and Figure 4.2.36a, lane 5, LPS and MALP-2, induced transient Mai tyrosine 

phosphorylation as shown previously (Figure 4.2.21 and Figure 4.2.22). Pre-treatment of 

THP-1 cells with LFM-A13, completely abolished both LPS (Figure 4.2.35a, compare 

lanes 2 and 7) and MALP-2 (Figure 4.2.36a, compare lanes 5 and 11) induced tyrosine 

phosphorylation o f Mai. Cell lysates were immunoblotted with an anti-lKBa antibody to 

confirm that the cells were responding to the given stimulants (Figure 4.2.35c and Figure 

4.2.36c). Figure 4.2.35d and Figure 4.2.36d show the same cell lysates immunoblotted 

with an anti-P-actin antibody. No change is detected in the level o f P-actin protein, 

indicating that the variation in the levels o f Mai tyrosine phosphorylation or iKB-a were 

not due to varying amounts of protein in each sample.

4.2.16 Recombinant Mai decreases the ability of Btk to autophosphorylate in vitro

As mentioned above, whilst performing in vitro kinase assays with Btk, it was 

noted that the kinase activity o f Btk was altered once Mai was present. To further 

investigate this observation increasing concentrations o f Mai were incubated with a 

constant amount o f Btk. As it had been determined that MyD88 was not phosphorylated 

by Btk, increasing concentrations of MyD88 were added as a control. As figure 4.2.37 

illustrates, incubation of Btk with radiolabelled ATP leads to Btk autophosphorylation, 

but having Mai present severely limits this capacity (compare lane 1 and lane 2). It was
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Figure 4.2.35 Pre-treatment of the Btk inhibitor abolished Mai tyrosine 

phosphorylation mediated by LPS. THP-1 cells (2x10^) were pretreated with DMSO 

(lanes 1-4) or LFM-A13 (lanes 5-8) for 1 h prior to stimulation with LPS. (a) Cell lysates 

were prepared and tyrosine phosphorylated proteins were immunoprecipitated with anti- 

phosphotyrosine agarose, followed by immunoblotting with anti-Mai antibody. Cell 

lysates were also immunoblotted with (b) an anti-Mai antibody, (c) an anti-lKB-a 

antibody and (d) an anti-P actin antibody.
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Figure 4.2.36 Pre-treatm ent o f the Btk inhibitor abolished M ai tyrosine 

phosphorylation mediated by M ALP-2. THP-1 cells (2x10^) were pretreated with 

DMSO (lanes 1-6), or LFM -A13 (lanes 6-12), for 1 h prior to stim ulation with MALP-2. 

(a) Cell lysates were prepared and tyrosine phosphorylated proteins were 

immunoprecipitated with anti-phosphotyrosine agarose, followed by immunoblotting 

with an anti-Mai antibody. Cell lysates were also imm unoblotted with (b) an anti-Mai 

antibody, (c) an anti-lK B-a antibody and (d) an anti-p actin antibody
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Figure 4.2.37 Recombinant Mai alters the kinase activity of Btk. Recombinant Btk 

was incubated with increasing concentrations o f recombinant Mai (lanes2-4), or 

increasing concentrations o f recombinant MyD88 (lanes 5-7). Samples were subjected to 

an in vitro kinase assay and phosphorylated proteins were resolved by SDS-PAGE and 

visualised by autoradiography
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also noted that increasing the concentration o f Mai dramatically reduced the kinase 

activity of Btk, whilst Mai phosphorylation was enhanced (Figure 4.2.37, lanes 2-4). 

MyD88 on the other hand did not alter the kinase activity o f Btk (Figure 4.2.37, lanes 5- 

7).
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4.3 Discussion

Prompt activation of the TLR signaHng pathway has proven to be vital in the 

recognition o f invading pathogens and in eliciting the host innate immune response. 

Recent studies have demonstrated that in addition to serine and threonine 

phosphorylation, the efficient orchestration of the TLR signaling pathway is dependent 

on a series o f tyrosine phosphorylation events.

In the previous chapter, it was observed that Mai was a substrate for the serine/ 

threonine kinases IRAKI and IRAK4 and for the tyrosine kinase, Btk. In this chapter, 

mutational analysis was conducted in an attempt to map the phosphorylation sites located 

within Mai. In order to identify phospho-accepting residues, specific serine and threonine 

residues were mutated conservatively to alanine. However, it was observed that all o f the 

serine/threonine Mai mutant proteins generated behaved in a similar fashion to wild-type 

Mai when assayed for NF-kB activation. Moreover, they all exhibited the same mobility 

pattern as wild-type Mai when analysed by SDS-PAGE. As phosphorylation o f Mai by 

IRAKI and IRAK4 resulted in the formation o f up to three phospho-proteins, this 

suggests that Mai is multiply phosphorylated. Therefore mutational studies cannot rule 

out the mutated serine or threonine residues as possible phospho-accepting residues, as 

they might have no effect on Mai function when mutated singly.

Mutational analysis o f Mai was next conducted in order to assess the relative 

functional importance o f the six tyrosine residues in the TIR domain o f Mai. Data 

presented in this chapter c learly demonstrate that in Mal-Y86F, Mal-Y106F and Mal- 

Y187F the slowest migrating form o f Mai was abolished. These results suggested that the 

tyrosine residues located at positions 86, 106 and 187 were potential phosphorylation
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sites with all three tyrosine residues requiring phosphorylation for the altered mobility of 

Mai on SDS-PAGE.

Analysis of the molecular model for Mai revealed that both Tyr-86 and Tyr-106 

appear to be surface exposed, whereas Tyr-187 appears to be the least accessible. It is 

possible therefore that phosphorylation o f Mai is sequential, with phosphorylation on 

Tyr-86 or Tyr-106 being required to initiate a conformational change in the TIR domain 

o f Mai, thereby exposing Tyr-187 for phosphorylation, culminating in activation of 

downstream signals. Indeed this may explain why Mai Y86F Y106F activates NF-kB to 

the same extent as Mai Y86F Y106F Y187F, as Tyr 86 and Tyr 106 are not 

phosphorylated, Tyr 187 may not therefore be accessible for phosphorylation by Btk. 

Tyrosine phosphorylation o f Mai may trigger a conformational change, thereby 

regulating the association of Mai with other proteins. Indeed following phosphorylation a 

conformational change has been reported for the bacterial chemotaxis protein, CheY, 

which has a similar backbone to that of the TIR domain (Rock, Hardiman et al. 1998).

In the previous chapter, it had been observed that the two slower migrating forms 

o f Mai represented phosphorylated Mai. As this had been determined using a phosphatase 

that dephosphorylates proteins phosphorylated on tyrosine, serine or threonine residues, a 

phosphatase that specifically dephosphorylates proteins phosphorylated on tyrosine 

residues was next employed in order to further verify that Mai contained phospho- 

tyrosine residues. Using PTP-IB it was established that the slowest m igrating form of 

Mai represented tyrosine phosphorylated Mai. In addition, analysis o f overexpressed Mai 

with an antibody that recognizes proteins phosphorylated on tyrosine residues confirmed 

that Mai was tyrosine phosphorylated.

Page 89



C h ap te r 4 -Iden tifica tion  o f  p h o sp h o -accep tin g  residues in M ai and  their ro le  in s igna lling

Whilst it had been established that overexpressed Mai was tyrosine 

phosphorylated, to ensure that this was a physiologically relevant event the 

phosphorylation status o f endogenous Mai was next examined. As has been previously 

stated, Mai participates solely in TLR2 and TLR4 signal transduction where it may act as 

a bridging adapter for MyD88 recruitment (Fitzgerald, Palsson-McDermott et al. 2001; 

Homg, Barton et al. 2001). Prompted by the knowledge that ligands for these receptors 

are known activators o f  tyrosine phosphorylation, the  tyrosine phosphorylation o f  Mai 

was assessed following activation o f the TLR2 and TLR4 signalling pathways. It w as 

determined that both MALP-2 and LPS rapidly and transiently triggered tyrosine 

phosphorylation of endogenous Mai in THP-1 cells.

Given that Mai was tyrosine phosphorylated in vivo, the relative functional 

importance o f the six tyrosine residues in the TIR domain o f Mai was subsequently 

assessed. It was noted that Tyr-86, Tyr-106 and Tyr-187 were the most critical residues 

for maximal NF-kB activation induced by Mai. Furthermore, Mal-Y86F and Mal-Y187F 

acted as dominant negative inhibitors of NF-kB activation induced by LPS, whereas the 

other mutants of Mai did not. These results suggest that following LPS stimulation Tyr- 

86 and Tyr-187 are likely to undergo phosphorylation and this process is required for NF- 

k B activation mediated by Mai. It is likely that both require phosphorylation since 

mutating either resulted in an inactive dominant negative form.

It was also noted that Mal-P125H and Mal-Y86F, and to a lesser extent Mal- 

Y106F and Mal-Y187F acted as dominant negative inhibitors of NF-kB activation 

induced by wild-type Mai. These results suggest that mutating Tyr-86, Tyr-106 and Tyr- 

187 to phenylalanine may retain Mai in an inactive state and that phosphorylation of
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these residues activates Mai. Interestingly, Mal-Y86F was the only Mai mutant that 

inhibited NF-kB activation mediated by MyD88, indicating that phosphorylation o f Tyr- 

86 may be required for Mai to function as a bridging protein with MyD88.

Given that the tyrosine residues located at positions 86, 106 and 187 were 

required for maximal NF-kB activation induced by Mai, association studies were 

conducted to determine if these residues were required for downstream interactions with 

key proteins involved in TLR signal transduction. Previous studies have shown that Mai 

interacts with itself, Mal-P125H, MyD88 and TLR4. It was revealed that Mal-Y86F, 

Mal-Y106F and Mal-Y187F still retained the ability to interact with wild-type Mai, Mal- 

P125H, MyD88, and TLR4. These results suggest a potential mechanism for the 

inhibition o f LPS induced NF-kB activation via Mai, as unphosphorylated Mai may 

sequester the downstream signalling molecules from TLR4 and in  this w ay lim it their 

availability to participate in signalling from LPS. This is consistent with the observation 

that mutation of Tyr-86, Tyr-106 and Tyr-187 results in reduced NF-kB activation 

induced by Mai.

Recent findings have shown that the tyrosine kinase Btk is activated by TLR4 and 

is required for LPS responses mediating NF-kB activation (Jefferies, Doyle et al. 2003). 

Our findings here clearly demonstrated that phosphorylation o f Mai was enhanced upon 

increased activation o f Btk following LPS stimulation. Mutational analysis o f Mai 

suggests that Btk phosphorylates Mai on Tyr-86, Tyr-106 and Tyr-187. This observafion 

therefore identifies that Mai is a substrate for Btk on the TLR4 pathway, with 

phosphorylation of Mai on Tyr-86 and Tyr-187 by Btk being required for NF-kB 

activation mediated by LPS.
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Although Tyr-106 failed to activate NF-kB to the same extent as wild-type Mai 

and had  a different phosphorylation profile to  wild-type Mai, it had  no  effect on  LPS 

signaling. All three tyrosines located at positions 86, 106 and 187 may need to undergo 

phosphorylation in order for Mai to exhibit retarded mobility. Given that during TLP12 

and TLR4 signalling two tyrosine phosphorylated forms o f Mai could be detected, it is 

likely that endogenous Mai is also multiply tyrosine phosphorylated. The role o f Tyr-106 

in Mai signaling is therefore unclear, but may be required for another Mal-mediated 

signal.

