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Abstract 

The unfolded protein response is the cell’s reaction to an increased burden on the endoplasmic 

reticulum’s (ER) protein folding machinery. The most conserved sensor of ER stress is IRE1α, 

which clusters in response to stress to initiate a cellular signal. IRE1α activation is a complex, 

multi-step mechanism, triggered by IRE1α’s luminal domain’s (IRE1-LD) response to fluctuating 

ER stress levels. Currently, the mechanisms of IRE1-LD’s activation and termination are only 

partially understood, with conflicting models proposed. 

 

Using a set of biophysical approaches, IRE1-LD’s complex conformational landscape is 

characterised in unstressed conditions, upon addition of unfolded protein mimics (representative 

of ER stress) and the molecular chaperone BiP. The outputs suggest that in the absence of stress 

IRE1-LD exists in a conformational equilibrium between monomers, homodimers and 

homooligomers. In a concentration-dependent manner the unfolded protein mimics shift this 

equilibrium towards increasingly large oligomers, indicative of a proportional response to ER 

stress levels. Interestingly, these substrate-induced oligomers adopt fibril-like structures, 

providing a plausible model of the protein’s clustering in vivo. In turn, addition of the molecular 

chaperone, BiP to these oligomers results in their disassembly, revealing a novel IRE1α-BiP 

interaction. Notably, this process requires BiP’s chaperone activity and the presence of ATP, 

reminiscent of Hsp70-assisted clathrin uncoating. Following this, the effects of four IRE1-LD 

cancer-associated mutations on the activation cascade are characterised, revealing novel allosteric 

sites that enable tuning of IRE1-LD’s conformational landscape and thus IRE1α activation. 

Lastly, solution NMR is used to probe the conformation of IRE1-LD’s functionally important 

intrinsically disordered regions, revealing an allosteric network between key functional sites in 

the protein: the substrate-binding cleft, dimerisation and oligomerisation interfaces and the C-

terminal juxtamembrane linker. Therefore, the research here augments our understanding of 

IRE1α’s response to stress and identifies allosteric sites in the protein that offer novel potential 

therapeutic targets. 
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1. Introduction 

 

1.1. The endoplasmic reticulum 

 

The cell is an exceptionally complex machine, in this machine the majority of operations critical 

for function are carried out by proteins. Each specific protein has one or many roles to carry out, 

for which it has evolved a polypeptide sequence that will allow it to fold into a structure specific 

for its function. 39% of the proteome is predicted to consist of membrane bound and secreted 

proteins, these often have critical cellular functions borne out by the fact that of all proteins 

targeted by marketed drugs, ~83% are membrane or secreted (Uhlen et al., 2015). Newly 

translated, unfolded membrane and secretory proteins are processed and achieve their native fold 

in a cellular organelle; the endoplasmic reticulum (ER). 

 

1.1.1. Protein quality control network 

 

Due to the requirement of secretory and membrane proteins, the concentration of proteins in the 

endoplasmic reticulum can reach 100mg/mL, this environment can severely complicate the 

process of an unfolded polypeptide chain from achieving its native fold (Stevens and Argon, 

1999). The endoplasmic reticulum therefore possesses a protein quality control network which 

maintains the correct processing of the majority of newly translated proteins (Figure 1.1). This 

network, among other machinery, includes molecular chaperones. Molecular chaperones are 

proteins that interrogate the newly synthesised proteins. Correctly folded proteins are chaperoned 

to the next step of processing and misfolded proteins are retained to be potentially repaired but 

otherwise degraded (Adams et al., 2019). 

 

In some cases, the protein quality control machinery can be overwhelmed by unfolded and 

misfolding proteins, this is called endoplasmic reticulum stress. This stress can be triggered by 

multiple factors including physiological, such as during antibody (Reimold et al., 2001) and 

hormone production (Sharma et al., 2015) and also pathological factors such as hypoxia, nutrient 

deprivation, inflammation or infection (Yoshida, 2007). Here, the increased amount of unfolded 

proteins in the endoplasmic reticulum mean that the molecular chaperones binding to them are 

saturated and the protein quality control network is overwhelmed. In this case the cell requires 

another response to adapt to the stress and return the endoplasmic reticulum to an unstressed 

equilibrium by increasing the capacity of the protein quality control machinery; this is known as 

the unfolded protein response (Figure 1.1). 
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Figure 1.1 

Representation of the endoplasmic reticulum in stressed and unstressed conditions. In unstressed 

conditions the protein quality control system ensures the correct folding of newly translated 

membrane and secretory proteins. Physiological and pathological factors can initiate 

endoplasmic reticulum stress, causing the protein quality control network to be overwhelmed. An 

abundance of unfolded and misfolding proteins in the endoplasmic reticulum promote activation 

of the unfolded protein response through stress sensors that transverse the endoplasmic reticulum 

membrane. The stress sensors produce a signal to adapt to the stress by increasing the folding 

capacity and machinery of the protein quality control network, returning the endoplasmic 

reticulum to non-stressed conditions. 

 

1.1.2 The unfolded protein response 

 

The unfolded protein response is activated by stress sensing proteins (Figure 1.2), of which there 

are three in mammalian cells; activating transcription factor 6 (ATF6), double stranded RNA-

activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK) and inositol-requiring 

enzyme 1 (IRE1) (Walter and Ron, 2011). All three stress sensors transverse the endoplasmic 

reticulum membrane and have a domain inside the endoplasmic reticulum to sense stress, 

activation of this domain occurs due to an abundance of unfolded proteins in the endoplasmic 

reticulum which subsequently promotes activation of the cytoplasmic domains of the sensors 
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(Bertolotti et al., 2000). The cytoplasmic domains of the sensors signal to the cell for a response 

through divergent pathways. Initially the signal to the cell is to adapt to the increased burden on 

the endoplasmic reticulum. This adaptive response includes but is not limited to reducing the 

amount of newly synthesised proteins (Harding et al., 1999; Koumenis et al., 2002), increased 

autophagy (Yorimitsu et al., 2006), increased availability molecular chaperones (Ron and Walter, 

2007), more machinery for endoplasmic reticulum-associated decay (Travers et al., 2000) and to 

increase the size of the endoplasmic reticulum (Schuck et al., 2009). 

 

The stress sensors act in a negative feedback loop; once the stress is resolved the unfolded and 

misfolded proteins are cleared from the endoplasmic reticulum and therefore the signal is 

terminated. However, if the signal is not alleviated the adaptive response can turn to an apoptotic 

one. This includes activation of classical apoptotic machinery by the stress sensors such as the 

C/EBP homologous protein (CHOP) and the c-Jun Kinase (JNK) pathway (Urano et al., 2000; 

Marciniak et al., 2004). Each of the three endoplasmic reticulum stress sensing proteins have 

divergent activation mechanisms and initial signalling pathways but act together to accomplish 

these general cellular outcomes, the signalling of each sensor is briefly described in the following 

section. 

 

1.1.2. Stress sensors 

1.1.2.1. ATF6 

 

After sensing stress, the ATF6 protein is transported to the golgi apparatus membrane mediated 

by its two golgi localisation sequences (GLS1 and GLS2; Figure 1.2) (Shen, J. et al., 2002). Once 

in the golgi apparatus, ATF6’s endoplasmic reticulum luminal domain is cleaved by serine 

protease site-1 protease and metalloprotease site-2 protease (SP1 and SP2) (Chen et al., 2002; 

Haze et al., 1999; Shen, J. and Prywes, 2004; Ye et al., 2000). This cleavage allows the 

cytoplasmic domain of the protein to migrate to the cell nucleus where it acts as a transcriptional 

promoter for endoplasmic reticulum stress response elements (ERSE) to promote the unfolded 

protein response (Kokame et al., 2001; Yoshida et al., 1998).  

 

1.1.2.2. PERK 

 

In the case of the stress sensor PERK, activation promotes dimerisation and autophosphorylation 

of its cytoplasmic kinase signalling domain (Kebache et al., 2004). Once activated, among other 

activities, PERK can phosphorylate eukaryotic translation initiation factor 2α (eIF2α; Figure 1.2), 

this modification prevents eIF2α from exchanging GDP; a process critical for translation initiation 
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(Merrick, 2004; Gebauer and Hentze, 2004; Harding et al., 1999). Thus, activation of PERK 

inhibits translation of new proteins, giving the endoplasmic reticulum respite and therefore the 

opportunity for other components of the adaptive response to act. 

 

 

Figure 1.2 

Simplified representation of the activation and roles of the three stress sensors ATF6, PERK and 

IRE1α. Upon endoplasmic reticulum stress all three proteins are activated. ATF6 is translocated 

to the golgi apparatus where it is cleaved, it’s cytoplasmic domain then acts as a transcription 

factor for unfolded protein response genes. PERK acts to phosphorylate eIF2α which inhibits 

translation of new proteins. IRE1α acts to splice XBP-1 mRNA, which is then re-ligated and 

translated to act as a transcription factor for unfolded protein response genes. 

 

1.1.2.3. IRE1 

 

IRE1 is the most conserved stress sensor and although its responses interact with the other stress 

sensors in human cells, it is the only sensor present in all eukaryotes (Mori, 2009). There are two 

homologues in humans, IRE1α and IRE1β. IRE1β is only expressed in intestinal epithelial cells 
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and is thought to provide specialisation for the responses of these cells; IRE1α on the other hand 

is expressed in the majority of cells and is the focus of this thesis (Wang, X.Z. et al., 1998; 

Imagawa et al., 2008). Put briefly, activation of IRE1α involves autophosphorylation and 

clustering of the cytoplasmic domain which activates its endoribonuclease activity. This activity 

is initially used to splice the XBP-1 mRNA, which is then re-ligated to form mRNA for the active 

XBP-1 transcription factor, which promotes the transcription of unfolded protein response genes 

(Figure 1.2) (Walter and Ron, 2011), the signalling and activation of IRE1α will be discussed in 

more detail in the following sections. 

 

1.2. IRE1α’s signalling 

1.2.1. IRE1α’s upstream activation 

 

IRE1α is a transmembrane protein with a domain inside the endoplasmic reticulum and one in the 

cell cytoplasm. The stress sensing domain is the endoplasmic reticulum luminal domain which is 

tethered to a single transmembrane helix by a long linker region, on the other side of the 

membrane is the signalling cytoplasmic domain (Wang, P. et al., 2018; Zhou et al., 2006). The 

precise activation mechanism of IRE1α’s luminal domain is still a contentious subject and will 

be discussed in more detail in Section 1.4. However, upon induction of stress IRE1α’s luminal 

domain dimerises and oligomerises (Figure 1.3) (Bertolotti et al., 2000; Gardner and Walter, 

2011; Amin-Wetzel et al., 2017). The clustering of the luminal domain causes an increase in the 

local concentration of the cytoplasmic domain on the other side of the membrane, the cytoplasmic 

domain contains both kinase and endoribonuclease activities. The increase in the cytoplasmic 

domain’s local concentration promotes dimerisation and autophosphorylation, which in turn 

activates its endoribonuclease activity which dictates IRE1α’s downstream response. There are, 

what can be grouped as two opposing outcomes to IRE1α activation; the adaptive and apoptotic 

responses. 

 

1.2.2. IRE1α’s adaptive response 

 

IRE1α’ endoribonuclease activity will initially target, and splice XBP-1 mRNA as mentioned 

previously. Upon IRE1α splicing of XBP-1, 26 nucleotides are removed from its sequence, the 

spliced mRNA fragments are then ligated by the RtcB protein (Figure 1.3) (Lu et al., 2014). The 

ligated form of XBP-1 mRNA can then be translated into the transcriptional activator XBP-1, 

which delivers a strong adaptive response to endoplasmic reticulum stress. This includes 

promoting the production of post-translational modification enzymes which promote the correct 

folding of newly synthesised proteins, machinery involved in the decay of misfolding proteins 
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and the previously described molecular chaperones, all of which are part of the protein quality 

control machinery and act to cope with the unfolded protein burden on the endoplasmic reticulum 

(Poothong et al., 2017; Yoshida et al., 2001; Calfon et al., 2002; Lee, A.H. et al., 2003). 

 

 

Figure 1.3 

IRE1α senses endoplasmic reticulum stress through its luminal domain, this domain then clusters 

to increase the local concentration of the protein’s cytoplasmic domain. The cytoplasmic 

domain’s endoribonuclease activity is activated through dimerisation and autophosphorylation 

and has roles in splicing XBP-1 mRNA and the decay of many different mRNA targets. 

 

The adaptive activity of IRE1α is the initial response to stress and is associated with the clustering 

of IRE1α. Formation of clusters of IRE1α and splicing of XBP-1 are observed from the onset of 

stress signals with the peak activity appearing to be at around four hours, although there are 

various studies with different conditions and therefore differing values for this (Li, H. et al., 2010; 

Tam et al., 2014; Lin et al., 2007; Prischi et al., 2014; Sundaram et al., 2017). After this time, 
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XBP-1 splicing declines and degradation of other mRNAs by IRE1α begins to increase, this is a 

different IRE1α endoribonuclease activity that is promiscuous and represents a move away from 

the adaptive response to an apoptotic response of the protein, it is known as regulated IRE1-

dependent decay (RIDD; Figure 1.3). 

 

1.2.3. IRE1α’s apoptotic response 

 

IRE1α's endoribonuclease domain’s RIDD activity has been observed from the onset of stress, 

however, some studies suggest that this activity occurs predominantly only after XBP-1 splicing 

is in decline (Tam et al., 2014; Hollien et al., 2009; Han et al., 2009). IRE1α’s RIDD activity does 

not appear to be in competition with its XBP-1 splicing activity , although interestingly the RIDD 

mRNA targets identified are enriched with similar consensus sequences and predicted secondary 

structure to XBP-1 mRNA (Oikawa et al., 2010; Coelho and Domingos, 2014). RIDD activity 

acts to degrade mRNAs preventing their translation and subsequent increased burden on the 

stressed endoplasmic reticulum. In one study the levels of two hundred mRNA’s were found to 

be reduced upon RIDD induction, these mRNA’s were enriched with the mRNA of secretory 

pathway proteins (Coelho and Domingos, 2014), additionally some RIDD targets have been 

associated with regulation of metabolism and immunity (Lee, A.H. et al., 2011; Osorio et al., 

2014). RIDD targets also include mRNA beneficial to the cell during times of ER stress, such as 

mRNA of the molecular chaperone; BiP and other proteins involved in correct folding of 

endoplasmic reticulum proteins (Han et al., 2009). Not only degrading mRNA of beneficial 

proteins, RIDD activity also targets anti-apoptotic microRNAs during high stress conditions (miR 

-17, -34a, -96 and -125), these microRNAs repress the proapoptotic caspase 2 (Upton et al., 2012). 

Therefore IRE1α’s RIDD activity appears to have both a positive and deleterious effect on the 

cell, occurring after the adaptive response and in high stress conditions to promote an apoptotic 

response.  

 

IRE1α also forms downstream responses independent of its endoribonuclease activity. One such 

interaction is with TNFR-associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 

(ASK1) to eventually trigger the JNK pathway which promotes apoptosis (Urano et al., 2000; 

Nishitoh et al., 2002; Mauro et al., 2006). IRE1α’s opposed signalling pathways mean that when 

perturbed, its activity can influence disease outcome by causing undesired cell death or promoting 

cell survival where apoptosis is required.  

 

1.3. IRE1α in health and disease 
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IRE1α’s differential activities allow it react to endoplasmic reticulum stress in an appropriate 

manner and therefore maintain homeostasis. However, due to its strong signalling capabilities an 

imbalance in its response can be instrumental in pathogenesis. Prolonged disturbance of normal 

cell or endoplasmic reticulum function can lead to a detrimental apoptotic response, such as in 

type I diabetes. On the other hand, the adaptive response can be hijacked by some viruses and 

cancers to aid in abhorrent protein production and cell proliferation. Some such cases of each of 

IRE1α’s activities promoting pathogenesis are discussed in the following sections. 

 

1.3.1. The adaptive response in disease 

 

(IRE1α’s adaptive response is the first prominent signal following endoplasmic reticulum stress 

and promotes an increase in the protein folding capacity of the cell. The IRE1α and XBP-1 

signalling pathway is involved in inflammation and therefore implicated in a range of disease 

where inflammation has a detrimental effect such as cystic fibrosis (Ribeiro and Lubamba, 2017). 

In Alzheimer’s disease there is a causal link between IRE1α activity and prognosis and although 

IRE1α’s XBP-1 activity appears to increase production of the Alzheimer’s precursor protein 

(APP), sustained RIDD activity from age related sustained stress also appears to have a role in 

pathogenesis (Duran-Aniotz et al., 2017; Hollien et al., 2009; Cescon et al., 2016). Interestingly 

the unfolded protein response pathways can be hijacked by viruses to supply strong adaptive 

signals so that the endoplasmic reticulum isn’t overwhelmed by production of the viral capsid, 

one example of this is in hepatitis B (Li, B. et al., 2007). IRE1α’s adaptive response is also 

hijacked in some cancers, which will be discussed in Section 1.3.3.  

 

1.3.2. The apoptotic response in disease 

 

Numerous diseases can promote endoplasmic reticulum stress, if the stress signal is strong enough 

and persistent then IRE1α will signal for an apoptotic outcome which can have severe deleterious 

effects to the organism as a whole. The unfolded protein response is involved in both type I and 

II diabetes, pancreatic β-cells produce the secreted protein insulin upon processing of food to 

glucose, this insulin production can cause endoplasmic reticulum stress. In this case prolonged 

activation of the unfolded protein response perturbs β-cell function and therefore causes type II 

diabetes (Scheuner and Kaufman, 2008). Specifically, IRE1α activation can lead to activation of 

the JNK pathway, this causes phosphorylation of insulin receptor substrate 1 (IRS1), which 

inhibits insulin action (Ozcan et al., 2004; Chakrabarti et al., 2011).  
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Some forms of retinitis pigmentosa occur due to a mutant form of rhodopsin that cannot achieve 

its native fold, in this case IRE1α and the unfolded protein response have been implicated in 

disease progression by promoting apoptosis leading to blindness (Lin and Lavail, 2010). IRE1α’s 

signalling to TRAF2 has been implicated in a link between endoplasmic reticulum stress and 

nucleotide-binding oligomerisation domain containing protein (NOD) 1 and 2 mediated 

inflammation which is involved in Crohn’s disease (Keestra-Gounder et al., 2016). 

 

1.3.3. IRE1α in cancer 

 

As per the previous examples, there are many cases where IRE1α’s activity influences disease 

outcome, where IRE1α activity is mainly a product of distal effects in the cell or body. However, 

cancer is a mutation driven disease, where mutations that benefit cancer progression are selected 

for in a hostile environment with increasingly unstable DNA quality control mechanisms (Jeggo 

et al., 2016; Kaufman et al., 2002). Creating an imbalance in IRE1α’s activity can be particularly 

important in cancer pathogenesis as the nature of cancer development induces significant 

endoplasmic reticulum stress; cancer cells typically have a high consumption of glucose, high 

proliferation rates and outgrow their environment’s nutrient resources causing hypoxia (Kaufman 

et al., 2002; Chalmers et al., 2019). 

 

Therefore it seems unsurprising that IRE1α is mutated in 3% of all human cancers (examples in 

Table 1.1), and that there are plentiful examples of IRE1α’s adaptive response being increased in 

different tumour types to give a worse prognosis (Tameire et al., 2015; Chen et al., 2014; Romero-

Ramirez et al., 2009; Cuevas et al., 2017; Chalmers et al., 2019).  

 

However, there are also contradictory cases where XBP-1 splicing and IRE1α activity improve 

prognosis (Chalmers et al., 2019; Denoyelle et al., 2006; Kaser et al., 2008). It therefore appears 

that IRE1α’s activities being beneficial or detrimental to cancer development can be tumour and 

progression stage specific. A recent study of glioblastoma characterised tumours based on 

IRE1α’s adaptive and RIDD activities. Here tumours with high adaptive and low RIDD activities 

were more aggressive, lowering prognosis than those groups of tumours with lower adaptive and 

higher RIDD activities, therefore the specificities of IRE1α activity in cancer is beginning to be 

understood in different cancer types (Lhomond et al., 2018).  

 

The nature of cancer’s ability to commandeer IRE1α’s activities through mutations to create an 

imbalance offers the unique opportunity to potentially separate IRE1α’s adaptive and apoptotic 

activities using these mutations. Study of the mutations can be used to not only provide future 
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therapeutic targets against cancer, but also for other diseases and more generally to understand 

how IRE1α switches between its opposing activities during normal function. 

 

Although one may expect mutations of IRE1α to be concentrated in the endoribonuclease domain 

or at the TRAF2 interaction site, the mutations are observed throughout the protein suggesting 

that it may not only be the cytoplasmic domain that dictates the cellular outcome after stress 

sensing and activation. Some cancer-associated mutations have been initially characterised, with 

mutations of the cytoplasmic domain inhibiting stress-induced apoptosis and IRE1α’s adaptive 

activity (Ghosh et al., 2014). Two glioblastoma mutations of the luminal domain have recently 

had their activity characterised also. Although both mutants promoted increased oligomerisation 

and XBP-1 splicing, one causes a more invasive phenotype and appeared to be a cancer driving 

mutation (A414T) whilst the other promoted apoptosis by increasing degradation of miR-17 and 

appeared to prevent tumour formation (P336L). It’s likely that P336L requires a mutant p53 

background to aid cancer development, but this study highlights how two mutations that increase 

oligomerisation of IRE1α lead to divergent outcomes (Lhomond et al., 2018). Therefore, a more 

in depth structural and functional characterisation of such cancer-associated mutations is required.  

 

Table 1.1 

Examples of cancer-associated mutations of IRE1α with their location in the protein and observed 

outcomes. 

Mutation Cancer type Area of protein In vivo/ vitro outcome 

N244S Clear cell carcinoma 

(Greenman et al., 2007). 

β-sandwich 

domain. 

Unknown. 

S296F Cutaneous squamous cell 

carcinoma, metastatic 

melanoma (Sanborn et al., 

2015; Pickering et al., 

2014). 

Conserved anti-

parallel β-sheet. 

Unknown. 

P336L Glioblastoma (Lhomond et 

al., 2018; Parsons et al., 

2008). 

Long loop (loop 2 

region). 

Increased oligomerisation. 

Increased RIDD activity, 

requires other mutations to 

cause cancer (Lhomond et al., 

2018). 

A414T Glioblastoma (Lhomond et 

al., 2018). 

Luminal linker 

region. 

Increased oligomerisation. 

Increased XBP-1 splicing, 

lower RIDD activity. Cancer 



11 

 

 

driving mutation (Lhomond et 

al., 2018). 

V418M Parathyroid carcinoma 

(Greenman et al., 2007; 

Pandya et al., 2017). 

Luminal linker 

region. 

Unknown. 

L474R Adenocarcinoma 

(Greenman et al., 2007). 

Cytoplasmic 

linker region. 

Unchanged XBP-1 splicing. 

Reduced apoptosis (Ghosh et 

al., 2014; Xue et al., 2011). 

R635W Adenocarcinoma 

(Greenman et al., 2007). 

N-terminal kinase 

lobe. 

Unchanged XBP-1 splicing. 

Reduced apoptosis (Ghosh et 

al., 2014; Xue et al., 2011). 

N700S Germ-line variant 

(Greenman et al., 2007). 

Middle of kinase 

domain. 

Unknown. 

S769F Glioblastoma (Greenman 

et al., 2007). 

Between kinase 

and 

endoribonuclease 

domain. 

Reduced phosphorylation and 

apoptosis. Contradictory 

results on XBP-1 splicing 

(Xue et al., 2011; Ghosh et al., 

2014). 

P830L Serous carcinoma 

(Greenman et al., 2007). 

Between kinase 

and 

endoribonuclease 

domain. 

Reduced activity, instability 

of endoribonuclease domain 

(Xue et al., 2011; Ghosh et al., 

2014). 

 

To understand the effect of specific cancer-associated mutations on IRE1α’s activation cascade 

we must first have an understanding of the mechanisms that drive activation. Groups have studied 

IRE1α’s activation mechanism using cellular and in vitro assays and have managed to make 

connections between this data and structural models obtained. However, there are still 

discrepancies and unknowns in the activation pathways suggested. Although understanding 

IRE1α’s activation mechanism can allow appreciation of how it is perturbed by cancer-associated 

mutations, study of the cancer-associated mutations can also elucidate aspects of the activation 

mechanism which are not fully understood. Described in the following sections is the body of 

work carried out to understand the activation pathway of IRE1α. Due to long linker regions 

separating and structurally decoupling the protein’s luminal and cytoplasmic domains, it is 

common for in vitro study to adopt a ‘divide and conquer’ approach and separate the two domains, 

thus the activation pathways described here have also been separated into the luminal and 

cytoplasmic domains. 
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1.4. Luminal domain activation 

1.4.1. Luminal domain architecture 

 

IRE1α’s endoplasmic reticulum luminal domain is responsible for sensing endoplasmic reticulum 

stress, it responds to stress by dimerising and oligomerising upon an abundance of unfolded 

proteins in the endoplasmic reticulum. Here the luminal domain’s architecture will first be 

described before information about its activation mechanism. The N-terminal globular portion of 

the domain precedes a ~60 residue long linker region tethering it to its endoplasmic reticulum 

transmembrane helix. The domain has a high proportion of unstructured regions, 29% as predicted 

by the PONDR webserver (Romero et al., 2001) and 35% unresolved in the solved crystal 

structure (Figure 1.4) (Zhou et al., 2006).  

 

A dimerisation interface was identified through crystal contacts in the solved crystal structure and 

confirmed by mutational studies, dimerisation was found to be essential in activation of down-

stream activities of the cytoplasmic domain (Zhou et al., 2006). When dimerised the conformation 

includes an anti-parallel β-sheet floor which exists as a potential unfolded protein binding groove. 

This region is highly conserved between the yeast and human proteins, particularly in residues 

that face upwards out of the groove (shown in cyan in Figure 1.5). The groove is major 

histocompatibility complex (MHC)-like and mutational studies have shown that conserved 

residues in the groove are required for substrate binding, the importance of which will be 

described later (Credle et al., 2005; Zhou et al., 2006). However, it has been argued that this 

MHC-like groove is only important for the yeast protein as the space is too minimal to allow 

unfolded protein binding in the human crystal structure (Zhou et al., 2006). More recently, studies 

have provided evidence that human IRE1α also uses this groove to bind unfolded proteins 

(Karagoz et al., 2017; Kono et al., 2017). 
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Figure 1.4 

The resolved and unresolved residues of human IRE1α’s luminal domain crystal structure (PDB: 

2HZ6) (Zhou et al., 2006) with modelled loop regions through use of I-TASSER (Yang et al., 

2015) (Figure prepared using PyMOL version 1.7) and a PONDR webserver plot of regions 

predicted to be structured and unstructured (Romero et al., 2001). The unstructured regions on 

the PONDR plot are from loop region 1, loop region 2 and the long transmembrane linker region, 

these are also not resolved in the crystal structure, as shown in red on the reconstructed model. 

 

Other regions of importance identified include the β-sandwich and αβ-helix motifs (Figure 1.5), 

these are suggested to propagate changes from unfolded protein binding to the MHC-like groove 

to the protein’s oligomerisation interface, promoting a more active structure for oligomerisation 

(Karagoz et al., 2017). The oligomerisation interface itself is not conserved between the yeast and 
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human protein. In the yeast protein structure this region is solved in the crystal structure and has 

been confirmed by mutational studies (Credle et al., 2005). The human protein oligomerisation 

interface was identified through crosslinking studies and is suggested to consist of residues near 

to an unresolved region in the crystal structure (Figure 1.5). Four residues (359-362 WLLI) that 

were suggested to be important in the oligomerisation interface were mutated (359-362 WLLI to 

GSSG) and disfavoured the protein from forming oligomers and splicing XBP-1 (Karagoz et al., 

2017). 

 

 

Figure 1.5 

Reconstructed model of the solved IRE1α luminal domain crystal structure annotated with 

regions of importance in activation, the linker region is not shown (PDB: 2HZ6) (Zhou et al., 

2006; Yang et al., 2015; Karagoz et al., 2017). Figure prepared using PyMOL version 1.7) 

 

Surrounding the oligomerisation interface is loop region 2, this is the longer loop region in the 

protein and consists of ~50 residues (Figure 1.5). The loop region isn’t resolved in the crystal 

structure and includes cystine 322, a smaller loop region (loop region 1, 22 residues) also contains 

a cysteine residue (Cys148). These cysteines are suggested to have a role in IRE1α activation, 

however, they are not required for dimerisation (Liu et al., 2003; Eletto et al., 2014). 

 

C-terminal to the oligomerisation interface is the beginning of the linker region. The luminal 

linker region is often removed in in vitro studies of the protein by a stop codon after residue 389 
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and was removed in the crystallisation conditions used (Zhou et al., 2006; Karagoz et al., 2017). 

However, the linker region’s most C-terminal region and transmembrane helix have been 

implicated in a membrane stress sensing functionality of the protein (Halbleib et al., 2017; Kono 

et al., 2017), which causes clustering without the requirement of the globular portion of the 

luminal domain (Volmer et al., 2013), interactions between this mode of stress sensing and those 

discussed in the following sections are not fully understood. Additionally, previous studies of 

both yeast and human IRE1α suggested that the linker region may be bound by a molecular 

chaperone (binding immunoglobulin protein (BiP)) which acts to repress IRE1α’s activity 

(Kimata et al., 2004; Oikawa et al., 2009). However, more recent studies have suggested that this 

molecular chaperone interacts with IRE1α’s ‘core domain’, without this linker region present 

(Carrara et al., 2015; Amin-Wetzel et al., 2017). The molecular chaperone, BiP, and its role in 

luminal domain activation will be discussed in more detail in the next section. 

 

The crystal structure of human IRE1α in combination with functional and mutational assays has 

therefore given some understanding about the luminal domain’s function (Figure 1.5), however, 

there are still conflicting ideas about how the protein is activated structurally and functionally. 

The conflicting ideas in the field can be summarised into two different models, the first of which 

involves the molecular chaperone, BiP, binding and repressing IRE1α until it dissociates during 

times of stress and the other involves IRE1α’s luminal domain directly binding to unfolded 

proteins via its MHC-like groove region (Preissler and Ron, 2019). The aspects of luminal domain 

activation are discussed in the following sections. 

 

1.4.2. BiP repression model of IRE1α luminal domain activation 

 

There’s a large body of evidence for IRE1α being bound by the molecular chaperone, BiP, under 

non-stressed conditions with less BiP bound during stressed conditions, although there’s 

conflicting evidence for where this binding site is on IRE1α, as previously mentioned (Bertolotti 

et al., 2000; Carrara et al., 2015; Oikawa et al., 2009; Pincus et al., 2010). Before describing the 

role BiP plays in luminal domain activation it is first necessary to understand its architecture and 

function. BiP is the most abundant molecular chaperone in humans and is a 70kDa multidomain 

protein. It contains a nucleotide-binding domain with ATPase activity connected via a short linker 

to a substrate binding domain which contains a β-sandwich and a ‘lid’ region that bind to unfolded 

regions of proteins (Figure 1.6). When ATP is bound to the nucleotide binding domain the two 

domains of BiP dock together and the protein has a low affinity for unfolded protein substrate 

(domain-docked). When ATP is hydrolysed to ADP, BiP adopts a domain-undocked 

conformation, here its domains act separately and the substrate binding domain has a high affinity 
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for unfolded proteins (Mayer, 2013; Wieteska et al., 2017). In this way BiP acts as a molecular 

chaperone to proteins in the endoplasmic reticulum, binding to and retaining misfolded proteins 

in the endoplasmic reticulum to promote their correct folding or degradation and chaperoning 

correctly folded proteins to the next stage of the secretion pathway (Hendershot, 2004). 

 

There’s evidence that both domains of BiP are able to bind IRE1α; truncations of BiP have 

suggested that BiP’s substrate binding domain is required and also that this interaction requires 

ATP hydrolysis, suggesting BiP’s canonical cycle, as shown in Figure 1.6, is required for binding 

(Amin-Wetzel et al., 2017; Liu et al., 2003). However, research has suggested that BiP can also 

bind directly to IRE1α through its nucleotide binding domain in a nucleotide independent manner, 

termed the non-canonical interaction. Research is ongoing into the interaction’s effect on the 

unfolded protein response (Carrara et al., 2015; Kopp et al., 2018). 

 

 

Figure 1.6 

BiP’s ATP dependent chaperone cycle. With ATP bound BiP has low substrate affinity and its 

domains are docked together. Upon ATP hydrolysis the domains of BiP undock and BIP has a 

high substrate affinity (Wieteska et al., 2017). Figure prepared using PyMOL version 1.7. 

 

 

The BiP repression model of IRE1α activation involves BiP binding to IRE1α and inhibiting 

formation of dimers and thus an increase in the local concentration of the cytoplasmic domain, 

autophosphorylation and activation. However, it is not known which form of IRE1α BiP binds to, 

earlier studies suggested monomers but more recently BiP has been shown to bind to dimers and 

its ability to bind oligomers has not yet been investigated (Amin-Wetzel et al., 2017; Bertolotti et 

al., 2000). The endoplasmic reticulum-localised DnaJ 4 (ERdj4) protein was recently suggested 
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to bind IRE1α’s luminal domain during non-stressed conditions and promote BiP binding to 

IRE1α, therefore repressing activity by preventing oligomerisation. This is in addition to the 

ERdj4’s usual J-domain activity of stimulating BiP’s nucleotide binding domain to hydrolyse 

ATP (Amin-Wetzel et al., 2017). In all cases it appears that BiP binding to IRE1α represses 

activity and opposes IRE1α dimerisation and subsequent clustering (Amin-Wetzel et al., 2017; 

Carrara et al., 2015; Bertolotti et al., 2000). BiP binds preferentially to unfolded proteins and 

during times of stress, unfolded proteins are abundant. Therefore, the BiP repression model 

suggests that upon binding to unfolded proteins, BiP dissociates from IRE1α, which causes the 

luminal domain to dimerise and oligomerise in response to endoplasmic reticulum stress to 

promote a response, represented in Figure 1.7 (Carrara et al., 2015; Ron and Walter, 2007; 

Preissler and Ron, 2019). 

