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ABSTRACT
Interleukin-1 receptor associated kinase 3 (IRAK3) acts as a negative regulator of
inflammation by inhibiting downstream signalling in the innate immune response.
IRAK3 is proposed to be useful as a diagnostic and prognostic marker in
inflammation, and possibly a target for intervention in cancer and sepsis. IRAK3 was
unearthed as a potential novel guanylate cyclase (GC) using a homology-guided
bioinformatics data mining tool. GCs are enzymes that catalyse the formation of cyclic
guanosine monophosphate (cGMP) from guanosine triphosphate (GTP), cGMP is a
second messenger important in mediating physiological processes in eukaryotes.
IRAK3 is predicted to be a representative of a new class of GCs containing a unique
architecture, in which the GC centre is encapsulated within the kinase domain,
thereby exhibiting a dual kinase-GC functionality. The unusual IRAK3 GC architecture
is similar to that seen in some plant leucine-rich repeat receptors like kinases where
GC activity is partially characterised. The exact mechanism of action and the
selectivity of IRAK3 is however still largely unclear and further evaluation is needed.
Currently, cellular cyclic nucleotide levels have been assessed using antibody kits
(ELISA) or mass spectrometry analyses, both of which have drawbacks. To address
this need we have designed a cGMP sensitive luciferase reporter system screening
tool to determine guanylate cyclase activity in cells. A promoter system containing the
oligopeptide transporter X (OPTX) promoter was fused to a luciferase gene. OPTX
responds to cGMP in plant cells, and surprisingly the OPTX promoter fragment
contains the mammalian cGMP response element. To enhance the promoter
response to cGMP, we inserted three additional cGMP response elements into the
OPTX promoter. Another construct was designed containing five gibberellic acid
response elements (GARE) that was postulated to be upregulated by cGMP. The
constructs were tested for response to cGMP and cAMP in BL21-AI as a

Page | ix

representative of bacterial cells and HEK 293T cells representing mammalian cells.
Significantly increased luciferase activity occurred in bacterial cells transformed with
the OPTX promoter system in response to both cAMP and cGMP. Bacteria cotransformed with the OPTX promoter system and the soluble cytoplasmic domain of
phytosulfokine receptor 1 (PSKR1; a novel guanylate cyclase) had enhanced
luciferase activity, signifying the presence of increased cGMP production following
induction of PSKR1 expression. The OPTX promoter system presents an effective
screening tool that can be used in bacteria to screen recombinant proteins for
guanylate cyclase activity. This tool can be used to measure changes in GC activity
in proteins like IRAK3.
The unusual position of the GC centre omitted within the kinase domain presents
several conceptual problems. Therefore, the structural conformations of this novel
class of GCs were considered. An IRAK3 homology model was designed based on
the only available crystal structure in the IRAK family, IRAK4. In addition, alignment
of the homology models of the kinase domains of IRAK3 and PSKR1 reveal structural
similarities between these two proteins. The uniformity in the structural topology of
PSKR1 and IRAK3 may explain the observed GC activity in IRAK3. The homology
model of IRAK3 is a useful tool to assist in designing the mutagenesis experiments.
We were able to use the models to show that mutating specific residues in the GC
centre affected either the general structure in the GC vicinity or possible interactions
in the GC centre upon docking of the nucleotide triphosphate, GTP.
The next approach was to look at the actual IRAK3 GC activity, initially using the
available cGMP detection techniques including ELISA and mass spectrometry.
Recombinant IRAK3 protein is capable of producing cGMP at levels comparable to
those produced by our positive control, PSKR1. In separate experiments, HEK 293T
cells transfected with IRAK3 produced significantly higher levels of cGMP when
compared to control cells transfected with empty vector or IRAK4. Mutating specific
Page | x

residues in the GC centre caused alterations in cGMP production where cGMP was
reduced or in other cases not significantly altered. These findings were in agreement
with homology modelling.
The final approach looks at how the cGMP generated by the IRAK3 protein selectivity
modulates IRAK3 regulated innate immune signalling. Overexpression of IRAK3 in
HEK BLUE hTLR4 cells significantly reduces NFƸB activation observed using a SEAP
reporter system. IRAK3 mutants with reduced cGMP-generating capacity, failed to
LQKLELW1)Ƹ%LQGXFHG6($3DFWLYLW\Whereas mutants with reduced cGMP-generating
capacity affected LPS-LQGXFHG 1)Ƹ% SDWKZD\ LQ WKH SUHVHQFH RI DGGHG cellpermeable cGMP. These findings are providing insight into the hidden functions of
IRAK3 and may assist in explaining the selectivity and functionality of IRAK3 in the
inflammatory signalling cascade.
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CHAPTER 1
GENERAL INTRODUCTION

CHAPTER 1

GENERAL INTRODUCTION
1.1 GUANYLATE CYCLASE IN LIVING ORGANISMS
1.1.1 Guanylate cyclase and cGMP function
The enzyme guanylate cyclase (GC) catalyses the conversion of guanosine-5'triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP is an
important second messenger that mediates countless physiological processes in
eukaryotic cells. In mammalian cells, cGMP is a transitory expressed molecule that
directly regulates cyclic nucleotide gated ion channels, protein kinases and activates
specific phosphodiesterases that degrade cGMP (Lucas et al., 2000). The
physiological roles of cGMP are well characterised, in vascular smooth muscle, for
example, it mediates intestinal fluid electrolyte homeostasis and relaxation (Lucas et
al., 2000).
cGMP levels are an important drug target for the treatment of a number of functional
isorders and disease states. Several drugs have been developed which are currently
in use while others are in clinical phase studies for cardiovascular, respiratory and
gastrointestinal disorders (Gheorghiade et al., 2013; Potter, 2011b; Schlossmann and
Schinner,

2012).

Increasing

intracellular

cGMP

through

inhibition

of

phosphodiesterases or the stimulation of guanylate cyclases or both have been a
valid therapeutic strategy in drug development for pulmonary arterial hypertension
(Chen et al., 2013). Phosphodiesterases are also excellent drug targets; the inhibition
of specific phosphodiesterases is successful in treating common erectile dysfunction,
using drugs such as sildenafil (Viagra), tadalafil (Cialis), and vardenafil (Levitra). Due
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to its vasodilatory effect, sildenafil is also used in the treatment of pulmonary
hypertension. (Barnett and Machado, 2006; Bender and Beavo, 2006). Increasing
the GC activity is shown to be important in heart failure patients, where cGMP
recovery can offer organ-protective effects. Other therapeutic options considered act
through the selective induction of specific subtypes of GCs. (Gheorghiade et al.,
2013; Schlossmann and Schinner, 2012).
There are two well-known types of GCs, classical transmembrane GCs and soluble
GCs which are documented below. A novel class of GCs has been partially
characterised, more recently this class of GCs differs from the classical GCs in that
they possess a GC catalytic centre encapsulated within the kinase domain. (Kwezi et
al., 2007; Kwezi et al., 2011; Ludidi and Gehring, 2003; Meier et al., 2010; Qi et al.,
2010; Szmidt-Jaworska et al., 2009). Kinases are proteins that phosphorylate either
themselves or other protein substrates, which can have profound effects on
eukaryotic cellular processes and signalling pathways (Endicott et al., 2012).
1.1.2 Classical transmembrane guanylate cyclases
The structural organisation, biological function and regulation of classical
transmembrane GCs are well documented (Misono, 2011; Potter, 2011b). Classical
transmembrane GCs consist of an extracellular ligand binding domain and an inactive
kinase homology domain that is linked to a guanylyl cyclase domain. The GC catalytic
domain and the kinase homology domain are localised on the cytoplasmic side of the
membrane. A single transmembrane chain separates the cytoplasmic portion of the
receptor from the extracellular ligand-binding domain (Figure 1.1). The linker domain
that links the kinase homology domain and the GC centre is a 50-70 amino acid
stretch that is implicated in receptor dimerization (Chinkers and Wilson, 1992). There
are seven transmembrane GC forms (GC A to G) which are predominantly found as
homodimers (Potter, 2011b).
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The kinase homology domain in classical transmembrane GCs share some sequence
similarities to typical protein kinase domains. However, the kinase homology domain
often lack the aspartic acid (D) in the HRD motif which is critical for
phosphotransferase activity. The catalytic aspartic acid residue, however, is
commonly replaced by serine, arginine, or asparagine in transmembrane GCs,
therefore transmembrane GCs do not possess kinase activity (Hammarén et al.,
2016). Despite the lack of kinase activity in classical transmembrane GCs, the kinase
homology domain is shown to regulate the activity of the GC centre by allosteric
modulation through an adenosine-5’-triphosphate (ATP) binding module. The
presence of the core ATP-binding motif in the kinase homology domains of almost all
of the proteins indicates the importance of ATP interaction as a means of regulating
the catalytic activity of the associated GC centre (Biswas et al., 2009; Duda et al.,
2011; Saha et al., 2009).
Dimerization of the GC centre is believed to be a structural requirement for its
nucleotide cyclase activity, as dimer formation results in the formation of an active
site cleft required for nucleotide binding (Potter et al., 2006; Potter and Hunter, 2001).
The extracellular ligand-binding domain has been shown to potentiate receptor
activation upon ligand binding (Qiu et al., 2004). In the absence of the ligand, the GC
catalytic activity of the receptor is suppressed by the kinase homology domain. This
is verified by several independent experiments which used truncated receptors
lacking the kinase homology domain (Chinkers and Garbers, 1989; Deshmane et al.,
1997; Koller et al., 1992). The kinase homology domain deficient receptors were
shown to exhibit maximal GC activities that are unresponsive to ligand binding,
thereby demonstrating that the kinase homology domain is essential for suppressing
the nucleotide cyclase activity in classical transmembrane GCs (Biswas et al., 2009;
Potter, 2011b).
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Ligand binding
domain

Extracellular
Membrane

Intracellular
Kinase homology
domain
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(Dimerization domain)
GTP

GTP
Guanylyl cyclase
domain

cGMP

cGMP

Figure 1.1 Classical transmembrane guanylate cyclase
Schematic diagram of a classical transmembrane guanylate cyclase showing the different
domains, adapted from (Potter, 2011b).
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1.1.3 Soluble guanylate cyclases
Soluble guanylyl cyclases (sGCs) are dimeric enzymes that in animals transduce
signals downstream of nitric oxide (NO). The investigation of the effects of organic
nitrates, used for over a century to help in pain associated with angina pectoris, led
to the discovery of the sGCs (Waldman and Murad, 1988), and this, in turn, led to the
discovery of NO. sGCs sense NO by a heme moiety bound to the N-terminal
extensions (Derbyshire and Marletta, 2012; Iyer et al., 2003). This pathway includes
a Ca2+/calmodulin (CaM) complex that binds nitric oxide synthase (NOS), NOS
catalyses the oxidation of L-arginine (L-Arg) to L-citrulline (L-Cit) and NO. NO is a gas
and can diffuse to adjacent cells. NO binds to the FeII heme of the Įȕsoluble sGC,
causing a significant increase in cGMP levels (Figure 1.2 A). Heterodimeric sGC
consists of tZR KRPRORJRXV VXEXQLWV Į DQG ȕ yet the most commonly studied
LVRIRUPLVWKHĮȕSURWHLQalthough, ĮDQGȕLVRIRUPV also exist. GCs are found
in most tissues; though its distribution amongst cell types is isoform specific
(Derbyshire and Marletta, 2012).
Each sGC subunit consists of four distinct domains, a N-terminal heme-binding
domain, a Per/Arnt/Sim (PAS) domain, a coiled-coil domain and a C-terminal catalytic
domain. Both GTP and ATP can influence NO binding, dissociation and activation
(Figure 1.2 B). In cells, it is likely that NO, GTP and ATP modulate cGMP production
(Derbyshire and Marletta, 2012).
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Figure 1.2 Soluble guanylate cyclase signalling and domain architecture
(a) The nitric oxide/cyclic GMP (NO/cGMP)-signalling pathway. NO is generated by NOS in
response to activation by Ca/CaM. The NO can diffuse through cells to activate sGC which
leads to a significant increase in cGMP which goes on to activate cGMP-dependent protein
kinases (cGK), phosphodiesterases (PDE) and ion gated channels. (B) Schematic domain
RUJDQLVDWLRQ RI VROXEOH JXDQ\ODWH F\FODVHV VKRZLQJ WKH KHWHURGLPHULF Į DQG ȕ VXEXQLWV
consisting of four distinct domains, an N-terminal heme-binding domain (H-NOX), a
Per/Arnt/Sim (PAS) domain, a coiled-coil domain (CC) and a C-terminal catalytic domain
(Derbyshire and Marletta, 2012; Lucas et al., 2000).
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1.1.4 Non-classical novel transmembrane guanylate cyclases
This new family of GC-linked receptor kinases was unearthed using sequence
homology-guided bioinformatics data mining tools composed of amino acid sequence
motifs that are homologous to GC catalytic centres found in lower eukaryotes (Figure
1.3 C) (Irving et al., 2012). These pattern-matching database searches yielded over
400 putative GC molecules, with more than 200 of these occurring in eukaryotes
including humans. Many of the identified candidate GC molecules perform different
biological functions. Several proteins in this subfamily have been genetically
characterised, however, none of them have been previously suspected of possessing
GC catalytic centres.
The non-classical novel class of transmembrane GCs have an atypical domain
organisation that is different from the classical transmembrane GCs. Members of the
non-classical novel transmembrane GCs have a GC catalytic centre that is
encapsulated within the kinase domain, unlike the classical transmembrane GCs that
encompass two separate domains separated by a linker region (Figure 1.3 A and B)
(Irving et al., 2012)
Many of the novel non-classical transmembrane GCs belong to a superfamily of
proteins known as the leucine rich repeat receptor-like kinases (LRR RLK). There are
currently only four members of this new family of receptor kinases that have been
experimentally demonstrated to possess both kinase and GC activity (Kwezi et al.,
2007; Kwezi et al., 2011; Meier et al., 2010; Qi et al., 2010), however the various
mechanisms modulating the two catalytic functions, namely the kinase and GC
remain unknown. The Phytosulfokine receptor 1 (PSKR1) is an active kinase involved
in regulating growth responses in plants and was also shown to be a novel GC (Kwezi
et al., 2011). It was determined that the recombinant protein of the cytoplasmic
domain of PSKR undergoes dramatic changes in its kinase and GC function upon
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variations in calcium concentrations, indicating that a previously unrecognised
molecular switch is in operation (Muleya et al., 2014).
A mammalian representative member of this subfamily which remains to be further
investigated as a novel GC is the neurotrophic tyrosine kinase receptor type 1
(NTRK1), which has a similar kinase domain with a GC centre embedded within to
PSKR1 and BRI1 (Figure 1.3 B).. NTRK1 is a human protein that is known to be
involved in cell differentiation and in specifying sensory neuron subtypes (Indo, 2012)
The discovery of these GC catalytic centres within these receptor kinases defines a
new paradigm in the classification of transmembrane GCs. Although the GC catalytic
centre of the novel GCs is encapsulated in the kinase domain, it is not within the
kinase active site and so the novel GC molecules are examples of dual functional
enzymes rather than promiscuous enzymes that can catalyse additional reactions or
use non-specific substrates (Irving et al., 2012; Muleya et al., 2016). Another
mammalian protein was identified where the GC centre was embedded in the kinase
domain, however it is a cytoplasmic protein unlike PSKR1 and BRI1 which are
transmembrane proteins. Interleukin-1 receptor associated kinase 3 (IRAK3) holds
the potential to be a soluble guanylate cyclase. IRAK3 and its distinctive GC centre
will be the focus of this study (Figure 1.3 B) (Freihat et al., 2014).
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Figure 1.3 Domain architectures of GCs and the GC search motif
(A) Schematic diagram of a novel transmembrane GC showing the GC centre encapsulated
within the intracellular kinase homology domain (B) Domain organisation of classical and
novel transmembrane and soluble GCs (C) The search motif used to identify the new class
of GCs (Irving et al., 2012).

Page | 9

GENERAL INTRODUCTION | CHAPTER 1
1.2 IRAK PROTEINS IN INNATE IMMUNITY
1.2.1 The IRAK family
The interleukin-1 receptor associated kinase (IRAK) family are critical signalling
mediators of the toll like receptor (TLR) and interleukin-1 receptor (IL-1R) signalling
pathways in innate immunity. The IRAKs are serine/threonine kinases and are part of
the downstream signalling molecules within the TLR/IL-1R pathway (Kobayashi et al.,
2002).
This family consists of IRAK 1, 2, 3, and 4, each with their own specific functions
(Gosu et al., 2012). Activation of TLRs stimulates IRAK1 and IRAK4 to activate the
signalling cascade, finally resulting in transcription factors induced expression of
cytokine and chemokines. Each IRAK protein contains a death domain and a kinase
domain or kinase homology domain, IRAK1,2 and 3 also have a C-terminal domain
(Figure 1.4 A). IRAK1 and IRAK4 are catalytically active kinases linked with
inflammation stimulatory responses downstream of TLR (Hubbard and Moore, 2010).
IRAK1 was the first member of the family to be identified (Cao et al., 1996). IRAK4
was the last member of the family to be identified however it has been extensively
studied since its discovery in 2002 (Li et al., 2002). In different disease states,
cytokine induction was shown to be activated by IRAK4 in a cell type specific manner
and so IRAK4 is considered the master IRAK protein. IRAK4 is required for all the
myeloid differentiation primary response 88 (MyD88) dependent, nuclear factor
kappa-light-chain-enhancer of activated B cells (1)ƸB) activation. 1)Ƹ% LV a
ubiquitous transcription factor mediating DNA transcription. Activation of 1)Ƹ% is
involved in regulating the inflammatory response by inducing transcription of
proinflammatory genes (Cushing et al., 2014; Jain et al., 2014).
IRAK2

was

originally

thought

to

be

a

pseudokinase,

as

negligible

autophosphorylation activity was detected in recombinant IRAK2 protein preparations
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(Wesche et al., 1999). However, IRAK2 showed some kinase activity in macrophages
also expressing IRAK4. The kinase activity of IRAK2 was demonstrated to be
essential for cytokine production in response to TLR stimulation in macrophages
(Kawagoe et al., 2008). The exact function of the kinase activity of IRAK2 is still under
investigation and remains unclear (Hammarén et al., 2016; Pauls et al., 2013). IRAK2
has an asparagine residue at the catalytic site instead of the conserved aspartic acid
in the kinase HRD motif, which is known to be essential for kinase activity (Kawagoe
et al., 2008).
IRAK3 is a cytoplasmic protein which was found to contain a GC centre embedded in
its kinase homology domain, this phenomenon is unique to IRAK3 in the family
(Figure 1.4 B and C). In humans, IRAK3 is a pseudokinase that lacks the conserved
aspartic acid in the kinase HRD motif, it is replaced by a serine 293 (Wesche et al.,
1999) (Figure 1.4 B). Rodent species containing the IRAK3 gene have an asparagine
residue in the catalytic site like IRAK2. Hence, sequence analysis indicates that
IRAK3 may act as a possible kinase like IRAK2 in rodent species. Further
investigation is necessary however to clarify the evolution of the IRAK3 gene (Gosu
et al., 2012). IRAK3 is found mainly in mammalians, however, IRAK3 was also found
in two fish species. Phylogenetic analysis suggested that IRAK4-like kinase is the
ancestral gene of all IRAKs which has diverged from an ancestral gene in the
metazoan lineage (Gosu et al., 2012).
A significant amount of our knowledge of innate immune signalling pathways have
come from mouse and mouse knockout studies, however, this may not be the best
model for the IRAK proteins. A study on humans deficient in specific TLR pathway
components adapted a similar cellular response phenotype supporting the pathway
structure established in mouse studies. However; the wider immune phenotypes
often show significant differences in the human patients when compared to the
corresponding knockout mouse models, this suggests a potential divergence in the
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regulation of TLR dependent immune outputs at the physiological level between mice
and humans (Sun et al., 2016). Considerable differences were identified in how
human and mouse macrophages signal through IRAK proteins in response to
different TLR ligands. Mouse cells were shown to require IRAK4 and IRAK2 for TLR
signalling, however, IRAK1 was not as important. In human macrophages, IRAK1
was important, however, the phenotype in human macrophages did not change when
either IRAK2 or IRAK4 was knocked down (Sun et al., 2016).
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Figure 1.4 The IRAK family domain architecture
Domain organisation and size of the IRAK family proteins adapted from (Rhyasen and
Starczynowski, 2015) (B) Part of the IRAK3 amino acid sequence with the conserved kinase
motifs highlighted in blue. The CGS (specifically serine 293) domain circled in red is in place
of the conserved HRD motif in active kinases, the guanylate cyclase motif is highlighted in
green. (C) IRAK3 domain architecture adapted from UNIPROT – Q9Y616 information. The
guanylate cyclase centre is in green, the kinase domain is in purple, death domain is in red
and a C-terminus domain. http://www.uniprot.org/uniprot/Q9Y616 24/04/17.
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1.2.2 IRAK3 function in innate immunity
TLRs are pattern recognition receptors implicated in the initiation of the innate
immune response. TLRs belong to the TLR/Interleukin-1 receptor (IL-1R)
superfamily, humans are known to have ten different subtypes TLR (1-10). TLR/IL1R induction of pro-inflammatory mediators must be regulated to prevent excessive
inflammation and tissue damage (Hubbard and Moore, 2010). Unlike the other IRAK
family members, IRAK3 is a negative regulator of this pathway, thought to act via a
negative feedback loop (Kobayashi et al., 2002; Li et al., 2011; Wesche et al., 1999).
In humans IRAK3 is mainly confined to monocytes and macrophages hence it is also
known as IRAKM (Xie et al., 2007) however IRAK3 has also been found in human
airway epithelial cells, especially in asthmatic patients (Wu et al., 2012).
Comparatively, the other IRAK members are expressed abundantly (Hubbard and
Moore, 2010; Wesche et al., 1999).
Initially, Wesche et al. (1999) proposed that IRAK3 was a positive regulator of TLR
signalling due to research suggesting that IRAK3 expression in IRAK1 deficient cells
was able to restore NFțB activation (Wesche et al., 1999). Yet, in a study done by
Kobayashi et al. (2002), IRAK3 knockout mice showed increased inflammation in
response to Salmonella typhimurium (Kobayashi et al., 2002). Additionally, IRAK3
was shown to play a significant part in the immunosuppressive action of
glucocorticoids, where IRAK3 mRNA and protein expression was upregulated upon
glucocorticoid receptor activation (Miyata et al., 2015). These results indicated that
IRAK3 might, in fact, have a negative feedback role in the TLR-NFțB pathway, and
acts to inhibit the release of excess pro-inflammatory mediators. The role of IRAK3 is
critical to maintaining homeostasis in the innate immune response and in preventing
the development of autoimmune diseases (Flannery and Bowie, 2010).
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1.2.3 Signalling of IRAK3
Upon activation, TLRs transduce their signals through a complex signalling network.
All the TLR except for TLR3 involves the adaptor molecule MyD88. Subsequent
interaction with the IRAK family members allows for the formation of a myddosome
complex. A myddosome complex is the arrangement of the protein adapters and
signalling components binding through their death domain into a MyD88–IRAK4–
IRAK2/1 complex. The death domain (DD) myddosome complex is crystallised, this
structure demonstrates a sequential assembly of the adapter proteins. The complex
forms as MyD88 recruits IRAK4, the MyD88–IRAK4 complex then goes on to recruit
IRAK2 or the related IRAK1 (Lin et al., 2010). IRAK1/2 forms a complex with another
adapter protein, tumour necrosis factor receptor associated factors 6 (TRAF6) and
dissociates from the receptor complex (Figure 1.5). IRAK3 was shown to specifically
interact with IRAK2, but not with IRAK1 in TLR subtype 7 (TLR7) activation (Figure
1.5). This cascade is known to cause TLR7-induced transforming growth factor beta
activated kinase 1 (TAK1)-GHSHQGHQW 1)Ƹ% DFWLYDWLRQ This complex goes on to
activate a cascade of downstream signals. IRAK3 is believed to function as a negative
regulator that prevents this dissociation, thereby inhibiting downstream signalling
(Kobayashi et al., 2002; Zhou et al., 2013).
An alternative regulatory pathway demonstrates that IRAK3 is also able to interact
with MyD88–IRAK4 to form an IRAK3 myddosome. This interaction mediates a TLR7induced mitogen-activated protein kinase kinase kinase 3 (MEKK3)-dependent
VHFRQGZDYH1)ƸB activation, which is uncoupled from post-transcriptional regulation
(Figure 1.5). The IRAK3-dependent pathway only induced expression of genes that
are not regulated at the post-transcriptional level, which include the inhibitory
molecules: suppressor of cytokine signalling 1 (SOCS1), SH-2 containing inositol 5'polyphosphatase 1 (SHIP1), the tumour necrosis factor alpha-induced protein 3 (A20)
and nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
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(,Ƹ%Į), causing an overall inhibitory effect on the inflammatory response (Figure 1.5)
(Zhou et al., 2013).
A study looking at the IRAK family death domain interactions, showed that there is a
possibility that IRAK2, IRAK1 and IRAK3 may assemble into the third layer of the
myddosome interchangeably. IRAK3 may also form a fourth layer of the IRAK2
myddosome, where it is thought to inhibit downstream IRAK2 phosphorylation and
consequently suppress the inflammatory response, this also agrees with Zhou et al
(2013), (Figure 1.5); (Dossang et al., 2016; Zhou et al., 2013).
Interestingly, in their ongoing study, Zhou et al (2016) demonstrated that in bone
marrow derived macrophages (BMDM), the myddosome complex formation and
pathway selection may depend on the concentration of the TLR activating agent, in
this case, lipopolysaccharide (LPS). IRAK3 but not IRAK1 was recruited to the
IRAK4-MyD88 complex upon low-dose LPS stimulation (100 pg/mL), therefore this
activated the MEKK3-dependent second wave pathway. However, upon high-dose
LPS stimulation (1 μg/mL), both IRAK1 and IRAK3 interacted with IRAK4 activating
both pathways (Zhou et al., 2016). Therefore the function of IRAK3 in chronic
inflammatory diseases, where the LPS concentrations are much lower when
compared to infectious stimulations, needs to be carefully investigated (Zhou et al.,
2016).
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Figure 1.5 Regulatory role of IRAK3 in TLR/IL-1R signalling
IRAK3 (referred to as IRAK-M in this figure) acts either by interacting with IRAK2, therefore,
suppressing downstream cytokine and chemokine translation. Or alternatively by interacting
with MyD88 and IRAK4 to form an IRAK3 myddosome complex, activating 1)ɤB through a
MEKK3 second wave induction. This pathway induces expression of genes that are not
regulated at the post-transcriptional levels which function to inhibit the inflammatory response.
(Zhou et al., 2013).
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1.3 IRAK3 FUNCTION IN DIFFERENT DISEASE STATES
1.3.1 IRAK3 in respiratory diseases
A number of studies have been conducted investigating IRAK3’s roles in various
inflammation-associated disorders such as lung injury, metabolic syndrome and
tumour growth (Hubbard and Moore, 2010). Mouse studies have demonstrated
irregularities in IRAK3 function may cause a disruption of immune system
homeostasis (Rosati and Martin, 2002).
A study conducted on IRAK3 knockout mice demonstrated increased survival of these
mice to pneumococcal pneumonia infection. The absence of IRAK3 as a proximal
inhibitor of TLR signalling is implicated in macrophages producing elevated levels of
pro-inflammatory cytokines when various pathogens bind to the TLR. Therefore,
NFțB is able to elicit a regulatory immune response to the bacterial respiratory tract
infection, when exposed to pathogens (van der Windt et al., 2012).
Sepsis is a devastating clinical syndrome characterised by systemic inflammation due
to a severe infection. Elevated IRAK3 expression was observed in patients with septic
melioidosis, an infectious disease caused by a gram-negative bacteria. The resultant
immunosuppression was correlated with increased mortality. Higher IRAK3 mRNA
levels was observed in patients that did not survive the infection. This significant
increase in IRAK3 mRNA levels was not evident in patients that survived the infection
(Wiersinga et al., 2009). During the innate immune response of the respiratory tract,
it has been found that IRAK3 has an imperative role in regulating protective
responses in the lungs. A study done by Pino-Yanes et al. (2011) examined the
connection of IRAK3 with acute lung injury which is caused by over-inflammation
during sepsis. IRAK3 impairs host defence during pneumococcal pneumonia at the
primary site of infection by inhibiting the early immune response (Pino-Yanes et al.,
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2011). The study revealed that increased expression levels of the IRAK3 gene were
correlated with poorer outcomes during severe sepsis (Pino-Yanes et al., 2011).