Recently the crystal structure of Btk has been resolved, revealing that Btk displays 

an extended conformation with no, or little, inter-domain interactions (Marquez 2003). 

This implies that unlike Src kinases, Btk does not require an assembled conformation for 

the regulation of its kinase activity. As Btk lacks a negative regulatory domain which is 

present in the Src kinases, it has led to speculation that Btk may rely on cytoplasmic 

proteins to regulate its kinase activity. Indeed, recent evidence has reported the 

identification of a new Btk-interacting protein, termed IBtk which inhibited Btk kinase 

activity and NF-kB activation mediated by Btk upon anti-IgM sfimulation (Jefferies, 

Doyle et al. 2003).

Results presented in this chapter, affixes Mai to the list o f Btk negative regulators, 

as Mai was observed to dramatically downregulate Btk kinase activity. It has been 

reported that in the presence o f ATP, recombinant Btk can autophosphorylate Tyr-223 

and Tyr-551, located within the SH3 domain and the activation loop o f Btk, respectively. 

Mai may therefore directly inhibit Btk kinase activity by binding to its 

autophosphorylation sites or by blocking the formation o f Btk homodimers.
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Alternatively Mai m ay promote a conformational change in  Btk, leading to  inefficient 

autophosphorylation o f Tyr-223 or Tyr-551, thereby reducing Btk kinase activity. Data 

presented here presents a novel role for Mai as a possible negative regulator o f Btk kinase 

activity during TLR signal transduction.

In order to further confirm that Btk is a key tyrosine kinase for Mai

phosphorylation the phosphorylation status o f Mai in monocytes and splenocytes isolated 

from Xid mice was examined. The level of Mai however, in cells from both wild type and 

Xid mice was too low for detection in the endogenous phosphotyrosine

immunoprecipitation assay. However the inhibitory effect o f LFM-A13 and the in vitro 

evidence strongly suggest that the tyrosine kinase responsible for tyrosine

phosphorylation o f Mai is Btk.

The results in this chapter clearly show that Mai is a phosphoprotein that becomes 

tyrosine phosphorylated by Btk upon activation o f the TLR2 and TLR4 signal

transduction pathways. In conclusion Mai phosphorylation is required for Mai to signal, 

which establishes an important mechanistic step in TLR2 and TLR4 signaling.
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5.1 Introduction

Activation o f the TLR signalUng pathway, if  left unrestrained, can contribute to 

severe immunopathologies including Crohn’s disease and septic shock. It is therefore 

essential that TLR signal transduction is tightly regulated in order to prevent tissue 

damage that arises from sustained inflammation. Multiple methods are instigated in order 

to control TLR signalling. Beginning at the receptor level, the first-line o f negative 

regulation is performed by naturally produced soluble TLRs. These proteins are believed 

to behave as decoy receptors by preventing a direct interaction between TLRs and their 

bacterial ligands. To date only soluble forms o f TLR2 and TLR4 have been described 

(Iwami, Matsuguchi et al. 2000; LeBouder, Rey-Nores et al. 2003).

Upon activation, the TLRs can be further controlled by intracellular negative 

regulators which are present either constitutively or are upregulated. These proteins can 

interfere with the formation o f signalling competent TLR complexes thus limiting the 

TLR signalling effect, examples o f which include MyD88s, ST2 and SOCS-1.

TLR activation can be further controlled by downregulation o f essential 

components in the signalling pathway, resulting in a reduced inflammatory response. 

Regarding members o f the TLR family, evidence has emerged indicating that TriadSA, 

an E3 ubiquitin-protein ligase, downregulates TLR4 and TLR9 expression through 

ubiquitination and degradation. Moreover, TLR2 has been shown to be basally 

ubiquitinated, although the exact mechanisms leading to this have yet to be determined. 

In addition, it has recently been discovered that expression o f TGPp mediates MyD88 

degradation.
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Given that TLR activation is tightly regulated throughout the signalling pathway 

and that members o f the TLR family are degraded, this chapter investigated the 

regulatory role that phosphorylation of Mai might have with respect to TLR signalling, as 

phosphorylation is frequently used as a method to target proteins for degradation. Results 

determined that Mai is degraded following overexpression o f SOCS-1.
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5.2. Results

5.2.1 Mai is degraded following incubation in an in vitro kinase assay.

Having established that Mai is phosphorylated by cellular kinases in an in vitro 

kinase assay in chapter 3, it was o f interest to investigate the phosphorylation status of 

Mai following activation o f the TLR4 signalling pathway. In order to assess this THP-1 

cells were stimulated with LPS, cell lysates were prepared and GST-pulldown assays 

were performed with GST-Mal. The samples were then subjected to in vitro kinase assays 

and analysed by SDS-PAGE, followed by autoradiography. As has been previously 

observed, GST-Mal becomes phosphorylated by interacting with cellular kinases (Figure 

5.2.1, lane 1). Interestingly, it w as noted that treatment with LPS resulted in a severe 

reduction of phosphorylated Mai, with the most dramatic effect being evident at 5 

minutes post-stimulation (Figure 5.2.1a, lane 2).

Analysis o f the Coomassie stained gel revealed that following incubation in an in 

vitro kinase assay, Mai was degraded (Figure 5.2.1b, lane 2). The reduction in 

phosphorylated Mai corresponded to a reduction in the amount o f Mai substrate. GST- 

Mal was phosphorylated in resting cells, suggesting that Mai is phosphorylated by 

constitutively active kinases in  the cell lysates. LPS stimulation is  known to  initiate a 

kinase cascade which culminates in the activation o f the transcription factors, NF-kB, 

API and IRF-3. Therefore, in this system LPS most likely activates a kinase which 

subsequently phosphorylates Mai. Signal-induced phosphorylation o f Mai may then 

target it for degradation. Cell lysates were immunoblotted with an anti-lKBa antibody, to 

ensure that cells had responded to LPS (Figure 5.2.1c).
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Figure 5.2.1 LPS stimulation induces Mai degradation following incubation of Mai 

in an in vitro kinase assay, (a) THP-1 cells (1x10^) were stimulated with 1 (J.g/ml of LPS 

for the indicated times. Cell lysates were prepared and 5 |ig of GST-Mal was incubated 

with each sample for 2 hours at 4°C. Samples were washed three times in lysis buffer and 

twice again in kinase buffer, then incubated with [y32P]P04 for 30 min, at 37°C. 

Following incubation in an in vitro kinase assay, samples were analysed by SDS-PAGE, 

the gel was stained with Coomassie Brillant Blue (0250), then dried and subjected to 

autoradiography, (b) The gel stained with Coomassie Brillant Blue (0250). (c) Cell 

lysates immunoblotted with an anti-lKBa antibody. Data shown is a representative 

experiment from five separate experiments.
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5.2.2 Mai interacts with SOCS-1

Given that Mai is degraded following stimulation with LPS, it was of interest to 

investigate the possible proteins that were involved in mediating this event. Both LPS and 

MALP-2 stimulation have been reported to induce expression o f SOCS-1, a known 

negative regulator of the TLR4 signal transduction pathway (Kinjyo, Hanada et al. 2002). 

SOCS-1 contains an SH2 domain, which binds tyrosine phosphorylated proteins. Given 

that we had determined that Mai was tyrosine phosphorylated following LPS and MALP- 

2 stimulation, investigations were conducted in order to determine if  SOCS-1 played a 

role in mediating these events.

Association studies were therefore carried out to establish if Mai interacted with 

SOCS-1. HEK293 cells were transiently transfected with plasmids encoding Myc-SOCS- 

1 and HA-Mal, cell lysates were prepared and proteins were immunoprecipitated with the 

indicated antibodies. Samples were separated by SDS-PAGE and subsequently 

immunoblotted with an anti-HA antibody. As illustrated in figure 5.2.2a, Mai interacts 

with SOCS-1 (lane 3). As a positive control, HA-Mal could be immunoprecipitated from 

cell lysates with an anti-HA antibody (Figure 5.2.2a, lane 4). As expected, no interaction 

is observed in cells expressing either HA-Mal or Myc-SOCS-1 alone (Figure 5.2.2a, lanes 

1 and 2 respectively). Cell lysates were also immunoblotted with an anti-HA antibody 

and an anti-Myc antibody to confirm expression o f both Mai and SOCS-1 in the 

appropriate samples (Figure 5.2.2, b and c respectively).
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Figure 5,2.2 Wild-type Mai interacts with SOCS-1. (a) HEK293 cells were 

transiently transfected with a plasmid encoding 4 |ig of either HA-Mal or Myc-SOCS-1 

as indicated. Cell lysates were subjected to immunoprecipitation with the indicated 

antibodies. Samples were analysed by SDS-PAGE and immunoblotted with an anti-HA 

antibody. Cell lysates were immunoblotted with (b) an anti-HA antibody or (c) an anti- 

Myc antibody. Lane 2 in (b) and (c) represents samples from lanes 3 and 4 o f panel (a). 

Data shown is a representative experiment from two separate experiments.
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5.2.3 Mal-Y86F interacts with SOCS-1

Results illustrated in chapter 4 identified Tyr-86, Tyr-106, and Tyr-187 as 

possible Mai phosphorylation sites, as SOCS-1 binds to tyrosine phosphorylated proteins 

the e ffect o f mutating t hese tyrosine residues was next assessed. HEK293 cells were 

transiently transfected with plasmids encoding Myc-SOCS-1 and HA-Mal-Y86F, cell 

lysates were prepared and proteins were immunoprecipitated with the indicated 

antibodies. Samples were separated by SDS-PAGE and subsequently immunoblotted 

with an anti-HA antibody. As can be seen in figure 5.2.3a, Mal-Y86F interacts with 

SOCS-1 (lane 3). As a positive control, HA-Mal could be immunoprecipitated from cell 

lysates with an anti-HA antibody (Figure 5.2.3a, lane 4). As expected, no interaction is 

observed in cells expressing either HA-Mal-Y86F or Myc-SOCS-1 alone (Figure 5.2.3a, 

lanes 1 and 2 respectively). Cell lysates were also immunoblotted with an anti-HA 

antibody and an anti-Myc antibody to confirm expression of both Mal-Y86F and SOCS-1 

in the appropriate samples (Figure 5.2.3, b and c respectively).

5.2.4 Mal-Y106F interacts with SOCS-1

The ability o f Mal-Y106F to interact with SOCS-1 was next assessed. HEK293 

cells were transiently transfected with plasmids encoding Myc-SOCS-1 and HA-Mal- 

Y106F, cell lysates were prepared and proteins were immunoprecipitated with the 

indicated antibodies. Samples were separated by SDS-PAGE and subsequently 

immunoblotted with an anti-HA antibody. As can be seen in figure 5.2.4a, Mal-Y106F 

interacts with SOCS-1 (lane 3). As a positive control, HA-Mal-Y106F could be 

immunoprecipitated from cell lysates with an anti-HA antibody (Figure 5.2.4a, lane 4).
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Figure 5.2.3 M al-Y86F interacts with SOCS-1. (a) HEK293 cells were transiently 

transfected with a plasmid encoding 4 |ag o f either HA-Mal-Y86F or Myc-SOCS-1 as 

indicated. Cell lysates were subjected to immunoprecipitation with the indicated 

antibodies. Samples were analysed by SDS-PAGE and immunoblotted with an anti-HA 

antibody. Cell lysates were immunoblotted with (b) an anti-HA antibody or (c) an anti- 

Myc antibody. Lane 2 in (b) and (c) represents samples from lanes 3 and 4 of panel (a). 