 

 

Figure 1.7 

The BiP repression model of IRE1α activation. BiP binds to the luminal domain during non-

stressed conditions and opposes dimerisation. Upon endoplasmic reticulum stress there is an 

increase in unfolded proteins in the endoplasmic reticulum. BiP dissociates from IRE1α to bind 

the unfolded proteins. IRE1α’s luminal domain is now able to dimerise and cluster to promote 

activation of the cytoplasmic domain and the unfolded protein response (Amin-Wetzel et al., 

2017; Bertolotti et al., 2000; Carrara et al., 2015). 

 

Some of the studies supporting the BiP binding repression model suggest that unfolded protein 

substrate binding to IRE1α directly can cause IRE1α oligomerisation, but that BiP release from 

IRE1α to bind the unfolded proteins is the initiating step in IRE1α activation (Carrara et al., 2015; 

Amin-Wetzel et al., 2017; Pincus et al., 2010).  
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1.4.3. Unfolded protein binding model 

 

The unfolded protein binding models don’t directly refute BiP binding for repression of IRE1α 

and BiP may affect the equilibrium of IRE1α binding to unfolded proteins. However, they suggest 

that direct binding of unfolded proteins to IRE1α is the principal cause of activation, as it 

promotes oligomerisation, crucial for maximal activity and the protein’s observed clustering 

(Karagoz et al., 2017; Gardner and Walter, 2011; Li, H. et al., 2010). IRE1α is suggested to adopt 

an oligomer-active state in solution transiently without the inclusion of unfolded proteins, 

allowing it to form tetramers at high concentrations (Karagoz et al., 2017). The inclusion of 

unfolded proteins promotes higher order species by stabilising this conformation through binding 

to IRE1α. This binding causes a cascade of structural rearrangements leading to the oligomer-

active state being stabilised (Figure 1.8) (Karagoz et al., 2017). However, there is no evidence for 

a pathway to terminate IRE1α oligomers and stop the unfolded protein response signal other than 

the equilibrium of unfolded proteins, free BiP and unfolded protein bound BiP changing after 

stress is relieved. 

 

 

Figure 1.8 

The unfolded protein binding model of IRE1α activation. IRE1α exists as an equilibrium between 

monomeric and dimeric protein, it transiently adopts the oligomerisation active state. Upon 

endoplasmic reticulum stress, IRE1α binds unfolded proteins directly, stabilising the 

oligomerisation complex allowing the luminal domain to oligomerise and promote activation of 

the cytoplasmic domain (Karagoz et al., 2017). 
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1.4.4. Disulphide formation in IRE1α activation 

 

Another arm of IRE1α activation is that the protein can form disulphide bonds within multimers, 

potentially stabilising the more active state (Figure 1.9). Studies have suggested that IRE1α forms 

disulphide bonds with its conserved cysteine residues Cys148 and Cys332, and that IRE1α 

interacts with protein disulphide isomerase A6 (PDIA6) (Liu et al., 2003; Eletto et al., 2014). 

PDI’s in the endoplasmic reticulum act to reduce covalent disulphide bonds, meaning to break 

apart the thiol groups from the cysteine residues involved in the bond, in this manner PDIs 

promote correct folding of proteins in the endoplasmic reticulum (Wilkinson and Gilbert, 2004). 

PDIA6 has been shown to interact with IRE1α’s Cys148, reducing its disulphide bond and 

terminating IRE1α’s active state. Prevention of this interaction causes higher responsiveness to 

stress (Eletto et al., 2014; Groenendyk et al., 2014). Recent data from our group (carried out by 

Sam Dawes) suggests that IRE1α forms disulphide bonds with Cys148 and 332 and the previously 

mentioned non-canonical interaction of BiP with IRE1α’s luminal domain (independent of 

nucleotide binding) slows this formation and preformed disulphide bonds prevent the non-

canonical BiP interaction. This possibly describes one facet for stabilisation and suppression of 

the IRE1α signal.  

 

 

Figure 1.9 

Active IRE1α forms disulphide bonds over time. Formation of these bond appears to be in 

competition with non-canonical BiP binding (work carried out by Sam Dawes). After stress is 

relieved, PDIA6 reduces the disulphide bonds and terminates IRE1α’s signal, thus allowing BiP 

to bind IRE1α again (Groenendyk et al., 2014; Eletto et al., 2014). 
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1.4.5. Discrepancies in the models 

 

It is clear that activation of IRE1α involves multiple mechanisms in a complex process. From the 

information in the literature we can formulate a crude model for the luminal domain’ activation 

(Figure 1.10). However, there are many questions that remain; firstly, whether BiP binds to the 

monomeric or dimeric form of IRE1α to repress its activation, and if BiP has any interaction with 

the oligomeric form. It is also not clear whether IRE1α clustering is driven by BiP dissociating 

from the luminal domain or whether the luminal domain binding directly to unfolded proteins is 

sufficient to form this response. Although the interaction of the luminal domain with unfolded 

proteins has been initially characterised with some structural detail (Karagoz et al., 2017), the 

process of oligomerisation and how large the oligomers can become is unknown. In addition to 

this the mechanism for termination of the signal and dissipation of the clustered IRE1α molecules 

is not understood. Additionally, how disulphide bond formation is associated with this 

hypothesised pathway is not understood and what physiological outcome this process has. Lastly 

it is unknown how or if the luminal domain’s activation can differentially promote the adaptive 

and apoptotic response, which also relates to the question of how cancer-associated mutations 

interfere with IRE1α’s activation. 
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Figure 1.10 

Combining information in the literature creates a hypothesised mechanism for activation of the 

luminal domain, however, there are still many discrepancies present. BiP represses dimer 

formation of IRE1α, but it is unknown which form of IRE1α it binds to. The dimeric protein 

undergoes conformational rearrangements as observed previously (Karagoz et al., 2017). 

Peptide binding stabilises oligomers of IRE1α, however, it is unknown whether BiP interacts with 

these oligomers and how large the oligomers become. It is unclear how the formed oligomers 

dissipate after endoplasmic reticulum stress is relieved and also the role of disulphide bond 

formation in this activation pathway is not fully understood. 

 

The luminal domain’s activation cascade is therefore a complex and multi-step process, although 

questions remain over the precise mechanism, luminal domain activation causes clustering of the 

domain that causes an increase in the local concentration of IRE1α’s cytoplasmic domain, thus 

promoting a cellular response to stress. The cytoplasmic domain undergoes autophosphorylation, 

dimerisation and oligomerisation in a complex multi-step activation pathway, in the following 

section the activation mechanism for the cytoplasmic domain in response to an increase in local 

concentration will be discussed. 
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1.5. IRE1α’s cytoplasmic domain 

1.5.1. Cytoplasmic domain architecture 

 

The cytoplasmic domain is the larger of IRE1α’s two domains and includes a long ~100 residue 

linker region from the transmembrane helix to the globular portion of the domain. The globular 

portion of the domain consists of a novel kinase extension endoribonuclease (KEN) fold including 

an activation loop that is common in autophosphorylation function (Figure 1.11) (Lee, K.P. et al., 

2008). The protein’s kinase, autophosphorylation and endoribonuclease activities are all required 

for correct cellular signalling activities.  

 

 

Figure 1.11 

Figure displaying IRE1α’s cytoplasmic domain architecture, the domain consists of a kinase 

extension endoribonuclease fold, with the kinase and endoribonuclease active sites shown on the 

solved monomeric structure of the protein (PDB: 4U6R) (Harrington et al., 2015). Figure 

prepared using PyMOL version 1.7. 

 

There are currently 20 X-ray crystallography models solved for the cytoplasmic domain (Table 

1.2). The protein has been captured in various conformers, including monomeric, dimeric and as 

an oligomer. Although these different forms have the same general architecture, there are more 

subtle structural rearrangements in the protein’s kinase and endoribonuclease domains that appear 

to dictate the overall conformation and activity. The various structures and conformations solved 
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for the cytoplasmic domain provide an understanding about the protein’s activation pathway, and 

how the protein’s kinase and endoribonuclease activities influence this. Firstly, the architecture 

of the cytoplasmic domain’s kinase domain is presented before the hypothesised activation 

pathway of the cytoplasmic domain is described, a summary of this pathway is presented in Figure 

1.12. The cytoplasmic domain is considered to first exist as a monomer before adopting a dimeric 

conformation that promotes autophosphorylation, after autophosphorylation it is thought to adopt 

the ‘back-to-back’ conformation which promotes endoribonuclease activity, this conformation 

then oligomerises in repeating units to achieve maximal endoribonuclease activity. 

 

Table 1.2 

The crystal structures solved for IRE1α’s cytoplasmic domain. Detailed are the states of the 

elements of the protein’s kinase domain. 

PDB 

ID 

Organism Molecule 

bound 

αC-Helix DFG-motif R-spine Reference 

MONOMER 

4U6R Human Sulphona

mide 

inhibitor 

Inactive In Disrupted (Harringto

n et al., 

2015) 

6HV0 Human Compoun

d 33 

N/A Out 

(disrupted) 

Disrupted (Colomban

o et al., 

2019) 

6HX1 Human Compoun

d 2 

N/A Out 

(disrupted) 

Disrupted 

(Only His686 

aligned) 

(Colomban

o et al., 

2019) 

FACE-TO-FACE DIMER 

3P23 Human ADP Inactive In Disrupted (Ali et al., 

2011) 

4YZD Human ADP Active 

(Slightly 

disrupted) 

In (Slightly 

disrupted) 

Heavily 

disrupted (only 

His686 

aligned) 

(Concha et 

al., 2015) 

4PL3 Murine MKC998

9 inhibitor 

+ ADP 

Inactive In (Slightly 

disrupted) 

Heavily 

disrupted 

(Only His686 

aligned) 

(Sanches et 

al., 2014) 
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4PL4 Murine OICR464 

inhibitor 

+ ADP 

Inactive In (Slightly 

Disrupted) 

Heavily 

disrupted (only 

His686 

aligned) 

(Sanches et 

al., 2014) 

4PL5 Murine OICR573 

inhibitor 

+ ADP 

Inactive In (Slightly 

Disrupted) 

Heavily 

Disrupted 

(only His686 

aligned) 

(Sanches et 

al., 2014) 

CRYSTAL CONTACTS 

3LJ1 Yeast Cdk1/2 

Inhibitor 

III 

Active 

(Slight 

disrupted) 

In Aligned (Wiseman 

et al., 

2010) 

3LJ2 Yeast JAK1 

Inhibitor 

Active 

(Slightly 

disrupted) 

In Aligned (Wiseman 

et al., 

2010) 

BACK-TO-BACK DIMER 

4YZ9 Human GSK2850

163A 

Active Out 

(Disrupted) 

Heavily 

disrupted, 

Leu616 and 

Phe712 

moved. 

(Concha et 

al., 2015) 

4Z7G Human Apo Active In (Slightly 

disrupted) 

Phe712 

misaligned 

(Joshi et 

al., 2015) 

5HGI Human Apo 

(Caesium 

ions) 

Active In Aligned (Feldman 

et al., 

2016) 

4YZC Human Staurospo

rine 

Active 

(not fully 

resolved) 

In Aligned (Concha et 

al., 2015) 

4Z7H Human Imidazop

yridine 

compoun

d 3 

Active In Aligned (Joshi et 

al., 2015) 

3LJ0 Yeast ADP and 

Quercetin 

Active In Aligned (Wiseman 

et al., 

2010) 
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2RIO Yeast ADP Active In Aligned (Lee, K.P. 

et al., 

2008) 

OLIGOMER 

3FBV Yeast Oligonucl

eotide 

Active In Aligned (Korennyk

h, A.V. et 

al., 2009) 

3SDJ Yeast Oligonucl

eotide 

Active In Aligned (Korennyk

h, A.V. et 

al., 2011b) 

3SDM Yeast Oligonucl

eotide 

Active In Aligned (Korennyk

h, A.V. et 

al., 2011a) 
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Figure 1.12 

Schematic for the different conformations of the cytoplasmic domain solved by X-ray 

crystallography. Detailed is the state of the kinase domain’s R-spine, αC-helix and the 

endoribonuclease activity of the complex. 1. PDB: 4U6R. 2. PDB 3P23. 3. PDB: 4Z7G. 4. PDB: 

2RIO. 5. PDB: 3FBV (Harrington et al., 2015; Ali et al., 2011; Joshi et al., 2015; Concha et al., 

2015; Korennykh, A.V. et al., 2009; Feldman et al., 2016). Figure prepared using PyMOL version 

1.7. 

 

In order to understand the conformations adopted by the cytoplasmic domain, it is essential to 

first gain an understanding about the architecture of the protein’s kinase domain and how it is 

regulated. The protein’s kinase domain contains a N- and C-terminal lobe surrounding the ATP 
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binding site, activation of the domain relies on three motifs present. Firstly, the DFG motif 

(consisting of Asp711, Phe712 and Gly713; Figure 1.13B) contains Asp711 which is critical for 

coordination of the ATP and magnesium molecules and therefore kinase activity (Figure 1.13C). 

The position of Asp711 is stabilised by Gly713, where an active conformation is referred to as a 

DFG-in conformation and a DFG-out conformation is inactive due to Asp711 moving out of the 

active site (Figure 1.13C and D). The Phe712 of the DFG motif allows coordination of the second 

motif, the αC-helix (Figure 1.13A) and a salt bridge interaction between Lys599 and Glu612 to 

stabilise this conformation (Figure 1.13B). Movement of the αC-helix into its active position 

promotes formation of the third motif, a hydrophobic regulatory ‘R-spine’ in the protein 

(consisting of residues tyrosine 628, leucine 616, phenylalanine 712 (from the DFG motif)) and 

histidine 686) which is indicative of an activated kinase domain (Figure 1.13B-D). 

Phosphorylation of the activation loop stabilises and promotes the active formation of the kinase 

domain also (Kornev et al., 2006; Joshi et al., 2015). The state of these structural motifs is 

important in dictating IRE1α conformation and activity. By using the conformations identified in 

the numerous crystal structures, the hypothesised activation pathway for the cytoplasmic domain 

will be described in the following sections (Figure 1.12). 
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Figure 1.13 
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Crystal structures of the active and inactive kinase domains of IRE1α’s cytoplasmic domain. 

Important motifs in kinase domain function are shown. A. Comparison of the αC-helix in active 

and inactive states. The inactive conformation causes steric clashes when forming the back-to-

back dimer (Active PDB: 4Z7H, inactive PDB: 3P23). B. Residues of importance for kinase 

domain functioning. Residues of the R-spine, DFG-motif and Lys599 and Glu612 of the αC-helix 

which form a salt bridge (PDB: 4Z7H). C. The active structure (PDB: 4Z7H) has an aligned R-

spine shown in orange coordinated by an active DFG motif and leading to an active αC-helix. D. 

The inactive kinase domain (PDB: 3P23) shows a disrupted R-spine unable to coordinate the αC-

helix into an active conformation (Ali et al., 2011; Joshi et al., 2015). Figure prepared using 

PyMOL version 1.7. 

 

1.5.2. Monomer 

 

The cytoplasmic domain is thought to be inactive in its monomeric form, the human protein has 

been crystallised and its structure solved as a monomer with a potent kinase inhibitor compound 

bound (PDB: 4U6R), which showed a decrease in XBP-1 splicing in cell culture (Harrington et 

al., 2015). In vivo and in vitro studies have also supported the idea of an inactive monomer, when 

comparing UPR responses in cells, GFP-linked IRE1α clustered when active and dispersed when 

inactive, also increasing concentrations of the protein in vitro promote endoribonuclease activity 

suggesting dimerisation/oligomerisation for activation (Li, H. et al., 2010; Itzhak et al., 2014). 

This agrees with the luminal domain having to first oligomerise to increase the local concentration 

of the cytoplasmic domain to allow it to form active multimers. 

 

1.5.3. Face-to-face dimer 

 

Due to IRE1α’s luminal domain clustering following a stress signal, the local concentration of 

the cytoplasmic domain increases. The unphosphorylated cytoplasmic domain is thought to first 

form a dimer that positions the adjoining monomers’ kinase regions proximally to one another’s 

activation loops, promoting trans-autophosphorylation; this is referred to as the ‘face-to-face’ 

dimer (Figure 1.14) (Ali et al., 2011). Phosphorylation significantly increases IRE1α’s 

endoribonuclease activity and the specific phosphorylation sites have been identified to be three 

serines in the activation loop of the kinase domain. The phosphorylation of different serine 

residues alter the strength of the endoribonuclease activity of IRE1α (Prischi et al., 2014). 

 

The face-to-face conformation has been captured in a crystal structure of human IRE1α bound to 

ADP and Mg2+ (PDB: 3P23). Mutations at key interaction sites in this orientation (Q636A and 
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F637A) cause a loss of autophosphorylation, suggesting the face-to-face dimer’s role in this 

process (Figure 1.14) (Ali et al., 2011). Further crystal structures of IRE1α’s face-to-face 

conformation were solved with murine IRE1α (PDB: 4PL3, 4PL4 and 4PL5), which closely 

resemble the human conformation (RMSD = 1.28Å) but interestingly were phosphorylated, 

suggesting that the conformation may also exist before adoption of the next orientation in the 

proposed activation mechanism (the back-to-back dimer) (Sanches et al., 2014).  

 

The face-to-face dimer represents an early stage in the activation mechanism of IRE1α which 

allows for its autophosphorylation but does not facilitate endoribonuclease activity due to distal 

positioning of the endoribonuclease domains. Interestingly the kinase domain in the human face-

to-face structure is in an inactive conformation (misaligned R-spine); which may be a result of 

ADP being bound or due to crystallisation conditions (Kornev et al., 2006; Ali et al., 2011; 

Sanches et al., 2014). 

 

 

Figure 1.14 

The face-to-face dimer autophosphorylation complex (PDB: 3P23). The face-to-face dimer 

complex was solved with ADP and Mg2+ bound. Important residues for this interaction are shown 

in red. Mutation of these residues to alanine prevent autophosphorylation of the protein (Ali et 

al., 2011). Figure prepared using PyMOL version 1.7. 

 

1.5.4. Back-to-back dimer 

 

IRE1α’s back-to-back conformation has the two monomers rotated so that their kinase active sites 

now face away from one another, the endoribonuclease domains are positioned closely and allow 
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XBP-1 splicing (Figure 1.15) (Joshi et al., 2015). The crystal structures solved in this 

conformation have more active kinase domain arrangements, although there is variation between 

the structures. The kinase domain αC-helix is positioned differently than in the face-to-face 

structure; this positioning allows the back-to-back interface to form without steric hinderance 

(Figure 1.13A, 1.15) (Harrington et al., 2015; Ali et al., 2011; Joshi et al., 2015). 

 

Mutations to residues in the back-to-back dimer interface inhibit the endoribonuclease but not 

kinase activity of the protein, further confirming the physiological importance for the back-to-

back conformation in mRNA splicing and the conformation not being required for kinase activity 

(Sanches et al., 2014; Lee, K.P. et al., 2008). Throughout the crystallography structures solved 

for the back-to-back conformations there are numerous subtle differences such as rearrangements 

of the kinase domain, which appear to have effects on the endoribonuclease domain. A closer 

proximity of the endoribonuclease domains is thought to promote higher activity; thus the 

activation state of the kinase domain influencing the activity of the endoribonuclease domain is a 

common theme throughout the different structures solved (Concha et al., 2015; Feldman et al., 

2016). Although many of the structures solved are influenced by unphysiological conditions and 

compounds bound, they can provide a sequential framework for this segment of IRE1α activation. 

 

The structure that can be considered as the least active of the back-to-back conformations is 

IRE1α in apo-form (PDB: 4Z7G). As solved structures with ADP and Mg2+ bound form the face-

to-face dimer, it is possible that ADP must dissociate from the protein to allow rearrangement of 

the αC-helix, removing steric hinderances that would prevent the back-to-back conformation. The 

apo structure and subsequent back-to-back structures have active kinase domains and a salt bridge 

formed between Lys599 and Glu612 stabilising the ‘DFG’ motif, and an active αC-helix 

orientation (Figure 1.13A-C). The apo form of the protein has a near fully-formed kinase domain 

R-spine and endoribonuclease domains that are positioned closer in space than in the face-to-face 

structures, but not close enough for high endoribonuclease activity (Joshi et al., 2015). Another 

human back-to-back structure was solved in apo state but with two caesium ions stabilising an 

active DFG motif and αC-helix conformation (PDB: 5HGI) (Feldman et al., 2016). The 

monomers are fully aligned and parallel in the construct which, similar to fully activated yeast 

structures solved (Korennykh, A.V. et al., 2009). However, the construct of IRE1α used was fully 

dephosphorylated and therefore lacked further stabilisation of the kinase domain components 

causing minimal endoribonuclease activity when analysed. 
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Figure 1.15 

The face-to-face dimer is the autophosphorylation complex, autophosphorylation promotes 

higher endoribonuclease activity in the back-to-back dimer (PDB: 3P23, 4Z7H). The IRE1α 

monomers rotate 180°C to face their kinase active sites away from each other in the back-to-back 

dimer (Ali et al., 2011; Joshi et al., 2015). Figure prepared using PyMOL version 1.7. 

 

With the kinase and endoribonuclease inhibitory compound, GSK2850163, bound, a back-to-

back crystal structure was solved (PDB: 4YZ9). This represents an inhibited structure of the 

protein and has a heavily disrupted R-spine and its DFG motif in an inactive conformation. 

Inclusion of this inhibitory compound mimics the apo state protein in activity and the structure 

also has the endoribonuclease domains positioned away from each other. Due to the inclusion of 

a synthetic inhibitor this structure is unlikely to be closer to the physiological state of IRE1α 

immediately post-face-to-face conformation than the apo form (Joshi et al., 2015; Concha et al., 

2015). 

 

The crystals used for the first apo state structure were soaked with the imidazopyridine kinase 

inhibitor; compound 3 (PDB: 4Z7H). Likely due to the technique of soaking the solved structure 

is similar to the apo state. However, in this structure the kinase domain R-spine is fully formed, 

and the endoribonuclease domains are closer together, demonstrating the correlation between 

kinase and endoribonuclease domain conformations. Therefore, compound 3 successfully inhibits 
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kinase activity but promotes an active kinase structure to promote endoribonuclease activity 

(Joshi et al., 2015). 

 

A similarly active human structure was solved bound to the kinase inhibitor staurosporine (PDB: 

4YZC). Here the endoribonuclease domains are positioned more closely together than in previous 

structures with an active DFG motif position consolidating the kinase domain R-spine. In vitro 

assays show that the compound increases endoribonuclease activity of unphosphorylated protein; 

suggesting that the compound induces an active conformation in the protein, bypassing 

phosphorylation (Concha et al., 2015). 

 

The structure of yeast IRE1α was also solved in a back-to-back dimer (PDB: 2RIO), albeit with 

a 24-residue deletion to aid crystallisation (Lee, K.P. et al., 2008). The yeast protein has been 

extensively studied and is believed to behave in a similar way to the human protein, with very 

similar activity and structural motifs (Korennykh, A. and Walter, 2012). Although the structure 

is not bound to a synthetic compound, it is crystallised with ADP and Mg2+ which promoted 

formation of the face-to-face dimer in human IRE1α (Ali et al., 2011). This conformation is 

considered to be a representation of the most active state of the back-to-back dimer with an active 

kinase domain, the expected activation loop phosphorylation marks and endoribonuclease 

domains positioned closely together with functional assays confirming its high endoribonuclease 

activity (Prischi et al., 2014; Korennykh, A.V. et al., 2009). 

 

Through the numerous crystal structures and knowledge of homologues, the kinase domain of 

IRE1α has been well defined. However, the endoribonuclease domain has much less known 

structurally, especially in terms of changing from conventional XBP-1 splicing to promiscuous 

RIDD activity. The back-to-back dimer is required for XBP-1 cleavage, however, yeast protein 

studies suggest only one monomer cleaves mRNA and the other’s function is to orientate the 

substrate (Lee, K.P. et al., 2008). Important residues (residues 900-916) and motifs for the mRNA 

interface have been identified (Figure 1.16), including the helix-loop element (HLE), which is 

stabilised in more active oligomeric complexes. This region is conserved in the human protein, 

where the HLE was shown to have increased exposure upon binding of an endoribonuclease 

activator (Korennykh, A.V. et al., 2011b; Concha et al., 2015; Dong, B. et al., 2001). 

 

XBP-1 and RIDD substrates do not appear to compete for the endoribonuclease domain’s active 

site, and in the yeast protein some residues specific for only XBP-1 splicing have also been 

identified. As mentioned previously, XBP-1 splicing and RIDD activity appear to have different 

Hill coefficients also, but RIDD requirement of monomers or oligomers has been disputed (Tam 

et al., 2014; Han et al., 2009). And contradictory to the notion of XBP-1 splicing and RIDD 
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activity being separate is that both targets contain similar consensus sequences and predicted 

structure (Hur et al., 2012; Oikawa et al., 2010; Coelho and Domingos, 2014). 

 

Figure 1.16 

Important residues for endoribonuclease activity of the cytoplasmic domain. Residues 900-916 

highlighted in each promoter that form the active site in the active back-to-back dimer (PDB: 

4Z7H) (Joshi et al., 2015). In more active conformations of IRE1α the HLE elements are less 

dynamic. Mutation to residues in the regions shown in red and orange abrogate endoribonuclease 

activity, suggesting their importance in the active site (Joshi et al., 2015; Korennykh, A. and 

Walter, 2012; Korennykh, A.V. et al., 2011b). Figure prepared using PyMOL version 1.7. 

 

It is apparent that the back-to-back conformation is required for endoribonuclease activity in 

IRE1α, and that rearrangements to the kinase domain have long range effects on this activity. 

These rearrangements can be caused by small molecules binding, phosphorylation and even from 

the inclusion of the long linker regions. The endoribonuclease activity can also be influenced by 

the concentration of IRE1α’s cytoplasmic domain, this has been suggested to be due to the 

oligomerisation of the back-to-back conformation to achieve maximal endoribonuclease activity 

(Itzhak et al., 2014). 

 

1.5.5. Oligomer 

 

An oligomeric structure was solved with the yeast protein, with the back-to-back conformation 

being repeated as a rotating filament (PDB: 3FBV; Figure 1.12). The endoribonuclease domains 
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of the dimers in the filament are positioned very closely in space, suggesting high activity. The 

structure was solved with a short oligonucleotide bound to the endoribonuclease domain of the 

protein (assumed through electron density present). The structure represents the fully activated 

form of yeast IRE1α, with activated kinase and endoribonuclease domains and a fully formed 

activation loop. The authors also observed that the oligomerisation of the protein increased its 

splicing activity (Korennykh, A.V. et al., 2011b; Korennykh, A.V. et al., 2011a). 

 

Evidence for the importance of oligomerisation in activity for the human protein has also been 

shown by clustering of GFP-linked IRE1α in cell assays after stress induction which corresponded 

with an increase in XBP-1 splicing (Li, H. et al., 2010). A number of studies have observed the 

clustering of the yeast protein in a similar way (Aragon et al., 2009; Ishiwata-Kimata et al., 2013; 

Kimata et al., 2007; Shamu and Walter, 1996). Oligomerisation of the cytoplasmic has been 

hypothesised to drive higher endoribonuclease activity in the human protein, with 

phosphorylation promoting oligomerisation (Itzhak et al., 2014). 

  

It has also been suggested that oligomers of IRE1α promote RIDD activity as the oligomeric 

species identified in yeast protein have a larger active site for mRNA splicing, and therefore may 

promote promiscuity in mRNA targets (Korennykh, A.V. et al., 2009; Han et al., 2009). However, 

Tam et al. (2014) show foci of IRE1α dissipating after eight hours in stressed HEK293 cells which 

coincides with a decline in XBP-1 splicing and an increase in degradation of RIDD targets BLOS1 

and SCARA3, peaking at around eight hours. This suggests that RIDD activity is not enhanced 

by oligomerisation. The study also showed a hill coefficient of 1.1± 0.29 for RIDD from IRE1α 

compared to a coefficient of 3.07±0.65 for cleavage of XBP-1 mRNA. To support the data further, 

yeast IRE1 mutations preventing oligomerisation did not affect RIDD activity but did impact 

HAC1 splicing activity (Tam et al., 2014). 

 

It appears that the activation of IRE1α’s cytoplasmic domain involves the transition of a monomer 

to a face-to-face dimer to promote autophosphorylation of the protein (Ali et al., 2011; Prischi et 

al., 2014). Phosphorylation promotes a more active kinase domain conformation which rearranges 

the αC-helix to allow formation of the back-to-back conformation, which have varying levels of 

endoribonuclease activity (Joshi et al., 2015; Concha et al., 2015). Once activated the back-to-

back conformation can oligomerise to achieve maximal XBP-1 splicing activity, this activation 

pathway through various crystal structures is represented in Figure 1.12. Although there are some 

conflicting reports, it appears that dissipation of these oligomers promotes IRE1α’s RIDD activity 

(Korennykh, A.V. et al., 2009; Tam et al., 2014). 
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The structure to function relationship of the cytoplasmic domain’s different responses are not yet 

fully understood. The same is true of the effect of the kinase domain on mRNA target selection. 

Further understanding of the conformations associated with each activity would be invaluable 

when designing therapeutic approaches to the problematic activation of IRE1α in pathology, as 

described previously. The cytoplasmic domain therefore requires more in-depth structural 

analysis, especially to bridge the gaps between the activation cascade suggested through X-ray 

crystallography structures and to elucidate the intricacies in areas of importance and the 

conformational dynamics involved in selecting different mRNA targets. 

 

1.6. Methods for the characterisation of protein interactions  

 

As discussed, there are still features of IRE1α’s activation pathway that are not fully understood, 

outlined in this section are methods that can provide more information about the activation 

pathway and interactions of the luminal domain of IRE1α. 

 

1.6.1. Techniques to monitor protein interactions and changes to protein conformation 

 

Techniques to characterise the association and dissociation of molecules in solution can be used 

to better understand the conformational state of the luminal domain, including monomer to dimer 

transitions, binding to BiP and even to unfolded proteins. Three such techniques used in this thesis 

are fluorescence polarisation, microscale thermophoresis and nuclear magnetic resonance 

(NMR). Fluorescence polarisation and microscale thermophoresis both require a fluorescently 

labelled reporter molecule to be involved in the interaction being monitored and are able to report 

on global changes of the size of the complex that this molecule is in to give a precise binding 

affinity. NMR can report on similar conformational changes, giving site specific information 

about the regions of the protein that undergo changes in these interactions. These three methods 

for characterising protein interactions and changes in conformation are described in the following 

sections. 

 

1.6.1.1. Fluorescence polarisation 

 

Larger molecules tumble slower in solution due to the principles of Brownian rotation, this 

behaviour can be exploited by florescence polarisation. A fluorescent molecule can be excited by 

light of a specific wavelength to a higher energy level, subsequently the molecule returns to its 

resting energy level, releasing energy as light of a different wavelength. Use of plane polarised 

light filters allow use of polarised light to excite a fluorophore, the fluorophore will then emit 
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photons at the emission wavelength that are also polarised, fluorescence parallel and 

perpendicular to the plane of excitation can be detected. Between when the fluorophore is excited 

to when emitting light, larger molecules will tumble less, therefore more parallel light to the 

excitation plane will be emitted. On the other hand, smaller molecules will tumble more therefore 

having less correlation of the light polarisation and less fluorescence parallel to the excitation 

light (Figure 1.17). In this way an increase in size of a complex can be detected (Jameson and 

Ross, 2010). 

 

Figure 1.17 

Representation of the principles of fluorescence polarisation. Fluorophore-tagged molecules are 

excited with plane polarised light. Molecules tumble quickly in solution, if they bind to a larger 

molecule, they will tumble slower. Molecules that tumble slower retain light polarisation in their 

emission, therefore having higher detectable polarisation than small molecules that tumble 

quickly and lose polarisation. 

 

1.6.1.2. Microscale thermophoresis 

 

Microscale thermophoresis also relies on the principles of Brownian motion for its effect. In 

solution larger molecules move more slowly than smaller molecules, in addition to this the 

temperature of the solution effects this movement, where higher temperature means a higher 

energy and therefore faster movement. Microscale thermophoresis utilises this effect by using an 

infrared laser to heat up a small area of a capillary with the protein sample in it (Figure 1.18). The 

reporter molecule is fluorescently labelled, and the fluorescence of this heated area is measured 

throughout the procedure. The increase in temperature causes molecules to diffuse away from the 

area, therefore a loss of fluorescence is detected, with smaller molecules diffusing away faster 

than larger molecules. The infrared laser is then turned off, returning the temperature of this area 

to the same as the rest of the capillary. This prompts molecules to diffuse back into the previously 
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heated area. Thus, there is an increase in fluorescence detected again and larger molecules will 

migrate back to the area more slowly than small molecules. Multiple capillaries are measured 

with different concentrations of the binding partner of the fluorescently labelled molecule. In this 

way the affinity of interaction between the reporter molecule and its binding partner can be 

measured, as when bound to its partner the molecule will be larger, move more slowly and the 

fluorescence signal will be different (Jerabek-Willemsen et al., 2014). 

 

Figure 1.18 

Schematic for the principles of microscale thermophoresis. Fluorescently-tagged molecules are 

mixed in separate capillaries with increasing concentrations of binding partner. The fluorescence 

of one area of the capillary is measured throughout. An infrared beam is applied to this area, 

heating it. Molecules diffuse away, larger molecules diffuse away more slowly, meaning a higher 

fluorescence. After equilibrium is reached, the infrared beam can be turned off, allowing the 

initial equilibrium of molecules in the fluorescently detected area to be restored. Larger 

molecules will diffuse back more slowly than smaller molecules, thus giving a lower fluorescence 

signal. 

 

1.6.1.3. Nuclear magnetic resonance 

 

Whereas fluorescence polarisation and microscale thermophoresis methods give global 

information about a protein’s interactions, NMR can be used to give site specific information 

about these interactions and changes in conformation. The concept of NMR was first discovered 

in the 1940’s and the first spectrum of a protein produced in 1957 (Saunders et al., 1957). Since 

then the method has been developed to be one of the most powerful structural tools for studying 

proteins and an ideal technique for observing disordered and dynamic regions of proteins and 

their interactions, which are often not resolved by methods such as X-ray crystallography. NMR 

is therefore ideal for observing the different conformations in the luminal domain activation 

cascade, how changes such as inclusion of binding partners or cancer-associated mutations affect 
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them and importantly, such a technique may allow for the eventual understanding of the 

conformational changes that dictate how the cytoplasmic domain changes its mRNA targets. 

