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Abstract 

Nucleotide-binding oligomerisation domain-containing (NOD) receptor 2 (NOD2) is a critical 

intracellular sentinel for Gram-positive and Gram-negative bacteria through the recognition of 

the bacterial cell wall component muramyl dipeptide (MDP). NOD2 signalling relies on the 

recruitment and ubiquitylation of the adaptor kinase receptor interacting protein kinase 2 

(RIPK2). Multiple E3-ubiquitin ligases have been reported as vital components of the NOD2 

signalling complex, including X-linked inhibitor of apoptosis (XIAP), and cellular IAP1 and 2 

(cIAP1 & cIAP2). All of these E3 ligases have been shown to have the ability to bind and 

ubiquitylate RIPK2, yet their physiological role in the NOD2 pathway is unclear. Only a few 

members of the NOD2 signalling complex have been identified and validated under 

endogenous conditions, due to a lack of molecular tools. Critically, over-expression of 

signalling components is an imperfect way to analyse this complex, since it leads to the 

activation of the pathway independent of MDP engagement.  

In this thesis, I have identified novel molecular mechanisms of how NOD2 signalling is 

regulated. Firstly, I clarified that XIAP is the only IAP required for signalling immediately 

downstream of NOD2, whilst cIAP1 and cIAP2 are dispensable. Through genetic removal of 

TNFR1 pathway members, I discovered a TNFR1-dependent autocrine amplification loop, 

following NOD2 activation, which implicates cIAP1 and cIAP2 in the overall cytokine 

response to MDP.  

In the second project, I aimed to better understand how the kinase activity of RIPK2 impacts 

upon NOD2 signalling. For this, I purified and crystallised the recombinant human RIPK2 

kinase domain and observed a potential dimerisation interface which may be critical for 

signalling. This work has established a structural biology approach that can be used for future 

development of RIPK2 inhibitors.  
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Finally, using a combination of cell biology, biochemistry and chemical biology, I developed 

and optimised a functionalised MDP-ligand that can endogenously pull-down NOD2 complex 

members, which will be used to identify novel NOD2 interactors.  

Together, work from this thesis provides unprecedented clarity surrounding the role of putative 

E3-ligases in NOD2 signalling, which not only rectified the literature, it will open up many 

avenues for novel research. This work also establishes the groundwork for structure-led 

development of future RIPK2 inhibitors, and provides a much-needed endogenous tool to 

delineate novel interacting partners.  
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1 Introduction 

1.1 Host-bacterial symbiosis  

Humans have co-evolved with an extraordinary number of bacteria that colonise almost every 

surface of our body. Indigenous flora can be found on our skin, in saliva, oral mucosa, 

conjunctiva, as well as the gastrointestinal tract (Foster et al., 2017). The current estimate for 

the ratio of human cell to resident bacterium is 1:1 with the majority residing within the 

gastrointestinal tract (Sender et al., 2016). The mammalian gut represents a complex host-

bacterium association that relies not only on immune tolerance – a defensive strategy that 

minimises physiological damage while reducing the impact on microbial numbers – but also to 

promote immune development and function. 

 

Through the use of small subunit ribosomal RNA (16S rRNA) sequencing, it is estimated that 

over 500 species of bacteria reside within our gut, with the majority belonging to the Firmicutes 

and Bacteroidetes phyla (Eckburg et al., 2005). The highly diverse subset of species within 

these phyla provide us with critical benefits, such as colonisation resistance and energy 

metabolism, which are required to maintain the homeostatic environment (summarised in 

Figure 1.1). 

 

Colonisation resistance was originally observed by Bohnhoff and Miller (1962), where they 

observed enhanced susceptibility to colonisation by Salmonella enteritidis in mice that had 

been pre-administered with oral antibiotics to remove resident flora (Bohnhoff and Miller, 

1962). Today, these findings have led to an appreciation that our commensal bacteria protect 

against exogenous, potentially pathogenic bacteria through several means (Buffie and Pamer, 

2013). This includes passive protection by utilising available nutrients and space, or directly 
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through production of bacterially derived antimicrobial substances (Figure 1) (Loonen et al., 

2014). An example of direct antagonism can also be seen from our resident Bacillus 

thuringiensis from the phyla Firmicutes. This bacterium produces Thuricin CD, a two-

component antimicrobial peptide that specifically targets Clostridium difficile (Rea et al., 

2010). Clostridium difficile is responsible for causing severe infectious colitis, which has led 

to significant morbidity and mortality worldwide (Burke and Lamont, 2014). Hospitalised 

patients that receive antibiotic treatment have an increased risk of acquiring this infection due 

to a decimated protective gut flora.  

 

The intestinal epithelial cell layer (approximately 10 µm) provides an almost impenetrable 

barrier that minimises contact between the underlying host cells and the densely populated 

bacterial communities. Goblet cells produce mucin proteins which form the inner mucus layer 

that is firmly attached to the epithelial cells, and an outer non-adherent layer which forms large 

net-like formations where the majority of bacteria reside (Johansson et al., 2008). The inner 

layer is primarily devoid of bacteria due to its dense structure and the constant surveillance by 

antigen-presenting cells (APCs) such as dendritic cells (DCs). DCs promote the production and 

secretion of IgA via B cell activation. The secreted IgA (SIgA) molecules block adhesion, 

neutralise bacterial toxins and enhance immune cell recognition and clearance of pathogens 

(Apter et al., 1993, Michetti et al., 1992). In addition to the APCs, Paneth cells can secrete 

antimicrobial substances such as α-defensins, C-type lectins and REGIIIγ, which can bind to 

the surface of bacteria causing cell death (Figure 1.1) (Ouellette, 2011, Mastroianni and 

Ouellette, 2009, van Ampting et al., 2012).  
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Figure 1.1 Host bacterial interaction in the gut 

Homeostasis is regulated by many cells within the gut including intestinal epithelial 

cells and dendritic cells that prime and mature plasma cells. Epithelial cells can secrete 

antimicrobial peptides, including REG3ɣ and α-defensins, while mature plasma cells 

secrete IgA to control bacterial levels. Bacteria within the gut produce butyrate that can 

be harnessed by epithelial cells as a source of energy. 

 

1.2 Innate immune response 

Our immune system is comprised of two main arms: innate and acquired immunity. The innate 

immune system acts as a first line of defence against both endogenous and exogenous threats, 

including tissue damage, infection and cancer. Cells that are considered vital to the innate 

immune response include neutrophils, monocytes, macrophages and natural killer cells. These 
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cells are able to recognise pathogens via a limited range of surface and intracellular receptors 

that, upon binding, will initiate a broad range of signalling pathways. Pathogen clearance can 

occur either directly – through specialised engulfing cells such as macrophage and dendritic 

cells which employ low pH and digestive enzymes to break apart the internalised pathogen 

(Aderem and Underhill, 1999) – or indirectly – through the production and release of 

antimicrobial peptides and the messenger cytokines and chemokines. 

 

Upon tissue damage or infection, the host initiates a complex series of events, preventing 

ongoing tissue damage and leading to the destruction of the pathogenic organisms and 

activation of a repair process. This overall response is termed inflammation, which is associated 

with several hallmarks: heat, redness, swelling, pain and loss of function (Baumann and 

Gauldie, 1994). The immediate inflammatory response is called the acute phase reaction and 

is primarily driven by macrophages (Baumann and Gauldie, 1994). Activated immune cells 

release a broad spectrum of cytokines and chemokines, including tumour necrosis factor (TNF) 

and interleukin 1 (IL-1) family members. The secretion of these molecules has powerful effects 

on cellular function and relies on the amplification through cytokine cascades. These cascades 

can influence granulopoiesis – a process whereby mature granulocytes, such as neutrophils, are 

produced in large numbers (Manz and Boettcher, 2014). The release of cytokines also causes 

profound changes to the local immune and endothelial cells expression patterns (Gabay and 

Kushner, 1999). Endothelial cells will upregulate intercellular adhesion molecules (ICAMs) 

such as CD54, which are surface molecules that interact specifically with many leukocytes 

(Huang et al., 1996). Passing leukocytes that express the CD11a-CD18 receptor will bind 

CD54, slowing their rate of passage and allowing migration into the damaged tissue (Rothlein 

et al., 1986). Recruitment of immune cells is enhanced by increased blood flow (caused by 

dilation of blood vessels) leading to the swelling and redness. The heat and pain hallmarks are 
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products of cytokine influence upon the hypothalamus and causing the febrile (fever) response 

that is associated with enhanced pathogen detection and immune cell function (Kluger et al., 

1975, Evans et al., 2015). The innate immune cells and the subsequent cytokine response are 

crucial in cross-presentation and activation of B and T lymphocytes (Palucka and Banchereau, 

1999). These cells constitute the acquired or adaptive immune system and are able to create 

large numbers of clones expressing distinct and highly specific antigen receptors. Activation 

of this precise, albeit slower immune response results in the formation of immune memory, 

which can protect against re-exposure to pathogens. 

 

1.3 Pattern recognition receptors 

The detection of pathogens and the initiation of inflammation by professional immune cells, 

such as dendritic cells and macrophages, as well as non-professional cells, such as epithelial, 

endothelial and fibroblast cells, rely on a set of germline-encoded pattern recognition receptors 

(PRRs). These receptors recognise and bind conserved components of the pathogens termed 

pathogen associated molecular patterns (PAMPs) (Janeway, 1992). These include 

lipopolysaccharide (LPS) – a major component of the outer cell membrane of Gram-negative 

bacteria and Flagellin – a motility protein, both of which elicit strong immunological responses 

(Beutler, 2000, Hayashi et al., 2001). PRRs also have the ability to detect damage associated 

molecular patterns (DAMPs), which are molecules released into the extracellular 

microenvironment following cellular damage and necrotic or programmed cell death. DAMPs 

include the chromatin-binding factor protein – high mobility group box 1 (HMGB1), which is 

released by necrotic cells and binds the RAGE receptor and thereby initiates an inflammatory 

response (Scaffidi et al., 2002), as well as non-protein DAMPs such as uric acid (Kono et al., 

2010), DNA and mRNA (Schroder et al., 2009). 
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There are five distinct families of PRRs based on genetic and functional differences: toll-like 

receptors (TLRs), C-type lectins (CTLs), absent-in-melanoma (AIM)-like receptors (ALRs), 

retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs) and the nucleotide-binding and 

oligomerisation domain (NOD)-like receptors (NLRs). These receptors can be further 

classified into two main classes: the membrane-bound receptors (TLRs and CTLs) and 

unbound intracellular receptors (ALRs, RLRs and NLRs). 

 

Figure 1.2 Extracellular pattern recognition receptors  

Mammalian TLRs and C-type lectin pattern recognition receptors residing on the plasma 

membrane and endolysosomes. Putative ligands for each receptor are indicated. 
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TLRs are extensively studied and considered major immune sensors due to their ability to 

detect a large range of extracellular pathogens. The plasma membrane-bound TLR 1, 2, 4, 5, 

6, and 11 can detect mostly bacterial derived structural components (highlighted in Figure 1.2) 

and include the TLR5 recognition of Flagellin, and TLR4 recognition of LPS (Beutler, 2000, 

Hayashi et al., 2001). 

 

TLRs are essential for protective immunity against infection, but inappropriate TLR activation 

can contribute to acute and chronic inflammation (Arbour et al., 2000). The discovery of a 

cytosolic region within these receptors, termed the Toll/IL-1R homology (TIR) domain, 

revealed an additional layer of regulation, as well as a tailored response depending on the 

pathogen (Xu et al., 2000). TLRs can recruit several adaptor molecules, including the TIR 

domain-containing adaptor inducing IFN-β (TRIF) protein, and myeloid differentiation 

primary response protein 88 (MyD88) (Fitzgerald et al., 2001, Yamamoto et al., 2003). These 

adaptor molecules can result in the downstream activation of both NF-κB signalling and the 

mitogen-activated protein kinase (MAPK) signalling cascades. MAPK activation also leads to 

the formation of the activator protein 1 (AP-1) transcription factor complex (Karin, 1995). 

Transcription factor activation then results in the transcriptional upregulation of pro-

inflammatory genes, including cytokines and chemokines. 

 

TLRs located within endolysosomal compartments: TLR3, 7, 8, 9, detect the presence of viral 

and bacterial nucleic acids (Mogensen and Paludan, 2005, Blasius and Beutler, 2010). This 

compartmentalisation provides an addition layer of regulation and avoids recognition of host-

derived nucleic material. Unlike TLRs, which are found either on the cell surface or within 

membrane-bound vesicles, RLRs and ALRs are found within the cytoplasm where cellular 

RNA is also present. Members of these families can detect the presence of cytoplasmic RNA 
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and DNA and include: RIG-I, melanoma differentiation factor-5 (MDA5), and the laboratory 

of genetics and physiology-2 (LGP-2) and the absent-in-melanoma 2 (AIM2) receptor (Kato et 

al., 2006, Yu et al., 1997, Hornung et al., 2009). These cytosolic PRRs rely on precise 

discrimination between self-derived nucleic material, as seen with RIG-I’s preferential binding 

of single-stranded RNA (ssRNA) over dsRNA (Takahasi et al., 2008). 

 

1.4 NOD-like receptors  

Adding to the repertoire of intracellular PRRs, the NLR family consists of 22 known proteins 

that share a conserved NOD (summarised in Figure 1.3) (Inohara and Nunez, 2001). 

Mammalian NLRs share sequence and structural homology with many well-characterised plant 

NLRs that rely on their leucine-rich repeat (LRR) domain to drive ligand recognition (Qi and 

Innes, 2013). 

 

These proteins generally consist of an N-terminal effector region that promotes protein-protein 

interactions, an intermediate NOD domain that is required for nucleotide binding and self-

oligomerisation and C-terminal LRR motifs that are implicated in ligand recognition. Recent 

biochemical and structural studies have revealed that the LRR domain of mammalian NLRs 

can also function as auto-inhibitory domains of the central nucleotide oligomerisation domain, 

comparable to the regulatory mechanism that controls Apaf-1 activation (Tenthorey et al., 

2014, Hu et al., 1998). 

 

The accepted model for NLR activation relies on ligand binding to the C-terminal LRRs. 

Structural rearrangement of the LRRs allows the central NOD to bind and hydrolyse Mg2+-

ATP or –GTP, which promotes oligomerisation (Inohara and Nunez, 2001, Marquenet and 

Richet, 2007). The signal is then transduced through varying N-terminal effector domains that 



 15 

allow further classification of the NLRs and include: NLRA or acid transactivation domain 

(AD) containing Class II transactivator (CIITA), NLRBs that encompass the baculovirus 

inhibitor repeat (BIR) containing NAIPs, NLRCs or caspase recruitment domain (CARD) 

containing NODs, and the NLRPs or pyrin (PYD) containing NALPs. Upon exposure of the 

N-terminal CARD- or PYRIN-domains, the NODs and NALPs will recruit CARD- and PYD-

containing proteins and initiate the formation of NODosomes or inflammasomes respectively 

(Figure 1.3) (Martinon et al., 2002, Inohara et al., 2000).  

 

NLRP3 is a well-studied NALP protein that forms the canonical inflammasome (Tschopp and 

Schroder, 2010). Inflammasomes are characterised by the recruitment of the PYD-CARD 

containing ASC proteins that bind the inactive zymogen caspase-1 via CARD-CARD 

homotypic interaction (Figure 1.3) (Srinivasula et al., 2002). The precise mechanism for 

NLRP3 activation is unknown, but primarily occurs following efflux of K+ from the cell 

(Petrilli et al., 2007). The bound and active caspase-1 can then cleave and mature the pleiotropic 

cytokines interleukin (IL)-1β and IL-18. These powerful pro-inflammatory cytokines can 

directly promote the production of IFNγ and facilitate the secretion of other pro-inflammatory 

cytokines such as TNF, IL-8 and GM-CSF (Strowig et al., 2012). Inflammasome activation 

can also reinforce the immune response to infection by causing an inflammatory form of cell 

death termed pyroptosis, releasing DAMPs and causing neighbouring cells to initiate innate 

immune responses.  
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Figure 1.3 NLR signalling pathways 

A subset of NLR proteins (left panels). NOD2 oligomerises to recruit the adaptor 

protein RIPK2, which results in inflammatory signalling through NF-κB and MAPK 

pathways (top right panel). Inflammasome forming NLRP3 recruits the CARD 

containing ASC, which recruits caspase-1. This drives caspase-1 activation, resulting 

in cleavage of IL-1β/IL-18 to induce inflammation, and further activates caspase-1 to 

drive pyroptotic cell death (bottom right panel). 

 

 

1.5 NOD1 

Similar to how NLRP3 proteins oligomerise to form inflammasomes containing ASC and 

caspase-1, NOD1 and NOD2 proteins self-oligomerise and recruit the vital adaptor protein, 
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receptor interacting protein kinase 2 (RIPK2), forming large multimeric structures termed 

NODosomes (Inohara et al., 2000). NOD1 was discovered by two independent groups that used 

sequence homology searches to identify a protein with striking resemblance to Apaf-1 (Inohara 

et al., 1999, Bertin et al., 1999). This 952-amino acid protein contained an N-terminal CARD 

domain, central NOD and C-terminal LRR which, when over-expressed, could coordinate both 

NF-κB and apoptotic signalling pathways. Inohara et al implicated NOD1 in apoptosis due to 

its ability to bind caspases 1, 2, 4, 8, 9, as well as decrease viability of 293T cells when 

transiently expressed (Inohara et al., 1999). Bertin et al was unable to validate these interactions 

using a yeast two-hybrid screen, but did observe NOD1-driven induction of both NF-κB 

activity and caspase-9 mediated apoptosis (Bertin et al., 1999). This disparity possibly arose 

from over-expression causing indiscriminate interactions with CARD-containing proteins. 

 

NOD1 is widely expressed in a diverse range of haematopoietic and non-haematopoietic cells 

that include epithelial, stromal and endothelial cells. Philpott et al were the first to observe a 

TLR-independent PRR responsible for activating NF-κB in epithelial cells that protected 

against invasive Shigella flexneri (Philpott et al., 2000). Shortly after, NOD1 was identified as 

an intracellular detector of the invasive bacteria, although it was incorrectly assumed to detect 

the TLR ligand LPS through a MyD88-independent manner (Girardin et al., 2001, Kobayashi 

et al., 2002, Inohara et al., 2001). It was later shown that the LPS preparations used in these 

studies were contaminated with significant amounts of peptidoglycan (PGN) molecules that 

are capable of activating the NOD receptors. Park et al used bacterial preparations devoid of 

NOD1 activators as well as synthetic lipid A molecules (TLR4 agonist) to conclude that NOD1 

and TLR4 were activated by two independent ligands (Park et al., 2007b). 
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NOD1 detects γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP), a cell wall component 

primarily found in Gram-negative bacteria (Chamaillard et al., 2003, Laroui et al., 2011). The 

production of iE-DAP results from remodelling PGN during biosynthesis and assembly of 

structures such as type III secretion systems (Cloud-Hansen et al., 2006). Its presence within a 

cell therefore indicates either intracellular replicating bacteria, such as Shigella flexneri, or 

invasive strains with close proximity to the epithelial layers, which may explain why NOD1 is 

highly expressed in these cell types (Girardin et al., 2001). NOD1 signalling also occurs in the 

absence of intracellular bacterial replication, with several modes of entry for iE-DAP being 

described, and include the type III and IV secretion systems seen in Helicobacter pylori (Viala 

et al., 2004), and the production of outer membrane vesicles (OMVs) by Neisseria gonorrhoeae 

and Pseudomonas aeruginosa (Kaparakis et al., 2010). Cell mediated entry also occurs and 

includes live phagocytosed or fragmented bacteria (following PGN remodelling), as well as 

through epithelial junction transfer (Kasper et al., 2010). The existence of these delivery 

pathways suggests that NOD1 also plays a role in detecting extracellular bacteria, with studies 

even indicating potential immune modulation within the gut (Clarke et al., 2010). 

 

1.6 NOD2 

NOD2 was discovered shortly after NOD1, sharing similar domain architecture except for an 

additional CARD domain (Ogura et al., 2001b). Unlike NOD1, NOD2 expression is primarily 

restricted to monocytes, macrophages and dendritic cells, although several studies have 

indicated expression within epithelial and Paneth cells of the gastrointestinal tract (Ogura et 

al., 2003, Ogura et al., 2001c).  

 

The crystal structure of NOD2 was recently solved, providing us with a detailed view on how 

structural changes impact on signal transduction, ligand binding and mutations associated with 
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disease (Figure 1.5) (Maekawa et al., 2016). The dual N-terminal CARD domains of NOD2 

recruit RIPK2 via CARD-CARD homotypic interactions (Fridh and Rittinger, 2012). This 

interaction is vital for signal transduction, as RIPK2 acts as a ubiquitin scaffold that recruits 

downstream factors. Deletion of the CARD domains results in a complete loss of NOD2 

signalling (Hasegawa et al., 2008).  

 

The crystal structure of NOD2 reveals an ADP bound inactive conformation with a tightly 

packed central NOD that is stabilised by subdomain interactions and LRR binding (Maekawa 

et al., 2016). Upon ligand binding and nucleotide exchange to ATP, conformational change 

within the protein allows oligomerisation through the central NOD. This mechanism is shared 

among other signal transduction ATPases with numerous domains (STAND) proteins (Leipe 

et al., 2004). Oligomerisation of NOD2 is required to recruit RIPK2, with several studies 

suggesting that both CARD domains of NOD2 drive binding and recruitment (Ogura et al., 

2001c, Wagner et al., 2009). In contrast, a recent study by Fridh and Rittinger concluded that 

the N-terminal CARD of NOD2 was primarily required to interact with RIPK2, although they 

observed strong intra-molecular interactions occurring between the dual CARDs of NOD2, 

which they suggest may stabilise the RIPK2 interaction or create a novel binding interface 

(Fridh and Rittinger, 2012). Extending on these observations, it is possible that through 

oligomerisation, the NOD2 CARD domains of adjacent NOD2 molecules may be forming a 

necessary CARD binding interface (Figure 1.4).  
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Figure 1.4 NOD2 activation model  

NOD2 is inactive in the cytosol (left). Upon MDP binding and exchange of ADP to 

ATP (middle), a conformational change occurs in NOD2 which promotes 

oligomerisation (putative model) and recruitment of RIPK2 (right). 