Airway epithelial cells are the first line of defence against inhaled pathogens, this is
through a number of defence mechanisms that also include TLR signalling pathways
(Wu et al., 2012). IRAK3 protein expression was examined in human airway epithelia
of both asthmatic and non-asthmatic patients. Significantly higher levels of IRAK3
were found in the airway epithelial cells of asthmatic subjects. Persistent upregulation
of IRAK3 may increase exposure to inflammatory pathogens, thus compromising
innate immunity (Wu et al., 2012). Furthermore, the chromosome region 12q13-14
is linked with early-onset asthma, and IRAK3 is critical to this connection. Rare
mutations in the IRAK3 gene may predispose someone to asthma. Polymorphism of
the IRAK3 gene had shown that variations in the gene could be linked to developing
acute lung injury (Lyn-Kew et al., 2010). This was due to over-inflammation of the
lung epithelia, however; without IRAK3, a pro-inflammatory response may lead to
aggravated lung damage and may compromise multiple organs, therefore a balance
is necessary (Villar et al., 2010). With this knowledge, IRAK3 may serve as a potential
target for modifying the development of persistent asthma (Balaci et al., 2007).
1.3.2 IRAK3 in metabolic diseases
Wu et al. (2012) also provided data concerning the activation of the
Phosphatidylinositide 3-kinases (PI3K) pathway. The PI3K/Akt family of kinases has
been involved in the negative regulation of macrophage activation (Zacharioudaki et
al., 2009), together with IRAK3 could synergistically dampen the immune response
(Zacharioudaki et al., 2009). It was shown that the activation of the PI3K pathway is
required for interleukin-13 (IL-13) induced IRAK3 expression, IL-13 is a protein
secreted mainly by T-helper type 2 (Th2) cells. Th2 cells are an essential mediator of
both inflammation and associated disorders (Wu et al., 2012).
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IRAK3 is a critical factor contributing to endotoxin tolerance (Lech et al., 2011). A
study on mouse macrophages showed that IRAK3 upregulation in endotoxin
tolerance is induced by adiponectin which is dependent on the PI3K pathway
(Zacharioudaki et al., 2009). Adiponectin is a hormone mainly involved in regulating
blood glucose levels and fatty acid breakdown. High levels of adiponectin are often
associated with a high body fat percentage in people, correlating closely with obesity
and metabolic syndrome. It is shown by Hulsmans et al. (2012) that a down regulation
of IRAK3 in obese people is associated with metabolic syndrome. Constant down
regulation of IRAK3 was linked to chronic systemic inflammation and is associated
with low adiponectin levels combined with high glucose and interleukin-6 (Hulsmans
et al., 2012). Hulsman et al. (2012) showed a direct link between weight loss and the
increase in IRAK3 expression, displaying the ability of IRAK3 to inhibit inflammation
in the TLR-NFțB pathway. This study was able to link low adiponectin levels with a
reduction in IRAK3 expression, and vice versa. This correlates with the knowledge
that greater activation of blood monocytes occurs with obesity (Hulsmans et al.,
2012). Hence, up regulation of IRAK3, and consequently the reduced activation of
macrophages and monocytes may partially prevent insulin resistance and metabolic
syndrome (Hulsmans et al., 2012).
IRAK3 deficiency was also correlated with promoting early onset type 1 diabetes in
non-obese diabetic mice (Tan et al., 2014). Loss of IRAK3 expression in mice is linked
to the development of several autoimmune diseases including lupus, colitis and
inflammatory bowel disease. Type 1 diabetes mellitus is characterised by the loss of
WKHLQVXOLQSURGXFLQJȕ-cells due to an autoimmune attack. Non-obese diabetic mice
lacking IRAK3 displayed early onset and rapid progression of type 1 diabetes mellitus
with impaired glucose tolerance possibly due to the unregulated activation of the
TLRs which can lead to uncontrolled inflammatory responses that can predispose
autoimmune responses (Tan et al., 2014).
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1.3.3 IRAK3 in cancer
Chronic inflammation and dysregulation of inflammatory signalling components have
been increasingly recognised to be associated with tumourigenesis and tumour
progression (Jain et al., 2014; Rhyasen and Starczynowski, 2015). Depending on
the tumour type IRAK3 expression can increase or decrease. A number of studies
indicated that specific tumours can increase IRAK3 expression to suppress the innate
immune response, therefore, allowing tumour growth. Knock out mice studies
demonstrated that IRAK3 deficiency leads to enhanced host protection against
tumour growth due to an increase in inflammation (del Fresno et al., 2005; Standiford
et al., 2011; Xie et al., 2007). An increase in IRAK3 mRNA and protein expression
was observed in tumour associated macrophages induced by factors found in the
tumour microenvironment such as TGF-ȕ%y increasing the levels of IRAK3, cancer
cells can exploit IRAK3s inhibitory function, therefore permit them to escape from antitumour responses by macrophages, allowing tumour growth and metastasis
(Standiford et al., 2011). Earlier studies had shown that tumour cells and soluble
factors released by these cells induced transcription of the IRAK3 gene in human
monocytes (del Fresno et al., 2005). Monocytes isolated from patients suffering from
chronic myeloid leukaemia had increased IRAK3 mRNA due to the monocytes
continuous contact with the tumour cells. This was not the case however for patients
suffering from solid colon cancers (del Fresno et al., 2005; Hubbard and Moore,
2010). Recently this was further emphasised by Kesselring et al (2016) where IRAK3
was shown to be expressed in colorectal cancer cells. IRAK3 promotes colitis
associated colon cancer by stabilising STAT3 which is activated in colorectal cancer
leading to the induction of genes that function in cell proliferation and survival. IRAK3
was also shown to regulate microbial colonisation by reducing the antimicrobial
defence, allowing for cancer progression (Kesselring et al., 2016). However, in
another study on driver epigenetic events on cancer cell survival, IRAK3 expression
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was shown to be reduced in specific cancers, namely colon adenocarcinoma (De
Carvalho et al., 2012). Cancer cells can downregulate the IRAK3 gene by DNA
methylation causing gene silencing. Silencing of the IRAK3 gene is essential for
cancer cell survival due to IRAK3’s indirect inhibitory function on the 3 essential
pathways 1)ƸB, STAT3 and MAPK especially required by cancer cells. These
pathways consequently go on to regulate the expression of the antiapoptotic gene,
survivin.

DNA methylation is an epigenetic process that can change the gene

expression but not the DNA sequence. Induced silencing by cancer cells of tumour
suppressor genes including the IRAK3 gene can make a good target for epigenetic
therapy (De Carvalho et al., 2012).
1.4 AIMS
The discovery of the GC catalytic centres within the kinase domain of proteins which
includes IRAK3 has led our group into developing a new classification of GCs. To
date the novel class of GCs have only been studied using plant proteins, however;
other molecules were identified which are involved in defence and inflammatory
processes in other non-plant species including humans. This observation suggests
that these molecular domains have conserved evolutionary significance in defence
responses. In order to test the widespread nature of these observations, it is essential
to extend the work to other systems. The human protein, IRAK3 identified as a soluble
GC is further studied in this thesis. Identifying the signalling mechanism in regards to
its distinctive GC centre might explain some of the unanswered questions in regards
to its selective binding to the other IRAKs as well as the myddosome complex. The
selective interaction/binding of IRAK3 to the other signalling proteins to either
suSSUHVV1)Ƹ%DFWLYLW\ RURWKHUZLVHWKURXJKWKHDOWHUQDWLYHSDWKZD\WRDFWLYDWH1)Ƹ%
is still largely unclear. It is hypothesised that the GC centre of IRAK3, through the
production of cGMP can modulate the IRAK3 function in the innate immune signalling
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cascade. By mutating specific residues in the IRAK3 GC centre, the GC activity may
be abolished, therefore reducing cGMP production. Such a malfunctioning GC mutant
is hypothesised to have an alternative or reduced activity in the innate immune
signalling pathway.
The aim of this project is to examine the GC centre of IRAK3 by assaying the GC
activity of recombinant proteins in vitro and in vivo cell studies. Key amino acid
residues in the catalytic centre will be identified and used in a mutagenesis study to
investigate the effect the GC centre may have on IRAK3 signalling.
In the investigation of IRAK3 and its GC activity, repeated assays are needed for the
detection of cGMP in this novel class of GCs, therefore; a reliable cGMP screening
tool is ideal. Available cGMP detection kits can get quite expensive and time
consuming when repeated and large screens are needed. To assist our GC research
a cGMP sensitive OPTX-promoter system was designed and is shown to be a good
option for the initial screening assays of potential novel guanylate cyclases as
described in chapter 3 (Wheeler et al., 2013).
To explain how the novel GC centre may fit into the pseudokinase domain of IRAK3,
a model is needed. Since a crystal structure is not yet available for IRAK3, we
constructed a homology model based on the IRAK4 kinase domain crystal structure
as detailed in chapter 4. This model is also used as a guide for further GTP docking
and mutagenesis studies.
The inhibitory function of IRAK3 in the innate immune signalling cascade is of
particular interest in terms of its guanylate cyclase activity. Therefore; we hypothesise
that the novel GC activity of IRAK3 may modulate its inhibitory functions in the innate
immune signalling cascade. The IRAK3 GC activity is investigated using different
biological systems with different quantification techniques are used to detect cGMP,
as outlined in chapter 5.
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How the GC function of IRAK3 may affect downstream 1)Ƹ%DFWLYLW\ is investigated
in chapter 6. Mutagenesis is used to investigate the importance of the GC centre on
downstream signalling E\ORRNLQJDW1)Ƹ%DFWLYLW\LQWKHSUHVHQFHRI,5$.or its GC
mutants. The outcomes may explain some of the gaps in the knowledge of IRAK3s
signalling mechanism. There are many opportunities for further investigations and
potential therapy targets concerned with IRAK3, and some of these are suggested in
chapter 7.
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CHAPTER 2

GENERAL METHODS
The rationale for this chapter is to provide a single site for all the common methods
used throughout this thesis.
2.1 MOLECULAR CLONING OF GENES
2.1.1 IRAK3 constructs
The IRAK3 gene was obtained in a pBluescriptR plasmid (MHS1010-9204142, clone
ID 30335802) and cloned using Gateway cloning technology, cloning of the first IRAK3
entry and destination clones were done in the Irving lab by Lubna Freihat prior to the
start of the PhD. The gateway primers were designed in accordance with the guidelines
for PCR primers in the Gateway technology manual, five primers were designed in total
to make four constructs; two forward primers, each containing the Kozak sequence
and three reverse primers to either incorporate a Myc tag or a STOP codon (Table
2.1). The gene of interest was cloned into the entry clone pDONR207 using the
Gateway® BP Clonase™ II Enzyme Mix (Invitrogen, Thermo Scientific USA).
The gene of interest was then transferred using the Gateway® LR Clonase™ II
Enzyme mix into the appropriate Gateway expression vector, either the pDEST17 for
bacterial expression or pCDNATM 6.2/C-EmGFP-DEST or pCDNA-DEST40 for
mammalian cell expression (Invitrogen, Thermo Scientific USA).
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2.1.2 IRAK4 constructs
The IRAK4 gene was obtained in a pDONR223 plasmid (Plasmid 23749: PDONR223IRAK4, Addgene) (Johannessen et al., 2010) and cloned using the Gateway cloning
technology. The gene of interest was transferred using the Gateway® LR Clonase™ II
Enzyme Mix - into the appropriate Gateway expression vector, either the pDEST17 for
bacterial expression or pCDNATM 6.2/C-EmGFP-DEST or pCDNA-DEST40 for
mammalian cell expression (Invitrogen, Thermo Scientific USA).
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IRAK3-1-FWD
5’-ggg gac aag ttt gta caa aaa agc agg ctt cac cat ggg gat ggc ggg gaa ctg tgg ggc c-3’
IRAK3-3-FWD
5’-ggg gac aag ttt gta caa aaa agc agg ctt cac cat ggg gga aca gaa act gat tag cga aga
aga tct gat ggc ggg gaa ctg tgg ggc c-3’
IRAK3-2-REV
5’-ggg gac cac ttt gta caa gaa agc tgg gtc cta ttc ttt ttt gta ctg ttc ata-3’
IRAK3-2NS-REV
5’-ggg gac cac ttt gta caa gaa agc tgg gtc ttc ttt ttt gta ctg ttc ata-3’
IRAK3-4-REV
5’-ggg gac cac ttt gta caa gaa agc tgg gtc cta cag atc ttc ttc gct aat cag ttt ctg ttc ttc ttt
ttt gta ctg ttc ata-3’

201-FWD

5’ - tcg cgt taa cgc tag cat gga tct c - 3’

201-REV

5’ - gta aca tca gag att ttg aga cac - 3’

TK polyA REV 5’ - ctt ccg tgt ttc agt tag c - 3’
T7 FWD

5’ - taa tac gac tca cta tag gg - 3’

GFP-REV

5’ – tgg tgc aga tga act tca gg - 3’

Table 2.1 Primer sequences for gateway cloning
The primer sequences in the top table are highlighted/coloured as follows, the specific gateway
sequence for recombination with entry clone is in purple, the Kozak sequence is green, the Myc
tag is blue, the gene specific sequence is in black and the stop codon is in red. The sequencing
primers used to sequence the genes of interest in the gateway clones are in the bottom table.
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2.2 GENERAL MOLECULAR CLONING METHODS
2.2.1 Media preparations and bacterial culturing
Luria Broth (LB) agar plates were prepared, 25 g/l of Luria Broth premade (SigmaAldrich, Australia) and 15g/l of the agar (Sigma-Aldrich, Australia) was used. The
preparation was autoclaved at 121ºC for 20 min. The appropriate antibiotic is added
just before the liquid is poured into the Petri dishes. The LB liquid medium is prepared
in the same way, but no agar is added. The appropriate antibiotic is added as needed.
Three strains of Escherichia coli bacteria were used in this project, One Shot® ccdB
6XUYLYDO75&KHPLFDOO\&RPSHWHQW&HOOV2QH6KRW0D[(IILFLHQF\'+ĮT1R Competent Cells and One Shot® BL21-AI™ E. coli all from Invitrogen™ (Thermo
Fisher Scientific, USA). These bacteria are sensitive to ampicillin 50-ȝJPOXQOHVV
the E. coli contained plasmids carrying the ampicillin resistance gene. Bacteria were
grown using three different techniques. Transformed chemically competent cells are
spread over a LB agar plate, separate single colonies are streaked on another LB agar
plate. Liquid LB media cultures were prepared by the inoculation of a single colony
from the streak LB agar plate in the LB media containing the appropriate antibiotic.
2.2.2 Transforming chemically competent cells
Competent E. coli bacteria are utilised to replicate a specific plasmid DNA. The
transformation process was carried out according to the manufacturers’ protocol. In
general 1-QJȝORIDVSHFLILFSODVPLGZDVDGGHGWR-ȝO of competent cells. In
this project, heat shock was used for all transformations. Transformed cultures are
spread onto LB agar plates containing the appropriate antibiotic (e.g. ampicillin 100
ȝJPODQGJHQWDP\FLQȝJPO Dnd incubated overnight at 37 ºC.
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2.2.3 Extraction and purification of DNA
To extract and purify the DNA from the bacterial cultures the PureLink® Quick Plasmid
Miniprep Kit (Thermo Fisher Scientific, USA) for small scale purification and the
PureLink® HiPure Plasmid Filter Midiprep Kit for larger scale purification were used.
2.2.4 DNA quantification
The Nanodrop® ND-1000 Spectrophotometer (Thermo Fischer Scientific, USA) was
used to quantify the amount of DNA.
2.2.5 Plasmid digestion with appropriate restriction enzyme
To confirm the identity of the plasmids used and cloned in this study, plasmids were
digested with selected restriction enzymes. The aim was to cut the plasmid at different
points, so as to achieve at least two fragments, with a predicted length. To observe the
fragment length, agarose gel electrophoresis was used as described in part 2.2.7.
2.2.6 Polymerase chain reaction (PCR)
PCR reactions are generally carried out to amplify and/or verify DNA samples. The
primers used in this project are listed in Table 2.1 and 2.2. A standard PCR mixture
contained 1 X Coral load buffer, 200 μM dNTPs (deoxynucleotide triphosphates), 0.1
μM primers and 0.5 units of Taq DNA polymerase (QIAGEN, Germany) and 2.5 fM
'1$SHUȝOUHDFWLRQ7KH0\&\FOHU7KHUPDO&\FOHU6\VWHP %LR-Rad, USA) was
used to perform the PCR reactions. Generally, the samples were denatured at 95ºC
for 15 minutes, followed by 30 cycles of amplification, which included denaturation at
95ºC for 30 seconds, annealing at 55ºC (variable) for 30 sec, an extension at 72ºC for
30 sec - 1 min and a final extension at 72ºC for 5 min. The annealing temperature is
about 5ºC below the melting temperature (Tm) of the primers. The extension time
depends on the size of the product expected; the time may need to be increased if the
expected products are larger than 1000 base pairs.
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2.2.7 Agarose gel electrophoresis
Agarose gel electrophoresis is used to observe the success of molecular cloning
experiments. Agarose is a polysaccharide which forms a matrix, DNA fragments move
through with a speed that is proportional to their size allowing for separation of DNA
fragments of different length. To make the DNA visible, fluorescent nucleic acid gel
stain GelRed™ (Biotium, USA) was used. For this purpose, 1% Agarose was dissolved
in TAE (Tris-acetate-EDTA) buffer. DNA was mixed with Gel Loading Dye, Purple (6X)
(NEB, Australia) except for PCR products which already contain the 1 x Coral load
PCR buffer (QIAGEN, Germany). The gel was run at 90 volts for 40 to 60 minutes.
2.2.8 Gel extraction and PCR spin purification cleanup
The QIAquick Gel extraction kit from QIAGEN (QIAGEN, Germany), was used
following the manufacturers’ protocol. This technique is used to extract and purify
specific DNA bands from an agarose gel. The UltraClean™ PCR Clean-Up Kit (Mo Bio
Laboratories, USA) was used to purify the PCR products. The protocol was followed
as outlined in the manufacturers’ manual.
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2.3 GATEWAY CLONING
2.3.1 BP recombination of PCR products
PCR products were purified using the UltraClean™ PCR Clean-Up DNA Purification
Kit and quantified using the Nanodrop® ND-1000 Spectrophotometer. For the
recombination reaction into entry clone pDONR207 (Invitrogen, Australia) 75 ng of
PCR product and 75 ng of entry clone were combined with 1 ȝO%3FORQDVH,,HQ]\PH
,QYLWURJHQ DQGPDGHXSWRDWRWDOYROXPHRIȝOZLWKZDWHU5HDFWLRQZDVLQFXEDWHG
DW&IRUWZRKRXUVȝOSURWHLQDVH.VROXWLRQ ȝJȝO  ,QYLWURJHQ$XVWUDOLD ZDV
added to the mix to inactivate the BP clonase II enzyme and incubated for 15 minutes
DW&2QH6KRW0$;(IILFLHQF\'+Į-T1R Competent Cells (Invitrogen) were
transformed with 1 μL of the BP reaction products. The clones were selected and
purified. Samples were sent for sequencing to Micromon DNA sequencing facility
Monash University to verify suitable constructs.
2.3.2 LR recombination of entry clone and expression vector
The

gene

of

interest

was

transferred

from

the

entry

clone

into

the

destination/expression vectors using an LR recombination reaction. For this reaction,
75 ng of entry clone and 75 ng of destination vector were combined with 1 ȝORI/5
clonase II (Invitrogen) and water was added to a total volume of 10 ȝOThe reaction
was incubated at 25ºC for 2 hours; 1 ȝOSURWHLQDVH.VROXWLRQ ȝJȝO  ,QYLWURJHQ ZDV
added to the mix to inactivate the LR clonase enzyme. 1 ȝORIWKH/5SURGXFWVZHUH
transformed into chHPLFDOO\FRPSHWHQW'+ĮFHOOV7KHLdentity of derived clones was
verified via PCR, restriction enzyme digest and sequencing.
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2.4 MUTAGENESIS
2.4.1 Primer design
Primers were designed to mutate specific residues in the kinase domain of the IRAK3
and IRAK4 gene. The Agilent Technologies Quick change primer design program was
used to design the mutagenesis primers (Table 2.2).
2.4.2 PCR and mutagenesis
To mutate the specific residues in the IRAK gene, a master mix was prepared
FRQWDLQLQJWKHVSHFLILFSULPHUVDWDILQDOFRQFHQWUDWLRQRIȝ07KH3KXVLRQ+LJKFidelity DNA Polymerase was used to catalyse the reaction mix. The Phusion PCR
conditions included an initial denaturation at 98oC for 30 seconds, followed by 20
cycles of 98oC denaturation for 10 seconds, 68oC Annealing for 30 seconds and an
extension at 72oC for 4 min. The final step was a final extension at 72oC for 10 min.
The PCR products were digested with the restriction enzyme DpnI (NEB, Australia) at
37°C, this was done to select for the mutated clones, DpnI cleaves only at methylated
'1$SXULILHGIURPDGDPVWUDLQOLNH'+Į Mutant clones were transformed into One
6KRW 0D[ (IILFLHQF\ '+Į-T1R competent cells and were grown in ampicillin
ȝJPO FRQWDLQLQJPHGLDIRUVHOHFWLRQVSHFLILFFORQHVZHUHFKRVHQSXULILHGDQG
sent for sequencing for verification. Successfully mutated clones were then transferred
to the appropriate expression vector via an LR reaction as described in part 2.3.2.
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IRAK3G361LFwd
5’-tcc att aaa aca gat gtc tac agc ttt tta att gta ata atg gaa gtt cta aca gg-3’
IRAK3G361L_antisense
5’-cct gtt aga act tcc att att aca att aaa aag ctg tag aca tct gtt tta atg ga -3’
IRAK3R372LFwd
5’-gga att gta ata atg gaa gtt cta aca gga tgt tta gta gtg tta gat gat c-3’
IRAK3R372L_antisense
5’-gat cat cta aca cta cta aac atc ctg tta gaa ctt cca tta tta caa ttc c-3’
IRAK3S359L_G361LFwd
5’-ggg gaa act ttc cat taa aac aga tgt cta cct ctt ttt aat tgt aat aat gga agt tct aac agg
atg t-3’
IRAK3S359L_G361L_antisense
5’-aca tcc tgt tag aac ttc cat tat tac aat taa aaa gag gta gac atc tgt ttt aat gga aag ttt
ccc c-3’

IRAK4-C1154G-Fwd
5’-aaa taa taa ctg gac ttc gag ctg tgg atg aac acc g-3’
IRAK4-C1154G_antisense
5’-cgg tgt tca tcc aca gct cga agt cca gtt att att t -3’

Table 2.2 The IRAK3 and IRAK4 mutagenesis primer sequences
The IRAK3 mutagenesis primers are at the top of the table showing the gene specific forward
primer and the antisense primer each with the associated mutation underlined in red. The
IRAK4 mutagenesis forward primer and the antisense primer are in the bottom table with the
associated mutation underlined in red.
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2.5 RECOMBINANT PROTEIN EXPRESSION
2.5.1 Bacterial transformation
The pDEST17 vector (Invitrogen) containing the gene of interest was used for the
expression of the recombinant proteins in E. coli. The procedure was followed as
outlined in the E. coli Expression System with Gateway Technology manual
(Invitrogen, USA). The purified expression vector was transformed into competent
BL21-AI E. coli cells (Invitrogen, USA).
2.5.2 Protein expression
One shot BL21-AI cells (Invitrogen) were used to transform the expression clone of
IRAK3, IRAK3 Mutant G361>L, IRAK3 Mutant R372>L and IRAK4 all in pDEST17.
High expressing cultures were selected before the chosen cultures were upscaled to
500ml. Upscaled liquid cultures were grown to an OD600 of ~0.4 before they were
induced with 0.2% L-arabinose (Sigma-Aldrich, Australia) and allowed to grow for a
further 3 hours at 20ºC. Cells were harvested by centrifugation.
2.5.3 Protein purification
The proteins of interest were purified by affinity chromatography using the Ni-NTA
agarose beads (QIAGEN, Germany). The purification was done under native
conditions following protocol 12 of the QIAexpressionist manual (QIAGEN, Germany)
in the presence of 30 mM imidazole to decrease the unspecific binding onto the NiNTA beads and in the presence of complete EDTA-free protease inhibitor cocktail
tablets (Roche, Australia). Once the protein is eluted, the protein is concentrated using
Vivaspin® 20 centrifugal concentrators (Sartorius Stedim Biotech, Germany) with a
molecular weight cut-off of 30 kDa in the presence of 1 mM Phenylmethylsulfonyl
fluoride (PMSF). The Nanodrop® ND-1000 Spectrophotometer protein A280 was used
to quantify the protein amount at A280 nm.