 

NMR reports on NMR active nuclei, these are atoms that have a property called spin with a value 

of ½; such atoms include 1H, which is abundant in proteins. A 1D NMR spectrum of a protein 

would theoretically show a peak for each different 1H atom of the protein. The peaks for each 

different 1H atom will have a position (x-axis, frequency) determined by its chemical 

environment. However, in proteins 1H atoms are so abundant that the signals for each proton 

would overlap in position, meaning that site-specific information would be lost. For this reason, 

2D and 3D NMR can be used. In this case, the signal for one NMR active nuclei (such as a proton) 

is coupled with the signal of another, covalently bonded NMR-active nuclei (such as isotopic 15N 

nitrogen). This is usually by use of an ‘INEPT’ pulse sequence, that allows the passage of signal 

from one covalently bonded atom to another (Morris and Freeman, 1979). 

 

Therefore, in a 2D experiment of this kind, each peak of the spectrum reports on the chemical 

environment of one pair of covalently bonded 1H and 15N atoms. The signal retains information 

about the 1H and 15N atoms’ chemical environments and so the spectral peaks are separated by 

nuclei 1 (x-axis) and nuclei 2 (y-axis) giving better dispersion of the peaks so that less site-specific 

information is lost due to overlapping positions. 

 

However, the additional NMR active nuclei (other than 1H) must be incorporated into the protein 

of interest. Commonly used NMR active nuclei to couple the 1H signal to are 15N and 13C isotopes, 

as nitrogen and carbon atoms are abundant in proteins. Only 1.1% of carbon and 0.4% of nitrogen 

atoms are naturally occurring NMR active isotopes, so methods have been developed for the 

introduction of these isotopes into recombinantly produced proteins. These methods allow 

proteins to be labelled in many different ways, from relatively simple ubiquitous isotopic labelling 

of 15N atoms to specific labelling of amino acid sidechains (Tugarinov et al., 2006). One caveat 

of the labelling techniques is that many of the cost-effective schemes are specific for recombinant 

E. coli expression systems, meaning that the protein of interest must be readily producible by E. 

coli expression. The luminal domain of IRE1α has an optimised E. coli expression protocol (Liu 

et al., 2002) whereas the cytoplasmic domain does not and is often expressed in insect expression 

systems instead (Joshi et al., 2015). 

 

After gaining an isotopically labelled protein of interest, 2D NMR experiments can be used. 

Different sequences of radio-frequency pulses can be used to optimise the signal gained from 

large proteins. For the study of large proteins, such as IRE1α, a commonly used experiment is the 

1H 15N transverse relaxation optimised spectroscopy (TROSY) experiment, this experiment is 
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employed in the majority of cases in this thesis (Pervushin et al., 1997). In the TROSY 

experiments used each peak in the spectra gives information about a covalently bonded HN group 

in the backbone of the protein’s polypeptide chain, and so the position of the peak reports on the 

chemical environment of the individual backbone HN group through separation by a 1H and 15N 

axis (Figure 1.19). 

 

 

Figure 1.19 

The INEPT pulse sequence allows magnetisation to be transferred between covalently bonded 1H 

and incorporated 15N atoms in the protein amide backbone. The signal can then be Fourier 

transformed and plotted on 2-dimensional spectra where peaks have a 1H and a 15N frequency 

domain, thus separating otherwise overlapping chemical shifts. 

 

After obtaining a 2D spectrum of the protein of interest it is possible to change the conditions of 

the experiment and observe the changes in the spectrum. In most cases solution NMR allows for 

experimental conditions to be changed similarly to accompanying in vitro assays to give site 

specific information processes observed in those assays, such as interactions with binding 

partners, changes in conformation or inclusion of cancer-associated mutations. This is visualised 

by peaks (or chemical shifts) in the spectrum changing position or intensity, therefore indicating 

a change in the chemical environment of that peak’s corresponding residue in that condition 

(Figure 1.20A). In this way regions of importance in the protein for these processes can be 

identified, although to obtained site-specific information the peaks in the spectrum must be 

assigned to the residues in the protein that they report on. Assignment of a protein can be carried 

out using a set of 3D NMR experiments (Frueh, 2014) or by mutation (Siivari et al., 1995; 
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Wieteska et al., 2017), where a mutation or truncation of a specific part of the protein causes 

peaks in the spectrum to disappear, which can then be assigned to the altered region of the protein. 

 

NMR can also be used to give structural information, such as solving a protein structure, although 

this is not always possible and is dependent on the protein’s characteristics. However, other 

experiments can be used to give structural information about a protein of interest, one such 

technique is temperature correlation, which gives information on the secondary structure present 

in the protein (Figure 1.20B). As before, HN TROSY experiments are used. By changing the 

temperature of the experiment, the chemical shift of each peak migrates along the 1H axis, in a 

linear relationship to temperature. The magnitude of this change in position gives information 

about the secondary structure of those residues. This is because secondary structure motifs have 

many well-defined hydrogen bonds from the backbone of the polypeptide chain, whereas 

unstructured regions have hydrogen bonds with the solvent, that have less well-defined lengths. 

When modulating temperature, the energy of these hydrogen bonds is changed. The hydrogen 

bonds in rigid secondary structural elements are less affected by the temperature change than the 

unstructured regions, and therefore structured regions exhibit a smaller shift in the 1H axis of the 

NMR spectrum (Okazaki et al., 2018; Tomlinson and Williamson, 2012). 
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Figure 1.20 

By modulating conditions of a protein NMR experiment information about the protein can be 

gained. A. Upon changing conditions, the peaks of residues that have had their chemical 

environment altered will exhibit a shift. Such conditions can be binding to another protein, 

interaction with a small molecule or changes in the protein’s conformation due to mutation. B. 

Temperature correlation experiments can be used to report on hydrogen bonds existing in the 

backbone of the protein and therefore give information on the presence of secondary structural 

elements. More structured regions give a smaller 1H temperature-based perturbation than less 

structured regions. Figure prepared using PyMOL version 1.7. 
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More complex experiments can also be used to understand protein dynamics on timescales of 

milli-seconds to pico-seconds (Kleckner and Foster, 2011). Experiments such as these would be 

invaluable in the study of the cytoplasmic domain’s activation pathway, to create a bridge in 

information between the obtained crystal structures and to provide precise information for the 

nuances of differential mRNA target selection. However, as mentioned a protocol for production 

of the cytoplasmic domain in E. coli must first be optimised. NMR can therefore provide 

complimentary information to the other assays discussed here about the luminal domain’s 

conformational changes. 

 

1.6.2. Size exclusion chromatography 

 

Although giving information about conformational changes, the assays described are unable to 

give specific information about the size of the species that they are reporting on, this can be 

complimented by use of size exclusion chromatography. Size exclusion chromatography involves 

a column packed with a matrix of particles (Figure 1.21). Aqueous protein samples can be passed 

through the column’s matrix, larger molecules are too big to interact with the matrix and will 

simply flow through the column and therefore be eluted first. Smaller molecules on the other hand 

will be influenced by the matrix and therefore take longer, requiring larger volumes of buffer to 

elute them from the column. The protein’s interaction with the column is dependent on its 

hydrodynamic radius, a calibration curve can be constructed from known protein standards. In 

this way size exclusion chromatography can be used to determine the size (through hydrodynamic 

radius) of protein conformers, as proteins existing in multimers will remain in complex as they 

pass through the column. It is also possible to lower the concentration of these protein complexes 

in order to break the complex and use this information to determine the affinity of interaction, 

however, this information is not as precise as with fluorescence polarisation and microscale 

thermophoresis (Fekete et al., 2014). Therefore, size exclusion chromatography can give 

information about the size of high affinity multimeric states of the luminal and cytoplasmic 

domains in vitro and how different conditions affect these multimers; this is of particular use 

when characterising oligomeric species of the constructs. 



44 

 

 

 

Figure 1.21 

Simplified representation of the principle of size exclusion chromatography. The column includes 

a matrix. The matrix allows smaller molecules to enter and interact with it, the smaller the 

molecule the more interactions it will have, impeding its flow through the column. Therefore, 

smaller molecules require more solution to be passed through the column to elute. Larger 

molecules have less interactions with the column and therefore elute in a smaller volume of 

solution. 

 

1.6.3. Turbidity assays 

 

Turbidity assays represent a reproducible method for observing the formation of protein 

multimers, using absorbance at 400nm (Figure 1.22). Turbidity assays are used widely in the 

study of amyloid proteins as they effectively report on the extension of the amyloid fibril through 

light scattering (Zhao et al., 2016) and have also been used to observe oligomerisation of IRE1α’s 

cytoplasmic domain (Korennykh, A. and Walter, 2012). They can also be applied to the activation 

mechanism of IRE1α’s luminal domain, which forms oligomers upon interaction with unfolded 

protein mimics (Gardner and Walter, 2011; Karagoz et al., 2017). The turbidity assays allow a 

distinction of the kinetics of the formation of large species and how these species are affected in 

different conditions (Borgia et al., 2013). Large protein oligomers will often precipitate in in vitro 

assays, this makes the previously discussed techniques in this section redundant as they are not 

compatible with precipitated protein. However, turbidity assays can be coupled with solubility 
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assays to create a calibration curve to relate the optical density at 400nm (OD400) absorbance 

reading to the amount of insoluble protein present (due to formation of large oligomers). 

 

 

Figure 1.22 

Turbidity assays report on the scattering of light at 400nm. Shown is a low and high turbidity 

sample, where visible light is able to pass through the low visibility sample but less so in the high 

turbidity sample alongside an example of a calibration curve for conversion of OD400 

absorbance values to amount of insoluble protein formed. Turbidity assays can give kinetics of 

oligomerisation/precipitation of proteins over time and based on an independent variable. 

 

1.7. Project aims 

 

The aim of this thesis is to increase the understanding of IRE1α’s activation and elucidate how 

selected cancer-associated mutations of the luminal domain perturb the protein’s function. Firstly, 

this will involve producing and optimising a method for the recombinant E. coli expression of the 

protein’s cytoplasmic domain. E. coli expression of the cytoplasmic domain can offer higher yield 

expression and make available isotopic labelling strategies for the protein. This would allow for 

accelerated study of the protein’s structure and dynamics by high powered techniques such as 

NMR. Such study of the domain may lead to a greater understanding of the protein’s activation 

mechanism, how it selects different mRNA targets and therefore how it can be therapeutically 

targeted to control function. 
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The second focus of this thesis will be to further characterise conformations adopted by the 

luminal domain in activation and how the protein’s signal is terminated. This will be 

accomplished by designing assays to separate individual processes and conformations of the 

protein and to study them using the methods described in Section 1.6. Further understanding of 

the interactions and regions of the protein important in these interactions will allow validation of 

the different models for luminal domain activation and to understand the current discrepancies in 

them. 

 

The third focus of the research presented in this thesis will be to gain an understanding of how 

cancer-associated mutations of the luminal domain perturb the conformational landscape of the 

protein. This will be carried out by study of the cancer-associated mutants using assays developed 

for the study of individual conformations and interactions of the wild-type protein. Understanding 

of how cancer-associated mutations affect the protein’s conformation can aid in therapeutic 

design against the studied mutations but can also elucidate structural regions of importance in the 

protein’s activation as potential drug targets to control the activity of the protein in the numerous 

associated diseases of IRE1α. 
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2. Materials and methods 

 

2.1. List of general reagents and kits 

 

Table 2.1 

A list of reagents used here and their supplier. 

Reagents and apparatus Supplier 

10kDa Amicon Ultra centrifugal filter units Merck 

2-mercaptoethanol Fisher Scientific 

4x Laemmli sample buffer Bio-Rad 

Agar Fisher Scientific 

Agarose Invitrogen 

Ammonium chloride AnalaR 

Ammonium chloride (15N) CK Isotopes 

Arginine Sigma Aldrich 

Bradford Assay BSA Standards Bio-Rad 

Bradford Reagent Bio-Rad 

BugBuster Master mix Merck 

Calcium chloride Sigma Aldrich 

COmplete EDTA free protease inhibitor tablets Roche 

Custom DNA oligonucleotides IDT 

Custom RNA oligonucleotides Stratech 

D2O CK Isotopes 

DMSO Alfa-aesar 

DNase I Merck 

DTT  Sigma Aldrich 

EDTA Fisher Scientific 

Ethanol Sigma Aldrich 

Ethidium bromide ThermoFisher Scientific 

Eukaryotic produced cytoplasmic domain SinoBiological 

Filters (0.22 and 0.45µM) Merck 

Glucose Fisher Scientific 

Glycerol Fisher Scientific 

Guanidine hydrochloride Sigma Aldrich 

HEPES Fisher Scientific 
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His-Trap FF 1mL column GE Healthcare Life Sciences 

HMW Gel Filtration Calibration Kit GE Healthcare Life Sciences 

Imidazole Sigma Aldrich 

IPTG Generon 

Kanamycin sulfate from Streptomyces  Sigma Aldrich 

LB broth Fisher Scientific 

Loading Dye (agarose gel) New England Biolabs 

Lysozyme Merck 

Magnesium chloride Sigma Aldrich 

Magnesium sulfate Fisher Scientific 

Microplates Grenier Bio-One 

Molecular Weight Marker (agarose gel) New England Biolabs 

NAP5 column GE Healthcare Life Sciences 

Nickel chloride Sigma Aldrich 

PCR purification kit Invitrogen 

PD SpinTrap G-25 column GE Healthcare Life Sciences 

Plasmids (1B, 1G, 1M) Addgene 

Potassium chloride Merck 

Potassium hydroxide Fisher Scientific 

Potassium phosphate monobasic MP Biomedicals 

Protein weight marker Bio-Rad 

Pur-a-lyzer Maxi Dialysis Tubes Sigma Aldrich 

PureLink PCR Purification Kit ThermoFisher Scientific 

PureLink Quick Plasmid Miniprep Kit ThermoFisher Scientific 

Q5 High-fidelity 2x Master mix New England Biolabs 

Qiaquick gel extraction kit Qiagen 

Quikchange lightning enzyme Agilent 

RNase A ThermoFisher Scientific 

SDS-PAGE precast gels Bio-Rad 

Sodium azide (NaN3) Sigma Aldrich 

Sodium carbonate AnalaR VWR 

Sodium chloride  Fisher Scientific 

Sodium hydroxide Fisher Scientific 

Sodium phosphate dibasic Acros Organics 

Sodium phosphate monobasic Sigma Aldrich 
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SspI restriction enzyme ThermoFisher Scientific 

Sterile filter units (stericups) Merck 

Superdex 200 10/300 GL column GE Healthcare Life Sciences 

T4 DNA polymerase reagents Invitrogen 

TAE buffer ThermoFisher Scientific 

TCEP Fluorochem 

Thiamine Sigma Aldrich 

Tris Fisher Scientific 

Triton X-100 Fisher Scientific 

U-13C6 D-glucose CK Isotopes 

Urea AnalaR VWR 

 

2.2. E. coli strains 

Genotypes of E. coli strains used: 

E. coli DH5α: F- U169 recA1 endA1 hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 λ- 

E. coli BL21 DE3: F- dcm ompT hsdSB (rB-, mB-) gal λ(DE3) 

E. coli Rosetta 2: F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE2 (CamR) 

E. coli C3013: MiniF lysY lacIq(CamR) / fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr-

73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10--TetS) endA1 Δ(mcrC-mrr) 114::IS10 

E. coli Origami 2: Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII phoR araD139 ahpC galE galK rpsL 

F′[lac+ lacIq pro] (DE3) gor522::Tn10 trxB (StrR, TetR) 

 

2.3. Molecular biology methods 

2.3.1. Polymerase chain reaction 

2.3.1.1. PCR reaction for DNA insert 

The DNA insert for the cytoplasmic domain of IRE1α (548-977) was created using the ligation 

independent cloning (LIC) insert primers: 

Forward: 5’- TACTTCCAATCCAATGCAAGCAGCCCCTCCCTGGAACAAGACG -3’ 

Reverse: 5’ – GGATTGGAAGTAGAGGTTCTCGAGGGCGTCTGGAGTCACTGG -3’ 

The PCR was carried out with Quikchange lightning enzyme as per the manufacturer’s protocol.  

The PCR reaction consisted of 18 cycles of: 

 95°C 20 seconds 

 60°C 10 seconds 

 68°C 3 minutes 
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The PCR reaction was carried out using a pBS vector which contained the full IRE1α sequence 

(donated by Prof. David Ron, University of Cambridge). 

 

2.3.1.2. PCR clean up reaction 

The PCR clean up reaction was carried out after PCR using the PureLink PCR Purification kit as 

per the manufacturer’s instructions. 

 

2.3.2. SspI Digest 

Digestion of plasmids (1B, 1M and 1G) by SspI restriction enzyme were carried out at 37°C for 

one hour with shaking at 200rpm. 2µL of SspI 10x buffer, and 1mg plasmid DNA total, Milli-Q 

pure water to 19µL and 1µL of the SspI enzyme. 

 

2.3.3. Agarose gel 

2.3.3.1. Running agarose gels 

Agarose gel were created by dissolving 1g of agarose in 100mL of 1x TAE buffer with 3µL of 

ethidium bromide added and left to set in gel housing. Molecular weight ladders used in all gels 

run and loading buffer was added to each DNA sample to be run on the gel. 

 

2.3.3.2. Gel extraction 

Bands of DNA excised from gel using a sterile blade and purified using a QIAquick gel extraction 

kit, following the manufacturer’s instructions. 

 

2.3.4. Ligation independent cloning reaction 

2.3.4.1. T4 Polymerase Digestion 

Gel purified vector was added to 2.5mM of dGTP, 5mM DTT and T4 polymerase buffer before 

T4 polymerase was added. The same was also mixed with the gel purified cytoplasmic insert, but 

with dCTP replacing dGTP in the reaction. 

Both reactions were incubated at room temperature for 30 minutes before 75°C for 20 minutes to 

stop the reaction. 

 

2.3.4.2. LIC Annealing Reaction 

The separate vector and insert T4 polymerase reactions were mixed to allow for annealing at a 

ratio of 6:1 insert to vector. This reaction was incubated for one hour at room temperature. 
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2.3.5. Transformation 

Transformations were carried out with the same protocol for different E. coli strains used and all 

in sterile conditions. E. coli competent cells were thawed on ice for 5 minutes before plasmid 

DNA was added (typically 100ng for plasmid transformations and 8µL of mutagenesis reactions) 

to the competent cells, and then left on ice for 20 minutes. The cells were then heat shocked for 

45 seconds at 42°C before being placed on ice again for 2 minutes. 500mL of LB media (25g/L) 

was added to the cells and incubated with shaking (200rpm) for 30 minutes at 37°C before being 

centrifuged at 3500xg for 5 minutes. The pelleted cells were resuspended in 50µL LB media and 

spread onto LB agar plates with the appropriate antibiotic. 

 

2.3.6. Plasmid extraction 

A Single colony from successfully transformed DH5α competent cells was taken, grown 

overnight in 5mL of LB media with the appropriate antibiotic shaking (200rpm) at 37°C. The 

culture had its plasmid DNA isolated using the PureLink Quick Plasmid Miniprep kit, as per the 

manufacturer’s instructions. The isolated DNA plasmid had its concentration calculated using 

A260 values. 

 

2.3.7. Sequencing 

For sequencing plasmids were diluted to 100ng/µL and sent for the Source BioScience Sanger 

Sequencing Service to be sequenced using the T7 promoter forward and reverse stock primers 

provided by Source BioScience. 

 

2.3.8. Mutagenesis 

For mutagenesis Q5 High-fidelity 2x Master mix was used as per the manufacturer’s instructions. 

Primers used are listed below. 

 

Cytoplasmic domain mutants: 

I642G 

Forward: 5’- G TAC ATT GCC GGC GAG CTG TGT G -3’ 

Reverse: 5’- C ACA CAG CTC GCC GGC AAT GTA C -3’ 

 

Luminal domain mutants: 

N244S 

Forward: 5’- GGG TCT CCA CAG CGA CGC TGA TGT GCA TCA CCT TC -3’ 

Reverse: 5’- GAA GGT GAT GCA CAT CAG CGT CGC TGT GGA GAC CC -3’ 

S296F 
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Forward: 5’- ACC ACG CTC TAT GCC TTT CCC TC -3’ 

Reverse: 5’- GTG TAC CAT TGA GGG AAA GGC ATA GAG G -3’ 

A414T 

Forward: 5’- CAG ACT TCA GAA AAC ACC CCT ACC ACC -3’ 

Reverse: 5’- G AGA CAC GGT GGT AGG GGT GTT TTC -3’ 

V418M 

Forward: 5’- CCT CCA CAT CCC GAG ACA TGG TGG TAG GTG CG -3’ 

Reverse: 5’- CGC ACC TAC CAC CAT GTC TCG GGA TGT GGA GG -3’ 

WLLI – GSSG 

Forward: 5’- GCT CAA CTA CTT GAG GAA TTA CGG GAG TTC GGG AGG ACA CCA 

TGA AAC CCC ACT G -3’ 

Reverse: 5’ – CAG TGG GGT TTC ATG GTG TCC TCC CGA ACT CCC GTA ATT CCT CAA 

GTA GTT GAG C -3’ 

L406-stop 

Forward: 5’- TTTGAGGAAGTTATCAAC TAG GTTGACCAGACTTCAG -3’ 

Reverse: 5’- CTGAAGTCTGGTCAAC CTA GTTGATAACTTCCTCAAA -3’ 

S411-stop 

Forward: 5’- GTTGACCAGACT TAA GAAAACGCACCTACC -3’ 

Reverse: 5’- GGTAGGTGCGTTTTC TTA AGTCTGGTCAAC -3’ 

T416-stop 

Forward: 5’- GAAAACGCACCT TAA ACCGTGTCTCGGGATG -3’ 

Reverse: 5’- CATCCCGAGACACGGT TTA AGGTGCGTTTTC -3’ 

D421-stop 

Forward: 5’- CGTGTCTCGG TAA GTGGAGGAGAAG -3’ 

Reverse: 5’- CGTGTCTCGG TAA GTGGAGGAGAAG -3’ 

P426-stop 

Forward: 5’- GGAGGAGAAG TAA GCCCATGCCCC -3’ 

Reverse: 5’- GGGGCATGGGC TTA CTTCTCCTCC -3’ 

 

2.4. General bacterial methods 

2.4.1. Sterilisation 

Sterilisation was carried out by autoclaving at 123°C for 40 minutes; in cases where compounds 

in solution were heat sensitive sterilisation was carried out through filtration with a 0.22µM filter 

in a sterile environment. 
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2.4.2. LB media 

LB media used was 25g/L of lysogeny broth in dH2O and was sterilised by autoclaving. After 

cooling, the desired antibiotic was added. 

 

2.4.3. LB agar plates 

LB agar plates were produced with 25g/L lysogeny broth and 15g/mL agar in dH2O. The solution 

was sterilised using the autoclave before being left to cool. The required antibiotics were added 

to the media and it was then poured into petri dishes. 

 

2.4.4. M9 Media 

M9 media was used for isotopic labelled growth. M9 media was produced by adding per 1L: 6.5g 

Na2HPO4, 3g KH2PO4, 0.5g NaCl, 4g D-glucose (for 13C labelling 2g of U-13C6 D-glucose was 

used), 2.5g LB broth, 120mg MgSO4, 11mg CaCl2, 10µg/mL of biotin and thiamine and 1g of 

NH4Cl (or 15NH4Cl for 15N labelling).  

 

The media was stirred at room temperature for 10 minutes before being filtered using sterile filter 

units and stored at 4°C until required. 

 

2.4.5. Protein expression 

2.4.5.1. 30 and 37°C expression 

For 30°C and 37°C expression in E. coli, a single E. coli colony was taken from the transformation 

of the expression plasmid into the BL21 DE3 strain of E. coli (unless strain is stated otherwise) 

and cultured in 5mL LB media with kanamycin at 37°C overnight whilst shaking at 200rpm. In 

the morning the OD600 of this culture was measured. This culture was used to give an OD600 of 

0.1 in a larger culture (50 – 100mL) of LB media with kanamycin. This culture was then grown 

at 37°C whilst shaking at 200rpm. 

 

For small scale expressions IPTG was added at a final concentration of 1mM (unless stated 

otherwise) to the 50mL culture once it had reached an OD600 of 0.8. The culture was then grown 

for four hours (at 30 or 37°C) with shaking at 200rpm before samples were taken for solubility 

tests/the whole culture was pelleted (unless stated otherwise). 

 

For larger expressions, the culture was grown until the OD600 value was 1.0. At this point this 

grown culture was added to 500-1000mL LB media with kanamycin to give an OD600 of 0.1. 

This culture was then grown until its OD600 value reached 0.8. At this point IPTG was added to 
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a concentration of 1mM (unless stated otherwise) and the culture was grown for four hours at 

30/37°C with shaking at 200rpm. After four hours the culture was pelleted by centrifugation at 

6000xg for 30 minutes. 

 

2.4.5.2. 20°C expression 

For 20°C expression in E. coli, as before, a single E. coli colony was taken from the transformed 

expression strain and cultured in 5mL LB media with kanamycin at 37°C from 9am whilst shaking 

at 200rpm. After ~five hours of growing the OD600 value was measured and this culture was 

used to give an OD600 of 0.1 in a larger culture (50 – 100mL) of LB media with kanamycin. This 

culture was then grown at 37°C whilst shaking at 200rpm. 

 

For small scale expressions IPTG was added at a final concentration of 1mM to the 50mL culture 

once it has reached OD600 of 0.8. The culture was then grown overnight at 20°C with shaking at 

200rpm before samples were taken for solubility tests/the whole culture was pelleted (unless 

stated otherwise). 

 

For larger expressions, the culture was grown until the OD600 value was 1.0. At this point this 

grown culture was added to 500-1000mL LB media with kanamycin to give an OD600 of 0.1. 

This culture was then grown until its OD600 value reached 0.8. At this point IPTG was added to 

a concentration of 1mM and the culture was grown overnight at 20°C with shaking at 200rpm. In 

the morning the culture was pelleted by centrifugation at 6000xg for 30 minutes. 

 

2.4.5.3. Labelled expression 

For labelled expression for NMR study of the desired protein the same protocols as for 30/37°C 

or 20°C expression were used. The starting 5mL culture was LB media with kanamycin, but all 

larger cultures used (50-100mL and 500-1000mL) utilised M9 media with the selected labelled 

compounds added with kanamycin. The cells were then centrifuged as before, 6000xg for 30 

minutes. 

 

2.4.5.4. Different construct’s expression conditions 

Unless stated otherwise Table 2.2 shows the expression temperatures used for each construct and 

mutant used. 

 

Table 2.2 

The bacterial overexpression conditions used for each construct. 
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37°C Expression 20°C Expression 

Cytoplasmic domain (all constructs and mutants)  

BiP  

Luminal domain constructs: Luminal domain constructs: 

Wild-type D123P 

N244S WLLI-GSSG 

S296F D123P+A414T 

V418M WLLI-GSSG+A414T 

L406stop Core luminal domain 

S411stop  

T416stop  

D421stop  

P426stop  

 

2.4.6. Preparation of expression culture pellet for purification 

2.4.6.1. Cytoplasmic domain 

After centrifugation the pellet of the bacterial culture was resuspended in inclusion body 

preparation buffer (100mM Tris pH 7.5, 150mM NaCl, 10mM EDTA and 10% glycerol), 35mL 

to resuspend 1L of culture. The resuspended pellet could then be frozen at -80°C. 

 

The resuspended pellet was thawed when required. DNase I (40mg/1000mL), lysozyme 

(10mg/100mL) and protease inhibitor tablets were added to the thawed resuspended pellet. The 

cells were then sonicated in a cycle of 6 seconds sonication and 6 seconds rest so that the total 

sonication time was 6 minutes. 

 

2.5% Triton X-100 was then added to the disrupted cells and the solution was stirred at 4°C for 

one hour to solubilise membrane fragments. The inclusion bodies present were then sedimented 

by centrifugation at 20,000rpm for 20 minutes. The pellet was then washed three times with 

inclusion body preparation buffer. The pellet was then resuspended in 100mL of cytoplasmic 

buffer A (50mM HEPES pH 7.5, 6M guanidinium, 1mM TCEP and 10% glycerol) and the 

solution was stirred at 4°C for >1 hour. After this the solution was taken and centrifuged at 

20,000rpm for 20 minutes. The supernatant was taken and filtered through a 0.45µM filter, ready 

for purification. 
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2.4.6.2. Luminal domain and BiP 

After centrifugation the pellet of the bacterial culture was resuspended in luminal domain buffer 

A (20mM HEPES pH 8.0, 400mM NaCl), 35mL to resuspend 1L of culture. The resuspended 

pellet could then be frozen at -80°C. 

 

The resuspended pellet was thawed when required. DNase I (40mg/1000mL), lysozyme 

(10mg/100mL) and protease inhibitor tablets were added to the thawed resuspended pellet. The 

cells were then sonicated in a cycle of 6 seconds sonication and 6 seconds rest so that the total 

sonication time was 6 minutes. The cells were then centrifuged at 20,000rpm for 20 minutes. The 

supernatant was then taken and filtered with a 0.45µM filter ready for purification. 

 

2.5. General protein methods 

2.5.1. Bacterial overexpression solubility tests 

Solubility tests were used after small scale (50mL) bacterial expression cultures. After induction 

with IPTG for the desired time a 1mL and a 0.5mL sample were taken. Both were centrifuged at 

4500rpm for 3 minutes. 

 

The 1mL culture sample had its supernatant removed and the pellet resuspended in 250µL of 

BugBuster master mix and was incubated at room temperature with gentle shaking for 20 minutes. 

After this the sample was centrifuged at 14,000rpm for 5 minutes. 20µL of the supernatant was 

taken and added to 8µL Laemmli sample buffer and 12µL 8M urea, this is the soluble protein 

fraction SDS-PAGE gel sample. The pellet was washed with LB media three times, before being 

resuspended in 16µL of Laemmli sample buffer and 24µL of 8M urea, this was then boiled before 

2µL was taken and added to 8µL Laemmli sample buffer, 3µL of dH2O and 12µL 8M urea. This 

is the insoluble protein fraction SDS-PAGE gel sample. 

 

The 0.5mL culture sample’s supernatant was removed and the pellet was resuspended in 20µL of 

Laemmli sample buffer and 30µL of 8M urea. This was boiled before 5µL was taken and added 

to 8µL of Laemmli sample buffer and 12µL 8M urea. This is the whole protein fraction SDS-

PAGE gel sample. 

 

2.5.2. IMAC purification of proteins 

In all cases the protein constructs contained a N-terminal 6His-tag. This was used to purify the 

protein using immobilised metal affinity chromatography (IMAC). For all purifications a 1mL 

HisTrap Ni2+ column was used in combination with an AKTA liquid chromatography system (GE 
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healthcare). In all cases the HisTrap column was first equilibrated with the relevant ‘buffer A’ for 

the construct being purified. 

 

2.5.2.1. Cytoplasmic domain purification 

For purification of the cytoplasmic domain, the cell lysate was loaded onto the HisTrap column 

at 0.1mL/min, due to its viscosity and to avoid the column being over-pressured. Cytoplasmic 

buffer B was used to elute bound protein, this was cytoplasmic buffer A with 500mM imidazole 

added. All steps in the protocol were done so with a flow rate of 0.1mL/min. 

 

After all cell lysate was loaded onto the column, the column was washed with 8 column volumes 

of buffer A. A 1% gradient of buffer B was then used (5mM imidazole) for 8 column volumes. 

After this a 100% gradient (500mM imidazole) was used to clean the column for 8 column 

volumes. 1mL fractions were collected throughout the elution steps. 

 

2.5.2.2. Luminal domain purification 

2.5.2.2.1. Basic protocol 

For purification of the luminal domain constructs, the cell lysate was loaded onto the HisTrap 

column at a rate of 1mL/min. Luminal buffer B was used to elute bound protein, this was luminal 

buffer A with 1000mM imidazole added. All steps in the protocol were done so with a flow rate 

of 1mL/min. 

 

After all cell lysate was loaded onto the column, the column was washed with 15 column volumes 

of buffer A with a 2% gradient of luminal buffer B (20mM imidazole) to remove non-specifically 

bound species. A gradient of luminal buffer B was then used, from 2% to 50% (20mM to 500mM 

imidazole) over 20 column volumes to elute the bound luminal domain. 1mL fractions were 

collected over this gradient. After this a 100% gradient of luminal buffer B (1000mM imidazole) 

was used to clean the column for 10 column volumes. Purification profiles for the luminal domain 

and its mutants are shown in Figure 2.1. 

 

2.5.2.2.2. S296F purification 

For purification of S296F luminal domain buffer A and B contained 1mM TCEP. The same 

protocol as the basic protocol for purification of the luminal domain was followed otherwise. 

Purification of the S296F mutation is shown in Figure 2.1. 
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2.5.2.3. BiP purification 

For purification of BiP constructs, the cell lysate was loaded onto the HisTrap column at 1 

mL/min. Luminal buffer B was used to elute bound protein, this was luminal buffer A with 

1000mM imidazole added. All steps in the protocol were done so with a flow rate of 1mL/min. 

 

After all cell lysate was loaded onto the column, the column was washed with 15 column volumes 

of buffer A with a 4% gradient of luminal buffer B (40mM imidazole) to remove non-specifically 

bound species. A 50% gradient of luminal buffer B (500mM imidazole) over 15 column volumes 

to elute the bound BiP. 1mL fractions were collected over this time. After this a 100% gradient 

(1000mM imidazole) was used to clean the column for 10 column volumes. The purification 

chromatogram for BiP is shown in Figure 2.1. 

 

Figure 2.1 

The IMAC purification chromatograms for the luminal domain constructs and BiP, as purified 

using the methods described here. Highlighted are the areas of the chromatogram that were 

collected, as these contained the purified protein. 

 

2.5.3. A280 concentration 

For the luminal domain of IRE1α and for BiP, where no ATP/ADP was present in the solution 

the protein concentration was measured using ultraviolet (UV) spectroscopy at 280nm. The 

protein was diluted 20-fold in 6M guanidinium and measured. The Beer-lambert equation 
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(Equation 1) was then used to calculate the concentration of the protein. The extinction coefficient 

(ε) was calculated using the Expasy web server (Gasteiger et al., 2003). For IRE1α luminal 

domain constructs this was 66935 M-1 cm-1, and for BiP constructs used 17420 M-1cm-1. 