 

Oligomerisation succeeds binding of muramyl dipeptide (MDP), which is a component of the 

bacterial peptidoglycan cell wall of both Gram-positive and negative bacteria. In silico 

modelling of human and zebrafish NOD2 indicated a hydrophobic pocket on the concave face 

of the LRR as a putative binding site of MDP (Maharana et al., 2015, Tanabe et al., 2004). This 

was later validated using information gathered from the rabbit NOD2 crystal structure, where 

mutating Tryptophan 887 and Valine 915, as well as other amino acids within the hydrophobic 

core of the LRR, resulted in reduced or abolished MDP dependent NF-κB signalling (Maekawa 

et al., 2016). Using surface plasmon resonance (SPR), Grimes et al provided the first 

biochemical evidence that NOD2 bound directly to MDP (Grimes et al., 2012). The purified 

NOD2, which was applied to an immobilised MDP chip, indicated high affinity binding (KD = 

51 nM) that was pH dependent. 
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The low pH binding of NOD2 to MDP is consistent with MDP’s mode of entry into the cell. 

MDP generation requires the activity of a bacterial-specific endopeptidase and phagosome 

processing occurring at approximately pH 3–6.0 (Herskovits et al., 2007). Consistent with these 

observations, NOD2 has also been shown to localise at plasma membranes and early 

endosomes (Nakamura et al., 2014). This association is facilitated through interaction with 

membrane/endosomal bound proteins, including GRIM-19, Erbin, ATG16L1 and the protein 

transporters SLC15A3 and SLC15A4 (Barnich et al., 2005, Kufer et al., 2006, Travassos et al., 

2010, Nakamura et al., 2014). 

 

1.7 NOD2 activation outcome 

Triggering NOD2 drives inflammatory responses through NF-κB and the MAPK pathways 

(JNK, ERK, p38). This results in the production of pro-inflammatory molecules, including 

TNF, IL-6 and CC-chemokine ligand 2 (CCL2/MCP-1), which all have broad 

immunomodulatory outcomes (Kobayashi et al., 2005, Gilmore, 2006). The powerful 

immunomodulatory effects of NOD2 activation have been demonstrated by Kim et al using 

macrophages pre-treated with LPS to induce TLR-tolerisation (Kim et al., 2008). This 

experimental setting simulated environments where tolerisation to bacteria occurs, such as in 

the gastrointestinal tract. MDP treatment in these cells produced a stronger inflammatory 

response compared to naïve cells, indicating that these pathways are not only complementary, 

but directly influence each other’s strength, and activation. This interplay was also shown using 

an experimental colorectal tumorigenesis model by Udden et al. They demonstrated that NOD2 

suppresses TLR-mediated NF-κB and MAPK signalling, which reduced excessive epithelial 

proliferation and tumorigenesis within the colon (Udden et al., 2017). NOD2 activation has 

also been implicated in endoplasmic reticulum (ER) stress, autophagy, as well as antigen 
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presentation to modulate the adaptive immune system (Keestra-Gounder et al., 2016, Travassos 

et al., 2010, Magalhaes et al., 2008).  

 

NOD2 induced cytokine production is important for the clearance of a broad range of bacterial 

pathogens, including: E. coli, Listeria monocytogenes, Salmonella typhimurium and 

Mycobacterium tuberculosis (Yang et al., 2007, Homer et al., 2012, Anand et al., 2011). NOD2 

driven production of CCL2 is also vital in recruiting neutrophils and macrophages to the lung 

during Salmonella pneumoniae infection (Davis et al., 2011).  

 

NOD2 has also been implicated in both ER stress and autophagy, two cellular stress pathways 

that are involved during bacterial infection (Pillich et al., 2016, Campoy and Colombo, 2009). 

Keestra-Gounder et al used Brucella abortus – a bacteria which has a type IV secretion system 

that injects effector proteins which overload the ER in host cells – to provide a novel link 

between ER stress and inflammatory signalling through a NOD2-TRAF2 dependent interaction 

(Keestra-Gounder et al., 2016). The formation of a NOD2-TRAF2 complex would drive NF-

κB and MAPK signalling, possibly explaining the reduced inflammatory response following 

ER stress in NOD1/NOD2 knock-out cells (Keestra-Gounder et al., 2016). 

 

NOD2 also plays a prominent role in bacterial recognition during autophagy. Autophagy is a 

degradation system whereby sections of the cytoplasm, damaged organelles or proteins are 

sequestered into double-membrane structures called autophagosomes, which are then delivered 

to lysosomes for degradation (Mizushima et al., 2008). Autophagy has also been linked to host 

defence against bacterial infection (Nakagawa et al., 2004, Ogawa et al., 2005). Both NOD1 

and 2 recruit the autophagy protein ATG16L1 to the site of Shigella flexneri entry, which then 

signals the bacteria for auto-lysosomal destruction (Travassos et al., 2010). Several members 



 23 

of the autophagy pathway: (ATG4A, ATG4B, and γ-aminobutyric acid receptor associated 

protein (GABARAP)), were also identified as negative regulators of NOD2 in a genome-wide 

siRNA screen conducted by Warner et al (Warner et al., 2013). Interestingly, a naturally 

occurring NOD2 mutation in humans (L1007fsinsC) that has been associated with Crohn’s 

disease and which lacks its C-terminal LRRs was unable to recruit ATG16L1, indicating the 

potential importance of NOD2 bacterial recognition during autophagy (Travassos et al., 2010). 

 

The ligand for NOD2 – muramyl dipeptide – is the minimum component of Complete Freund’s 

adjuvant that is widely used experimentally to elicit maximal immunoglobulin G (IgG) 

production in animals (Ellouz et al., 1974a). Accordingly, Kobayashi et al used MDP pre-

treatment to induce NOD2 mediated IgG production, protecting mice against Listeria 

monocytogenes infection (Kobayashi et al., 2005). NOD2 also imparts influence over adaptive 

immunity by providing key signals to prime and mature naïve CD4+ T cells (Magalhaes et al., 

2008). CD4+ T cells are a major source of both pro (TH1, TH17) and anti (TH2) inflammatory 

cytokines that modulate the immune system (Weaver et al., 2006). In mice, NOD2 stimulation 

can result in dampening the inflammatory response in a TH2 dependent manner (Magalhaes et 

al., 2008). NOD2 is also responsible for protection against Citrobacter rodentium (and 

Salmonella typhimurium)-induced colitis (Geddes et al., 2011). Upon infection, NOD2 

activation results in the expression of IL-6, which along with intestinal microbiota, prime and 

mature TH17 cells which aid in controlling the infection. Compared to wild-type mice, Nod2-/- 

mice had less colonic inflammation seven days after infection, although this correlated with a 

tenfold increase in translocation of bacteria to the spleen. This indicates NOD2 is required to 

initiate early inflammatory cytokine production and a later adaptive immune response. A loss 

of NOD2 would result in dampened initial inflammation thereby decreasing the adaptive 

immune response and prolonging bacterial driven inflammation.  
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1.8 NOD2 disease association  

Studies both at the genome and population level, as well as molecularly, have linked specific 

mutations within NOD2 and its related signalling pathway to several inflammatory diseases: 

inflammatory bowel disease (IBD), early onset sarcoidosis (EOS), Blau syndrome (BS), and 

the neuroinflammatory disease multiple sclerosis (MS).  

IBD encompasses both ulcerative colitis (UC) and Crohn’s disease (CD) (Hugot et al., 1996a). 

Both are chronic, relapsing and debilitating disorders that affect the gastrointestinal tract 

(Baumgart, 2009). Symptoms include abdominal pain, fever, diarrhoea and intestinal 

complications requiring surgery in half of all patients within twenty years of diagnosis 

(Bernstein et al., 2010). In addition, both UC and CD patients have a higher risk of developing 

colorectal cancer, with a meta-analysis estimating that UC patients have an 18% higher risk of 

developing colorectal cancer after 30 years (Eaden et al., 2001). The incidence of both UC and 

CD are rising in all ethnic groups, yet the aetiology of these diseases remains elusive 

(Molodecky et al., 2012). It is now appreciated that a fine interplay between genetic, 

environmental and impaired interaction with intestinal commensal microbiota all contribute to 

disease onset.  

 

Genetic studies uncovered an IBD1 CD susceptibility locus within chromosome 12 (Hugot et 

al., 1996b). Genome-wide association studies later identified NOD2 as the first gene within 

this region to be specifically linked to an inflammatory disease (Hugot et al., 2001, Ogura et 

al., 2001a). NOD2 mutations correlate to a 20–40-fold increased risk of developing IBD, with 

30–50% of CD patients harbouring the NOD2 mutations arginine 702 tryptophan (R702W), 

glycine 908 arginine (G908R) and leucine 1007 frame shift-insertion cysteine (1007fs) 

(Cuthbert et al., 2002, Economou et al., 2004).  
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NOD2 disease-causing mutations can be grouped into either gain- or loss-of-function and have 

been mapped onto the crystal structure to understand how they impact function (Figure 1.5) 

(Maekawa et al., 2016). Gain-of-function mutations that increase NF-κB and MAPK signalling 

have been associated with BS and EOS (Miceli-Richard et al., 2001, Kanazawa et al., 2005), 

while both gain- and loss-of-function mutations are generally linked to CD. 

 

The majority of NOD2 mutations that promote a gain-of-function disease phenotype are 

located within the central NOD domain (Kanazawa et al., 2005). These mutations include 

arginine 315 glutamine (R315Q), arginine 314 tryptophan (R314W) and glutamic acid 363 

glycine (E363G), which destabilise the closed inactive form of the protein, releasing the auto-

inhibitory form and driving unregulated signalling in the absence of a bacterial ligand. This 

hypothesis is supported by some ‘gain-of-function’ mutations that break LRR interaction with 

the central NOD resulting in constitutive signalling in the absence of MDP (Maekawa et al., 

2016). However some evidence challenges the idea that these mutations result in auto-

activation of NOD2 (Ong et al., 2017, Martin et al., 2009). Ong et al described three individuals 

with BS that have the novel mutation glutamic acid 383 aspartic acid (E383D). Extracted 

PBMCs from these patients were inert to MDP treatment, suggesting that this mutation is loss-

of-function. This mutation resides in close proximity to the ATP binding site within the NOD 

(Maekawa et al., 2016), which may account for the loss of function phenotype, although further 

investigation into how these mutations impact in human patients is required before conclusions 

can be made. 

 

Several mutations present on the surface of the protein that may disrupt oligomerisation 

resulting in loss of function are so far unique to CD (Mo et al., 2012). In addition to 

oligomerisation disruption, the glycine 888 arginine mutation within the LRR reduces MDP 
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binding. The first identified CD-associated mutation is the leucine 1007 frame shift-insertion 

cysteine, which is distally located on the LRR (Figure 1.5). This mutation results in a truncated 

form of the protein that is unable to localise to the plasma membrane or endosomes (Travassos 

et al., 2010, Irving et al., 2014).  

 

 

Figure 1.5 Disease associated mutations of NOD2 

Common gain (blue boxes) or loss (red boxes) of function mutations mapped onto the 

rabbit NOD2 crystal structure (PDB: 5irl, 2n7z). 

 

1.9 RIP kinase family  

The strong association between NOD2 mutations and disease makes a strong rationale to target 

this pathway for therapeutic intervention. However, NOD2 itself is unlikely to be a good 

therapeutic target as it lacks enzymatic activity; instead, other members of the NOD2 signalling 
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cascade could be readily targeted. Upon oligomerisation of NOD2, RIPK2 is recruited via 

homotypic CARD-CARD interaction and acts as the fundamental link between bacterial 

recognition and NF-κB/MAPK signalling. This adaptor therefore presents itself as a control 

point within the pathway.  

 

RIPK2 is a member of the RIP kinase family, which is a group of serine/threonine protein 

kinases with relatively conserved kinase domains but distinct non-kinase regions (Figure 1.6). 

This family of proteins plays important roles not only in inflammation, but also in cell death. 

Consisting of seven members (RIPK1–RIPK7), RIP kinases interact with their respective 

pathways through their unique C-terminal regions. 

 

RIPK1 contains a C-terminal death domain (DD) that was originally described to interact with 

the apoptosis initiating-DD containing Fas (CD95) receptor (Stanger et al., 1995). RIPK1 was 

later shown to also bind other death receptors including TNF-related apoptosis-inducing ligand 

(TRAIL) receptor 1 and 2 and TNF receptor 1 (TNFR1) (Hsu et al., 1996). TNFα engagement 

with TNFR1 induces the formation of two sequential signalling complexes (complex I and II), 

both of which contain RIPK1 and can activate NF-κB and MAPK pathways. RIPK1 also forms 

a complex with RIPK3, which phosphorylates and activates the mixed lineage kinase domain-

like (MLKL) pseudokinase (Wang et al., 2014b). MLKL then forms higher oligomers that are 

implicated in disrupting membranes and causing necroptotic cell death (Hildebrand et al., 

2014a). 

 

Complex I is localised to the plasma membrane following TNF engagement with TNFR1, 

which recruits TNF-receptor-associated death domain (TRADD) and RIPK1 through DD 

homotypic interactions (Inoue et al., 2000, Meylan et al., 2004). TRADD recruits TRAF2 and 
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the cellular inhibitor of apoptosis 1 and 2 (cIAP1 and 2) – two E3-ubiquitin ligases that 

ubiquitylate members of the TNFR1 complex, which are recruited by virtue of their TRAF2 

interaction. RIPK1 is a primary target of cIAP ubiquitylation, which is essential for the rapid 

activation of downstream NF-κB and MAPK pathways (Samuel et al., 2006, Micheau and 

Tschopp, 2003). 

 

TNF target genes encode for several anti-apoptotic proteins including TRAF1/2, cIAP1/2 and 

the cellular FADD-like IL-1β-converting enzyme inhibitory protein (c-FLIP). Recently Chen 

et al pre-treated THP-1 human monocytes with TNF, which upregulated NOD2 and RIPK2 at 

both the mRNA and protein levels (Chen et al., 2017). This would support the notion that TNF 

primarily generates pro-survival signals and can influence the NOD2 pathway through TNFR1 

activation. This is investigated and discussed in Chapter 3 of this thesis. 
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Figure 1.6 Sequence alignment of the human RIPK1, RIPK2 and RIPK3 kinase 
domains 

Sequence alignment displaying highly conserved kinase domains of RIPK1–3. This 

image was generated with MultAlin (Corpet, 1988). 

 

1.10 RIPK2  

RIPK2 is a 61kDa protein kinase containing a highly conserved N-terminal kinase domain, an 

intermediate domain of unknown function, and a C-terminal CARD domain that allows binding 

to NOD2 via homotypic CARD-CARD interactions (Inohara et al., 1998, Bertin et al., 1999, 
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Inohara et al., 2000). The RIPK2 kinase domain exhibits a bi-lobal architecture, with an ATP 

binding site located between the N- and C-lobe that acts as the catalytic centre of the protein. 

RIPK2 is classified as a serine-threonine kinase based on homology scans performed in the 

1990s (Inohara et al., 1998, McCarthy et al., 1998, Thome et al., 1998). To date the only known 

target for RIPK2 phosphorylation is itself. The auto-phosphorylation site serine 176 was 

identified through mass spectrometry analysis following LPS stimulation in both bone marrow 

derived macrophages (BMDMs), as well as human THP-1s (Dorsch et al., 2006). This study 

was published one year before Park et al described that LPS does not activate NOD2, therefore 

bringing into question the physiological relevance of this auto-phosphorylation site (Park et al., 

2007a). Serine 176 resides within the activation loop of RIPK2 and this loop is conserved in 

all kinases. The ‘active’ state of a kinase is dictated by an invariant lysine within the N-lobe 

(lysine 47 in RIPK2), which contacts and supports ATP. This interaction is further supported 

by the formation of a salt bridge within the middle of the α-helix (αC-helix) (Kornev and 

Taylor, 2010). Disruption of the salt bridge is a classical indicator of an ‘inactive’ kinase 

(through αC-helix displacement). The C-lobe also contains critical regulatory regions including 

two loops – the activation loop and the catalytic loop – both of which are required for substrate 

and ATP binding. The kinase structure and function will be discussed further in Chapter 4. 

 

When over-expressed, the catalytically dead mutants of RIPK2: lysine 47 alanine (K47A) 

(stabilising ATP binding) and aspartic acid 146 asparagine (D146N) (stabilising substrate 

binding), could still activate NF-κB signalling, although this occurred independently of NOD2 

engagement with MDP (Eickhoff et al., 2004, Thome et al., 1998, McCarthy et al., 1998, 

Inohara et al., 1998). To address whether this was physiologically relevant, Nembrini et al 

generated a knock-in mouse containing the lysine 47 alanine mutation (Nembrini et al., 2009). 

This mutation disrupted the stability of the protein, which the authors concluded was due to a 
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lack of RIPK2 kinase activity. However it is quite plausible that this RIPK2 mutant is 

intrinsically unstable. Irrespective of the cause, the instability of this mutation prevents any 

conclusion about the role of the kinase function of RIPK2 in NOD2 signalling.  

 

A study conducted by Pellegrini et al highlighted the importance of the catalytic function of 

RIPK2, and its ability to dimerise (Pellegrini et al., 2017). They performed mass spectrometry 

analysis on the recombinant human RIPK2 kinase domain, and observed that RIPK2 can auto-

phosphorylate on serine 174, 176, 178, 180 and 181. As for S176, all these phosphorylation 

sites reside within the activation loop of the protein. Intriguingly, when comparing the active 

vs inactive (lysine 47 arginine) crystal structures, phosphorylation within the activation loop 

resulted in a disordered form, which facilitated closely packed and extensive inter-molecular 

interactions. While in the inactive kinase, the activation loop formed a helical structure that 

reduced inter-molecular interactions (Figure 1.7). The helical activation loop, along with a 

displaced αC-helix, also resulted in a less extensive N-terminal dimerisation interface (not 

shown in figure). In support of this, analytical ultra-centrifugation (AUC) of these forms 

presented stable dimers and higher order tetramers in the active protein, which may trans-

phosphorylate between dimer pairs, whilst the inactive states are in a monomer-dimer 

equilibrium. In summary, it appears that RIPK2 dimerisation relies on auto-phosphorylation to 

promote stronger interaction between molecules. How dimerisation impacts upon downstream 

signalling requires further investigation, although it may promote interaction with the E3-

ubiquitin ligase XIAP or other interacting partners (discussed below). 
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Figure 1.7 Model of RIPK2 dimerisation 

The active RIPK2 dimer (left) consists of a smaller N-lobe (dark colour) and a larger 

C-lobe (lighter colour). ATP binding relies on the ‘in’ orientation of the alpha-C helix 

(green line) and correct orientation of the activation loop (red dotted line). The 

activation loop can then be further phosphorylated by trans-phosphorylation between 

dimers (not shown in figure). Dimerisation is supported by extensive intra (yellow 

dotted lines) and inter-molecular bonds (not shown in figure) and tight packing. In the 

inactive mutant (K47A) (right), the alpha-C helix is displaced in an ‘out’ orientation 

and the activation loop is in a helical form. This results in fewer intra and inter-

molecular bonds and weaker dimerisation. 

 

 

 

 

In addition to serine auto-phosphorylation, Tigno-Aranjuez et al used updated pfam domain 

searches to uncover RIPK2’s ability to auto-phosphorylate on tyrosine 474 following NOD2 

activation (Tigno-Aranjuez et al., 2010). This auto-phosphorylation site was also required for 
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optimal signalling following MDP stimulation and was then used to screen for potential 

inhibitors of RIPK2 and contributed to our understanding of the importance of the RIPK2 

kinase activity. It is important to note that this phosphorylation resides within the CARD 

domain of RIPK2, rather than its kinase domain. Instead of influencing the catalytic activity of 

the protein, it may in fact be promoting interaction with the E3-ubiquitin ligase ITCH, which 

ubiquitylates RIPK2 to restrain signalling (Tao et al., 2009).  

 

1.11 Targeted inhibition of RIPK2 

In support of the findings made by Nembrini et al, the p38 inhibitor SB203580, which also 

targets RIPK2, reduced RIPK2 stability as well as NOD2 induced signalling (Windheim et al., 

2007). Despite this observation, the clinically relevant EGFR inhibitors erlotinib and gefitinib 

(identified in the above-mentioned tyrosine phosphorylation screen), as well as the multi-

targeted tyrosine kinase inhibitor ponatinib, all of which can bind the kinase domain of RIPK2 

and inhibit downstream signalling, did not alter protein stability (Hollenbach et al., 2004, 

Canning et al., 2015). It is uncertain why these inhibitors have different effects, but the 

differences may be due to different experimental methods, cell lines or the inhibitor altering 

the kinase structure and impacting upon dimerisation. 

 

The function of the catalytic activity of RIPK2 within NOD2 signalling remains elusive, 

although targeted inhibition of RIPK2 results in the amelioration of disease models where 

NOD2 and RIPK2 are implicated in contributing to disease progression. Tigno-Aranjuez et al 

utilised erlotinib, gefitinib, as well as the novel RIPK2 inhibitors OD36 and OD38, to reduce 

NOD2 driven inflammation within a peritonitis and spontaneous ileitis model (Tigno-Aranjuez 

et al., 2014). The highly specific RIPK2 inhibitor, WEHI-345, was used to delay NF-κB and 

MAPK signalling, leading to reduced cytokine production and the protection against the onset 
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of paralysis in the experimental auto-immune encephalomyelitis (EAE) model for multiple 

sclerosis (Nachbur et al., 2015). WEHI-345 inhibition of RIPK2 not only impacted NF-κB 

activation, it also delayed RIPK2 ubiquitylation – a scaffolding event required for downstream 

activation (discussed below). Canning et al also noted that the US Food and Drug 

Administration-approved inhibitors, ponatinib and regorafenib, blocked ubiquitylation of 

RIPK2 following NOD2 stimulation. These observations hint to the true mechanism of action 

of these inhibitors, namely that binding the kinase domain reduces interaction with E3-

ubiquitin ligases, leading to decreased ubiquitylation of RIPK2 – rather than affecting its 

catalytic function. This aspect will be discussed in detail in Chapter 4.  