Page | 34

GENERAL METHODS | CHAPTER 2
2.5.4 Polyacrylamide SDS gel electrophoresis
To separate protein samples a 16% separating and 4% stacking gel SDS-PAGE was
used. The electrophoresis instruments used are from Bio-Rad (Bio-Rad Laboratories,
USA). SDS sample pellets were resuspended in SDS-PAGE sample buffer (Tris-HCl
(pH 6.8) 120 mM, Glycerol 20% v/v, 4% SDS w/v, 2- Mercaptoethanol 10% v/v,
Bromophenol blue 0.03% w/v). Samples were boiled for 5 min and then centrifuged
briefly; samples are loaded on an SDS-PAGE gel. The gel was run at 200 volts for 50
minutes.
2.5.5 Coomassie blue staining
Polyacrylamide gel were stained with Coomassie blue (0.1% Coomassie Brilliant blue,
50% methanol, 10% glacial acetic acid and 40% distilled water), and destained with
destain buffer (40% Methanol, 10% Acetic acid and 50% distilled water).
2.5.6 Immunoblot
To confirm the presence of the proteins post purification, a immunoblot analysis was
done. Immediately after the polyacrylamide gel was run, the proteins were transferred
from the gels to a nitrocellulose membrane (Whatman, GE Healthcare, Australia). The
proteins were detected using either the mouse anti-His (Invitrogen, USA) or the rabbit
IRAK3 antibody (Cell signalling technologies, USA) primary antibody and the
corresponding secondary antibody. IRDye infrared dyes 680 or 800, the protocol used
was from the Odyssey western blot detection (Li-Cor Biosciences, USA), the Odyssey
(Li-Cor Biosciences – Li-Cor Odyssey Model 9120, USA) was used to observe the
bands at the corresponding secondary antibody fluorescence of either 700 nm (red
channel) or 800 nm channel (green channel).
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2.6 cGMP ANALYSIS
2.6.1 cGMP preparation
2.6.1.1 cGMP sample preparation from recombinant purified protein
cGMP samples were prepared by incubating 5 μg – 10 μg protein in 50 mM Tris-HCl
pH 8.0, 5 mM MgCl2 or 5 mM MnCl2, 2 mM of the phosphodiesterase inhibitor isobutyl
methyl xanthine (IBMX) and 1 mM GTP in a final reaction volume of 100 μl. cGMP
samples requiring calcium in the reaction were prepared as mentioned above, however
calcium ion concentrations were controlled by adding 1 mM EGTA and total CaCl2
calculated to contain free Ca2+ ion levels at 0.01, 0.1 and 1 μM (physiological range)
using the Maxchelator WebMaxC Extended computational program (http://wwwleland.stanford.edu/~cpatton/webmaxc/webmaxcE.htm ; last accessed 14 December
2016) taking into account the temperature, pH and ionic strength of the calcium buffer.
As a negative control incubation medium was prepared with no protein added.
Reactions were incubated for 15 min at room temperature (~25ºC). The reaction was
terminated with 10 mM EDTA. Tubes were boiled for 3 min, cooled on ice for 2 min
and centrifuged at 4300 × g for 3 min at 4ºC (Muleya et al., 2014). The clarified
supernatant was retained and assayed for cGMP content as described in part 2.6.2.
2.6.1.2 cGMP sample preparation from mammalian cells
HEK 293T cells were grown for 48 hours post transfection in a Corning® Costar® cell
culture 6 well plate (Sigma Aldrich, Australia), cells were lysed by the addition of 0.5%
dodecyl ltrimethylammonium bromide supplied in the Amersham cGMP Enzyme
immunoassay Biotrak (EIA) System kit. Cells were agitated on a microplate shaker for
10 minutes to facilitate lysis. Lysed cells are used immediately in the immunoassay,
however cell lysates can be stored for up to 5 days at -80 ºC.
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2.6.2 cGMP ELISA assay
The Amersham cGMP Enzyme immunoassay Biotrak (EIA) System (GE Healthcare,
UK) was used to detect cGMP in the protein preparation and cell lysates, following the
protocol which measures total cellular cGMP using novel lysis reagents, described by
the supplier. The New East monoclonal Anti-cGMP Antibody Based Direct cGMP
ELISA kit (Non-acetylated) (New East Biosciences, USA) was also used for
comparison following the manufacturer’s protocol. Absorbance was measured as
optical density readings at 405 or 450 nm. All cGMP quantification assays were carried
out as independent triplicate experiments.
2.6.3 Mass spectrometry
The cGMP samples were prepared as outlined in part 2.6.1. Samples were dried by
Freeze-drying using the Dynavac freeze dryer and sent to Professor Christoph
Gehring’s lab at the King Abdullah University of Technology (KAUST) in Saudi Arabia
for liquid chromatography–tandem mass spectrometry (LC - MS/MS) where the
analysis was done by Dr Aloysius Wong.
2.7 KINASE ACTIVITY ASSAY
Recombinant purified protein ZDVXVHGLQWKHNLQDVHDVVD\ȝJRISURWHLQSHUȝO
reaction mix was prepared. The reaction mix is made up of a final concentration of 1 x
2PQLD6HU7KUUHDFWLRQEXIIHUP0$73P0'77DQGȝ02PQLD6HU7KU
Peptide 1 (Invitrogen, Thermo Fisher Scientific, USA).
To test the kinase activity of IRAK3, the Omnia® Ser/Thr Peptide 1 kit (Invitrogen,
Thermo Fisher Scientific, USA) was used following the manufacturer’s protocol. The
serine/threonine kinase activity of IRAK3 was investigated where phosphorylation is
detected as an increase in fluorescence of the SOX chemophore using the Ser/Thr
peptide 1 as a substrate. Reactions were set up in triplicates in a white Nunc 96 well
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plates (Nunc, Thermo Fisher Scientific) and fluorescence was measured with an
Envision 2101 plate reader (PerkinElmer, Melbourne Australia) with excitation at 355
nm and emission at 470 nm for 10 minutes.
2.8 TISSUE CULTURE
2.8.1 HEK 293 cells
2.8.1.1 293T cells
Human embryonic kidney 293T (HEK 293T) cells (American Type Culture Collection
ATCC: CRL-11268) were used in the cGMP assay experiments, they were grown in
Dulbecco's Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS).
2.8.1.2 HEK BLUE hTLR4
HEK BLUE™ hTLR4 cells were obtained from InvivoGen (InvivoGen, USA). These
cells contain the human toll-like receptor 4 (TLR4), lymphocyte antigen 96 (MD-2) and
the cluster of differentiation (CD14) co-receptor genes, and an inducible secreted
embryonic alkaline phosphatase (SEAP) reporter gene. The SEAP reporter gene is
under the control of the IL-SSURPRWHUIXVHGWRILYH1)ț% QXFOHDUIDFWRUNDSSDlight-chain-enhancer of activated B cells) and AP-1 (activator protein 1) binding sites.
Levels of SEAP can be determined with QUANTI Blue™ Detection (InvivoGen (USA)).
HEK BLUE™ hTLR4 cells were grown as described in the cell maintenance protocol
provided using HEK BLUE selection antibiotics. The TLR4 stimulation with
lipopolysaccharide (LPS) (Escherichia coli 055:B5, Sigma-$OGULFK  DQG 1)ț%
activation was determined using QUANTI Blue™ Detection as described in the TLR4
stimulation determined using QUANTI Blue protocol (InvivoGen).
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2.8.2 Culture and passaging of adherent cells
All cells were tested for mycoplasma before use; cells were split for 3 passages once
taken from the frozen stock before testing for mycoplasma using the MycoAlert™
Mycoplasma Detection Kit (Lonza Australia).

HEK 293T cells were grown in

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with 10% (v/v) Fetal Bovine Serum
(FBS; Gibco) at 37°C, in a 5% CO2 tissue culture incubator. Cells were grown to 7080% confluency before they were split, cells were only used up to a maximum passage
of 30. Cells were washed with 1x PBS and lifted with 1x PBS and 2 mM EDTA. Cells
were spun down at 350 g for 4 minutes and the supernatant was removed, cells were
re-plated as needed in fresh DMEM and FBS. Antibiotics were not used in the tissue
culture.
2.8.3 Transient transfection of cells
Cells were transfected using the Fugene HD (Promega, Australia) transfection reagent,
the protocol was followed as outlined in the Promega Fugene HD manual. The Fugene
database program was used to calculate the concentration of DNA and Fugene HD
depending on cell type and plate used.
2.8.4 Stable transfection of cells
HEK BLUE™ hTLR4 cells were transfected as described in part 2.8.3, using the IRAK
clones in the pCDNA-DEST40 vector which gives Neomycin (G418) resistance to the
transfected cells, a pCDNA 6.2/nGFP-DEST control vector was also double
transfected into cells at 1:10 to observe transfection efficiency, Neomycin (Sigma
Aldrich, Australia) was added to the growth media and cells were split 4 times post
transfection to select for the neomycin resistant transfected cells. Cells were checked
for stable transfection of clones by western blot and RT-qPCR.
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2.8.5 Transfection efficiency analysis
The efficiency was observed under the microscope, by visualising the green
fluorescence of the reporter GFP (Green Fluorescent Protein) attached to the Cterminal of the gene of interest.
2.8.5.1 Imaging of live cells
Images were taken with a CoolSNAPFX camera (Photometrics, Arizona) attached to
an Eclipse TE-2000E microscope (Nikon, Japan).
2.8.5.2 FACS analysis
FACS analysis was performed with a FACS Canto II analyser (BD Science, Australia).
%HIRUHDQDO\VLVFHOOVXVSHQVLRQVZHUHFOHDUHGRIFOXPSVE\SDVVLQJWKURXJKDȝP
strainer (BD Biosciences, Australia). GFP positive cells were compared to nontransfected cells and the percentage of transfected live cells were observed.
2.8.5.3 Immunoblot of cell culture samples
Adherent cells were grown in a 6 well plate to a confluency of about 70-80%. The cells
were washed with 1X PBS and lifted using 1X PBS with 2 mM EDTA. Cells were spun
down at 350 g for 4 min and the supernatant was removed. The cell pellet was
resuspended in lysis buffer which consists of 150 mM NaCl, 1% (v/v) Triton X -100,
0.1% (w/v) SDS, 50 mM Tris base at pH 8 and protease inhibitor. The polyacrylamide
gel was run and proteins transferred to a nitrocellulose membrane as outlined in parts
2.5.4 and 2.5.6.
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2.9 SEAP ASSAY
HEK BLUE™ hTLR4 cells (Invivogen) were split at about 1.4 x105 cells per ml in a
&RUQLQJ&RVWDUFHOOFXOWXUHFOHDUIODWERWWRPZHOOSODWHDQGLQGXFHGZLWKQJȝO
of LPS (Escherichia coli 055:B5, Sigma-Aldrich). Control HEK BLUE™ hTLR4 cells
were not induced with LPS. Cells were grown for 20-24 hours at 37°C, in a 5% CO2
WLVVXHFXOWXUHLQFXEDWRU,QDQRWKHUFOHDUIODWERWWRPZHOOSODWHSRVWLQGXFWLRQȝO
of cell supernatant was taken in triplicate from HDFKZHOODQGȝORI48$17,Blue
was added as described in the HEK BLUE™ hTLR4 QUANTI BlueTM, TLR4 stimulation
protocol. The plate was then incubated at 37°C for 1 hour. SEAP levels were
determined using the Envision plate reader to read absorbance at 660 nm.
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2.10 RT-qPCR
2.10.1 Cell preparations for RNA extraction
Transfected as well as non-transfected HEK BLUE™ hTLR4 cells were split at ~ 2 x105
cells per ml in a flat bottom 6 well plate and induced ZLWKQJȝORI/36FRQWUROcells
were not induced with LPS. Cells were grown at 37°C, in a 5% CO2 tissue culture
incubator for 24 hours. Cells were lifted with 1 X PBS and 2 mM EDTA, cell pellets
were collected and stored at -80 ºC for RNA extraction.
2.10.2 RNA extraction
The RNA was extracted from the cell lysates using the QIAGEN RNeasy mini kit
(QIAGEN, Germany). The extraction was done as recommended in the QIAGEN
RNeasy mini kit protocol. A cleanup was done to clear DNA contamination from RNA
samples using the TURBO DNAse treatment (Ambion, Life technologies. Germany).
The amount of RNA extracted was quantified using the Nanodrop® ND-1000
Spectrophotometer. The RNA was stored at -80ºC till use
2.10.3 cDNA synthesis
First-Strand cDNA was synthesisHGIURPȝJRIWRWDO51$XVLQJWKH6XSHUVFULSW,,,
Reverse transcriptase (Invitrogen, Australia). Supplied oligo-dTs and dNTPs were
used during reverse transcription. The cDNA was stored at -80ºC till use.
2.10.4 PCR conditions and primer sequences
The mastermix was prepared using the SensiMix™ SYBR® Hi-ROX Kit (Bioline,
Australia). The IRAK primer pairs (see Table 2.3) were designed using the IDT
(Integrated

DNA

technologies)

qPCR

(http://www.idtdna.com/Primerquest/Home/Index),

primer
the

specific

design
exons

website
of

each

sequence were obtained from the NCBI website. The primers were chosen from the
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recommended list of primers based on the expected size of the product (100-300 bp).
All primer pairs were checked with BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
2.10.5 qPCR and analysis of data
Non-template controls were prepared for each qPCR analysis, consisting of RNA
samples where reverse transcriptase was not added to ensure that DNA contamination
of samples was not affecting qPCR results. Each sample was analysed in triplicate.
The efficiency of reactions was determined using linear regression of the Log
(fluorescence) per cycle number data with the LinRegPCR program version 2015.2
which considers the amplification with the efficiency of the primer pairs. Baseline
correction was performed by subtracting the fluorescence value of the mean for the
first five cycles to all values. Expression data of samples was calculated relative to the
two housekeeping genes (ȕ-actin and GAPDH) expressed as the following ratio, where
Ct is the crossing point threshold of the sample for the amplified genes:
Ratio = (Efficiencyreference)Ct, reference /(Efficiencysample)Ct, sample
2.11 Statistical analysis
Data was analysed using the GraphPad prism 7 software (GraphPad Software, USA).
Data was analysed by t-test or ANOVA followed by multiple comparison post hoc tests.
(P<0.05 was considered to be significant).
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IRAK3 FWD 305

gaa caa gag aat tac ttt ggt cct g

IRAK3 FWD 974

gtg gca gta tat caa gtg caa ac

IRAK3 REV 414

gga ctc aac act gct cca tag

IRAK3 REV 1519

ctc cag gaa tag agg aga agg a

IRAK4 FWD 428

ttg ctc cca gat gct gtt c

IRAK4 FWD 885

caa gtg atg gag atg acc tct g

IRAK4 REV 532

aga ttc tgc aca ggt gtc atc

IRAK4 REV 1492

agc agc tgt tga acc ttc tta

GAPDH Fwd

gaa ggt gaa ggt cgg agt c

GAPDH Rev

gaa gat ggt gat ggg att tc

ȕ-actin Fwd

gcc ctg agg cac tct tcc a

ȕ-actin Rev

ttg cgg atg tcc acg tca

Table 2.3 The qPCR primer sequences
Top section displays the IRAK gene specific primers. The housekeeping gene sequences are
displayed at the bottom of the section.
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3.1 INTRODUCTION
Cyclic adenosine monophosphate (cAMP) and cGMP are major signalling molecules
generated from adenosine triphosphate (ATP) or GTP by the action of adenylate or
guanylate cyclases, respectively. cAMP is an established signalling molecule and
second messenger ranging from Dictyostelium to Homo sapiens, however, its
presence in higher plants was under debate (Assmann, 1995; Gehring, 2010). cAMP
was shown to have a fundamental role in cellular response to many hormones and
neurotransmitters regulation, it affects many different physiological and biochemical
processes including the activity of kinases and phosphodiesterases (Fimia and
Sassone-Corsi, 2001; Gehring, 2010).

Guanylate cyclases and cGMP are well

represented in various invertebrates such as insects, nematodes, echindermata and
the amoeba Dictyostelium which use cGMP as well as cAMP as a chemoattractant
(Biswas et al., 2009; Hanna et al., 1984; Schaap, 2005). The role of cGMP in bacteria,
fungi and plants is controversial in part because levels of this cyclic nucleotide were
considerably lower than cAMP (Gomelsky, 2011; Lemtiri-Chlieh et al., 2011; Linder,
2010; Newton and Smith, 2004; Schaap, 2005). However cGMP is now a relatively
well characterised second messenger in higher plants regulating a wide variety of
physiological effects ranging from plant hormone dependent responses to induction of
plant defence responses (Lemtiri-Chlieh et al., 2011; Newton and Smith, 2004) and
currently novel plant guanylate cyclases have been partly characterised (Kwezi et al.,
2011; Meier et al., 2010; Muleya et al., 2014; Qi et al., 2010; Szmidt-Jaworska et al.,
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2009). Studies on bacteria had shown that a guanylate cyclase and cGMP system is
involved in bacterial encystment in Rhodospirillum centenum and by homology in other
PHPEHUVRIWKHĮ-proteabacteria such as Rhizobium NGR234 (Marden et al., 2011).
A guanylate cyclase found in cyanobacteria has also been crystallised (Rauch et al.,
2008). Therefore cGMP appears to be a universal signalling molecule in eukaryotic
cells and to have roles in at least some prokaryotes.
Part of the controversy relating to cGMP being a second messenger in non-animal
cells is due to its transitory nature and generally lower levels compared to cAMP. The
most reliable method to detect cGMP is by mass spectrometry (Lemtiri-Chlieh et al.,
2011; Newton and Smith, 2004), which is limited in its utility for time course
measurements essential for detecting molecules transiently present in limited numbers
of cells. Various antibody-based assays have been developed but these were tailored
for animal cells and the early assays detected false components in non-animal cells
(Newton and Smith, 2004). Newer ELISA based kits are more specific for cGMP but
tend to under report amounts of cGMP present in non-animal cells (Meier et al., 2010).
To measure endogenous cGMP levels at a cellular level in real time in mammalian
cells a fluorescent biosensor FlincG was developed. FlincG contains the regulatory
domain of protein kinase G type I fused to the circular permuted enhanced green
fluorescent protein and is used in transfected mammalian cells to detect intracellular
changes in cGMP over native dynamic ranges (Nausch et al., 2009). Constructs of
FlincG placed under the control of a plant promoter have been expressed in plant cells
and detect endogenous changes in cGMP levels (Isner and Maathius, 2011; Isner et
al., 2012). Alternative protein cGMP biosensors have been constructed using cGMP
binding domains in phosphodiesterases (e.g. PDE5) and the blue fluorescent protein
(mTagBFP) that can be used in multiple parameter imaging with FRET-based cAMP
reporters (Niino et al., 2010). A luciferase reporter system making use of cross-talk
between cAMP and cGMP pathways using the cAMP response element and

Page | 46

DEVELOPING A CYCLIC NUCLEOTIDE SENSITIVE LUCIFERASE REPORTER SYSTEM | CHAPTER 3
overexpressed protein kinase G has been developed that detects both cyclic
nucleotides (Okano et al., 2011).