Data shown is a representative experiment from two separate experiments.
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Figure 5.2.4 Mal-Y106F interacts with SOCS-1. (a) HEK293 cells were transiently 

transfected with a plasmid encoding 4 }̂ g o f either HA-Mal-Y106F or Myc-SOCS-1 as 

indicated. Cell lysates were subjected to immunoprecipitation with the indicated 

antibodies. Samples were analysed by SDS-PAGE and immunoblotted with an anti-HA 

antibody. Cell lysates were immunoblotted with (b) an anti-HA antibody or (c) an anti- 

Myc antibody. Lane 2 in (b) and (c) represents samples from lanes 3 and 4 o f panel (a). 

Data shown is a representative experiment from two separate experiments.
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As expected, no interaction is observed in cells expressing either HA-Mal-Y106F or 

Myc-SOCS-1 alone (Figure 5.2.4a, lanes 1 and 2 respectively). Cell lysates were also 

immunoblotted with an anti-HA antibody and an anti-Myc antibody to confirm 

expression o f both Mal-Y106F and SOCS-1 in the appropriate samples (Figure 5.2.4, b 

and c respectively).

5.2.5 Mal-Y187F interacts with SOCS-1

Having observed that Mal-Y86F and Mal-Y106F still interacted with SOCS-1 it 

was next investigated if Mal-Y187F associated with SOCS-1. HEK293 cells were 

transiently transfected with plasmids encoding Myc-SOCS-1 and HA-Mal-Y187F, cell 

lysates were prepared and proteins were immunoprecipitated with the indicated 

antibodies. Samples were separated by SDS-PAGE and subsequently immunoblotted 

with an anti-HA antibody. As can be seen in figure 5.2.5a, Mal-Y187F interacts with 

SOCS-1 (lane 3). As a positive control, HA-Mal-Y187F could be immunoprecipitated 

from cell lysates with an anti-HA antibody (Figure 5.2.5a, lane 4). As expected, no 

interaction is observed in cells expressing either HA-Mal-Y187F or Myc-SOCS-1 alone 

(Figure 5.2.5(a), lanes 1 and 2 respectively). Cell lysates were also immunoblotted with 

an anti-HA antibody and an anti-Myc antibody to confirm expression o f both Mal-Y187F 

and SOCS-1 in the appropriate samples (Figure 5.2.5, b and c respectively).

5.2.6 Mal-Y87F Y106F Y187F interacts with SOCS-1

Given that the single tyrosine mutant Mai proteins all associated with SOCS-1, it 

was o f interest to determine if  replacement o f all three tyrosine residues located at 

positions 86, 106 and 187 could disrupt the interaction between Mai and SOCS-1.
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Figure 5.2.5 Mal-Y187F interacts witli SOCS-1. (a) HEK293 cells were transiently 

transfected with a plasmid encoding 4 |j,g o f either HA-Mal-Y187F or Myc-SOCS-1 as 

indicated. Cell lysates were subjected to immunoprecipitation with the indicated 

antibodies. Samples were analysed by SDS-PAGE and immunoblotted with an anti-HA 

antibody. Cell lysates were immunoblotted with (b) an anti-HA antibody or (c) an anti- 

Myc antibody. Lane 2 in (b) and (c) represents samples from lanes 3 and 4 o f panel (a). 

Data shown is a representative experiment from two separate experiments.
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Therefore HEK293 cells were transiently transfected with plasmids encoding Myc- 

SOCS-1 and HA-Mal-Y86F Y106F Y187F, cell lysates were prepared and proteins were 

immunoprecipitated with the indicated antibodies. Samples were separated by SDS- 

PAGE and subsequently immunoblotted w ith an anti-HA antibody. As can be seen in 

figure 5.2.4a, Mal-Y86F Y106F Y187F interacts with SOCS-1 (lane 3). A sa  positive 

control, HA-Mal-Y86F Y106F Y187F could be immunoprecipitated from cell lysates 

with an anti-HA antibody (Figure 5.2.6a, lane 4). As expected, no interaction is observed 

in cells expressing either HA-Mal-Y86F Y106F Y187F or Myc-SOCS-1 alone (Figure 

5.2.6a, lanes 1 and 2 respectively). Cell lysates were also immunoblotted with an anti-HA 

antibody and an anti-Myc antibody to confirm expression o f both Mal-Y106F and SOCS- 

1 in the appropriate samples (Figure 5.2.6, b and c respectively).

5.2.7 SOCS-1 inhibits Mai mediated NF-kB activation

As has been stated above, studies have shown that SOCS-1 markedly diminished 

LPS mediated NF-kB activation (Nakagawa, Naka et al. 2002). We sought to confirm 

this observation using a constitutively active form o f TLR4, CD4-TLR4, in the NF-kB 

reporter gene assay. Similar to previous reports, overexpression of CD4-TLR4 in 

HEK293 cells activated NF-kB. Notably co-expression o f CD4-TLR4 with SOCS-1 

severely reduced NF-kB activation mediated by CD4-TLR4 (Figure 5.2.7). Therefore in 

agreement with previous studies SOCS-1 inhibited TLR4 signal transduction.

It has also been reported that SOCS-1 inhibits NF-kB activation mediated by 

IRAKI and TRAF6, but has no effect on NF-kB activation induced by IKKP (Nakagawa, 

Naka et al. 2002). These results indicate that SOCS-1 inhibits upstream of IKKp. Given
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Figure 5.2.6 Mal-Y86F Y106F Y187F interacts witii SOCS-1. (a) (a) HEK293 cells 

were transiently transfected with a plasmid encoding 4 |j,g o f either HA-Mal-Y86F 

Y106F Y187F or Myc-SOCS-1 as indicated. Cell lysates were subjected to 

immunoprecipitation with the indicated antibodies. Samples were analysed by SDS- 

PAGE and immunoblotted with an anti-HA antibody. Cell lysates were immunoblotted 

with (b) an anti-HA antibody or (c) an anti-Myc antibody. Lane 2 in (b) and (c) 

represents samples from lanes 3 and 4 o f panel (a). Data shown is a representative 

experiment from two separate experiments.
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Figure 5.2.7 SOCS-1 inhibits NF-kB activation mediated by CD4-TLR4. (a)

HEK293 cells were transiently transfected with a plasmid encoding CD4TLR4 alone or 

co-transfected with a plasmid encoding SOCS-1. Cells were harvested 24 hours after 

transfection, luciferase gene activity was measured and normalized on the basis of 

Renilla values. Data are expressed as mean relative stimulation o f luciferase activity ± 

S.D. relative to renilla values, for a representative experiment from two separate 

experiments, each performed in triplicate.
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that SOCS-1 interacts with Mai, the effect o f SOCS-1 on Mai-mediated NF-kB activation 

was next assessed using an NF-kB reporter gene assay. HEK293 cells were transiently 

transfected with a plasmid encoding HA-Mal and co-transfected with a plasmid encoding 

SOCS-1. In agreement with previous reports, overexpressed SOCS-1 did not activate NF- 

kB, whereas Mai strongly induced NF-kB activation (Figure 5.2.8) (Nakagawa, Naka et 

al. 2002). S im ilarto  IRAKI andT R A F6, SOCS-1 severely reduced N F -kB activation 

mediated by Mai. As had been previously noted Mai Y86F Y106F Y187F displayed 

dramatically reduced NF-kB activation, compared to wild-type Mai, addition of SOCS-1 

reduced NF-kB activity to the level o f SOCS-1 alone.

5.2.8 SOCS-1 mediates Mai degradation

In addition to an SH2 domain, SOCS-1 contains a region termed the SOCS box, 

which has been reported to mediate interactions with elongins B and C, both o f which are 

members o f the E3 ubiquitin ligase complex. Studies have shown that LPS treatment 

induces expression o f SOCS-1 in macrophages (Kinjyo, Hanada et al. 2002). Given that 

SOCS-1 inhibited M al-mediated NF-kB activation, it was o f interest to investigate the 

role o f SOCS-1 with respect to Mai degradation. HEK293 cells were transfected with a 

constant amount o f a plasmid encoding HA-Mal and co-transfected with increasing 

amounts o f a plasmid encoding Myc-SOCS-1. Cell lysates were prepared, samples were 

analysed by SDS-PAGE and subsequently immunoblotted with an anti-HA antibody to 

detect Mai expression. As shown in figure 5.2.9a, SOCS-1 induced degradation of Mai in 

a dose dependent manner. Cell lysates were also immunoblotted with an anti-Myc 

antibody to confirm increasing expression of SOCS-1 (Figure 5.2.9b). In addition, cell
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Figure 5.2.8 SOCS-1 inhibits NF-kB activation mediated by Mai. (a) HEK293 cells 

were transiently transfected with a plasmid encoding Mai or Mal-Y86F Y106F Y187F 

alone, or co-transfected with a plasmid encoding SOCS-1. Cells were harvested 24 hours 

after transfection, luciferase gene activity was measured and normalized on the basis of 

renilla values. Data are expressed as mean relative stimulation o f luciferase activity ± 

S.D. relative to Renilla values, for a representative experiment from two separate 

experiments, each performed in triplicate.
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Figure 5.2.9 SOCS-1 promotes degradation of Mai in a dose-dependent manner.

(a) HEK293 cells were transiently co-transfected with HA-Mal (200ng) in the absence of, 

or increasing concentrations o f SOCS-1 (200-1000ng). Cell lysates were prepared, 

samples were then analysed by SDS-PAGE and immunoblotted with an anti-HA 

antibody, (b) Cell lysates were also analysed to confirm increasing expression of Myc- 

SOCS-1 by immunoblotting with an anti-Myc antibody, (c) To confirm that equal 

amounts o f total protein were present in each samples, cell lysates were also 

immunoblotted with the anti-P-actin antibody. Data shown is a representative experiment 

from two separate experiments.



Chapter 5- A nalysis o f  Mai degradation

lysates were immunoblotted with an anti-P-actin antibody to verify that the total protein 

content was equal in all samples (Figure 5.2.9c).

5.2.9 Mal-Y86F Y106F Y187F is more resistant to SOCS-1 induced degradation 

than wild-type Mai

Having e stablished that SOCS-1 degrades wild-type M al, the effect o f SOCS-1 

expression on Mal-Y86F Y106F Y187F was next assessed. HEK293 cells were 

transfected with a constant amount o f a plasmid encoding HA-Mal-Y86F Y106F Y187F 

and co-transfected with increasing amounts o f a plasmid encoding Myc-SOCS-1. Cell 

lysates were prepared, samples were analysed by SDS-PAGE and subsequently 

immunoblotted with an anti-HA antibody to detect Mal-Y86F Y106F Y187F expression. 