 

1.12 Ubiquitylation 

The capacity for the cell to perform exact regulation of signalling pathways relies on post-

translational mechanisms that include phosphorylation as well as ubiquitylation. Ubiquitylation 

is estimated to impact all cellular processes through altering protein levels as well as function. 

This occurs through the covalent addition of a small 7.5 kDa protein to one or several lysine 

residues of target proteins. This reaction requires an activating enzyme (E1), a conjugating 

enzyme which binds the ubiquitin (E2) and a ubiquitin-ligase (E3), which binds both the E2 

and target protein, facilitating transfer of ubiquitin to a target lysine residue (Hershko et al., 

1983). The ubiquitin chains that can form on a protein are diverse and have broad impacts on 

signalling, depending on the chain type. A single ubiquitin can be added to a lysine residue, 

defined as mono-ubiquitylation, which is a regulatory modification involved in transcription, 

histone function and endocytosis (Hicke and Dunn, 2003, Muratani and Tansey, 2003, Hicke, 

2001). Alternatively, ubiquitin contains seven lysines (lysine 6, 11, 27, 29, 33, 48, 63) upon 

which ubiquitin can be added to form polyubiquitin chains. Kirisako et al discovered a seventh 

ubiquitin linkage by observing that ubiquitin formed head-to-tail chains through its α-amino 
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group at the N-terminus, termed methionine 1 (M1) or linear ubiquitylation (Kirisako et al., 

2006). Each linkage forms a distinctive three-dimensional structure (Komander and Rape, 

2012). The lysine 6-, lysine 11-, and lysine 48-linked di-ubiquitins form compact chains, in 

contrast to the lysine 63 (K63) and M1-linked di-ubiquitins that form more ‘open’ and 

elongated structures (Komander, 2009). These conformations influence which ubiquitin 

binding proteins are recruited and therefore determines which protein complexes are formed. 

The most well-characterised linkage type is lysine 48 (K48), which marks a protein for 

proteasomal degradation (Glickman and Ciechanover, 2002). In contrast, other linkage types, 

such as K63 and M1, drive signalling events through the formation of large scaffolds, which 

are required for optimal signalling downstream of both the TNFR1 and the NOD1/2 receptor 

complex (Fritsch et al., 2014, Gerlach et al., 2011b, Bertrand et al., 2008). 

 

1.13 RIPK2 ubiquitylation 

The NOD2 signalling pathway relies on several ubiquitylation events to activate the NF-κB 

and MAPK pathways and is summarised in Figure 1.8. Using over-expression and 

Mycobacterium tuberculosis infection in macrophages, RIPK2 was observed to be stably 

ubiquitylated, and this was required for optimal cytokine production (Yang et al., 2007, 

Hasegawa et al., 2008). Ubiquitin chains on RIPK2 serve as binding platforms for several 

proteins that are important for the activation of the NF-κB and MAPK pathways.  

 

These include:  

● the NF-κB-activating IkB kinase (IKK) complex composed of IKKα, IKKβ and NEMO 

(also termed IKKɣ) (Inohara et al., 2000, Hasegawa et al., 2008, Yang et al., 2007) 
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● TGF-β activated kinase (TAK1), which is recruited via the two ubiquitin binding 

scaffold proteins: MAP3K7-binding protein 2 and 3 (TAB 2 and 3) (Wang et al., 2001b, 

Kishida et al., 2005)  

● the linear ubiquitin chain assembly complex (LUBAC), which is composed of a 

catalytic subunit HOIP and the two regulatory subunits HOIL-1 and SHARPIN 

(Damgaard et al., 2012). 

 

The initial model of IKK recruitment was identified through forcing dimerisation of fpk-RIPK2 

using the synthetic ligand AP1510, where the intermediate domain of RIPK2 was required for 

IKK recruitment (Inohara et al., 2000). Hasegawa et al supported this observation by using 

truncation mutants for RIPK2 and identified the amino acid span (293–319 aa) as the critical 

region for IKK binding (Hasegawa et al., 2008). Similar to RIPK1-IKK interaction, the 

regulatory subunit NEMO may also require RIPK2 ubiquitylation for optimal recruitment (Ea 

et al., 2006). 

 

Hasegawa et al sequentially mutated lysines within the kinase domain of RIPK2 and identified 

that the lysine 209 arginine mutant was unable to activate NF-κB-dependent signalling in an 

NF-κB reporter assay (Hasegawa et al., 2008). The addition of K63-linked ubiquitin chains at 

this residue was later recognised to be dependent on the RING E3-ubiquitin ligase activity of 

X-linked inhibitor of apoptosis protein (XIAP) (Krieg et al., 2009, Damgaard et al., 2012). 

Using both mouse and human cell lines devoid of XIAP, Damgaard et al revealed XIAP as a 

critical component for NOD2 signalling that is required for the majority of ubiquitylation upon 

RIPK2. This event is vital for recruiting LUBAC, which is the only protein complex described 

to have the ability to add linear ubiquitin chains to substrates (Tokunaga et al., 2011, Fiil et al., 

2013). The addition of linear ubiquitin is likely built upon existing K63 ubiquitin chains present 
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on RIPK2, creating heterogeneous and complex ubiquitin structures that are required for 

optimal NF-κB signalling (Emmerich et al., 2016). 

 

In conjunction with these ubiquitylation events, TAK1 recruitment might be enhanced via 

TAB1 binding to the BIR1 domain of XIAP (Lu et al., 2007), although in TNFR1 complexes 

TAK1 is recruited to K63 linked chains by TAB2 and TAB3 (Ishitani et al., 2003). TAK1 

activation leads to phosphorylation of the MAPKs Jun N-terminal kinase (JNK), ERK and p38 

(Wang et al., 2001a). IKKβ then phosphorylates NF-κB inhibitor alpha (IκBα) resulting in its 

degradation via the proteasome, and the release of the NF-κB p65/p50 heterodimers, which 

translocate to the nucleus to promote transcription of a wide range of target genes (Zandi et al., 

1997, Alkalay et al., 1995). 
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Figure 1.8 MDP-NOD2 signalling pathway components 

Schematic showing how NOD2 drives NF-κB and MAPK pathways with RIPK2 as an 

essential adaptor for NOD2. Recognition of MDP leads to oligomerisation of NOD2; 

this recruits RIPK2 via a CARD CARD domain interaction. The IAPs ubiquitylate 

RIPK2 with a K63 linked ubiquitin chain, with lysine 209 being a critical 

ubiquitylation site; this is essential for TAK1 and LUBAC recruitment. TAK1 
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phosphorylates a MEK that in turn phosphorylates MAPKs (JNK, ERK, p38). The M1 

chain generated by LUBAC results in the close association of IKK and TAK, allowing 

TAK1 to phosphorylate IKKß. Activated IKKß will phosphorylate IκBα, resulting in 

its degradation via the proteasome. The liberated transcription factors p65/p50 can 

enter the nucleus, along with AP-1 transcription factors which lead to the upregulation 

of genes involved in the inflammation response and innate immunity. 

 

 

For appropriate NOD2 driven NF-κB and MAPK signalling, several other E3 ubiquitin ligases 

have been implicated in RIPK2 ubiquitylation, including TRAF2, 5 and 6, and cIAP1 and 2 

(Yang et al., 2007, Krieg et al., 2009, Bertrand et al., 2009, Damgaard et al., 2012). Using mice 

deficient in cIAP1 and 2, Bertrand et al were the first to implicate these E3-ubiquitin ligases in 

NOD2 signalling (Bertrand et al., 2009), showing that cIap1-/- and cIap2-/- mice had 

significantly reduced cytokine production in response to MDP injection when compared with 

wild-type mice (Bertrand et al., 2009). However, we and other groups subsequently observed 

that removal of cIAP1/2 had no significant impact on NOD2 signalling (Damgaard et al., 2013, 

Damgaard et al., 2012). To discover the reason for this discrepancy, we have further 

investigated the role of cIAPs during NOD signalling and the results of these studies are 

included in Chapter 3 of this thesis.  

 

1.14 Non-canonical binding of IAPs to RIPK2 

The NOD2 signalling pathway relies on direct interaction between XIAP and RIPK2 (Krieg et 

al., 2009). Current RIPK2 inhibitors, as well as smac-mimetic compounds, have been used to 

break this interaction, yet the precise mode of IAP-RIPK2 binding is unknown (Nachbur et al., 

2015, Damgaard et al., 2013). The IAPs are characterised by a domain of approximately 70 
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amino acids termed a baculoviral IAP repeat (BIR). XIAP, cIAP1 and cIAP2 contain three N-

terminal BIR domains each, which are critical for protein interactions (Hinds et al., 1999, Silke 

and Vucic, 2014). C-terminal to the BIRs is a ubiquitin-associated domain (UBA) that 

promotes engagement with ubiquitin chains (Gyrd-Hansen et al., 2008) and cIAP1 and 2 also 

have a CARD domain. At the C-terminal end is a Really Interesting New Gene (RING) domain, 

which provides E3-ubiquitin ligase activity. A well-defined mechanism of IAP binding occurs 

during XIAP inhibition of the initiation phase (caspase-9 binding via BIR3 domain) and the 

execution phase (caspase-3 and -7 via BIR2 domain) of apoptosis (summarised in Figure 1.9) 

(Scott et al., 2005, Deveraux et al., 1997).  

 

The binding mode of the BIRs has been well characterised. During apoptosis, ‘initiator’ 

caspases are activated by oligomerisation and these then auto-cleave to become irreversibly 

activated, and also cleave an inhibitory peptide in ‘effector’ caspases to activate them. Effector 

caspases then cleave substrates in the cell to cause the classic apoptotic phenotype. Caspase 

mediated processing of both initiator and effector caspases generates a novel N-terminal 

sequence called an IAP-binding motif (IBM). This motif must have a free N-terminus and 

consists of the amino acid pattern [AS][VITKS][PAK][FISV] with the most frequently 

occurring amino acids highlighted in bold (Srinivasula et al., 2001). These IBMs can bind in a 

groove present in the BIR2 and 3 domains of XIAP. This allows XIAP to inhibit activated 

caspases and thereby prevent the apoptotic phenotype. To initiate apoptosis, the cell releases a 

protein known as second mitochondria-derived activator of caspases (Smac) or direct 

mitochondria-derived activator of caspases (DIABLO), from the mitochondria (Wu et al., 

2000, Chai et al., 2000). Smac/DIABLO is a dimer and also contains an IBM, so once released 

from the mitochondria, competes directly with activated caspases for binding to XIAP and 
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thereby releases them. cIAPs also bind to the Smac/DIABLO IBM via their BIRs; however, 

because cIAPs do not inhibit caspases, Smac/DIABLO binding has a different consequence. 

 

Figure 1.9 Smac inhibition of IAPs  

The mitochondrial translocation signal (MTS) is cleaved as the Smac/DIABLO protein 

is translocated into the inter membrane space. Following an apoptotic stimulus 

mitochondria become permeabilised and release Smac/DIABLO into the cytoplasm. 

The N-terminal AVPI sequence is now available to bind to the cytoplasmically located 

XIAP and release activated caspases driving apoptosis. The BIR2 domain of XIAP is 

required to bind the kinase domain of RIPK2. XIAP possesses a RING domain that 

affords it E3-ubiquitin ligase activity against RIPK2 and other targets.  

 

As RIPK2 does not contain an IBM, it must bind to XIAP (and possibly cIAPs) in a different, 

and unknown manner to IBM containing proteins. Krieg et al used truncation mutants to show 

that the BIR2 domain of XIAP is sufficient for binding the kinase domain of RIPK2 (Krieg et 

al., 2009). Using both over-expression pull-downs, Bertrand et al demonstrated cIAP1 and 
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cIAP2 interacts with RIPK2 via a CARD independent mechanism (Bertrand et al., 2009). When 

studying X-linked lymphoproliferative syndrome type-2 (XLP2), Damgaard et al identified six 

mutations within the BIR2 domain of XIAP that disrupted RIPK2 interaction (Damgaard et al., 

2013). They concluded that the RIPK2 binding region of XIAP overlaps with its IBM-binding 

pocket. Since RIPK2 doesn’t contain a canonical IBM (Figure 1.6), they suggest that RIPK2 

harbours a cryptic IBM-like motif. 

 

The only reported non-canonical binding of an IAP with its target occurs between DIAP1 and 

DRONC (Chai et al., 2003). DRONC contains a small peptide region that, upon folding, creates 

a novel hydrophobic region that facilitates binding with the BIR2 domain of DIAP1. It is 

possible that RIPK2 has a similar hydrophobic region that sterically mimics the canonical 

AVPF sequence, but such a region is impossible to predict based on primary sequence alone. 

Because RIPK2 ubiquitylation by XIAP is critical for a NOD receptor response, understanding 

how XIAP interacts with RIPK2 could provide novel therapeutic opportunities to treat NOD 

driven inflammatory diseases. 
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1.15 Thesis statement 

This thesis examines how various factors impact upon NOD2 signalling. These factors include 

the precise roles the IAPs play in the signalling pathway and the non-catalytic function of the 

RIPK2 kinase domain. This thesis also endeavours to develop novel tools to assist in 

identifying and delineating components of native NOD2 signalling complexes.  

 

1.16 Aims 

1 -  Determine the individual roles of cIAP1 & 2 and XIAP in the NOD2 response to MDP. 

2 - Understand how the RIPK2 inhibitor WEHI-345 impacts the non-catalytic function of 

RIPK2. 

3 - Develop endogenous tools to pull-down the NOD2 signalling complex and identify novel 

interactors. 

Aim 1 is relevant to Chapter 3, while aim 2 is explored in Chapter 4. Aim 3 is addressed in 

Chapter 5. 
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2 Materials and methods 

2.1 Cytokines and ligands 

Cytokines and ligands were used in the following concentrations, if not stated otherwise: 

muramyl dipeptide (MDP) (10 µg/mL, InvivoGen, L18-MDP (200 ng/mL, InvivoGen), mouse 

IFNγ (5 ng/ml, 485-MI-100, R&D Systems), FC-TNF (100 ng/ml, home-made), GM-CSF (10 

ng/mL, 315-03-100, Lonza).  

 

2.2 Antibodies 

The following antibodies were used: rabbit anti RIPK2 (SC22763, Santa Cruz), mouse anti 

RIPK2 (612349, BD Transduction Laboratory) mouse anti RIPK1 (610458, BD Transduction 

Laboratories), anti β actin (A-1978, Sigma), rabbit anti p65 (631213, Upstate), rabbit anti 

phospho p65 (3033, Cell Signalling Technology), rabbit anti phospho JNK (9251, Cell 

Signalling Technology), rabbit anti MK2 (3042, Cell Signalling Technology), rabbit anti 

phospho MK2 (3007P, Cell Signalling Technology), rabbit anti phospho ERK (9102, Cell 

Signalling Technology), rabbit anti p38 (9212, Cell Signalling Technology), rabbit anti 

phospho p38 (9211, Cell Signalling Technology), mouse anti phospho IκBɑ (9246, Cell 

Signalling Technology), rabbit anti IκBɑ (9242, Cell Signalling Technology), mouse anti 

ubiquitin (3936, Cell Signalling Technology), rabbit anti GAPDH (2118, Cell Signalling 

Technology), rat anti cIAP1 (raised in-house by the Walter and Eliza Hall Institute monoclonal 

antibody facility), rat anti cIAP2 (ALX-803-341, Alexis Biochemicals), mouse anti XIAP 

(M044-3, MBL), goat anti mouse Ig (1010-05), goat anti rabbit Ig (4010-05) and goat anti rat 

Ig HRP (horseradish peroxidase, 3010-05, Southern Biotech) conjugated secondary antibodies. 

Antibodies used for FACS: mouse anti CD16/CD32 (101301, Biolegend), mouse anti CD45.2 

(14045481, eBioscience), mouse anti CD11b (ab8878, Abcam) mouse anti Ly6G (ab25377, 
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Abcam) mouse anti F4/80 (14-4801-81, Abcam). Antibodies used for neutralisation/blocking 

assays: anti human TNF (1:200 dilution) (MAB610), purchased from R&D Systems. 
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2.3 Reagents 

The following reagents were used:  

Table 1: List of main reagents used in the results sections 

Reagent Catalogue 
number 

Company 

AMPure XP beads 744970.50 Macherey-Nagel 
Doxycycline D3447 Sigma 
Compound A – TetraLogic Pharmaceuticals 
Effectene 28706 Qiagen 
GoTaq green M712C Promega 
Hygromycin 10687010 Thermo Fisher Scientific 
Iodoacetamide I1149 Sigma 
L-Broth – Made in-house 
Mini/Midi/Maxi/gel purification kits – Invitrogen/Qiagen 
NiNTA beads 151010 Qiagen 
Nonidet P40 I8896-

100ML 
Sigma 

NP40  NP40S Sigma 
Thesit 9002-92-0 Sigma 
Phusion High-Fidelity Polymerase F530S Thermo Fisher Scientific 
Polybrene 107689 Sigma 
Propidium iodide 81845 Sigma 
Puromycin p8833 Sigma 
PVDF membrane IPVH0001

0 
Millipore 

Restriction enzymes – NEB 
Sepharose Protein G beads – Made in-house 
StrepTactin-HRP Conjugate 2-1502-001 IBA 
StrepTactin Sepharose beads 2-1201-010 IBA 
T4 DNA Ligase M1801 Promega 
TCEP 20490 Thermo Scientific 
Triton-X100 T9284 Sigma 
Trypsin Xv528x Promega 
Urea 17-1319-01 GE Healthcare Life Sciences 
TUBE (Tandem Ubiquitin Binding Entity) UM401 LifeSensors 

UbiCREST Deubiquitinase Enzyme Kit K-400 BostonBiochem 

Birinapant – Tetralogic 
Compound A – Tetralogic 
WEHI-345 – Made in-house 
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2.4 Cell lines and cell culture 

Cell lines that were used most frequently during these studies were HEK293T (human 

embryonic kidney cell line), THP-1 (human monocytic leukemic cell line), primary peritoneal 

lavage cells, bone marrow derived macrophages (BMDMs) and bone marrow derived dendritic 

cells (BMDCs). HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DME, GIBCO) supplemented with 8% FCS, 1 mM L-glutamine, 100 units/ml penicillin and 

100 g/ml streptomycin (GIBCO), THP-1 cells were cultured in HTRPMI (RPMI-1640, 

GIBCO) and supplemented as mentioned above. Peritoneal cells were extracted by lavage: 1.5 

mL of 5 mM EDTA in PBS was injected into the peritoneal cavity of culled mice using a 21-

gauge needle and 2 ml syringe (BD Scientific). The cavity was agitated for 10 seconds and the 

liquid containing peritoneal cells was removed. Cells were washed in PBS:FCS and cultured 

in IMDM (InvivoGen) supplemented with 10% FBS (GIBCO). All cells were cultured at 37˚C 

with 10% CO2 in a humidified incubator. BMDMs were generated from the femur and tibiae 

of mice and cultured for six days in DMEM supplemented with 8% FBS (GIBCO) and 20% 

L929 supernatant and antibiotics (penicillin, streptomycin). After six days, cells were detached 

using trypsin-EDTA and re-plated in 12- and 24-well tissue culture plates. BMDCs were 

generated from the femur and tibiae of mice and cultured for 7 days in IMDM (InvivoGen) 

supplemented with 10% FBS (GIBCO) and GM-CSF (10 ng/mL, LONZA). Half the media 

was replenished on day 3 and experiments were performed on day 7. 
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2.5 Stimulation protocols 

BMDMs/BMDCs/peritoneal cells were either primed with murine interferon-γ (5 ng/mL, R&D 

Systems) for two hours before stimulation with MDP (10 µg/mL, InvivoGen) or directly 

stimulated with L18-MDP (200 ng/mL, InvivoGen). THP-1 cells were stimulated with L18-

MDP (200 ng/mL, InvivoGen). Fc-TNF was generated in-house as described before (Bossen 

et al., 2006). TNF was used at 100 ng/mL. TNF blocking antibody was used at 1 µg/mL 30 

minutes before treatment (Abcam). 

 

2.6 Cytokine measurement by ELISA 

Cytokines from mouse serum or cell culture supernatant were measured by Ready-Set-Go! 

ELISA kits from eBioscience according to the manufacturer’s instructions. Sera and BMDM 

supernatants were diluted 1:10 for CCL2 measurements. 

 

2.7 NF-κB GFP activity assay 

THP-1 cells were stably transfected with an NF-κB-GFP reporter (pTRH NF-κB, System 

Biosciences). Cells were left untreated, or pretreated with 500 nM of birinapant, Compound A 

(TetraLogic Pharmaceuticals), then stimulated with 200 ng/mL L18-MDP (InvivoGen). Mean 

fluorescent intensity was measured by flow cytometry and analysed using Weasel 3.1 software 

(WEHI). 

 

2.8 In vivo MDP challenge 

All in vivo experiments were performed according to the guidelines of the animal ethics 

committee of WEHI, ethics approval (2011.014, 2014.004 and 2017.004). Mice used were sex 

and age matched within each experiment. For in vivo MDP challenge: wild-type, cIap1, cIap2, 
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Tnfr1, Xiap or Ripk2 knock-out mice were treated with MDP (5 mg/kg , i.p. in 200 µL) and 

culled after 4 hours. Peripheral blood was collected for serum by cardiac puncture and 

peritoneal cells were harvested as indicated above and subjected to red blood cell lysis prior to 

staining with Fc block (anti-mouse CD16/32, 2.4G2) and fluorescently labelled anti-mouse IgG 

antibodies to CD45.2 (Ly5.2), CD11b (Mac-1), Ly6G (1A8), CD11c (N418), MHC II 

(M5/114.15.2) and F4/80 (BM8) from Ebioscience, BD Biosciences, BioLegend and WEHI 

monoclonal laboratories. Viable cell (PI negative) populations were quantified using counting 

beads (Ebioscience/BD Biosciences) on a BD LSR-Fortessa Cell Analyser (BD Biosciences). 