However, a routine screening reporter assay

detecting endogenous cGMP or cAMP levels in different systems is still lacking.
Using plant root cells several genes were identified that were up-regulated following
exposure to membrane permeable cGMP (Maathius, 2006). Using this knowledge
three genes were selected by Janet I Wheeler and Helen R Irving as being suitable
candidates to design a suitable reporter construct to measure changes in cGMP in
plant cells (Wheeler et al., 2013). Interestingly one of these genes, AtOPTX has
recently been annotated as a member of the plant oligopeptide transporter family
(although it was originally annotated as AtNTL1 (low affinity nitrate transporter)) and is
predicted to be a membrane bound transporter of small peptides, contained a cGMP
response element within its promoter. This cGMP response element was earlier
identified in mammalian cells as a cGMP-sensitive element (Hum et al., 2004; Wheeler
et al., 2013); therefore this gene was chosen as a suitable candidate to design a cGMP
sensitive promoter and to investigate if this promoter system reported changes in
cGMP levels in mammalian cells.
This PhD project involves repeated assays in the detection of cGMP produced by
members of a novel class of GC kinases, therefore; a reliable cGMP screening tool
would be ideal, to test cGMP production in different cell types and possibly from
different systems. Therefore the effectiveness of these promoters was tested in
bacterial and mammalian cells. Simultaneously the system was also tested in plant
protoplasts by Dr Janet I Wheeler. Co-transformation of these constructs with a
guanylate cyclase into the cell of choice allows for altered gene transcription and
luciferase activity. Luciferase is produced if there is an increase in intracellular cGMP
levels due to guanylate cyclase activity (Figure 3.1).
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Bacterial or mammalian cell

Figure 3.1 Concept diagram: Induction of the cGMP sensitive promoter with cGMP
produced by a guanylate cyclase.
Induction of the cGMP sensitive promoter induces the gene transcription of luciferase which
can be measured by luminescence.
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3.2 MATERIALS AND METHODS
3.2.1 Plasmid construction
3.2.1.1 OPTX reporter constructs
The constructs were designed and prepared by Dr Janet I Wheeler and are
summarised here. The 1000 bp promoter sequence for the OLIGOPEPTIDE
TRANSPORTER X (OPTX; TAIR: AT1G33440 was recombined into pLUCTrap3
(GenBank: DQ073044.1) (Calderon-Villalobos et al., 2006) resulting in pOPTXLUC.
Three copies of the cGMP response element (Hum et al., 2004) and five copies of
the GARE (Bastian et al., 2010) were incorporated into the AtOPTX promoter to make
pOPTXcGMPRELUC and pOPTXGARELUC (Wheeler et al., 2013).
3.2.2 Transfection of HEK 293T cells and treatment
For quantification purposes, cells were co-transfected with pcDNA6.2/EmGFP-DEST
(Invitrogen) as well as the specific constructs at a 1:5 (GFP:LUC) ratio respectively
using Lipofectamine LTX (Invitrogen) following the manufacturer’s instructions.
Transfected cells were incubated in OPTI-MEM and the media was changed to DMEM
with 10% FBS the following day. The cells were incubated at 37°C for 2-3 hours before
they were treated with various concentrations of 8-bromo-cGMP, dibutyryl cAMP,
DEA/NONOate or forskolin (all from Sigma). Treated cells were incubated for a further
18 hours at 37°C and then the media was removed before 400 μl of 1X Reporter Lysis
Buffer (RLB, Promega) at room temperature was added to cover the cells. The cells
detached after 5-10 minutes. The lysate from each well was placed into individual 1.5
ml tubes, each tube was vortexed for 10 seconds and then centrifuged for 30 seconds
at 12,000 x g. Lysates were frozen on dry ice and kept at -80ºC till analysis.
The Promega Luciferase assay system (Promega, Australia) is used to analyse the
cells. Lysates are brought to room temperature in a water bath, 20 μl of lysate is loaded
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in triplicates into a 96 well white Nunc plate (Thermo Scientific). 100 μl of Luciferase
assay reagent was added to each well just before analysis. The LUMIstar Omega
multidetection microplate reader is used to measure the luciferase activity. Using the
GFP 96 well plate program (A488, FITC mirror 492 excitation, 520 emission) on the
Envision 2101 plate reader (PerkinElmer, Melbourne, Australia). GFP fluorescence is
measured by loading 120 μl of each lysate into a black 96 well plate. The average
luciferase luminescence reading was divided by the GFP reading to account for the
transfection efficiency.
3.2.3 Bacterial transformation and treatments
One shot BL21-AI cells (Invitrogen) were used to transform either pLUCTRAP3, OPTX,
OPTXcGMPRE or OPTXGARE. At least four isolated colonies were chosen from each
transformation and used to inoculate 10 ml LB broth with kanamycin (50 μg/ml) and
grown with shaking at 225 rpm overnight at 37ºC. Overnight cultures were diluted 1 in
10 ml LB broth and were incubated in a shaking incubator 225 rpm at 37°C until an
OD600 of about 0.5. Then 1 ml aliquots of each of the cultures were taken and treated
with

various

concentrations

of

8-bromo-cGMP

(8-bromoguanosine-ƍƍ-cyclic

monophosphate from Sigma Aldrich, Australia), or cAMP (N6ƍ-O-Dibutyryladenosine
ƍƍ-cyclic monophosphate from Sigma Aldrich, Australia) for 3 hours with shaking in
1.5 ml tubes. The OD600 of each culture was measured to quantify the cell number
using a spectrophotometer (WPA Lightwave personal UV/VIS from Spectum®).
For the proof of concept experiments, BL21-AI cells were co-transformed with either
pOPTXcGMPRELUC

or

pOPTXGARELUC

(kanamycin

resistance)

and

the

cytoplasmic domain of the phytosulfokine receptor 1 (PSKR1; TAIR: AT2G02220) in
pDEST17 (pDEST17PSKR1cd; ampicillin/carbenicillin resistance) (Kwezi et al., 2011).
Colonies were selected with kanamycin (100 μg/ml) and carbenicillin (200 μg/ml) and
separately inoculated into SOC media and grown to OD600 of 0.4 - 0.5 when the BL21-
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AI cells were induced with 0.2% L-arabinose and 1 mM IPTG to express the PSKR1
protein over the next 3 to 5 hours.
3.2.4 Bacterial treatment and Luciferase assay
Bacterial cells are lysed after the specific treatment, 90 μl of each bacterial sample
was taken, 10 μL of buffer (1 M K2HPO4 at pH 7.8 and 20 mM EDTA) was added and
the cultures were frozen on dry ice and then brought to room temperature in a water
bath (alternatively samples were stored at -80ºC). The Promega Luciferase assay
system (Promega, Australia) is used to analyse the cells. Lysis mix (1X Cell Culture
/\VLV 5HDJHQW DQG  PJPO O\VR]\PH   ȝO  LV DGGHG WR HDFK FXOWXUH DV
recommended in the Promega Luciferase assay (Promega, Australia) and incubated
for 10 min. Lysate (20 μl) is loaded in triplicate into a 96 well white plate. Luciferase
assay reagent (100 μl) is added to each well just before analysis. The LUMIstar Omega
multidetection microplate reader is used to measure the luciferase activity. The
average luciferase reading was divided by the individual OD600 after the 3 hours
induction.
3.2.5 Statistical analyses
Data was analysed using one way analysis of variance (ANOVA) followed by either
Dunnett's multiple comparison test (P < 0.05) or Tukey-Kramer multiple comparison
test (P < 0.05) using GraphPad Prism 5.0 (GraphPad Software).

Data for each

WUHDWPHQW FRQWDLQV DW OHDVW  ELRORJLFDO UHSOLFDWHV Q    DQG HDFK H[SHULPent was
repeated at least twice.
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3.3 RESULTS AND DISCUSSION
3.3.1 Generation of cyclic nucleotide responsive promoter:Luciferase plasmid
constructs
The promoter fragment of approximately 1000 bp of OPTX was amplified and cloned
into the plant luciferase reporter vector pLucTrap3 (Calderon-Villalobos et al., 2006) to
create pOPTX:LUC (Figure 3.2 A, C) by Dr Janet I Wheeler.
3.3.2 Augmentation of the cyclic nucleotide sensitive promoter OPTX
DNA sequence analysis had shown that the OPTX promoter contained the mammalian
cGMP response element (AxAxxxxxTTCxAxAxT) (Figure 3.2 B) identified by (Hum et
al., 2004). To potentially enhance cGMP sensitivity of the OPTX promoter, Dr Janet I
Wheeler used mutagenesis to incorporate an additional three mammalian cGMP
response elements to make OPTXcGMPRE:LUC (Figure 3.2 C). A recent promoter
analysis study identified a putative gibberellic acid response element TAACAAA/G
(Figure 3.2 B) which is found at a higher frequency in promoters of genes responsive
to gibberellic acid (Bastian et al., 2010). Since gibberellic acid induces transient
increases in cGMP in plants (Penson et al., 1996), Dr Janet I Wheeler used
mutagenesis to incorporate five additional GAREs into the OPTX promoter to make
OPTXGARE:LUC (Figure 3.2 C).
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A
OPTX promoter

B

LUC

AxAxxxxxTTCxAxAxT
TAACAAA/G

C

OPTX promoter

LUC

OPTX:LUC

LUC

OPTXcGMPRE:LUC

LUC

OPTXGARE:LUC

Figure 3.2 Schematic diagrams of plasmids used and the response elements
incorporated.
(A) cGMP responsive promoter - Luciferase plasmid used for transfection. (B) Mammalian
cGMP response element (cGMPRE) DNA sequence described in (Hum et al., 2004) top and
gibberellic acid response element (GARE) DNA sequence described in (Bastian et al., 2010)
bottom. (C) Schematic diagram of plasmids used for transfection. OPTX promoter showing
the mammalian cGMPRE present in all three constructs (orange), cGMPRE inserted (orange)
and GARE inserted (green).

3.3.3 Testing the OPTX promoters for cGMP sensitivity in mammalian cells
The mammalian cGMP response element was first identified in the promoter of the
natriuretic peptide receptor 1 (NPR1 or GCA) where it induced downregulation of the
receptor transcript when cGMP levels were raised (Hum et al., 2004; Martel et al.,
2010). We hypothesised that this element would be responsive in mammalian cells.
Therefore we tested the sensitivity of the OPTX and augmented promoters using
transiently transfected HEK 293T cells. The OPTX:LUC, OPTXcGMPRE:LUC and
OPTXGARE:LUC were transfected separately into HEK 293T cells which were cotransfected with pcDNA 6.2/EmGFP-DEST. Luciferase activity and GFP fluorescence
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were measured after 18 hours of treatment and the samples were normalised by the
corresponding transfection efficiency with GFP. Luciferase activity was expressed as
a percentage of the cGMP untreated control which was set at 100%.
Nitric oxide has been shown to increase cytosolic cGMP levels (Arnold et al., 1977;
Nausch et al., 2009). To test whether the promoter luciferase construct OPTX:LUC
could be used to show physiological differences in cGMP levels we used the nitric
oxide donor DEA/NONOate which is shown to induce cytosolic cGMP (Nausch et al.,
2009). The OPTX:LUC showed no response to treatments with various concentrations
of 8-bromo-cGMP but a significant decrease in luciferase activity occurred when
WUHDWHG ZLWK  ȝ0 '($1212DWH )LJXUH  $  7UHDWPHQWV ZLWK GLEXW\U\O F$03
also showed no significant differences in luciferase activity. Only small changes were
detected in HEK 293T cells transfected with the OPTXcGMPRE:LUC promoter where
there was a significant increase in luciferase activity with the NO donor and a decrease
in activity following treatment with forskolin which activates adenylate cyclase to
increase endogenous cAMP (Figure 3.3 B). We speculate that this may be due to the
positioning of the augmented response elements close to the transcription start site
(Martel et al., 2010). This may negatively/incorrectly modulate the transcriptional
machinery, as the cGMP response element is over 1000 bp upstream of NPR1/GCA
(Hum et al., 2004).
The OPTXGARE:LUC transfections resulted in a significant increase in luciferase
DFWLYLW\ZKHQFRPSDUHGZLWKWKHXQWUHDWHGFRQWURODWȝ0F*03EXWQRWDWȝ0
cGMP (Figure 3.3 C). However, there was no significant change in response to the NO
donor possibly because this stimulated the generation of too much endogenous cGMP.
Interestingly, this augmented promoter differentiated between cAMP and cGMP in
mammalian cells and this appeared to be concentration dependent. Forskolin which
strongly activates adenylate cyclase to continuously produce cAMP significantly
reduced luciferase activity confirming the trend we observed with dibutyryl cAMP
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treatments (Figure 3.3 C). This is an interesting observation as it suggests that the
OPTXGARE:LUC could be used to report transient increases in cGMP independently
of cAMP in mammalian cells. Significant cross-talk occurs between the cAMP and
cGMP transcription regulatory pathways in mammalian cells (Lucas et al., 2000), which
has led to the development of a mammalian cGMP reporter system that does not
discriminate between cAMP and cGMP (Okano et al., 2011).
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Figure 3.3 Cyclic nucleotide-induced luciferase activity in HEK 293T cells transiently
transfected with the promoter constructs.
The results are from separate transfections tested for each promoter/treatment combination.
(A) Effect of 8-bromo-cGMP (3 μM), DEA/NONOate (NO, 0.1 and 1 μM), dibutyryl cAMP (0.1
and 3 μM) on cells transfected with OPTX:LUC (n = 3 - 5); (B) Effect of 8-bromo-cGMP (0.03,
0.3 and 3 μM), DEA/NONOate (1 μM), dibutyryl cAMP (3 μM) and forskolin (Fsk, 0.1 μM) and
the DMSO vehicle on cells transfected with OPTXcGMPRE:LUC (n = 4 - 13); (C) Effect of 8bromo-cGMP (0.1 and 1 μM), DEA/NONOate (1 μM), dibutyryl cAMP (0.1 and 3 μM) and
forskolin (0.1 μM) and the DMSO vehicle on cells transfected with OPTXGARE:LUC (n = 4 15). Asterisks indicate treatments significantly different from the control (P < 0.05; one way
ANOVA, Dunnett’s multiple comparison post test).
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3.3.4 Testing the OPTX promoters for cGMP sensitivity in bacterial cells
7R GDWH RQO\ PHPEHUV RI WKH Į-proteabacteria are known to naturally synthesise
cGMP although other bacteria are well known to express cAMP and the di-cyclic
nucleotides c-di-AMP and c-di-GMP (Gomelsky, 2011; Marden et al., 2011). Therefore
a system that detects cGMP in bacteria would be particularly useful to screen for novel
recombinant guanylate cyclases from other organisms. Our goal is to develop a
screening assay that we can use to detect novel guanylate cyclases expressed in
bacteria. With this aim in mind, the three OPTX constructs were tested in the BL21-AI
E. coli strain which we selected as a representative bacterium because it is suitable
for high-level recombinant protein expression. The OPTX:LUC, OPTXcGMPRE:LUC
and OPTXGARE:LUC were transformed separately into the BL21-AI E. coli. At least
4 independently transformed colonies were grown and tested for each promoter/
treatment combination. In these experiments, 1 ml cultures were induced in a 1.5 ml
tube, as only a small amount of protein is needed to be produced, this may also be a
good option in case we want to grow and induce the cultures on multi well plates. Each
sample was normalised using the OD600 reflecting cell number for each sample, the
luciferase activity is expressed as a percentage of the untreated control which was set
at 100%. The promoter OPTX:LUC showed some difference in luciferase activity from
WKHXQWUHDWHGFRQWURORQO\DWWKHȝ0F*03WUHDWPHQWKHQFHWKLVFRQVWUXFWwas not
used to test for cGMP in bacteria due to its concentration specificity (Figure 3.4).
The OPTXcGMPRE:LUC transformants showed a significant increase in luciferase
DFWLYLW\ZKHQWUHDWHGZLWKȝ0ȝ0DQGȝ0-bromo-F*03EXWQRWȝ0DQG
 ȝ0 -bromo cGMP (Figure 3.5 A). However, this increase in luciferase activity
appears to be independent of the purine base as similar changes were seen with
treatments containing dibutyryl cAMP (Figure 3.5 B).
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The OPTXGARE:LUC showed a significant increase in luciferase activity when
compared to the untreated control when 8-bromo-F*03ZDVEHWZHHQȝ0DQG
ȝ0, EXWQRWDWȝ0RUȝ0 )LJXUH& $JDLQVLPLODULQFUHDVHVZHUHREVHUYHG
in response to dibutyryl cAMP in BL21-AI cells transformed with OPTXGARE:LUC
(Figure 3.5 D). As E. coli has no known guanylate cyclases and cGMP signalling
system but highly characterised cAMP signal networks (Gomelsky, 2011), it is possible
that the native bacterial transcription factors recognise both purine nucleotides and
does not discriminate between them.
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Figure 3.4 Cyclic nucleotide-induced luciferase activity in E. coli BL21-AI cells
transformed with the OPTX-LUC reporter.
BL21-AI transformed with the OPTX-LUC promoter luciferase reporter construct and treated
with different concentrations of 8-bromo-cGMP. At least 3 separate colonies were tested (n =
3 - 4). Asterisks indicate treatments significantly different from control time points (P < 0.05;
one way ANOVA, Tukey-Kramer post test).
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Figure 3.5 Cyclic nucleotide-induced luciferase activity in E. coli BL21-AI cells
transformed with the OPTXcGMPRE:LUC and the OPTXGARE:LUC reporter.
At least 3 separate colonies were tested for each promoter/treatment combination. (A) Effect
of

different concentrations

of

8-bromo-cGMP on

BL21-AI

cells

transformed

with

OPTXcGMPRE:LUC (n = 3 - 4); (B) Effect of dibutyryl cAMP on BL21-AI cells transformed with
OPTXcGMPRE:LUC (n = 3 - 4); (C) Effect of different concentrations of 8-bromo-cGMP on
BL21-AI cells transformed with OPTX-GARE:LUC (n = 4). (D) Effect of dibutyryl cAMP on
BL21-AI cells transformed with OPTXGARE:LUC (n = 6).

Asterisks indicate treatments

significantly different from the control (P < 0.05; one way ANOVA, Dunnett’s multiple
comparison post test).
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3.3.5 Using OPTXcGMPRE:LUC to report cyclic nucleotide production in
bacterial cells
We tested the constructs to see if we could detect cGMP in BL21-AI cells expressing
a novel guanylate cyclase. Previous work has shown that BL21-AI cells expressing the
novel plant cytoplasmic guanylate cyclase GC1 indicates that cGMP is produced by
bacteria during induction of protein expression (Ludidi and Gehring, 2003; SzmidtJaworska et al., 2009). Our group has demonstrated that the cytoplasmic domain of
the plant phytosulfokine receptor (PSKR1) contains guanylate cyclase but not
adenylate cyclase activity (Kwezi et al., 2011). The PSKR1 cytoplasmic domain
(PSKR1cd) protein is relatively stable, it shows relatively high expression in BL21 cells
(Figure 5.1) in the soluble fraction (Muleya et al., 2014). Therefore PSKR1cd was
chosen

as

the

test

protein.

PSKR1cd

was

co-transformed

with

either

OPTXcGMPRE:LUC or OPTXGARE:LUC into BL21-AI. To test if PSKR1cd generates
cGMP, luciferase activity was measured 3 and 5 hours following induction of PSKR1
expression. Luciferase activity increased for both constructs relative to the control
uninduced treatments, a significant effect was also seen 3 and 5 hours post induction
(Figure 3.6 A and B). Therefore, these bacterial reporter assays could be used as a
preliminary screen for novel guanylate cyclase enzymes.
To further test the bacterial cGMP detection system, mammalian proteins were also
tested. The mammalian protein NTRK1 (neurotrophic receptor tyrosine kinase 1) is
predicted to contain a novel guanylate cyclase centre (H.R.Irving, personal
communication 2012), therefore, the cytoplasmic domain of NTRK1 was tested using
the OPTXcGMPRE system (Figure 3.6 C). A significant increase of about 20% in
luciferase activity is seen 3 hours post induction of NTRK1 expression when compared
to the uninduced cells. This is currently the only data available to show that the
predicted novel GC NTRK1, may produce cGMP in vitro., however, further
investigation is necessary on this protein.
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The IRAK3 protein which is the focus of this thesis is believed to be a novel GC and
has been shown to produce cGMP in vitro (Freihat et al, 2014). IRAK3 was examined
using the OPTXcGMPRE system, however the system did not pick up a clear
significant difference in the presence of IRAK3 post 3 hour induction when compared
to the uninduced control (Figure 3.6 D), this discrepancy with alternative cGMP assays
may be due to IRAK3s instability. The instability index is computed to be 59.95 which
classifies the protein as unstable on EXPASY Bioinformatics resource portal,
(http://web.expasy.org/cgi-bin/protparam/prot param1?Q9Y616@1-596@). IRAK3 is
also difficult to express in bacteria, as it is expressed mainly as an insoluble protein,
see chapter 5 for IRAK3 expression in bacterial cells. Therefore this system is best
used for proteins that can be expressed in bacterial cells.
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Figure 3.6 Detection of cGMP-induced by the novel GCs in bacteria.
BL21-AI cells were co-transformed with a promoter luciferase reporter construct and a plasmid
containing a novel guanylate cyclase enzyme (pDESTPSKR1cd). Expression of PSKR1 was
induced in at least 4 separate colonies and then luciferase activity was tested and expressed
relative to culture optical density. (A) Effect of PSKR1 expression on OPTXcGMPRE:LUC
activity (n = 4 – 5); (B) Effect of PSKR1 expression on OPTXGARE:LUC activity (n = 4).
Asterisks indicate treatments significantly different from control time points (P < 0.05; one way
ANOVA, Tukey-Kramer post test). (C) Effect of NTRK1 expression on OPTXcGMPRE:LUC
activity (n=4) (P < 0.05; unpaired student t-test). (D) Effect of IRAK3 expression on
OPTXcGMPRE:LUC activity (n=5) (P > 0.05; unpaired student t-test).
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3.4 CONCLUSION
The developed promoter reporter systems based on the plant OPTX promoter can be
successfully employed in bacterial cells to test for cyclic nucleotide production. The
OPTX system may also be an alternative technique we can use in mammalian cells to
report endogenous cyclic nucleotide levels, however further optimisation may be
necessary for use in different cell lines. Since the OPTX promoter is a plant gene,
augmentation of the promoter with the different cGMP response elements resulted in
changes of efficacy in the different cell types. Surprisingly, augmentation with the
predicted response element to the plant hormone GA (OPTXGARE:LUC) effectively
reported changes in cyclic nucleotides in both systems tested. In mammalian cells, the
OPTX:LUC reporter detected endogenous cGMP. The OPTXGARE:LUC reporter,
however, differentiated between the low cGMP and high cAMP levels in the
mammalian cells. In bacteria (BL21-AI), both the OPTXGARE:LUC reporter and the
separate OPTXcGMPRE:LUC reporter responded to increased levels of cyclic
nucleotides.
The respective constructs were employed to detect novel recombinant guanylate
cyclase activity in the bacterial system. The OPTXGARE:LUC reporter used to detect
cGMP production of the novel GC PSKR1 showed significant luciferase activity,
representing an increase in cGMP production in the presence of PSKR1. This was also
the case for PSKR1 when the alternative OPTXcGMPRE:LUC reporter was used.
NTRK1 was shown to significantly induce luciferase activity in the presence of the
OPTXcGMPRE:LUC construct, this was also the first report that NTRK1 may produce
cGMP in vitro. IRAK3 was also investigated for cGMP production using the
OPTXcGMPRE:LUC construct, however, a clear significant increase in luciferase
activity was not observed, possibly due to the instability of the IRAK3 protein in
bacteria.
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CHAPTER 4

EXPLORING THE STRUCTURE OF IRAK3
4.1 INTRODUCTION
The IRAK family consisting of IRAK1,2,3 and 4 share a common and important death
domain which is used in the interaction of the signalling proteins (Du et al., 2014;
Rhyasen and Starczynowski, 2015). Once TLR/IL-1R are activated there are a
sequence of molecular recruitments that occur, which involve the assembly of
signalling molecules and complexes. This includes MyD88 a necessary adaptor protein
in the TLR/IL-1R signalling cascade, subsequently recruiting the IRAK proteins. The
death domain plays a key part in complex formation, the structure is termed a
myddosome complex and is crystallised (Lin et al., 2010). The MyD88-IRAK4-IRAK2
death domain myddosome complex shows a left-handed helical oligomer consisting of
six MyD88, four IRAK4 and four IRAK2 molecules interacting via the death domain.
Formations of these myddosomes allow the kinase domain of the IRAK proteins to be
in close proximity for both trans and autophosphorylation and activation (Lin et al.,
2010). IRAK3 negatively regulates this pathway; it also binds via its death domain to
the other members of the IRAK family, in other words, IRAK3 forms heterodimers with
,5$.DQG,5$.WRGLVDEOHGRZQVWUHDP75$)DQG1)ț%DFWLYDWLRn and consequent
inflammatory response (Lin et al., 2010). A single amino acid mutation of E71A or
Q78G in the IRAK3 death domain can result in partial defects to binding, however, if
both mutations occur there is a significant decrease in the binding of IRAK3 to IRAK4
(Zhou et al., 2013). Mutation of W74A in the IRAK3 death domain caused a complete
loss in interaction with IRAK4, affecting the function of IRAK3 as a negative regulator
of inflammation (Zhou et al., 2013).
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The kinase activities of the IRAK family members are important in the signalling and
the activation of other signalling molecules in the signalling cascade. For example,
IRAK4 is autophosphorylated once it is activated, IRAK4 phosphorylates downstream
kinases like IRAK1 and IRAK2 (Cushing et al., 2014; Li et al., 2002). IRAK4 kinase
inactive clones K213A/K214A in the kinase VAVKK domain, expressed in IRAK4
deficient cell lines revealed that the mutation caused a significant reduction in the
interleukin-1 receptor-induced signals. This includes a reduction in the activation of
IRAK1, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-ɤ% DQGFJun NH2-terminal kinase (JNK) (Lye et al., 2004).
IRAK3 is a pseudokinase in humans, IRAK3 is defined as a class I pseudokinase as it
does not display nucleotide or cation binding. It is thought that this is mainly due to the
absence of the conserved aspartic acid (D) in the HRD motif sequence of the kinase
domain, which is replaced by a (Ser293) in IRAK3 (Murphy et al., 2014; Wesche et al.,
1999). IRAK3 was however shown to bind ATP-competitive small-molecule inhibitors,
indicating perhaps the presence of an intact ATP binding cleft. Therefore, it is possible
that IRAK3 can bind nucleotides and cations, but the binding affinities may be below
the limit of detection used (Murphy et al., 2014).
The IRAKs also contain a C-terminal domain except for IRAK4, the IRAK3 C-terminal
domain was shown to be necessary for interaction with TRAF6 (TNF receptorassociated factor) a signalling molecule in the signalling cascade.