Although SOCS-1 induced degradation o f Mal-Y86F Y106F Y187F it was not as 

dramatic as wild-type Mai degradation, suggesting that phosphorylation o f these residues 

may required for efficient depletion o f Mai from the cells (Figure 5.2.10a). Cell lysates 

were also immunoblotted with an anti-Myc antibody to confirm increasing expression of 

SOCS-1 (Figure 5.2.10b). In addition, cell lysates were immunoblotted with an anti-P- 

actin antibody to verify t hat the total protein content was equal in all samples ( Figure 

5.2.10c).

5.2.10 Overexpressed SOCS-1 does not degrade MyD88

There is evidence that MyD88 undergoes tyrosine phosphorylation and 

degradation following stimulation with L PS. Having determined that SOCS-1 depleted 

Mai from HEK293 cells, it was next tested if  SOCS-1 was required for MyD88 

degradation. HEK293 cells were transfected with a constant amount of a plasmid
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Figure 5.210 SOCS-1 promotes degradation of MaI-Y86F Y106F Y187F. (a)

HEK293 cells were transiently co-transfected with HA-Mal-Y86F Y106F Y187F (200ng) 

in the absence of, or increasing concentrations of SOCS-1 (200-1000ng). Cell lysates 

were prepared, samples were then analysed by SDS-PAGE and immunoblotted with an 

anti-HA antibody. Cell lysates were also immunoblotted with (b) an anti-Myc antibody 

and (c) anti-P-actin antibody. Data shown is a representative experiment from two 

separate experiments.
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encoding AUl-MyD88 and co-transfected with increasing amounts of a plasmid 

encoding Myc-SOCS-1. Cell lysates were prepared, samples were analysed by SDS- 

PAGE and subsequently immunoblotted with an anti-AUl antibody to detect MyD88 

expression. In  contrast to Mai, SOCS-1 did not induce degradation ofM yD88 (Figure 

5.2.11a). Cell lysates were also immunoblotted with an anti-Myc antibody to confirm 

increasing expression of SOCS-1 (Figure 5.2.11b). In addition, cell lysates were 

immunoblotted with an anti-p-actin antibody to verify that the total protein content was 

equal in all samples (Figure 5.2.1 Ic). This therefore demonstrated that SOCS-1 induced 

degradation was specific for Mai.

5.2.11 Mai degradation is abolished in Btk mutant cells

In chapter 4 it was determined that Mai undergoes tyrosine phosphorylation by 

Btk. Having established that Mai is degraded following overexpression of SOCS-1, the 

role o f Btk in Mai degradation was next investigated. In order to assess this, splenocytes 

were derived from wild-type mice and Xid mice, which contain a mutated form of Btk 

that inactivates its kinase function. Xid and wild-type splenocytes were then stimulated 

with LPS for the indicated times. Cell lysates were prepared, and samples were analysed 

by SDS-PAGE and subsequently immunoblotted with an anti-Mai antibody (Fig. 5.2.12). 

It was observed that Mai degraded at 5 minutes treatment time, corresponding with the 

earlier findings in chapter 4 that determined that Mai was tyrosine phosphorylation at 5 

minutes post LPS stimulation. However, splenocytes derived from the Xid mice failed to 

display Mai degradation in response to LPS-stimulation. This implies a definite role for 

Btk in mediating Mai degradation following stimulation with LPS.
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SOCS-1 ( îg) 0 0.2 0.4 0.6 0.8 1

(a)
MyD88 “

IB: anti-AUl

(b)

IB; anti-Myc
SOCS-1

IB: anti-B-actin

Figure 5.2.11 SOCS-1 does not promote degradation of MyD88. (a) HEK293 cells 

were transiently co-transfected with AUl-MyD88 (200ng) in the absence of, or 

increasing concentrations o f SOCS-1 (200-1000ng). Cell lysates were prepared, samples 

were then analysed by SDS-PAGE and immunoblotted with an anti-Aul antibody, (b) 

Cell lysates were also immunoblotted with (b) an anti-Myc antibody and (c) anti-P-actin 

antibody. Data shown is a representative experiment from two separate experiments.
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Figure 5.2.12 Mat degradation does not occur in Xid mice. Splenocytes from (a) wild- 

type and (b) Xid mice (IxloVm l) were stimulated with l^ig/ml of LPS for the indicated 

times. Cell lysates were prepared, samples were then analysed by SDS-PAGE and 

immunoblotted with an anti-Mai antibody (upper panel). To confirm that equal amounts 

o f total protein were present in each sample, cell lysates were also immunoblotted with 

an anti-P-actin antibody (lower panel).
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5.3 Discussion

It has emerged that tight regulation of signal transduction by TLRs is a 

prerequisite for an appropriate and efficient immune response. Overactivate the immune 

response and the host may incur major tissue damage, which may lead to the formation of 

TLR-mediated inflammatory diseases such as sepsis. Given the importance o f ensuring 

that the inflammatory response is not over activated, intense investigations have been 

conducted in order to decipher the methods required to administer a suitable and 

controlled immune response. It has since emerged that numerous methods of control 

have been installed throughout the TLR signalling pathway, with members o f the TLR 

family themselves being required to negatively regulate TLR signal transduction. With 

this knowledge, we sought to decipher the regulatory role of Mai with respect to TLR 

signal transduction control.

In this chapter, results demonstrate that Mai is degraded following LPS treatment 

and as there is less available substrate in the system, the amount o f detectable phospho- 

Mal was therefore significantly reduced. This suggested that Mai interacted with cellular 

kinases and ubiquitin ligases residing in  HEK293 cell lysates, and that these enzymes 

were subsequently activated during incubation in an in vitro kinase assay with Mai. 

Degradation of Mai was only evident following stimulation with LPS and was most 

apparent at 5 minutes post LPS stimulation, which corresponds to the time that 

endogenous Mai underwent tyrosine phosphorylation (Chapter 4, Figure 4.2.21). This 

suggests that Mai degradation may be used by the host as an additional method for 

limiting signalling by TLR4.
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As shown in chapter 4, Mai is tyrosine phosphorylated following LPS and MALP- 

2 stimulation. O f the negative regulators thus far identified, SOCS-1 is the only TLR 

negative regulator that is known to specifically interact with tyrosine phosphorylated 

proteins and target them for proteasomal degradation. Studies using mice deficient in 

SOCS-1 have revealed that SOCS-1 acts as a negative regulator for TLR4 and TLR9 

signalling. In particular, SOCS-1-deficient macrophages produced heightened levels of 

nitric oxide and pro-inflammatory cytokines in response to stimulation with TLR4 and 

TLR9 ligands. Furthermore, LPS stimulation enhanced phosphorylation o f STATl, Ik B -  

a , p38 and JNK in SOCS-1-deficient macrophages and mice lacking SOCS-1 were found 

to be more sensitive to LPS shock than wild-type mice. SOCS-1 expression is also 

reported to be induced following stimulation with MALP-2, LPS, and CpG DNA, ligands 

for TLR2, TLR4 and TLR9 respectively. Moreover, studies have determined that SOCS- 

1 interacts with IRAKI via its SH2 region, and that SOCS-I inhibits NF-kB activation 

mediated by both IRAKI and TRAF6.

Association studies in this chapter revealed that Mai interacted with SOCS-I. As 

SOCS-I binds tyrosine phosphorylated proteins, it was thought that replacement o f the 

Mai phospho-accepting tyrosine residues located at positions 86, 106 and 187 may 

prevent the Mal-SOCS-1 interaction. However, it was determined that this was not the 

case as SOCS-I maintained the ability to associate with Mal-Y86F Y106F YI87F, 

suggesting that SOCS-I can interact with Mai outside o f Tyr-86, Tyr-106 and Tyr-187. It 

is therefore still not precisely clear how SOCS-I interacts with Mai. However, as SOCS-I 

has been reported to bind to IRAKI, and results in chapter 3 have shown that Mai also 

associates with IRAKI, it cannot be ruled out that Mai may be present in a complex with
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IRAKI and SOCS-1. Indeed, phosphorylation o f Mai on Tyr 86, Tyr 106 and Tyr 187 

may be required to initiate a conformational change o f the Mai structure, which may lead 

to a transient and tightly regulated interaction between Mai and SOCS-1. This 

hypothesised transient interaction between Mai and SOCS-1 mediated by tyrosine 

phosphorylation of Mai, may subsequently result in Mai degradation by SOCS-1.

Data presented in this chapter reveals a direct role for Btk in mediating the 

degradation o f Mai, as it was observed that this process was abolished in cells derived 

from Xid mice following LPS stimulation. This indicates, that tyrosine phosphorylation 

of Mai by Btk is most likely required to initiate degradation o f Mai. In addition to SOCS- 

1 associating with Mai, it was determined that SOCS-1 inhibited NF-kB activation 

mediated by Mai. This suggests therefore that SOCS-1 negatively regulates Mai function 

in order to control TLR4 signalling, making Mai a target molecule for SOCS-1 

regulation.

As stated above, SOCS-1 has been reported to function as an adapter protein, as it 

targets tyrosine phosphorylated proteins to the ubiquitin machinery, thereby resulting in 

proteasomal degradation of the target protein. Results presented in this chapter, 

determined that co-expression o f SOCS-1 with Mai, resulted in Mai degradation. Mansell 

et al (submitted manuscript) have further characterised the degradation of Mai by SOCS- 

1. They have shown that degradation of Mai by SOCS-1 is dependent on the SH2 

domain and the SOCS box, as mutant forms o f these regions no longer resulted in Mai 

degradation. In addition, SOCS-1 w as observed to m ediate Mai polyubiquitination, on  

lysines located at positions 15 and 16. Mutation of these residues to arginines resulted in 

increased NF-kB activation compared to wild-type Mai as this Mai mutant was resistant
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to degradation. In this chapter, it was observed that SOCS-1 did not degrade M al-Y86F 

Y106F Y187F as dram atically as wild-type Mai suggesting that Mai phosphorylation is 

required for efficient Mai degradation. As suggested above Mai m ay be present in a 

com plex w ith IRAKI and SOCS-1, and phosphorylation o f Mai on Tyr 86, Tyr 106 and 

Tyr 187 may result in a conform ational change, which m ay move Mai in closer proxim ity 

to the SOCS-box region o f  SOCS-1 and the ubiquitin transferase machinery, thereby 

culm inating in Mai degradation. Indeed this may explain why M al-Y86F Y106F Y187F 

is more resistant to degradation compared to wild-type Mai. It was noted that the effect 

o f  S O C S -1 w as s pecific t o M al, as p rotein e xpression o f  M yD88 w as n ot a ffected by 

overexpression o f SOCS-1, consistent with the report that SOCS-1 does not interact with 

MyD88.

Previous reports have shown that Mai drives p65-m ediated transactivation. 

Further investigation by M ansell et al, revealed that LPS induced transient 

phosphorylation o f p65 in wild type mouse embryonic fibroblasts (M EFs), whereas Mal- 

deficient M EFs displayed a complete absence o f  LPS-m ediated p65 phosphorylation. 

This indicates a critical role for Mai in regulating the transcriptional activity o f  NF-kB. 

Furthermore, it was determined that p65 phosphorylation was enhanced i n response to 

LPS in SOCS-1-deficient cells, consistent w ith a role for SOCS-1 as a negative regulator 

o f  Mai signalling.