Data was analysed using Weasel 3.1 software (in-house). 

 

2.9 Purification of ubiquitin conjugates 

GST-tandem ubiquitin binding entities (TUBE1, Lifesensors) were used to purify ubiquitin 

conjugates from either BMDMs or THP-1 cells. In brief: 2 x 107 – 5 x 107 cells/condition were 

lysed in 0.5 – 1 mL of DISC buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris, pH 7.5, 

10% glycerol, 2 mM EDTA) supplemented with 10 mM N-Ethylmaleimide and cOmplete® 

Protease Inhibitor Cocktail (Roche) for 20 minutes on ice. Lysates were clarified by 

centrifugation at 15,000 x g @ 4˚C for 10 minutes. Lysates were incubated with 20 µL of 

packed TUBE1 beads at 4˚C and rotated overnight. Beads were then washed 5 x cycles in lysis 

buffer and re-suspended in 60 µL of 1 x SDS sample buffer and subject to Western blot 

analysis. 

 

2.10 Deubiquitinase assay 

Purified GST-UBA was prebound to Glutathione Sepharose High Performance beads (20 

µL/condition) at 4˚C for 30 minutes. After washing beads in PBS-Tween (0.1% Tween 20) 

lysates from THP-1 cells (1 – 2 x 107 cells/DUB treatment) stimulated with L18-MDP (200 
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ng/mL, InvivoGen) were incubated for 5 hours at 4˚C with rotation. Beads were then treated 

according to the UbiCREST Deubiquitinase Enzyme Kit (Boston Biochem) protocol and 

subject to Western blot analysis. 

 

2.11 SDS-Page and Western blotting 

Lysates were generated in DISC lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris, 

pH 7.5, 10% glycerol, 2 mM EDTA) supplemented with 10 mM N-Ethylmaleimide and 

cOmplete® Protease Inhibitor Cocktail (Roche) then diluted in 2 x SDS lysis buffer (126 mM 

Tris-HCl pH 8, 20% v/v glycerol, 4% w/v SDS, 0.02% w/v Bromophenolblue, 5% v/v 2-

mercaptoethanol) or lysed directly in 2 x SDS lysis buffer and subjected to repeated freeze/boil 

cycles. Samples were separated using SDS-PAGE 4 – 12% NuPAGE Bis-Tris gels 

(WG1403BX10, Life Technologies) and transferred to methanol activated polyvinylidene 

fluoride (PVDF) membranes (100 V for 1 hour at 4˚C). Membranes were blocked with 5% 

milk in PBS:tween and probed with antibodies indicated above. Membranes were developed 

using ECL (WBKLS0, Millipore) using a Chemidoc Gel Imaging System (Biorad).  

 

2.12 Expression and purification of cIAP1 and XIAP BIR2 domains 

BL21 Competent E. coli were transformed with pGEX vector containing GST-tagged BIR2 

domain from either cIAP1 or XIAP using the heat shock method described above. A starter 

culture was generated in Super Broth (3.2% peptone, 2% yeast extract, 0.5% NaCl) 

supplemented with 100 µL/mL ampicillin and incubated overnight at 37˚C with rotation. Thirty 

mL of this culture was transferred to a new flask containing 300 mL of Super Broth (3.2% 

peptone, 2% yeast extract, 0.5% NaCl) and incubated on a horizontal shaker at 37˚C until 

bacteria entered log-phase and reached OD600 (0.6–0.8). Expression was induced with 0.3 mM 

IPTG (Sigma-Aldrich) at 30˚C for 3–4 hours. Bacteria were spun down at 18,500 rpm at 4˚C 
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and flash-frozen using liquid nitrogen. Bacterial cell pellets were thawed on ice and re-

suspended in 20 mL Buffer A (50 mM NaCl, 50 mM Tris pH 8.0, 1 mM EDTA, 1 mM DTT, 

10% glycerol) supplemented with 1 cOmplete® Protease Inhibitor Cocktail (Roche) then 

sonicated (5 cycles 50% amplitude, 2 seconds on, 0.2 seconds off, for 22 seconds per cycle). 

The insoluble fraction was separated using centrifugation at 18,500 rpm at 4˚C. The soluble 

fraction was applied to 500 µL washed Glutathione Sepharose 4B GST-tagged protein 

purification resin (GE Healthcare) for 4 hours. Beads were then centrifuged at 1200 rpm at 4˚C 

for 5 minutes and washed 5 times in Buffer A. Protein was eluted using 10 mM reduced 

glutathione in 50 mM Tris pH 8.0 for 2 hours, then a subsequent elution was conducted for 16 

hours. Protein was snap frozen in liquid nitrogen and stored for use in pull-down experiments 

as detailed in (Nachbur et al., 2015). 

 

2.13 Affinity purifications and mass spectrometry preparation 

For preparation of WEHI-730 and PD-MDP conjugated Sepharose beads the following 

protocol was used: 1 mL of NHS-activated Sepharose™ 4 Fast Flow beads were washed and 

re-suspended in DMSO to make a 50% slurry. 0.8 µmoles of WEHI-730 or 2 µmoles of PD-

MDP (active or inactive) were added to the slurry with 40 µL of triethylamine and mixed by 

inversion. Reaction was allowed to occur overnight at room temperature with rotation. The 

reaction was then stopped using 50 µL of 2-aminoethanol, which was incubated overnight at 

room temperature with rotation. To assess coupling efficiency, samples were taken before and 

after each step, and analysed using LC/MS, which was performed by Christoph Grohmann at 

the Walter and Eliza Hall Institute.  

 

For WEHI-730 pull-downs: 2 – 5 x 107 cells were lysed in 0.5 mL of either DISC (1% Triton 

X-100, 150 mM NaCl, 20 mM Tris, pH 7.5, 10% glycerol, 2 mM EDTA) or Modified RIPA 
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buffer (1% Nonidet P-40, 0.1% Na Deoxycholate, 150 mM EDTA, 50 mM Tris, pH 7.5) 

supplemented with 10 mM N-Ethylmaleimide and cOmplete® Protease Inhibitor Cocktail 

(Roche) for 20 minutes on ice. Lysates were clarified by centrifugation at maximum speed at 

4˚C for 5 minutes. Clarified lysates were applied to conjugated WEHI-730 Sepharose beads 

for 5 hours then washed 5 times in lysis buffer.  

 

For PD-MDP pull-downs: 5 – 10 x 107 cells were lysed in 1 mL of DISC (1% Triton X-100, 

150 mM NaCl, 20 mM Tris, pH 7.5, 10% glycerol, 2 mM EDTA) supplemented with 10 mM 

N-Ethylmaleimide and cOmplete® Protease Inhibitor Cocktail (Roche) for 20 minutes on ice. 

Lysate was clarified by centrifugation at maximum speed at 4˚C for 5 minutes. Clarified lysate 

was applied to 20 µL of packed PD-MDP beads for 4 hours at 4˚C with rotation. Beads were 

washed in lysis buffer 5 times, then eluted using 20 µL of elution buffer (200 µg MDP) for 20 

minutes at room temperature.  

 

Washed beads from WEHI-730 samples or eluates from PD-MDP beads were digested into 

tryptic peptides using filter aided samples preparation (FASP) according to the protocol 

(Wisniewski et al., 2009). In brief: samples were transferred to 8 M urea, 100 mM Tris-HCl 

pH 7.4 then reduced using 10 mM TCEP for 20 minutes. Cysteine residues were alkylated 

using 50 mM iodoacetamine in 8 M urea, 100 mM Tris-HCl pH 7.4 and incubated, protected 

from light for 20 minutes. Samples were then digested using 1 µg trypsin in 50 mM ammonium 

bicarbonate solution and incubated for 16 hours at 37˚C. Peptides were collected into 

ammonium bicarbonate and acidified using 1% formic acid before lyophilisation. Samples 

were reconstituted in 2% acetonitrile and 1% formic acid in Milli-Q water and analysed by 

nanoflow reverse-phase LC-MS/MS by Jarrod Sandow at the Walter and Eliza Hall Institute.  
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To determine enrichment of phosphorylated RIPK2 on WEHI-730 beads, the Log2 peptide 

count ratio of non-phosphorylated vs phosphorylated peptides of the input protein was 

calculated. These ratios were then compared with the Log2 peptide count ratio of non-

phosphorylated vs phosphorylated peptides enriched from the WEHI-730 bead samples.  

 

2.14 CRISPR/Cas9 plasmid preparation  

To generate CRISPR/Cas9 knock-out cells, two vectors were provided by Marco Herold. One 

vector (pFU Cas9 mCherry) encoded for Cas9 and mCherry, which allowed constitutive Cas9 

and mCherry expression; the second vector (pF gH1t UTG vector) encoded for constitutive 

GFP and doxycycline inducible guide RNA targeting the gene of interest. The crispr.mit.edu 

webpage was used to design the following CRISPR guide RNAs: 

 

Table 2: List of CRISPR guide RNAs used to knock out target genes in THP-1 cells 

hs cIap1 guide 1 
 
 
hs cIap1 guide 2 

tcccATGTTTTGATACGAGGGACC 
aaacGGTCCCTCGTATCAAAACAT 
 
tcccATATTCAACTTTCCCCGCCG 
aaacCGGCGGGGAAAGTTGAATAT 

hs cIap2 guide 1 
 
 
hs cIap2 guide 2 

tcccTCTAAATTCCGTTAACAACT 
aaacAGTTGTTAACGGAATTTAGA 
 
tcccGTGGAATTTGTTACTGAAGA 
aaacTCTTCAGTAACAAATTCCAC 
 

hs XIap guide 1  
 
 
hs XIap guide 2 
 

tcccCTGGTGAAGGAGATACCGTG 
aaacCACGGTATCTCCTTCACCAG 
 
tcccGTCATGCAGCTGTAGATAGA 
aaacTCTATCTACAGCTGCATGAC 
 

 

These guides were annealed (40 µl of 40 µM Oligo 1 and Oligo 2, 4 µl of 1M NaCl, 8 µl of 

100 mM MgCl2, 8 µl of H2O), mixed and heated for 5 minutes at 65°C and slowly cooled for 
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1 hour) and ligated with the pF gH1t UTG vector that was cut with BsmBI. The primer used to 

sequence the CRISPR/Cas9 construct was: cagacatacaaactaaagaat. The method used to 

sequence is detailed in the section below.  

 

2.15 Next Generation Sequencing – Illumina Miseq sequencing 

To determine whether target genes were knocked-out in THP-1 cells, genes were sequenced 

using Illumina Miseq sequencing. In brief, sequences flanking the CRISPR cut site were 

amplified using primers with specific overhang sequences. Each sample was tested in triplicate. 

DNA was amplified using 18 cycles with an annealing temperature of 55°C and cleaned up 

using AMPure beads. 

 

Table 3: List of next generation sequencing primers with unique overhangs  

hs cIap1 fwd: gtgacctatgaactcaggagtccagtactgtcacctactcatgc 
rev: ctgagacttgcacatcgcagcgctggataactggaaactaggag 
 

hs cIap2 fwd: gtgacctatgaactcaggagtcggcctgatgctggataactg 
rev: ctgagacttgcacatcgcagccaacagatctggcaaaagcag 
 

hs XIap fwd: 
gtgacctatgaactcaggagtcgaagaagaatttgtagaagagtttaatagatt
a 
rev: ctgagacttgcacatcgcagc gacaggccatctgagacacatg 

 

Table 4: PCR for Illumina MiSeq sequencing 

DNA 100 ng/µl 1 µl 

GoTaq Green 10 µl 
Primers fwd + rev 
10 µM 

0.5 µl + 0.5 µl 

Type II water  8 µl  
 



 55 

A subsequent PCR was conducted using primers directed against the specific overhangs from 

the first PCR as indicated in Table 3. Using GoTaq green, a further 24 cycles of the PCR 

products were amplified using the reagents listed in Table 4.  

2.16 Generation of lentivirus and infection 

To generate lentivirus for infection of the newly generated constructs, 2.5ug of the plasmid of 

choice was transfected into HEK293T cells together with 1 ug pVSV-G (envelope protein 

expression) and 1.5 ug pCMV∆R8.2 (HIV Pol – reverse transcriptase, Tat – amplifies 

transcription of viral RNA, Rev – increases transport of viral RNA into cytoplasm, Gag – 

capsid proteins) using an Effectene transfection kit (Qiagen). Twenty-four hours after 

transfection, the media was exchanged for fresh media and virus was harvested after another 

twenty-four hours. Media was filtered and supplemented with polybrene (4 µg/ml). Viral media 

was then applied to cell lines, centrifuged for 45 minutes at 2000 rpm @ 30°C. After two days 

of incubation, cells were selected by FACS sorting for GFP and mCherry (selection of 

CRISPR/Cas9 cell lines) into 96-well plates containing 1 µg/ml doxycycline.  

 
2.17 Preparation of plasmids for protein purification 

For the preparation of recombinant constructs for insect cell purification, pUC57 plasmids were 

ordered through GenScript for human RIPK2 WT, as well as RIPK2 E299A, K310A, L303A, 

D146A and K209A. cDNA was PCR amplified and cloned into pFastBac HTb vector (Life 

Technologies) using the following protocol and primers: inserts generated using PCR from the 

parent vectors: 

 (100 ng of forward gatatGGATCCATGCATCACCATCACCATCACGGCTCCG, and 

gatataagctttcaCTTCTTCAGCTGGATGACAGCCTCCAGGA, 1.5 µL of 10 mM dNTPs).  

PCR conditions were 98˚C for 15 seconds, 55˚C for 30 seconds, 72˚C for 45 seconds, and 72˚C 

for 2 minutes. PCR products were cleaned using PCR clean-up kit (Qiagen) according to 
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manufacturer’s instructions with 20 µL EB buffer final elution. PCR products were then 

digested with 0.2 µL BamHI and HindIII restriction enzymes (20,000 units/mL, New England 

Biolabs) in a 20 µL reaction mixture with 1 X BSA (New England Biolabs) and 1 X NEB 

buffer (New England Biolabs) at 37˚C for 1 hour. Inserts were then ligated into an empty 

pUC57 vector.  

 

2.18 Vector preparation  

Cut vector was resolved using a 0.8% (w/v) agarose-TAE (40 mM Tris-acetate pH 8.2, 1 mM 

EDTA) gel. Bands were excised and purified using QIAquick gel extraction kit (Qiagen) 

according to manufacturer’s instructions with 50 µL of EB buffer as the final elution. 

 

2.19 Ligation 

Ligation occurred using ~ 50–100 ng of prepared vector, ~ 200 ng of prepared inserts, 1 µL of 

T4 DNA ligase (Promega) in 1 X T4 ligation buffer (Promega) in water. Ligation was incubated 

at 16˚C overnight. 

 

2.20 Transformation of DH10β cells 

Transformation of the newly generated pFastBac HTb RIPK2 KD constructs were undertaken 

using 2 µL of ligation mix to 50 µL of ice-thawed Escherichia coli DH10β electrocompetent 

cells. Cells were electroporated in cold 2 mm electrocuvettes (Astral Scientific) at 2.5 kV using 

a Micropulser (BioRad). Cells were then recovered in 200 µL Super Broth (3.2% peptone, 2% 

yeast extract, 0.5% NaCl). Transformed cells were grown in LG agar (1% (w/v) tryptone, 0.5% 

(w/v) yeast extract, 0.5% (w/v) NaCl, 0.2% (w/v) glucose, 1.5% (w/v) Difco agar, 10 mM Tris 
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pH 7.4, 1 mM MgCl2) plates containing 100 µL/mL ampicillin at 37˚C overnight. Plasmid 

DNA was extracted from isolated colonies as indicated above.  

 

2.21 Miniprep, Midiprep, Maxiprep of plasmid DNA 

Bacterial cells were isolated from single colonies and inoculated in 1, 5 or 50 mL of Super 

Broth (3.2% peptide, 2% yeast extract, and 0.5% NaCl), and ampicillin was added (100 

µg/mL). Cells were incubated overnight at 37˚C with agitation. Cells were then pelleted and 

supernatant removed. Plasmid DNA was isolated according to Qiagen manufacturer’s 

instructions. 

 

2.22 Sequencing plasmids 

To determine if the plasmid was correctly cloned, sequencing was administered using a 20 µL 

PCR reaction mix containing 1 µL Big Dye v3.1 (Applied Biosystems), 2 µL of plasmid DNA, 

and 4 µL of 1 µM primer. PCR conditions were: 96˚C for 2 minutes, 25 cycles of 96˚C for 10 

seconds, 50˚C for 5 seconds, and 60˚C for 4 minutes. DNA was precipitated with 0.1 volumes 

of 3 M sodium acetate, 5 volumes of 95% (v/v) ethanol, 2.5 volumes of H2O for 15 minutes on 

ice. DNA was centrifuged at maximum speed for 20 minutes at 21˚C, washed with 70% (v/v) 

ethanol, air dried, then sequenced at Micromon, Monash University, Melbourne.  

 
2.23 Generation of recombinant bacmids  

50 µL of DH10MultiBac cells (Life Technologies) were transformed with 1.3 µL of 1 ng/µL 

pFastBact Htb construct (Human RIPK2 KD 9–317) via heat shock: plasmids and cells were 

incubated 25–30 minutes on ice, cells were then placed in a 42˚C for 45–50 seconds followed 

by ice for 2 minutes. 0.8 mL of Super Broth (3.2% peptone, 2% yeast extract, 0.5% NaCl) was 

added. Cells were then incubated at 37˚C for 5 hours in rotating incubator (220 rpm). 300 µL 
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of cells were placed on LG agar (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 

NaCl, 0.2% (w/v) glucose, 1.5% (w/v) difco agar, 10 mM Tris-Cl pH 7.4, 1 mM MgCl2) plate 

supplemented with 50 µg/mL kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracycline, 100 

µg/mL Bluo-gal, and 40 µg/mL IPTG and incubated at 37˚C for 48 hours. Blue-white screening 

was conducted. White colonies were streaked onto supplemented LG agar again for 48 hours 

at 37˚C. White colonies were selected and cultured in 2.5 mL Luria Broth (1% peptone, 0.5% 

yeast extract, 1% NaCl) with 56 µg/mL gentamicin, 80 µg/mL tetracycline and 400 µg/mL 

kanamycin overnight at 37˚C. Cells were spun at 5,000 g for 5 minutes and re-suspended with 

0.3 mL Solution I (150 mM Tris-Cl pH 8, 10 mM EDTA pH 8) supplemented with fresh 100 

µg/mL RNase A (Sigma-Aldrich). Cells were lysed with 0.3 mL Solution II (200 mM NaOH, 

1% SDS) and mixed by inversion, followed by room temperature incubation for 5 minutes. 0.3 

mL Solution II (1 M Potassium Acetate pH 5.4) was added and again mixed by inversion and 

incubated at room temperature for 10 minutes. Lysate was centrifuged at 16,000 g at room 

temperature for 10 minutes. Supernatant was separated from the pellet and added to ice-cold 

isopropanol and mixed by inversion and incubated for 10 minutes on ice. DNA was pelleted 

by centrifugation at 4˚C for 30 minutes. The pellet was washed twice with 0.5 mL ice-cold 

70% EtOH, then air-dried. The DNA pellet was dissolved in 150 µL 1 X TE buffer (10 mM 

Tris-Cl, pH 8, 1 mM EDTA) overnight at 4˚C. To determine whether sequence was 

successfully incorporated, the sequencing primer ‘Bac Up’ was used: ccggattattcataccgtc. 

 
2.24 Baculovirus production and protein expression 

Sf21 cells (Life Technologies) were cultured in Schott bottles at 27˚C, rotation 130 rpm in 

Insect-XPRESS protein-free insect cell media supplemented with L-glutamine (Lonza) at 0.3–

3 x 106 cells/mL. Baculovirus production occurred by seeding 0.9 x 106 SF21 cells per 

transfection: 1 µg of bacmid DNA was applied to 100 µL of Lonza media in a 15 mL 
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polystyrene tube and mixed by inversion. 6 µL of CellFectin II (Life Technologies) was diluted 

in 100 µL of Lonza media and added to the bacmid dilution, mixed by inversion and incubated 

at room temperature for 30–45 minutes. During incubation, Sf21 cells were diluted to 0.45 x 

106 cells/mL and seeded into 6-well plates. Once cells were adhered, 0.8 mL of Lonza media 

was added to transfection mix and slowly dropped onto cell layers. Insect cells were incubated 

at 27˚C for 5 hours. Transfection mix was removed and replaced with 2 mL of fresh Lonza 

media and cultured at 27˚C. Four days later, passage 1 (P1) baculovirus supernatant was 

collected and centrifuged at 1500 rpm at room temperature for 5 minutes and stored at 4˚C and 

protected by light. 1 mL of P1 supernatant was applied to 100 mL Sf21 cells at 1.5 x 106 

cells/mL in a 1 L Schott bottle and cultured at 27˚C, 130 rpm for 4 days. Passage 2 (P2) 

baculovirus supernatant was harvested as described above and stored at 4˚C protected from 

light. This process was repeated to obtain Passage 3 (P3) baculovirus supernatant and stored at 

4˚C protected from light. For protein expression, 30 mL of P3 baculovirus supernatant was 

added to 500 mL Sf21 cells at 1.5 x 106 cells/mL in Fernbach flasks and cultured at 27˚C 

rotation at 90 rpm for 2 days. Cells were harvested by centrifugation at 1500 rpm for 5 minutes 

at room temperature. Cell pellets were snap-frozen with liquid nitrogen and stored at –80˚C. 