𝐴 =  𝜀𝑙𝑐 

Equation 1 

 

2.5.4. Bradford assay 

Bradford assays were carried out adding 980µL Bradford reagent to 20µL sample. BSA protein 

standards at 1, 0.75, 0.5, 0.25, and 0.125mg/mL were used to form a calibration curve for protein 

concentration. Bradford assays were used for the cytoplasmic domain and for the luminal domain 

and BiP where there were significant amounts of ATP/ADP in the solution. 

 

2.5.5. SDS-PAGE gels 

Samples were prepared by adding 4x Laemmli sample buffer and 8M urea and boiled for 5 

minutes. The sample were then run on precast SDS-PAGE gels.  

 

2.5.6. Buffer exchange protocols 

2.5.6.1. Dialysis 

Dialysis was used after protein purification of the luminal domain and BiP to remove imidazole 

and to put the protein into a more favourable buffer. The purified fractions of protein were pooled 

and put into a dialysis tube. The dialysis tube was then put into 500mL of the desired buffer for 

one hour at 4°C with stirring. After this, the 500mL of buffer was changed to a fresh 500mL of 

buffer and the dialysis tube was left in this overnight at 4°C with stirring. The next morning the 

500mL buffer was changed again, this time to 1L of buffer, and the dialysis tube was added for 

one hour at 4°C with stirring. After this, typically protein samples were stored after having their 

concentrations measured. The luminal domain and BiP constructs were dialysed into HMK buffer 

(20mM HEPES pH 7.6, 100mM KCl, 5mM MgCl2 with 0.02% NaN3). 

 

2.5.6.2. NAP5 columns 

NAP5 columns were used to exchange the buffer of small amounts of protein at a time, such as 

before activity assays of the cytoplasmic domain or to remove labels/reducing agents for the 

luminal domain. The NAP5 column was first equilibrated with a total of 9mL of the desired final 

buffer. After this 500µL of the protein sample was added to the column and allowed to flow into 

the column. Then 1mL of the desired buffer was added, and a 1mL fraction of the protein flowing 

through the column was collected. 
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2.5.7. Concentrating protein 

Proteins were concentrated where required using a 10kDa molecular weight cut-off Amicon 

centrifugal filter unit. These were used as per the manufacturer’s instruction until protein was at 

the concentration desired. 

 

2.6. General analytical protein methods 

2.6.1. Mass spectrometry 

2.6.1.1. Sequence identification 

For sequence determination by mass spectrometry, samples were first run on an SDS-PAGE gel 

and stained using Coomassie blue (provided by the University of Leeds Mass Spectrometry 

facility). The band corresponding to the protein of interest was cut out, and the sample submitted 

to the University of Leeds Mass Spectrometry facility. Here the contents of the gel band were 

solubilised and incubated with trypsin. The protein fragments from this trypsin digest were 

analysed by ESI-MS and the fragments used to determine the protein sequence. 

 

2.6.1.2. Molecular mass 

To carry out molecular mass determination by mass spectrometry, samples were prepared at 

20µM and submitted to the University of Leeds Mass Spectrometry facility for analysis by ESI-

MS. Shown in Figure 2.2 are the mass spectrometry molecular mass results for the mutant 

constructs of the luminal domain. 
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Figure 2.2 

Mass spectrometry molecular mass results for each of the mutations of the luminal domain used. 

 

2.6.2. Size exclusion chromatography 

2.6.2.1. Methodology 

For the luminal domain all size exclusion chromatography was carried out in HMK buffer with 

1mM TCEP unless states otherwise. For the cytoplasmic domain all size exclusion 

chromatography was carried out in the refolding buffer unless stated otherwise. In all cases a 

Superdex 200 10/300 column was used (GE healthcare Life Sciences). 300µL of each sample 

were injected at the stated concentration. Samples were eluted at 0.2mL/min in the case of the 

cytoplasmic domain constructs, and at 0.3mL/min for luminal domain and BiP constructs. All 

experiments were carried out at 14°C. 

 

2.6.2.2. Calibrations 

Protein molecular weight standards were used to calibrate the elution profile of different species 

through the column. These molecular weight standards included ovalbumin (4mg/mL), 

conalbumin (3mg/mL), aldolase (4mg/mL), ferritin (0.3mg/mL), thyroglobulin (5mg/mL) and 

blue dextran (0.5mg/mL). These were included in a HMW calibration kit (GE Healthcare Life 

Sciences). Calibration curves were constructed in each condition used (refolding buffer and HMK 
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buffer). The calibration curve for the cytoplasmic domain condition is shown in the cytoplasmic 

domain chapter and the calibration for the luminal domain is shown in Figure 2.3. 

 

 

Figure 2.3 

Size exclusion chromatography molecular weight calibration in HMK buffer +1mM TCEP. Log10 

molecular weights used for a linear calibration. Annotated are the species used to construct the 

calibration. 

 

The elution volume of the D123P luminal domain construct was assumed to give monomeric 

protein and so the calibration curve in Figure 2.3 was used to calculate the apparent mass of this 

species, the size of other luminal domain multimers were calculated from this mass. In order to 

determine the concentration of luminal domain protein on the size exclusion column equation 2 

was used. [Protein] is the concentration of protein eluted, Vi is the volume of protein injected onto 

the column, Veluted is the volume of the eluted peak and Ci is the concentration of protein injected 

onto the column. 

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛] =  
 𝑉𝑖

𝑉𝑒𝑙𝑢𝑡𝑒𝑑
× 𝐶𝑖 

Equation 2 

2.6.3. Circular Dichroism 

For circular dichroism analysis of proteins, the protein was first buffer exchanged using a NAP5 

column to the circular dichroism buffer (10mM sodium phosphate dibasic pH8.0, 150mM NaCl, 

1mM TCEP) and diluted to a concentration of 0.2mg/mL. The Circular dichroism spectra was 

measured from 180nm to 260nm with 0.5nm intervals. 
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2.7. Nuclear magnetic resonance 

 

Unless stated all experiments were carried out using a 950MHz Bruker Ascent Aeon magnet with 

a TCI-cryoprobe (3mm). 5% of D2O was added to samples before they were added to the NMR 

tube. All experiments were run at 288K unless stated otherwise. In all cases the collected spectra 

were processed using NMRPipe and analysed using CCPN analysis version 2 (Delaglio et al., 

1995; Vranken et al., 2005). 

 

2.7.1. Amide TROSY experiments 

In all cases 15N 1H BEST TROSY experiments were performed (Pervushin et al., 1997). Chemical 

shift perturbations were calculated from wild-type samples to the condition used with Equation 3 

(Williamson, 2013), where H and N represent the nitrogen and hydrogen chemical shifts. 

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛 =  √(∆𝐻)2+(0.14∆𝑁)2 

Equation 3 

Significant chemical shift perturbations from a standard chemical shift are defined as chemical 

shift perturbations >2σ of the average chemical shift perturbations for all peaks (All chemical 

shift perturbations shown in Section 9, Figures 9.7 and 9.8). 

 

Significant changes in protein dynamics are defined through comparison of the peak intensities 

in units of signal to noise (S/N), where >2σ or >25% from the reference peak is defined as a 

significant change. S/N calculated by use of the recorded signal and the noise level as determined 

by NMRpipe (Delaglio et al., 1995). 

 

2.7.1.1. Cytoplasmic domain denatured and refolded 

The cytoplasmic domain at 57µM in 6M urea and also after being refolded and concentrated to 

60µM were analysed. The cytoplasmic domain samples were analysed using a TXO-cryoprobe 

(5mm) in a shaped NMR sample tube (Bruker). 

 

2.7.1.2. Luminal domain constructs 

For analysis of luminal domain constructs, the desired constructs were made to 50µM with HMK 

with 1mM DTT and 5% D2O. 

2.7.1.3. Truncation mutant assignment 

For assignment of the truncation mutants, all constructs used were made to a concentration of 

40µM. Analysis through CCPNMR allowed for the partial assignment of the linker region 

(Vranken et al., 2005). 
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2.7.1.4. Temperature correlation 

For temperature correlation experiments a 750MHz Oxford NMR spectrometer was used with a 

TCI-cryoprobe. Here wild-type luminal domain was at a final concentration of 50µM in a shaped 

NMR sample tube (Bruker). Experiments with the same sample were carried out at 5°C, 10°C, 

20°C, 25°C and 30°C sequentially. Data was analysed using CCPNMR version 2 (Vranken et al., 

2005) to find the 1H chemical shift of each peak at each temperature. These were then plotted 

against the temperature and a linear fit calculated to give the chemical shift temperature 

correlation value(Okazaki et al., 2018). 

 

2.7.1.5. Luminal domain with peptide experiments 

For the experiments with the addition of peptide the luminal domain was run at a concentration 

of 36µM alone. For three hours 36µM of the luminal domain was incubated at 15°C with 36µM 

of ΔEspP, then spun down at 14,000rpm for 1 minute and its concentration measured before it 

was analysed using NMR. The signal/noise of the spectra was adjusted to the measured 

concentration. For the WLLI-GSSG experiments, 50µM of protein and each peptide were used in 

separate experiments, otherwise using the same conditions as before. 

 

2.7.2. Solid-state NMR 

15N and 13C IRE1α luminal domain was prepared at 42µM in HMK buffer with 5mM DTT in two 

separate samples. To both samples 205.5µM of ΔEspP peptide was added. The samples were 

incubated at room temperature for three hours. To one sample BiP protein was added to a final 

concentration of 40µM and to the other an equal volume of buffer. Both samples were left 

overnight at 4°C. The samples were then centrifuged at 14,000rpm for 2 minutes to pellet the 

insoluble fractions. The supernatant was removed and fresh HMK buffer with 5mM DTT was 

added over the pellet. The samples were then shipped on ice to Jósef Lewandowski at the 

University of Warwick who ran all experiments on the samples. 

 

2.8. Cytoplasmic domain methods 

2.8.1. Refolding techniques 

2.8.1.1. Dilution refolding (final protocol) 

The cytoplasmic domain construct purified from inclusion bodies in guanidinium was refolded 

through dropwise addition to refolding buffer (50mM HEPES pH 8.0, 500mM arginine, 300mM 

NaCl, 5mM TCEP and 10% glycerol) at 4°C to a concentration of 2.5-5µM and subsequently 

gently stirred for one hour. 
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2.8.1.2. Column refolding 

For column refolding a NAP5 column was used to buffer exchange the unfolded cytoplasmic 

domain in cytoplasmic buffer A/B into the desired refolding buffer with a starting concentration 

of 5µM and therefore an expected elution concentration of 2.5µM. 

 

2.8.1.3. Dialysis refolding 

For dialysis refolding of the cytoplasmic domain, the unfolded cytoplasmic domain in 

cytoplasmic buffer A/B was added to a dialysis tube and submerged in 1L of the desired buffer 

overnight at 4°C, in the morning the buffer was replaced by 500mL of fresh buffer and the protein 

was dialysed for a further two hours at 4°C. 

 

2.8.2. Optim 1000 

A sample of the refolded cytoplasmic domain buffer exchanged to circular dichroism buffer at 

3µM was provided to the University of Leeds Biomolecular Interactions facility. Here Iain 

Manfield carried out the Optim 1000 protocol. The samples were diluted into the various buffer 

conditions trialled in a 16-place array (Unchained Labs). These included MES 100mM (pH 5.5), 

MES 100mM (pH 6.5), HEPES 100mM (pH 7.5), bicine 100mM (pH 8.5), N-Cyclohexyl-2-

aminoethanesulfonic acid (CHES) 100mM (pH 9.5), addition of glycerol at 5%, 7.5%, 15%, 20% 

and 30%, NaCl to a concentration of 75mM, 150mM, 250mM, 500mM, 1000mM and 2000mM. 

Unfolding and aggregation of the samples was assessed between 15°C and 90°C with 1°C steps 

and 30 seconds incubation using an Optim 1000 (Unchained Labs). The instrument settings were 

1000ms exposure time with 380nm centre wavelength and 100μm slit width. Results were 

analysed using Optim analysis software version 6.30.  

 

2.8.3. Dynamic light scattering 

For dynamic light scattering experiments the cytoplasmic domain was refolded and buffer 

exchanged to the desired buffer for use. The protein was then centrifuged at 14,000rpm for 1 

minute and the concentration was measured. The sample was then filtered through a 0.22µM 

filter. A Wyatt miniDawnTreos system was used. Buffer was injected, and equilibrium was 

reached over 5 minutes, then the sample was injected, and the following three minutes of data 

was used for analysis. Between measurements the system was washed with 1M nitric acid and 

dH2O. Astra software was used to analyse the data using the cumulants model (Dobson et al., 

2017). 
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2.8.4. Kinase assay 

Kinase activity assays were carried out using the ADP-Glo kinase assay kit (Promega). The 

cytoplasmic domain was first refolded as per the optimised method before being buffer exchanged 

using a NAP5 column to circular dichroism buffer. After this the protein concentration was 

measured using a Braford assay. The protein was diluted to 500nM in kinase buffer (20mM Tris 

pH 7.4, 500mM NaCl, 10% glycerol and 1mM TCEP) with 500µM ATP in a volume of 5µL. 

Reactions were quenched after the desired time as per the manufacturers’ instructions with 5µL 

of ADP-Glo Reagent, the reactions were then incubated for 40 minutes at room temperature 

before 10µL of Kinase Detection Reagent was added. The reactions were then incubated at room 

temperature for one hour before the luminescence of the reactions was measured. A calibration 

of luminescence to ATP hydrolysed was created as per the manufacturer’s protocol. The 

calibration is shown in Figure 2.4. 

 

Figure 2.4 

Calibration for the ADP-Glo kinase kit. ATP hydrolysed is plotted against luminescence. 

 

2.8.5. Autophosphorylation assay 

For autophosphorylation assays, the cytoplasmic domain was refolded before being incubated 

with 5mM ATP and 5mM MgCl2 at room temperature for one hour to promote 

autophosphorylation. After this the sample was frozen and sent to the University of Leeds Mass 

Spectrometry facility for molecular mass determination. 
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2.8.6. Endoribonuclease assays 

For all assays measuring endoribonuclease activity of the cytoplasmic domain, the protein was 

refolded, and buffer exchanged to circular dichroism buffer. After this the protein was diluted in 

endoribonuclease buffer (20mM HEPES pH 8.0, 50mM KOAc, 0.5mM MgCl2, 10% glycerol and 

1mM TCEP) to the desired concentration. Where ADP or ATP were required, the protein was 

incubated with 5mM of ATP or ADP at room temperature for one hour with a final concentration 

of 5mM MgCl2, and fresh ATP/ADP was used in the final endoribonuclease reaction. An RNA 

oligomer was used with fluorescent and black hole quencher 1 groups (FAM-GAA CAA GAU 

AUC CGC AGC AUA UAC AGU UC-BHQ1). Cleavage of the RNA substrate was measured by 

fluorescence (excitation 494nm, emission 520nm). 

 

2.8.6.1. Time dependent assays 

The time dependent assays included 100nM protein and 100nM FRET substrate, they were run 

over night at 25°C. Here the splicing activity of the refolded E. coli protein was compared to 

eukaryotic produced protein in APO, ATP or ADP states. 

 

2.8.6.2. Concentration dependent assays 

The concentration dependent assays were measured at varying time points with different amounts 

of refolded cytoplasmic domain incubated with 25nM of the FRET RNA substrate at 30°C. RNase 

A was used to construct a calibration curve of the amount of the FRET RNA substrate cleaved. 

 

2.8.7. TEV cleavage reaction 

TEV protease was produced and purified in the lab by previous lab member Sam Dawes. To 

cleave the Histidine tag from the cytoplasmic domain, TEV protease was incubated with the 

refolded cytoplasmic domain at an A280 ratio of 1:100 TEV protease to cytoplasmic domain. The 

reaction included 0.5mM EDTA and 1mM DTT and was carried out overnight at 4°C. The 

reaction was subsequently concentrated, including dilution steps to remove EDTA from the 

solution. 

 

2.9. Luminal domain methods 

2.9.1. Differential scanning calorimetry 

A MicroCal DSC calorimeter used. Protein at 25µM in HMK +1mM TCEP buffer was measured, 

with the reference cell filled with HMK +1mM TCEP only. A temperature scan from 12°C to 

90°C was used and data analysed using Origin. 
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2.9.2. Preparation of peptides 

The peptides used: 

ΔEspP- MKKHKRILALCFLGLLQSSYSAAKKKK (Gardner and Walter, 2011) 

MPZ1- LIRYCWLRRQAALQRRISAME (Karagoz et al., 2017) 

 

All peptides here were purchased from BioMatik and resuspended in HMK buffer at a 

concentration of 2mM. 

 

2.9.3. FITC-labelling of the luminal domain 

To label the luminal domain constructs of IRE1α with FITC, the protein was prepared at 25µM 

in 500µL of HMK buffer. 50µM of 1M sodium carbonate at pH 8.0 was then added. 1mg of FITC 

powder was dissolved in 1mL DMSO to give a 1mg/mL solution. 9.6µL of this was added to the 

luminal domain protein sample and left on ice for 60 minutes. A NAP5 column was then used 

with HMK to remove excess FITC. The concentration of the eluted protein was then measured 

by spectroscopy, measuring absorbance at 280nm and 495nm. The final concentration of labelled 

protein was calculated using the Beer Lambert equation after a correction for the A280 value using 

Equation 4. 

𝐴280𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐴280 − 0.35(𝐴495) 

Equation 4 

 

2.9.4. Fluorescence polarisation 

50nM of FITC-labelled luminal domain with serial dilutions of the desired peptide were used in 

HMK buffer +1mM TCEP, samples were incubated for 30 minutes at room temperature before 

being measured. Fluorescence polarisation was measured using a BMG POLARstar OPTIMA 

plate reader with excitation 485nm and emission 525nm wavelengths. Polarisation was calculated 

using Equation 5. 

𝑃𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 =  
(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟)

(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 + 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟)
 

Equation 5 

 

2.9.5. Microscale thermophoresis 

FITC-labelled luminal domain at 500nM had a dilution series of the desired protein added to it, 

all in HMK buffer +1mM TCEP. Each condition was then added to a capillary and measured 

using a NanoTemper Monolith NT 1.15. Data was analysed using NanoTemper Analysis 

software. 

 



69 

 

 

2.9.6. Turbidity assays 

2.9.6.1. OD400 

In these assays, a final concentration of 20µM of the luminal domain construct was used in HMK 

buffer +1mM TCEP. The desired concentration of peptide was added, and the reaction incubated 

at 30°C with OD400 being measured every three minutes for 12 hours. 

 

2.9.6.2. Soluble concentration determination 

To determine the soluble concentration of the luminal domain reactions were started with 20µM 

of IRE1α and different concentrations of peptide. After three hours (or different amounts of time 

if stated) the reaction was centrifuged at 14,000rpm for 1 minute. A Sample of the supernatant 

was then taken, and the concentration measured. Gel samples were also taken of the supernatant 

and the pellet (after washing three times in HMK buffer). The amount of insoluble protein was 

calculated for each condition and compared to the turbidity assay of the same conditions in order 

to create a calibration curve (Borgia et al., 2013). 

 

2.9.7. BiP chaperone activity assay 

The BiP chaperone activity assay was carried out as with the turbidity soluble concentration 

determination assay. 20µM of the IRE1α construct was incubated initially with 169µM of ΔEspP 

for three hours at room temperature. After this 24µM (unless stated otherwise) of the desired BiP 

construct was added and incubated at room temperature for three hours. Then 40mM of ATP was 

added and the reaction was incubated at room temperature for three hours. Each condition was 

carried out in triplicate and each the samples were centrifuged at 14,000rpm for 1 minute before 

the protein concentration of the supernatant was measured using a Bradford assay. Gel samples 

were also taken for the supernatant and pellet. Control measurements of BiP alone were used to 

calculate the amount of luminal domain in the soluble fraction. 

 

2.9.8. Negative stain electron microscopy 

For electron microscopy (EM) the luminal domain at a final concentration of 20µM was incubated 

with 75µM of ΔEspP for two hours, or with ΔEspP for one hour and with 24µM BiP and 40mM 

ATP for one hour. The samples were then negative stained, first by being diluted 10-fold. 3µL of 

the diluted reaction was taken and added to a glow discharged carbon coated copper grid 

(produced at the University of Leeds Astbury BioStructure Laboratory) for 30 seconds, before 

being washed with 5µL of dH2O for 3 seconds, with excess liquid being blotted away in between 

steps. 5µL of 2% uranyl acetate was then added to the grid and left for 3 seconds, this step was 

repeated once more. Lastly 5µL of 2% uranyl acetate was added to the grid again, but for 30 
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seconds this time before being blotted away extensively. Images were taken in the University of 

Leeds Astbury BioStructure Laboratory using a FEI T12 microscope with a Lab6 filament and 

Gatan UltraScan 4000 CCD camera. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 

 

 

3. Expression and characterisation of hIRE1α’s cytoplasmic 

domain in E. coli 

 

In order to further understand the cytoplasmic domain’s activation, in particular how the protein’s 

dynamic endoribonuclease domain (Concha et al., 2015) is able to change from an adaptive to an 

apoptotic response, different conformations and the dynamic rearrangements of the protein must 

be characterised. This can be achieved using methods such as X-ray crystallography, hydrogen 

deuterium exchange experiments, single molecule fluorescence resonance energy transfer 

(FRET), cryo-EM and NMR. These methods can provide information about conformational states 

of the protein and dynamic processes occurring for the protein to adopt these states, bind ligands 

and carry out enzymatic activity. NMR is especially apt for characterising protein ms-ps timescale 

dynamics because the technique monitors the excited states of nuclei which are preserved in the 

ms timescale, changes in the environment of these nuclei from faster dynamic processes cause 

them to return to equilibrium sooner, and these changes can be monitored on a residue specific 

basis (Kleckner and Foster, 2011). NMR is therefore an ideal technique to study the cytoplasmic 

domain. However, even with sensitivity advances in the field, the technique requires a large 

amount of isotopically labelled protein and therefore prokaryotic expression systems such as E. 

coli are required for improved protein yields and labelling strategies (Tugarinov et al., 2006), as 

described in Section 1.6.1.3. 

 

There is currently no published protocol for the expression of human IRE1α’s cytoplasmic 

domain in E. coli. Producing recombinant proteins in prokaryotic systems is not a trivial task and 

requires much optimisation especially for a protein including both kinase and endoribonuclease 

activities as in this case. However, there are numerous ways to create favourable conditions for 

soluble expression of proteins from E. coli cultures including changing the expression 

temperature, the level of expression induction and the E. coli strain used among others. Ways to 

achieve soluble expression of recombinant proteins in E. coli expression systems have been 

extensively reviewed but the overarching conclusion is that although certain conditions appear 

beneficial in some cases, there is no formula to predict the perfect condition and many conditions 

will have to be trialled for each specific protein (Peti and Page, 2007; Rosano and Ceccarelli, 

2014). Where it appears impossible to find the condition for soluble recombinant expression of a 

protein, it is possible to purify the protein from the insoluble fraction and attempt to refold the 

protein in favourable conditions (Palmer and Wingfield, 2004). Buffer additives and techniques 

for refolding proteins have also been extensively reviewed, and as with recombinant protein 

solubilisation, conditions for the correct refolding are protein dependent (Yamaguchi and 

Miyazaki, 2014; Burgess, 2009). 
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In this chapter a cytoplasmic domain construct suitable for E. coli expression will be created and 

its expression subsequently optimised. Due to the protein being produced in inclusion bodies, the 

objective will be to isolate the construct, purify it and refold the protein to its native state. After 

refolding, as is standard in such studies, the enzymatic activities of the refolded cytoplasmic 

domain can then be verified. 

 

3.1. Subcloning of the cytoplasmic domain construct 

 

Figure 3.1 

Representation of human IRE1α. The domains of the protein in the schematic are labelled. Shown 

is the cytoplasmic domain construct used in this chapter is shown (residues 548 – 977). Full 

sequence of the cloned construct in Appendices Figure 9.2. 

 

Genetic subcloning has become a necessity in the study of proteins, made feasible by the invention 

of the polymerase chain reaction (PCR) (Mullis, 1990). Gene sequences are now manipulated in 

numerous ways, such as single point mutations, truncating proteins, extending proteins and 

importantly the desired sequences can be cloned into plasmid vectors. Once the sequence of 

interest is in the desired plasmid vector, the plasmid can be added to a host organism, in this case 

E. coli, and the manipulated DNA sequence can be transcribed for protein expression. 

 

As described in Section 1.2.1, IRE1α is a transmembrane protein, which presents further 

challenges in characterisation and use of the protein in vitro techniques and so the protein has 

been separated into its luminal and cytoplasmic domains. This has been made possible using PCR 

to extract the desired sequences for each domain from the complete protein sequence. Figure 3.1 

shows a schematic of IRE1α and the cytoplasmic domain construct selected for use here (residues 

548-977). As the aim of this chapter is to express the cytoplasmic domain in a bacterial system 

and compare it to protein expressed in a eukaryotic system, the domain’s linker region is excluded 

as the majority of structural and functional studies thus far have excluded it also (Concha et al., 

2015; Joshi et al., 2015). 



73 

 

 

 

3.1.1. Ligation independent subcloning principle 

 

Commonly, restriction enzymes are used to cut specific regions of DNA to leave overhangs that 

can be joined by a ligase in order to insert genes of interest into plasmid vectors. This method 

requires information about the vector and insert in each case, and it can be challenging to find the 

correct restriction enzyme sites in the target DNA to facilitate insertion. The ligase reaction can 

also produce false positives through ligation of empty vectors. Due to these disadvantages, 

various methods that do not use a ligation reaction have been created. One such method is ligation 

independent cloning (LIC) (Figure 3.2) (Hsiao, 1993; Aslanidis and de Jong, 1990).  

 

Figure 3.2 

A schematic for ligation independent cloning. Shown are the processes applied to the ‘insert’ 

which is the gene of interest and the plasmid vector which the insert is ligated into for expression. 

Shown at the foot of the figure is the eventual ligation reaction, where the complementary vector 

and insert ‘sticky ends’ are brought together (Section 2.3.4). 

 

For LIC, the DNA fragment of interest is created through PCR with the addition of 18 nucleotide 

bases 3’ and 5’ of the desired DNA sequence. The 3’ – 5’ exonuclease activity of T4 DNA 

polymerase is then able to remove bases from the 3’ end. If dCTP is present in the reaction, then 

the T4 polymerase will stop removing bases when it encounters cytosine, as its polymerase 

activity will be in equilibrium with its exonuclease activity. Using this method, stable and 
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complimentary sticky ends can be formed between the insert and vector sequences by addition of 

only dGTP to the vector T4 polymerase reaction and dCTP with the insert reaction. The vector 

and insert can then be mixed to allow annealing (Figure 3.2), before transformation into E. coli 

cells. 

 

LIC confers the ability to clone the fragment of interest into multiple different plasmid vectors, 

providing those vectors are LIC compatible. In this way multiple different constructs can be 

produced simultaneously from the same DNA region of interest, which is ideal when optimising 

a protein’s expression and therefore this method was selected for the subcloning of the 

cytoplasmic domain. 

 

3.1.2. Optimising the LIC reaction for cytoplasmic domain constructs 

 

In order to perform LIC with the human cytoplasmic domain, primers were first designed for the 

isolation of the DNA sequence of residues 548-977 of the cytoplasmic domain in a PCR reaction 

with the correct end sequences to facilitate ligation independent cloning (Section 2.3.1.1). The 

plasmids selected were all pET plasmids that include a N-terminal 6His tag and a TEV cleavage 

site in the reading frame, allowing for immobilised metal affinity chromatography (IMAC) 

purification of the construct, and cleavage of purification and solubility tags by TEV protease. 

Plasmid 1B did not include a solubility tag, plasmid 1M included a MBP solubility tag N-terminal 

to the TEV cleavage site and 1G included a GST tag here (Appendices Figure 9.1). For all 

plasmids a ratio of 6:1 insert to plasmid DNA allowed successful ligation (Section 2.3.4.2). 

Shown in Figure 3.3 is an agarose gel with the DNA insert and plasmid vectors alone and after 

successful ligation reactions. Each sample was incubated with the SspI restriction enzyme 

(Section 2.3.2), if the insert was successfully ligated, the restriction enzyme is unable linearise 

the plasmid. If the plasmid is linearised, the gel band will run as a single line on the agarose gel. 

If the vector remains circular, it means that there is no SspI restriction site, as the insert was 

successfully annealed, and the gel band will appear curved and will not run at its correct size, 

when comparing to molecular weight standards. In this case the completed annealing reactions 

have a different appearance to the vector plasmids alone, suggesting that the reactions were 

successful. 
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Figure 3.3 

Agarose gel for the constructs of the cytoplasmic domain created. The cytoplasmic domain insert 

(548-977) and the plasmid vectors used (1B, 1G, 1M; Appendices, Figure 9.1) with and without 

the insert successfully cloned into them are analysed on the agarose gel (Section 2.3.3). All 

plasmids have been incubated with the SspI restriction enzyme (Section 2.3.2). Without the inserts 

the plasmids are linear and run as a single line. Plasmids containing the insert are not linearised, 

as they do not possess SspI cleavage sites and therefore don’t appear as a single line. 

 

The presumed successful reactions were validated by sequencing reactions displaying the 

expected cytoplasmic domain construct (Appendices Figure 9.3) before their expression in E. coli 

could be trialled. 

 

3.2. Optimisation E. coli recombinant overexpression of the cytoplasmic domain 

3.2.1. Strategy to optimise protein solubility and yield 

 

The cytoplasmic domain construct was initially expressed in E. coli at 37°C, however, all 

expressed cytoplasmic domain protein was found to be in the insoluble fraction, as determined 

by a solubility assay (Section 2.5.1). This isn’t unexpected as only a small portion of recombinant 

proteins are expressed as soluble and correctly folded species in E. coli (Braun et al., 2002). 

Although insoluble, it was promising that the construct was expressed as some recombinant 

proteins cause toxicity to expression systems leading to bacterial cell death (Dumon-Seignovert 

et al., 2004). Therefore, with the aim of optimising expression yield and solubility multiple 

different growth conditions were trialled (Figure 3.4). 
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Figure 3.4 

Schematic for expression conditions trialled to achieve a high yield of protein expression. 

Different conditions are labelled with ‘Figure x’, corresponding which SDS-PAGE gel figure 

their solubility test is displayed in. 

 

For each condition a small-scale expression and solubility test were therefore carried out, the 

results of which are visualised in a series of SDS-PAGE gels where the cytoplasmic domain 

appears close to the 50kDa molecular weight marker. The amount of protein produced and if any 

condition produces soluble IRE1α can be observed. Here numerous conditions were used, none 

of which produced soluble protein, however, the condition to give optimal protein yield could be 

identified. 
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3.2.2. Assessment of E. coli expression conditions 

3.2.2.1. Temperature 

 

Lower temperatures during expression of recombinant proteins can slow the rate of expression 

and therefore improve solubility by reducing the metabolic burden on the bacteria (Hoffmann and 

Rinas, 2004; Schein, 1989). For this reason, the different expression conditions trialled were 

mostly carried out at 37, 30 and 18°C (Figures 3.6-3.8). In some cases, the lower expression 

temperatures appear to decrease the protein yield, but in no condition does the change in 

temperature improve solubility of the cytoplasmic domain. Consequently, due to an apparent 

small increase in yield, 37°C was chosen as the final condition for expression of the cytoplasmic 

domain. 

 

3.2.2.2. IPTG concentration 

 

Here, T7 promoter expression systems are used, which require IPTG to promote expression of T7 

RNA polymerase, which in this case then transcribes the cytoplasmic domain. Similar to reducing 

the expression temperature, decreasing the concentration of IPTG used to induce expression may 

lower translation rates and the amount of protein produced. Decreasing the length of time of IPTG 

induction may also prevent overcrowding of the cell during protein production to promote soluble 

expression. However, decreasing the concentration and duration of IPTG induction did not affect 

the solubility of the cytoplasmic domain (Figure 3.5). Additionally, prolonged bacterial growth 

(30 hours) with no IPTG induction was also attempted as this can produce low levels of ‘leaky 

expression’ of the protein (Zhang, Z. et al., 2015). However, no IRE1α appears to be expressed 

under these conditions. As reduction of IPTG induction does not induce soluble expression, 1mM 

of IPTG was used for four hours in subsequent expression of the cytoplasmic domain to maximise 

yield. 

 

Figure 3.5 

SDS-PAGE gel of solubility tests carried out for different E. coli expression conditions of the 

IRE1α (548-977) construct. S = soluble fraction, W = Whole protein and I = Insoluble fraction. 



78 

 

 

Here, the construct was expressed in BL21 DE3 cells at 37°C for the indicated time and 

concentration of IPTG, red boxes show insoluble cytoplasmic domain expressed (Section 2.5.1). 

 

3.2.2.3. Small molecule additives 

 

Cells contain a high concentration of macromolecules and loss of water can increase this 

concentration further, creating a crowded environment that isn’t beneficial for protein folding. 

Proline is a natural osmoprotectant and also discourages interaction between folding 

intermediates through favourable interactions with protein side chains, similar to the action of 

NaCl reducing electrostatic free energy of side chains, and can therefore aid protein folding 

(Ignatova and Gierasch, 2006; Burgess, 2009). To increase expressed cytoplasmic domain 

solubility 20mM proline and 300mM NaCl were added to the expression condition (Figure 3.6), 

however, this did not yield soluble cytoplasmic domain when expressed in BL21 DE3 cells. 

Therefore, these additives were not included in the final expression condition. 

 

Figure 3.6 

SDS-PAGE gel of solubility tests carried out for different E. coli expression conditions of the 

IRE1α (548-977) construct. S = soluble fraction, W = Whole protein and I = Insoluble fraction. 

Expression in BL21 DE3 cells at the indicated temperatures for four hours with 1mM IPTG with 

300mM NaCl and 20mM proline in the media, red boxes show insoluble cytoplasmic domain 

expressed (Section 2.5.1). 

 

3.2.2.4. E. coli expression strains 

 

Different E. coli expression strains were used in an attempt to produce soluble cytoplasmic 

domain protein (Figure 3.7). The BL21 DE3 strain is optimised for protein expression by being 

deficient in proteases and having tight control over protein expression through use of the T7 

promoter system and is considered the standard T7 expression strain for routine protein 

expression (Choi et al., 2006). The Rosetta 2 E. coli strain is derived from BL21 cells but include 
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tRNAs for rare E. coli codons that are used by eukaryotic cells, so can optimise translation of 

recombinant proteins. The C3013 strain is also derived from BL21 DE3 and includes higher levels 

of control over expression and promotes the expression of otherwise toxic recombinant proteins. 