Taken together results in this chapter identify M ai as a specific target o f SOCS-1 

immune regulation and uncover an important m echanism  o f  regulating NF-kB signalling 

mediated by Mai. Indeed, it appears that SOCS-1 depletes Mai from  the cells more 

efficiently than a mutant Mai that does contain the phospho-accepting residues Tyr-86,
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Tyr-106 and Tyrl 87. It is tempting therefore to speculate that SOCS-1 may be required to 

deplete tyrosine phosphorylated Mai from the cells, thereby limiting NF-kB activation. 

This may explain why LPS induced tyrosine phosphorylation o f endogenous Mai, noted 

in chapter 4, is such a transient event, as tyrosine phosphorylated Mai may be instantly 

degraded by SOCS-1, similar to the mechanisms o f SOCS-1 negative regulation of 

cytokine signalling. Newly synthesised Mai that is not tyrosine phosphorylated may 

replenish Mai protein levels immediately. This may explain why Mai degradation is only 

apparent in the in vitro kinase assay and not in THP-1 cells. In conclusion, results 

presented here, define an additional method for regulating the immune response through 

Mai degradation mediated by SOCS-1.
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The discovery o f TLRs resulted in an onslaught o f intense investigation in the 

pursuit to decipher the precise role o f these evolutionary conserved receptors. It has since 

emerged that prompt activation of the TLR signalling pathway is a vital process in the 

recognition o f invading pathogens and in eliciting the host innate immune response. This 

investigation sought as its broad aim to further characterise the involvement of Mai in 

mediating the signals which are emanating from TLR2 and TLR4 following microbial 

invasion. In particular, this study focussed on the mechanisms o f Mai phosphorylation.

The initial observation that overexpressed Mai consisted o f four distinct bands 

following SDS-PAGE analysis suggested that Mai may be post-translationally modified. 

Analysis on 2-D SDS-PAGE revealed that the slower migrating forms o f Mai displayed a 

lower isoelectric point than the predominant 32 kDa form. Reduced electrophoretic 

mobility o f Mai, coupled with the observation that its isoelectric point is altered, implied 

that Mai may be phosphorylated. Indeed, CIP treatment established that the slower 

migrating forms of Mai represented phosphorylated Mai. The fastest migrating form has 

since been identified as a by-product o f Mai cleavage by caspase-1 (Miggin et al., 

submitted manuscript).

Kinases play an essential role throughout TLR signalling. They are required both 

for its activation and regulation. Analysis o f candidate kinases that have been positioned 

in close proximity to Mai during signal transduction, revealed that Mai is a substrate for 

IRAKI, IRAK4, and Btk in vitro. Furthermore, it was noted that phosphorylation o f Mai 

by IRAKI resulted in the formation o f three phospho-forms whereas both IRAK4- and 

Btk-mediated phosphorylation o f Mai produced two phospho-forms, implying that Mai is 

multiply phosphorylated.
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Mutational studies o f Mai were unable to identify potential phospho-serine or 

phospho-threonine residues. A total o f eleven mutant Mai proteins were generated, 

representing 33% o f the conserved serine and threonine residues in humans and mice. 

However, all of the tested mutants were found to be normal when assayed for NF-kB 

activation and all exhibited the same mobility pattern as wild type Mai when analysed by 

SDS-PAGE. Nevertheless, it cannot be ruled out that these residues are in fact 

phosphorylated, as firstly not all phosphorylation events result in  a m obility shift o f  a 

protein, as is the case o f MyD88. Secondly, if these specific residues are phosphorylated 

they may not be required for NF-kB activation, instead their role may lie in Mal-mediated 

activation o f ERKl/2 or JNK, or in p65-mediated transactivation induced by Mai. 

Thirdly, given that IRAKI and IRAK4 create up to three Mai phospho-forms, it implies 

that Mai is multiply phosphorylated by these kinases, therefore it can only be stated that 

the mutated residues have no effect on NF-kB activation when mutated singly, as perhaps 

specific residues must be mutated in combination to have a significant effect on Mai 

signalling. A more direct route using mass spectrometry analysis must therefore be 

undertaken in order to explicitly identify the phospho-serine or phospho-threonine 

residues o f Mai. Identification o f the sites o f phosphorylation of Mai by IRAKI and 

IRAK4, will permit the generation of Mai mutants, functional studies may then be 

conducted in order to ascertain the importance o f these phosphorylation events.

Having identified that Mai was phosphorylated by the tyrosine kinase Btk, 

mutational analysis determined that replacement o f Tyr-86, Tyr-106 and Tyr-187 to 

phenylalanine residues abolished the slowest migrating form o f Mai. Phosphatase 

treatment established that the slower migrating form o f Mai represented tyrosine
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phosphorylated Mai. Tyr-86, Tyr-106 and Tyr-187 were also found to be the most critical 

residues for maximal NF-kB activation induced by Mai. Furthermore, it was determined 

that both MALP-2 and LPS rapidly and transiently triggered tyrosine phosphorylation o f 

endogenous Mai in THP-1 cells. This tyrosine phosphorylation o f Mai was abolished in 

cells that were pre-treated with the Btk inhibitor, LFM-A13, further highlighting the fact 

that Btk is essential for mediating TLR induced phosphorylation o f Mai. Furthermore, the 

findings p resented i n t his s tudy c learly d emonstrated t hat p hosphorylation o f  Mai w as 

enhanced upon increased activation of Btk following LPS stimulation and that Tyr-86, 

Tyr-106 and Tyr-187 arc phosphorylation sites for Btk.

In addition, it was determined that Tyr-86 and Tyr-187 are likely to undergo 

phosphorylation following LPS stimulation and that this process is required for NF-kB 

activation mediated by Mai. Although Tyr-106 failed to activate NF-kB to the same 

extent as wild-type Mai and had a different phosphorylation profile to wild-type Mai, it 

had no effect on LPS signalling. All three tyrosines located at positions 86, 106 and 187 

may need to undergo phosphorylation in order for Mai to exhibit retarded mobility. Given 

that during TLR2 and TLR4 signalling two tyrosine phosphorylated forms of Mai could 

be detected, it is likely that endogenous Mai is also multiply tyrosine phosphorylated. The 

role of Tyr-106 in Mai signalling is therefore unclear, but may be required for another 

Mal-mediated signal. Future work will be required to examine this possibility.

It has also been determined that Mai interacts with the negative regulator SOCS-1, 

and that SOCS-1 mediates degradation o f Mai. Knock-out studies have since confirmed 

that Mai degradation following LPS stimulation is SOCS-1 dependent. In this study, the 

protein 1 evels o f  Mai i n THP-1 cells w ere analysed following both LPS and MALP-2
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Stimulation up to 15 minutes. It has subsequently emerged that Mai degradation can be 

seen in these cells from 15 to 30 minutes after activation o f TLR2 or TLR4 (Mansell et 

al. in press). In addition, it was shown that tyrosine phosphorylation of Mai was 

necessary for the SOCS-1-mediated degradation. Findings in this study determined that 

Mai undergoes degradation in mice at 5 minutes post-stimulation with LPS, and that in 

mice with a n ull mutation in t he Btk gene, LPS-induced d egradation o f M al does not 

occur. Taken together these results suggest that phosphorylation of Mai by Btk is likely to 

be required to recruit SOCS-I, which thereby results in Mai degradation.

It was however noted that SOCS-1 still associated with Mal-Y86F Y106F Y187F, 

it is not yet precisely clear how this interaction occurs, indeed Mal-Y86F Y106F Y187F 

may exist in a protein complex as opposed to interacting directly with SOCS-1. Therefore 

in vitro association studies in a cell free system must be conducted in order to determine 

ifM al-Y 86F Y106F Y187F binds directly to  SOCS-1. In addition,/n  v/vo association 

studies analysing SOCS-1 interaction with endogenous tyrosine phosphorylated Mai 

following activation o f the TLR2 or TLR4 signalling pathway would further confirm the 

requirement for tyrosine phosphorylation o f Mai with respect to SOCS-1 association.

Recently other proteins in the TLR signalling family have been shown to undergo 

phosphorylation. It has been reported that following stimulation with their specific 

ligands TLR2, TLR3 and TLR4 all undergo tyrosine phosphorylation (Arbibe, Mira et al. 

2000; Chen, Zuraw et al. 2003; Sarkar, Smith et al. 2003). In addition, LPS was found to 

induce tyrosine phosphorylation of MyD88 and it has been stated that upon 

overexpression, the adapters TRIF and TRAM are phosphorylated (Bin, Xu et al. 2003; 

Ojaniemi, Glumeff et al. 2003; Sato, Sugiyama et al. 2003). Whilst it has been
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Members of the Toll-like receptor 
(TLR) family are essential players in activating 
the host innate immune response against 
infectious microorganisms. All TLRs signal 
through Toll/IL-1 receptor (TIR) domain- 
containing adapter proteins. MyD88 adapter
like (Mai) is one such adapter, which 
specifically is involved in TLR-2 and TLR-4 
signaling. When overexpressed we have found 
that Mai undergoes tyrosine phosphorylation. 
Three possible phospho-accepting tyrosines 
were identifled at positions 86,106 and 187, and 
two mutant forms of Mai in which tyrosines 86 
and 187 were mutated to phenylalanine acted 
as dominant negative inhibitors of NF-kB 
activation by LPS. Activation of THP-1 
monocytic cells with the TLR4 agonist 
lipopolysaccharide (LPS) and the TLR2 
agonist, macrophage activating lipopeptide-2 
(MALP-2), induced phosphorylation of Mai on 
tyrosine residues. We found that the Bruton’s 
tyrosine kinase (Btk) inhibitor LFM-A13 could 
block the endogenous phosphorylation of Mai 
on tyrosine in cells treated with MALP-2 or 
LPS. Furthermore Btk immunoprecipitated 
from THP-1 cells activated by LPS could 
phosphorylate Mai. Our study therefore 
provides the first demonstration of the key role 
of Mai phosphorylation on tyrosine during 
signaling by TLR2 and TLR4 and identifies a 
novel function for Btk as the kinase involved.

The primary role of the Toll-like receptor 
(TLR)' family is to recognise and signal the influx 
of invading pathogens, thereby activating the host 
innate immune response. Ten TLRs have been 
discovered in humans, and all have a conserved 
cytosolic domain termed the Toll/interleukin-1

receptor (TIR) domain, which mediates signaling 
by TLRs (1). Once the TLRs are activated by their 
respective agonists, receptor dimerization via the 
TIR domain is thought to occur. This leads to 
recruitment of cytosolic TIR domain-containing 
adapter proteins (1). Although TLRs have similar 
signal transduction pathways, recent evidence has 
emerged suggesting specificity with regard to 
recruitment of the adapters. The prototype TIR- 
containing adapter protein, MyD88, is recruited by 
all TLRs with the exception of the double stranded 
RNA (dsRNA) receptor, TLR3 (2). MyD88 
adapter-like (Mai) participates solely in TLR2 and 
TLR4 signal transduction where it may act as a 
bridging adapter for MyD88 recruitment (3-6). 
Evidence has shown that the absence of either 
MyD88 or Mai results in no TNF production and 
delayed activation of the transcription factor NF- 
kB in response to the respective TLR2 and TLR4 
ligands macrophage activating lipopeptide-2 
(MALP-2) and lipopolysaccharide (LPS) (5-8). 
Similar to Mai, TIR domain-containing adapter 
inducing interferon (TRIF) and TRIF-related 
adapter molecule (TRAM) are selective adapters, 
with TRIF mediating TLR3 and TLR4 signaling, 
while TRAM is essential for TLR4 signaling alone 
(9-13). It has been determined that TRIF and 
TRAM mediate activation of another transcription 
factor termed interferon regulatory factor 3 (IRF3) 
in addition to NF-kB.