 
2.25 Protein purification 

Frozen insect cell pellets (from 1 L of insect cell culture) with expressed RIPK2 KD (9–317 

aa) was thawed on ice and lysed in 50 mL lysis buffer (20 mM Tris pH 8.0, 20% glycerol, 0.5 

M NaCl, 0.1% Thesit, 2.5 mM Imidazole, 0.5 mM TCEP and one tablet of EDTA-free 

cOmplete Protease Inhibitor (Roche)). Lysate was sonicated in an ice-water bath (5 cycles at 

50% amplitude, 20 seconds on, 0.2 seconds off for 20 seconds), and insoluble material was 

removed from lysate by centrifugation at 18,500 rpm for 1 hour at 4˚C. Supernatant was 

separated from the pellet and applied to a Whatman® glass-fibre filter paper (Sigma-Aldrich) 



 60 

under vacuum, followed by 0.8 µM and 0.2 µM Whatman® membrane nylon filters (Sigma-

Aldrich) under vacuum. N-terminal 6-His-tagged proteins were purified using 0.5 mL Ni-NTA 

FastFlow resin (Qiagen): beads were washed firstly in Wash Buffer 1 (20 mM Tris pH 8.0, 500 

mM NaCl, 0.1% Thesit, 20% glycerol, 0.5 mM TCEP), then Wash Buffer 2 (20 mM Tris pH 

8.0, 500 mM NaCl, 10% glycerol, 0.5 mM TCEP) and eluted using Wash Buffer 2 

supplemented with 150 mM, then 250 mM Imidazole pH 8.0. Eluted protein was concentrated 

with a 10 kD molecular weight cut-off (MWCO) concentrator (Millipore) at 4˚C by 

centrifugation at 4200 rpm, then diluted with buffer to 5 mL for size exclusion chromatography 

(SEC buffer: 20 mM Tris pH 8.0, 250 mM NaCl, 10% glycerol 0.5 mM TCEP). Size exclusion 

chromatography was performed with a Superdex-200 16/60 GL column (Ge Healthcare) pre-

equilibrated with SEC buffer. Fractions containing recombinant RIPK2 were pooled, 

concentrated, then applied to a HiTrap Q HP anion exchange chromatography column (GE 

Healthcare) pre-equilibrated with Buffer A (20 mM Tris pH 8.0, 5% glycerol, 0.5 mM TCEP) 

and exchanged into Buffer B (20 mM Tris pH 8.0, 1 M NaCl, 5% glycerol, 0.5 mM TCEP) 

using a 0–100% gradient over 20 mL column volumes for protein elution. Fractions containing 

recombinant RIPK2 were pooled and concentrated as above, then snap frozen in liquid nitrogen 

for further use.  

 
2.26 Crystallisation trials 

Protein crystallisation was conducted at the Collaborative Crystallisation Centre (C3, 

Melbourne). Recombinant RIPK2 (9–317 aa) at 6.5 mg/mL in ion exchange buffer was 

incubated with various commercially defined chemical conditions using robotic sitting-drop 

method in sets of 96-well plates. Crystal trays were set up by mixing 150 nl droplets of protein 

with 150 nl of crystallant equilibrated against 50 µL of crystallant in the reservoir via nano-

dispensing robots. In-house hanging drop plates were manually performed in 24-well plates 
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(Hampton Research) by mixing 1.5 µL protein with 1.5 µL crystallant mixed on an inverted 

coverslip equilibrated against 500 µL in edge-greased wells. Crystals were harvested and 

immersed in cryo-protectant solution (reservoir solution plus 30% v/v glycerol) by Onisha 

Patel (Walter and Eliza Hall Institute). Diffraction data were collected at MX2 beamline at the 

Australian Synchrotron (Monash).  

 
2.27 Thermal shift assay (TSA) 

Thermal shift assay was performed using a Corbett Real Time PCR machine as previously 

described (Lucet and Murphy, 2017). Recombinant RIPK2 protein was diluted to a 

concentration of approximately 5 µM in (20 mM Tris pH 8.0, 250 mM NaCl, 5% glycerol, 0.5 

mM TCEP) and assayed with buffer alone or with WEHI-345 1 µM in a total reaction volume 

of 50 µL. SYPRO Orange (Molecular Probes) at a final 2 X concentration was used as a 

fluorescence probe and detected at 530 nm. Temperature was raised with a step of 1˚C per 

minute from 25˚C to 95˚C and fluorescence was read and plotted against increasing 

temperature. The melting temperature (Tm) corresponding to the midpoint for the protein 

unfolding transition was calculated by fitting the sigmoidal melt curve to the Boltzmann 

equation using GraphPad Prism, with R2 values of > 0.99.  
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3 IAPs regulate distinct innate immune pathways to coordinate 

the response to bacterial peptidoglycans  

3.1 Preface  

This chapter contains the following publication: Che A. Stafford, Kate E. Lawlor, Valentin 

J. Heim, Aleksandra Bankovacki, Jonathan P. Bernardini, John Silke, Ueli Nachbur. IAPs 

regulate distinct innate immune pathways to coordinate the response to bacterial 

peptidoglycans. Cell Reports, 2018. https://doi.org/10.1016/j.celrep.2018.01.024  

 

As the first author of this paper, I played the lead role in the planning, execution and analysis 

of experiments. I performed 90% of the experiments in this project and wrote the first draft of 

the manuscript, including compiling figures. Aleksandra Bankovacki performed the qPCR 

experiments and Kate Lawlor performed flow cytometry analysis. 

 

The remaining co-authors on this manuscript assisted in the planning and design of the project, 

and provided important input into the analysis of results. John Silke and Ueli Nachbur 

contributed to editing of the manuscript and responding to reviewers. 
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4 Investigating the non-catalytic function of RIPK2 

4.1 Introduction 

Over 500 protein kinases drive a diverse range of cellular mechanisms and biological 

processes. Because of their important role in signal transduction in many disease-associated 

pathways, kinases are popular targets for therapeutic intervention. The transmission of signals 

through kinases can occur via the transfer of the γ-phosphate of ATP to the hydroxyl moiety 

of specific threonine/serine/tyrosine residues on conserved motifs of itself (auto-

phosphorylation) and on downstream substrates. Compelling evidence has highlighted that 

kinase functions also extend beyond the ability to phosphorylate substrates and include an 

impressive range of non-catalytic roles, such as scaffolding, allosteric regulation, and even 

membrane pore formation (Shaw et al., 2014, Rajakulendran et al., 2009, Hildebrand et al., 

2014b). 

 

The large number of kinase structures deposited on the Protein Data Bank (PDB) has enabled 

the identification of the conserved structural elements required for the phosphorylation function 

of kinases (summarised in Figure 4.1, adapted from Kornev et al., 2006) ((Johnson et al., 1996, 

Mobitz, 2015, Taylor et al., 1990, Kornev et al., 2006). The kinase domain itself consists of a 

smaller N-lobe comprised of ß-sheets (β1–β5) and a long α-helix, while the larger C-lobe is 

primarily helical. These two domains meet to form the catalytic cleft that forms the ATP 

docking site. The hinge region within this pocket hydrogen bonds with ATP. The first two β-

strands within the N-lobe contain a glycine-rich sequence (GXGXXGXV) that interacts with 

the β- and - phosphates of ATP. 
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In the ‘active’ state, the ATP binding pocket is more ‘open’ and an invariant lysine within β3 

(lysine 47 in RIPK2) contacts and supports the ATP α- β- phosphoryl groups. In RIPK2 this 

interaction is supported by the formation of a salt bridge with glutamate 66 in the middle of the 

α-helix (αC-helix) (Kornev and Taylor, 2010). Disruption of the salt bridge is a classical 

indicator of an ‘inactive’ kinase (through αC-helix rotation). The C-lobe also contains critical 

regulatory regions including two loops – the activation loop and the catalytic loop. The flexible 

activation loop, typically 20–30 amino acids in length, contains an aspartic acid – 

phenylalanine – glycine (DFG) motif which is required for ATP binding, with the aspartic acid 

164 forming polar contacts with all three ATP phosphates either directly or indirectly through 

magnesium (Vijayan et al., 2015). Upon phosphorylation on conserved residues, the activation 

loop forms several key contacts with charged residues within both lobes of the protein. The 

phenylalanine in DFG makes hydrophobic contacts with the αC helix and the nearby histidine 

– arginine – aspartic acid (HRD), or histidine – histidine – aspartic acid (HHD) in RIPK2. This 

catalytic loop motif aids in substrate binding and phosphate transfer (Zhang et al., 2015).  
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Figure 4.1 Conserved features of the RIPK2 kinase domain 

Conserved features that coordinate ATP binding and phosphate transfer include the 

glycine rich loop, the αC helix, and the catalytic and activation loops. 

 

 

These highly conserved features that control ATP binding are the target of intensive 

pharmacological research, with over 29 small-molecule kinase inhibitors having been FDA 

approved and used in the clinic to control many autoimmune diseases and cancer (Wu et al., 

2015). Kinase inhibitors can be classified into three classes: types I, II, and III (Dar and Shokat, 

2011). Type-I inhibitors bind in the ATP binding pocket of ‘active’ kinases, thereby displacing 

ATP. As opposed to type-I inhibitors, type-II molecules function through ATP competition, 

but exploit an ‘inactive’ (DFG activation loop out) conformation by targeting an additional 

pocket called the ‘back pocket’ (Figure 4.2). Binding outside the ATP binding pocket, type-III 

kinase inhibitors impart their activities allosterically. Other kinase inhibitor types have been 
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defined, including: 1½, type-IV, V and VI, which will not be discussed in this thesis (Roskoski, 

2016).  

 

 

The NOD2 receptor detects the bacterial cell wall component, muramyl dipeptide, resulting in 

an inflammatory response. Mutations within NOD2 and members within its signalling pathway 

are strongly associated with inflammatory diseases, including Crohn’s disease and ulcerative 

colitis (Miceli-Richard et al., 2001, Hugot et al., 2001, Hugot et al., 1996a). To therapeutically 

control these diseases, receptor interacting protein kinase 2 (RIPK2) has become an intensively 

studied component of the NOD2 signalling pathway due to its vital role in transducing the 

inflammatory message downstream of the receptor. RIPK2 transduces the signal via its ability 

Figure 4.2 Comparison between Type-I and Type-II inhibitor binding 

The Type-I kinase inhibitor WEHI-345 (left) displaces ATP with the DFG motif ‘in’ 

conformation. The Type-II inhibitor Ponatinib (right) displaces the DFG and binds into 

the newly formed hydrophobic ‘back pocket’. 
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to act as a ubiquitin scaffold which facilitates the recruitment of NF-κB and MAPK activating 

proteins as discussed and investigated in Chapter 3 of this thesis. The other more enigmatic 

function of RIPK2 surrounds its role as a kinase. 

 

RIPK2 was originally described as a serine/threonine kinase, with the ability to auto-

phosphorylate on serine 176 (Inohara et al., 1998, McCarthy et al., 1998). Auto-

phosphorylation at this residue enhances the kinase activity due to its location within the 

activation loop (Dorsch et al., 2006). The addition of a charged phosphate within this region 

results in conformational changes within the loop, allowing the formation of several key 

contacts with other charged residues within the N- and C-lobes (Steichen et al., 2010). Tigno-

Aranjuez et al later identified a novel tyrosine 474 auto-phosphorylation (within RIPK2’s 

CARD domain) that occurs following RIPK2 engagement with NOD2 (Tigno-Aranjuez et al., 

2010). They observed that this phosphorylation was critical for NOD2 signalling, and 

hypothesised that it signals RIPK2 for further post-translational modification by promoting 

interaction with the E3-ubiquitin ligase ITCH. Using tyrosine auto-phosphorylation as a marker 

for activation, they identified several novel kinase inhibitors that completely blocked NOD2 

signalling. Kinase inhibitors, as well as over-expression of kinase-dead mutants (Lysine 47 to 

Alanine (K47A) and Aspartic acid 146 to Asparagine (D146N)), have been used to understand 

how RIPK2 kinase function might impact NOD2 signalling. Yet other conflicting reports have 

left the field uncertain as to whether RIPK2 kinase activity is required at all (Kapoor et al., 

2014, Nembrini et al., 2009, Thome et al., 1998, Argast et al., 2005).  

 

Research using over-expression of the RIPK2 kinase-dead mutants K47A and D146N 

shouldn’t be dismissed, but should be cautiously considered. Lysine 47 is important because it 

forms a salt bridge with the αC helix. Mutation to alanine would result in the disruption of ATP 
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coordination within the binding pocket. Residing within the catalytic loop, aspartic acid 146 is 

required for substrate binding and phosphate transfer. The charge modification resulting from 

the aspartic acid to asparagine change would disrupt contact with the magnesium ions, 

destabilising ATP interaction. Nembrini et al hypothesised that these mutations resulted in less 

stable forms of RIPK2, which would impact upon signalling (Nembrini et al., 2009, Windheim 

et al., 2007). Protein destabilisation would affect signalling regardless of a loss of catalytic 

function. Unfortunately, even this rationalisation to explain the effect of such mutations is 

complicated by the fact that other studies using the same mutations enhanced signalling 

(Thome et al., 1998, Eickhoff et al., 2004). RIPK2 kinase inhibitors do not appear to affect the 

stability of RIPK2, indicating that kinase inhibition per se is not sufficient to cause loss of 

RIPK2, although the inhibitors may be causing conformational changes which impact 

signalling (Nachbur et al., 2015, Argast et al., 2005). As stated previously in this thesis, and 

addressed in the literature, over-expression of RIPK2 leads to auto-activation of the pathway 

independent of NOD2 activation and should therefore be avoided. 

 

To date several compounds have been used and developed to target RIPK2 and alleviate NOD2 

driven inflammation, and include the highly specific RIPK2 inhibitor GSK583 , BCR-ABL 

inhibitor Ponatinib, the epidermal growth factor receptor kinase inhibitors Erlotinib and 

Gefitinib (Tigno-Aranjuez et al., 2010), the novel RIPK2 inhibitors OD36 and OD38 (Tigno-

Aranjuez et al., 2014), the p38 kinase inhibitor SB203580, as well as our own RIPK2 inhibitor, 

WEHI-345 (Hollenbach et al., 2004, Nachbur et al., 2015). Whether binding the inactive kinase 

through type-II mechanisms (Ponatinib) or binding only to the ATP binding pocket through 

type-I mechanisms (SB203580, Erlotinib), these inhibitors all reduce the auto-phosphorylation 

capabilities of RIPK2. It has been concluded that auto-phosphorylation is imperative for correct 
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NOD2 signalling and RIPK2 function yet how the kinase activity impacts on downstream 

signalling (such as protein interactions) has yet to be elucidated. 

 

The RIPK2 kinase domain is decorated with ubiquitin, with the most critical ubiquitylation 

occurring on lysine 209 (Hasegawa et al., 2008). This modification is critical for IKK activation 

and subsequent cytokine/chemokine secretion. The E3-ubiquitin ligase that modifies RIPK2 at 

this site is unknown, although several reported E3-ubiquitin ligases, such as the IAPs, have 

been implicated (discussed in detail in Chapter 3). Ubiquitylation is vital for signalling, and 

relies on the IAPs to interact with the RIPK2 kinase domain via their BIR2 domain (Damgaard 

et al., 2013, Krieg et al., 2009). The IAPs bind substrates via a conserved IAP Binding Motif 

(IBM), yet this motif is not present within RIPK2 (Wu et al., 2000). One hypothesis is that the 

IAPs could recognise and bind the kinase domain of RIPK2 in a non-canonical binding fashion 

which relies on protein folding to create a cryptic IBM as seen in the drosophila system of 

DIAP1 (analogous to XIAP) binding to Dronc (analogous to Caspase-9) (Chai et al., 2003). 

This would place emphasis on the conformation of the kinase domain to be altered and 

maintained to facilitate IAP binding and ubiquitylation. It is possible that a novel binding 

groove might form following RIPK2 homotypic dimerisation. 

 

All reported structures of the RIPK2 kinase domain are presented in a head-to-tail or back-to-

back dimer formation. The presentation of dimer forms could be a result of the crystallisation 

process, although a recent study using analytical ultra-centrifugation (AUC) has indicated that 

RIPK2 is in oligomeric states in solution (Pellegrini et al., 2017). It is therefore possible that 

NOD2 signalling may rely on the ability of RIPK2 to oligomerise, rather than its catalytic 

function. 
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Several signalling pathways rely on kinase dimerisation/oligomerisation to drive downstream 

signalling, independent of catalytic activity of the kinase. The RAS/ERK signalling cascade is 

a good example where kinase dimerisation is required for downstream signalling. In brief, the 

RAS/ERK signalling cascade involves the sequence of protein interactions RAS-RAF-MEK-

ERK that ultimately leads to ERK phosphorylation and activation (Wan et al., 2004). RAF 

activation occurs at the plasma membrane following its phosphorylation by RAS GTPases, 

where it will then phosphorylate and activate MEK. The activation of RAF relies on 

dimerisation, which can occur with the pseudokinase kinase suppressor of ras (KSR). KSR can 

form side-to-side heterodimers with RAF, leading to its allosteric activation (Hu et al., 2013, 

Rajakulendran et al., 2009). Another example can be seen in the ability of kinase domain-like 

(MLKL) pseudokinase to drive necroptosis (Rajakulendran et al., 2009, Hildebrand et al., 

2014b). The pseudokinase MLKL, upon phosphorylation by RIPK3, will translocate to 

membranes and form higher order oligomers that result in membrane disruption and 

necroptosis (Wang et al., 2014a). Perhaps, similar to MLKL activation, RIPK2 relies on 

phosphorylation events within its kinase domain to promote higher order oligomerisation and 

interaction with proteins such as IAPs.  

 

4.2 Chapter overview 

RIPK2 is accepted as a vital ubiquitin scaffold component of the NOD2 signalling pathway, 

and can be successfully targeted using kinase inhibitors to control NOD2 driven inflammation. 

Despite the success of these inhibitors to disrupt RIPK2 ubiquitylation and downstream 

cytokine production, their mechanism of action is unknown due to the kinase activity of RIPK2 

remaining enigmatic (Nachbur et al., 2015, Tigno-Aranjuez et al., 2010, Canning et al., 2015). 

To generate more specific and better therapeutics that target the NOD2 signalling pathway, we 

must first understand how the catalytic activity of RIPK2 influences downstream signalling. 
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In order to identify the catalytic function of RIPK2, and to understand how WEHI-345 impacts 

this function, we expressed and purified recombinant human RIPK2 kinase domain for use in 

biochemical assays, as well as crystallisation trials to gain structural information using X-ray 

crystallography. Our data indicate that WEHI-345 binds to an active state of the protein; this 

information was required to aid in the development of the immobilised analogue of WEHI-

345, called WEHI-730 (discussed in Chapter 5). 

 

We were able to obtain diffraction-quality crystals of RIPK2 bound to WEHI-345 that allowed 

further understanding of how WEHI-345 bound to RIPK2. Unfortunately, key regulatory 

regions of the protein that were required to understand how WEHI-345 was impacting the 

structure and function of RIPK2 were unresolved. Finally, analysis and comparisons between 

our crystal structure and the available structures on the Protein Data Bank (PDB) allowed us to 

identify putative dimerisation interfaces within RIPK2, which may have a physiological role 

in NOD2 signalling. Preliminary mutational studies of the C-terminal dimerisation interface 

will pave the way for future understanding of how this interface may influence RIPK2’s non-

catalytic function.  

 

4.3 Results 

4.3.1 Designing the recombinant expression construct for human RIPK2 

The kinase domain of human RIPK2 (8–317 aa) had been successfully expressed and purified 

as a 6-Histidine (His) tagged fusion protein in Sf21 insect cells, and crystallised bound to the 

RIPK2 inhibitor Ponatinib (PDB: 4C8B). We designed and generated our construct in 

conjunction with Quick2D analysis, which predicts secondary structure and disordered regions 

(Biegert et al., 2006). The Quick2D software predicted both an N-terminal disordered region, 
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as well as a short alpha helix (Figure 4.3). To avoid the disordered region, and as per the 4C8B 

structural domains, we generated the 6-His tagged construct (9–317) which was cloned into a 

pFastbac HTB vector and expressed using the Bac-to-Bac® Baculovirus Expression System. 

This construct will be referenced as ‘Construct 1’ (Figure 4.3). 

 

Figure 4.3 Prediction of secondary structure, disordered regions and constructs of 
the kinase domain of human RIPK2 

Residues 1–317 of human RIPK2 were analysed using Quick2D. Predicted alpha 

helices and beta sheets are marked in red and light blue respectively. Disordered 

regions are marked in yellow. Construct boundaries for 4C8B, Construct 1 and 5AR4 

are displayed in dark blue, green and purple respectively. 
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4.3.2 Expression and purification of recombinant human RIPK2 

Recombinant RIPK2 was successfully expressed in SF21 insect cells with an N-terminal 6-His 

tag and purified with Ni-NTA affinity resin. Protein expression and purification was monitored 

using SDS-PAGE analysis (Figure 4.4A). The recombinant protein was expressed and cells 

were lysed using lysis buffer (20 mM Tris pH 8.0, 20% glycerol, 0.5 M NaCl, 0.1% Thesit, 2.5 

mM imidazole, 0.5 mM TCEP and one tablet of EDTA-free Complete Protease Inhibitor), 

followed by sonication. The protein was expressed in the soluble fraction obtained following 

centrifugation.  

 

Lysate was applied to Ni-NTA beads and non-specific binding was minimised through 

sequential wash steps (20 mM Tris pH 8.0, 20% glycerol, 0.5 M NaCl, 0.5 mM TCEP and one 

tablet of EDTA-free Complete Protease Inhibitor). The protein was successfully eluted from 

the Ni-NTA beads using 250 mM imidazole. Contaminants were further removed and separated 

using size exclusion chromatography and run on a GE Healthcare HiLoad™ 16/600 

Superdex™ column using buffer (20 mM Tris pH 8.0, 20% glycerol, 0.25 M NaCl and 0.5 mM 

TCEP) (Figure 4.4B, C). The protein eluted around 84 mL, which is characteristic of a 

monomer form. To gain highly pure protein for crystallisation, we performed anion exchange 

chromatography using a HiTrap Q HP anion exchange chromatography column (GE 

Healthcare), on the peak fractions from the size exclusion chromatography. An increasing salt 

gradient was used consisting of a low salt buffer A (20 mM Tris pH 8.0, 5% glycerol, 0.5 mM 

TCEP) and high salt buffer B (20 mM Tris pH 8.0, 5% glycerol, 1M NaCl, 0.5 mM TCEP) 

(Figure 4.4D, E). This resulted in very pure recombinant RIPK2 and fractions (9–18) were 

combined and concentrated to 6.4 mg/mL using an Amicon® Ultra-4 Centrifugal Filter Unit 

with a 10 kDa cut-off for use in further experiments.  
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4.3.3 WEHI-345 preferentially binds to the active form of RIPK2 and stabilises it 

Protein crystallisation is typically more successful for rigid proteins with a high melting point. 