IRAK3 was

unearthed as a potential novel guanylate cyclase using a GC search motif in
computational searches. The GC motif used is an amino acid sequence homologous
to GC catalytic centres found in lower eukaryotes (Figure 4.1 A, B) (Kwezi et al. 2011).
Such novel GC centres had previously been found in the cytoplasmic kinase domain
of receptor like proteins in plants, including Arabidopsis BRASSINOSTEROID
INSENSITIVE 1 (BRI1) receptor kinase, phytosulfokine receptor 1 (PSKR1) and wall
associated kinase like 10 (WAKL10) (Irving et al., 2012; Kwezi et al., 2007; Kwezi et
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al., 2011; Meier et al., 2010). IRAK3, however, is a soluble cytoplasmic protein that
contains a GC centre believed to catalyse the formation of cGMP.
A crystal structure of IRAK3 is not yet available; therefore, to explain the GC centre of
IRAK3, a model is required. Constructing a homology model of IRAK3 can assist us in
explaining how the GC centre may fit in and guide mutagenesis studies. Therefore,
the aim of this chapter was to construct a homology model of the IRAK3 kinase domain,
based on the crystal structure of the IRAK4 kinase domain (Wang et al., 2006).
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4.2 MATERIAL AND METHODS
4.2.1 Construction of the IRAK3 homology model
4.2.1.1 Sequence alignments
The protein sequences of the human IRAK3 (http://www.uniprot.org/uniprot/Q9Y616)
and the human IRAK4 (http://www.uniprot.org/uniprot/Q9NWZ3) were obtained from
the UniProtKB database. The sequences were aligned using the Clustal W2 multiple
sequence alignment website, the kinase domain of the IRAK3 sequence was aligned
to the IRAK4 kinase domain sequence (Figure 4.2). The IRAK4 crystal structure of
2NRU (Wang et al., 2006) was used in the alignment and homology model design of
IRAK3. Alignment of the IRAK3 amino acid sequence in different species was done
using the Clustal W2 multiple sequence alignment website. The IRAK3 sequences
used in the alignment were taken from the gene bank NCBI database. The IRAK3
database search for SNP variants was done using the ExAC Browser (Beta), Exome
Aggregation Consortium (Lek et al., 2015).
4.2.1.2 Model building and minimisation
The homology model was generated using Prime version 3.1 (Maestro 9.3,
Schrödinger, LLC, New York, USA) using the relevant aligned sequences. An energy
minimisation of the IRAK3 homology model was done to relax the overall structure;
first, the hydrogen atoms were relaxed where the energy decreased significantly.
Second, a macro-model minimisation was done by constraining the protein backbone
and allowing the side chains to relax. Another macro-model minimisation was done by
FRQVWUDLQLQJWKHĮ-carbons and thus allowing the relaxation of the rest of the structure.
A final minimisDWLRQUHOD[DWLRQZDVGRQHZHUHWKHĮ-carbons of the KHLW (residues
336-  ORRS ZHUH DOORZHG WR PRYHUHOD[ ZKLOH WKH UHVW RI WKH Į-carbons of the
structure were kept rigid.
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4.2.2 Mutant constructs
The IRAK3 mutants were constructed by mutating the specific residues in the IRAK3
homology model and then observing the effect on the surrounding residues and the
effect on the overall structure. Once the mutation was added to the sequence, a
minimisation of all the hydrogens was done, followed by minimisation of the side chains
of either the mutation or the surrounding molecules.
4.2.3 GTP docking
Molecular docking was performed using the glide module within the Maestro molecular
modelling package (Maestro version 9.3, Schrödinger, LLC, New York, USA). GTP
was docked using the XP algorithm into the homology model that was developed for
IRAK3. To initially position GTP in the binding site, the location of GTP within the
structure of a related protein, cAMP-dependent protein kinase (pdb code 1ATP) was
used as a guide. Default parameters were used for each docking experiment. The
same methods were applied for the R372>L mutant of IRAK3.

Page | 68

EXPLORING THE STRUCTURE OF IRAK3 | CHAPTER 4
4.3 RESULTS AND DISCUSSION
4.3.1 Alignment of IRAK family members
The IRAK members have a similar domain architecture where they all contain a death
domain, a kinase homology domain and all except IRAK4 contain a C-terminal domain.
The domain architecture of IRAK3 is presented in (Figure 4.1 A) showing the different
domains as well as a distinct GC centre within its kinase domain.
To check if the other members of the IRAK family also contained a GC centre, the
IRAK members were aligned. The GC centre of IRAK3 is highlighted in green and the
GC-like centres of the other IRAK members are highlighted in purple (Figure 4.1 C).
Underlined in red text are residues that do not follow the GC search motif, these GC
centre residues are believed to be required for GC function and were used to identify
IRAK3 as well as other novel GCs (Figure 4.1 B and C). Due to the lack of these
essential residues in the GC-like centre of IRAK1, 2 and 4, these members are possibly
non-functional, as they do not encompass a complete GC centre; therefore, the GC
centre is unique to IRAK3 amongst the IRAK family (Figure 4.1 C).
To determine if the GC centre was conserved amongst other species, an alignment
was done comparing the amino acid sequence of IRAK3 close to the GC centre in
different species. This included the amino acid sequence of a mouse, zebrafish, wolf,
gibbon, orangutan, rat and cattle, (Figure 4.1 D). As can be seen, IRAK3 maintains its
GC centre sequence in all the species presented, particularly within the mammalian
species, the amino acid sequence is also quite conserved in the GC vicinity, which is
part of the pseudokinase domain. Such marked conservation is suggestive that the GC
centre may be important in the function of IRAK3. Regions conserved mainly due to
low mutation rates are usually functionally important (Carlton et al., 2006; Hardison,
2003).
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In our search of IRAK3 in different species, we also compared the IRAK3 domain
architecture. Interestingly, of all the species, looked at, only cattle (Bos Taurus) lack
the usual death domain seen in IRAK3 as well as the rest of the IRAK family members
(NCBI http://www.ncbi.nlm.nih.gov/homologene/36215# 25/08/16). Since the death
domain of the human IRAK3 is important in protein-protein interaction in the signalling
cascade, it would be interesting to find out how IRAK3 functions in cattle. This can be
done experimentally by expressing the bovine IRAK3 protein and observing its binding
patterns and how this feature affects downstream signalling in the cell.
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Figure 4.1 Sequence alignment of the IRAK family members, alignment of IRAK3 in
different species and the GC search motif.
(A) Domain architecture of IRAK3 showing the death domain in orange, the kinase homology
domain in purple and the GC centre in green. (B) The guanylate cyclase search motif
highlighting the numbering of the residues in the GC centre (Kwezi et al., 2011) used to reveal
IRAK3. Highlighted in green are the functionally assigned residues and in blue are the predicted
Mg2+ or Mn2+ binding residues. (C) Alignment of the amino acid sequence of the different human
IRAK family members in the GC vicinity. The IRAK3 GC centre is in green text and the GC-like
centre of the other IRAK members are in purple text. The residues that are different to the GC
search motif are in red text and underlined. (D) Alignment of the amino acid sequence of IRAK3
in different species around the GC vicinity, the GC centre is boxed in green.
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4.3.2 Building of structure
The human IRAK4 kinase domain crystal structure has been crystallised by two
different groups. Wang et al. (2006) used a synthetic potent kinase inhibitor (termed
compound 1) to yield a structure at 2 Å, and staurosporine another kinase inhibitor to
yield a structure at 2.2 Å, the two structures were claimed to be almost identical, with
the exception of a few loops in the binding vicinity. The structures revealed a tyrosine
gatekeeper residue which is a unique feature of the IRAK family (Wang et al., 2006).
Another crystal structure by Kuglstatter et al. (2007) revealed that in the apo or
unbound form, IRAK4 coexists as two conformations, differing in the two kinase lobes
DQGWKHSRVLWLRQRIĮ-KHOL[&Į-helix C is a conserved structural feature of all protein
kinases (Taylor et al., 2012). However, in the presence of ATP, only one conformation
was observed which is believed to be the active form of the enzyme (Kuglstatter et al.,
2007). So far, crystal structures are not available for the kinase domain of the other
IRAK proteins. The 2NRU crystal structure of IRAK4 was chosen as a suitable
template, as, the crystal structure available was the most complete in terms of the
kinase domain and had about 28.14% similarity to IRAK3 (Gosu et al., 2012; Wang et
al., 2006). Other IRAK4 crystallised homologs were also considered however, they
were disregarded due to either missing parts of the sequence structure or less similarity
with IRAK3.
To build the IRAK3 homology model the knowledge-based method was originally
selected. The alignments of the two sequences were used to build the predicted
KRPRORJ\ PRGHO 7KH PDLQ GLIIHUHQFH EHWZHHQ WKH WZR PRGHOV ZDV WKDW DQ Į-helix
originally present in the IRAK4 model in the GC-like domain region was replaced by a
loop in the IRAK3 model, the loop was coloured red indicating that it is strained or that
there is a potential error. The reason for this is possibly due to the extra four amino
acid sequence (KHLW (residue 336-339)) found in IRAK3 but not in IRAK4, highlighted
in pale red in Figure 4.2. To try to overcome these obstacles, we rebuilt the model
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using the energy-based method instead of the knowledge-based method. A model of
IRAK3 was constructed by removing all of the extra amino acid residues highlighted in
pale red from the IRAK3 sequence, the structure was then minimised in energy by
minimising/relaxing the atoms. These amino acid portions were then reinserted
individually and then a homology model was built for each addition. Each of these
IRAK3 homology stUXFWXUHV KDG DQ Į-helix in the GC area, similar to the IRAK4
structure. However once the KHLW (residues 336 – 339) amino acid portion was
LQVHUWHGLQWRWKHPRGHOWKHĮ-helix was automatically disrupted and transformed into
a loop. This may be due to the e[WUDDPLQRDFLGSRUWLRQSXVKLQJWKHĮ-helix out of place,
making it a loop, or that the alignments of the specific amino acids are not correctly
aligned. By performing a final minimisation of the energy, it allows the complete
structure to relax causing thHĮ-helix to reform. A final check of the structure was done
to check for any strains in the structure (Fig 4.3).
It is noteworthy that in the homology model of IRAK3, the GC centre is in part an
LQWHUQDOĮ-helix while the remainder emerges as a loop (Figure 4.3 A and C). In IRAK3
the loop section of the GC centre and the KHLW loop (residues 336 – 339) can easily
adopt alternative structures (Figure 4.3 D). The KHLW (residues 336–339) loop is
adjacent to the GC centre section (Figure 4.3 D). There is a possible cation ʌ
interaction between arginine 372 of the GC centre and the adjacent histidine 337
whereas tryptophan 339 (part of KHLW (residue 336-339)) sticks out into space and
possibly has a role in protein–protein interactions as most nearby amino acids are
polar. The loop region of IRAK3 from 383 to 398 includes part of the GC centre and
this was refined via iterative molecular dynamics to generate ten possible loop
configurations that were overlaid on the IRAK3 model confirming that a number of
possible conformations exist that may alter the GC centre configuration (Figure 4.3 D).
The IRAK3 homology model is quite similar to the IRAK4 crystal structure with very
few noticeable differences in the presented ribbon model. The main differences in the
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GC centre vicinity between the IRAK3 model and IRAK4 are highlighted in cyan and
green and transposed onto the silver IRAK4 model (Figure 4.3 B). The fact that there
is an extended loop in IRAK3 can make the loop even more dynamic. IRAK4 is an
active kinase unlike IRAK3, which is a pseudokinase, and the activation segment
pointed at by a blue arrow is an important part of its kinase activity regulation (Nolen
et al., 2004) (Figure 4.3 B). Previous studies on crystal structures of different inactive
kinase have suggested that their kinase inactivity may be due to the altered positioning
of the lobes and the cleft opening in the activation segment. Elusive changes in the
activation loop have also been shown to disrupt precise points which can be amplified
into major structural changes that reduce their activity (Nolen et al., 2004).
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Figure 4.2 Amino acid sequence alignment of IRAK4 and IRAK3
Alignment of the kinase domain of IRAK3 and IRAK4 amino acid sequence using the Clustal
W2 program. A score of 28.14 was achieved. Important kinase residues are highlighted in
yellow the main gaps are highlighted in pale red. Possible GC residues and the novel GC centre
is highlighted in blue. In brackets highlighted in green are the amino acids numbering according
to the homology model of IRAK4, similar numbering was used in the IRAK3 model.
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Figure 4.3 IRAK3 homology model
(A) The IRAK3 kinase domain homology model, the GC centres is pointed at by an orange
arrow. (B) IRAK3 showing ten possible configurations (silver) of the loop containing the Cterminal part of the GC centre of IRAK3 (383–398). In addition, two alternative views of the loop
configurations are shown demonstrating the potential for large movements associated with this
section of the protein. (C) The GC centre part of the IRAK3 homology model at slightly different
angles showing the GC centre as well as the nearby KHLW loop, displaying possible
interactions. (D) The IRAK4 crystal structure in silver (2NRU) (Wang et al., 2006) with the
transposed extra loops of IRAK3 in cyan and green showing the main differences between the
two structures in the GC vicinity. The blue arrow points to the IRAK4 activation segment
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4.3.3 Comparison of IRAK3 and PSKR1 homology models
We wanted to see if IRAK3 has a similar homology structure to other novel GCs,
therefore we aligned the amino acid sequence of the kinase domain of IRAK3 to the
amino acid sequence of the kinase domain of PSKR1. PSKR1 was used as it is a novel
GC previously characterised within our group with a previously prepared homology
model. The model for PSKR1 was based on its 41.2% identity with the crystal structure
of tomato resistance protein Pto (for Pseudomonas syringae pv. tomato) kinase (PDB
code 3HGK). (Freihat et al., 2014; Muleya et al., 2016; Muleya et al., 2014) (Figure
4.4). The two sequences were aligned at the five key kinase amino acid residues that
are conserved between the kinase families (highlighted in yellow in Figure 4.4. The
histidine residue of the HRD motif of PSKR1 was aligned to the corresponding cysteine
291 of the CGS in IRAK3. Using the amino acid sequence alignment the two homology
models were then aligned to observe the overall architecture of the GC centre of the
two protein. (Freihat et al., 2014; Kwezi et al., 2011).
Both IRAK3 and PSKR1 homology models show a typical kinase structure that is in
agreement with these molecules being primarily kinase in nature, although human
IRAK3 is a pseudokinase (Murphy et al., 2014; Wesche et al., 1999). The overall
structures have a high degree of similarity (RMSD of 0.72A°; 1A° = 0.1 nm)
demonstrating the predominant kinase shape (Figure 4.5 A). The main differences are
that the PSKR1 model does not show an N-WHUPLQDO Į KHOL[ D QXPEHU RI ORRS
configuration differences are seen throughout the model and the C-WHUPLQDOĮKHOLFHV
GR QRW DOLJQ 7KH *& FHQWUH LV LQ SDUW DQ LQWHUQDO Į-helix, whereas the remainder
emerges as a loop (Figure 4.5 A).
Surface models of PSKR1 and IRAK3 indicate that the GC centre is associated with a
small groove leading into the kinase cleft (Figure 4.5 C). The groove alters with the
different loop configurations and potentially with dimerization, a catalytic or binding site
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is developed. Transient dimerization that depends upon interactions at the C-terminus
is observed in PSKR1 (Muleya et al., 2016) and it may be that the transient nature of
this dimerization is an important regulatory component of the GC response (Freihat et
al., 2014). Classical nucleotide cyclases are known to dimerize to form functional
complexes essential for their activity (Winger et al., 2008). In GCs, the dimerization
can produce a catalytic groove for GTP binding. Dimerization is less documented in
the novel GC class, and further evidence is needed to document the necessity of
dimerization in this class. To date the novel GC BRI1 has demonstrated homodimer
formation; however, this has not yet been seen with the other characterised novel GCs
(Muleya et al., 2016). Dimerization in the case of this novel class of GCs however, may
not be essential; therefore, further experimental evidence is necessary to address the
matter. IRAK3 is not known to form homodimers, however, IRAK3 does bind to other
IRAKs in the signalling cascade through its death domain, as well as through its Cterminal domain to TRAF6. Therefore, it is of interest to observe the effect the binding
to the other IRAKs, TRAF6 and the formation of myddosome complexes may have on
IRAK3s GC activity.
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Figure 4.4 Amino acid sequence alignment of the PSKR1 kinase domain and the IRAK3
kinase domain
Alignment of the amino acid sequences of the PSKR1 kinase domain and the IRAK3 kinase
domain using the Clustal W2 program. Important kinase residues/domain are highlighted in
yellow, the novel GC centre is highlighted in blue.
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Figure 4.5 Comparison of PSKR1 and IRAK3 homology models
(A) Homology models of the kinase domain of PSKR1 and IRAK3 are overlaid following
alignment at key amino acid residues, PSKR1 is brown and IRAK3 is cyan. The GC centre is
indicated IRAK3. (B) Comparison of the surface topology of homology models of PSKR1 and
IRAK3 showing the kinase cleft and the catalytic GC groove adapted from (Freihat et al., 2014).
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4.3.4 Natural mutations in IRAK3
A number of natural mutations occur throughout the gene that may affect IRAK3
function. For instance, SNPs in the IRAK3 gene may be determinants of sepsisinduced acute lung injury (Pino-Yanes et al., 2011). Early onset asthma was also
shown to be connected to SNPs at P22L in the death domain as well L400V and
R429Q in the kinase homology domain (Balaci et al., 2007). Other polymorphisms are
present in the kinase homology domain of IRAK3 that have relevance to this study, in
particular, there are mutations in the GC centre. Table 4.1 highlights these mutations
in the GC vicinity. The natural SNPs within the GC centre are highlighted in blue and
those SNPs in the vicinity are highlighted in green. The investigation of the clinical
variations would be of particular interest, however, due to the rarity of these mutations,
no clinical information is available yet. The fact that the natural mutations in the GC
centre and vicinity are so rare indicates the likely importance of these residues in the
GC centre and vicinity, which are also quite conserved within the mammalian species
(Carlton et al., 2006) (Table 4.1).
4.3.5 Mutation of the guanylate cyclase centre
To observe the effect specific residues in the GC centre have on the GC function, three
different residues were chosen to be mutated in the GC centre to leucine. This was
based on previous docking simulation studies done with GTP on the PSKR1 homology
model. The amino acids in green are functionally assigned residues, while the blue
residues are associated in binding with Mg2+ or Mn2+ ions (Figure 4.1 B). In these
docking experiments done by Wong et al. (2013), the negatively charged hydrophilic
triphosphates tail of the GTP is understood to interact with the arginine (or lysine) at
position 14 of the motif which is positively charged (Ludidi and Gehring, 2003; Wong
and Gehring, 2013). Wong et al. (2013) showed that mutating specific functionally
assigned residues in the GC centre either had caused disruption in the homology
model in the GC vicinity, or affected GTP docking.

In this same study, it was
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hypothesised that the amino acid in position 1 may form a hydrogen bond with the
guanine of GTP, while in position 3 it confers specificity for GTP. The amino acid in
position 14 is understood to stabilise the transition state from GTP to cGMP (Figure
4.1 B) (Wong and Gehring, 2013; Wong et al., 2015).
To observe these mutations in our IRAK3 homology model, we changed the specific
residues, Serine359>Leucine and Glycine361>Leucine, Glycine361>Leucine only and
Arginine372>Leucine only in the GC centre and observed the effects on the overall
structure and surrounding molecules (Figure 4.6). The mutation of G361>L which is
residue number 3 in the GC centre of IRAK3 to leucine showed a major steric clash,
the leucine side chain clashed with the adjacent C425, A426, and somewhat with
*5$DQG77RUHOLHYHWKHFODVKWKHĮ-helix (413-425) may shift or
alternatively a loop can commence from about residue 424 or earlier which may allow
some room for the leucine (Figure 4.6 A). The mutation of R372, which is residue
number 14 in the GC centre to leucine, may not have a major effect on the surrounding
molecules, as L372 may fit in adjacent to F419. The side chain of L372 can form a
hydrophobic interaction with F419 and may still have an acceptable conformation so it
may not have an effect on the overall structure (Figure 4.6 B). However if the GTP
molecule interacts with the arginine as predicted in the PSKR1 docking model, then
this may affect the affinity of GTP to the protein. A mutation at position 14 of the GC
centre of PSKR1 effects binding to the phosphate acyl group and stabilises the
transition of GTP to cGMP (Wong et al., 2015). Adding a serine 359 leucine mutation
to the model had no major effect on the overall structure, the combination of the
S359>L and G361>L mutation had no major effect other than that observed with the
G361 leucine mutation alone (Figure 4.6 C).
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Variant

Consequence

Transcript
Consequence

Annotation

G
T
A
C
A
A
G
T
A
A
CAT
A
C
C
C
G
A
T
C
C
T
T
T
C
G

p.Ser359Asn
p.Phe360Cys
p.Glu366Gly
p.Thr369Ile
p.Gly370Gly
p.Gly370Gly
p.Arg372Thr
p.Val373Ala
p.Val373Val
p.Asp376Ala
p.Ile381ProfsTer7
p.His380Arg
p.Ile381Ile
p.Arg384AlafsTer5
p.Arg384Trp
p.Arg384Gln
p.Asp385Val
p.Asp385Glu
p.Leu386Ile
p.Leu386Leu
p.Leu387Arg
p.Leu390Leu
p.Met391Thr
p.Leu400Val
p.Arg429Gln

c.1076G>A
c.1079T>G
c.1097A>G
c.1106C>T
c.1110A>G
c.1110A>T
c.1115G>C
c.1118T>C
c.1119A>G
c.1127A>C
c.1141_1142delAT
c.1139A>G
c.1143C>T
c.1148dupT
c.1150C>T
c.1151G>A
c.1154A>T
c.1155T>A
c.1156C>A
c.1158C>G
c.1160T>G
c.1168T>C
c.1172T>C
c.1198C>G
c.1286G>A

missense
missense
missense
missense
synonymous
synonymous
missense
missense
synonymous
missense
frameshift
missense
synonymous
frameshift
missense
missense
missense
missense
missense
synonymous
missense
synonymous
missense
missense
missense

A
G
G
T
G
T
C
C
G
C
C
G
T
CT
T
A
T
A
A
G
G
C
C
G
A

Allele
Frequency
0.000008246
0.000008247
0.000008248
0.000008245
0.00002473
0.000008243
0.000008242
0.000008241
0.000008241
0.000008241
0.000008239
0.0000412
0.0003625
0.000008238
0.0003048
0.0003295
0.000008237
0.000008237
0.000008237
0.00004942
0.000008237
0.000008237
0.0006672
0.001161
0.0001323

360
370
380
390
400
.IKTDVYSF GIVIMEVLTG CRVVLDDPKH IQLRDLLREL MEKRGLDSCL.