Several serine/threonine protein kinases 
are activated during TLR signal transduction. Mai 
and MyD88 recruitment leads to the subsequent 
recruitment and activation of IL-1 receptor- 
associated kinase 4 (IRAK4), which in turn 
activates IRAKI (14). TNF receptor associated 
factor-6 (TRAF-6) is then recruited leading to 
activation of TGF-P-activated kinase (TAK-1) 
(15). TAK-1 then activates the IkB kinase (IKK)
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com plex leading to N F -kB  activation (16). TAK-1 
can also activate the upstream kinases, p38 
m itogen-activated protein kinase (M A P  kinase) 
and Jun-N-terminal kinase (JNK). TRA M  and 
TRIF recruitment leads to the activation o f  the 
kinase receptor interacting protein (R IP )-l, w hich  
engages w ith the IKK com plex (17). Both TRAM  
and TRIF can also interact with TA N K -binding  
kinase-1 (T B K l), w hich phosphorylates and 
activates IRF-3 (18,19).

Regarding tyrosine kinase activation by 
TLRs, LPS has been show n to activate the tyrosine 
kinases Src, Hck and Lyn, although their role in 
LPS signaling is som ew hat uncertain (20,21). 
M ost recently w e and others have show n that 
Bruton’s tyrosine kinase (Btk), a m em ber o f  the 
Tec fam ily o f  protein tyrosine kinases, is a 
com ponent o f  the TLR signaling pathway (22,23). 
In particular, it has been show n that Btk interacts 
with the TIR dom ains o f  TLRs 4 , 6, 8 and 9 and 
was also found to specifically  associate with 
M yD 88, Mai and IRAK I (22 ,24). LPS induces 
tyrosine phosphorylation o f  Btk and activates its 
kinase activity, and m onocytes from patients with 
X-linked agam m aglobulinem ia, w hich contain  
mutant Btk, are unresponsive to LPS (24).

A lim ited number o f  proteins have been  
show n to undergo tyrosine phosphorylation during 
TLR signaling. T o date it has been reported that 
M yD 88, TLR2, TLR3 and TLR 4 becom e tyrosine 
phosphorylated during activation (25-27). In this 
study, w e report that Mai is tyrosine 
phosphorylated during TLR2 and TLR 4 signaling. 
W e demonstrate that the tyrosine residue located  
at position 86, 106 and 187 are likely  to be 
phospho-accepting residues and that mutant forms 
o f  Mai in w hich Tyr 86 or Tyr 187 are substituted 
with phenylalanine act as dominant negative 
inhibitors o f  LPS signaling. Finally, w e identify  
Btk as the responsible tyrosine kinase. Mai is 
therefore the first substrate for Btk in TLR  
signaling to be identified, its phosphorylation by 
Btk being an important m echanism  in signaling by 
TLR2 and TLR4.

Materials and M ethods

B io lo g ic a l  R e a g e n ts  a n d  C e ll  C u ltu re  - The 
HEK 293 cell line was cultured in DM EM  
medium, w hile the human m onocytic THP 1 cell 
line w as cultured in RPM I 1640 medium.

supplem ented with 10% (v /v) fetal ca lf serum. 
H EK 293 ce lls  stably expressing FLA G -tagged  
TLR 4 were a generous gift from D . G olenbock  
(U M A SS M edical School). Expression vectors 
encoding H A -M al have been described elsew here  
(28). The plasm id encoding the chim eric C D 4- 
TLR 4 was a kind gift from R. M edzhitov (Y ale  
University School o f  M edicine). The N F -kB 
luciferase plasm id w as a kind gift from R. 
H ofm eister (U niversitaet Regensburg, Regensburg, 
Germany). The Btk specific inhibitor, L FM -A 13, 
w as obtained from C albiochem  (Nottingham , 
U nited K ingdom ). T he anti-M ai antibody (P earl-1) 
w as obtained from A lex is  B iochem icals. A ll other 
reagents were obtained from Sigm a (P oole, United  
Kingdom ).
Im m unopreclp ita tion  an d  G ST  P ulldow n A ssays - 
H EK 293 cells  (1 x 10* ce lls) were harvested 24 h 
post-transfection, lysis, im m unoprecipitation and 
G ST pull-dow n assays were prepared as described  
elsew here(22). For im m unoprecipitation o f  
phospho-M al, cell lysates were incubated with 
anti-phosphotyrosine-agarose clone PT-66  
overnight. A fter incubation, beads were washed  
and the tyrosine phosphorylation status o f  Mai was 
analysed by im m unblotting with a Mai antibody. 
P h osphatase Treatm ent - Immune com plexes  
were incubated with lOOU o f ca lf intestinal 
alkaline phosphatase (CIP) w ith 30 |il o f  the 
phosphatase digestion  buffer (50  mM  Tris-Cl, pH 
7.5, 1 mM M gCU). Sam ples w ere incubated at 
37°C  for 3 hours. For protein tyrosine 
phosphatase-IB  (P T P -IB ) treatment, the im mune 
com plexes were incubated with the phosphatase 
digestion buffer (50 mM im idazole, pH 7 .5 ) at 
37°C  for 30  minutes w ith 10 U  o f  PTP-IB .
In vitro K inase A ssays  - Immune com plexes were 
incubated with 30 |il o f  kinase buffer (20  mM  
H epes, pH 7 .5 , 2 mM D TT , 10 mM M gC lj, 50  
mM N aC l, 100 |0,M N a3V 0 4  and 20  mM (3- 
glycerolphosphate and protease inhibitors) 
containing 2 (xCi [y-^^P] A T P  and 0 .6  |J.M o f  non
radioactive ATP. Sam ples were then incubated at 
37°C  for 30  minutes. G els were transferred onto 
PV D F m em branes and visualised by 
autoradiography.
R e p o r te r  A s s a y s  - H EK 293 cells  (2 x 10'*) were 
transfected with 5x N F-kB luciferase reporter 
gene plasm id and co-transfected with expression  
vectors using GeneJuice (N ovagen). In all cases.
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40 ng/well o f phRL-TK reporter gene was co
transfected to norm alise data for transfection 
efficiency. A fter 24 h, reporter gene activity was 
m easured as described elsew here (22). Data are 
expressed as the mean fold induction + SD 
relative to control levels, for a representative 
experim ent from  a m inim um  of three separate 
experim ents, each perform ed in triplicate. 
Two-dim ensional electrophoresis o f  M ai 
Im m unoprecipitations were perform ed as 
described above and im m une com plexes were 
resuspended in 400 |j1 o f sam ple solubilisation 
solution (8 M Urea, 50 mM DTT, 4%  CHAPS, 
0.2%  carrier am pholytes, 0.0002%  bromophenol 
blue). Im m unoprecipitates were separated in the 
first dim ension by isoelectric focusing perform ed 
using precast IPG strips (Im m obiline™  DryStrip 
gels, A m ersham  Pharm acia Biotech), pH 4-7. 
Focused proteins were separated in the second 
dim ension by SDS-PAGE.
M odelling Studies - M odelling o f the TIR domain 
o f Mai was carried out as described previously 
(28).

RESULTS

M ai is Tyrosine Phosphorylated  - In our first 
analysis o f M ai, we had observed in HEK293 cells 
transfected with a plasmid encoding M ai, that in 
addition to the predom inant 32 kDa form, slower 
migrating forms of Mai could be detected 
following SDS-PAGE, suggesting that Mai may 
be covalently modified (3). As the isoelectric point 
o f a protein is always altered once phosphorylation 
occurs, we exam ined the electrophoretic mobility 
o f Mai by two dim ensional gel analysis. As we 
had observed previously, one-dim ensional SDS- 
PAGE analysis revealed three distinct bands (Fig. 
la , left panel); whilst upon two-dim ensional SDS- 
PAGE analysis two forms o f Mai were detected by 
im m unoblotting (Fig. la , right panel). W e 
observed that the slower m igrating form  of Mai 
had a low er isoelectric point than the predom inant 
32 kD a form, and is most likely an unresolved 
mixture o f the two slower m igrating forms 
detected on one-dim ensional SDS-PAGE analysis. 
To further investigate the phosphorylation status 
o f M ai, we treated im m unoprecipitated Mai 
isolated from  HEK293 cells overexpressing HA- 
Mal with calf intestinal phosphatase (CIP), which 
can remove phosphates from serine, threonine and

tyrosine residues (29). Treatm ent of Mai with CIP 
converted the slow er m igrating forms into the 
predom inant 32 kDa form  (Fig. lb , lane 2), an 
effect that was blocked by the addition of 
phosphatase inhibitors (Fig. lb ,  lane 1), indicating 
that the slow er m igrating forms represent 
phosphorylated Mai. To confirm  that M ai could 
incorporate phosphate we carried out an in vitro 
kinase assay. As can be seen in Fig. Ic, lane 1, 
GST-M al becom es phosphorylated by interacting 
with kinases in the lysate. GST alone is not 
phosphorylated (Fig. Ic, lanes 2 and 4) and Mai 
does not undergo autophosphorylation (Fig. Ic, 
lane 3).

In order to further define the particular 
phospho-accepting sites in Mai we treated 
im m unoprecipitated Mai isolated from  HEK293 
cells overexpressing HA-M al with PTP-IB , a 
phosphatase that specifically dephosphorylates 
phosphotyrosine residues. The slower migrating 
form of M ai was elim inated follow ing phosphatase 
treatm ent indicating that Mai is tyrosine 
phosphorylated (Fig. id , com pare lane 2 to lane
1). To further confirm  that Mai was tyrosine 
phosphorylated, im m unoprecipitated Mai isolated 
from HEK293 cells overexpressing HA-M al was 
resolved by SDS-PA G E and im m unoblotted with a 
phosphotyrosine-specific antibody (Fig. le , lane
2).
Identification o f  Tyr-86, Tyr-106 and  Tyr-187 as 
possible phospho-acceptors  -H um an  Mai contains 
six tyrosine residues, all o f which are conserved in 
the m ouse sequence, attesting to their possible 
im portance in the functioning of M ai (Fig. 2a). 
One tyrosine, Tyr-86 is a conserved residue among 
all TER dom ain-containing proteins, and is located 
within Box 1, the signature sequence of the TIR 
domain. Tyr-106 is situated between Box 1 and 
Box 2, w hereas the rem aining four other tyrosine 
residues at positions 159, 187, 195 and 196 are 
located distally to Box 2. In order to exam ine the 
role o f these tyrosine residues in Mai 
phosphorylation, we m utated the six tyrosine 
residues conservatively to phenylalanine and 
analysed the m obility pattern o f the Mai tyrosine 
mutants. Interestingly, we found that the slowest 
migrating form  o f w ild-type M ai was no longer 
evident in M al-Y86F, M al-Y 106F or M al-Y187F 
(Fig. 2b, lanes 2, 3 and 5). The mutant proteins 
Y159F, Y I9 5 F  or Y 196F retained the same 
electrophoretic m obility pattern as w ild-type Mai
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(Fig. 2b, lanes 4, 6 and 7). These results suggested 
that the tyrosine residues located at positions 86, 
106 and 187 were potential phosphorylation sites 
w ith  all three tyrosine residues requiring 
phosphorylation for the altered m obility o f M ai on 
SDS-PA G E. This was also apparent from the 
analysis o f a triple mutant o f these am ino acids, 
M al-Y 86F Y106F Y187F, which gave the same 
expression profile as the single mutants (Fig. 2b, 
lane 8).