The aim of this chapter was to determine how WEHI-345 binds to the kinase domain of RIPK2, 

and how this binding impacted on the stability of the protein. To determine if WEHI-345 

resulted in a more stable form of the protein (which would improve the likelihood of 

crystallisation), we performed a thermal shift assay (TSA, Thermofluor) on the RIPK2 kinase 

domain in the presence and absence of WEHI-345. 

 

TSA, performed using SYPRO-orange dye, monitors and exploits the low fluorescence signal 

of SYPRO-orange in a polar environment (aqueous buffer solution), and its high fluorescence 

Figure 4.4 Recombinant protein expression and purification (on previous page) 

A) Coomassie-stained reduced SDS-PAGE gel, displaying Ni-NTA affinity purification of 

recombinant His-tagged hRIPK2 (9–317 aa) from the soluble supernatant of SF21 insect 

cells. Fractions collected during purification include insoluble (lane 2), filtered (lane 3), 

flow through (lane 4), sequential wash steps (lanes 5–8) and continual-flow imidazole 

elution (lanes 9–19). B) Size exclusion chromatogram (absorbance 280 nm) against volume 

(mL) of imidazole elutions (Figure 5.2A, fractions 9–18). C) Coomassie-stained reduced 

SDS-PAGE gel displaying fractions collected during size exclusion chromatography B. D) 

Ion exchange chromatogram (absorbance 280) against volume (mL) of fractions from size 

exclusion chromatography (Figure 5.2B, fractions 82–96). Gradient composed of buffer A 

(20 mM Tris pH 8.0, 0.5 mM TCEP, 5% glycerol) and buffer B (20 mM Tris pH 8.0, 1 M 

NaCl, 0.5 mM TCEP, 5% glycerol). E) Coomassie-stained reduced SDS-PAGE gel 

displaying fractions collected during ion exchange chromatography. 
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in a nonpolar environment (hydrophobic core of unfolded protein) (Lucet and Murphy, 2017, 

Lo et al., 2004). Upon heating, and indicative of a folded protein, RIPK2 began to unfold over 

time, allowing SYPRO-orange to fluoresce in the hydrophobic environment (Figure 4.5A, red 

line, V50 = 46.85˚C). The increased melting temperature of the WEHI-345 sample signified 

that this compound stabilises the protein (Figure 4.5A, blue line, V50 = 52.19˚C). This 

supported our previous observation that WEHI-345 bound to the kinase domain of RIPK2, 

which was previously determined using kinase activity assays using recombinant mouse 

RIPK2 (Nachbur et al., 2015). 

 

Chapter 5 addresses the need for better endogenous tools to investigate NOD2 signalling by 

developing an immobilised form of WEHI-345 that was designed to pull-down RIPK2 and its 

interacting partners (termed immobilised WEHI-730). This tool compound could successfully 

bind and pull-down RIPK2, although was unable to pull-down interacting partners. We 

hypothesised that interacting partners may only bind to active forms of RIPK2 (characterised 

by activation loop phosphorylation), and that the compound may only bind the inactive form 

of RIPK2 (making it a type-II inhibitor). While the TSA assay indicated WEHI-345 can bind 

and stabilise the recombinant RIPK2, it is unable to assess the activation state of the protein 

bound to the inhibitor. 

 

To address if WEHI-345 was a Type-I (preferentially binds to active RIPK2) or Type-II 

(preferentially binds to inactive RIPK2) kinase inhibitor, we performed a pull-down 

experiment using immobilised WEHI-730 and recombinant RIPK2. The purified protein was 

applied to WEHI-730 beads, followed by sequential wash steps, on-bead trypsin digestion and 

mass spectrometry analysis. For analysis, the ratios for input (purified protein alone) 

phosphorylated vs non-phosphorylated peptides were compared with the ratio of RIPK2 
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peptides that was enriched from the WEHI-730 beads. We detected enriched phosphorylated 

forms: serine 174, 176 and 178 in the WEHI-730 samples (Figure 4.5B). Serine 176 is reported 

as a critical auto-phosphorylation site required for optimal NOD2 signalling due to its location 

within the catalytic loop (Dorsch et al., 2006). Taken together, these data indicate that WEHI-

345 not only binds and stabilises the RIPK2 kinase domain, but preferentially binds the 

activated form of the protein. 
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Figure 4.5 WEHI-345 preferentially binds and stabilises the active form of RIPK2 

A) Thermal denaturation curves for recombinant RIPK2 in buffer (red) or with the 

addition of WEHI-345 (blue). B) Recombinant RIPK2 was precipitated using 

immobilised WEHI-730 and analysed using quantitative mass spectrometry. Log2 ratio 

for the number of phosphorylated vs non-phosphorylated peptides in the input was 

plotted against the Log2 ratio for the number of phosphorylated vs non-phosphorylated 

peptides bound to the WEHI-730 beads.  
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4.3.4 Crystallisation trials of the apo- and WEHI-345 bound kinase domain of RIPK2 

To understand the binding mode of WEHI-345, protein crystallisation trials were conducted to 

allow structure determination by X-ray crystallography. All crystallisation trials were 

conducted on the RIPK2 kinase domain (9–317), either in the apoprotein form or with the 

addition of WEHI-345.  

 

Primary crystallisation screens were set up using a robotic sitting drop method in 96-well plates 

under chemically specified conditions at the Collaborative Crystallisation Centre (C3, 

Melbourne). Screens were conducted using 5 mg/mL protein at 20˚C. Two initial commercial 

screens were set up: Shotgun and WI_WII_Com2_C3. Both screens have been optimised and 

based on the most successful, commercially available crystallisation conditions. Conditions 

that resulted in visible protein crystals were subsequently optimised using a Hampton Research 

Additive Screen, as well as manually set up in in-house trays using the hanging drop method 

in an effort to gain larger and better-quality crystals. A summary of the crystallisation trials 

and representative photos of the crystals are shown in (Figure 4.6, Primary screen – set 1). 

 

The primary screens produced thin, plate-like crystals that formed in conditions of pH 6–8, 

conditions that contained higher salt. Grid screens were conducted in-house to determine the 

optimal pH, as well as the concentration of polyethylene glycol 400. The protein crystallised 

in a range of conditions, with the highest quality and largest crystals being observed at around 

pH 7.1–8.5, and 30% polyethylene glycol (PEG) 400. Conditions similar to this were then used 

in the Hampton Research Additive Screen, although no additive condition improved crystal 

quality (Figure 4.6, Primary screen – set 1).  

 



 101 

Following the successful purification of a new batch of recombinant RIPK2, we conducted two 

combination grid screens at the C3 facility. The conditions were based on the successful 

conditions from the Shotgun screen (0.2 M CaCl2, 0.1 M Sodium HEPES pH 7.5, 28% v/v 

PEG 400), WI_WII_Com2_C3 (0.2 M MgCl2, 0.1 M Tris Chloride pH 8.5, 30% v/v PEG 400), 

the recently published condition from 5AR4 structure which was bound to SB203580 (0.1 M 

Tris Chloride pH 8.5, 0.7 M di ammonium tartrate) and the 4C8B structure which was bound 

to Ponatinib (16% PEG 3350, 0.1 ammonium citrate). The crystals produced from these screens 

were large and often appeared as multiple stacked thick plates, which produced poor diffraction 

patterns (Figure 4.6, Combined screen – set 2).  

 

Due to the poor quality crystals obtained thus far, and in-house optimised grid screens 

suggesting higher quality crystals in the presence of high salt, we decided to conduct a C3_5 

salt screen at C3. Large and high quality crystals that were polyhedral rather than thin plate-

like structures were obtained. Representative photos of some of the crystals obtained are 

displayed in (Figure 4.6, Salt screen – set 3). 

 

The apoprotein form produced poor quality small crystals that were unable to produce good 

quality diffraction patterns. All crystals were harvested and flash frozen in liquid nitrogen by 

Onisha Patel, Walter and Eliza Hall Institute, Melbourne. Diffraction data and structural data 

were obtained and solved by Isabelle Lucet and Onisha Patel, Walter and Eliza Hall Institute 

Melbourne. Diffraction data was collected at the MX2 beamline at the Australian Synchrotron, 

Monash. 

  

The crystals from the (0.1 M potassium dihydrogen phosphate, 2 M sodium chloride, 0.1 M 

sodium dihydrogen phosphate, 0.1 M sodium MES pH 6.5) condition (Figure 4.6, Salt screen 
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– set 3, red box) diffracted to 3.2 Å and the RIPK2 structure bound to WEHI-345 was 

successfully solved by Onisha Patel, Walter and Eliza Hall Institute, Melbourne.  
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Figure 4.6 Crystallisation of the recombinant kinase domain of RIPK2 

Summary of all crystal trials conducted at C3 using recombinant RIPK2 (9–317 aa). 

Three sets of crystallisation trials were conducted, representative crystals and the 

chemical components of the conditions are shown. Photos were taken ranging from 1–

7 days. Crystal condition highlighted in red provided diffraction that resulted in 3.2 Å 

that was used to solve the structure. 
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4.3.5 The crystal structure of the kinase domain of human RIPK2 bound to WEHI-345 

Here we present the crystal structure of the human kinase domain of RIPK2 (9–317 aa) at a 

resolution of 3.2 Å (Figure 4.7). The asymmetric unit contained four molecules arranged in a 

‘head-to-tail’ dimer that has been described in previous RIPK2 kinase structures bound to 

Ponatinib and SB203580 (4C8B, 5AR4). The structure displays characteristics shared with 

other kinase family members, including an N-terminal lobe comprised mainly of beta sheets, 

and a C-terminal lobe that is primarily made up of alpha helices, which can be seen most clearly 

in the purple molecule (Figure 4.7, molecule 2). The two lobes meet and form the ATP binding 

pocket, where WEHI-345 has bound.  

 

Unfortunately, key segments of the protein, as well as the solvent exposed moiety of WEHI-

345, remained unresolved (Figure 4.8A). These included the activation loop and the αC helix, 

both of which are highly conserved among the kinase family and are critical in determining the 

activation state of the protein. Because of the unresolved activation loop, the key 

phosphorylations seen in the mass spectrometry analysis from (Figure 4.5) were not observed 

in the crystal structure. Due to the highly flexible nature of the activation loop, it was expected 

that this region would be difficult to resolve using X-ray crystallography. However, our 

construct was designed based on the 4C8B structure bound to Ponatinib, which had the αC 

helix resolved; we therefore assessed the differences in the structure which may have led to the 

discrepancy between the two structures that shared the same domain boundaries.  
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Figure 4.7 RIPK2 overall structure bound to WEHI-345 

The crystal structure of four molecules of RIPK2 within the asymmetric unit in a ‘head-

to-tail’ dimer arrangement. RIPK2 monomers are shown 1 (blue), 2 (purple), 3 (green) 

and 4 (yellow); N- and C-lobes are also indicated. WEHI-345 is shown in red. Structure 

was generated in PyMOL.  
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Figure 4.8 Close-up views of the unresolved domains and putative dimer 
interface 

A) Close-up of WEHI-345 (red) bound to the ATP binding pocket, missing αC 

helix and missing activation loop highlighted using red box. B) Close-up of the 

putative dimerisation interface formed between the C-terminal alpha helix of one 

molecule (red) and the C-terminal alpha helix of another molecule (blue).  
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To understand why we were unable to resolve the αC helix, while the 4C8B Ponatinib structure 

on which we had based our domain regions was resolvable, we assessed the structural 

differences between the two molecules. Upon closer inspection, it was apparent that Ponatinib 

extended further out of the ATP binding pocket close to the αC helix compared to WEHI-345, 

which was buried deeply within the pocket (Figure 4.9A). Not only was Ponatinib exhibiting 

characteristics of a Type-II kinase inhibitor due to the displacement of the DFG (‘out’-

conformation), but it appeared to stabilise the αC helix (Figure 4.9A).  

 

Similar to the Ponatinib bound structure, the 5AR4 structure bound to SB203580 also displayed 

a fully resolved αC helix. Unlike Ponatinib, SB203580 is a type-I inhibitor that doesn’t make 

close contact with the αC helix, and is assumed to bind and act in a similar fashion to WEHI-

345 (Figure 4.10C, blue molecule). Therefore, the inhibitor would not be providing the stability 

required to resolve the αC helix and, instead, stability could be the result of other factors. As 

mentioned previously, our expression construct was modelled off the 4C8B construct, which 

excluded the first eight N-terminal residues (presumably to avoid the predicted disordered 

region). During the course of this project another group had solved the crystal structure bound 

to SB203580 (5AR4), which included the first eight N-terminal residues (Charnley et al., 

2015). The crystal structure bound to SB203580 displayed an N-terminal beta sheet, which was 

predicted to be helical or disordered using the Quick2D prediction software, and appeared to 

support dimerisation (Figure 4.10A). Similar to our structure (Figure 4.8B), a C-terminal alpha 

helix was forming a dimerisation interface. This N-terminal dimerisation interface also 

stabilised the αC helix in the 5AR4 (Figure 4.10B) and could explain why we were unable to 

gain resolution in our structure (Figure 4.10C). We also noted that 4C8B structure formed a 

‘back-to-back, head-to-tail’ dimer. This ‘back-to-back’ orientation was also observed in our 
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structure, although did not appear to provide additional crystal contact support required for 

stabilising the αC helix (Figure 4.9B). 

 

In order to determine if the C-terminal dimerisation interface is physiologically relevant and 

not just an artefact of crystal packing, we generated kinase domain (1–327 aa) and full-length 

constructs with the following mutations: E299A, L303A and K310A. These mutations were 

designed to disrupt the series of charged and hydrophobic residues that we assumed were 

facilitating interaction (Figure 4.11). For expression and purification of the kinase domain 

constructs, a longer kinase domain construct (1–327 aa) was cloned into the pFastBac HTB 

vector. To observe if the C-terminal dimerisation interface was required for signalling, the full-

length constructs were cloned into the pF TRE 3G vector, which allows for doxycycline 

inducible over-expression.  
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Figure 4.9 Crystal structure of human RIPK2 bound Ponatinib with resolved αC 
helix 

A) The crystal structure of RIPK2 bound to Ponatinib (molecule in red) (4C8B), αC 

helix was resolved and highlighted in red box. B) The crystal structure of two 

molecules of RIPK2 within the asymmetric unit in a ‘head-to-tail and back-to-back’ 

arrangement.  
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Figure 4.10 Close-up views of the unresolved domains and putative dimer interface 

A) Close-up of the putative dimerisation interface formed between the C-terminal α 

helices (αC) of two RIPK2 molecules (red and blue). B) Close-up of WEHI-345 (red) 

bound to the ATP binding pocket, missing αC helix and missing activation loop 

highlighted using red box. C) Overlay images of WEHI-345 bound RIPK2 crystal 
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structure (yellow) and SB203580 bound RIPK2 crystal structure (5AR4, green). 

Compounds WEHI-345 (red) and SB203580 (blue) are shown, as well as missing N-

terminal region in our construct, while it is present in the 5AR4 structure. 

  

Figure 4.11 Key residue in C-terminal dimerisation interface that will be mutated  

Cartoon model of the 5AR4 C-terminal crystal structure dimerisation interface, indicated in 

yellow, are key charged (glutamic acid (E), lysine (K) and hydrophobic residues leucine (L) 

that were chosen to be mutated to disrupt the interface. 
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4.4 Discussion 

Structure-led investigation has been highly successful in contributing to the development of 

clinically approved kinase inhibitors for the treatment of diseases such as cancer (Najjar et al., 

2015). Gain-of-function mutations within NOD2 are associated with inflammatory diseases, 

such as Crohn’s disease and ulcerative colitis. To alleviate NOD2 driven inflammation, 

targeted inhibition of the vital adaptor protein RIPK2 appears to be a viable approach (Canning 

et al., 2015, Nachbur et al., 2015). How RIPK2’s catalytic activity impacts upon NOD2 

signalling remains largely unknown. This has limited our understanding of how kinase 

inhibitors impact on the pathway and hinder future development.  

 

In this chapter, I sought to determine the structure of RIPK2 bound to WEHI-345 to understand 

how it impacts RIPK2 function within the pathway and to establish a defined path for further 

therapeutic development. I successfully expressed and purified the RIPK2 kinase domain that 

allowed biochemical and crystallisation studies to be conducted. Upon gaining the purified 

RIPK2 kinase domain, and in support of the work conducted in Chapter 5, we were able to 

show that WEHI-345 preferentially bound the active phosphorylated forms of RIPK2, residing 

within the activation loop of the protein. Unlike most other RIPK2 inhibitors, WEHI-345 

specifically targets RIPK2 and causes a characteristic delay in signalling, rather than complete 

inhibition (Nachbur et al., 2015). This delay desynchronises the NF-κB and AP-1 transcription 

factors resulting in blockage of cytokine production. To date we have no explanation for how 

the delay occurs, but perhaps it could be the result of the compound binding and preventing 

RIPK2 from entering a specific oligomeric state required for correct signalling. 

 

Pellegrini et al investigated the phosphorylation state of RIPK2 and its link to dimerisation and 

higher order oligomerisation (Pellegrini et al., 2017). In support of our findings, they also 
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observed compact dimerisation being supported by the C-terminal alpha helix. Because they 

included the first eight residues that we excluded due to the possibility of disorder, they were 

able to observe an additional dimerisation interface facilitated by an N-terminal beta sheet 

interaction. Using analytical ultra-centrifugation, the kinase activity impacted upon the 

equilibrium between oligomers in solution. This would suggest that binding of kinase inhibitors 

and the type of inhibitor may influence the equilibrium towards dimers rather than dimers-of-

dimers, and reduce auto-phosphorylation between the dimers, which could be important for 

signalling. Since auto-phosphorylation is linked to ubiquitylation, it is likely that the oligomeric 

state of RIPK2 is impacting the interaction with IAPs and other E3-ligases. It is interesting to 

note that the lack of a second dimerisation interface in our construct may explain why our 

protein was eluting as a monomer on gel filtration, while it was crystallising as a dimer. Perhaps 

both dimerisation interfaces are required to maintain a dimeric form in solution, or the dimer 

seen in our structure was formed due to crystal packing and/or WEHI-345 binding.  

 

A cornerstone paper describing the induced proximity model for RIPK2 may be the first hint 

at the non-catalytic function of RIPK2 (Inohara et al., 2000). They expressed kinase-dead 

mutants of RIPK1 as well as RIPK2 with or without the dimerisation domains of FPK (Fpk3). 

FPK is a modified version of human FKBP12. Proteins containing FPK can be induced to 

dimerise by the addition of the cell-permeable ligand AP1510 (MacCorkle et al., 1998). 

Intriguingly, expression of RIPK1 or RIPK2 kinase-dead mutants alone did not induce NF-κB 

signalling, but when oligomerisation was forced with the addition of AP1510, strong induction 

of signalling ensued. Because signalling was occurring independently of the kinase activity, 

non-catalytic function through higher order oligomerisation was sufficient to induce signalling. 

If WEHI-345 preferentially bound forms of RIPK2 that have already been activated (i.e. 

activation loop phosphorylation), then it may be binding an oligomeric form and disrupting 
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oligomerisation. If this is required for optimal signalling, perhaps through increasing the 

interaction with IAPs, then the delay caused by WEHI-345 inhibition may be due to altering 

the equilibrium between oligomers consisting of dimer-dimer pairs, to homo-dimer states and 

causing less efficient signal transduction (Pellegrini et al., 2017). 

 

As mentioned previously, the IAPs bind to a short stretch of hydrophobic amino acids with a 

free N-terminal end (called an IBM motif) or an as yet undefined non-canonical fold. The 

RIPK2 sequence does not contain an IBM, although interestingly, at its N-terminus it contains 

a stretch of hydrophobic amino acids that may act as a non-canonical binding platform for 

IAPs, and may rely on the formation of the N-terminal dimerisation interface. Future 

experiments should be conducted using both N- and C- terminal dimerisation mutations in 

conjunction with purified BIR2 domains of XIAP and cIAP1 to determine if the dimerisation 

is required for binding.  

 

Whilst in the process of obtaining the findings presented in this chapter, both Canning et al and 

Pellegrini et al (Pellegrini et al., 2017, Canning et al., 2015) published crystal structures and 

findings that both agreed and extended our observations. Although somewhat unfortunate from 

a novelty and publishing perspective, this emphasises the importance of both structure-led 

investigation into the mechanisms of kinase inhibitors, as well as the emerging importance of 

the non-catalytic function of kinases.  

 

The non-catalytic function of RIPK1 and RIPK3 has been the focus of recent attention due to 

differential outcomes when using knock-out or kinase-dead forms of RIPK1 or RIPK3. The 

knock-out of Ripk1 is lethal due to excessive apoptosis and necroptosis (Rickard et al., 2014), 

while mice that express the kinase-dead RIPK1 are viable and mature to adulthood, indicating 
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that RIPK1 has a non-catalytic function that is required for murine survival (Berger et al., 

2014). In contrast to this, Ripk3-/- mice are healthy, but knock-in of varying kinase-dead 

mutants results in either viability – when using the lysine 51 mutant (lysine 47 in RIPK2), or 

lethality – when using the aspartic acid 161 (aspartic acid 146 in RIPK2) mutant (Newton et 

al., 2014). Although both mutations disrupt kinase activity, the D161 mutation apparently also 

disrupts the scaffolding potential of the protein. These observations can be extended to RIPK2, 

where kinase inhibitors may bind to the kinase domain and cause an altered conformation that 

may impact the favoured or required conformation for signalling. Over-expression of RIPK1 

in cells leads to cell death, while over-expression of RIPK2 leads to activation of NF-κB. 