Table 4.1 SNP variants of IRAK3 around the GC centre.
SNP variants of IRAK3 around the GC vicinity using (The Exome Aggregation Consortium
(ExAC) program) http://exac.broadinstitute.org/gene/ENSG00000090376. Highlighted in blue
are the SNPs within the GC centre, highlighted in green are SNPs in the GC vicinity. Below the
table, for clarity the SNP variants are highlighted in blue in the GC centre and green in the GC
vicinity showing the numbering of the residues.
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A

B

SFLIVIMEVLTGCRVVLD

SFGIVIMEVLTGCLVVLD

C

LFLIVIMEVLTGCRVVLD

Figure 4.6 Mutation effects on the GC centre of IRAK3
(A) IRAK3 mutation of the G361 (position 3 in the GC search motif) to leucine indicating that
may cause a disruption of the neighboring molecules. (B) Mutation of R372 (position 14 in the
GC search motif) to leucine had no major effect on the structure. (C) IRAK3 mutation of the
S359 and G361 (position 1 and 3 in the GC search motif) to leucine can cause a disruption of
the neighboring molecules mainly due to the G361>L mutation.
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4.3.6 GTP docking
To investigate if the mutations affected GTP binding, docking studies were done. GTP
was docked into the homology model of IRAK3 and two molecular poses were
observed. The first of these poses placed GTP in an orientation not usually observed
in crystal structures of nucleotide cyclases. The second pose placed GTP in the active
site in a manner similar to that found for the binding mode of ATP in a cAMP dependent
protein kinase (pdb code 1ATP). Based on the study done by Wong et al. (2013) it is
predicted that there may be an interaction between the GTP phosphate tail, which is
negatively charged, and the positively charged arginine in the GC centre.
From this binding mode in our IRAK3 homology model it was noted that the terminal
phosphate groups of the GTP was about 9 Å away from the guanidine group of R372.
And in this position an interaction is unlikely, however this separation is due to H337
was located in between the two groups of interest (Figure 4.7 A). To explain the
possibility of interaction between the phosphate group and R372, a number of
manipulations were made. These included moving the H337 imidazole ring out of the
way and adjusting the conformation of the triphosphate chain (Figure 4.7 B). This
placed the phosphate and guanidine at a distance of close to 4 Å. It could be predicted
that an interaction may be formed between these residues but this remains speculative
and requires further experimental work (Figure 4.7 C). However, when R372 was
mutated to leucine and a GTP dock was done on the R372>L mutant we can see that
it is unlikely that the methyl group of the leucine can interact with the polar phosphate
group of GTP (Figure 4.7 D). Therefore, from this docking result we can predict that
mutant R372>L may no longer be able to catalyse the production of cGMP due to the
decreased chance of interaction and stabilisation of the GTP.
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A

B

GTP
H337

R372

C

R372

D
GTP

GTP

R372

R372>L

Figure 4.7 GTP docking interactions
(A) Interaction between the triphosphate of the GTP and the arginine side chain when histidine
337 interferes. (B) Interaction between the triphosphate of the GTP and the arginine side chain
when the histidine side chain is moved. (C) Interaction between the triphosphate of the GTP
and the arginine side chain at distance of close to 4 Å. (D) Mutant R372>L with the GTP docked
showing that the two residues are quite far from each other (distance of about 6 Å) and an
interaction is less likely.
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4.4 CONCLUSION
We have explored the nature of IRAK3 in different species and observed the
conservative nature of the GC centre in the different mammalian species. Looking at
the SNPs in the GC centre had also shown the conservative nature of the GC centre
and its vicinity, with very rare SNPs observed. This highlights the possible significance
of the GC centre within the pseudokinase domain. We modelled and observed the
structures of IRAK3 using homology modelling which was built based on the crystal
structure of IRAK4 (2NRU). The homology model of IRAK3 was used to note the GC
centre structure and possible interactions in the GC vicinity. IRAK3 was also aligned
to the PSKR1 model, and both of these kinase GCs adopt a similar architecture. The
GC centre of the kinase GCs is rather hidden and not easily recognized as a GC centre.
Our homology model was used to predict mutations that may interfere with the GC
function. Three separate residues were mutated, and structural changes were
observed. The G361>L mutant model structure, the double S359>L and G361>L
mutant model structure as well as the R372>L mutant model structure was prepared.
The G361>L mutation had revealed possible steric hindrance in the GC centre which
may affect the overall GC function, while the other mutations did not affect the overall
structure. GTP docking was done in the GC centre to observe potential interactions
between the GTP and the arginine in the GC centre of the IRAK3 model. Possible
interactions are observed between the two residues, this is suggestive that R372 is
potentially important in catalysis of GTP to cGMP. This interaction however, may not
be possible in the IRAK3 R372>L mutant model due to the noticeable distance
between the residues. Since the IRAK3 structure is a homology model, we cannot be
sure of our predictions and still remains quite speculative, therefore mutagenesis
studies and experimental data is needed to confirm these predictions.
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CHAPTER 5

INVESTIGATING THE GUANYLATE CYCLASE ACTIVITY OF
IRAK3
5.1 INTRODUCTION
The nucleotide cyclases are a family of enzymes with a similar conserved catalytic
domain that convert nucleotide triphosphates like GTP and ATP to the cyclic nucleotide
monophosphates cGMP and cAMP respectively. There are three characterised
nucleotide cyclase families, adenylate cyclase (AC), classical transmembrane
guanylate cyclase and soluble guanylate cyclase. These enzymes are involved in a
broad array of signal transduction pathways mediated by the cyclic nucleotides as
discussed in chapter 1 (Section 1.1.2 and 1.1.3).
Guanylate cyclases are known to be mediated by a number of factors such as nitric
oxide, peptide ligands and fluxes in intracellular calcium (Gerzer et al., 1983; Hardman
and Sutherland, 1969; Lucas et al., 2000; Schultz et al., 1969; White and Aurbach,
1969). Calcium is known to act as a substrate cofactor to support transmembrane
guanylyl cyclase catalytic activity through calcium dependent guanylate cyclase
activating protein (Duda et al., 2016). Research within our lab shows that, calcium has
a direct effect on the GC activity of phytosulfokine receptor 1 (PSKR1) a novel
transmembrane kinase GC, where increasing amounts of calcium increased cGMP
production (Muleya et al., 2014). In the case of soluble GCs however, calcium has a
negative effect on cGMP production, inactivation of soluble GCs by intracellular
calcium works to decrease the stimulatory effect of nitric oxide on guanylate cyclase
activity. (Andric et al., 2001; Levine et al., 1979; Lucas et al., 2000). Divalent cations
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such as Mg2+ and Mn2+ that complex with GTP are required as substrates for guanylate
cyclase catalysis. In vivo, Mg2+ is believed to be the GC physiological cation due to its
higher concentration in cells of about 3 mM compared to Mn2+ which is at a
FRQFHQWUDWLRQRIȝ0(Padh and Brenner, 1984; Veltman et al., 2005). Veltman et al.
(2005) had shown that the Dictyostelium soluble GC which is a homologue of
mammalian soluble GCs reside mainly in the cytosol in an inactive uncoupled state, a
small fraction however is associated with the cell membrane. It was shown that the GC
activity in the supernatant preferred Mn2+, however the GC activity in the membrane
fraction was 2–3 fold higher in the presence of Mg2+ (Veltman et al., 2005). Bocanera
et al. (1999) used bovine thymus extracts of supernatant and particulate fractions to
show that replacing Mn2+ for Mg2+ considerably decreased the GC activity of both the
transmembrane as well as the soluble GC activity. (Bocanera et al., 1999; Lucas et al.,
2000; Potter, 2011a) .
Classical transmembrane guanylate cyclases contain a kinase homology domain and
a separate guanylate cyclase domain parted by a linker region. The structure and
function of transmembrane GC are described in greater detail in chapter 1. IRAK3 is
believed to be a member of the novel class of GCs as described in more detail in
chapter 4. This class is unique in the fact that it contains a GC centre within its kinase
domain. IRAK3 is a soluble protein with a conserved GC centre within its kinase
homology domain. Therefore, the aim of this chapter was to test the GC activity of
recombinant IRAK3 protein. Both in vitro and cellular studies were undertaken to look
at IRAK3 GC activity through cGMP production. In chapter 4 key amino acid residues
in the catalytic centre were identified. These residues were mutated by site directed
mutagenesis to test if the molecular changes altered cGMP production as predicted.
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5.2 RESULTS AND DISCUSSION
5.2.1 cGMP production by recombinant IRAK3
To investigate the GC activity of the proteins of interest, recombinant protein was
prepared as described in chapter 2 section 2.5. To test for GC activity, cGMP
production by recombinant IRAK3 protein was determined using ELISA or mass
spectrometry (MS). All reactions contained guanosine triphosphate (GTP) and a
divalent cation either Mg2+ or Mn2+. Reactions were completed over 5 minutes, as
described in chapter 2 section 2.6. Divalent cations such as Mg2+ and Mn2+ can act as
substrate cofactors or allosteric modulators for maximal GC activity of transmembrane
and soluble GC catalytic activity (Lucas et al., 2000). GCs can have different cofactor
preferences for cGMP production. Therefore, the ability of IRAK3 to generate cGMP
was tested in the presence of either Mg2+ or Mn2+. The preferred cofactor for IRAK3
cGMP production is Mn2+ (Figure 5.1A), Mn2+ was therefore used as the cofactor in
subsequent experiments unless otherwise stated.
Initial experiments to test if recombinant IRAK3 could generate cGMP used ELISA
based systems from two different companies; either GE Amersham cGMP Enzyme
immunoassay Biotrak (EIA) System or NEW EAST monoclonal Anti-cGMP Antibody
Based Direct cGMP (Non-acetylated) ELISA kit. Figure 5.1, shows a comparison
between the two kits using Mn2+ as the metal cofactor where the Amersham GE-kit is
used in figure 5.1 A and the NEW EAST kit in figure 5.1 B. Similar amounts of cGMP
generated by recombinant IRAK3 were detected by both kits and therefore both appear
suitable to use but for any one experiment 2-4 separate protein preparations were used
with a specific kit. Interestingly, it appears that GTP partially interferes with cGMP
detection when combined with Mn2+ as seen in the negative no protein control (Figure
5.1 B). Therefore, the no protein control value was subtracted from data in subsequent
experiments. The amount of cGMP generated by IRAK3 was similar to the amount
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produced by the cytoplasmic domain of PSKR1 which was used as a positive control
for GC activity (Figure 5.1B). PSKR1 has no preference for either Mg2+ or Mn2+ ions as
metal cofactor (Kwezi et al., 2011) unlike IRAK3 which prefers Mn2+ (Figure 5.1 A).
Prior studies on GCs by different groups have shown high variability cGMP production
(Table 5.1), GC activity is presented as picomol per mg protein per minute (pmol/mg
protein/min). Different methods showed variability in cGMP production between similar
and different types of GCs, which ranged from 0.12 pmol/mg protein/min to 1000
pmol/mg protein/min (Bachiller et al., 2013; Chester et al., 2011; Gukovskaya et al.,
2000; Gustafsson and Brunton, 2002; Murthy, 2008). However, in a study by Klaiber et
al. (2011), GC activity was shown to be as high as 45,000 pmol/mg protein/min,
highlighting the extent of the variability depending on the technique used (Table 5.1).
The Arabidopsis members of the novel class of GCs fall within this range when
measured using ELISA or mass spectrometry and expressed either recombinantly or
in cell (Kwezi et al., 2011; Meier et al., 2010). IRAK3 also falls in the range and is
similar to PSKR1 (Figure 5.1 B).
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Figure 5.1 cGMP production by IRAK3
(A) Recombinantly expressed IRAK3 GC activity is tested after a 5 minute reaction in the
presence of divalent cations Mg2+ or Mn2+. The divalent cation Mn2+ is preferred for cGMP
production. The Amersham GE cGMP kit was used (n=4-5, Unpaired t test P<0.0001).
(B) Comparison of cGMP production between recombinant IRAK3 and the recombinant
cytoplasmic domain of PSKR1. Similar levels of cGMP are produced (5 minute) and are
significantly different to the no GTP control. The purified proteins are shown on Coomassie
stained protein gels, four separate protein preparations were tested. cGMP was detected using
the NEW EAST cGMP kit (n=4, ANOVA P<0.0001 Tukey's multiple comparisons test).
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Guanylate
cyclase name
/type

Cell/Organism

Cation
used

Technique
used

Reference

RIA

Activity
pmol/mg
protein/min
approx.
0.12

Soluble GC

Rabbit gastric
smooth muscle
cells
Pulmonary
artery smooth
muscle cells
Solubilized lung
protein
Rat cardiac
fibroblast cells

Mg2+

ELISA

1.5

(Chester et
al., 2011)

Mg2+

ELISA

1000

-

RIA

22

Mg2+

RIA

1.2- 2.4

Mg2+

RIA

15.7

Mg2+
/Mn2+
Mn2+

RIA
RIA

35 pmol/min.
/107 cells*
93-125

(Bachiller et
al., 2013)
(Gustafsson
and Brunton,
2002)
(Humbert et
al., 1990)
(Gerzer et
al., 1981)
(Veltman et
al., 2005)
(Bocanera et
al., 1999)

Bovine lung
extract
Bovine lung
extract
Dictyostelium
cell line
Bovine thyroid
extracted
proteins
Rat pancreatic
aciner cells

Mg2+

RIA

12

GC-A
Transmembrane
PSKR1
Novel
transmembrane

HEK 293 cells

Mg2+

RIA

45000

Recombinant
protein

Mg2+
/Mn2+
Mg2+
and
Ca2+

ELISA

4

BRI1
Novel
transmembrane

Protoplasts

Mg2+
/Mn2+

ELISA

2.5

AtWAKL10
Recombinant
Mg2+
Novel
protein
transmembrane
* This study expressed data as per 107 cells.

ELISA

14

Soluble GC
Soluble GC
Soluble GC
Soluble GC
Soluble GC
Soluble/
Transmembrane
Soluble/
Transmembrane
GC-A
Transmembrane

(Murthy,
2008)

(Gukovskay
a et al.,
2000)
(Klaiber et
al., 2011)

(Kwezi et al.,
2011;
Muleya et
al., 2016;
Muleya et
al., 2014)
(Irving et al.,
2012; Kwezi
et al., 2007)
(Meier et al.,
2010)

Table 5.1 cGMP production of different guanylate cyclases
Guanylate cyclase cGMP production measured using radioimmunoassays (RIA) or enzyme
immune assays (ELISA) is presented. The amounts shown is in picomoles per milligram of
protein per minute (pmol/mg protein/min) to account for reaction time. cGMP preparations were
taken from either cell lysates or solubilized protein. The divalent cation used and preferred for
each reaction is presented for the different guanylate cyclases. The amount of cGMP was
measured in each study post induction with either nitric oxide or nitric oxide donors for soluble
GCs or atrial natriuretic peptide for the transmembrane GCs.
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Earlier studies on Arabidopsis members of the novel class of GCs showed that more
cGMP was detected using mass spectrometry (MS) then ELISA (Kwezi et al., 2007;
Kwezi et al., 2011). Therefore, a quantitative investigation using MS was undertaken
to confirm cGMP production of IRAK3 compared to the immunoassays.

Mass

spectrometry cGMP analysis is more sensitive than the immunoassays (Gross and
Durner, 2016; Marondedze et al., 2015; Spangler et al., 2009) and this can be seen by
the increase in cGMP production by about 10 fold compared to the new east
immunoassay kit, note that the amount is expressed as picomoles per microgram of
protein (Figure 5.2). The amount produced by IRAK3 however is slightly less than the
amount produced by the demonstrated novel GC control, cytoplasmic domain of
brassinosteroid receptor (BRI1) (Figure 5.2). The mass spectrometry analysis and
sample preparation are described in chapter 2 section 2.6.1. Samples were sent for
LC- MS/MS analysis to be tested by Dr Aloysius Wong, at the same time BRI1 was

cGMP (pmol / μg protein)

also tested for activity using the MS analysis (Wheeler et al., 2017).

15

***

10

**

5
0
Control BRI1 Control

IRAK3

Figure 5.2 Mass spectrometry analysis of cGMP generated by recombinant proteins
Mass spectrometry (LC-MS/MS) analysis of cGMP produced by two separately expressed
protein preparations of recombinant IRAK3 in the presence of Mn2+ and two separately
expressed protein preparations of recombinant BRI1 in the presence of Mg2+. Each separate
protein was tested in three separate reactions (technical repeats). Compared to each no protein
control both proteins produce significant amounts of cGMP (n=2, ANOVA P<0.0001, Tukey's
multiple comparisons test).
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The amount of cGMP produced by this novel class of GCs including IRAK3, PSKR1
and BRI1 is overall on the lower side of that produced by the classical transmembrane
and soluble GCs ((Table 5.1) (Figure 5.1 and 5.2)). This novel class of GCs was shown
to be activated by molecular switches such as calcium in vitro (Muleya et al., 2014). In
addition as discussed in chapter 4, formation of cGMP may depend on the ability of
the protein to homodimerize. Transient dimerization of recombinant PSKR1 occur
(Muleya et al., 2016) and BRI1 (Bojar et al., 2014). However, Bojar et al. (2014) claimed
that BRI1 does not produce cGMP using HPLC-based activity assays. These results
are conflicting to previous studies that showed significant amounts of cGMP being
produced in vitro. Mass spectrometry analysis as well ELISA had shown significantly
increased cGMP production over multiple experiments (Kwezi et al., 2007; Wheeler et
al., 2017) (Figure 5.2). Recombinant protein assays need to be optimised and the
correct cofactors need to be considered. Bojar et al. (2014) used conditions that may
have favoured kinase activity and the construct used did not contain the full kinase
domain that allows for dimerization (Bojar et al., 2014); these factors may have further
reduced any GC activity.
5.2.2 Stability of recombinant IRAK3
During the course of this study it became apparent that IRAK3 was quite unstable when
expressed in bacterial cells. The recombinant IRAK3 protein post purification is also
quite unstable in vitro. Despite much effort into optimisation of expression conditions,
the expression was still quite variable in terms of the amount of soluble protein being
produced and available for extraction. Purified protein preparations expressed under
the same conditions on different days showed variability in the amount of protein
purified as can be seen on the two different coomassie gels prepared separately
(Figure 5.1 B and figure 5.3). This was also confirmed quantitatively using the
Nanodrop® ND-1000 Spectrophotometer protein at A280 nm, (data is not shown).
Previously prepared proteins also showed some degradation at -20ºC. Therefore, a
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western blot was prepared to confirm if IRAK3 could be detected after a period of time
(one month in this case) at -20 ºC. Using a 6xHis-tag antibody, the antibody only picked
up the 6xHis-tag at about 25 kDa and no signal was seen at the expected mass of 68
kDa (Figure 5.3 B). A search on the stability of IRAK3 using the ExPASy - ProtParam
program (Gasteiger et al., 2005) also showed that the protein is considered unstable.
Therefore, freshly isolated protein was used in all the cGMP assays presented to avoid
the degradation of the protein with time.
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Figure 5.3 Stability of IRAK3 protein
(A) Coomassie gel showing IRAK3 protein the day after purification at about 68 kDa. (B)
Western blot of IRAK3 concentrated purified protein is no longer present after freezing at -20ºC
for over a month. A mouse anti- 6xHis-tag antibody was used to detect the tag, followed by an
anti-mouse secondary antibody.

5.2.3 Effect of calcium on cGMP production
Calcium appears to have opposing effects on mammalian GCs. Calcium acts as a
substrate cofactor to support GC activity of transmembrane associated GCs where it
acts through a calcium dependent GC activating protein (Duda et al., 2016). Whereas
calcium has a negative effect on soluble GCs, where it decreases the stimulatory effect
of nitric oxide on the GC activity (Andric et al., 2001; Levine et al., 1979; Lucas et al.,
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2000). Moreover, calcium appeared to act as a switch for PSKR1, at physiologically
relevant calcium levels, the GC activity of the cytoplasmic domain of PSKR1 increased
with an increase in Ca2+ levels in a concentration dependent manner (Muleya et al.,
2014). The kinase activity of PSKR however was abolished with an increase in Ca2+
levels (Muleya et al., 2014). Therefore, it was of interest to investigate the effect of
calcium on IRAK3 GC activity. cGMP production of recombinant IRAK3 was measured
in the presence of Mn2+ and different concentrations of calcium. Free calcium ion
concentrations were buffered by EGTA, and calculated using the Maxchelator
WebMaxC Extended computational program conditions of experiment are explained in
greater detail in the methods chapter 2 (2.6.1.1) (Bers et al., 2010).
The GE cGMP ELISA kit was used to measure cGMP production at different calcium
concentrations. The data was calculated by taking away the background or negative
control. A 10 fold reduction in cGMP production with the different protein batched
prepared is observed (Figure 5.4), compared to previous ELISA assays under similar
conditions (Figure 5.1A). This also confirms the variability in cGMP production between
protein batches described in section 5.2.2. A decreasing trend in cGMP production by
IRAK3 was observed in the presence of increasing amounts of calcium occurred;
however, the decrease is not significant (Figure 5.4). This result is unlike the effects
seen with PSKR1, where increasing calcium concentrations were shown to increase
cGMP production. PSKR1 is an active kinase and calcium was shown to act as a
modulating switch between the GC and kinase activity (Muleya et al., 2014). Figure
5.4 indicates that calcium may possibly have an alternative modulatory effect on IRAK3
when compared to PSKR1. Since IRAK3 is an inactive kinase, calcium is unlikely to
affect IRAK3 in terms of its kinase activity. However, the decrease in cGMP production
may modulate downstream signalling, therefore further investigation is necessary to
observe the effect of calcium on IRAK3 in terms of the downstream signalling cascade.
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Figure 5.4 Effect of calcium on cGMP production by IRAK3
The effect of calcium on cGMP production of IRAK3 in the presence of Mn2+ was measured
using the Amersham GE cGMP kit. Increasing free calcium ion concentrations were buffered
by EGTA. A slight but non-significant decrease in cGMP production is observed with increasing
calcium concentration ((n= 4-6, ANOVA P=0.092, Tukey's multiple comparisons test).

5.2.4 cGMP production of recombinant mutant IRAK3 protein
To test if the predicted GC centre is important in cGMP production a series of mutations
were made to this region. The mutagenesis experiments were designed taking into
account previous docking work done on potential mutation sites that may disrupt GC
activity in PSKR1. If one or more key amino acid residues at position 1, 3 and/or 14 of
the GC search motif (Figure 5.5 A) was replaced with leucine, disruptions in the
docking orientations of GTP can occur in PSKR1 (Wong and Gehring, 2013). The
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mutagenesis experimental design was also influenced by further modelling of IRAK3
discussed in chapter 4.
Site directed mutagenesis was used to create IRAK3 G361>L and IRAK3 R372>L.
Wildtype (WT) and mutant recombinant IRAK3 proteins were expressed in bacteria
and cGMP was measured using the GE ELISA kit. Our experimental data suggests
that the G361>L mutation had no major effect on cGMP production, since a significant
amount of cGMP was produced which is comparable to IRAK3 WT (Figure 5.5 B).
Therefore the mutation of G361 to leucine did not affect cGMP production and the
docking study can accommodate this result. The leucine therefore does not cause any
hinderence as alternativley predicted by the IRAK3 docking study in chapter 4 section
4.3.5.
The docking study showed that the mutation of G361 to leucine initially caused a major
VWHULF FODVK +RZHYHU WKLV FODVK PD\ EH UHOLHYHG E\ VKLIWLQJ WKH QHDUE\ Į-helix or
alternatively a loop can commence earlier which may allow some room for the leucine.
The R372>L mutation significantly decreased cGMP production when compared to the
IRAK3 WT (Figure 5.5 B). On the other hand previous docking done on PSKR1 and
IRAK3 (chapter 4) also showed that the mutation of R372 to leucine, may affect GC
activity. It is predicted that the GTP molecule may interact with the arginine in position
14 in the GC centre (Wong and Gehring, 2013; Wong et al., 2015). The experimental
data is thus supported by the predicted docking studies done in chapter 4 and the
previous docking study done on PSKR1 (Wong and Gehring, 2013).
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Figure 5.5 cGMP production by recombinant mutant IRAK3 proteins
(A) IRAK3 amino acid sequence highlighting the G361 and R372 to leucine mutation in red text.
(B) IRAK3 protein was expressed as either wildtype IRAK3, IRAK3 mutant G361>L or IRAK3
mutant R372>L as previously described in chapter 2 section 2.5. Mutant G361>L produced
significant amounts of cGMP which is comparable to the amount produced by IRAK3 WT.
Mutant R372>L had significantly decreased cGMP production when compared to the IRAK3
WT and IRAK3 mutant G361>L (n=2-3, One way - ANOVA P<0.05 and Tukey’s multiple
comparison test).
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5.2.5 Guanylate cyclase activity in cell
Since recombinant protein preparations of IRAK3 produce cGMP, it was of interest to
see if such activity could be detected in cells. Transiently transfected HEK 293T cells
(methods described in chapter 2 section 2.8.3 and 2.8.5) were used to test for cellular
IRAK3 GC activity. HEK 293T cells do not contain IRAK3 (Du et al., 2014; Kobayashi
et al., 2002; Wesche et al., 1999) therefore they were transiently transfected with
IRAK3-GFP or IRAK4-GFP and induced with either Mn2+ or Mg2+ 24 hours post
transfection. Cells transfected at similar efficiencies were lysed and tested for cGMP
production using the GE cGMP immunoassay kit (chapter 2 section 2.6.2; section
2.8.5.1). In the presence of Mn2+, IRAK3 transfected cells produced about two fold
more cGMP compared to the GFP and IRAK4-GFP transfected cells. Mn2+ appears to
be the preferred inducer for cGMP production, as in the presence of Mg2+ less cGMP
was seen in all cells (Figure 5.6). Despite similarities at the GC site between IRAK3
and IRAK4, IRAK4 lacks specific residues in the GC centre, most importantly at residue
14 in the GC centre. The arginine is replaced by a proline, as discussed in chapter 4
section 4.3.1. IRAK4 only generated amounts of cGMP similar to the basal level of the
GFP transfected cells control (Figure 5.6) and has no ability to produce cGMP.
Together these results indicate that residues such as arginine at position 14 of the GC
centre are important to generate cGMP within cells.
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Figure 5.6 cGMP production by IRAK proteins in HEK 293T cells
HEK 293T cells were transiently transfected with GFP only, IRAK3-GFP and IRAK4-GFP
vectors. Cells were induced with either Mn2+ or Mg2+ 24 hours post transfection. Cells
transfected at similar efficiencies were lysed and assayed for cGMP production using the
Amersham GE cGMP kit. Cells transfected with the IRAK3 gene produced significantly more
cGMP when compared to the basal level of the GFP only transfected control cells and the GFP
tagged IRAK4 transfected cells. IRAK3 cGMP production prefers Mn2+ over Mg2+ as a cofactor
((n=6-8, ANOVA P<0.0001) Tukey’s multiple comparison test).
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5.3 CONCLUSION
Using quantitative cGMP detection techniques including ELISA and mass
spectrometry we show that recombinant IRAK3 protein is capable of producing cGMP
at levels comparable to those produced by our positive controls the recombinant
cytoplasmic domain of PSKR1 and BRI1. In separate experiments, calcium was shown
to have a negative although not significant effect on cGMP production by IRAK3. This
is unlike that seen with the cytoplasmic domain of PSKR1 which had shown an
increase in cGMP production with an increase in calcium concentration (Muleya et al.,
2014). Therefore, IRAK3 may be affected by calcium in a different manner to that seen
with the transmembrane kinase GCs. Mutation of specific residues in the GC centre
can effect cGMP production of IRAK3. Mutation of the arginine 372 of the GC centre
to leucine abolished cGMP production confirming predictions of previous docking
studies presented in chapter 4. HEK 293T cells transiently transfected with IRAK3
produced significantly higher levels of cGMP when compared to transfected control
cells confirming GC activity of IRAK3. Importantly the inability of IRAK4 to generate
cGMP is perhaps due to the fact that in this same position, the arginine is replaced by
a proline. Together this data confirms that human IRAK3 is capable of cGMP
production and that this novel class of GCs exists in other systems in addition to the
previously recognized plant GCs. Further investigation is necessary to observe and
explain the critical residues involved in the GC catalytic activity in IRAK3. Also it is
important to learn if the GC activity of IRAK3 affects its regulation and downstream
signalling in the innate immune signalling cascade, which is the focus of chapter 6.
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CHAPTER 6