The Origami expression strain is a derivative of the K-12 strain. The K-12 strain is considered to 

give a lower yield than BL21 DE3 strains, and therefore may prevent aggregation from increased 

amounts of the cytoplasmic domain (Blattner et al., 1997; Wu et al., 2010). Here each strain was 

used to express the cytoplasmic domain construct, although all strains give good levels of 

recombinant expression of the cytoplasmic domain, none promote its soluble expression (Figure 

3.7). As there appear to be insignificant differences between different E. coli strains, the Bl21 

DE3 strain was used subsequently. 

 

Figure 3.7 

SDS-PAGE gel of solubility tests carried out for different E. coli expression conditions of the 

IRE1α (548-977) construct. S = soluble fraction, W = Whole protein and I = Insoluble fraction. 

Expression in different E. coli expression strains at the indicated temperatures for four hours with 

1mM IPTG, red boxes show insoluble cytoplasmic domain expressed (Section 2.5.1). 

 

3.2.2.5. Solubility tags 

 

Fusion of recombinant proteins with soluble proteins can promote correct folding, and there have 

been numerous successes using this technique (Kapust and Waugh, 1999; Nallamsetty and 

Waugh, 2006; Hayashi and Kojima, 2008; Sun, C. et al., 2011). Expression of the cytoplasmic 

domain with the solubility tags MBP and GST was carried out in BL21 DE3 cells (Figure 3.8). 

However, the solubility tags don’t promote soluble expression of the cytoplasmic domain at any 

temperatures used, therefore the cytoplasmic domain was subsequently expressed without the 

inclusion of a solubility tag in the construct. 
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Figure 3.8 

SDS-PAGE gel of solubility tests carried out for different E. coli expression conditions of the 

IRE1α (548-977) construct. S = soluble fraction, W = Whole protein and I = Insoluble fraction. 

Expression of different constructs of the cytoplasmic domain with solubility tags, where 1M 

includes an N-terminal MBP tag and 1G includes a N-terminal GST tag. Expression carried out 

with the BL21 DE3 expression strain at the indicated temperatures for four hours with 1mM 

IPTG, red boxes show insoluble cytoplasmic domain expressed (Section 2.5.1) 

 

3.2.3. Selection of an optimal condition 

 

Presented here are multiple alterations to the recombinant expression of IRE1α’s cytoplasmic 

domain in E. coli. No condition trialled appears to give soluble expression of the domain, this is 

likely due to the complexity of the protein’s kinase and endoribonuclease domain. Although there 

are many more combinations of conditions and different methods that can be attempted to achieve 

soluble expression such as co-expression with chaperones and codon optimisation, this can be 

overly time consuming and may be impossible to achieve. 

 

As differences in temperature and E. coli strain do not affect expression yield greatly, a high yield 

of insoluble cytoplasmic domain can be gained with relatively uncomplicated expression 

conditions. Therefore, the expression condition used to produce the cytoplasmic domain was 

using a construct without a solubility tag in the BL21 DE3 E. coli expression strain, induced to 

express with 1mM IPTG for four hours at 37°C (Figure 3.4, Section 2.4.5.1). Rather than 

attempting to express soluble cytoplasmic domain, the aim became to isolate and purify the 

cytoplasmic domain from inclusion bodies and optimise conditions for its in vitro refolding to the 

native state. 

 

3.3. Purification of the cytoplasmic domain protein from the insoluble fraction 

3.3.1. Preparation and purification of the insoluble fraction 
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The optimal expression condition was used to express the cytoplasmic domain on a larger scale. 

The cells with the expressed insoluble protein were pelleted and the insoluble fraction was 

solubilised in the chaotropic agent guanidinium (Section 2.4.6.1) which allowed the protein to be 

purified using nickel ion affinity chromatography, utilising the construct’s N-terminal 6His-tag 

(Hochuli et al., 1988). Purification of the cytoplasmic domain gives a repeatable elution of protein 

with low imidazole concentration (5mM) and elution of a much smaller amount of protein with 

500mM imidazole (Figure 3.9). 

 

Figure 3.9 

Chromatogram for multiple IMAC (Nickel resin) purifications of the cytoplasmic domain in the 

presence of 6M guanidinium. The concentration of imidazole used is shown in red. The protein 

consistently elutes with 5mM imidazole, suggesting a weak interaction with the column. Also 

shown is an SDS-PAGE gel for the cytoplasmic domain. ‘N-In’ is for non-induced culture, ‘In’ is 

for cultures induced to express the cytoplasmic domain construct with IPTG, ‘I’ is the insoluble 

fraction of this culture after preparation and ‘P’ is the product after IMAC purification of the 

culture from the 5mM imidazole peak, as labelled in green. The purified cytoplasmic domain gel 

band appears to have shifted, however this is an effect of the gel warping. Purification method in 

Section 2.5.2.1. 

 

5mM of imidazole is a low concentration to elute a His-tagged protein, for this reason an SDS-

PAGE gel was run to determine the purity of this elution peak (Figure 3.9), it depicts the proteins 

expressed before and after IPTG induction, after isolation of the insoluble fraction and the final 

product after IMAC purification. After induction a protein band appears at close to 50kDa, where 

the recombinant cytoplasmic domain is expected. It is apparent that the cytoplasmic domain is 

the dominant species present in the insoluble fraction and the band for the cytoplasmic domain 

becomes more dominant after the IMAC purification. This in agreement with previous literature 

suggesting that purified insoluble proteins from inclusion bodies give high yields and improved 

purities (Fahnert et al., 2004; Greenshields et al., 2008). It is therefore clear that despite the low 
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concentration of imidazole required for elution of the cytoplasmic domain from the Histrap 

column, the protein is of a high purity and appears on the gel at near the size expected although 

further verification of the protein species present is required. 

 

3.3.2. Mass spectrometry to validate the size and sequence of the cytoplasmic domain 

 

Mass spectrometry was used to provide the mass and sequence of the purified species to verify 

that it was the cytoplasmic domain construct. The gel band containing the cytoplasmic domain 

was prepared for trypsin digest analysis of the fragments by mass spectrometry to determine the 

sequence of the isolated protein (Figure 3.10A). This suggests the protein has at least 80% identity 

to the cytoplasmic domain construct. The protein was also sent for molecular mass determination 

through mass spectrometry (Figure 3.10B), with the observed mass found to be 

51292.83±1.31Da. This is near the expected mass of the protein with a N-terminal methionine 

cleavage (51294.41Da). N-terminal methionine cleavage is common in E. coli and as the 

methionine cleaved precedes the 6His-tag region, there is likely to be no influence on stability or 

activity of the protein (Hirel et al., 1989). Mass spectrometry analysis therefore validates that the 

desired hIRE1α cytoplasmic domain construct has been successfully cloned into expression 

vectors, its E. coli expression optimised and the protein isolated and purified from inclusion 

bodies. 
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Figure 3.10 

Confirmation of the cytoplasmic domain construct expressed in E. coli. A: Mass spectrometry 

sequence analysis after trypsin digest (Section 2.6.1.1). 80% coverage of the cytoplasmic domain 

construct was observed, suggesting the desired construct was purified. B: Mass spectrometry 

molecular mass analysis of the cytoplasmic domain (Section 2.6.1.2) suggests a mass of 

51292.7Da, the expected mass with a methionine cleavage is 51294.4Da. 
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3.4. Refolding reaction optimisation 

 

After purification of the cytoplasmic domain, conditions for refolding the protein to its native 

state could be optimised. There are a large range of additives, conditions and techniques that aid 

the refolding of proteins already known (Burgess, 2009; Yamaguchi and Miyazaki, 2014), these 

are utilised in the optimisation of cytoplasmic domain refolding. 

 

3.4.1. Refolding techniques in arginine buffer 

 

The refolding buffer used is critical to the refolding process, its role is to prevent interactions of 

folding intermediates from forming aggregates and to promote correct folding to the native state. 

Although there are examples in the literature of some conditions and additives being beneficial 

to the refolding reaction, every protein will react to these differently. However, there are multiple 

examples of arginine aiding refolding reactions, therefore its effect on the refolding of the 

cytoplasmic domain was tested (Baynes et al., 2005; Arakawa et al., 2007). For the refolding 

reactions presented here refolding reactions unfolded cytoplasmic domain in guanidinium buffer 

was added drop wise to the initial refolding buffer (50mM Hepes pH 7.5, 150mM NaCl, 5mM 

TCEP, 10% glycerol; Section 2.8.1.1) at 4°C and stirred for one hour. Refolding reactions were 

carried out with different concentrations of arginine present and increasing concentrations of 

cytoplasmic domain. After refolding, the samples were centrifuged to remove aggregates from 

solution and the protein concentration measured using a Bradford assay (Figure 3.11). When 

refolded in the absence of arginine the protein concentration was consistently below the range of 

measurement, with aggregation observed in the reaction. It is clear that increasing arginine 

concentration in the refolding reaction increases the soluble yield of protein, in agreement with 

the literature (Dong, X.Y. et al., 2004; Baynes et al., 2005; Arakawa et al., 2007). 
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Figure 3.11 

The cytoplasmic domain was refolded at different concentrations of protein and arginine. Shown 

is a graphical representation of protein yield from dilution refolding reactions (Section 2.8.1.1) 

of the cytoplasmic domain. Increasing arginine concentrations increase the yield at different 

refolding concentrations, with higher yields achieved at lower protein folding concentrations. 

Concentration measured by use of Bradford assays (Section 2.5.4). 

 

3.4.2. Buffer optimisation for stability 

 

Inclusion of arginine appears to provide beneficial effects for the yield of soluble protein from 

the refolding reaction of the cytoplasmic domain, to investigate conditions to improve the stability 

of the cytoplasmic domain after refolding an Optim 1000 was used. The Optim analyses thermal 

unfolding and aggregation of the protein across a range of temperatures using different buffer 

conditions through fluorescence and light scattering. Here the effect of salt, pH and glycerol were 

measured without arginine, as shown in Figure 3.12. The barycentric mean (BCM) reports on the 

unfolding of the protein and light scattering at 266 and 473nm report on the aggregation of the 

protein. The effect of pH appears to be modest, although the lowest pH values trialled cause 

aggregation, there appears to be an advantage at pH8.0 and pH8.5 in preventing aggregation 

(Figure 3.12A-C). The concentration of NaCl also appears to have a modest effect, with high salt 

concentrations preventing unfolding, but lower salt concentrations preventing aggregation. Near 

physiological salt does not promote aggregation in the same way that >500mM NaCl does (Figure 

3.12E-F), but still prevents unfolding more than lower salt concentrations (Figure 3.12D). In all 

cases it appears that increasing the concentration of glycerol improves the stability of the protein 

(Figure 3.12G-I), however, high glycerol concentrations are undesirable for use with gel filtration 
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columns (for future buffer exchange) due to the increased viscosity. The refolding buffer was thus 

altered for all subsequent experiments using the data from the Optim, the pH was increased from 

7.5 to 8.0 and the salt concentration was increased from 150mM to 300mM. 

 

Figure 3.12 

Data obtained from analysis of different buffer conditions using an Optim 1000 (Section 2.8.2). 

BCM (first column) reports on the unfolding of the protein and the light scattering (second two 

columns) on the aggregation of the protein at increasing temperatures. A-C: Changes in pH’s 

influence on the sample. D-F: The effect of changes to salt concentration on the sample. G-I: The 

effect of glycerol on the sample. 

 

3.4.3. Optimisation of refolding technique and subsequent removal of arginine 

 

Although arginine’s presence improves the soluble yield of the refolding reaction, it is not 

desirable to have arginine in solution with the protein when assessing activity as it suppresses 

protein interactions (Arakawa et al., 2007) and its presence interfered with collection of circular 

dichroism spectra. Arginine also proved difficult to remove from the protein solution after 

refolding through dialysis. Therefore, the refolding reaction was attempted in the 

endoribonuclease assay buffer (20mM HEPES pH8.0, 50mM KOAc, 0.5mM MgCl2, 10% 

glycerol, 3mM TCEP, Section 2.8.6) to remove the requirement of arginine, and additional steps 

of buffer exchange after refolding. Different refolding techniques were used and compared to the 

arginine refolding buffer at a protein concentration of 2.5μM. Figure 3.13 clearly shows that 
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refolding in each technique gives significantly lower yields in the absence of arginine. Also, that 

dialysis and dilution refolding give the highest protein yields. Although dialysis refolding gives 

a higher yield than dilution refolding, it significantly prolongs the protocol and the cytoplasmic 

domain may lose activity in this time, therefore dilution refolding was preferred. 

 

Figure 3.13 

The cytoplasmic domain isolated from inclusion bodies after E. coli expression was refolded 

using different techniques and buffer conditions at a concentration of 2.5μM. After the refolding 

process (Section 2.8.1) the concentration of soluble protein was measured, and the yield 

calculated using Bradford assays (Section 2.5.4, n=3). The refolding buffer containing arginine 

gave significantly higher yields in all methods (Dilution refolding p=0.0013**, NAP5 refolding 

p=0.0062** and dialysis refolding p=0.0013**). For the arginine buffer dialysis refolding has a 

significantly higher yield (p=0.049*) than dilution refolding. And dilution refolding gave a 

significantly higher yield than NAP5 column refolding (p=0.0266*). (*<0.05, **<0.01, 

***<0.001). 
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Figure 3.14 

Circular dichroism data for the refolded cytoplasmic domain. Experimental data suggests that 

the refolded cytoplasmic domain contains regions of secondary structure (measured at 4μM, 

Section 2.6.3, n=2). This is compared to a simulated curve for a solved cytoplasmic domain 

structure (PDB: 4U6R) using PDB2CD (Harrington et al., 2015; Mavridis and Janes, 2017). 

 

Because arginine was is required for high soluble protein yields but is difficult to remove from 

solution, a NAP5 gel filtration column was next trialled to buffer exchange the refolding reaction 

to remove arginine (Section 2.5.6.2). The advantage of this method being that it is less time 

consuming than dialysis and appears to completely remove the remaining arginine; the 

disadvantage being that the protein concentration is halved upon elution. After exchange to a 

suitable buffer using a NAP5 column and analysis by circular dichroism, the arginine interference 

with the spectrum previously described was no longer present. The circular dichroism spectrum 

is shown in Figure 3.14, although there is some error, the spectrum’s profile is indicative of a 

folded protein, suggesting that the refolding reaction allows the E. coli produced cytoplasmic 

domain to fold and adopt secondary structural elements. 

 

3.4.4. Validation of refolding reaction 

 

To further validate the circular dichroism result, the protein was injected onto a size exclusion 

column in refolding buffer (Figure 3.15). Size exclusion chromatography analysis reports on both 

the size and shape of a protein, through use of a calibration curve the cytoplasmic domain eluted 

at where a 54.2kDa protein would be expected to, which is a similar size to that of the construct 

calculated through mass spectrometry analysis (52292Da) and suggests a monomeric state. 

Although 12% of the protein in the chromatogram resides in this monomeric peak, there is an 
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abundance of protein eluting in the void volume of the column, suggesting the formation of large 

species. IRE1α’s cytoplasmic domain is known to form large oligomers in solution at higher 

concentrations (Korennykh, A. and Walter, 2012), so it’s possible that this is the case, although 

these species may also be aggregates of the protein. The amount of these large species present 

appeared to be sample-dependent, further investigation is therefore required into their cause to 

optimise the protocol. 

 

 

Figure 3.15 

Size exclusion chromatography of the refolded cytoplasmic domain. Left: The refolded 

cytoplasmic domain at injected at 30μM (Section 2.6.2). 12% of the protein appears where 

monomeric protein is expected and there is a significant portion of protein eluting in the void 

volume. Right: The calibration curve constructed from standard weight markers. The refolded 

cytoplasmic domain monomeric peak’s elution volume suggests a protein mass of 54.2kDa (red 

cross) where the protein’s actual mass is 52.3kDa. The elution of the large species is above 

2000kDa and therefore elutes in the void volume. 

 

To verify the refolding reaction further, the cytoplasmic domain was expressed using a 15N 

labelling strategy (Section 2.4.5.3) and refolded using the optimised method. The protein was 

analysed by NMR using a HN TROSY experiment and compared to a sample that was denatured 

in 6M urea (Figure 3.16). The spectrum for the denatured cytoplasmic domain shows low 

dispersion and high intensity of peaks, indicative of an unfolded protein (Okazaki et al., 2018; 

Gupta and Bhattacharjya, 2014). The spectrum for the refolded cytoplasmic domain on the other 

hand has many peaks disappear, this is expected for a large, 50kDa folded protein (Konrat, 2014). 
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Figure 3.16 

NMR HN TROSY spectra for 15N labelled cytoplasmic domain. In red is the cytoplasmic domain 

in a 6M urea solution, therefore unfolded. In black is the refolded cytoplasmic domain at 60μM 

(Section 2.7.1.1). Many peaks disappearing in the refolded sample suggest it’s refolded. 

 

Therefore, it appears as though the refolding reaction of IRE1α’s cytoplasmic domain after 

production in E. coli gives folded protein as confirmed by circular dichroism, size exclusion 

chromatography and NMR. The size exclusion chromatogram suggests that at the concentration 

used in refolding buffer, ~12% of the protein is monomeric and a large portion forms larger 

species that elute in the void volume. 

 

3.5. Measuring the activity of the refolded cytoplasmic domain 

 

With the refolding conditions optimised, the activities of the cytoplasmic domain were validated. 

These activities include the kinase domain’s ability to convert ATP to ADP, its ability to 

phosphorylate adjacent monomers and the protein’s endoribonuclease activity. 

 

3.5.1. Species present in activity assay buffers 

 

The emergence of large oligomeric species from the size exclusion chromatogram (Figure 3.15) 

may indicate that the protein is forming oligomeric species, or that the protein has low stability 

and therefore aggregates. To this end we wanted to first characterise the emergence of these 

species when the protein was buffer exchanged into the activity assay buffers. To do this the 
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protein was exchanged into each buffer using NAP5 columns (Section 2.5.6.2) and the 

hydrodynamic radius of species present was determined by dynamic light scattering (Figure 3.17). 

Although the proportions of the oligomeric to monomeric protein cannot be determined by this 

method, we observed the oligomeric species in all buffers used, including the refolding buffer, all 

at 2μM. Therefore, these large oligomers will be the major species present in all subsequent 

activity assays and may influence the apparent activity of the protein. 

 

Figure 3.17 

Dynamic light scattering analysis of the refolded cytoplasmic domain at 2μM when exchanged 

into different buffers using a NAP5 column (Section 2.8.3). This suggests that large species form 

in all buffers used. Shown is the predicted hydrodynamic radius of the monomer. 

 

3.5.2. The refolded cytoplasmic domain has kinase activity 

 

The kinase activity of the protein can be compared to that of protein produced in a eukaryotic 

system using the ADP-Glo kinase assay from Promega (Section 2.8.4), where an increased 

amount of ADP produced by kinase or ATPase activity causes an increase in luminescence. The 

kinase assay was carried out with 0, 30 and 60-minute timepoints and the results of the assay are 

shown in Figure 3.18. When comparing the 60-minute time point for each protein, the cytoplasmic 

domain produced in E. coli has 23.6% the activity of the protein produced by eukaryotic 

expression systems. This lower activity compared to eukaryotically produced protein may be due 
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to the protein being inactive and the apparent kinase activity coming from impurities in the sample 

or because the majority of the protein forms aggregated and inactive species, as observed in size 

exclusion chromatography and dynamic light scattering experiments (Figures 3.15 and 3.17). 

 

To determine the cause of the lower kinase activity the I642G mutant was created, which lacks 

kinase activity (Han et al., 2009). The protein was expressed in E. coli, validated, purified and 

refolded using the protocol optimised for the wild-type protein. The mass spectrometry analysis 

and circular dichroism spectrum of refolded I642G are compared to wild-type protein in Figure 

3.18 and show no significant differences in proportion of secondary structural elements. 

 

 

Figure 3.18 

The kinase activity of the refolded cytoplasmic domain was compared to the kinase dead I642G 

mutant and cytoplasmic domain produced eukaryotically using the Promega ADPglo assay 

(Section 2.8.4, n=3). Shown are the activities of the proteins as a percent of eukaryotic 

cytoplasmic domain activity. The refolded wild-type protein has 23.6% the activity of the 

eukaryotic protein after 60 minutes, and the I642G mutant has 0.74%. 

 

The role of the I642G mutant is to provide a negative kinase activity control, the mutant has been 

expressed and refolded in the same protocol as the wild-type construct. Therefore, as the mutant 

has no kinase activity, but wild-type protein does, we can conclude that the wild-type protein has 

kinase activity which is not due to impurities in its preparation and the lower kinase activity 

observed is likely due to the large species present in the sample being inactive. 
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Figure 3.19 

Validation for the I642G mutant. A: Mass spectrometry analysis of the mutant suggests a mass of 

51225Da, where the expected mass is 51238Da (Section 2.6.1.2). The sequencing result suggests 

that the protein has the correct sequence, this difference in mass has been observed in samples of 

different proteins and may be instrument-dependent. However, the protein’s lack of kinase 

activity after purification in the same protocol as wild-type protein suggests the kinase activity 

observed in Figure 3.17 is not due to impurities. B. Comparison of circular dichroism spectra 

(Section 2.6.3, n=2) for the wild-type and I642G refolded proteins suggests both contain elements 

of secondary structure. 

 

Kinase domains consist of two lobes that must interact in a precise conformation to achieve 

activity (Section 1.5.1). Due to the complexity of kinase domains there are seldom examples of 

successfully refolded kinase activity in the literature (Hibino et al., 1994; Nguyen Sle et al., 2014). 

Therefore the ~25% kinase activity of the refolded cytoplasmic domain is a positive result. At the 

30μM injected concentration, 12% of the protein is monomeric (Figure 3.15) and at 500nM for 

the kinase assays the proportion of monomeric protein is likely to be higher, therefore if the large 

species are inactive aggregates this would agree with the kinase assay results of ~25% activity. 

However, further investigation into the formation of larger species is required. 

 

3.5.3. Autophosphorylation of the protein 

 

As evidenced in Figure 3.18 the refolded cytoplasmic domain can hydrolyse ATP, however, its 

phosphoryl-transfer activity must be tested, as this is important for regulation of endoribonuclease 

activity (Itzhak et al., 2014; Prischi et al., 2014). To promote phosphorylation, the refolded 

cytoplasmic domain was incubated with ATP and MgCl2 (Section 2.8.5) and submitted for 

molecular mass analysis by mass spectrometry (Figure 3.20). Phosphorylation of three activation 

loop serine residues is expected to occur, which would add 80Da each. The reaction was carried 

out with 50μM and 25μM protein, however, no phosphorylation was observed, as presented in 
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Figure 3.20A-C. It seemed possible that the 6His tag present in the construct may inhibit 

phosphorylation, so the TEV site was cleaved by TEV protease before incubation (Section 2.8.7). 

However, removal of the 6His N-terminal region did not enable phosphoryl-transfer either, as 

shown in Figure 3.20D-E. 

 

To ascertain whether the kinase region is unable to coordinate the phosphoryl-group for transfer 

or the activation loop is not able to be coordinated correctly, the refolding reaction was carried 

out with 1% IRE1α cytoplasmic domain produced in a eukaryotic system in the presence of ATP 

before additional incubation at room temperature with ATP. However, no phosphorylation of the 

E. coli produced protein was observed by mass spectrometry (Figure 3.20F). This suggests that 

eukaryotic protein cannot phosphorylate the protein’s activation loop and therefore an incorrect 

conformation of the activation loop may be adopted in E. coli refolded protein. The activation 

loop is suggested to be flexible before phosphorylation from X-ray crystallography studies 

(Concha et al., 2015; Joshi et al., 2015) and may become trapped in a conformation that inhibits 

its orientation for correct phosphoryl-transfer. 

 

To validate that the E. coli protein wasn’t already phosphorylated during expression, it was 

incubated with phosphatases before being sent for mass spectrometry analysis (Figure 3.20G-H). 

Again, the same mass of 51292Da was observed, indicating the protein wasn’t already 

phosphorylated. These results suggest that although the refolded kinase domain can hydrolyse 

ATP, it may not able to coordinate the phosphoryl-transfer to the activation loop of an associated 

monomer. This may be due to the protein not being able to form the face-to-face dimer (Section 

1.5.3) (Ali et al., 2011) or the activation loop not adopting the correct orientation. It is possible 

that as these reactions are carried out with relative high concentrations of the cytoplasmic domain, 

the large and likely inactive oligomers become the dominant species, any active protein left that 

is able to trans-autophosphorylate would fall within the noise of the mass spectrometry spectrum. 

Therefore, ideally more conditions would be trialled for the autophosphorylation reaction. 
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Figure 3.20 

Mass spectrometry molecular mass determination results from attempts to promote 

autophosphorylation of the refolded cytoplasmic domain. A-C: Different concentrations of the 

refolded cytoplasmic domain incubated at room temperature with 5mM ATP and 5mM MgCl2 

and without before being analysed by mass spectrometry (Sections 2.6.1.2 and 2.8.5, n=2 with 

only one result shown for each). D-E: TEV-cleavage of the refolded cytoplasmic domain to 

remove the N-terminal 6His-tag (Section 2.8.7) and incubation with 5mM ATP and 5mM MgCl2 

and without. F: The cytoplasmic domain refolded with 1% of eukaryotically expressed 

cytoplasmic domain with 5mM ATP and 5mM MgCl2 and incubation at room temperature. G-H: 

The refolded cytoplasmic domain with and without incubation with phosphatase inhibitors. 

 

3.5.4. Analysis of the protein’s endoribonuclease activity 

 

Endoribonuclease activity is crucial to the cellular role of IRE1α as it determines the outcome of 

ER stress. This activity is regulated by the kinase domain’s binding of nucleotides and 

phosphorylation state (Prischi et al., 2014; Wang, L. et al., 2012). The refolded cytoplasmic 

domain appears to lack phosphoryl-transfer activity but can bind ATP and hydrolyse it. Here, the 

endoribonuclease activity is assessed, and how it is influenced by the kinase domain and 

formation of larger species. 
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Figure 3.21 

Schematic of the XBP-1 mRNA mimic. Before cleavage the black hole quencher (BHQ) group 

prevents the FAM group from emitting fluorescence. After cleavage the BHQ group is no longer 

proximal to the FAM group, so it fluoresces after excitation at 494nm. This XBP-1 mRNA mimic 

is used in the FRET depression assays to measure endoribonuclease activity of IRE1α cytoplasmic 

domain (Section 2.8.6). 

 

For in vitro detection of endoribonuclease activity, a mimic of the cytoplasmic domain’s target 

mRNA, XBP-1 (Itzhak et al., 2014) is used. The mimic contains a fluorescent group and a 

quenching group for use in a fluorescence resonance energy transfer (FRET) depression assay. 

Before cleavage the fluorescent group is quenched but after cleavage the fluorescent signal 

increases (Figure 3.21). 

 

3.5.4.1. The refolded cytoplasmic domain cleaves the XBP-1 mRNA mimic 

 

To initially determine whether the refolded cytoplasmic domain has endoribonuclease activity, 

the mRNA mimic was incubated with 100nM refolded E. coli or eukaryotically produced IRE1α 

cytoplasmic domain with ATP, ADP or in the absence of both and the fluorescence increase from 

the mRNA substrate being cleaved was monitored. Figure 3.22 shows that addition of ADP or 

ATP increase endoribonuclease activity to a similar extent in both the refolded and eukaryotic 

IRE1α. In all conditions the refolded protein has similar endoribonuclease activity to the 

eukaryotic protein (ATP: 77.7%, ADP: 87.4%, APO: 89.3%). Therefore, this suggests that the E. 

coli produced cytoplasmic domain has endoribonuclease activity similar to eukaryotically 

produced protein and that this activity is modulated by the inclusion of nucleotides. Although the 

protein appears unable to autophosphorylate to increase its activity, previous study suggest that 
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binding alone of nucleotides and nucleotide mimics to the kinase domain of the protein can 

promote a more active endoribonuclease domain conformation (Wang, L. et al., 2012; Han et al., 

2009). The low concentration of protein used here (100nM) may inhibit the formation of the large 

oligomers observed previously for the refolded protein (Figure 3.15 and 3.17) and therefore leave 

a higher proportion of active protein. Further to this, the E. coli protein may be able to 

autophosphorylate under the conditions used, thus giving similar activity as eukaryotically 

produced protein in the presence of ATP. However, this may also be an effect of the low 

concentration of protein used limiting the autophosphorylation-dependent increase in 

endoribonuclease activity of the eukaryotic protein expected (Prischi et al., 2014), when 

previously studied at the concentrations used here there was only a small increase in mRNA 

cleavage observed (Itzhak et al., 2014). 

 

 

Figure 3.22 

The endoribonuclease activity of the refolded cytoplasmic domain at 100nM is measured over 

time compared to eukaryotically produced cytoplasmic domain in the presence of ATP and ADP 

and without. 100nM FRET mRNA substrate used (Section 2.8.6.1, n=3) and values reported in 

relative fluorescence units (RFU) to samples containing no protein. A. Refolded E. coli expressed 

cytoplasmic domain. B: Eukaryotic protein. The refolded protein has an increase in 

endoribonuclease activity upon addition of ADP or ATP and has similar rates of mRNA cleavage 

as eukaryotically produced protein. 

 

3.5.4.2. The effect of concentration on endoribonuclease activity 

 

The cytoplasmic domain’s endoribonuclease activity is drastically increased at higher 

concentrations due to oligomerisation in vitro, with a reported coefficient of 114nM for 

phosphorylated protein and 369nM for unphosphorylated protein (Itzhak et al., 2014). This 

suggests that the assays in Figure 3.22 are representative of monomeric or dimeric forms of the 

protein. Therefore, the refolded protein was next assessed for its ability to oligomerise and 

increase endoribonuclease activity (Figures 3.23 and 3.24). Increasing concentrations of refolded 
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cytoplasmic domain were incubated with the same mRNA substrate shown in Figure 3.21. The 

fluorescence was measured, and the amount of mRNA cleaved was calculated from a standard 

curve using RNase A (2.8.6.2). Figure 3.23 suggests that the effect of increasing concentration is 

not linear, indicating that the refolded cytoplasmic domain is capable of 

dimerisation/oligomerisation in the conditions of this assay. 

 

 

Figure 3.23 

The endoribonuclease activity assay was carried out with refolded cytoplasmic domain at a range 

of concentrations over multiple time points with 25nM FRET mRNA substrate. This data suggests 

that the relationship between concentration of the refolded cytoplasmic domain and 

endoribonuclease activity is not linear, suggesting dimerisation or oligomerisation of the protein 

(Section 2.8.6.2, n=3). As a negative control the K907A mutant (Tirasophon et al., 2000) was 

created and refolded in the same way as the wild-type protein. However, the constructs refolding 

reaction could not be validated and thus was not used, therefore there is no negative control for 

endoribonuclease activity. 

 

Upon plotting the data as a function of mRNA spliced against the concentration of IRE1α present 

the refolded IRE1α appears to have an IC50 value of 517nM where the literature value for 

unphosphorylated protein is 369nM (Figure 3.24) (Itzhak et al., 2014). In the same study the IC50 

value of cytoplasmic domain after phosphorylation was 114nM, upon incubation with ATP the 

splicing activity of the refolded cytoplasmic domain increases but a plateau could not be achieved 

as the refolded protein is not stable above 1μM in these assays, therefore no IC50 value could be 

calculated (Itzhak et al., 2014). Although these results lack the K907A mutant (mutant created 

but refolding assay not validated) as a negative control, it is unlikely that an impurity from 

purification would be able to cleave the XBP-1 mimic in an ATP-dependent manner, suggesting 

that the refolded protein can dimerise/oligomerise and responds to ATP for an increased 

endoribonuclease activity. 
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Figure 3.24 

Endoribonuclease activity of increasing concentrations of the refolded cytoplasmic domain, with 

and without ATP and 25nM FRET mRNA substrate. The inclusion of ATP increases the 

endoribonuclease activity of the protein. The IC50 value of the APO state is 517.9nM, this is 

somewhat similar to that reported in the literature of 369nM (Itzhak et al., 2014). Due to the 

instability of the protein at higher concentrations a fit wasn’t obtained for the assay in the 

presence of ATP (Details of assay in Section 2.8.6.2, n=3). 

 

The protein losing activity at higher concentrations in this assay again suggests that the refolded 

protein is unstable and liable to form inactive species at higher concentrations, as observed in 

Figures 3.15 and 3.17 and as suggested by the ~25% kinase activity of the protein. It was therefore 

hypothesised that the large species are inactive aggregates, and that they would also lack 

endoribonuclease activity. 

 

3.5.4.3. Characterising the endoribonuclease activity of monomeric and 

oligomeric species 

 

To characterise the activity of the large species observed, the cytoplasmic domain was incubated 

with ATP, ADP or neither and analysed by size exclusion chromatography. The monomeric and 

oligomeric fractions were collected, their concentrations measured, and endoribonuclease assays 

carried out using them (Figure 3.25). The endoribonuclease experiments used 100nM of protein 

only, to prevent further loss in activity from extensive sample preparation or potential aggregation 

from higher concentrations. 

 

It is apparent that the oligomeric fractions do not have endoribonuclease activity (Figure 3.25), 

whereas, in the presence of ADP and ATP the monomeric fractions splice the mRNA target. 
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Interestingly the APO monomeric fraction doesn’t appear to have endoribonuclease activity, this 

may be due to the protein losing the small amount of endoribonuclease activity it has in the APO 

state due to the extent of sample preparation for this assay. The active portion of the protein 

appears to have lower activity than previously observed in Figure 3.22 and this is also likely due 

to the lengthy sample preparation. These results suggest that large species are aggregates of the 

refolded cytoplasmic domain and appear to be the cause of lower than expected kinase activity 

(Figure 3.18) and the inability to measure endoribonuclease activity at higher protein 

concentrations (3.24). 

 

 

Figure 3.25 

The endoribonuclease activity of monomeric and oligomeric species from size exclusion 

chromatography in the presence of ATP and ADP or neither. The refolded cytoplasmic domain 

was injected onto a size exclusion column (Section 2.6.2) at a concentration of 30μM with no 

nucleotide added, with 2mM ATP and with 2mM ADP (all in refolding buffer + 5mM MgCl2). 