Although over-expression of RIPK2 may mask true roles, it could be a good model to 

investigate the non-catalytic function of RIPK1 and RIPK3, as the kinase domain of these 

proteins shares strong homology. 

 

Overall, these results have established a structural biology approach to investigate the non-

catalytic function of RIPK2, and aid in the future development of kinase inhibitors. These 

methods also lay the groundwork to potentially investigate the role dimerisation plays, not only 

in NOD2 signalling, but also in RIPK1 and RIPK3 signalling.  
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5 Developing tools to investigate the NOD2 signalling complex  

5.1 Introduction 

NOD2 senses muramyl dipeptide (MDP), which is a component of all bacterial peptidoglycans. 

NOD2 has been demonstrated to play a vital role in the defence against a broad range of 

bacteria, including Shigella flexineri (Kufer et al., 2006), Listeria monocytogenes (Anand et 

al., 2011), Mycobacterium tuberculosis (Yang et al., 2007), as well as Salmonella enterica 

(Geddes et al., 2011). In addition to its anti-bacterial role, NOD2 has the potential to be targeted 

as a vaccine adjuvant. MDP was shown to be the main active component of complete Freund’s 

adjuvant (CFA) (Ellouz et al., 1974b), which is still used for immunisation of mice. For 

humans, however, CFA is too pyrogenic and hence MDP derivatives have been tested for their 

immunogenicity as an alternative to boost vaccination efficiency (Maisonneuve et al., 2014). 

These factors, in addition to NOD2 mutations having strong association with a range of chronic 

and autoimmune inflammatory diseases, provide a strong rationale for further research into this 

pathway (Vieira et al., 2012, Hugot et al., 2001, Ogura et al., 2001a). 

 

Most research into the NOD2 pathway surrounds the vital adaptor protein RIPK2, as its 

recruitment and ubiquitylation are required for complex formation and inflammatory 

transcription factor activation (Hasegawa et al., 2008, Krieg et al., 2009, Damgaard et al., 

2012). Ubiquitylation is the covalent addition of ubiquitin to lysine residues on target proteins. 

RIPK2 is poly-ubiquitylated on lysine 209, which is vital for recruitment of TAK1 and 

downstream cytokine production (Hasegawa et al., 2008, Krieg et al., 2009). Because ubiquitin 

is vital for NOD2 signalling, understanding the proteins involved in driving this event is crucial 

for the development of inhibitors of the pathway, as well as utilising MDP as an adjuvant. 
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Several reports have identified a number of E3-ligases that have the ability to bind and catalyse 

the addition of K48 or K63 linked ubiquitin chains to RIPK2. These include the cellular 

Inhibitor of APoptosis proteins 1/2 (cIAP1 and cIAP2) (Bertrand et al., 2009), X-linked 

Inhibitor of APoptosis protein (XIAP) (Krieg et al., 2009), ITCH (Tao et al., 2009), Pellino3 

(Yang et al., 2013), TNF-receptor-associated factor 2 (TRAF2) and TRAF5 (Hasegawa et al., 

2008). In addition to these linkages, LUBAC (linear ubiquitin chain assembly complex) is 

recruited to the complex and facilitates the addition of M1-linked ubiquitin chains to generate 

mixed ubiquitin chains on RIPK2 (Damgaard et al., 2012, Hospenthal et al., 2015).  

 

Most of these interacting partners have not been validated under endogenous settings and were 

possibly implicated as a consequence of the over-expression systems used. Initially, several 

caspases were also said to have the ability to bind RIPK2, although again they were not 

observed under physiological settings (Inohara et al., 1998). Over-expression of NOD2 and/or 

RIPK2 also causes auto-activation of NF-κB signalling in the absence of a bacterial ligand, 

further limiting its use as an experimental approach.  

 

Taken together, while some knowledge about the composition of the NOD signalling 

complexes, as well as its signalling mechanisms have emerged over the past decade, many of 

these originate from over-expression studies. Given the lack of data originating from 

endogenous studies, we attempted to generate new tools to investigate the NOD signalling 

complex under physiological conditions. For this we used two approaches: firstly, we modified 

our previously described RIPK2 inhibitor WEHI-345 (Nachbur et al., 2015), which allows us 

to bind the inhibitor to Sepharose beads for pull-down experiments and analysis by mass 

spectrometry of both RIPK2 interactors, as well as target identification of the compound. 
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Secondly, using a similar approach we functionalised the NOD2 ligand MDP to target and bind 

NOD2. 

 

Immobilising small molecules to Sepharose beads is a common approach for target 

identification, although it requires appropriate controls. Two common controls include beads 

loaded with an inactive analogue or capped without compound (Oda et al., 2003). The analogue 

must have a different binding profile from the compound of interest and fail to bind the target. 

We decided against using WEHI-540 (less active analogue of WEHI-345), since computational 

docking predicted it to have less affinity for RIPK2, but could still bind (Leslie and 

Hergenrother, 2008, Schenone et al., 2013a, Nachbur et al., 2015). Instead, we utilised capped 

Sepharose beads as our control and stable isotope labelling by amino acids in cell culture 

(SILAC). Using labelled cell populations containing isotopically heavy forms of lysine and 

arginine, and pre-competed cellular targets of our functionalised WEHI-345, we could 

quantitatively determine what targets are binding to WEHI-345 in a cellular setting (Ong et al., 

2002). 

 

Another approach taken in this chapter was to functionalise the NOD2 ligand MDP. His-Flag-

TNF is an example of a functionalised ligand that can be used to isolate its receptor under 

endogenous conditions (Gerlach et al., 2011a, Haas et al., 2009). Haas and Gerlach et al were 

able to utilise the His-Flag-TNF ligand to pull-down the endogenous TNFR1 receptor complex. 

This led to the identification of many members of the TNFR1 pathway, including the LUBAC. 

Unlike the membrane-bound TNFR1 receptor, NOD2 is a cytoplasmic receptor, meaning MDP 

must gain access to the cytosol before NOD2 activation can occur. MDPs entry into the cytosol 

can occur through early endosomes, and is facilitated by the transport proteins SLC15A3 and 

SLC15A4 (Nakamura et al., 2014, Mo et al., 2012, Grimes et al., 2012).  
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Our pull-down MDP has an extremely polar nature and is unlikely to be able to cross the plasma 

membrane. Recently, a cell-free system was developed that displayed MDP binding to NOD2 

(Iwasaki et al., 2016) and promoted RIPK2 recruitment to NOD2. Based on these findings, 

experiments performed in this chapter with modified MDP use cellular lysates and assume that 

the NOD2-RIPK2 complex can form post-lysis, or the complex has some form of pre-assembly. 

 

5.2 Chapter overview 

The NOD2 pathway is an attractive therapeutic target for the treatment of inflammatory 

diseases, including Crohn’s disease and ulcerative colitis. NOD2’s ligand – MDP – has been 

suggested as an adjuvant for vaccines, although better understanding of NOD2’s signalling 

components is required before it can be used correctly. Over-expression of NOD2 or its 

signalling components leads to aberrant activation of the pathway, with many putative pathway 

members being identified without proper validation. To address this need for better tools to 

purify the native complexes, this chapter describes the development of WEHI-730 and PD-

MDP, two tool compounds that can be used to isolate the NOD signalling complex from cells 

and cell lysates at endogenous levels. 

 

We developed a highly specific inhibitor, WEHI-345, that targets RIPK2 with low nM affinity 

and inhibits NOD2 induced cytokine production (Nachbur et al., 2015). Because of its strong 

affinity for RIPK2, we developed the immobilised analogue WEHI-730. This analogue of 

WEHI-345 can be immobilised onto Sepharose beads and precipitate RIPK2 from lysates. 

Using a combination of biochemistry and quantitative mass spectrometry, we determined that 

WEHI-345 specifically targeted RIPK2, although the act of binding RIPK2 appeared to break 

interaction with the known interactors cIAP1 and XIAP. 
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To overcome the limitations of WEHI-730 that were discovered throughout the course of this 

chapter, we developed and optimised active and inactive forms of PD-MDP. These compounds 

were successfully used to pull-down endogenous NOD2 receptor complexes that can be 

analysed by mass spectrometry. These tools will be valuable in future projects to define the 

correct interactors of NOD2. 

 

5.3 Results 

5.3.1 WEHI-730 is a tool compound that can be immobilised to Sepharose beads 

WEHI-345 (Figure 5.1A) was initially discovered through a kinase inhibitor screen for SRC 

kinases; however, it turned out to be a potent inhibitor of RIPK2 and several other kinases, 

including LYN, HCK and MAPK14 (Nachbur et al., 2015). Due to its ability to target several 

other kinases with high affinity, we characterised WEHI-345 using in silico modelling, in vitro 

kinase assays, as well as comprehensive cellular assays. Taking our findings into consideration, 

which included a NOD2 signalling delay when we pre-treated cells with WEHI-345, we 

concluded that the main cellular target causing the effects was RIPK2 (Nachbur et al., 2015).  

 

To support our hypothesis, we synthesised a modified version of the compound that allowed 

immobilisation to Sepharose beads. The modified compound, named WEHI-730 (Figure 5.1B), 

contained a long polyethylene glycol chain with a free amide at the terminal end. Using amide 

coupling, we were able to successfully generate conjugated WEHI-730 to NHS-activated 

Sepharose beads in a two-step procedure (Figure 5.1C). Optimisation was required to 

determine the appropriate concentrations of WEHI-730 to conjugate the beads. We observed 

that too little compound resulted in suboptimal coating and low activity, while too much 

resulted in bead ‘overload’ (steric effect, with diminished activity). We established that 0.8 
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µM, was the optimal concentration of WEHI-730 per 1 mL of packed Sepharose beads (data 

not shown). 

 

Figure 5.1 RIPK2 inhibitor WEHI-345 and its derivates 

(A) Chemical structure of the RIPK2 kinase inhibitor WEHI-345 and (B) the analogue 

WEHI-730. (C) Amide coupling technique employed to couple WEHI-730 with the 

NHS-activated Sepharose. 
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5.3.2 RIPK2 can be pulled-down using immobilised WEHI-730 and can be eluted using 

WEHI-345  

After successful coupling of WEHI-730 to NHS-Sepharose beads, we wanted to determine 

whether it could serve as a molecular tool to pull-down the putative target RIPK2. Unstimulated 

THP-1 cells were lysed and applied to either blank Sepharose control beads or WEHI-730 

immobilised beads (Figure 5.2). Four washes successfully removed unbound RIPK2 from the 

control beads, and the majority of unbound RIPK2 from the WEHI-730 beads (Figure 5.2, lanes 

4 & 15). Free WEHI-345 was used to elute target proteins, resulting in robust quantities of 

RIPK2 coming off the WEHI-730 beads (Figure 5.2, lanes 16–18). Although RIPK2 was 

readily eluted from the beads following 3 sequential elutions, significant amounts remained 

bound to the beads as indicated by SDS-boiling of the WEHI-345 eluted beads (Figure 5.2, 

lane 22). Glycine was used as a more stringent method of elution, which resulted in the majority 

of RIPK2 eluting from the WEHI-730 beads (Figure 5.2, lanes 19–21); although efficient, this 

elution method was deemed unsuitable for further experiments due to its non-specific nature.  
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Figure 5.2 WEHI-730 (immobilised) has the ability to pull-down RIPK2 

THP-1 cells were lysed and lysate was incubated with either control beads (blank 

Sepharose, left), or WEHI-730 immobilised beads (right) for 4 hours. The unbound 

lysate was collected (lanes 1, 13) and the beads were washed 4 times (lanes 3, 4 and 14, 

15). Protein bound to the beads was then eluted sequentially using WEHI-345 (lanes 5–

7 and 16–18) or glycine (lanes 8–10 and 19–21), then boiled in sample loading buffer 

(lanes 11, 12 and 22, 23). Samples were separated on SDS.PAGE gradient gels and 

analysed by Western blot with a RIPK2 antibody. 

5.3.3 WEHI-345 targets RIPK2 selectively in a cellular context  

To determine cellular targets of WEHI-345, we performed a target ID experiment using WEHI-

730. Increasing doses of free WEHI-345 were applied to the lysate allowing it to pre-compete 

cellular targets of WEHI-730 (immobilised) (workflow summarised in Figure 5.3). To 

determine the correct dosage range of pre-competing WEHI-345, the supernatants with 

increasing doses of WEHI-345 (0–100 µM) were assessed for the absence or presence of 

RIPK2 using Western blotting (Figure 5.4A). The increasing presence of RIPK2 within the 

supernatant (12 µM and above) indicated successful pre-competition (Figure 5.4A, lanes 7–

10).  
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A newly generated dose-curve ranging from 0–100 µM was used in the SILAC mass 

spectrometry experiment (Figure 5.4B). Following binding, the beads were washed and the 

differentially labelled untreated and pre-competed precipitates (on bead) were mixed and 

subjected to analysis by mass spectrometry (see workflow summarised in Figure 5.3). The 

detected targets bound to WEHI-730 (immobilised) beads resulting in an increase in the SILAC 

ratio for RIPK2 (Figure 5.4B). Smaller increases were also observed for LYN, HCK, SRC, 

EPHB1 and MAPK14 (p38) in that order. These targets were also known kinases that WEHI-

345 bound, which had been previously identified using a KINOMEscan®. Taken together, these 

results suggest that in THP-1 cells, the primary target of WEHI-345 is RIPK2. 
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Figure 5.3 Methods schematic for SILAC labelling and WEHI-730 pull-down 

THP-1 cells were passaged in SILAC light or heavy media for at least 5 passages (light 

incorporated protein indicated in blue, heavy incorporated protein indicated in red), then 

lysed. Increasing doses of WEHI-345 were applied to each supernatant, followed by the 

addition of WEHI-730 immobilised beads of equal amounts. Following incubation, 

centrifugation and separation of lysate from beads, the cellular targets of WEHI-345 were 
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determined using mass spectrometry, while the supernatants were analysed for depletion 

of RIPK2 through Western blot analysis. 

 

  

Figure 5.4 WEHI-345 specifically targets RIPK2 in THP-1 cells 

(A) THP-1 cells were either left untreated or pre-treated with increasing doses of 

WEHI-345. WEHI-730 (immobilised) was then added to each sample overnight. 

Beads were separated from supernatant via centrifugation and supernatants were 

subject to gel electrophoresis. The gel was Western blotted and probed using RIPK2 

and XIAP antibodies. A representative of two independent experiments is shown. (B) 

SILAC-labelled THP-1 cells were lysed and treated with increasing concentrations of 

WEHI-345 before precipitation with WEHI-730 (immobilised). Light and heavy bead 
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samples were mixed to generate the SILAC ratios. The six strongest binders are shown 

as average and range of two technical repeats.  

5.3.4 WEHI-345 breaks interaction with binding partners 

IAPs are considered to be vital E3 ligases of RIPK2 and have been shown to bind the RIPK2 

kinase domain via their BIR2 domain (Krieg et al., 2009, Bertrand et al., 2009). In all our pull-

downs using WEHI-730 (immobilised), we were unable to observe any known interacting 

partners of RIPK2, including XIAP and/or cIAP1/2. We therefore questioned whether the 

inhibitor was impacting on the interactions between RIPK2 and interacting partners.  

 

To address this hypothesis, we purified GST-tagged BIR2 domains of cIAP1 and XIAP and 

bound them to Sepharose beads. Sepharose-bound GST alone did not pull-down RIPK2 from 

THP-1 cells (Figure 5.5, lane 2), whereas GST-bound BIR2 from either cIAP1 or XIAP 

precipitated readily detectable amounts of RIPK2 (Figure 5.5, lanes 3 and 6 respectively). 

Furthermore, when we applied WEHI-345 to the bound GST-BIR2-RIPK2 complex, WEHI-

345 eluted RIPK2 from both cIAP1 and XIAP BIR2 domains (Figure 5.5, lanes 5 and 8). 

RIPK2 was eluted more readily from cIAP1 compared to XIAP, potentially suggesting stronger 

or a different binding mode. These results also indicate that WEHI-345 prevents the binding of 

IAPs to RIPK2, which may explain why no known interacting partners were observed in any 

WEHI-730 (immobilised) pull-down we analysed using mass spectrometry.  
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Figure 5.5 WEHI-345 breaks the interaction between RIPK2 and cIAP1 or XIAP 

RIPK2 was precipitated from THP-1 cells with Sepharose bound GST-BIR2 of cIAP1 

or XIAP and eluted using SDS (lanes 3 and 6), DMSO (lanes 4 and 7) or WEHI-345 

(lanes 5 and 8). Samples were subject to Western blot analysis. This blot is 

representative of two independent experiments. 

 

5.3.5 Functionalised MDP retains ability to signal 

My initial approach to identify novel interacting partners/post-translational modifications of 

the NOD2 complex through modifying the specific RIPK2 inhibitor WEHI-345 was 

unsuccessful because, unfortunately, targeting the RIPK2 kinase domain led to a disruption 

between RIPK2 and other members of the complex. I therefore decided to take advantage of 

the available analytical and medicinal chemistry available in the literature to generate a 

functional MDP analogue that can be immobilised to Sepharose beads. I based the design 

strategy on three key factors:  

1. Modified-MDP compounds that have bulky alterations to the carbohydrate portion of 

MDP lead to poor molecular tools (Figure 5.6A, orange box) (Grimes et al., 2012). 
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2. NOD2 activation relies on the D-enantiomer carboxylic acid; chemically altering this 

moiety disrupts NOD2 driven signalling (Figure 5.6A, purple box) (Grimes et al., 

2010).  

3. Chemical modifications to the free amide maintained or enhanced NOD2 driven 

signalling (Figure 5.6A, green box) (Rubino et al., 2013, Schaefer et al., 2017). 

 

Taking these factors into consideration, I generated a synthetic MDP analogue named Pull-

down MDP (PD-MDP) (Figure 5.6B).  

 

Standard methods for assessing the activity of MDP analogues include over-expression of 

NOD2, or monitoring NF-κB activation using an NF-κB luciferase reporter (Rubino et al., 

2013). Neither of these methods are ideal, hence I decided to utilise an endogenous setting by 

stimulating bone marrow derived macrophages (BMDM) with PD-MDP and assessing NF-κB 

activation by Western blot and cytokine production by ELISA. I firstly primed wild-type 

BMDMs with IFNγ then stimulated them with either MDP or PD-MDP at two concentrations 

and generated lysates at one-hour post stimulation (Figure 5.7A–C). It is important to note that 

saturating doses of MDP were used in these experiments. Western blots of lysates from IFNγ 

primed MDP and PD-MDP (200 mM concentration)-stimulated cells revealed an induction of 

phosphorylation of p65, p38 as well as the reduction in total IκBα. Compared to MDP 

treatment, PD-MDP was less potent in activating NF-κB and MAPK pathways. I also measured 

PD-MDP-induced cytokine secretion and observed that PD-MDP-induced a dose-dependent 

secretion of the pro-inflammatory cytokine IL-6 (Figure 5.7B) and the chemokine monocyte 

chemoattractant protein-1 (MCP-1, Figure 5.7C). Although secretion of IL-6 and MCP-1 was 

significantly reduced compared to MDP treatment, activation was clearly occurring and 

warranted further development and investigation of PD-MDP as a tool compound.  
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Figure 5.6 Medicinal chemistry approach to develop Pull-down MDP (PD-MDP) 

(A) MDP with highlighted regions based on literature surrounding chemical 

modifications (B) Schematic of Pull-down MDP (PD-MDP). 
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Figure 5.7 PD-MDP induces NF-κB and MAPK signalling as well as 

cytokine production in BMDMs 

 (A) IFNγ primed wild-type BMDMs were left untreated or treated with MDP 

or two doses of PD-MDP for one hour. Lysates were generated after one hour 

of treatment and probed with the indicated antibodies. One experiment out of 

two biologically independent cultures of BMDMs is shown. (B, C) Wild-type 

BMDMs were treated with IFNγ + MDP or PD-MDP at indicated 

concentrations for 24 hours. Levels of IL-6 and MCP-1 were determined after 

24 hours by enzyme-linked immunosorbent assay (ELISA). 
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5.3.6 PD-MDP is capable of capturing components of the NOD2 signalling complex 

PD-MDP appeared to retain a reduced ability to activate NF-κB and MAPK’s pathways 

through the NOD2 receptor; I therefore sought to determine whether it was still able to bind to 

NOD2 and associated proteins. THP-1 cells were subject to either gentle (digitonin 0.025%) or 

more stringent (NP-40) lysis conditions. Lysates were pre-cleared using blank Sepharose beads 

and then incubated with either blank (as a control) or PD-MDP Sepharose beads. Associated 

proteins were then analysed by Western blot analysis. Mild lysis using digitonin was measured 

by blotting for the mitochondrial membrane protein BAK, which was only present in the 

insoluble fraction following lysate centrifugation (Figure 5.8A, lane 2). To measure if the 

complex was successfully isolated, I firstly blotted for NOD2 using a NOD2 antibody, although 

the antibody was unspecific and we were unable to detect endogenously expressed NOD2. I 

therefore probed for known members of the NOD2 signalling complex: RIPK2, XIAP and 

cIAP1, which were readily detected within the PD-MDP boiled bead sample (Figure 5.8A, lane 

13). Significant amounts of these proteins also bound to the control and pre-cleared Sepharose 

beads (Figure 5.8A, lanes 3 & 8). The presence of target proteins binding the control Sepharose 

beads alone indicated a more stringent lysis buffer was required to reduce non-specific binding.  