THE EFFECT OF THE IRAK3 GC CENTRE ON THE IMMUNE
SIGNALLING CASCADE
6.1 INTRODUCTION
The IRAK family play an important part in the innate immune signalling cascade, by
mediating IL-1 and TLR signalling. Humans have been shown to have 10 different
forms of TLR, TLR1–TLR10, while mice have 12 forms, TLR1–TLR9 and TLR11–
TLR13. TLR4 was the first member to be functionally characterised. TLR4 responds to
bacterial lipopolysaccharides (LPS) through a multireceptor complex, which consists
of a LPS-binding protein (LBP), cluster of differentiation 14 (CD14) (Zanoni et al., 2011)
and myeloid differentiation protein-2 (MD-2) (Brubaker et al., 2015; Medzhitov et al.,
1997; Pålsson-McDermott and O'Neill, 2004; Shimazu et al., 1999). All the TLRs
except for TLR3 use the adapter protein MyD88 for signal transduction. The adaptor
protein MyD88 interacts with the IRAKs through the IRAK N-terminal death domain
(Gay et al., 2014; Lin et al., 2010; Wesche et al., 1997) (See Chapter 1 Figure 1.4 A).
The activation of TLR4 causes MyD88 oligomerization to form a large signalling
platform called a myddosome (Brubaker et al., 2015; Lin et al., 2010). A myddosome
complex is an arrangement of the signalling molecules/adapters components into a
MyD88–IRAK4–IRAK2/1 complex (Lin et al., 2010). Binding of the myddosome
complex to the TNF receptor-associated factor 6 (TRAF-6) causes the dissociation
from the TLR. This goes on to form a complex with TGF-beta activated kinase
1/MAP3K7 binding protein 2/3 (TAB2/3) and TGF-beta activated kinase 1 (TAK-1).
Downstream phosphorylation and ubiquitination of nuclear factor of kappa light
polypeptide gene enhancer in B-FHOOV LQKLELWRU DOSKD ,ț%Į , activates 1)ț% DQG
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transcription of inflammatory genes, this pathway is referred to as the TAK1-dependent
pathway (Takeuchi and Akira, 2010). Alternatively, IRAK2 hyperphosphorylation post
complex dissociation triggers a specific IRAK2 dependent mRNA stabilisation and
translational control of pro-inflammatory mediators to also promote the inflammatory
response (Chapter 1, Figure 1.5) (Wan et al., 2009; Zhou et al., 2013).
As a negative feedback protein in the innate immune signalling pathway, IRAK3 is
stimulated to prevent excessive inflammation upon TLR activation. IRAK3 is thought
to function by preventing the dissociation of the MyD88–IRAK4–IRAK2/1 myddosome
complex, thereby inhibiting downstream signalling (Kobayashi et al., 2002; Zhou et al.,
2013). Du et al. (2014) highlighted the importance of the myddosome complex
formation through the IRAK death domain association. It was shown that a single
mutation of the amino acid tryptophan 74 to alanine in the death domain of IRAK3
completely abolished IRAK3 function (Du et al., 2014).
Zhou et al. (2013) showed that in TLR7 signalling, IRAK3 is able to interact with
MyD88–IRAK4, to form an IRAK3 myddosome, this exposed an alternative regulatory
pathway through a TLR7-LQGXFHG VHFRQG ZDYH 1)ƸB activation. This pathway is
uncoupled from post-transcriptional regulation, therefore it produces inhibitory
molecules like suppressor of cytokine signalling 1 (SOCS1) and SH-2 containing
inositol 5' polyphosphatase 1 (SHIP1), causing an overall inhibitory effect on the
inflammatory response (Zhou et al., 2013).
Nitric oxide (NO) is a multifunctional free radical important in the modulation of
inflammation. It is the main activator of sGC by binding directly to the heme group (see
Chapter 1, Figure 1.2), and activating cGMP production (Lucas 2000). Nitric oxide
(presumably via cGMP) was shown to inhibit TLR and IL-1 receptor-dependent signal
transduction through the inhibition of the molecular interaction between IRAK-1 and
TRAF-6, therefore inhibiting IRAK1 activity anGGRZQVWUHDP1)Ƹ%DFWLYDWLRQLQmouse
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macrophages and dendritic cells (Xiong et al., 2004). Del Fresno et al. (2004) showed
that in the presence of NO, IRAK3 may be involved in the inhibition of IRAK1 activity.
NO-induced IRAK3 mRNA and protein expression in human monocytes, however, this
effect was shown to be dependent on the early NO-induced release of the cytokine
TNFĮ by the monocytic cells (del Fresno et al., 2004).
Several studies have shown that increased levels of cGMP alone or in the presence of
NO has an anti-inflammatory effect in different cell types and systems. A study on
mouse hepatic inflammation investigated mice on a high fat diet that exhibited
increased inflammation. This increased inflammatory effect, however, was not seen in
mice treated with a phosphodiesterase inhibitor, sildenafil, which allows accumulation
of cGMP by preventing its degradation. Sildenafil has a vasodilatory effect and is
clinically used for erectile dysfunction and pulmonary artery hypertension (Singh, 2010;
Tateya et al., 2011). Further work in the group had shown that in mouse peritoneal
PDFURSKDJHVGLPLQLVKHG1)ț%signalling was observed upon LPS stimulation in the
presence of 10 μmol/L of either NO or 8-bromo-cGMP alone (Tateya et al., 2011). In
an earlier study by the same group, human microvascular endothelial cells were used
to look at vascular inflammation and insulin resistance. Stimulation of human
microvascular endothelial cells by LPS in the presence of 50 μmol/L of 8-bromo-cGMP,
decreased pKRVSKRU\ODWHG ,ț%Į signifying an anti-inflammatory effect (Rizzo et al.,
2010). An earlier study, however, using an electrophoretic mobility shift assay, showed
WKDW QLWULF R[LGH LQKLELWV 1)Ƹ% activity LQ 71)Į-induced human vascular endothelial
cells. This same effect was not as pronounced when a cGMP analogue 8-bromo-cGMP
(1 mM) was used, therefore it was proposed that nitric oxide may not act through a
VROXEOHJXDQ\ODWHF\FODVHLQWKHVHFHOOVZKHQLQGXFHGZLWK71)Į(Peng et al., 1995).
A separate study looking at neuroinflammation and demyelination disorders used mice
treated with sildenafil. Treated mice showed reduced inflammation compared to the
untreated mice in several cell types investigated, including the neuronal resident cells,
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astrocytes and microglial cells, as well as macrophages and leukocytes. Inflammatory
factors explored included adhesion proteins and IL-2. Drugs targeting the NO-sGCcGMP

pathway

are

proving

to

be

beneficial

in

the

treatment

of

neuroinflammatory/demyelinating disorders like multiple sclerosis (Raposo et al.,
2014). This was also emphasised by another study, clearly showing anti-inflammatory
and neuroprotective effects of sildenafil on mice. Although the exact mechanism by
which sildenafil causes the anti-inflammatory effect is unknown. Nunes et al. (2015)
suggested that it may function by modulating endothelial nitric oxide synthase
(eNOS)/NO signalling and hence 1)Ƹ% activity, however AMP-activated protein kinase
also induced by sildenafil was shown to activate eNOS/NO signalling (Nunes et al.,
2015). Further studies are however necessary to understand how cGMP affects the
inflammatory signalling cascade either in the presence or absence of NO. It is
important to note that the effect of cGMP as an anti-inflammatory modulator is highly
dependent on species as well as cell type. For instance, F*03 GLVSOD\HG D 71)Į
inducing effect in Kupffer cells in rats, the opposite was observed in mice (Harbrecht
et al., 1995).
The inhibitory function of IRAK3 in the innate immune signalling cascade is of particular
interest in terms of its guanylate cyclase activity. We hypothesise that the novel GC
activity of IRAK3 may modulate its inhibitory functions in the innate immune response
possibly through its cGMP production described in chapter 5. Therefore we aim to
investigate the effect of the IRAK3 GC centre and how the cGMP produced by IRAK3
effects NFƸB signalling. Furthermore, the effect of wildtype IRAK3 is compared to the
IRAK3 GC mutants, IRAK3 R372>L and IRAK3 G361>L. The IRAK3 GC centre mutant
R372>L showed abolished cGMP production described in chapter 5, the effect the
IRAK3 R372>L PXWDQWKDVRQ1)Ƹ%DFWLYLW\LVRISDUWLFXODULQWHUHVWDQGmay aid in our
understanding the role of WKH*&FHQWUHRQ1)Ƹ%signalling under TLR4 activation.
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6.2 RESULTS AND DISCUSSION
6.2.1 LPS induction of HEK BLUE hTLR4 cells
Since 1)ƸB has a key role in downstream signalling involving IRAK3, we employed an
1)ƸB reporter system. The human embryonic kidney (HEK) BLUE hTLR4 cells stably
express a secreted embryonic alkaline phosphatase (SEAP) 1)ƸB reporter together
with TLR4, CD14 and MD-2 which are essential for the LPS-TLR4 mediated response.
8SRQDFWLYDWLRQRIWKH7/5E\/36LQGXFWLRQRI1)ƸB occurs, which subsequently
induces the SEAP reporter to produce alkaline phosphatase. The alkaline phosphatase
released into the cell culture media causes a quantifiable change in colour of the
QUANTI Blue reagent from its original pink (no LPS) to a blue colour (LPS) (Figure 6.1
A and B) (Chapter 2, Section 2.9). To check that the receptor-signalling pathway was
operational, a LPS concentration response curve was generated. The change in the
colour intensity by different concentration of LPS was measured quantitatively at 660
nm using the Envision plate reader (Figure 6.1 C). $ VLJQLILFDQW LQFUHDVH LQ 1)Ƹ%
activity was observed in the presence of 0.1 ng/μl of LPS, with a maximal effect seen
between 1-10 ng/μl of LPS.
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Figure 6.1 &RQWUROH[SHULPHQWVKRZLQJ1)Ƹ%DFWLYLW\PHDVXUHGDIWHU/36LQGXFWLRQRI
HEK BLUE hTLR4 cells
(A) Schematic diagram showing the Invivogen HEK BLUE hTLR4, 1)Ƹ% - SEAP reporter
system adapted from http://www.invivogen.com/ 01/04/17
(B) Supernatant/media taken from HEK BLUE hTLR4 cells that were not induced with LPS
(negative control) remained pink and media taken from cells induced with LPS (positive
controls) turned blue in the presence of QUANTI Blue reagent.
(C) HEK BLUE hTLR4 cells were induced with different concentrations of LPS or no LPS
QHJDWLYH FRQWURO  7KH SHUFHQW FKDQJH LQ 1)Ƹ% DFWLYLW\ LV UHSRUWHG LQ WKH SUHVHQFH RI /36
compared to the non-induced cells, (n= 8, P value <0.0001 One-way ANOVA, Dunnetts multiple
comparison test).
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6.2.2 Induction of HEK BLUE hTLR4 cells with cGMP
7RWHVWWKHHIIHFWRIF*03RQ1)Ƹ% induction, HEK BLUE hTLR4 cells1)Ƹ%6($3
reporter system were used. HEK BLUE hTLR4 cells were induced with various
concentrations of a cell permeable cGMP analogue, 8-bromo-cGMP. As a separate
positive control, cells were induced with 10 QJORI/361)Ƹ%DFWLYLW\ZDVPHDVXUHG
KRXUVSRVWLQGXFWLRQ1RVLJQLILFDQWHIIHFWZDVREVHUYHGRQ1)Ƹ%DFWLYLW\ZKHQFHOOV
where induced with 8-bromo-cGMP only, compared to the uninduced cells set at zero
percent (Figure 6.2 A). Previous studies have also shown that membrane permeable
F*03DORQHKDGQRHIIHFWRQ1)Ƹ%DFWLYDWLRQRUVXSSUHVVLRQ(Kim et al., 2008; Peng
et al., 1995).
When 8-bromo-cGMP was added to LPS treated cells, a VLJQLILFDQWUHGXFWLRQLQ1)Ƹ%
activity was seen in the presence of all concentrations of cGMP beginning at
subnanomolar cGMP concentrations, this effect however was more pronounced at 0.110 μM (Figure 6.2 B). This result is supported by previous studies demonstrating that
cell permeable cGMP has an anti-inflammatory effect (described in section 6.1).
Tateya et al. (2011) showed that in the presence of 10 μM of 8-bromo-cGMP, mouse
derived peritoneal macrophages and primary hepatocytes UHGXFHG 1)Ƹ% VLJQDOOLQJ
upon LPS induction (Tateya et al., 2011). Rizzo et al. (2010) also showed reduced
1)Ƹ%VLJQDOOLQJ upon LPS Induction in human microvascular endothelial cells with 50
ȝ0-bromo-cGMP (Rizzo et al., 2010).
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(A) HEK BLUE hTLR4 cells were induced with increasing concentrations of 8-bromo-cGMP.
Cell permeable 8-bromo-F*03DORQHKDGQRVLJQLILFDQWHIIHFWRQ1)Ƹ%DFWLYLW\. All values were
compared to the uninduced control set at zero percent (n= 6-8, P value <0.0001 One-way
ANOVA, Dunnetts multiple comparison test). (B) Effect of increasing concentrations of 8bromo-cGMP on LPS induced cells. All values are compared to the 0 ȝ0 8-bromo-cGMP
concentration set at zero percent (n= 4-8, P value <0.0001 One-way ANOVA, Dunnetts multiple
comparison test).
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6.2.3 Effect of IRAK3 expression on HEK BLUE hTLR4 cells
To observe the effect IRAK3 may have on 1)ƸB activation, we transiently transfected
HEK BLUE hTLR4 cells with C-terminal GFP tagged IRAK3 and IRAK3 mutants. HEK
BLUE hTLR4 cells do not contain IRAK3 as it is mainly found in macrophages,
monocytic cells and lung epithelial cells, however HEK BLUE hTLR4 cells do contain
all the other IRAKs which are known to be ubiquitously expressed (Balaci et al., 2007;
Du et al., 2014; Wesche et al., 1999).
To confirm the successful transfection of our IRAK3-GFP, the confocal microscope
was used to qualitatively observe GFP fluorescence (Figure 6.3 A). HEK BLUE hTLR4
cHOOV WUDQVIHFWHG ZLWK ,5$. VLJQLILFDQWO\ UHGXFHG 1)ƸB activity post LPS induction
compared to the non-transfected LPS-induced HEK BLUE hTLR4 cells (Figure 6.3 B).
This confirms what is already known that IRAK3 acts a negative regulator and
VXSSUHVVHV 1)ƸB activation (Kobayashi et al., 2002), and also demonstrates the
viability of our experimental system.
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Figure 6.3 Effect of IRAK3 on 1)Ƹ% activity
(A) Confocal image showing HEK BLUE hTLR4 cells transfected with the IRAK3 gene.
(B) IRAK3 transfected HEK BLUE hTLR4 FHOOVVLJQLILFDQWO\UHGXFHG1)Ƹ%DFWLYLW\ZKHQ
induced with LPS compared to the non-transfected LPS-Induced cells (n= 15, Unpaired ttest P<0.0001).

6.2.4 Effect of IRAK3 mutants expression on HEK BLUE hTLR4 cells
Modelling and recombinant protein studies (Chapter 4 and 5) showed that mutations
in the IRAK3 GC centre modified cGMP production. Hence the IRAK3 gene and the
IRAK3 mutants S359G361>LL, G361>L and R372>L genes were prepared and
expressed in HEK BLUE hTLR4 cells as described (Chapter 2 Section 2.4.2). To
confirm expression of our genes of interest after transfection a quantitative reverse
transcriptase PCR was done. All the transfected cells expressed IRAK3 RNA at
relatively similar levels. (Figure 6.4 A).
HEK BLUE hTLR4 cells transfected with the IRAK3 G361>L mutant produced similar
effects to that seen with wildtype IRAK3, therefore signifying that the G361>L mutation
may not have an effect on the normal function of IRAK3.
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In chapter 5 (Figure 5.5 B, section 5.2.4) it was demonstrated that the G361>L mutation
in the GC centre of IRAK3 had no effect on cGMP production. The IRAK3 R372>L
mutant however did not behave in the same way (Figure 6.4 B). These cells functioned
as though IRAK3 was not present at all and therefore 1)Ƹ%DFWLYLW\ZDVQRWUHGXFHG
This is also supported by the data in chapter 5 where the IRAK3 R372>L mutant
produced significantly less cGMP compared to wildtype IRAK3 (Section 5.2.4, figure
5.5 B). This result may implicate that residue R372 present in the GC centre is perhaps
essential for proper IRAK3 function.
The IRAK3 S359G361>LL mutant did not significantly affect NFƸB activity, the data
produced by this mutant over several separate experiments was quite variable (Figure
6.4 B). Either a reduction in NFƸB activity was observed or no overall effect was seen,
although the experimental conditions were kept constant. This variability is highlighted
by the larger error bar present in the graph (Figure 6.4 B). Therefore, a proper
conclusion cannot be made DQG IXUWKHU LQYHVWLJDWLRQ LQ WHUPV RI LWV HIIHFW RQ 1)Ƹ%
activity is necessary for this particular mutant.
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(A) The presence of selected IRAK3 and IRAK3 mutant genes was validated by quantitative
RT-PCR after transfection into HEK BLUE hTLR4 cells (n=2-3). (B) 5HGXFWLRQRI1)Ƹ%DFWLYLW\
is measured after induction of the non-transfected and transfected HEK BLUE hTLR4 cells with
10 ng/μl LPS. HEK BLUE hTLR4 cells transfected with the wildtype IRAK3 UHGXFHG 1)Ƹ%
activity to the same level as the IRAK3 mutant G361>L when compared to the non-transfected
control cells. The IRAK3 R372>L and IRAK3 S359G361>LL mutants transfected cells did not
significantly reduce 1)Ƹ% activity when compared to the non-transfected control cells (n=1530, from at least 3 separate experiments, P value < 0.0001 One-way ANOVA, Dunnetts multiple
comparison test).
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6.2.5 Effect of cGMP on IRAK3 transfected HEK BLUE hTLR4 cells
Previous observations (Figure 6.2 A) demonstrated that cGMP alone had no effect on
1)Ƹ%DFWLYLW\LQQRQ-transfected HEK BLUE hTLR4 cells. However when these cells
were induced with LPS in the presence of cGMP, a significant suppression of 1)Ƹ%
activity is observed (Figure 6.2 B and Figure 6.5). IRAK3 was shown to generate cGMP
(Chapter 5, section 5.2.1), and IRAK3 transfected HEK BLUE hTLR4 cells suppressed
LPS-induced NFƸB activity (Figure 6.3). We therefore, further explored whether the
excess 8-bromo-cGMP enhanced the effect of IRAK3 on the suppression of 1)Ƹ%
activity. HEK BLUE hTLR4 cells transfected with IRAK3 and induced with LPS showed
a reduction LQ1)Ƹ%DFWLYLW\ (as previously demonstrated) when compared to the nontransfected HEK BLUE hTLR4 cells induced with LPS alone which was set at zero
percent (Figure 6.5). However the IRAK3 inhibitory effect on NFƸB was not augmented
by a subnanomolar concentration of cell permeable 8-bromo-cGMP of 0.1 nM (Figure
6.5). The subnanomolar concentration of 0.1 nM of cell permeable 8-bromo-cGMP was
primarily selected to investigate the effect of added cGMP on IRAK3 to suppress 1)Ƹ%
activity, higher concentrations of cell permeable cGMP may mask or overpower the
HIIHFWRI,5$.LWVHOIRQ1)Ƹ%DFWLYLW\. This subnanomolar concentration also showed
a significant decrease in LPS-induced 1)Ƹ% activity (Figure 6.2 B). We show that
excess cGMP does not have an additional effect on IRAK3 to reduce 1)Ƹ%DFWLYLW\LQ
this cell type. This effect however needs to be further explored at different cGMP
concentrations, as the effect observed may be due to a concentration dependent
modulating effect. Also, the HEK BLUE hTLR4 cells SEAP reporter system, may not
detect NFƸB activity above or below a certain threshold, therefore the system may
need further validation. Alternatively, the 1)Ƹ%activity reduction seen may not be due
to the cGMP produced by IRAK3 alone, as other factors, such as the IRAK3 protein
structure itself as well as other molecules involved in the signalling pathway may also
be involved. Zhou et al. (2016) demonstrated that depending on the concentration of
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the inducing agent LPS, different signalling pathways may be activated by IRAK3 to
produce its anti-inflammatory response. Therefore, upon a concentration dependent
induction of TLR4 with LPS, IRAK3 was shown to either activate the classical pathway
to suppUHVV1)Ƹ%DFWLYLW\ and therefore reduce cytokine production. Or alternatively
take the IRAK3 myddosome pathway where it activates 1)Ƹ%WRSroduce inflammatory
inhibitors such as SOCS1 and A20 (Zhou et al., 2016). Therefore further investigation
is needed to look at the IRAK3 pathway selectivity and the effect of cGMP on NFƸB
activity as well as downstream cytokine production.
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Figure 6.5 Effect of 8-bromo-cGMP on non-transfected and IRAK3 transfected HEK
BLUE hTLR4 cells.
Non-transfected and wildtype IRAK3 transfected HEK BLUE hTLR4 cells are induced with 10
ng/μl of LPS, WKHSHUFHQWUHGXFWLRQRI1)Ƹ%DFWLYLW\LQWKHSUHVHQFHRUDEVHQFHRIQ0of
8- bromo-cGMP is measured. (n= 3, P value <0.0002 One-way ANOVA, Dunnetts multiple
comparison test).
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6.2.6 Effect of cGMP on IRAK3 R372>L mutant transfected HEK BLUE hTLR4
cells
The IRAK3 mutant R372>/GRHVQRWUHGXFH1)Ƹ% activity stimulated by LPS unlike
wildtype IRAK3 (Figure 6.4 B). To see if we can reverse the negligible effect of the
IRAK3 R372>L mutant on suppression RI 1)Ƹ% activity, the IRAK3 R372>L mutant
transfected HEK BLUE hTLR4 cells were induced with increasing concentrations of
cGMP after LPS induction. A significant reduction in 1)Ƹ% activity is observed from
0.0001 to 1 μM cGMP, however this effect is more pronounced at 0.0001, 0.01 and 0.1
μM cGMP, possibly highlighting a concentration dependent modulating effect that may
need further investigation (Figure 6.6). 7KLVVXJJHVWVWKDWF*03KDVDUROHLQ1)ƸB
suppression and may reverse the effect the IRAK3 R372>L mutation has lost,
highlighting the importance of the cGMP production of IRAK3 on 1)ƸB suppression.
Previous studies described (Section 6.1) and (Figure 6.2 B) demonstrate that cGMP
alone can suppress LPS-induced NFƸB activity. The suppression observed in the
presence of IRAK3 R372>L and 0.1 nM cGMP however, may be due to the cGMP
acting alone, highlighting the importance to undertake further studies. Investigating not
only the novel catalytic activity of IRAK3 in terms of cGMP production but also the
IRAK3 structure/function effect on the signalling pathway is necessary. This can aid in
explaining the modulating effect the cGMP produced by IRAK3 has on the signalling
pathway. Interestingly, (Figure 6.5) DGGHG F*03 GLG QRW HQKDQFH WKH 1)Ƹ%
suppression effect of IRAK3, which may explain or further complicate the effect
observed with the IRAK3 R372>L mutant in the presence of cGMP. This can be
investigated further through mutagenesis studies, by designing an alternative IRAK3
GC centre mutant that is catalytically inactive/ impaired cGMP production. The effect
of added cGMP under similar test conditions as the IRAK3 R372>L mutant can be
looked at and compared.
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Figure 6.6 IRAK3 Mutant R372>L transfected HEK BLUE hTLR4 cells induced with 8bromo-cGMP
Effect of increasing concentrations of membrane permeable 8-bromo-cGMP on LPS-induced
IRAK3 mutant R372>L transfected cells compared to non-transfected/empty vector transfected
cells, cGMP-induced cell values are compared to the cell only control value set at zero% (n=
4-8, P value <0.0001 One-way ANOVA, Dunnetts multiple comparison test).
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6.3 CONCLUSION
Using HEK BLUE hTLR4 cells we were able to look at downstream signalling through
1)Ƹ%DFWLYDWLon, using a SEAP reporter. Upon LPS activation of the TLR4, a signal
cascade results in DFWLYDWLRQRI1)Ƹ%ZKLFKLQGXFHVWKH6($3UHSRUWHU. This activation
is quantitatively measured. Induction of these cells with membrane permeable cGMP
alone had no effect on 1)Ƹ% DFWLYLW\WKHUHIRUH1)Ƹ%Zas not effected by cGMP alone.
At specific concentrations cGMP was able to significantly decrease LPS-induced 1)Ƹ%
activity, therefore implying that cGMP may have an anti-inflammatory effect. This effect
however has previously been reported in numerous studies where increased cGMP
showed an anti-inflammatory effect, described in further detail in section 6.1. IRAK3
is known to act as a negative regulator of inflammation, this can be detected through
its influence on 1)Ƹ%activity suppression. IRAK3 transfected HEK BLUE hTLR4 cells
showed decreased LPS-induced 1)Ƹ% DFWLYLW\ FRQILUPLQJ LWV DQWL-inflammatory
function.
IRAK3 cGMP production was abolished by mutating specific residue in the GC centre.
The IRAK3 R372>L mutant had reduced cGMP production compared to wildtype
IRAK3, however the IRAK3 G361>L mutation in the GC centre did not affect cGMP
production. (Chapter 5, section 5.2.4, figure 5.5 B). In addition to the inability of IRAK3
R372>L mutant to produce cGMP, this mutant also did not suppress 1)Ƹ% activity.
This is distinct to wildtype IRAK3 and its G361>L mutant where a significant
suppression of LPS-LQGXFHG 1)Ƹ% DFWLYLW\ LV REVHUYHG 7herefore, the usual IRAK3
function to reduce NFƸB activity was only abolished by the R372>L mutation. This
effect however was reversed by introducing specific concentrations of cell permeable
cGMP to the IRAK3 R372>L mutant transfected cells, therefore suppressing LPSLQGXFHG 1)Ƹ% DFWLYLW\ DQG SRVVLEO\ returning function to this IRAK3 mutant. These
studies reinforce the role of IRAK3 to decrease or iQKLELW1)Ƹ%DFWLYDWLRQ+RZHYHU
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the ability of IRAK3 to generate cG03 DSSHDUV WR FRQWULEXWH WR LWV HIIHFW RQ 1)Ƹ%
signalling.
Further analysis is however necessary to look at the effect specific mutations may have
on the protein scaffold of IRAK3. IRAK3 is known to act as a protein scaffold as part of
the myddosome complex formed in the innate immune signalling cascade. IRAK3
interacts with the other IRAK and adapter proteins through its death domain, it also
interacts with TRAF6 through its C-terminal domain. Myddosome complex formation
and function of IRAK3 is supressed by mutating specific residues in either the IRAK3
death domain or the C-terminal domain (Du et al. 2014 and Zhou et al. 2013),
discussed in chapter 1 and chapter 4. Therefore how an inactive GC IRAK3 mutant
like IRAK3 R372>L mutant or comparatively wildtype IRAK3 may affect the IRAK3
protein scaffold activity needs to be investigated. Downstream signalling can be further
looked at perhaps through protein: protein binding and interaction studies, as well as
downstream cytokine production. Production of different cytokines can be
quantitatively measured by ELISA and PCR studies, to give us an indication of specific
pathways activated by the different IRAK3 mutants.
Wildtype IRAK3 did not show further suppressLRQ RI 1)Ƹ% DFWLYLW\ when membrane
permeable cGMP was added. Therefore it would be of particular interest to investigate
how IRAK3 precisely exerts its effect and how cGMP may contribute to its function.
This can primarily be explored by preparing dose response curves to see if small
amounts of added cGMP effect IRAK3-induced 1)Ƹ% VXSSUHVVLRQ.