In order to assess the requirem ent for the 
tyrosine residues in Mai m ediated N F-kB 
activation, Mai mutant proteins were 
overexpressed in HEK293 cells in conjunction 
w ith an NF-KB-dependent luciferase reporter gene. 
In agreem ent w ith published results (3,4), wild- 
type M ai strongly activated N F-kB (Fig. 2c). In 
contrast, the Mai m utant proteins Y86F, Y106F, 
Y 187F were less active with M al-Y 86F and M al- 
Y 106F particularly impaired. A nalysis o f the 
ability o f  the triple mutant o f Mai to activate NF- 
kB further confirm ed that Tyr-86, Tyr-106 and 
Tyr-187 are critical residues for N F-kB activity 
induced by Mai. M al-Y159F, M al-Y 195F or M al- 
Y 196F activated N F-kB to a sim ilar level as wild- 
type M ai (Fig. 2c). These results imply that it is 
M ai phosphorylated on Tyr-86, Tyr-106 and Tyr- 
187 that is the active form o f Mai when 
overexpressed.

W e next analysed a m olecular model of 
the TIR dom ain o f M ai, which we had previously 
constructed (28), to determ ine the location o f Tyr- 
86, Tyr-106 and Tyr-187. W e noted that both Tyr- 
86 and Tyr-106 appear to be surface exposed, 
whereas Tyr-187, ju st visible on the surface 
m odel, appears to be the least accessible (Fig. 2d). 
It has been reported that the backbone of the TIR 
dom ain is sim ilar to that of CheY, a bacterial 
chem otaxis protein (30). Studies have shown that 
CheY undergoes phosphorylation, and that this 
phosphorylation event triggers a conform ational
change, thereby regulating its association with
other proteins (31). It is possible that
phosphorylation o f Mai on Tyr-86 or Tyr-106 is 
required to initiate a conform ational change in the 
TIR dom ain o f Mai, thereby exposing Tyr-187 for 
phosphorylation, leading to activation of
dow nstream  signals.

W e next tested whether M al-Y86F, M al- 
Y106F or M al-Y 187F could have a dom inant

negative effect in LPS signaling. As has been 
previously show n (3,4), a m utant form  of M ai in 
w hich proline 125 in Box 2 o f the TIR dom ain is 
m utated to histidine (P125H) strongly inhibited 
activation of N F-kB m ediated by TLR4 (Fig. 2e). 
Interestingly, activation o f N F-kB m ediated by 
LPS was also strongly inhibited by M al-Y86F, 
suggesting that this tyrosine residue is critical for 
efficient TLR4 signaling (Fig. 2e). M al-Y187F 
also blocked the LPS response albeit to a lesser 
degree. LPS could still stim ulate N F-kB activation 
in cells expressing M al-Y106F. Sim ilar to  Mal- 
P125H, the triple mutant, M al-Y 86F Y106F 
Y187F, severely inhibited N F-kB activation 
m ediated by LPS. The Mai m utant proteins 
Y159F, Y 195F and Y 196F were strongly active 
when overexpressed and LPS treatm ent had no 
m ajor influence on their effect. These results 
suggest that phosphorylation o f Mai on Tyr-86 and 
Tyr-187 is required for Mai to signal N F-kB 
activation since these m utant forms inhibited the 
LPS response.
Phosphorylation o f  M ai by B tk - W e next 
exam ined the tyrosine phosphorylation status of 
endogenous M ai in the human monocytic THP-1 
cell line which expresses TLR2 and TLR4 and 
therefore responds to their respective stimuli, 
M ALP-2 and LPS. Proteins phosphorylated on 
tyrosine residues were im m unoprecipitated from 
THP-1 cells w ith an anti-phosphotyrosine 
antibody and im m unoblotted with an anti-M ai 
antibody. Blotting for endogenous Mai revealed 
two distinct form s (Fig. 3a and 3b, left hand side, 
low er panels). No tyrosine phosphorylated Mai 
was detected in untreated cells, (Fig. 3a, upper 
panel lane 1, left hand side and Fig. 3b, upper 
panel lane 1, left hand side). Treatm ent o f cells 
w ith LPS led to tyrosine phosphorylation o f Mai, 
with two tyrosine phosphorylated forms of 
endogenous Mai proteins being detected at 5 
minutes treatm ent time (Fig. 3a, upper panel lane 
2, left hand side). S im ilar to LPS, the TLR2 ligand 
M ALP-2, led to tyrosine phosphorylation o f Mai, 
the effect being evident at 10 minutes post 
stim ulation (Fig. 3b, upper panel lane 5, left hand 
side), with two tyrosine phosphorylated forms 
again evident. The effect o f both LPS and M ALP- 
2 was rem arkably transient with no tyrosine 
phosphorylation detected at later times.
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To date Btk is the only tyrosine kinase 
known to interact with M ai (22). In this 
experim ent, we therefore sought to determ ine if 
B tk was involved in the tyrosine phosphorylation 
o f  M ai following stim ulation o f THP-1 cells with 
LPS or M ALP-2. It was noted that pre-treatment 
o f  THP-1 cells with LFM -A13, a specific Btk 
inhibitor com pletely abolished LPS induced 
tyrosine phosphorylation o f  Mai (Fig. 3a, upper 
panel, com pare lanes 2 and 7). Similarly M ALP-2 
induced tyrosine phosphorylation of M ai was 
totally abolished following pre-treatm ent o f THP- 
1 cells with LFM -A13 (Fig. 3b, upper panel, 
com pare lanes 5 and 11).

To further confirm  that Btk can 
phosphorylate M ai, in vitro kinase assays were 
perform ed. Incubation of recom binant Btk with 
recom binant M ai, resulted in Mai phosphorylation, 
w ith two distinct phospho-form s appearing (Fig 
4a, lane 2). M yD88 was not phosphorylated by 
Btk under sim ilar conditions (Fig. 4a, lane 5). 
G iven that Tyr-86, Tyr-106 and Tyr-187 were 
possible phospho-acceptors, the effect o f mutating 
these residues on Mai phosphorylation by Btk was 
next assessed. It was noted that phosphorylation of 
M ai by Btk was alm ost com pletely abolished 
when using recom binant M al-Y86F Y106F Y187F 
as a substrate, furtherm ore only one phospho-form 
was evident (Fig 4a, lane 3). This experim ent also 
revealed that Btk will undergo 
autophosphorylation as expected (Fig. 4a, lane 1 
and lane 4) but having M ai present, lim its this 
capacity, as can be seen from  decreased Btk 
autophosphorylation (com pare lanes 1 and 2). 
Interestingly, M al-Y86F Y 106F Y187F altered the 
kinase activity of Btk to a greater extent than wild 
type M ai (Fig. 4a, com pare lanes 2 and 3). MyD88 
how ever does not alter the kinase activity o f Btk 
(Fig. 4a, com pare lanes 4 and 5).

W e next perform ed in vitro  kinase assays 
using endogenous Btk. W e found that recom binant 
Mai is a substrate for endogenous Btk in vitro. 
S im ilar to previous studies the activity of
endogenous Btk was enhanced follow ing LPS
stim ulation with maximal in vitro  activity being 
detected at 60 minutes, as can be seen in Fig. 4b, 
lane 4 (23). W e observed that increased activity of 
Btk corresponded to an increase in the
phosphorylation of recom binant Mai by Btk and 
that phosphorylation again resulted in the
appearance of two phospho-forms.

Taken together our results indicate that 
Mai undergoes phosphorylation on tyrosine 
residues by Btk during signaling, which is required 
for Mai to signal N F-kB activation.

DISCU SSION

Prom pt activation o f the TLR signaling 
pathway has proven to be vital in the recognition 
o f invading pathogens and in eliciting the host 
innate imm une response. Num erous studies have 
dem onstrated that the efficient orchestration of the 
TLR signaling pathway is dependent on a series of 
phosphorylation events. The most receptor 
proxim al protein kinases, which are recruited by 
TIR dom ain-containing adapters, are IRAK4 and 
IR A K I, RIP-1 and RIP-3, TBK-1 and Btk (1). A 
lim ited num ber o f  substrates for these kinases 
have been reported to date. Here we dem onstrate 
that Mai undergoes tyrosine phosphorylation by 
Btk during signaling and that this phosphorylation 
event is required for M ai to signal N F-kB 
activation.

Tw o dim ensional SDS-PAGE analysis 
revealed that the slower m igrating form o f Mai 
displayed a low er isoelectric point than the 
predom inant 32 kDa form. Phosphatase treatm ent 
established that the slow er m igrating form  o f Mai 
represented tyrosine phosphorylated Mai. A role 
for tyrosine phosphorylation has previously been 
ascribed to the TLR2 and TLR 4 signaling pathway 
(32,33). In this report, M ALP-2 and LPS rapidly 
triggered tyrosine phosphorylation of endogenous 
Mai in THP-1 cells.

W e next assessed the relative functional 
im portance o f the six tyrosine residues in the TER 
domain o f M ai and noted that in M al-Y86F, M al- 
Y106F and M al-Y 187F the slow est m igrating 
form  o f  Mai was abolished. Our findings also 
determ ined that Tyr-86, Tyr-106 and Tyr-187 
were the most critical residues for maximal N F-kB 
activation induced by M ai. Furtherm ore, M al- 
Y86F and M al-Y 187F acted as dom inant negative 
inhibitors o f N F-kB activation induced by LPS, 
whereas the other m utants o f M ai did not. These 
results suggest that follow ing LPS stim ulation 
Tyr-86 and Tyr-187 are likely to undergo 
phosphorylation and this process is required for 
N F-kB activation m ediated by Mai. It is likely that
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both require phosphorylation since m utating either 
resulted in an inactive dom inant negative form.

Although Tyr-106 failed to activate NF- 
kB to the same extent as wild-type M ai and had a 
d ifferent phosphorylation profile to w ild-type Mai, 
it had no effect on LPS signaling. All three 
tyrosines located at positions 86, 106 and 187 may 
need to undergo phosphorylation in order for Mai 
to exhibit retarded mobility. G iven that during 
TLR 2 and TLR4 signaling two tyrosine 
phosphorylated forms o f Mai could be detected, it 
is likely that endogenous M ai is also multiply 
tyrosine phosphorylated. The role of Tyr-106 in 
M ai signaling is therefore unclear, but may be 
required for another M al-m ediated signal. W e are 
currently exam ining this possibility.