 

To overcome non-specific binding, I repeated the experiment with a lysis buffer that contained 

NP-40 detergent. This more stringent buffer precluded RIPK2, XIAP and cIAP1 from binding 

the pre-clear or control Sepharose beads (Figure 5.8B, lanes 4 & 8). Despite being a more 

stringent buffer, RIPK2, XIAP and cIAP1 still bound to PD-MDP beads following sequential 

washes, although to a lesser extent compared to the digitonin samples as expected (Figure 5.8B, 

lane 12). To assess purity of the precipitated samples on the PD-MDP beads compared to the 

control bead samples, a SYPRO ruby stain was conducted. The difference was far greater 

between the NP-40 samples compared to the digitonin samples, indicating far less non-specific 
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binding (Figure 5.8A, lanes 8 & 13, Figure 5.8B, lanes 8 & 12). To determine if I could identify 

novel NOD2 complex members, the boiled bead samples from control and PD-MDP were 

subjected to mass spectrometry (data not shown). Several known members of the NOD2 

complex were observed, although these members were also present in the control beads in low 

abundance. Combined, these data indicate that more stringent buffer conditions create more 

specific interactions between PD-MDP and target proteins, although the sensitivity of the mass 

spectrometer requires more relevant controls rather than blank Sepharose beads.  
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Figure 5.8 PD-MDP can precipitate members of the NOD2 complex 

(A), (B) THP-1 cells were either lysed in buffer containing either digitonin or NP-40. NOD2 

complex members were then precipitated using control Sepharose or PD-MDP Sepharose 

beads. Levels of precipitated proteins were determined by Western blot. SYPRO ruby 

staining serves as an indicator for the amount of protein bound to beads. 
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5.3.7 MDP can specifically elute target proteins from PD-MDP beads 

NP-40 buffer allowed more specific binding of target proteins to PD-MDP, although a more 

mass spectrometry compatible elution condition was required to determine specific novel 

interactors. We therefore subjected THP-1 cells to NP-40 lysis and applied the lysate to control 

Sepharose or PD-MDP beads. Once again, we observed large amounts of NOD2 complex 

members binding to the PD-MDP beads compared to the control Sepharose beads (Figure 5.9, 

lanes 7 and 13). In an attempt to specifically elute NOD2 members, we subjected the beads to 

sequential MDP elutions. This resulted in specific, but small amounts of RIPK2, XIAP and 

cIAP1 eluting from the PD-MDP beads while allowing RIPK1 (assumed to be a non-specific 

binder) to remain (Figure 5.9, lanes 11–13). The SYPRO ruby gel also indicated that less 

protein was eluted compared to the boiled beads, although more pronounced banding patterns 

were present in the MDP elution samples compared to the boiled beads, which possibly 

indicated more distinct species present in the elution (Figure 5.9, lanes 11–13). MDP elution 

samples from the control and PD-MDP beads were sent for mass spectrometry analysis. 

Despite being identified in the respective Western blots, RIPK2, XIAP and cIAP1 were not 

detected by mass spectrometry and nor was NOD2 or any other known member in either 

sample. This suggested that our current method of MDP elution was inadequate and a more 

effective control is needed if we are to use on-bead digests (which would allow all bound 

protein to be obtained for mass spectrometry).  
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Figure 5.9 MDP can successfully elute NOD2 complex members from PD-MDP 

THP-1 cell lysate was applied to control PD-MDP (inactive) or PD-MDP (active) 

Sepharose beads. Following consecutive washes, MDP was used to sequentially elute 

bound proteins the beads were subject to SDS boil.  



 137 

5.3.8 The inactive PD-MDP L-diastereomer does not activate NOD2 signalling and can 

be used as a more specific control for pull-downs 

Western blot and mass spectrometry analysis of the MDP elution experiment (Figure 5.9) 

indicated that an on-bead digest was required to remove sufficient levels of protein from the 

PD-MDP beads for identification by mass spectrometry. To generate a more relevant on-bead 

digest control, we synthesised the L-diastereomer of PD-MDP, termed PD-MDP ‘inactive’ 

(Figure 5.10A). The L-diastereomer has been reported to have a lower binding affinity and 

lower NOD2 induced NF-κB activation compared to the D-diastereomer (Figure 5.6A) (Grimes 

et al., 2012).  

 

To confirm that the modified L-diastereomer had reduced ability to activate NOD2 signalling, 

we once again measured cytokine production in BMDMs following the unbound forms of PD-

MDPD ‘active’ (D-diastereomer) and ‘inactive’ PD-MDPL (L-diastereomer). Wild-type 

BMDMs were primed with IFNγ and then treated with increasing doses of free MDP, PD-

MDPD or PD-MDPL for 24 hours. After 24 hours, IL-6 levels were measured from the 

supernatant using ELISA. MDP and PD-MDPD induced production of IL-6 at 200 µM, while 

PD-MDPL was unable to induce IL-6 secretion even at the highest concentration of 200 µM 

(Figure 5.10B). 

 

To test if the inability to induce IL-6 production and secretion was due to the reduced ability 

of PD-MDPL to bind to NOD2, we performed a pull-down experiment in THP-1 cells. THP-1 

cells were lysed in NP-40 buffer and lysate was applied to either control Sepharose beads or 

the D- or L-diastereomer PD-MDP Sepharose beads (Figure 5.10C). Following sequential 

washes, the beads were boiled in SDS loading buffer and subject to Western blot analysis. As 

expected, the blank Sepharose and L-diastereomer PD-MDP pulled-down a minor amount of 
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RIPK2 compared to the D-diastereomer PD-MDP beads (Figure 5.10C, lanes 5, 9, 13). These 

results indicate that the L-diastereomer has a significantly reduced ability to activate NOD2 

signalling or bind to NOD2 itself and is therefore able to act as a better negative control for 

mass spectrometry. 
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Figure 5.10 MDP can successfully elute NOD2 complex members from PD-MDP 
beads 

(A) Chemical structure of the D- (active) and L- (inactive) diastereomer forms of PD-

MDP. (B) Wild-type BMDMs were primed with IFNγ then stimulated with MDP, PD-

MDP (inactive) or PD-MDP (active) at the indicated concentrations. IL-6 levels were 

determined after 24 hours by enzyme-linked immunosorbent assay (ELISA). (C) THP-

1 cell lysate was applied to control PD-MDP (inactive) or PD-MDP (active) Sepharose 

beads. Following consecutive washes, levels of precipitated proteins were eluted via 

boiling in SDS-loading buffer and determined by Western blot. 
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5.4 Discussion 

Research interest surrounding MDP and NOD2 has been fuelled not only by MDP’s potential 

as a vaccine adjuvant, but because NOD2 mutations are strongly implicated in several chronic 

inflammatory diseases, including Crohn’s disease, ulcerative colitis and multiple schlerosis 

(Miceli-Richard et al., 2001, Ogura et al., 2001a, Shaw et al., 2011). Proof of principle studies 

in mice have shown potential to limit inflammatory diseases with small molecules that target 

RIPK2 (Tigno-Aranjuez et al., 2014, Nachbur et al., 2015).  

 

However to translate this potential into the clinic and develop safe and effective inhibitors of 

the NOD2 pathway, a detailed understanding of the interacting partners, as well as their 

influence on signal transduction, is required. Historically, over-expression of NOD2 and/or 

RIPK2 has been used to identify novel members of the pathway, and while this has led to 

several members of the pathway being discovered, all too often these techniques identify 

spurious interactors that ultimately sow confusion rather than promote useful insight (Inohara 

et al., 1998, Thome et al., 1998, Abbott et al., 2007, Bertrand et al., 2009). It is now appreciated 

that the cellular location of NOD2, as well as the oligomeric state of NOD2 and RIPK2, is vital 

for regulating signaling, and over-expression of either of these proteins can disrupt these highly 

regulated processes. Taking this into consideration, better tools to understand NOD2 signalling 

under endogenous settings are required. We utilised our highly specific RIPK2 inhibitor 

WEHI-345, as well as recent medicinal chemistry insights into the MDP-NOD2 interaction, to 

generate such molecular tools to delineate NOD2 signalling.  

 

The specificity and low nM binding of WEHI-345 to RIPK2 offered itself as an attractive 

molecular tool to precipitate members of the NOD2 signalling complex. Our approach to 

immobilise WEHI-345 (by generating WEHI-730 with a free amino linker) onto Sepharose 



 141 

beads, is common in target identification of small molecule inhibitors (Golkowski et al., 2014, 

Schenone et al., 2013b), and allowed us to reproducibly precipitate RIPK2 in several cell lines. 

WEHI-730 was very efficient at precipitating almost all RIPK2 from the supernatant; however, 

this high affinity interaction became a double-edged sword. Attempts to specifically elute 

RIPK2 using free WEHI-345 did not work. To overcome this problem, we pre-treated lysate 

with free WEHI-345, which would act as pre-competition rather than competitive elution. 

Following pre-competition, we utilised quantitative mass spectrometry to assess which targets 

were now unable to bind to the immobilised WEHI-730.  

 

Pre-competition was efficient and coupling it with SILAC labelling and mass spectrometry 

(Chen et al., 2015) allowed us to identify the cellular binding targets of WEHI-345. These 

findings contributed to the successful publication describing WEHI-345 in the journal Nature 

Communications (Nachbur et al., 2015). Despite RIPK2 being among the top hits, we were 

unable to observe any known interacting partners. Several potential reasons for this can be 

envisaged. Firstly, RIPK2 interacting proteins may only interact transiently and may dissociate 

post-lysis. Alternatively, WEHI-345 possibly binds to the inactive forms of RIPK2, therefore 

proteins required for NOD signalling will not be precipitated. Another possibility is that only 

a small fraction of RIPK2 becomes activated by NOD signalling; since the output from the 

mass spectrometer can be swamped by the most abundant proteins, this would reduce the 

chances of identifying active RIPK2 interactors. Finally, it is possible that WEHI-345 causes a 

conformational change that disrupts protein-protein interactions.  

 

The majority of known protein interactions that occur with RIPK2 involve RING-E3 ligases. 

The on-off interaction rate between RING-E3 ligases and their substrates has been measured 

to have millisecond time resolution (Pierce et al., 2009). This alone could explain our inability 
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to observe RING-containing IAPs or TRAF proteins in our experiments. Yet we still expected 

to observe NOD2 due to the strong electrostatic and hydrophobic CARD-CARD interaction 

(Day et al., 1999, Qin et al., 1999, Fridh and Rittinger, 2012). This led us to question whether 

WEHI-345 was a Type-II kinase inhibitor that was binding and locking RIPK2 in an inactive 

state. Chapter 4 set out to address this question. In short, we concluded that WEHI-345 is a 

Type-I inhibitor that has the ability to bind the active, phosphorylated forms of RIPK2. This 

led us to test whether our compound destabilised the kinase domain of RIPK2 and disrupted 

protein-protein interactions.  

 

It has been reported that the BIR2 domain of cIAP1/2 and XIAP is both necessary and sufficient 

for binding to RIPK2. The BIR2 domain binds and interacts with the kinase domain of RIPK2, 

although how they interact is currently unknown. Krieg et al mutated the SMAC-binding 

groove within the BIR2 domain of XIAP (which binds to IBMs), which decreased its ability to 

bind RIPK2. In addition, purified SMAC (which contains an IBM) was able to compete with 

RIPK2 for binding XIAP (Krieg et al., 2009). RIPK2 does not contain a canonical IBM but 

may bind to the BIR groove in a non-canonical manner (discussed in Chapter 1)(Chai et al., 

2003).  

 

To avoid potential disruption between RIPK2 and interacting partners, we attempted to develop 

a tool that is able to isolate the NOD signalling complex via its receptor. For this we generated 

PD-MDP (active and inactive). Early attempts in the field to functionalise MDP led to several 

biotin-MDP (D- and L-diastereomer forms) derivatives, which retained their ability to activate 

NF-κB in over-expression reporter assays (Grimes et al., 2010). When tested for their ability 

to pull-down NOD2, however, the immobilised MDP was a poor molecular tool (Mo et al., 

2012). We therefore reasoned that the muramyl moiety of MDP was a likely binding motif for 



 143 

NOD2, indicating chemical manipulation at this site was not optimal for generating a tool 

compound.  

 

This was recently supported by Schaefer et al using relevant biological systems to test MDP 

fragments (Schaefer et al., 2017). At the time we were developing PD-MDP, the most up-to-

date publication surrounding MDP analogues was by Rubino et al, which identified novel 

synthetic peptide derivatives of MDP and provided us with the necessary chemical synthesis 

and analytical chemistry to move forward (Rubino et al., 2013). Modifications on either amino 

acid retained activity, with fewer alterations to the isoglutamine, resulting in a reduction in 

activity. We therefore chose to modify the free amine of the isoglutamine to develop our PD-

MDP compound, which could still activate NF-κB in endogenous settings and pull-down 

members of the NOD2 signalling complex.  

 

NF-κB activation was significantly reduced compared to MDP, which we attributed to the 

compound’s highly polar nature, and its inability to cross membranes. To test this hypothesis, 

future assays will be conducted using electroporation with free MDP and PD-MDP. Because 

saturating doses of MDP were used in this thesis, future experiments will include lower doses 

to allow for a more accurate comparison between MDP and PD-MDP’s ability to activate 

NOD2. The results in this chapter outline our efforts in developing endogenous tools to identify 

novel members of the NOD2 signalling complex. Although WEHI-730’s mechanism of action 

appears to disrupt interaction with the IAPs, we were still able to utilise this compound to 

identify cellular targets of WEHI-345. Although in the early stages of development, the PD-

MDP compound is a promising and mass-spectrometry friendly tool that can pull-down NOD2 

binding partners.  
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6 Summary 

NOD2 senses MDP, a constituent of the peptidoglycan cell wall of both Gram-positive and -

negative bacteria (Girardin et al., 2003). Upon binding MDP, NOD2 activates the NF-κB and 

MAPK pathways, resulting in the production of both pro- and anti-inflammatory cytokines. 

These cytokines are responsible for early clearance of the bacterial infection, as well as 

sustained protection through priming and maturing the TH17 adaptive immune response 

(Magalhaes et al., 2008, Yang et al., 2007). Early studies identified MDP as the minimum 

component responsible for the potent adjuvanticity of Complete Freund’s Adjuvant (CFA) 

(Ellouz et al., 1974b). These findings, along with NOD2 mutations being strongly implicated 

in several chronic inflammatory diseases, including ulcerative colitis, Crohn’s disease and 

multiple sclerosis, highlight the importance of further investigating this pathway (Ogura et al., 

2001a, Shaw et al., 2011).  

 

The main focus of research into the NOD2 signalling pathway has been on the vital adaptor 

protein RIPK2 (Inohara et al., 2000). Upon its recruitment to NOD2, RIPK2 is poly-

ubiquitylated and this provides the scaffold upon which downstream signalling components 

are assembled (Yang et al., 2007, Hasegawa et al., 2008). Several E3 ligases have been 

proposed to drive this ubiquitylation, including TRAF proteins, cIAP1/cIAP2 and XIAP 

(Bertrand et al., 2009, Krieg et al., 2009, Damgaard et al., 2012, Yang et al., 2007). While all 

of these E3-ubiquitin ligases have been shown to bind and promote ubiquitylation of RIPK2 

when over-expressed, little is known about whether these interactions really occur under 

physiological conditions, and more importantly, what role such interaction may fulfil in vivo. 

 

Using a combination of pharmacological inhibition and genetic removal of the IAPs, as well 

as biochemical experiments, the data presented in this thesis provides a comprehensive 
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clarification of the precise roles each IAP plays in the NOD2 response to MDP. Specifically, 

for the first time, XIAP, cIAP1 and cIAP2 were studied in an endogenous and side-by-side 

setting that takes into account the major cell types that respond to the initial bacterial stimulus. 

Contrary to the reports made by Bertrand et al, this study revealed that XIAP is the only IAP 

required for correct ubiquitylation of RIPK2 and initial activation of the NF-κB and MAPK 

pathways. For the first time, we also observed K63 ubiquitylation of XIAP, suggesting a 

potential scaffolding role for it. Another striking finding from Chapter 3 was that cIap1-/-, 

cIap2-/- and Tnfr1-/- mice had decreased ability to respond to MDP. Since we were unable to 

find a direct role for cIAP1 or cIAP2 in NOD signaling, and because cIAP1 and cIAP2 are 

important for the correct ubiquitylation of RIPK1 within the TNFR1 signalling complex 

(Varfolomeev et al., 2008, Mahoney et al., 2008, Feltham et al., 2010), we hypothesised that a 

TNFR1 dependent amplification of the initial NOD2 driven signal was required for optimal 

cytokine production in vivo. Our data therefore strongly suggests that cIAP1 and cIAP2’s play 

an indirect and downstream role in NOD signalling. This provides a satisfying explanation of 

some of the inconsistencies surrounding the role of the IAPs in NOD2 signalling and will 

redefine therapeutic targeting of the NOD2 driven inflammatory pathway (Damgaard et al., 

2013, Bertrand et al., 2009).  

 

Targeted inhibition of the kinase domain of RIPK2 using small molecules has successfully 

alleviated NOD2 driven inflammation within several murine mouse models of chronic 

inflammation (Tigno-Aranjuez et al., 2010, Tigno-Aranjuez et al., 2014, Nachbur et al., 2015). 

Despite this success, a key question remains: how does targeting the kinase activity of RIPK2 

result in downstream inhibition of the inflammatory response? RIPK2’s catalytic activity is 

self-targeting and it auto-phosphorylates on several serine residues within its kinase domain, 

as well as on tyrosine 474 within its CARD domain (Tigno-Aranjuez et al., 2010, Dorsch et 
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al., 2006). Some reports have indicated that the kinase activity of RIPK2 is crucial (Nembrini 

et al., 2009, Hollenbach et al., 2005), whilst others suggest that it is dispensable for NOD2 

signalling (Inohara et al., 1998, McCarthy et al., 1998, Eickhoff et al., 2004).  

 

A major challenge in determining what role the catalytic activity of RIPK2 has in NOD2 

signalling arises from our limited understanding behind the mechanism of action of current 

RIPK2 inhibitors. Chapter 4 of this thesis aimed to clarify and understand how our specific 

RIPK2 inhibitor WEHI-345 bound to the kinase domain and altered its function. Despite our 

success in purifying and crystallising the kinase domain bound to WEHI-345, neither key 

regulatory regions of the protein nor the solvent exposed moieties of the compound were 

resolvable. We hypothesised that this was because of the absence of an N-terminal dimerisation 

interface, which our construct lacked. Despite this limitation, we gained appreciation for the 

potential non-catalytic function of RIPK2: that dimerisation may be required for optimal 

signalling. Dimerisation appears to occur through both N- and C- terminal interfaces within the 

kinase domain. From these observations, we hypothesised that inhibitor binding promoted the 

monomeric state of RIPK2. 

 

During the course of this research, a study conducted by Pellegrini et al was published which 

also noted a putative N-terminal dimerisation interface, in addition to demonstrating that auto-

phosphorylation promoted dimerisation (Pellegrini et al., 2017). This supported our findings, 

although these authors did not address why dimerisation was important for signalling. Looking 

ahead, Chapter 4 has developed an experimental pipeline that will allow investigation into the 

link between kinase inhibition, dimerisation and downstream signalling. Further work is 

required to understand precisely how dimerisation impacts upon RIPK2 function, although we 
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postulate that dimerisation may promote E3-ubiquitin ligase interaction, which is disrupted by 

RIPK2 kinase inhibitor binding (Chapter 5) (Nachbur et al., 2015).  

 

The lack of endogenous tools has not only limited our understanding of the catalytic activity 

of RIPK2, it has also restricted identification of novel interacting partners. As noted above, 

over-expression of RIPK2 or NOD2 results in constitutive activation of the pathway, which 

also promotes aberrant interaction with CARD containing proteins such as the caspases and 

TRAF proteins (Inohara et al., 1998, Inohara et al., 1999, Bertin et al., 1999). Many of the E3-

ubiquitin ligases implicated in this pathway have been identified using over-expression studies, 

yet most have not been validated under physiological conditions. In order to address the need 

for better tools, Chapter 5 aimed at developing two novel tools to endogenously pull-down the 

NOD2 signalling complex. The first, an immobilised analogue of WEHI-345, which was 

initially motivated by the need to validate the cellular targets of WEHI-345 and to determine 

why targeting RIPK2 resulted in decreased cytokine production (Nachbur et al., 2015). This 

immobilised analogue, WEHI-730, efficiently purified RIPK2 from cells and the sample was 

very compatible with mass spectrometry. However, unfortunately our results suggested that 

upon binding, WEHI-345 disrupted interaction with the IAPs and other interacting partners, 

preventing us from identifying them with this approach. This observation was complementary 

to work conducted in Chapter 4 and has provided important information for future development 

of RIPK2 inhibitors. 

 

Recent chemical biology studies have indicated the key regions of MDP required to bind to 

NOD2 (Grimes et al., 2012, Schaefer et al., 2017, Grimes et al., 2010). Improving on the 

previous attempts in the literature to functionalise MDP, these studies provided a rational 

approach to the development of our MDP analogue termed PD-MDP. Described in Chapter 5, 
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PD-MDPD retained its ability to stimulate a NOD2 dependent cytokine response, albeit with 

reduced efficacy, which we hypothesised was due to its highly polar nature. This compound is 

a mass spectrometry compatible approach to isolate novel members of the NOD2 signalling 

complex. When immobilised onto Sepharose beads, PD-MDP successfully pulled-down 

RIPK2, as well as the interacting proteins cIAP1 and XIAP. Further development of this 

compound is required and will potentially be used to identify novel members of the NOD2 

signalling complex.  

 

In conclusion, using a host of cutting edge genetic and biochemical techniques, this thesis 

provides a holistic series of experiments that allow us to propose a simple model for the 

functions of the different IAPs in NOD signalling that fits with the vast majority of the 

literature. My research indicates that, far from playing redundant roles, XIAP and the cIAPs 

play distinct roles in NOD signalling with XIAP directly driving NOD signalling while cIAPs 

help amplify this signal by driving TNF signalling. This thesis has also developed a strong 

foundation for an efficient structure-led development program for inhibitors targeting RIPK2. 

The development of a working MDP-analogue which can successfully pull-down members of 

the NOD2 signalling complex can also now be used to validate and identify novel interactors 

of the pathway. 
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