The monomer (blue) and oligomer (black) fractions were collected and analysed by 

endoribonuclease activity assays with 100nM of protein and 25nM FRET mRNA substrate 

(Section 2.8.6.1). The void volume fraction appears to be inactive aggregate rather than the 

protein forming canonical oligomers. 

 

Due to restraints of the endoribonuclease assays caused by protein instability and incomplete 

characterisation of the K907A mutant as a negative control more work is needed to compare the 

cytoplasmic domain produced in E. coli to eukaryotically expressed protein in all aspects. 

However, the results presented here suggest that the refolded protein that doesn’t form aggregates 

has endoribonuclease activity similar to that of eukaryotically expressed protein at low 
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concentrations and can respond to both nucleotide binding to the kinase domain and canonical 

oligomerisation effects as expected from the literature (Wang, L. et al., 2012; Concha et al., 2015; 

Prischi et al., 2014). 

 

3.6. Conclusion 

 

Figure 3.26 

A schematic summarising the process, results and future direction of the expression and 

characterisation of the cytoplasmic domain of IRE1α in E. coli. 

 

The cytoplasmic domain of human IRE1α has never been stably produced in E. coli expression 

systems before, likely due to the protein’s insolubility upon E. coli expression and complex kinase 

extension endoribonuclease conformation making solubilisation or refolding of the protein a 

daunting task. Here, the IRE1α cytoplasmic domain construct is prepared and cloned it into three 

different plasmid vectors. Different growth conditions for soluble expression of the construct in 
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E. coli were trialled and optimised yield for expression of the protein in inclusion bodies and the 

subsequent isolation and purification of the construct. The refolding reaction of IRE1α’s 

cytoplasmic domain was then optimised to produce folded protein confirmed by multiple 

techniques.  

 

This protocol required some further optimisation, as the main detractor is the appearance of high 

order species, the amount of which appear to be dependent on concentration and sample handling. 

It was first considered that these may be canonical oligomers forming, but when the protein’s 

activity was measured it became apparent that the large species are inactive and therefore likely 

aggregates suggesting instability of the refolded protein. However, after optimising a series of 

assays to measure the refolded protein’s kinase, phosphoryl-transfer and endoribonuclease assays 

the protein’s native state refolding could be truly validated. Demonstrated here is a protocol to 

give 12% or above (seemingly dependent on concentration) near native folded protein with kinase 

activity and exhibiting endoribonuclease activity which increases in the presence of ATP or ADP 

and upon an increase in concentration. This suggests that the refolded E. coli produced protein 

can form canonical oligomers to increase endoribonuclease activity and also that binding to its 

kinase domain can cause long range conformational rearrangements to affect endoribonuclease 

activity, as in eukaryotically produced protein (Lee, K.P. et al., 2008; Itzhak et al., 2014; Wang, 

L. et al., 2012; Concha et al., 2015). A schematic summary of this chapter is shown in Figure 

3.26. 

 

Throughout the study of IRE1α’s cytoplasmic domain, the difference in conformation of an 

adaptively acting protein and a protein targeting RIDD substrates has not been understood. By 

optimising a protocol to produce the cytoplasmic domain construct in an E. coli expression 

system, much larger quantities of protein can be produced which will allow use of high-powered 

structural techniques that can elucidate the dynamic endoribonuclease domain of the cytoplasmic 

domain (Concha et al., 2015). One high precision structural technique that particularly benefits 

from E. coli expression of proteins is NMR, with which an initial result for the refolded 

cytoplasmic domain has been obtained here (Figure 3.16). Increased understanding of the 

conformations adopted by this domain can aid in the design of drugs to differentiate between the 

protein’s opposing activities. Therefore, with some further optimisation to reduce the emergence 

of the inactive large oligomers, production of IRE1α’s cytoplasmic domain in E. coli using this 

protocol will allow for a more precise understand of the protein’s activation. 
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4. Mechanistic understanding of the luminal domain’s 

activation cascade 

 

4.1. Introduction 

 

The endoplasmic reticulum luminal domain of IRE1α senses endoplasmic reticulum stress and 

acts as the initiating factor for downstream signal propagation by clustering to increase the local 

concentration of the cytoplasmic domain (Walter and Ron, 2011). As described previously 

(Section 1.4.5), there are discrepancies in the field as to the activation mechanism of the luminal 

domain. 

 

The luminal domain is thought to exist in an equilibrium of monomers and dimers with the 

potential to form oligomers at higher concentrations in vitro (Zhou et al., 2006; Liu et al., 2003; 

Karagoz et al., 2017). Upon endoplasmic reticulum stress, oligomers are thought to be formed 

and stabilised by the binding of unfolded proteins to a groove in the luminal domain, promoting 

formation of IRE1α clusters (Karagoz et al., 2017). However, an interaction between BiP and 

IRE1α’s luminal domain dimers, promoted by ERdj4, represses activation (Amin-Wetzel et al., 

2017). There is also evidence of BiP’s interaction with the luminal domain via a non-canonical 

interaction of its nucleotide binding domain, repressing activation (Kopp et al., 2018; Carrara et 

al., 2015). 

 

It is not yet understood whether the release of BiP repression or direct unfolded protein binding 

is the principle cause of activation. In addition to this, the activation by unfolded proteins has not 

been fully characterised and no mechanism to abrogate this signal has been identified. Existing 

models for activation of the luminal domain are described in Section 1.4 and are summarised in 

Figure 4.1. 

 

As with the cytoplasmic domain in Chapter 3, the luminal domain can be studied in the absence 

of the cytoplasmic domain in vitro (Liu et al., 2002). Previous in vitro study of the luminal domain 

in the Zhuravleva research group by Sam Dawes and Łukasz Wieteska has provided three 

conclusions: the human IRE1α luminal domain has a sub-µM dimerisation constant, in the 

presence of high concentrations of the unfolded protein mimic peptide, ΔEspP (Gardner and 

Walter, 2011), the luminal domain forms large insoluble species and that the inclusion of BiP and 

ATP de-oligomerise the large insoluble species formed to smaller oligomers (Figure 4.1C).  



104 

 

 

 

These findings suggest that the luminal domain’s precipitate may be a physiologically relevant 

active conformation of IRE1α, that BiP can target and dispel. However, understanding of the 

precipitated luminal domain’s conformation and BiP’s interaction are lacking, therefore, 

quantitative approaches are required. In this chapter the preliminary results from Sam Dawes and 

Łukasz Wieteska are used as a basis to firstly investigate the luminal domain’s conformational 

landscape in the absence of stress, then quantitative approaches are used to study the effect of 

ΔEspP on this before characterising BiP’s role in resolubilising IRE1α and peptide complexes. 
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Figure 4.1 

Different models for the activation and termination of IRE1α’s signalling, focusing on the 

endoplasmic reticulum luminal domain’s activation. A. The BiP binding model, where the 

molecular chaperone BiP binds to and represses activation of IRE1α, mediated by ERdj4 (Amin-

Wetzel et al., 2017). Upon stress, an increase in unfolded proteins present in the endoplasmic 

reticulum cause BiP to dissociate from IRE1α to bind to these. IRE1α’s luminal domain is then 

able to dimerise and oligomerise to elicit a downstream stress response. B. The unfolded protein 

binding model. Here BiP release does not activate the luminal domain, instead the luminal 
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domain directly binds unfolded proteins through its MHC-like binding groove, once bound the 

protein’s active state is stabilised allowing it to oligomerise and elicit a response (Karagoz et al., 

2017). C. Previous research carried out by Sam Dawes and Łukasz Wieteska shows that the 

luminal domain forms insoluble species after incubation with high concentrations of ΔEspP. The 

inclusion of BiP and ATP with these insoluble species is able to re-solubilise them. However, 

detail about each of these mechanisms is lacking. 

 

4.2. IRE1α luminal domain conformations in the absence of binding partners 

 

Initially, the luminal domain’s conformational landscape in the absence of interacting partners 

was explored. To investigate whether the full-length luminal domain formed oligomers in the 

absence of peptide, increasing concentrations of the luminal domain were injected onto a size 

exclusion column (Figure 4.2), using the size of the peak eluted, the actual concentration of the 

protein on the column was calculated (Section 2.6.2.2). As discussed in Section 1.4.1, the luminal 

domain is highly disordered and therefore the elution volume of the protein is not in agreement 

with the size of globular protein calibrants used. For this reason a dimerisation perturbed mutant 

(D123P) (Zhou et al., 2006) was used to dictate the elution volume of monomeric protein and 

therefore, where dimeric protein will elute was estimated (Figure 4.2A). 

 

In addition to the expected monomeric and dimeric protein, larger species are identified at higher 

concentrations (>3µM), suggesting that oligomerisation occurs without the requirement of 

unfolded proteins binding. To validate that the protein’s equilibrium is not significantly different 

to that observed previously, microscale thermophoresis study of the protein was carried out 

(Figure 4.2B). The microscale thermophoresis data suggests that the protein undergoes a 

conformational change with a sub-µM constant (0.36±1.2µM), this in good agreement with 

previous study of the protein’s dimerisation constant (K1/2=0.2±0.03µM, work carried out by Sam 

Dawes). Similar to the previous microscale thermophoresis study, at higher concentrations of 

luminal domain (>6µM) inflections in the data are observed, suggesting additional changes in 

conformation are occuring. The size exclusion data presented here now suggests that this may be 

due to oligomerisation of the domain. Size exclusion does not provide the same precision as 

microscale thermophoresis and therefore further study is required to gain a more precise 

oligomerisation constant for the luminal domain in the absence of peptide interaction. 
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Figure 4.2 

With no binding partners IRE1α’s luminal domain exists in an equilibrium between monomeric 

and dimeric protein with oligomers forming at increased concentrations. A. Size exclusion 

chromatogram of wild-type luminal domain at a range of concentrations and 6µM (calculated 

concentration, Section 2.6.2) of the dimerisation impaired mutant (D123P) (Zhou et al., 2006). 

B. Microscale thermophoresis (Section 2.9.5, n=3) was used to calculate the association of 

IRE1α’s luminal domain from monomers into presumed dimers. An apparent K1/2 value of 

0.36±1.16µM was calculated from the fitted curve, in agreement with previously obtained sub-

µM values for this constant in the research group (work carried out by Sam Dawes). 

 

Luminal domain oligomerisation in the absence of peptide, observed here with the full-length 

protein, has previously been described with the core luminal domain protein (lacking the 60 

residue-long juxtamembrane linker region) (Karagoz et al., 2017). The core domain was thusly 

analysed using the same methodology as in Figure 4.2A (Figure 4.3) to validate that the full-

length and core luminal domain exist in similar states at the concentrations used. The data 

suggests that the same effect is observed for the core domain and is therefore in agreement with 

the Karagoz et al. (2017) publication and that a similar response is observed with the core domain 

protein as the full-length. Due to the lack of a monomeric control sample for the core luminal 

domain, it is not possible to accurately calculate the size of the multimers observed or estimate 

dimerisation and oligomerisation constants. However, using molecular weight calibrants (Section 

2.6.2.2) the size of the smallest species eluted was calculated to be 103kDa, using this estimation 

it is clear that species over double the size of these elute from the column at higher concentrations, 

suggesting the appearance of oligomeric species in the core luminal domain also. 
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Figure 4.3 

Higher concentrations of IRE1α’s core luminal domain form larger species than dimers, in 

agreement with previous study (Karagoz et al., 2017). Increasing concentrations of the core 

luminal domain were analysed on a size exclusion chromatography column (Section 2.6.2). At 

the highest concentration measured, species greater than two-fold the size of the smallest species 

observed eluted from the column, suggesting the formation of larger species than dimers. 

 

In this section, IRE1α’s conformations in the absence of binding partners were investigated. The 

first finding is that the luminal domain exists as an equilibrium between monomers and dimers at 

lower concentrations, with a sub-µM dimerisation constant (in agreement with work carried out 

by Sam Dawes). This is a much reduced dimerisation constant that observed for yeast protein 

(~10µM) (Credle et al., 2005), suggesting that the processes that determines IRE1α activation 

may be vastly different between the two organisms. The increased propensity for human IRE1α 

luminal domain dimerisation corroborates with the requirement for ERdj4 to recruit BiP to 

luminal domain dimers to repress clustering of the domain (Amin-Wetzel et al., 2017). The 

dimerisation constant for the core luminal domain of IRE1α has been previously reported to be 

2.5µM by use of analytical ultracentrifugation (Karagoz et al., 2017), this is weaker than the 

interaction observed here for full-length luminal domain. This may be due to different techniques 

used or may represent a role of the linker region in promoting dimerisation; ideally the two 

domains would be compared by microscale thermophoresis to give a more precise comparison. 

 

The second finding presented in this section is that the full-length luminal domain construct is 

also able to oligomerise in the absence of unfolded protein mimics, with an estimated constant of 

>10µM (Figure 4.2A; different methods of study are required to validate this). This is in 

agreement with a previous study that suggests that the luminal domain transiently adopts an 

oligomer-active state and therefore oligomerises at higher concentrations in the absence of peptide 

(Karagoz et al., 2017). The data presented here therefore suggests that IRE1α’s luminal domain 
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exists in a conformational equilibrium in the absence of unfolded protein, with a high affinity to 

dimerise and higher concentrations required for oligomerisation, as represented in Figure 4.4.  

 

 

Figure 4.4 

Summary of the luminal domain’s dynamic equilibrium in the absence of unfolded protein. In the 

absence of unfolded protein, the luminal domain appears to exist in a concentration-dependent 

equilibrium between monomeric, dimeric and oligomeric species. Oligomers are formed at higher 

concentrations due to a presumed transient state adopted by the dimer allowing for oligomers 

(Karagoz et al., 2017). The apparent dimerisation dissociation constant is sub-µM. 

 

4.3. IRE1α substrate-induced oligomerisation  

 

Next, the effect of unfolded proteins on the luminal domain’s conformational landscape (Figure 

4.4) will be investigated. As discussed in Section 1.4, recent evidence suggests that unfolded 

proteins are able to bind to the human luminal domain’s groove region and promote the formation 

of oligomers through an identified oligomerisation interface (residues 357-361 WLLI) (Karagoz 

et al., 2017). Further to this, preliminary results (work carried out by Sam Dawes) suggest that 

interaction with ΔEspP promotes luminal domain oligomerisation and incubation with higher 

peptide concentrations causes formation of insoluble luminal domain species. Therefore, in the 

following section the effect of unfolded protein mimics on IRE1α’s luminal domain’s multimeric 

state and formation of insoluble species will be investigated by use of quantitative methods. 

 

4.3.1. Interaction with peptide induces luminal domain oligomerisation 
 

Initially, to ascertain whether the unfolded protein mimic; ΔEspP (sequence: 

MKKHKRILALCFLGLLQSSYSAAKKKK) (Gardner and Walter, 2011) binds to IRE1α and 

initiates oligomerisation, fluorescence polarisation (Section 1.6.1.1) was used (Figure 4.5). In 

previous studies the peptide used was the fluorescently labelled species, therefore giving 
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information about peptide binding to the luminal domain (Karagoz et al., 2017; Gardner and 

Walter, 2011), here information is given about the luminal domain’s oligomerisation upon 

addition of peptide as the luminal domain is the labelled species. An increase in luminal domain 

size (increase in anisotropy) is observed upon addition of ΔEspP, suggesting that it promotes 

formation of oligomeric species. As the luminal domain is the fluorescently labelled species and 

ΔEspP is only 3kDa in size, binding to the 50kDa luminal domain is not expected to elicit a 

significant increase in the observed polarisation, therefore indicating that this increase in 

fluorescence polarisation is due to IRE1α oligomerisation.  

 

 

Figure 4.5 

Increasing concentrations of ΔEspP cause an increase in the size of IRE1α luminal domain 

multimers. ΔEspP peptide sequence: MKKHKRILALCFLGLLQSSYSAAKKKK (Gardner and 

Walter, 2011). FITC-labelled IRE1α luminal domain at 50nM was incubated with increasing 

concentrations of ΔEspP for 30 minutes and the fluorescence polarisation measured (Section 

2.9.4, n=3). The apparent constant for this peptide-dependent oligomerisation in wild-type 

protein is 20.59±1.13µM. 

 

The apparent constant for peptide-dependent oligomerisation is 20.6µM. This is weaker than 

values for peptide binding to the luminal domain observed in the literature (6.4µM) (Carrara et 

al., 2015), suggesting that the constant observed here involves multiple processes, likely the 

binding of peptide and the subsequent oligomerisation of the luminal domain. 

 

4.3.2. Quantification of peptide-induced formation of insoluble oligomers 
 

Fluorescence polarisation doesn’t allow for quantification of insoluble species formed by the 

luminal domain. Formation of insoluble species suggests large scale oligomerisation of the 

luminal domain with increased concentrations of ΔEspP may be occurring, where increasingly 

large oligomers eventually precipitate. This effect has also been reported for increasing 

concentrations of the cytoplasmic domain, which forms a rotating filament of dimeric species and 
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light absorbance measurements suggest high-order oligomerisation (Korennykh, A. and Walter, 

2012). Investigation of high-order oligomerisation of the luminal domain can provide more 

information about a potential mechanism of the luminal domain to facilitate large scale clustering 

of IRE1α’s cytoplasmic domain in high stress conditions, as observed previously (Li, H. et al., 

2010; Sundaram et al., 2017). Here, turbidity assays are used alongside solubility assays to 

quantify the formation of larger insoluble species (Borgia et al., 2013) in response to increasing 

peptide concentrations (representing stress conditions), as described in Section 1.6.3. 

 

4.3.2.1. ΔEspP promotes formation of insoluble species in a concentration-
dependent manner 

 

Turbidity assays were first carried out with the wild-type luminal domain construct using 

increasing concentrations of ΔEspP (Figure 4.6A). Increasing concentrations of peptide promote 

increased OD400 values in the turbidity assay, indicating that larger oligomers are formed in a 

peptide-dependent manner, this is in agreement with the preliminary data described (work carried 

out by Sam Dawes). It is also apparent that the luminal domain oligomerises instantly upon 

addition of peptide and that the measured OD400 values plateau after ~180 minutes, suggesting 

a time dependence for the formation of larger species. 
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Figure 4.6 

Upon addition of peptide, IRE1α’s luminal domain forms large insoluble oligomers. A. 20µM of 

IRE1α’s luminal domain was incubated with different concentrations of ΔEspP and the OD400 

value was measured over time in a turbidity assay (Section 2.9.6.1, n=3). B. After 180 minutes 

the reaction of IRE1α’s luminal domain with increasing concentrations of ΔEspP has the amount 

of soluble protein measured and the amount of insoluble protein calculated (Section 2.9.6.2, 

n=3). C. From the results in panel B a calibration curve of the amount of aggregated protein to 

OD400 absorbance value was produced (equation y=-0.06083x+0.1902x5.039). D. Using the 

calibration curve in panel C the amount of aggregated protein over time was plotted from the 

data in panel A. E. The amount of insoluble protein was plotted against time3 (Borgia et al., 2013) 

to give near linear relationships for each peptide concentration. The gradient of these linear 

relationships was calculated and plotted against peptide concentration. The rate of large 
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oligomer formation is dependent on peptide concentration. F. The expected mechanism observed 

by OD400 analysis. M is monomeric protein, D is dimeric, D* is the oligomer-active dimeric 

protein, O are oligomers of different sizes observed by OD400, and On represents the oligomeric 

size required for protein precipitation. 

 

Although OD400 measurements cannot report on the size of the species formed, they can report 

on the amount of insoluble oligomers present and so the turbidity assay conditions were repeated 

and the amount of soluble and insoluble protein calculated after 180 minutes (Figure 4.6B). A 

calibration curve was then constructed for the relationship between OD400 measurements and 

the amount of insoluble protein (Figure 4.6C) (Borgia et al., 2013). The calibration curve was 

used to understand the peptide concentration and time dependence of insoluble oligomer 

formation (Figure 4.6D). It is apparent that the amount and rate of insoluble oligomer formation 

is also dependent on the amount of peptide added to the reaction (Figure 4.6D and E). The 

mechanism hypothesised to be observed by the turbidity assays is shown in Figure 4.6F, where 

monomeric protein dimerises, the dimeric protein adopts an oligomer-active state as previously 

suggested (Karagoz et al., 2017) which forms repeating units of dimeric protein, similar to the 

oligomers suggested to occur with yeast protein (Credle et al., 2005). Increasing the oligomer unit 

size eventually causes protein precipitation and as observed here, the presence of peptide pushes 

equilibrium towards the formation of larger species until they precipitate. To demonstrate the 

effect of peptide concentration on formation of large insoluble oligomers, the amount of insoluble 

protein was plotted against the ΔEspP concentration used, the apparent constant was calculated 

to be 30.5µM, although the data is only plotted using five data points (Figure 4.7). 

 

 

Figure 4.7 

Amount insoluble IRE1α luminal domain after incubation with different amounts of ΔEspP. The 

end point OD400 values from turbidity assays were measured and the calibration curve in Figure 

4.6C was used to calculate the amount of insoluble protein (Section 2.9.6) (Borgia et al., 2013). 

The amount of insoluble protein was plotted against the concentration of ΔEspP. The constant of 

the interaction was calculated to be 30.52 ±1.12µM. 
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Here, turbidity assays are introduced as a technique capable of further characterising formation 

of luminal domain oligomers upon addition of peptide. Using turbidity assays the emergence of 

larger insoluble oligomers and their dependency on peptide concentration is characterised as well 

as the time taken for the reaction to plateau. The data thus far doesn’t conflict with the model 

shown in Figure 4.6F, that the inclusion of peptide influences IRE1α’s luminal domain’s resting 

conformational landscape of monomers, dimers and oligomers to promote the formation of larger 

repeating units of protein, further evidence is supplied in the following sections. 

 

4.3.2.2. The effect of peptide binding affinity on luminal domain oligomerisation 
 

To determine whether the formation of oligomers is dependent on the affinity for the peptide 

added, the MPZ1 peptide (sequence: LIRYCWLRRQAALQRRISAME) was used. The MPZ1 

peptide has previously been shown to bind to the luminal domain with lower affinity than ΔEspP 

(MPZ1: 24±4.7µM ΔEspP: 6.4µM) (Carrara et al., 2015; Karagoz et al., 2017). The lower affinity 

of interaction for the peptide produces a reduced affinity for the formation of oligomers and 

insoluble oligomers of IRE1α (Figure 4.8), where only the highest peptide concentration used 

produced insoluble protein. This demonstrates that the MPZ1 peptide is able to shift the luminal 

domain’s equilibrium to promote oligomerisation and formation of large insoluble oligomers and 

further suggests that peptide binding to the luminal domain’s groove region and therefore peptide 

affinity influences the luminal domain’s conformational landscape. 
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Figure 4.8 

MPZ1 peptide promotes IRE1α’s luminal domain to oligomerise. A. MPZ1 peptide causes an 

increase in the OD400 value in turbidity assays (Section 2.9.6.1, n=3) over time. MPZ1 peptide 

sequence: LIRYCWLRRQAALQRRISAME. The effect appears to be dependent on peptide 

concentration, however, the effect is weaker than with ΔEspP (Figure 4.6A). B. Plotting the 

OD400 turbidity measurement against the peptide concentration used demonstrates that this 

interaction is weaker than ΔEspP and gives a lower apparent constant of 193.7µM. C. The OD400 

values were corrected to give the amount of insoluble protein as in Figure 4.6D. Only the highest 

concentration of MPZ1 peptide incubated with the luminal domain promoted formation of 

insoluble protein. Due to only one data point giving insoluble protein formation the calculated 

constant is inaccurate. 

 

4.3.2.3. Luminal domain interface mutants affect peptide-induced oligomerisation 
 

To provide further evidence of the luminal domain’s conformational landscape being influenced 

by peptide binding, dimerisation and oligomerisation deficient mutants were used (Figure 4.9). 

Both mutations show reduced activity of the protein in endoplasmic reticulum stress models as 

they shift the protein’s equilibrium to disfavour formation of dimers (D123P) (Zhou et al., 2006) 
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and oligomers (WLLI-GSSG) (Karagoz et al., 2017). The dimerisation deficient mutant perturbs 

the β-sheet floor at the dimerisation interface of the luminal domain (Zhou et al., 2006) and the 

oligomerisation mutant was identified using the known oligomerisation interface of the yeast 

protein (Credle et al., 2005) and mutating it in the human protein (Karagoz et al., 2017). 

 

The oligomerisation interface mutant is able to bind peptides with a similar affinity as wild-type 

protein, suggesting that tetramers and small oligomers are not required for peptide binding, as 

observed in Karagoz et al. (2017). The authors suggest that the WLLI-GSSG mutant does not 

oligomerise at 5µM with equimolar amounts of peptide added (MPZ1-N peptide 5.4µM affinity) 

(Karagoz et al., 2017), this suggests that ~40% of IRE1α is bound to peptide, which would not 

induce significant oligomerisation of the luminal domain detectable by turbidity assays (lowest 

condition that induces MPZ1-induced oligomerisation is estimated as ~85% of luminal domain is 

bound, Figure 4.8A). The two interface mutants used here can be considered to disfavour 

formation of luminal domain oligomers. Therefore, if inclusion of peptide modulates the luminal 

domain’s conformational landscape’s equilibrium to promote the formation of oligomers, these 

mutants are expected to oppose this effect but not prevent it. 

 

 

 

Figure 4.9 

The locations of the D123 residue and 357-361 WLLI motif that are mutated to create 

dimerisation and oligomerisation impaired mutants respectively are shown (Zhou et al., 2006; 

Karagoz et al., 2017). Shown also are the dimerisation and oligomerisation interfaces of the 
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luminal domain on a structural model based on the luminal domain’s crystal structure (PDB: 

2HZ6) (Zhou et al., 2006; Yang et al., 2015). The mutants were created as described in Section 

2.3.8. Figure prepared using PyMOL version 1.7. 

 

Using turbidity assays with the oligomerisation disfavouring mutants as in Figure 4.6, it is 

apparent that interaction with peptide still induces oligomerisation of the mutants, but higher 

concentrations of peptide are required for both mutants compared to wild-type protein to induce 

large scale oligomerisation detectable by the technique (Figure 4.10). The apparent constant for 

formation of insoluble species is reduced significantly for both mutants, assuming that the mutants 

do not affect the affinity for ΔEspP binding to the luminal domain (Figure 4.11C). Interestingly, 

the formation of larger insoluble oligomers appears to be inhibited more by the dimerisation 

deficient D123P mutant. The protein has an increased propensity to form dimers (sub-µM 

constant) than oligomers (>10µM constant) in the absence of unfolded protein (Figure 4.4), and 

therefore disfavouring dimerisation may represent a larger shift in the protein’s equilibrium, 

therefore inhibiting peptide-induced oligomerisation to a greater extent. Interestingly, this 

suggests that the monomeric protein is able to bind unfolded proteins to promote its dimerisation 

and oligomerisation, however further investigation of this mechanism is required. 
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Figure 4.10 

The dimerisation- and oligomerisation-deficient mutants (D123P and WLLI-GSSG respectively) 

of IRE1α’s luminal domain also form large oligomers over time upon the inclusion of ΔEspP as 

measured in turbidity assays. A. D123P forms oligomers detectable by turbidity assays (Section 

2.9.6.1, n=3) in a manner that is dependent on the concentration of ΔEspP added. B. The WLLI-

GSSG mutant of IRE1α forms oligomers also in a similarly peptide-dependent manner (n=3). C. 

For comparison, the wild-type protein’s turbidity assay measurement is shown. 
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Figure 4.11 

The dimerisation perturbed and oligomerisation perturbed mutants (D123P and WLLI-GSSG 

respectively) of IRE1α’s luminal domain also form large insoluble oligomers over time upon the 

inclusion of ΔEspP as measured in turbidity assays. A. D123P forms insoluble oligomers with 

larger concentrations of ΔEspP required (Section 2.9.6.1 with insoluble protein correction from 

Figure 4.6C, n=3). B. The WLLI-GSSG mutant of IRE1α forms insoluble oligomers with the 

inclusion of higher concentrations of ΔEspP required (n=3). C. Upon comparison of wild-type 

protein with the two mutants, the mutants shift the protein’s equilibrium so that larger 

concentrations of peptide are required to promote insoluble oligomer formation. It is notable that 

the calibration curve for OD400 values to insoluble protein (Borgia et al., 2013) was constructed 

using wild-type protein and there is a high degree of error after conversion of the mutants’ values 

to insoluble protein. 

 

This result provides further evidence that interaction with unfolded protein mimic peptides 

influences the luminal domain’s conformational landscape and shifts equilibrium towards the 

formation of oligomeric species (Figure 4.12). The effects on the luminal domain’s 

conformational landscape observed in vitro hint at how its equilibrium may be shifted in cellular 
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responses also, where the amount of unfolded proteins and BiP present influences the proteins 

conformational landscape to push equilibrium towards larger or smaller species, promoting 

different downstream responses. Additionally, there may be a time barrier to formation of larger 

oligomeric species in high stress conditions. 

 

 

Figure 4.12 

Summary for the effects of interface mutations and different peptides on the luminal domain’s 

conformational landscape. Shown are representations of the states that the luminal domain 

mostly occupies in each condition (shown as coloured bars) as determined by the data presented 

in this section, Section 4.2 and previous literature for the interface mutants (Zhou et al., 2006; 

Karagoz et al., 2017). 

 

4.4. BiP’s interaction with oligomerised IRE1α 

 

With the increased understanding of luminal domain peptide-induced insolubility from the 

previous section, BiP’s mechanism to de-oligomerise luminal domain oligomers (preliminary 

data by Sam Dawes and Łukasz Wieteska) can be quantitatively and more precisely investigated. 

The following section will therefore characterise the BiP and ATP-dependent termination the 

peptide-induced insoluble oligomers of IRE1α’s luminal domain. 

 

Insoluble luminal domain oligomers were formed before BiP was incubated with them, firstly in 

the absence of ATP and solubility tests were carried out (Figure 4.13). Unexpectedly, BiP stably 

binds to the insoluble luminal domain oligomers in the absence of ATP, observed by BiP’s 

appearance in the insoluble fraction upon incubation. After incubation with ATP the insoluble 

luminal domain and BiP species are observed in increasing quantities in the soluble fraction over 

time. Additionally, the BiP mutants T229G (unable to hydrolyse ATP) and V461F (substrate 
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binding deficient) were used, both mutants were unable to de-oligomerise and re-solubilise the 

luminal domain oligomers. These results suggest that BiP stably binds to the luminal domain 

oligomers before ATP hydrolysis induces release of BiP from the oligomers which also promotes 

a change in luminal domain conformation to induce de-oligomerisation, this suggests that this 

mechanism may be a typical chaperone-substrate interaction (Schmid et al., 1994). 

 

 

Figure 4.13 

BiP’s canonical ATP-dependent activity re-solubilises insoluble IRE1α luminal domain 

oligomers. A. The soluble concentration of IRE1α’s luminal domain was measured after 

incubation in different conditions (Section 2.9.7, n=3). The conditions used are as follows: 20µM 

IRE1α alone, after incubation with 169µM ΔEspP for three hours, after this incubation with 

peptide and an incubation with BiP for three hours and a sample with these steps but with a 

further incubation with 40mM ATP for three hours. The final condition was also carried out with 

the T229G and V461F BiP mutants that prevent BiP’s canonical activity. This shows that BiP 

uses its canonical ATP-dependent activity to re-solubilise insoluble IRE1α oligomers. B. SDS-



122 

 

 

PAGE gel (Section 2.5.5) of the reaction taking place in panel A, gel samples were taken at 

different time points of the ATP incubation after IRE1α’s luminal domain had been incubated 

with peptide and BiP for three hours each. Over time, in the presence of ATP, IRE1α is brought 

from the pellet (insoluble fraction) to the soluble fraction. 

 

To validate that the mechanism observed is indeed a transient ATP-dependent chaperone 

interaction (therefore expected to proceed with sub-µM concentrations of BiP), the ratio of 

luminal domain to BiP was adjusted and ratios of ~1:1 (5:6), 20:1 and 100:1 were analysed (Figure 

4.14). In all cases the inclusion of BiP with an excess of ATP was able to re-solubilise the 

insoluble peptide-induced IRE1α oligomers. This further validates that the mechanism is a 

chaperone-like transient interaction of BiP in terminating active luminal domain oligomers and 

potentially the IRE1α signal in vivo. 

 

 

Figure 4.14 

BiP re-solubilises insoluble IRE1α oligomers using its chaperone activity. Lower concentrations 

of BiP are able to rescue the insoluble IRE1α oligomers after incubation with 40mM ATP for 

three hours. The same conditions as in Figure 4.13 were used (Section 2.9.7). 

 

To ensure that BiP’s chaperone activity to re-solubilise the luminal domain isn’t a general 

chaperone activity that BiP would have for an aggregating protein, the luminal domain was first 

heated to 60°C for one hour to promote aggregation and the sample was allowed to cool before 

BiP and ATP were added (Figure 4.15). As expected, in the absence of co-chaperones (Craig et 

al., 2006; Zuiderweg et al., 2013), BiP was not able to re-solubilise the heat denatured luminal 

domain after a three hour incubation. Therefore, this suggests that BiP’s canonical activity to 
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solubilise the luminal domain is specific to the insoluble luminal domain oligomers formed with 

inclusion of peptide. 

 

 

Figure 4.15 

BiP is unable to rescue heat aggregated IRE1α luminal domain. IRE1α’s luminal domain was 

aggregated and therefore insoluble after incubation at 60°C for one hour. After this the sample 

was left to cool to room temperature before BiP was added with 40mM ATP for three hours. BiP 

was unable to resolubilise the aggregated IRE1α luminal domain (n=3). 

 

From the evidence presented here, it is clear that BiP is able to bind to and solubilise insoluble 

IRE1α luminal domain oligomers through its canonical ATP-dependent chaperone activity. It was 

first considered that this process may be a promiscuous chaperone activity, however, heat-

aggregated luminal domain is not solubilised by the same mechanism. It was also considered that 

it may be an effect of BiP binding to peptide as to prevent it from interacting with the luminal 

domain, and therefore destabilising the formed oligomers. However, there is an excess of peptide 

used compared to BiP and IRE1α, and there is also evidence that BiP is unable to bind to the 

ΔEspP used in these assays by NMR (work carried out by Sam Dawes) and isothermal calorimetry 

studies (Carrara et al., 2015). Methods can now be used to gain an understanding about the 

conformation of the luminal domain insoluble oligomeric species and further details about BiP’s 

stable interaction with them. 