Further

investigation is necessary however beyond that to see if the cGMP generated by
IRAK3 may act as a switch between the two separate signalling pathways (Zhou et al.,
2013) that IRAK3 may take in the innate immune signalling cascade.
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CHAPTER 7

GENERAL DISCUSSION
7.1 RESEARCH FOCUS
The innate immune response is the first line of defence against invading pathogens.
The immune response is initiated when particular pathogen-associated molecular
patterns are sensed by TLRs or IL-1 receptors. Activated TLRs (except for TLR3)
complex with myeloid differentiation primary response gene 88 (MyD88) and members
of the IRAK family to form a myddosome complex (Lin et al., 2010). This causes a
signalling cascade that induces the production and secretion of inflammatory
mediators essential for the immune response against the invading organism. A severe
uncontrolled inflammatory response is damaging, therefore; a balance is necessary.
Various cellular mechanisms to suppress the innate response are present, one of
WKHVH LQFOXGH WKH XSUHJXODWLRQ RI ,5$. ZKLFK VXSSUHVVHV 1)ț% LQGXFWLRQ E\
interfering with the IRAK1, 2 and 4 signalling cascades. IRAK3 knockout mice
demonstrated overproduction of pro-inflammatory cytokines, hence; were more
susceptible to septic shock (Kobayashi et al., 2002). Overexpression of IRAK3 was
shown to mediate and promote cancer progression by allowing a more favoured
tumour microenvironment (del Fresno et al., 2005; Jain et al., 2014). The IRAK family
kinase activity is considered as a potential drug target in a number of studies and is of
continuous and renewed interest for cancer drug development (Rhyasen and
Starczynowski, 2015). The IRAK3 expression pattern is known to be relatively tissuerestricted which can allow targeted therapy, potentially reducing the chance of offtarget inflammatory related adverse effects (Rhyasen, 2016; Rhyasen and
Starczynowski, 2015).
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In the innate immune signalling cascade, IRAK3 upon activation can bind to IRAK2
which acts through an IRAK2 dependent pathway, preventing the dissociation of the
myddosome complex. This pathway prevents mRNA stabilisation and translational
control of cytokines and chemokines, therefore; reducing the inflammatory response.
Alternatively, Zhou et al. (2013) showed that mouse IRAK3 can DFWLYDWH1)Ƹ%WKURXJK
a unique IRAK4/IRAK3 mediated MEKK3 dependent pathway causing transcription of
LQIODPPDWRU\LQKLELWRU\PROHFXOHVVXFKDV$62&6,Ƹ%ĮDQG6+,3-1 (Zhou et al.,
2013).
The death domain of the IRAK family is essential in the interaction of the proteins in
the signalling cascade. Individuals with the single P22L mutation in the death domain
of IRAK3 developed early-onset asthma (Balaci et al., 2007). Also, this mutation
decreases inflammatory cytokine, IL-6 in macrophages after TLR stimulation (Du et
al., 2014). Little is known of how IRAK3 selectively binds to either myddosome complex
activating the different signalling pathways.
This study has shown that IRAK3 is a novel GC in vitro, and furthermore that it
produces cGMP in different systems. The GC activity of IRAK3 was demonstrated to
contribute to IRAK3s inhibitory function in the innate immune response.
7.2 DESIGN OF A cGMP DETECTION METHOD
cGMP is an important second messenger in the signalling cascade, therefore it is
useful to examine new ways to detect cGMP in signalling pathways. Our work involves
the screening of novel guanylate cyclases and the detection of cGMP is important in
these studies. Current ELISA cGMP detection kits are relatively expensive in cost and
time. Alternatives such as mass spectrometry are of limited use when detecting time
course changes occurring in dynamic cell samples. A suitable reporter system is
needed for bacterial and mammalian cells that can measure alterations in downstream
gene expression following changes in intracellular levels of cyclic nucleotides. To
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address this need, we developed a non-invasive cGMP sensitive reporter system
screening tool to determine guanylate cyclase activity in cells. This tool can be used to
measure changes in GC activity in cells transfected with genes like IRAK3.
We designed a promoter system containing the oligopeptide transporter X (OPTX)
promoter fused to a luciferase gene. OPTX is responsive to cGMP in plant cells, and
surprisingly the OPTX promoter fragment contains the mammalian cGMP response
element. To enhance the promoter response to cGMP, we inserted three additional
cGMP response elements into the OPTX promoter. A third construct was designed
containing five gibberellic acid response elements (GARE) that we postulated may be
upregulated by cGMP since GA treatment raises cGMP levels in plant cells. The
constructs were tested for response to cGMP and cAMP in BL21-AI as a representative
of bacterial cells and HEK 293T cells representing mammalian cells. Significantly
increased luciferase activity occurred in bacterial cells transformed with the OPTX
promoter system in response to both cAMP and cGMP. Bacteria may not differentiate
between cAMP and cGMP DV WR GDWH RQO\ WKH Į-proteabacteria are known to
synthesise cGMP. Since a receptor for cGMP has not been found, a physiological role
of cGMP may be improbable in E. coli like BL21-AI (Linder, 2010). A drawback of
bacterial protein expression is that some proteins cannot be expressed due to
instability and inclusion bodies, therefore their use can bring out some constraints in
addition to the benefits of bacterial expression.
Bacteria co-transformed with the OPTX promoter system and the soluble cytoplasmic
domain of PSKR1 a novel guanylate cyclase had enhanced luciferase activity following
induction of PSKR1 expression, highlighting an increase in cGMP production. This
system was also used to test the GC activity of another novel GC, neurotrophic
receptor tyrosine kinase 1 (NTRK1) which also confirmed a significant increase in
luciferase activity, representing an increase in cGMP production. We have shown that
the OPTX promoter system presents an effective screening tool that can be used in
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bacteria to screen recombinant proteins for guanylate cyclase activity as increases in
intracellular cGMP levels result in altered gene transcription and luciferase activity.
This system proved to be an effective method for screening GC, however, is limited to
proteins that are stable in bacteria and thus was not appropriate for IRAK3 which is
quite unstable in vitro, however using this system we were able to detect cGMP
generated by both PSKR1 and NTRK1.
7.3 MAJOR FINDINGS
7.3.1 IRAK3 structure
A crystal structure of IRAK3 is not yet available, therefore to explain the possible IRAK3
structure and how the GC centre may fit in, an IRAK3 homology model was prepared
based on the IRAK4 kinase domain (2NRU) crystal structure. The IRAK family
including IRAK4 are serine/threonine kinases. However, the IRAK4 crystal structure
showed a phosphate ligand interaction pattern in the activation loop similar to that of
tyrosine kinases (Wang et al., 2006). The homology model of IRAK3 gives an insight
into the predicted GC centre within the kinase domain. The model was used to dock
the expected substrate GTP, using knowledge from experiments on novel GC models,
PSKR1 and BRI1. Wong et al., demonstrated through GTP docking that the arginine
in position number 14 of the GC centre is predicted to stabilise the transition state from
GTP to cGMP (Wong and Gehring, 2013; Wong et al., 2015). Further, the mutation of
residue number three in the GC centre of BRI1, and the mutation of residues number
one, as well as residue number three in the GC centre of PSKR1, was predicted to
interfere with GTP docking, making it unsuitable for catalysis (Wong and Gehring,
2013). The computational method is not indicative of catalytic activity but it can
highlight experimental targets for subsequent in vitro and in vivo experiments,
therefore it can serve as a rapid screening approach (Wong et al., 2015). The mutation
of residue number 14, arginine 372, in the GC centre of the IRAK3 homology model to
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leucine (R372>L) showed reduced GTP interactions upon GTP docking, therefore it is
predicted that the R372>L mutation will not allow for the fitting interaction for catalysis
and cGMP production.
Alignment of the homology models of the kinase domains of IRAK3 and the kinase
domain of the model novel GC, PSKR1; revealed structural similarities between the
kinase domains of these two proteins. Also, the surface models of PSKR1 and IRAK3
indicate that the GC centre is associated with a small groove leading into the kinase
cleft. However, the groove can change or alter with other possible configurations in the
structure, specifically, the KHLW loop was considered, which is adjacent to the GC
centre section. This loop was shown to be quite dynamic, as it can adopt one of many
conformations all with equal energy (Freihat et al., 2014). Possibly through
homodimerization or heterodimerization of the IRAK3 protein, a catalytic or binding site
can be developed. IRAK3 interacts through its death domain as part of the myddosome
complex with the other IRAKs and adapter proteins. IRAK3 also interacts with TRAF6
through its C-terminal domain (Du et al., 2014). The transient nature of these
interactions may be an important regulatory component of the GC response. Therefore
the dimerization and interactions of IRAK3 with the signalling components and the
anticipated subsequent GC activity needs further investigation.
7.3.2 GC activity of IRAK3
The uniformity in the structural topology of PSKR1 and IRAK3 may explain the
observed GC activity of IRAK3 (Freihat et al., 2014). Using the available cGMP
detection techniques including ELISA and mass spectrometry, we showed that
recombinant IRAK3 protein is capable of producing cGMP. These levels were
comparable to those produced by our positive controls PSKR1 and BRI1. Increased
concentrations of calcium non-significantly, albeit it, slightly decreased, cGMP
production of recombinant IRAK3 protein in vitro. This is opposite to what is seen with
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PSKR1. Calcium acts as a switch in PSKR1 between kinase and GC activity, where
increasing calcium was shown to increase cGMP production (Muleya et al., 2014).
Calcium is known to have a negative effect on classical soluble GCs, where it
decreases the stimulatory effects of NO, therefore reducing cGMP production (Lucas
et al., 2000). The effect of calcium on IRAK3 GC activity needs to be further considered
by also investigating the effect calcium may have on IRAK3 in the innate immune
signalling cascade.
In separate experiments, HEK 293T cells transfected with IRAK3 produced
significantly higher levels of cGMP when compared to control transfected cells
confirming cGMP production and GC activity of IRAK3 in cell. Further studies are
however needed, where cGMP production and GC activity can be measured in vivo
upon induction of IRAK3 in the innate immune signalling cascade in separate immune
cells.
Particular amino acids were mutated in the IRAK3 GC centre based on the IRAK3
homology model results. Mutation of residue 3 in the GC centre to leucine, produced
IRAK3 G361>L mutant. Recombinant IRAK3 G361>L mutant protein produced
significant amounts of cGMP in vitro comparable to the amount produced by
recombinant wildtype IRAK3 protein. Therefore, mutation of residue 3 in the GC centre
(Glycine 361 in IRAK3) to leucine had no effect on cGMP production, however, how
the mutation may affect the protein otherwise, is still unknown and requires further
studies. Mutation of arginine, residue number 14 in the GC centre of IRAK3 to leucine
produced the IRAK3 R372>L mutant. Upon GTP docking, predicted GTP interactions
were reduced in the IRAK3 homology model, and this finding was emphasised by the
experimental in vitro cGMP data. The recombinant IRAK3 R372>L mutant protein had
significantly reduced GC activity compared to wildtype recombinant IRAK3 protein.
This finding highlight the importance of residue number 14 (Arginine 372 in IRAK3) in
the GC centre for cGMP production.
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7.3.3 Effect of GC activity of IRAK3 on innate immune signalling
The impact of the cGMP produced by IRAK3 in the signalling cascade is still unknown,
however, this study has made some insights to guide further investigations. We have
shown that by mutating specific residues in the GC centre, namely R372>L, caused
alterations in cGMP production as modelled in chapter 4 and experimentally described
in chapter 5. Overexpression of IRAK3 and the IRAK3 GC mutants in HEK BLUE
hTLR4 cells showed differential HIIHFWV RQ 1)Ƹ% DFWLYLW\ HEK BLUE hTLR4 cells
transfected with wildtype IRAK3 constantly shows D VLJQLILFDQW GHFUHDVH LQ 1)Ƹ%
activity as expected and demonstrated in previous studies.
HEK BLUE hTLR4 cells transfected with the IRAK3 R372>L mutant did not suppress
1)Ƹ%activity upon LPS induction. The mutant has therefore lost its inhibitory function,
DQG FDQQRW VXSSUHVV 1)Ƹ% DFWLYLW\, unlike wildtype IRAK3. Interestingly, the
recombinant IRAK3 R372>L protein also had reduced cGMP production in vitro. This
observation may also link in the possible importance of cGMP in the IRAK3 signalling
pathway. Surprisingly, in the presence of membrane permeable 8-bromo-cGMP
however, cells transfected with the IRAK3 R372>L mutant were able to suppress LPSinduced NFƸB activity, therefore returning the function of IRAK3 as an
immunosuppressant. It has been demonstrated by several groups that cGMP alone as
well as nitric oxide has an anti-inflammatory effect and inhibits activation of IRAK
proteins and downstream innate immune signalling. (Rizzo et al., 2010; Tateya et al.,
2011; Xiong et al., 2004). We have also demonstrated using the HEK BLUE hTLR4
cells that cGMP alone suppresses LPS-LQGXFHG 1)Ƹ% DFWLYLW\ 7KH HIIHFW RI WKH
membrane permeable 8-bromo-cGMP on the IRAK3 R372>L mutant occurs at
subnanomolar concentrations. Further reduction of LPS-induFHG 1)Ƹ% DFWLYLW\ LV
observed in the presence of a subnanomolar concentration of 8-bromo-cGMP when
combined with IRAK3 R372>L mutant, compared to cGMP alone. However further
research is needed to see the contribution of cGMP to the suppression of the LPSPage | 127
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LQGXFHG1)Ƹ%DFWLYLW\. The cGMP generated by the IRAK3 protein may be involved in
its inhibitory function and pathway selectivity. cGMP may modulate the binding and/or
activity of nearby interacting proteins involved in the signalling pathway. These findings
are providing insight into the hidden functions of IRAK3 and may assist in explaining
the selectivity and functionality of IRAK3 in the inflammatory signalling cascade.
7.4 CONCLUDING REMARKS AND FUTURE DIRECTIONS
There are many opportunities for further investigations and potential therapeutic
targeting of IRAK3. A lot is still unknown about the selectivity and specificity of IRAK3
and the mechanisms by which the molecule binds to and acts on the TLR-NFțB
pathway are still largely unknown. There is great potential for using IRAK3 as a
platform for targeted therapy (Rhyasen and Starczynowski, 2015). Downregulation of
IRAK3 in tumour-associated immune cells may allow for tumour recognition so it is
proposed that IRAK3 is a potential anti-cancer target (Norton et al., 2011). Additionally,
further research may focus on IRAK3 as a potential diagnostic and prognostic marker
for obesity and associated disorders (Hulsmans et al., 2012). In addition, the fact that
IRAK3 is a pseudokinase is very interesting, several studies are now looking at
pseudokinases as an unexplored family of therapeutic targets. IRAK3 was shown to
be capable of binding the generic kinase inhibitors DAP and VI16832. This indicates
the presence of a potentially intact ATP-binding cleft, which can allow for binding of
nucleotides at affinities possibly below the sensitivity of the assays used in the studies
(Murphy et al., 2014).
Within the innate immune response, the control of IRAK3 function is seen as having
an important role in regulating inflammatory responses (Biswas et al., 2011). Studies
considering IRAK3 involvement in different disease and inflammatory conditions
demonstrated either an upregulation or downregulation of IRAK3 expression to combat
disease progression like in some cancers. However, in conditions such as in sepsis,
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alternative pathways are also apparent. Sepsis is a severe, life-threatening infection
resulting in organ dysfunction, causing major defects in host innate and adaptive
immunity. How the immune system responds to sepsis is controversial, some studies
pinpoint it to excessive inflammation, other studies, however, have demonstrated it to
be due to immunosuppression (Hotchkiss et al., 2013). This is in part due to the initial
immune response producing a cytokine storm followed by immunosuppression due to
endotoxin tolerance and increased susceptibility to alternative infections. Under sepsis
conditions, hypoxia inducible factor-Į +,)Į acted as a strategic mediator of
monocyte re-programming and was shown to induce IRAK3 expression in an act to
UHGXFHH[FHVVLYHLQIODPPDWLRQ,5$.LQGXFWLRQE\+,)Įled to the conversion of the
functional plasticity of blood monocytes from a pro-inflammatory to an endotoxintolerant phenotype (Shalova et al., 2015).
A study using polymicrobial induced sepsis model mice showed that treatment with
sildenafil, which functions to accumulate cGMP, reduced inflammation in the earlier
stages of sepsis, therefore producing a protective effect against lung and kidney
damage (Deng et al., 2015). The immunological and molecular basis of the sepsis
stages is under continuous investigation. Human post-mortem analysis showed that
secondary microbial infections with opportunistic bacteria and fungi were observed in
immunosuppressed states (Hotchkiss et al., 2013; Otto et al., 2011; Zhao et al., 2016).
An earlier study by Xiong et al. (2011) on endotoxin tolerance in THP1 cells and human
monocytes, identified an increase in the inhibitory cytokine A20 and a decrease in LPSmediated receptor recruitment through the classical myddosome complex formation.
This study possibly set the scene and supports the later studies by Zhou et al. (2013)
that identified an alternative pathway through IRAK3 myddosome complex formation.
This pathway is known to cause MEKK3-dependent 1)Ƹ% DFWLYDWLRQ DQG WKH
production of inhibitory molecules like A20 and SOCS1 causing immunosuppression
(Xiong et al., 2011; Zhou et al., 2013). The effect of IRAK3 on endotoxin tolerance and
Page | 129

GENERAL DISCUSSION| CHAPTER 7
its function in the different stages of sepsis tells us that IRAK3 can be mediated to take
an alternative pathway depending on the stage of infection, however, the molecular
regulation and possible mediator still remains to be investigated. How cGMP causes
the anti-inflammatory effect in the early stages of sepsis, although demonstrated using
sildenafil in mouse studies is still unclear and human clinical studies are also required.
IRAK3 myddosome formation was shown to depend on the concentration of the
inducing agent (LPS), representing the degree of infection. High dose infections
activate a separate pathway to low dose infections. Low dose LPS induction was
demonstrated to activate IRAK3 myddosome complex formation, therefore inducing a
MEKK3-GHSHQGHQW 1)Ƹ% DFWLYDWLRQ WR SURGXFH LQKLELWRU\ PROHFXOHV (Zhou et al.,
2016). This all highlights the importance of IRAK3 as a mediator in the innate immune
signalling pathway and how IRAK3 is controlled is essential to guide our understanding
of the signalling cascade in the different disease states.
Experimentally we have demonstrated that the GC activity of IRAK3 contributes to its
inhibitory function in the innate immune response by looking at its effect on LPSLQGXFHG1)Ƹ%DFWLYLW\. The exact effect of the GC activity of IRAK3 on the signalling
cascade is however still largely unclear and further evaluation is needed. Future
directions are aimed at in vivo and further in cell studies on the GC function and activity
of IRAK3 in the innate immune signalling cascade. By looking at downstream
mediators such as 71)ĮDQG IL-6 and the inhibitory molecules A20 and SOCS-1 of the
alternative MEKK3-dependent pathway we can possibly identify the signalling pathway
taken by IRAK3 under variable conditions. Factors such as cGMP production of IRAK3
can be investigated through further mutagenesis studies.
Binding studies are necessary to look at possible dimerization of IRAK3 in the
signalling pathways which may be necessary to form a more distinct GC pocket to
catalyse the formation of cGMP. However, IRAK3 interacts with several other adapter
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proteins as well as the IRAK proteins. Therefore, through binding studies, GC activity
needs to be tested throughout the different interactions observed in the immune
signalling pathway. Possible interactions need to be explored to demonstrate the
essential interaction to induce cGMP production.
How the GC activity may selectively guide the interactions between IRAK3 and the
other signalling proteins to take one signalling pathway over the alternate pathways
forms a fundamental research question. This can be verified by comparing the noncGMP producing IRAK3 GC mutant interactions to the known interactions of wildtype
IRAK3 previously demonstrated in literature and tested under similar conditions. 1)Ƹ%
activity, as well as downstream cytokine production from the alternative pathways,
needs to be considered to further guide our understanding of the specificity of IRAK3
in the signalling cascade and how the GC centre influences or mediates its function
through its cGMP production.
The effect of calcium on the GC activity of IRAK3 can also be tested, it is known that
calcium modulates classical soluble and transmembrane GC activity. Experimentally
we have demonstrated that recombinant IRAK3 proteins had slightly reduced cGMP
production in the presence of calcium, however it was not significant. Further
investigation into the effect of calcium on IRAK3s GC activity is nevertheless necessary
in cells and possibly other systems. This can be achieved by looking for changes in
downstream pathway activation in the presence and absence of calcium. Changes in
cGMP production also needs to be measured upon calcium induction in the different
systems. The effects observed can also be compared with non-cGMP producing
IRAK3 GC mutants to demonstrate that the cGMP produced is by IRAK3 itself not the
basal levels produced by the other guanylate cyclases present in the cells.
To look at the GC activity of IRAK3 in macrophages, CRISPR can be employed to
remove or mutate the GC centre, cGMP production can be measured after
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mutagenesis to confirm that GC activity has been abolished when compared to
wildtype or non-mutated cells. Incorporating the IRAK3 R372>L mutation through
CRISPR can guide future IRAK3 GC centre mutagenesis studies, as the IRAK3
R372>L mutant was demonstrated to produce very little to no cGMP in vitro. Therefore
the effect the GC activity has on IRAK3 signalling using the GC mutant downstream
cytokine signalling data can be explored by comparing it to wildtype IRAK3 signalling
in cell and further in vivo work. The effect cGMP has on the selectivity and function of
IRAK3 can be looked at in a more ideal system using CRISPR, without the need for
overexpression of the gene in high expressing cells. Possibly giving us a more detailed
look at closer to normal innate immune conditions. The pathways can be looked at
using cytokine ELISA assays as well as further quantitative reverse transcriptase PCR
analysis to measure and quantitatively identify different cytokines to look at the
signalling pathways activated by IRAK3.
Understanding how this novel GC function impacts on the anti-inflammatory effect of
IRAK3 is likely to be important when targeting this protein in different disease states.
Such knowledge would also add to the limited understanding currently available for
IRAK3s structure-function relationship.
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