W e have previously shown that Btk is 
activated by TLR4 and is required for LPS 
responses mediating N F-kB activation (22). A 
particular response to LPS that requires Mai is 
phosphorylation of the p65 subunit o f  N F-kB at 
serine 536 (M ansell A., personal com m unication). 
This response is abolished in cells from  X-linked 
im m unodeficiency (Xid) mice w hich contain 
inactive Btk (34), and is also inhibited by the Btk 
inhibitor LFM -A13 (22). O ur findings here clearly 
dem onstrated that phosphorylation o f  Mai was 
enhanced upon increased activation of Btk 
follow ing LPS stim ulation. M utational analysis of 
M ai indicates that Btk phosphorylates Mai on Tyr- 
86, Tyr-106 and Tyr-187. This observation 
therefore identifies that Mai is a substrate for Btk 
on the TLR4 pathway, with phosphorylation of 
M ai on Tyr-86 and Tyr-187 by Btk being required 
for N F-kB activation m ediated by LPS. 
Interestingly, we observed that Mai inhibited Btk 
autophosphorylation, suggesting that M ai may be 
required to negatively regulate the kinase activity 
o f  Btk. W e attem pted to confirm  that Btk is a key 
tyrosine kinase for Mai phosphorylation by 
exam ining the phosphorylation status o f Mai in 
monocytes and splenocytes isolated from  Xid 
mice. The level of Mai however, in cells from both 
w ild type and and Xid mice was too low for 
detection in the endogenous phosphotyrosine

im m unoprecipitation assay. However the 
inhibitory effect o f LFM -A13 and the in vitro 
evidence strongly suggest that the tyrosine kinase 
responsible for tyrosine phosphorylation o f Mai is 
Btk.

The tyrosine at position 86 is conserved 
am ongst other TIR dom ain-containing proteins. It 
is therefore possible that B tk will phosphorylate 
the hom ologous tyrosine in other adapter proteins, 
although we found that M yD88 was not a substrate 
for Btk. W e are currently exploring other TIR 
dom ain containing proteins, notably the other 
adapters.

Recently other proteins in the TLR 
signaling fam ily have been shown to undergo 
phosphorylation. It has been reported that 
following stim ulation with their specific ligands 
TLR2, TLR3 and TLR4 all undergo tyrosine 
phosphorylation (25-27). In addition, LPS was 
found to induce tyrosine phosphorylation of 
MyD88 and it has been stated that upon 
overexpression, the adapters TRIF and TRAM  are 
phosphorylated (12,19,35). W hilst it has been 
established that members o f  the TLR superfam ily 
undergo phosphorylation, the participating kinases 
have yet to be identified and to date their identity 
has only been speculated upon. Therefore, this 
report is the first to identify a kinase that directly 
phosphorylates a TIR dom ain-containing protein.

O ur study has not addressed the 
im m ediate dow nstream  consequences of tyrosine 
phosphorylation o f Mai. Indeed sim ilar to CheY, 
which is structurally sim ilar to the TIR domain, a 
conform ational change for signaling may occur 
follow ing phosphorylation o f M ai, and specific 
proteins might be recruited. W e are currently 
exam ining these possibilities. O ur results, 
however, clearly show that Mai is a 
phosphoprotein that becom es tyrosine 
phosphorylated by Btk upon activation o f the 
TLR2 and TLR4 signal transduction pathways. 
This phosphorylation is required for M ai to signal, 
establishing an im portant m echanistic step in 
TLR2 and TLR 4 signaling.
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LPS, lipopolysaccharide; MALP-2, Macrophage stimulating lipopeptide-2; Mai, MyD88 
Adapter-Like; TLR, Toll like-receptor; TIR, Toll/interleukin-1 receptor.

FIGURE LEGENDS

Fig. 1. Mai is a phosphoprotein. (a) Left panel: HEK293 cells were transiently transfected with a plasmid 
encoding HA-Mal (lane 2) or empty vector, EV, (lane 1). Cell lysates were prepared and samples were 
immunoblotted with an anti-HA antibody. Right panel: two-dimensional gel analysis of the 
phosphorylation status of Mai. HEK293 cells were transiently transfected with a plasmid encoding HA- 
Mal. Cell lysates were prepared and Mai was immunoprecipitated with an anti-HA antibody. The sample 
was then analysed by two-dimensional SDS-PAGE, followed by immunoblotting with an anti-HA 
antibody. The sample was electrofocused at a pH gradient of 4 (left) to 7 (right), (b) Phosphatase



treatm ent results in the disappearance of the slower migrating form s of M ai. H EK293 cells were 
transiently transfected with a plasm id encoding HA-M al. Cell lysates were prepared and Mai was 
im m unoprecipitated with an anti-HA antibody. Im m unoprecipitates were incubated at 37°C for 3 hrs with 
100 U o f CIP, in the presence (lane 1) or absence o f CIP inhibitors (lane 2). Samples were then analysed 
by SDS-PAGE and im m unoblotted with an anti-HA antibody, (c) GST-M al is phosphorylated, but does 
not undergo autophosphorylation when subjected to an in vitro  kinase assay. GST-M al (lane 1) and GST 
(lane 2) were incubated with cell lysates from the HEK293 cell line, or with lysis buffer alone (lanes 3 
and 4) for 2 hours at 4°C. Sam ples were subjected to an in vitro  kinase assay, separated by SDS-PAGE, 
and visualised by autoradiography (upper panel). Samples were also stained with C oom assie Stain (lower 
panel) (d) M ai is tyrosine phosphorylated. HA-M al was im m unoprecipitated from  HEK293 cells as 
described in (b). Im m unoprecipitates were incubated with (lane 2) or without (lane 1) lOU o f PTP-IB . 
Sam ples were analysed by SDS-PAG E and im m unoblotted with an anti-HA antibody, (e) HEK293 cells 
(1x10^) were m ock-transfected (lane 1) or transiently transfected with a plasm id encoding HA-M al (lane 
2). HA-M al was im m unoprecipitated with an anti-HA antibody and sam ples were im m unoblotted with an 
antibody that recognises phospho-tyrosine residues (clone 4G10, Upstate). Results shown are 
representative o f at least three separate experiments.

Fig. 2 (a) Alignment o f  human Mai (hM al) and m urine Mai (mM al). Tw o regions, Box 1 and Box 2, 
which are conserved am ong all TIR dom ain-containing proteins, are indicated. The tyrosine residues 
conserved in both hMal and mMal are underlined and num bered according to their location in hMal. (b) 
SDS-PA GE reveals that replacem ent o f Tyr 86, 106 or 187 to Phe, alters the phosphorylation profile of 
wild-type Mai. HEK293 cells were transiently transfected with plasm ids encoding w ild-type (W T) Mai 
(lane 1), M al-Y 86F (lane 2), M aI-Y106F (lane 3), M al-Y 159F (lane 4), M al-Y 187F (lane 5), M al-Y195F 
(lane 6), M al-Y196F (lane 7) and M al-Y 86F Y 106F Y187F (lane 8), for 24h. Lysates were resolved by 
SDS-PA GE and im m unoblotted with an anti-HA antibody, (c) M al-Y86F, M al-Y 106F and M al-Y187F 
do not activate the N F-kB pathway as strongly as wild-type M ai. HEK293 cells were transiently 
transfected with a 5x NF-kB reporter gene plasm id and co-transfected with plasm ids encoding wild-type 
M ai, M al-Y86F, M al-Y 106F, M al-Y159F, M al-Y187F, M al-Y195F, M al-Y 196F and M al-Y 86F Y106F 
Y187F, for 24h. Luciferase activity is expressed as fold induction relative to m ock-transfected cells (EV). 
M ean relative stim ulation of luciferase activity + s.d. for a representative experim ent from  three separate 
experim ents, each perform ed in triplicate, is shown, (d) Structural surface analysis o f the TIR domain of 
Mai. Structural features representing the conserved boxes of the TIR dom ains are show n in green (Box 1) 
and blue (Box 2). The side chain of the sem i-conserved proline residue in the BB-loop is coloured purple. 
The phospho-accepting tyrosines Tyr-86, Tyr-106, and Tyr-187 are highlighted in red. (e) M al-Y86F and 
M al-Y187F inhibit LPS signaling. HEK293 cells stably transfected with Flag-TLR4 w ere transfected with 
a 5x NF-Kfi reporter gene plasm id and co-transfected with plasm ids encoding M al-P125H , M al-Y86F, 
M al-Y106F, M al-159F, M al-Y195F, M al-Y 196F and Mai Y86F Y 106F Y187F. Cells were then left 
untreated or incubated with LPS (100 ng ml-1) for 6 hours. M ean relative stim ulation of luciferase 
activity + s.d. for a representative experim ent from  3 separate experim ents, each perform ed in triplicate, is 
shown.

Fig. 3. Endogenous Mai is phosphorylated by Btk. THP-1 cells (2x10^) were pretreated with DM SO (left 
hand side) or LFM -A13 (right hand side) for 1 h prior to stim ulation with either (a) LPS or (b) MALP-2. 
Cell lysates were prepared and tyrosine phosphorylated proteins w ere im m unoprecipitated with anti- 
phosphotyrosine agarose, followed by im m unoblotting with an anti-M ai antibody. Cell lysates were also 
im m unoblotted with the anti-M ai antibody (lower panel).

Fig. 4. Mai is a substrate for Btk. (a) Recom binant Btk was incubated alone (lanes 1 and 4), or with 
recom binant wild-type M ai (lane 2), recom binant M al-Y 86F Y106F Y187F (lane 3) or recom binant GST- 
M yD88 (lane 5). Samples were subjected to an in vitro  kinase assay, analysed on SDS-PAGE, and
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visualised by autoradiography. Sam ples were also im m unoblotted with either an anti-Btk antibody 
(m iddle panel), an anti-M ai antibody (left hand side, lower panel) or with an anti-M yD88 antibody (right 
hand side, lower panel) (b) T H Pl cells were treated with LPS (1 |ig /m l) as indicated, cell lysates were 
prepared and im m unoprecipitations were perform ed using an anti-Btk antibody. R ecom binant Mai was 
added to each sample. In vitro  kinase assays were perform ed, sam ples were then analysed by SDS-PAGE 
and visualised by autoradiography (upper panel). Samples were also im m unoblotted with an anti-M ai 
antibody (low er panel).
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Figure 3
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Figure 4
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A R T I C L E S

nature
immunology

Suppressor of cytokine signaling 1 negatively 
regulates Toll-like receptor signaling by mediating 
Mai degradation
Ashley Mansell*, Rosealee Smith*, Sarah L Doyle^, Pearl Gray^, Jennifer E Fenner*, Peter J Crack*,
Sandra E Nicholson^, Douglas J Hilton^, Luke A J G’NeHl^’"* 8c Paul J Hertzog*’̂

Toll-like receptor (TLR) signals th a t Initiate innate im m une responses to pathogens m ust be tightly regulated to prevent 
excessive inflammatory dam age to th e  host. The adaptor protein Mai is specifically involved in signaling via TLR2 and TLR4, 
We dem onstra te  here th a t a fte r TLR2 and TLR4 stim ulation  Mai becom es phosphorylated by B ruton 's tyrosine kinase (Btk) 
and then  in teracts vi/ith SOCS-1, which results in Mai polyubiquitinatlon and  su b seq u en t degradation . Removal of SOCS-1 
regulation poten tiates M al-dependent p 6 5  phosphorylation and  transactivation  of NF-kB, leading to  am plified inflammatory 
responses. These data  identify a targe t of SOCS-1 th a t regulates TLR signaling via a m echanism  d istin c t from an autocrine 
cytokine response. The transien t activation of Mai and sub seq u en t S O C S -l-m ed ia ted  degradation is a rapid and selective 
m eans of lim iting primary innate  im m une  response.
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