 

4.5. Conformational characterisation of the insoluble oligomers and BiP 

interaction 
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Formation of insoluble oligomers means that the sample is no longer amenable to study by 

structural techniques such as X-ray crystallography and solution NMR. However, electron 

microscopy and solid-state NMR excel at studying large insoluble particles (Iadanza et al., 2018; 

Sun, S. et al., 2012) and are therefore used to characterise the conformation of the insoluble 

luminal domain peptide-induced oligomers and BiP’s interaction with these. 

 

4.5.1. Insoluble luminal domain species form fibrillar assemblies 
 

Negative-stain electron microscopy was used to observe the insoluble luminal domain oligomers 

and interestingly, long fibrillar structures were identified (Figure 4.16). In samples of IRE1α in 

the absence of peptide no such structures were encountered after extensive observation of the 

sample grid. This suggests that the fibril structures observed are oligomers of the luminal domain 

which are the insoluble species observed. 

 

The oligomerisation interface identified in the human protein (Karagoz et al., 2017) and the solved 

oligomeric structure of the yeast luminal domain (Credle et al., 2005) suggest that the fibrils 

observed may be repeating units of the luminal domain dimer. Indeed, when the thickness of the 

fibrils formed is compared to the size expected based on the crystal structure of the human protein, 

the fibril’s diameters are in good agreement with that of the dimers observed in the X-ray crystal 

structure model (Figure 4.17) (Zhou et al., 2006; Yang et al., 2015). The small degrees of 

curvature in the fibrils are likely due to the intrinsically disordered region (loop region 2, Section 

1.4.1) surrounding the proposed oligomerisation interface (Karagoz et al., 2017). Figure 4.16C 

shows a group of fibrils, possibly suggesting an interaction between fibrils, similar to that 

observed in the yeast crystal structure (Credle et al., 2005), however, this requires validation, 

possibly through mutational studies. 
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Figure 4.16 

TEM images show IRE1α’s luminal domain forming fibrils upon inclusion of ΔEspP. Protein at 

20µM was incubated with and without 128µM ΔEspP for 90 minutes before grids were prepared 

with 1:10 diluted sample (Section 2.9.8). The size bar in all images is 200nm. A. No fibrils were 

observed in samples in the absence peptide, multiple locations on the grid were observed but no 

fibrils were identified. B. When incubated with ΔEspP at a molar ratio of 6:1, fibrils are observed, 

two fibrils seemingly interacting with each other are shown here. C&D. Further examples of 

fibrils observed for the luminal domain upon incubation with peptide. Observed is the difference 

between the fibrils and amorphous aggregate present in the sample. 
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Figure 4.17 

TEM images show IRE1α’s luminal domain forms fibrils upon inclusion of ΔEspP of a similar 

size to that expected if formation is through the suggested oligomerisation interface. A. The fibril 

shown in Figure 4.16B is expanded with a size bar representing 71.5Å. This is the expected width 

of the fibril if it forms through the luminal domain’s identified oligomerisation interface (Karagoz 

et al., 2017). The fibril has good agreement with this size. B. Crystal structure of the luminal 

domain (PDB: 2HZ6) (Zhou et al., 2006) with unresolved regions modelled (Yang et al., 2015). 

A measurement has been made from the top to the bottom of the dimer model, this is the expected 

width of the formed fibril, shown in panel A. Figure prepared using PyMOL version 1.7. 

 

4.5.2. The fibrils consist of folded protein and BiP binding affects the luminal domain’s 
disordered regions 
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To further investigate the conformation of the insoluble fibrils and BiP’s interaction with them, 

solid-state NMR was used (Figure 4.18), this technique allows study of insoluble proteins and 

gives residue specific information about the changes in environment or dynamic processes that 

the protein experiences (Sun, S. et al., 2012; Iadanza et al., 2018). Samples of insoluble oligomers 

of the isotopically labelled luminal domain were analysed by Prof. Jósef Lewandowski 

(University of Warick).  

 

The solid-state NMR data suggests that the insoluble luminal domain oligomers in the presence 

of BiP consist of folded protein rather than misfolded aggregates (Figure 4.18A). The spectrum 

in Figure 4.18A shows well dispersed peaks in the 1H dimension, where each peak represents one 

HN group in the protein. The large 1H dispersion of the peaks suggests that regions of secondary 

structure are present (Okazaki et al., 2018; Gupta and Bhattacharjya, 2014). Therefore, it’s 

apparent that the luminal domain is in a folded state and is further proof that the insoluble 

oligomers are not amorphous aggregate. 

 

To investigate BiP’s interaction with the folded, insoluble luminal domain oligomers, HC spectra 

were compared in the presence and absence of BiP (Figure 4.18B). In these spectra each peak 

reports on the chemical environment of a HC group in the protein’s disordered regions. 

Interestingly, the changes in the peak positions upon inclusion of BiP suggest that BiP binds to 

or affects specific disordered regions of the luminal domain protein. However, further study by 

the techniques is required to determine the precise binding sites of BiP. 
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Figure 4.18 

Solid state NMR results for the insoluble luminal domain peptide-bound oligomers in the presence 

and absence of BiP. Samples prepared as in Section 2.7.2 and analysed by solid-state NMR by 

Jósef Lewandowski (University of Warwick). A. Solid-state NMR spectrum for the insoluble 

luminal domain peptide-bound oligomers in the presence of BiP suggest that the luminal domain 

is folded. A HN cross polarisation experiment shows that the insoluble luminal domain oligomers 

have regions of structure (large 1H dispersion). Each peak reports on the chemical environment 

of one HN group in the protein. B. A HC-heteronuclear single quantum correlation experiment, 

where each peak represents a proton bonded to a carbon atom in the backbone of disordered 

luminal domain residues. Highlighted are regions where there are chemical shift perturbations 

with the inclusion of BiP, suggesting these residues of the luminal domain’s disordered regions 

are involved in BiP’s interaction and therefore have altered chemical environments. 

 

4.6. Conclusion 

 

In this chapter, data supporting the hypothesis that IRE1α’s luminal domain exists primarily as 

an equilibrium between monomers and dimers in solution (Figure 4.2B) is presented, with a 

similar dimerisation constant to that reported for the protein lacking the linker region (Karagoz et 

al., 2017) and in agreement with values gained previously in the Zhuravleva research group. It 

has been suggested that the luminal domain is able to transiently adopt a conformation that 
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promotes oligomerisation and therefore at higher concentrations forms oligomeric protein 

(Karagoz et al., 2017), the results presented here corroborate this finding and suggest that the 

same oligomers are adopted by the full-length luminal domain that also includes the domain’s 

juxtamembrane linker region (Figures 4.2A and 4.3). 

 

It is known that unfolded proteins and peptides interact with the luminal domain to promote 

oligomerisation (Karagoz et al., 2017) and that higher concentrations of ΔEspP promote insoluble 

luminal domain species to form (work carried out by Sam Dawes). Here, methods to characterise 

the formation of these oligomers have been developed and give information about the apparent 

constant values for peptide-induced oligomerisation and formation of insoluble oligomers, 

providing evidence that formation of larger species is dependent on peptide concentration. The 

results here also suggest that inclusion of peptide affects IRE1α’s conformational landscape 

identified in the absence of peptide and shifts equilibrium to the formation of oligomers. This is 

evidenced by dimerisation and oligomerisation inhibiting mutations that shift the equilibrium 

towards smaller species, requiring higher concentrations of peptide to induce oligomerisation and 

formation of insoluble species (Figure 4.11).  

 

In this chapter the formation of luminal domain fibrils is observed upon incubation with high 

concentrations of ΔEspP (Figure 4.16). The fibrils appear to be repeating units of the dimeric 

protein, likely forming through the human protein’s identified oligomerisation interface (Karagoz 

et al., 2017), in a similar way as was observed in the yeast IRE1 luminal domain oligomeric 

structure (Credle et al., 2005). The insoluble fibrils are also confirmed to contain folded luminal 

domain protein through analysis by solid-state NMR (Figure 4.18). Similar long fibrillar 

structures may form when the protein is activated in high stress conditions in the cell and be 

responsible for the clustering of IRE1α observed previously (Li, H. et al., 2010). This may 

represent IRE1α forming a signalling hub similar to that created from large scale oligomerisation 

of the MAVS protein (Hou et al., 2011). Interestingly, the timescale for fibril formation here is 

similar to that reported for maximal clustering of IRE1α (Li, H. et al., 2010), although the in vitro 

conditions are unlikely to accurately mimic cellular stress conditions, the result does suggest a 

time barrier for luminal domain clustering for a maximal signalling response. 

 

Previously BiP’s ATP-dependent activity to resolubilise peptide-induced IRE1α oligomers was 

observed (work carried out by Sam Dawes and Łukasz Wieteska). Here the effect was further 

characterised to give a novel mechanism for termination of the luminal domain’s activated form. 

BiP is able to bind to the insoluble luminal domain fibril-like oligomers, which appears to be 

through specific binding sites in the luminal domain’s disordered regions as identified by solid-

state NMR (Figure 4.18B). Using the optimised methods for study of luminal domain insoluble 
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oligomerisation, data is presented here that clearly shows BiP’s ATP-dependent and chaperone-

like activity to resolubilise the luminal domain oligomers (Figures 4.13 and 4.14). 

 

The results presented here allow for improvement of the previous models with more information 

about how the luminal domain is activated and terminated, as shown in Figure 4.19. The 

mechanism of the identified BiP interaction appears to by binding to luminal domain oligomers 

and terminating the luminal domain activated signal without the requirement of ERdj4. Previous 

models suggest that BiP represses IRE1α by binding to luminal domain dimers in an interaction 

promoted by ERdj4 (Amin-Wetzel et al., 2017). However, it is not yet clear whether ERdj4 is 

also able to mediate the process of BiP binding to and resolubilising luminal domain oligomers 

and therefore requires future investigation. Interestingly, in previous studies, BiP has 

coprecipitated with activated IRE1α and prevention of BiP’s interaction with IRE1α has slowed 

the disassembly of activated luminal domain oligomers (Pincus et al., 2010; Liu et al., 2002). 

These findings suggest that the mechanism explored here may have been previously identified in 

cellular models but was not further characterised. 

 

BiP binding to the folded IRE1α luminal domain represents an interaction uncommon in Hsp70 

chaperones, with only a small number of examples of BiP binding to a disordered region of a 

folded protein to stabilise a conformation. Some examples include HSC70’s interaction with 

disordered motifs in clathrin triskelions (to promote de-coating), the glucocorticoid receptor and 

the σ32 transcription factor (Clerico et al., 2015). In the case of IRE1α, the luminal domain has 

many regions of disorder, particularly in the long loop region 2 (Section 1.4.1) at its 

oligomerisation interface, it is possible that BiP is able to bind one or multiple disordered sites 

here to destabilise the active form of the protein, promoting a change in conformation to abrogate 

oligomerisation, peptide binding or both. 

 

The negative stain images of fibrillar IRE1α and the fact that BiP is able to bind to these as well 

as the solid-state NMR data for each condition represent pilot structural studies of the two 

mechanisms. The data represents the possibility of further structural studies by solid-state NMR 

and cryo-electron microscopy to elucidate information about peptide binding to the human 

luminal domain protein, the oligomerisation interface and the conformations of the oligomerised 

luminal domain and BiP’s interaction with these oligomers. The assays used to observe the 

different mechanisms involved in the luminal domain’s activation and termination also provide a 

way to observe how influencing factors such as the identified cancer-associated mutations affect 

the protein’s dynamic equilibrium. 
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Figure 4.19 

The results of this chapter add new features to the understanding of the luminal domain’s 

activation. A. As previously reported (Karagoz et al., 2017), the data presented here suggests that 

larger species of the luminal domain are able to form without the presence of unfolded protein. 

Additionally, it has been shown that the oligomers forming from the transient state adopted by 

the luminal domain are able to form with the presence of the juxtamembrane linker region also. 

B. Upon inclusion of peptide the luminal domain readily forms oligomers, this has been identified 

previously (Karagoz et al., 2017; Gardner and Walter, 2011) and has been validated by the 

results presented here. Oligomers form over time with in vitro activation plateauing after three 

hours. The emergence of large insoluble oligomers has been identified and these characterised 

to be fibrils of the luminal domain that consist of folded luminal domain multimers. The formation 

of oligomers is in a dynamic equilibrium with other states of the protein, and when the equilibrium 

is perturbed by dimerisation- and oligomerisation-deficient mutants there is a lower affinity for 

oligomerisation upon addition of peptide. C. Here a novel mechanism for termination of unfolded 
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protein-bound luminal domain oligomers has been identified and characterised. BiP is able to 

stably bind to the large oligomers through specific binding sites in the protein’s disordered 

regions, and upon addition of ATP is able to solubilise the large oligomers and bring IRE1α back 

into solution through a chaperone-like activity. 
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5. Characterisation of the luminal domain’s intrinsically 

disordered regions using solution NMR 

 

5.1. Introduction 

 

In the previous chapter the conformational landscape of IRE1α’s luminal domain was explored 

using various biophysical assays and how mutations and inclusion of binding partners can affect 

states adopted by the protein. From previous study of the luminal domain there is some 

understanding about the structured regions of the protein that are functionally important. The 

solved crystal structure and mutational studies revealed the dimerisation interface (Zhou et al., 

2006), the luminal domain’s oligomerisation interface has been inferred through study of the yeast 

(Credle et al., 2005) and human proteins, regions involved in promoting oligomerisation have 

been identified through use of NMR (Karagoz et al., 2017) and the unfolded protein binding site 

has been determined (Credle et al., 2005; Kono et al., 2017). 

 

The protein’s intrinsically disordered regions have much less known about them even though the 

luminal domain has a high proportion of disordered regions (Section 1.4.1). These disordered 

regions include the domain’s two loop regions and the 60-residue linker region that tethers the 

globular portion of the protein to the transmembrane helix (Figure 5.1). It’s possible that this 

linker acts to give the luminal domain flexibility from the membrane, allowing it to dimerise and 

oligomerise and interact with its various binding partners (Sepulveda et al., 2018; Amin-Wetzel 

et al., 2017; Eletto et al., 2014; Sundaram et al., 2017). Numerous studies of the luminal domain’s 

interactions in vitro have omitted the linker region from the construct used and through these 

studies the linker region has been deemed unnecessary for BiP repression (Amin-Wetzel et al., 

2017; Carrara et al., 2015), unfolded protein-induced oligomerisation (Karagoz et al., 2017; 

Credle et al., 2005) and dimerisation (Zhou et al., 2006). This is in agreement with Section 4.2, 

which suggests that the core luminal domain (lacking the linker region) exists in an equilibrium 

similar to full-length protein as determined by size exclusion chromatography. 

 

No structural information has been obtained for the intrinsically disordered regions of the luminal 

domain, however, there is also evidence for the linker region’s role in IRE1α activation and 

repression. The most N-terminal segment of the linker region (residues 390-408) was determined 

to have a role in BiP repression, where omission of these residues reduced BiP binding to the 

protein and prompted increased XBP-1 splicing activity of IRE1α (Oikawa et al., 2009). A 

mutation to the central region of the linker region (A414T) has been partially characterised in a 
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cell model to cause an increase in IRE1α oligomerisation and activity (Lhomond et al., 2018). In 

addition to this, the most C-terminal region of the linker region has been identified to have a role 

in transmitting lipid bilayer stress signals in the yeast and human proteins to activate the luminal 

domain (Halbleib et al., 2017; Kono et al., 2017) and is suggested to be the binding site for the 

repressive Sec61 translocon protein (Sundaram et al., 2017). 

 

Interestingly, secondary structure predictions of the linker region suggest a high α-helical 

propensity in two of these three segments of the linker region, the most N-terminal and the most 

C-terminal segments as well as a small region in between the two (Figure 5.2) (Shen, Y. et al., 

2014; Thevenet et al., 2012; Drozdetskiy et al., 2015). The evidence for the importance of the 

luminal linker region therefore suggests that three different sections of the linker region may have 

a role in activation and therefore warrant further study. Study of the linker region’s interactions 

in the multimeric states of the luminal domain that were isolated through mutagenesis and peptide 

binding in Chapter 4 may elucidate potential allosteric interactions and roles of the different 

sections of the linker region. 

 

 

Figure 5.1 

The crystal structure model of the luminal domain monomer (PDB: 2HZ6) (Zhou et al., 2006) 

with remodelled loop regions (Yang et al., 2015). Regions of disorder are shown in red including 

a cartoon representation of the luminal domain’s linker region. Figure prepared using PyMOL 

version 1.7. 
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Figure 5.2 

The linker region has multiple regions with a high predicted propensity for helix formation. A. 

The helix propensity of the linker region. Helix propensity of the linker region was calculated 

using three different programmes; jpred4 (Drozdetskiy et al., 2015), PEP2D and PEP-FOLD 

(Shen, Y. et al., 2014; Thevenet et al., 2012), where each result was given equal weighting to 

calculate an overall helix propensity prediction. B. A structural model of the linker region’s 

secondary structure from PEP-FOLD (excluding C-terminal proximal end where high α-helical 

propensity is predicted). Figure prepared using PyMOL version 1.7. 

 

X-ray crystallography study of the luminal domain has given an understanding of its structured 

regions, but the technique is unable to give information about the protein’s disordered regions. 

NMR on the other hand provides an excellent technique for the study of intrinsically disordered 

regions, methods for which have been well established (Kosol et al., 2013; Brutscher et al., 2015) 

and therefore NMR will be used to study the luminal domain’s disordered regions to uncover their 

potential roles in activation and regulation. 
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5.2. Initial characterisation of the luminal domain by solution NMR (repeated work 

of Sam Dawes) 

 

Previous research carried out the Zhuravleva group by Sam Dawes compared the full-length and 

core luminal domains’ HN TROSY spectra (NMR methodology described in Sections 1.6.1.3 and 

2.7.1.2) (Pervushin et al., 1997). The two experiments are overlaid (experiments repeated here 

and shown in Figure 5.3) and suggest that a significant amount of the luminal domain’s residues 

are not observed by NMR, that all residues observed are suggested to be from disordered regions 

of the protein (peaks have a 1HN chemical shift dispersion between 7.5 and 8.5 ppm) (Okazaki et 

al., 2018) and that the majority of the HN backbone peaks observed report on linker region 

residues. Additionally, analysis of mutants in each of the core domain’s intrinsically disordered 

loop regions suggested that the core domain peaks observed are from the longer loop region 2 

(Figure 5.1; Work carried out by Sam Dawes, personal communication). The lack of structured 

regions observed in the luminal domain’s spectra is likely due to the protein exhibiting multiple 

conformations in solution therefore causing broadening of peaks in the spectrum, this has been 

observed previously in NMR study of the protein (Karagoz et al., 2017). This suggests that the 

residues observed by NMR compliment those observed in the solved crystal structure (Zhou et 

al., 2006), and so the technique can be used to complete our understanding of the luminal 

domain’s conformations and the role of the protein’s intrinsically disordered regions. 

 

Therefore, in this chapter a detailed solution NMR characterisation of the visible intrinsically 

disordered regions of the luminal domain (particularly the linker region) will be performed and 

their roles in the different conformations of the luminal domain’s conformational landscape will 

be investigated. 
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Figure 5.3 

The HN amide TROSY spectrum for wild-type luminal domain is overlaid with the spectrum of 

the core region that lacks the linker region (both at 50µM). It is clear to see which peaks are from 

residues of the core region of the protein (suggested to be from the longer loop region 2) and that 

the majority of peaks observed are from linker region residues (Section 2.7.1.2). 

 

5.3. Partial assignments of IRE1α’s luminal domain spectrum 

 

In order to gain more information from the luminal domain’s NMR spectrum, peaks can be 

assigned to their corresponding residues. Usually this would be carried out using a set of triple 

resonance NMR experiments. However, due to the quality of the luminal domain’s NMR 

spectrum this is not possible. Instead, mutagenesis can be used to mutate or introduce truncations 

to the protein, peaks that disappear in the subsequent spectrum represent the removed residues, 

thus allowing assignments to be carried out. This method of assignment is a commonly used 

alternative to traditional NMR assignment (Siivari et al., 1995; Wieteska et al., 2017). 
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In order to assign the luminal domain’s spectrum multiple truncations were made to the C-

terminal of the linker region. The truncation mutants were expressed with 15N-labelling and 

analysed by NMR HN TROSY experiments (Figure 5.4). Using the multiple truncations of the 

linker region, the truncated segments were assigned. Figure 5.4A shows the truncated constructs 

sequentially, one example of assignment can be observed in the panel with the 24-410 and 24-

405 constructs displayed. The 24-405 construct is shown in purple and has 5 less residues than 

the construct shown in black, the five peaks disappearing in the shorter construct therefore 

indicate that these peaks belong to the five-residue region that is removed. In this way the whole 

spectrum was assigned and is shown in Figure 5.4B. Using these assignments, further study of 

the protein by NMR can give more insight into the role of the different segments of the linker 

region in the protein’s adopted conformations. 

 

Figure 5.4 

Truncation mutants were used to assign different areas of the linker region. A. Shown are spectra 

for each truncation mutant (Section 2.3.8 for mutagenesis) used overlaid onto the next longest 

construct of the luminal domain in black (Section 2.7.1.3). Circled are the chemical shift 

perturbations from which assignments of the deleted segments of the linker region were made. B. 
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Summary of which peaks belong to which area in the linker region on the HN TROSY spectrum, 

and a schematic of the truncation mutants used. 

 

5.4. 1HN Chemical shift temperature coefficients suggests that no secondary 

structure is observed 

 

The linker region is predicted to adopt secondary structure (Figure 5.2), however, 1H dispersion 

in the HN TROSY experiment suggests that all residues visible are disordered as all peaks are 

observed in the 7.5 -8.5 1HN ppm range (Figure 5.3). This method of determination is thought to 

be prone to false negatives (Okazaki et al., 2018). Therefore, to validate the disorder of observed 

peaks more accurate parameters were used, one such parameter is the amide (1HN) chemical shift 

temperature coefficient (Tomlinson and Williamson, 2012; Cierpicki and Otlewski, 2001; 

Okazaki et al., 2018), as described in Section 1.6.1.3. In this analysis HN TROSY spectra are first 

obtained at different temperatures. Each peak’s 1HN chemical shift (ppm) is highly dependent on 

the experimental temperature in a linear function due to the presence of hydrogen bonds from the 

residue’s backbone, which are indicative of secondary structural elements (Cierpicki and 

Otlewski, 2001; Tomlinson and Williamson, 2012; Okazaki et al., 2018). Therefore, a threshold 

value for this relationship can be used to define intrinsically disordered regions of the protein. 

The less stringent -4.6 ppb/K threshold value was found to report on the presence of hydrogen 

bonds from the residue’s backbone (Cierpicki and Otlewski, 2001), however, chemical shift 

temperature coefficients have also been suggested to be weak reporters on hydrogen bond length 

and strength (Tomlinson and Williamson, 2012). Recently, the more stringent threshold value of 

-3.6 ppb/K has been suggested to account for structured regions that are still partially solvent 

exposed and therefore increase the accuracy of intrinsically disordered region determination 

(Okazaki et al., 2018). 

 

The luminal domain was therefore analysed by HN TROSY experiments at different temperatures 

and the 1HN chemical shift temperature coefficient values calculated to determine intrinsically 

disordered regions using the -3.6 K/ppm threshold value (Figure 5.5). Using this methodology, 

all peaks analysed appear to be from disordered regions of the protein, corroborating the chemical 

shift range (7.5-8.5 ppm) that the peaks appear in. Use of the partial assignments suggest a good 

coverage of the luminal domain’s disordered regions in this analysis, although the analysis does 

exclude 11 loop region 2 peaks (Table 5.1). This is due to the core domain peaks having lower 

intensity values, the lower peak intensities of these peaks indicate that these residues may be 

involved in dynamic processes and possibly the adoption of secondary structure and further 

investigation into these regions is therefore required. 
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Figure 5.5 

Chemical shift temperature coefficient (CSTC) experiments of the luminal domain suggest all 

peaks analysed are from disordered regions of the protein. A. HN TROSY experiment of the wild-

type luminal domain at different temperatures (Section 2.7.1.4). The peaks shift across the x-axis 

(1H domain) as temperature is increased. Shown are the plots for three selected peaks where the 

change in 1H position is plotted against temperature; the linear relationship is calculated to give 

a value of ppb/K which is used to determine whether the residue is from a region of disorder. B. 
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The chemical shift temperature coefficient values for each peak are plotted for the core domain 

and linker region peaks. All peaks occur within the threshold of -3.6ppb/K, suggesting that the 

peaks are derived from regions of disorder (Okazaki et al., 2018). A full list of values is shown in 

appendices Figure 9.6 and Table 9.1. 

 

Table 5.1 

The coverage of different segments of the luminal domain’s linker region and core region peaks 

by the 1HN chemical shift temperature coefficient analysis with the average values for each 

segment and standard deviations. 

Region (residues) Total peaks Peaks 

analysed 

% coverage Average 1HN CSTC 

(ppb/K) 

Loop region 2 24 13 54 -7.83 ±1.57 

390 - 405 12 10 83 -7.40 ±1.98 

406 - 410 5 5 100 -8.47 ±1.67 

411 - 415 5 5 100 -7.07 ±1.55 

416 - 420 3 3 100 -8.89 ±1.66 

421 - 425 8 7 88 -8.23 ±1.27 

426 - 449 20 16 80 -8.27 ±1.43 

 

5.5. Different segments of the linker region experience differential dynamic 

processes 

 

The temperature coefficient analysis of the luminal domain’s spectrum was unable to cover all 

the peaks identified due to the method of experimentation used, the peaks that were not analysed 

where those with a lower intensity. NMR peak intensity can report on the dynamic processes 

experienced by a residue, described briefly here are three molecular factors that can influence a 

peak’s observed intensity (Figure 5.6). 

 

Proteins tumble in solution, with the time taken to rotate dependent on the size of the protein and 

termed the rotational correlation time (τc). Larger species tumble more slowly in solution than 

smaller species, and therefore have larger τc values which cause increased relaxation in the NMR 

active nuclei; this translates as line broadening leading to a decreased signal intensity in the 

detected spectrum (Figure 5.6A) (Lee, D. et al., 2006). Therefore, larger molecules (such as the 

luminal domain oligomers) are expected to have broader peaks and therefore lower signal 

intensities from the global effect of protein tumbling in solution. 
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Where the tumbling of the protein can affect peak intensity globally, local changes can influence 

peak line widths and thus intensity also. Flexible regions of the protein experience increased ns 

dynamics which cause a sharper peaks and an increase in peak intensity (Figure 5.6B) (Konrat, 

2014). In the case of the luminal domain, the linker region’s flexibility effectively counteracts the 

effects of protein tumbling, therefore causing increased peak intensities. It is therefore expected 

that more C-terminal and distal segments of the linker region from the globular core domain will 

exhibit increased peak intensities. Therefore, changes in the size of small multimers are not 

expected to drastically affect the signal intensities of flexible linker region residues, only more 

rigid regions such as loop region 2. 

 

Figure 5.6 

Representation of the effects of molecular factors on line width of recorded NMR peaks and 

therefore their effects on peak intensity. A. An increased size of the protein causes increased 

rotational correlation times (τc) causing broadening of peaks through relaxation and therefore 
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decreased peak intensities. B. Increased flexibility means increased local ns timescale dynamics 

which increase the peak intensity. C. Increased µs-ms dynamics from domain rearrangements 

can be local or global protein effects, these can cause decreased peak intensities of the residues 

experiencing the effect. 

 

Another contribution to peak line width and therefore intensity comes from µs-ms dynamic 

processes, these can consist of global or more local rearrangements in protein conformation 

(Figure 5.6C). The contribution of global µs-ms dynamics of the luminal domain between 

multiple states has previously been suggested as the causative factor for the lack of peaks 

observed in the protein’s NMR spectrum (Karagoz et al., 2017). Therefore, increased µs-ms 

dynamics and transient adoption of an NMR invisible state of the residue will cause a drop in 

observed peak intensity due to line broadening. It’s worthy to note that this is a simplified 

summary of these processes, which have been extensively reviewed previously (Kleckner and 

Foster, 2011; Mittermaier and Kay, 2009; Lee, D. et al., 2006). 

 

The peak intensities for different segments of the linker region in the wild-type protein spectrum 

were therefore compared to understand differential dynamic processes occurring (Figure 5.7). In 

Figure 5.7A is it clear that the different segments of the linker region analysed have different peak 

intensity profiles, which is further visualised in Figure 5.7B. As expected, there is a trend for 

increased average peak intensities for segments of residues that are more distal from the luminal 

domain’s core domain, likely owing to increased flexibility and local ns dynamics (Konrat, 2014). 

An overall trend of the data presented is that regions with secondary structure predicted have 

more heterogeneity in their residues’ peak intensities, this suggests that some peaks in the region 

have increased ns local dynamics and others experience increased µs-ms dynamics or adopt 

secondary structure, in agreement with the structural prediction.  

 

Therefore, the 1H dispersion and temperature coefficient data suggests that the luminal domain’s 

NMR spectrum consists of peaks from residues in disordered regions of the protein. However, 

analysis of the peak intensities for different segments of the protein shows that regions of 

predicted secondary structure have increased heterogeneity in their peak intensities to imply that 

these regions may transiently adopt the predicted secondary structural elements (Shen, Y. et al., 

2014; Thevenet et al., 2012; Drozdetskiy et al., 2015) or at least have differential dynamic 

processes experienced in different areas of the linker region. This may represent functionally 

important interactions and conformations adopted by the linker region that may affect the 

protein’s conformational landscape, therefore, using this information and the assignments of the 

luminal domain, the role of these disordered regions will be investigated. 
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Figure 5.7 

Peak intensities for different segments of the luminal domain’s linker region and core domain. A. 

Plotted are the peak intensities (signal to noise (S/N)) for peaks of each segment of the linker 

region and core domain from a HN TROSY experiment (Section 2.7.1.2). Shown is a cartoon 

representation of the linker region and of the regions with high helix formation propensity. Within 

each segment the peak intensities are ordered by intensity. B. A plot of the average signal intensity 

for each segment of the linker region and core domain with standard deviation bars shown. More 

distal segments from the core domain have, on average, increasing peak intensities. Those regions 

that have secondary structure predicted have more heterogeneity in their peak intensities, 

suggesting differential dynamics. 

 

5.6. Characterising different IRE1α conformational states by NMR 

 

In Chapter 4 the luminal domain’s activation was functionally characterised and conditions to 

trap individual conformations such as monomers, dimers and oligomers were identified. Solution 

NMR has relatively non-stringent sample conditions and therefore the luminal domain can be 
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manipulated and analysed in the desired conformations as it was in Chapter 4. With the partial 

assignments of the spectrum, solution NMR study will report on the various segments of the linker 

region and the luminal domain’s loop region 2’s chemical environment and dynamic processes in 

the isolated conformations. 

 

To achieve this, analysis of chemical shift perturbations, for information about different chemical 

environments (Section 1.6.1.3) alongside the previously mentioned analysis of peak intensities 

(Figure 5.6), for information about the dynamic processes occurring can be used. Chemical shift 

perturbations are changes in the position of a peak in an NMR spectrum. Such a change represents 

a change in the chemical environment of that residue, and therefore they are indicative of process 

such as an internal conformational change or ligand binding (Williamson, 2013). In some cases, 

a residue’s peak disappears from the spectrum, due to a shift in position which makes it impossible 

to identify the corresponding peak in the reference spectrum, this can be caused by large 

conformational changes. 

 

5.6.1. Monomeric protein has a differential linker region conformation to 
dimeric/oligomeric protein 

 

To trap the monomeric state of the luminal domain, the dimerisation-deficient mutant (D123P) 

(Zhou et al., 2006) was used, this mutation perturbs the dimerisation interface and therefore the 

protein exists as monomers, as observed by size exclusion chromatography (Figure 5.8A and B). 

The D123P mutation site is distal to the intrinsically disordered regions (Figure 5.9) that are 

observed by solution NMR and therefore no chemical shift perturbations are expected to be due 

to local effects on residues’ chemical environments from the mutation. 

 

The D123P mutant’s HN TROSY spectrum is compared to wild-type protein in Figure 5.8C. As 

observed in Chapter 4, the wild-type protein is expected to be oligomeric at the concentration used 

for NMR study, therefore this analysis can be considered as a comparison of the monomeric to 

oligomeric conformations. Unexpectedly, there are multiple chemical shift perturbations 

throughout the intrinsically disordered regions, some are identified through the peak shifting its 

position in the spectrum and some from the peak disappearing from the spectrum (Figures 5.8C 

and D). Due to the location of the D123P mutation, all the perturbations are long-range effects, 

suggesting that oligomerisation affects the linker region’s conformation. The majority of the 

chemical shift perturbations observed are from residues 390-410 along with two in the 411-415 

region and one significant chemical shift perturbation in the most C-terminal segment (residues 

426-449). This suggests that the most N-terminal section of the linker region is involved in 
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dimerisation/oligomerisation of the protein, through a possible allosteric mechanism. The effects 

of the mutation are summarised in Figure 5.9. 

 

Next, the effect of oligomerisation on peak intensity of the more rigid loop region 2 residues was 

assessed (Figure 5.8E). As described, these residues are expected to be affected by increased τc 

values (Lee, D. et al., 2006) as shown in Figure 5.6A, and therefore it is expected that the smaller 

D123P multimers will exhibit increased peak intensities than the oligomeric wild-type protein. As 

expected, the loop region 2 peaks analysed display increases in peak intensity in the D123P 

construct (1.9-fold increase), suggesting smaller multimeric states, whereas the peak intensities 

for the dynamic C-terminal linker residues are not significantly affected (Figure 5.8D). 
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Figure 5.8 

The monomeric, dimerisation-deficient D123P mutant analysed by NMR presents many 

significant changes from oligomeric wild-type protein. A. Model for the differences observed in 

the spectra shown, the D123P mutant promotes monomeric species of the protein, whereas the 

wild-type protein is considered to exist as oligomers at the concentration used for NMR analysis 

(50µM; Section 2.7.1.2). B. Size exclusion chromatography (Section 2.6.2.1) suggests that the 
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D123P mutant will behave as a monomer at the concentration used for NMR and the wild-type 

protein is likely to exist as oligomeric species. C. The overlaid spectra of the D123P mutant and 

wild-type protein with significant chemical shift perturbations shown, the labels correspond to 

panel D which also details which part of the linker region the residue is from. D. The peak 

intensities of the spectra of the D123P and wild-type luminal domain are compared. Numerous 

peaks have much reduced intensities in the D123P mutant where they appear to disappear on the 

spectrum, this is due to chemical shift perturbations. Peaks are labelled corresponding to their 

position in the spectra in panel C. E. The core domain peak intensities for the D123P mutant are 

plotted against wild-type protein with a line for y=x shown. The peaks of the core domain have 

significantly different intensities in the D123P monomeric protein compared to the oligomeric 

wild-type protein, as analysed by an unpaired t-test (p = 0.0013). 

 

 

Figure 5.9 

The D123P mutation shifts equilibrium towards monomeric protein. Effects are observed by NMR 

in the intrinsically disordered regions of the protein. Shown is the crystal structure model 

(PDB:2HZ6) (Zhou et al., 2006) with predicted disordered regions (Yang et al., 2015) and a 

cartoon representation of the linker region. Upon mutation of the D123 residue at the 

dimerisation interface to a proline residue, significant changes are observed in NMR peaks of the 

linker region, suggesting they undergo allosteric changes upon dimerisation/oligomerisation of 

the protein. Increased peak intensities of residues of loop region 2 suggest a smaller protomer 

(Lee, D. et al., 2006). Figure prepared using PyMOL version 1.7. 
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5.6.2. The dimer to oligomer transition involves changes in the protein’s disordered 
regions 

 

To investigate the role of the luminal domain’s intrinsically disordered regions in the protein’s 

transition from a dimeric to an oligomeric conformation, the WLLI-GSSG mutant was used 

(Figure 5.10A). The quadruple mutation has been previously characterised to disfavour luminal 

domain oligomerisation in the absence of unfolded protein (Karagoz et al., 2017) and in Section 

4.3.2.3 the mutation disfavoured the formation of oligomers. Therefore, in the conditions used for 

NMR study of the protein the WLLI-GSSG mutant is expected to exist as dimers. 

 

Comparison of the WLLI-GSSG mutant spectrum to the wild-type spectrum firstly presents three 

chemical shift perturbations (labelled in green; Figure 5.10B and C). Interestingly, two are from 

the most distal segment of the linker region (residues 426-449), similar to the D123P mutant this 

suggests an allosteric interaction of the C-terminal of the linker region involved in conformational 

changes of the luminal domain. The third is from a low intensity core domain peak (Figures 5.10B 

and D), this chemical shift perturbation suggests that residues of loop region 2 are affected by 

changes to the oligomerisation interface residues (Karagoz et al., 2017) and therefore it’s possible 

that the region may have a role in its regulation. 

 

The WLLI-GSSG mutant is expected to exist as smaller multimers than the wild-type luminal 

domain and therefore experience reduced τc values and increased core domain peak intensities 

(Figure 5.6A). As observed in Figure 5.10D and E the WLLI-GSSG loop region 2 peaks have 

significantly increased peak intensities (1.8-fold), suggesting a smaller luminal domain multimer 

than in wild-type protein, as expected. Two additional significant changes in peak intensity are 

observed, signifying differential dynamics in residues of the 426-449 segment of the linker region 

(labelled in red, Figure 5.10B and C), further suggesting long-range communication of this 

segment with the core domain. Also changes to peak intensities are observed in the 411-415 and 

421-425 segments suggesting these regions may also be involved in a potential allosteric network.  

 

Therefore, by study of the WLLI-GSSG mutant an involvement of loop region 2 in 

oligomerisation has been suggested and more evidence has been provided for the role of the most 

distal segment of the linker region (residues 426-449) in luminal domain conformation, implying 

allosteric communication which may affect function (Figure 5.11). 
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Figure 5.10 

The oligomerisation deficient mutant (357-361 WLLI-GSSG) causes changes to residues of loop 

region 2 and the 426-449 segment of the linker region. A. Comparison of the WLLI-GSSG mutant 

to wild-type luminal domain allows comparison of the dimeric and oligomeric conformations 

respectively. B. The HN TROSY (Section 2.7.1.2) spectrum of the WLLI-GSSG mutant overlaid 

with the wild-type spectrum. Significant chemical shift perturbations occur for three peaks; one 

in loop region 2 and two of the 426-449 area of the linker region. C. The peak intensities of 
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different areas of the luminal domain are compared between the wild-type and WLLI-GSSG 

mutant construct. Line for y=1.3x shown, this difference is thought to be due to different sample 

concentrations used, subsequent analysis of intensities corrects for this. D. The core domain 

peaks (from loop region 2) have significantly increased intensities in the dimer than in the 

oligomeric (wild-type) protein (using an unpaired t-test, p = 0.001). E. Comparison of the loop 

region 2 (core domain) peak intensities of wild-type and WLLI-GSSG constructs. There is a clear 

trend for increased peak intensities of the loop region 2 residues in the dimeric protein as opposed 

to oligomeric. 

 

 

Figure 5.11 

Summary of changes observed in solution NMR study of the WLLI-GSSG mutant. The X-ray 

crystal structure model (PDB: 2HZ6) (Zhou et al., 2006; Yang et al., 2015) shows the WLLI 

residues of the identified oligomerisation interface in blue (Karagoz et al., 2017). Through NMR 

study of the disordered regions it is apparent that the WLLI-GSSG mutation increases the peak 

intensities of residues in loop region 2 that surround the WLLI oligomerisation interface and 

causes one chemical shift perturbation in loop region 2 and changes in the most distal segment 

of the linker region (residues 426-449). Figure prepared using PyMOL version 1.7. 

 

5.6.3. There are no significant changes to luminal domain disordered regions upon 
peptide binding 
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In order to determine whether peptide binding has an effect on the disordered regions of the 

protein, wild-type luminal domain was incubated with ΔEspP for three hours before being 

analysed by a HN TROSY experiment and compared to a sample without peptide added (Figure 

5.12). The sample without peptide added was at a concentration of 36µM and therefore suggested 

to exist as small oligomers. The sample with 36µM peptide added is expected to be bound by 

peptide but remain soluble, therefore also existing as small oligomers and so any changes 

observed are expected to be from peptide binding. 

 

It’s apparent that there are no observable chemical shift perturbations or changes in peak intensity 

upon incubation with 36µM ΔEspP (Figure 5.12B and C), suggesting that peptide binding to 

oligomeric luminal domain protein does not prompt any conformational changes to the protein’s 

intrinsically disordered regions. 

 

 

Figure 5.12 

Binding of ΔEspP to IRE1α’s luminal domain doesn’t affect the chemical environment of the 

protein’s disordered regions, determined by HN TROSY experiments. A. Cartoon representation 

of the transition being observed by data in panels B and C. ΔEspP binds to the oligomerised 

luminal domain. B. Upon incubation of 36.3µM ΔEspP with 36µM IRE1α luminal domain for 

three hours the sample was centrifuged, and the concentration of soluble protein measured as 
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29.9µM, this sample was then analysed using NMR (Section 2.7.1.5). There are no significant 

chemical shift perturbations in the overlaid spectra. C. The peak intensities of the intrinsically 

disordered regions, with and without peptide are not significantly different when the change in 

concentration is accounted for, suggesting no changes in dynamic processes of the luminal 

domain’s disordered regions upon peptide binding. 

 

The inclusion of an equimolar ratio of ΔEspP with the oligomerised wild-type protein appeared 

to cause no changes to the conformation of the linker region. This may be because the protein is 

already oligomerised, and therefore the protein has already adopted an oligomerisation-active 

conformation which is unaffected by an increase in oligomeric size. The luminal domain is 

thought to adopt this conformation transiently in the absence of stress and peptide binding is 

thought to promote its formation (Karagoz et al., 2017). It was therefore hypothesised that binding 

of peptide to the oligomerisation disfavouring mutant (WLLI-GSSG) will promote the 

oligomerisation-active conformation, and therefore may give a spectral pattern resembling wild-

type protein. The WLLI-GSSG mutant was incubated with an equimolar ratio of MPZ1 peptide, 

in similar conditions as used in Karagoz et al. (2017), where 50µM MPZ1 peptide and 50µM 

luminal domain were used to promote the formation of the oligomer-active state.  

 

The WLLI-GSSG mutant incubated with an equimolar amount of each peptide is shown in Figure 

5.13. MPZ1 peptide incubation with the WLLI-GSSG mutant does not appear to significantly 

perturb the chemical shift or intensities of any observed residues (Figure 5.13B and C). An 

equimolar ratio of protein and MPZ1 peptide has been previously characterised not to cause an 

increase in the luminal domain’s multimeric state (albeit at 5µM) (Karagoz et al., 2017), and 

doesn’t induce an increase in the measured OD400 value (Section 4.3.2.2). Therefore, as no 

chemical shift perturbations are observed, this indicates that the previously observed changes 

from dimeric to oligomeric protein (Figure 5.11) are caused by oligomerisation rather than 

transition to an oligomerisation active conformation of the protein. Additionally, no significant 

change in loop region 2 peak intensities are observed, this is expected as there is not expected to 

be a change in multimer size and therefore changes from differential rotational correlation times. 

 

To ensure the formation of the oligomer active state, the WLLI-GSSG protein was also incubated 

with an equimolar amount of ΔEspP (Figure 5.13D). In Section 4.3.2.1 the ΔEspP has an 

increased affinity to promote oligomerisation, likely due to its previously characterised increased 

affinity to bind to the luminal domain compared to the MPZ1 peptide (~6µM for ΔEspP, ~24µM 

for MPZ1) (Carrara et al., 2015; Karagoz et al., 2017). Similar to study with the MPZ1 peptide, 

there are no observable chemical shift perturbations upon incubation with ΔEspP (Figure 5.13E). 
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A technical fault during acquisition caused the observed peak broadening, preventing accurate 

analysis of changes in peak intensities. 

 

Figure 5.13 
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The oligomerisation impaired WLLI-GSSG mutant does not experience chemical shift 

perturbations in its disordered regions upon peptide binding, as observed by NMR HN TROSY 

experiments. A. Cartoon representation of the transition observed in panels B and C. MPZ1 

peptide binds to the WLLI-GSSG dimeric mutant. B. Upon incubation for 180 minutes with 1:1 

(50µM) MPZ1 peptide there are no significant chemical shift perturbations occurring, indicating 

that peptide binding to the dimeric protein (to promote the oligomerisation active conformation 

(Karagoz et al., 2017)) does not induce changes in the protein’s intrinsically disordered regions 

as observed by solution NMR (Section 2.7.1.5). C. Binding of MPZ1 peptide to the WLLI-GSSG 

mutant doesn’t elicit significant changes in peak intensities. D. Cartoon representation of the 

ΔEspP binding to the WLLI-GSSG dimeric protein. E. Upon incubation for 180 minutes with 1:1 

ΔEspP (50µM) there does not appear to be significant chemical shift perturbations, however, 

there was an error whilst running the experiment (leading to 1H broadening). 

 

The data presented here therefore suggests that unfolded protein binding to the luminal domain 

only influences structured regions that are not observed by the solution NMR experimentation 

used here, in agreement with a previous study (Karagoz et al., 2017). The changes in loop region 

2 and the most distal section of the linker region observed in Figure 5.11 therefore appear to be a 

result of oligomerisation of the luminal domain, rather than adoption of the oligomer-active state. 

Additionally, different peptide sequences binding to the protein do not prompt different 

conformations of the luminal domain’s intrinsically disordered regions. 

 

5.7. Conclusion 

 

In this chapter the luminal domain has been analysed by solution NMR spectroscopy. Previously 

the spectrum was though to consist of only intrinsically disordered regions of the protein due to 

the 1H dispersion of observed peaks (Okazaki et al., 2018). Here temperature coefficient 

experiments also suggest that only disordered regions are observed in the luminal domain’s NMR 

spectrum. The majority of residues observed are from the protein’s linker region and these were 

assigned to different segments of the linker region sequence using truncated luminal domain 

constructs. Although the aforementioned analysis suggests that the linker region is disordered, 

analysis of the different segments’ dynamic processes suggest that some sections of the linker 

region are involved in differential dynamic processes and may therefore interact with other 

regions of the protein or adopt secondary structure transiently (Kleckner and Foster, 2011). 

Interestingly, the regions that present heterogeneity in their dynamic processes are also predicted 

to adopt secondary structural elements (Shen, Y. et al., 2014; Thevenet et al., 2012; Drozdetskiy 

et al., 2015). 
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Results in Chapter 4 offer methods to manipulate IRE1α’s conformational landscape through 

mutation (Section 4.3.2.3). Monomeric and dimeric states of the luminal domain were compared 

to oligomeric protein and for both conformations global effects from the change in protein size 

were observed in the luminal domain’s loop region 2 (Lee, D. et al., 2006). Additionally, 

differential long-range changes were observed in the protein’s disordered regions for both 

conformations (Table 5.2). 

 

Table 5.2 

The transitions of states of IRE1α’s luminal domain studied in this chapter by NMR spectroscopy. 

Detailed are the chemical shift perturbations and changes in residue dynamic processes observed 

in the intrinsically disordered regions of the protein in each transition between conformations. 

Transition Chemical shift 

perturbations 

Dynamics 

(& oligomerisation) From: To: 

Monomer         →          Oligomer Region 390-415 (12) 

Region 426-449 (1) 

Loop region 2 (global) 

Region 426-449 (1) 

Dimer              →          Oligomer Loop region 2 (1) 

Region 426-449 (2) 

Loop region 2 (global) 

Region 411-415 (1) 

Region 421-449 (4) 

Dimer              →  Peptide bound dimer - - 

Oligomer         →Peptide bound oligomer - - 

 

The monomer to dimer/oligomer transition causes many chemical shift perturbations in residues 

between position 390 and 415 of the protein suggesting long-range communication of this area of 

the linker region and potentially an allosteric mechanism of regulation of dimerisation by the 

linker region. 

 

Interestingly, removal of the luminal domain’s linker region (at residue 389) was reported to 

reduce BiP binding and therefore the expected BiP-dependent monomerisation of the luminal 

domain, but reinstatement of residues 390-408 restored normal BiP repression (Oikawa et al., 

2009). However, BiP has been shown to bind not to the linker region, but to the core domain 

(residues 24-389) of the luminal domain, promoted by interaction with ERdj4 (Amin-Wetzel et 

al., 2017). It’s therefore possible that the linker region conformation observed here has a role for 

fine tuning these interactions. 

 

Upon comparison of the trapped dimeric and oligomeric states of the luminal domain one 

chemical shift perturbation was observed in loop region 2, suggesting that the region is affected 
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by the identified oligomerisation interface residues (Karagoz et al., 2017), this may be through an 

adjoining monomer in oligomerisation or a long-range interaction with the linker region. This is 

in disagreement with previous NMR study of the luminal domain that suggested no effect was 

observed in a residue of loop region 2 upon oligomerisation (Karagoz et al., 2017), however, the 

probe used in this study may have occurred in an area of loop region 2 distal to the affected site 

observed here. 

 

Unexpectedly, changes in the most C-terminal segment of the linker region were observed in the 

dimeric to oligomeric transition (Figure 5.11) as well as a chemical shift perturbation in the 

monomeric protein (Figure 5.9). Interestingly, an amphipathic helix in this segment of the linker 

region (as predicted in Figure 5.2) has been suggested to be involved in sensing endoplasmic 

reticulum lipid bilayer stress to promote the unfolded protein response (Halbleib et al., 2017; 

Kono et al., 2017). Additionally, residues of this region have been implicated as the binding site 

for the repressing interaction of the Sec61 translocon with the luminal domain (Sundaram et al., 

2017). The differential long-range effects of this segment of the linker region in monomeric, 

dimeric and oligomeric protein may therefore represent an allosteric regulation mechanism for 

the fine-tuning of the protein’s conformational landscape by these interactions. 

 

Binding of peptide to the dimeric and oligomeric states of the luminal domain do not induce 

changes to the protein’s disordered regions, in agreement with previous NMR study of the 

domain, unfolded proteins are suggested to interact with and alter the conformation of structured 

regions of the protein (Karagoz et al., 2017; Credle et al., 2005) and are therefore not expected to 

be observed by the analysis in this chapter. The information gained through solution NMR study 

of the linker region is summarised in a schematic in Figure 5.14A. 

 

Using the data presented here and previous study of the protein, two models are hypothesised for 

the role of the N-terminal portion of the linker region in regulation of the luminal domain. Model 

A (Figure 5.14B) suggests that that BiP binding promotes the monomeric conformation of the 

linker region observed by solution NMR. Here, the adopted conformation opposes dimerisation, 

favours BiP/ERdj4 binding and is the most favourable linker conformation when the protein is 

monomeric (and is therefore observed by solution NMR study). Previous literature has suggested 

that BiP repression occurs to a lesser extent with the removal of these residues (Oikawa et al., 

2009) supporting the hypothesised model. 
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Figure 5.14 

Summary of the findings and hypothesised models from solution NMR study of the luminal 

domain’s conformations. A. Schematic of the luminal domain’s protein sequence. Shown are the 

disordered regions and the interactions that they undergo in specific conformations of the protein. 

B. First hypothesised model for the role of the N-terminal section of the linker region in luminal 

domain function. The monomeric linker region conformation is favoured in the absence of 

dimerisation and is promoted upon BiP binding to prevent dimerisation. C. Hypothesised model 

2, the monomeric conformation of the linker region promotes dimerisation of the protein and 

opposes ERdj4/BiP binding. Upon dimerisation the linker region conformation changes and 

Erdj4/BiP binding is favoured. 

 

The second model hypothesises that the N-terminal region of the linker region in the monomeric 

conformation disfavours ERdj4/BiP binding (Figure 5.14C), therefore opposing BiP repression 

(Amin-Wetzel et al., 2017). Dimeric luminal domain is considered to be able to elicit the unfolded 

protein response (Amin-Wetzel et al., 2017), and therefore in times of low endoplasmic reticulum 

stress, BiP interacts with dimeric protein to monomerise it. Additionally, in Chapter 4 the 
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dimerisation affinity for the luminal domain with the linker region was slightly weaker than values 

reported in the literature for the core luminal domain, albeit by different methodologies (Karagoz 

et al., 2017). Therefore, in model 2 the monomeric luminal domain conformation prevents 

redundant repressive interactions and promotes dimerisation, but upon dimerisation the repressive 

interactions with ERdj4/BiP (Amin-Wetzel et al., 2017) are favourable.  

 

Further investigation is required into the role of this N-terminal segment of the linker region for 

the roles of its differential conformations. Additionally, the differential long-range effects 

observed in the C-terminal residues of the linker region require validation for their potential 

allosteric mechanism. 

 

Therefore, through solution NMR study of the luminal domain, understanding has been gained 

about the interactions and possible regulatory role of the protein’s previously uncharacterised 

disordered regions in different conformations of IRE1α’s conformational landscape. Experiments 

here have also allowed for a deeper understanding of the solution NMR data gained to be 

potentially used for characterisation of novel conformations identified, interactions of the protein 

(including potential targeted therapeutic binding) and also the effect of cancer-associated 

mutations on the disordered regions, which will be examined in the following chapters. 
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6. Cancer-associated mutants affect the conformational 

landscape of IRE1α 

 

6.1. Introduction 

 

The results in Chapter 4 suggest that IRE1α’s luminal domain’s conformational landscape is in a 

dynamic equilibrium between monomers, dimers and increasingly large oligomers (Sections 4.2 

and 4.3). The luminal domain’s conformational landscape is influenced by changes to the 

domain’s environment in a number of ways, such as the binding of peptide to shift equilibrium to 

promote the formation of larger multimeric species and the inclusion of BiP or interface mutations 

disfavouring oligomerisation. In addition to this, results presented in Chapter 5 suggest long-

range effects and a potential allosteric role for the linker region in these conformations. 

 

Numerous cancer-associated mutations of IRE1α’s luminal domain have been identified, likely 

owing to the protein’s role in adaptive and apoptotic cellular responses (Tam et al., 2014; Han et 

al., 2009; Chalmers et al., 2019), these mutations may affect the protein’s conformational 

landscape or disrupt interactions of the protein to promote tumorigenesis. Here, four cancer-

associated mutations are selected (Table 6.1) due to their occurrence in regions of the luminal 

domain distal to the protein’s identified functional sites (dimerisation interface (Zhou et al., 2006), 

peptide binding groove (Zhou et al., 2006; Credle et al., 2005; Kono et al., 2017), oligomerisation 

interface and motifs to promote the oligomer-active state (Karagoz et al., 2017)). The mutations 

are therefore hypothesised to elicit effects through currently unknown allosteric mechanisms, 

which can be identified through study of the mutants. 

 

Two of the selected mutations are in the core domain of the protein (N244S and S296F) and two 

are from the linker region (A414T and V418M), a brief overview of each mutation site is provided 

here. 

 

The mutated core domain residues are highly conserved compared to the linker region residues. 

The N244 residue resides in the β-sandwich motif, this motif is suggested to have a role in 

structurally propagating the signal of peptide binding to promote an oligomerisation-active state 

of the protein (Karagoz et al., 2017), as shown in Figure 6.1A. Interestingly, in the crystal 

structure model (PDB: 2HZ6) the N244 residue has a polar contact with and resides in a similar 

area as the second mutated core domain residue; S296 (Zhou et al., 2006). The S296F mutant has 

been identified in multiple cases of skin cancer (Sanborn et al., 2015; Pickering et al., 2014) and 
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resides in a conserved anti-parallel β-sheet region close to the oligomerisation interface, loop 

region 2 and the β-sandwich region (Zhou et al., 2006). Thus far this conserved anti-parallel β-

sheet has not been identified to have a role in luminal domain function, however, its interactions 

with the functionally important β-sandwich motif (particularly through N244 and S296) and the 

WLLI oligomerisation motif suggest it may also have a role in regulating peptide-induced 

stabilisation of the oligomerisation active state (Figure 6.1A). 

 

Table 6.1 

Cancer-associated mutations of IRE1α’s luminal domain studied in this chapter. The conservation 

of the amino acid mutated (Ashkenazy et al., 2016), location as observed in Figure 6.1, cancer 

type and reference for the mutations are given. 

Mutant Conservation 

(Normalised 

score 0-100) 

Location Cancer-type Reference 

N244S 90.1 Start of β-

sandwich domain 

Clear cell carcinoma (Greenman et al., 

2007) 

S296F 80.4 Conserved anti-

parallel β-sheet 

Cutaneous squamous 

cell carcinoma, 

metastatic melanoma 

(Pickering et al., 

2014; Sanborn et 

al., 2015) 

A414T 4.5 Linker region Glioblastoma (Lhomond et al., 

2018) 

V418M 6.1 Linker region Parathyroid 

carcinoma 

(Greenman et al., 

2007; Pandya et al., 

2017) 

 

The A414T linker region cancer-associated mutation was identified in an aggressive glioblastoma 

case and has been partially characterised for its cellular role, where the mutation promoted 

oligomerisation and enhanced XBP-1 splicing as well as further phenotypical changes in the cells 

to promote the aggressive tumour observed (Lhomond et al., 2018). The V418M mutation was 

identified in parathyroid carcinoma (Greenman et al., 2007; Pandya et al., 2017) and has not been 

studied previously, its proximity to the A414T mutation suggests that it may interfere with the 

same mechanism that drives the A414T abhorrence. These mutations further suggest an allosteric 

role for the linker region in regulation of the protein, in particular the central section (Residues 

411-420). The mutations are shown in Figure 6.1B alongside the information obtained for the 

linker region in Chapter 5. 



162 

 

 

 

Figure 6.1 

The cancer-associated mutants of the luminal domain occur in the linker region and core domain 

of the protein. A. Shown is a model of IRE1α’s luminal domain’s dimeric conformation based on 

the crystal structure (PDB: 2HZ6) (Zhou et al., 2006) with modelled intrinsically disordered 



163 

 

 

regions (Yang et al., 2015). The proposed signal propagation to promote oligomerisation from 

unfolded protein binding is shown (Karagoz et al., 2017). Additionally, the N244 and S296 

residues are shown, these residues reside at an interface between motifs deemed important in 

signal propagation and a conserved anti-parallel β-sheet which has polar contacts with the 

oligomerisation interface and these motifs. Figure prepared using PyMOL version 1.7. B. A 

schematic representation of the protein’s linker region with the findings from solution NMR study 

of the region in Chapter 5. Shown are the locations of the linker region cancer-associated 

mutations; A414T in orange and V418M in red. 

 

This chapter will therefore explore the effects of these four cancer-associated mutations on 

IRE1α‘s luminal domain’s conformational landscape. The N244S and S296F mutations may 

interfere with an allosteric pathway for unfolded protein-binding signal propagation to the 

oligomerisation interface and the linker region is known to adopt different conformations in 

different luminal domain states (Section 5.6), the cancer-associated mutations may therefore 

interfere with these conformations to influence the luminal domain’s state through allosteric 

interactions. 

 

6.2. Initial characterisation of the mutants’ effects 

6.2.1. Three of the mutants can be overexpressed as soluble protein in E. coli 
 

In order to investigate the effect of the mutants in vitro, the mutant constructs were successfully 

produced using site directed mutagenesis with the wild-type full-length construct. The protocol 

and primers used are shown in Section 2.3.8. 

 

To initially assess the solubility of the overexpressed mutants, the mutated luminal domain 

constructs were expressed using the same protocol as for wild-type protein (Figure 6.2). 

Expression of the N244S, S296F and V418M constructs at 37°C gave a significant amount of 

soluble protein, as with wild-type protein (Figure 6.2A and B), however, no soluble expression of 

the A414T luminal domain mutant was observed (Figure 6.2C). This suggests that all the cancer-

associated mutations, excluding A414T can be overexpressed in E. coli using the same protocol 

as wild-type protein. The A414T construct is further investigated in Section 6.3. The soluble 

cancer-associated mutants were therefore expressed, purified and validated by mass spectrometry, 

showing similar chromatograms as the wild-type protein and the expected mass spectrometry 

results (Sections 2.5.2.2 and 2.6.1.2, respectively). 
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Figure 6.2 

Solubility tests for E. coli overexpression of the cancer-associated mutants at 37°C with 1mM 

IPTG for four hours in BL21 DE3 cells. Solubility test protocol in Section 2.5.1, ‘S’ represents 

soluble protein, ‘W’ is whole protein sample and ‘I’ is the insoluble fraction. Highlighted in green 

is the soluble protein produced. A. Wild-type protein, N244S and S296F give a significant amount 

of soluble protein expressed. B. The V418M also gives a significant amount of soluble protein 

expressed. The solubility test for the V418M construct is shown in the box to the right, wells 2-7 

can be discounted. C. A414T gives no significant levels of soluble protein, insoluble protein is 

highlighted by a red box. 

 

6.2.2. The thermal stability of the expressed soluble cancer-associated mutants 
 

In order to determine whether the mutations studied here affect the luminal domain’s stability and 

therefore possibly perturb stress responses by the protein, thermal stability of the constructs was 
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measured using differential scanning calorimetry (Figure 6.3). Differential scanning calorimetry 

increases the temperature of a cell that contains the protein where the amount of energy required 

to raise the temperature of the cell is monitored. When the protein unfolds there is a peak in the 

energy required to increase the temperature of the cell due to the energy change upon unfolding. 

The mutants assessed here do not produce significant changes in the thermal stability of the 

protein, the largest loss in stability being 2.8°C from the S296F mutant, which still represents 

only a minor loss in stability. The N244S experiences a decrease of 1.8°C in thermal stability, 

which is similarly minor. As previously described the two core domain mutations have polar 

contacts, mutation of the residues may disrupt this interaction between the different areas of the 

protein and therefore cause the decrease in stability presented here. V418M did not appear to give 

any significant change in thermal stability to wild-type protein (+0.1°C difference). 

 

 

Figure 6.3 

The mutants do not significantly perturb the thermal stability of the luminal domain. The mutants 

shown do not deviate significantly from wild-type protein’s thermal stability of 60.7°C through 

analysis by differential scanning calorimetry (Section 2.9.1, n=2 for S296F, n=3 for other 

constructs). The mutants’ thermal stabilities: N244S 58.9°C, S296F 57.9°C and V418M 60.8°C. 

 

6.2.3. The cancer-associated mutants do not significantly perturb secondary structure 
 

In order to assess the mutations’ effects on the luminal domain’s secondary structure, circular 

dichroism was used (Figure 6.4). Circular dichroism reports on the proportion of secondary 

structural elements in a protein, where large perturbations in structure cause significant deviations 
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in the circular dichroism spectrum. The mutations do not significantly alter the proportion of 

secondary structure elements, as observed in Figure 6.4, suggesting they do not promote large 

scale changes to luminal domain structure.  

 

 

Figure 6.4 

Circular dichroism spectra for all mutants show that the mutants do not significantly alter 

secondary structure components. Compared are the circular dichroism spectra (Section 2.6.3, 

n=2) for the mutants with the spectrum for wild-type protein. The cancer-associated mutants do 

not appear to significantly alter the secondary structure propensity of the protein, small changes 

in ellipticity are likely due to variation in sample concentration or the formation of amorphous 

aggregate of the protein over time (Bustamante et al., 1983). 

 

From the results in this section it appears that the cancer-associated mutants do not significantly 

alter the stability or secondary structure of the protein. The mutations may therefore affect the 

protein’s conformational landscape or interactions with binding partners to elicit an effect.  

 

6.3. A414T mutation results in the formation of insoluble oligomers 

6.3.1. Determination of the linker region’s effect on solubility 
 

A414 resides in the luminal domain’s linker region (Figure 6.5) which is often removed for in 

vitro study of the protein (Karagoz et al., 2017; Zhou et al., 2006). Expression of the luminal 

domain with the linker region removed (core luminal domain) in E. coli produces less soluble 

protein than the full-length construct (Figure 6.6). This indicates that the linker region may have 

a role in promoting soluble luminal domain overexpression, which may explain the insoluble 

expression observed for the A414T mutant construct. Therefore, multiple truncations to the C-

terminal of the linker region were used (Figure 6.5) and their solubility when overexpressed in E. 
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coli at different temperatures analysed to determine the presence of a solubility promoting 

segment of the linker region (Figure 6.6). 

 

 

Figure 6.5 

Schematic of the truncations made to the luminal domain. Shown also are loop region 2, where 

the linker region is truncated for the core luminal domain (cLD), the multiple truncations of the 

linker region used and where the A414T mutation occurs in the linker region. 

 

In all truncated linker region constructs there were significant amounts of soluble protein 

produced at 20°C, 30°C and 37°C (Table 6.2) and it wasn’t possible to determine a specific region 

that increased the solubility of the protein, thus suggesting that there is no specific segment of the 

linker region that affects solubility of expressed protein. Only the truncation that also removed 

part of loop region 2 and the oligomerisation interface (residues 24-356) gives no soluble protein 

when expressed at the temperatures analysed. Therefore, it appears that the A414T mutation 

doesn’t disrupt a specific region of the linker region required for soluble E. coli overexpression. 

 

Table 6.2 

For the E. coli overexpression of each construct at different temperatures the presence of soluble 

luminal domain is presented. A ‘+‘ indicates the presence of soluble protein where ‘–‘ indicates 

the absence. Truncations of the linker region do not prevent soluble protein being expressed as 

the A414T mutant does. 

 SOLUBLE EXPRESSION 

CONSTRUCT: 20°C 30°C 37C 

24-389 + + + 

24-405 + + + 

24-410 + + + 

24-415 + + + 

24-420 + + + 

24-425 + + + 

24-449 (WILD-TYPE) + + + 
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A414T - No data - 

D123P + + - 

24-356 - - - 

 

 

Figure 6.6 

There doesn’t appear to be a solubility promoting segment in the linker region. ‘S’ represents 

soluble protein, ‘W’ is whole protein sample and ‘I’ is the insoluble fraction. A-C. SDS-PAGE 

gels of solubility tests (Section 2.5.1) for expression of different luminal domain constructs at 

37°C, 30°C and 20°C. Green boxes show significant soluble luminal domain, red boxes show 

where there are large amounts of insoluble protein. D123P requires expression at 20°C or 30°C 

for significant amounts of soluble protein. The core luminal domain lacking the linker region has 

a reduced amount of soluble protein when expressed above 20°C. The truncations used all show 

significant amounts of soluble protein at all temperatures trialled. The 24-356 construct shows 

low solubility under all expression conditions. 

 

6.3.2. Optimisation of expression does not promote soluble expression of the A414T 
construct 

 

The source of the A414T construct insoluble expression may be due to an adverse intramolecular 

interaction promoted by the mutation to reduce soluble expression. Therefore, to slow the 

translation rate and promote protein stability and soluble expression, different conditions for 

recombinant overexpression were used and further solubility tests carried out (Figure 6.7). The 
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D123P mutant has lower solubility in E. coli overexpression than wild-type luminal domain 

protein and is therefore expressed at 20°C to obtain significant amounts of soluble protein (Figure 

6.7A). However, the same 20°C expression to promote stability and reduced translation rates did 

not yield soluble expression of the A414T construct. Lower IPTG concentrations were also 

trialled (Figure 6.7B and 6.7C) to reduce the expressed protein concentration alongside a different 

E. coli expression strain (Figure 6.7C) to optimise translation rates for soluble protein expression. 

However, all conditions used did not give significant soluble expression of the A414T mutant, 

suggesting that a different mechanism may be promoting insoluble expression of the A414T 

construct. 

 

 

Figure 6.7 

The A414T cancer-associated mutation is expressed in the insoluble fraction under all conditions 

trialled. ‘S’ represents soluble protein, ‘W’ is whole protein sample and ‘I’ is the insoluble 

fraction. A. Some mutants of the luminal domain require expression at 20°C for 16 hours in E. 

coli for soluble protein expression such as the D123P mutant (Section 2.4.5.4), under these 

conditions A414T is not produced as soluble protein, as determined by a solubility test (Section 

2.5.1). B. Different concentrations of IPTG for induction of expression were trialled in the BL21 

DE3 E. coli expression strain. However, A414T was not expressed as soluble protein at any 
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concentration. C. Different concentrations of IPTG for induction of expression were trialled in 

the Rosetta 2 E. coli expression strain. However, A414T was not expressed as soluble protein at 

any concentration. 

 

6.3.3. Perturbation of the dimer and oligomer interfaces results in soluble A414T 
expression 

 

The data presented thus far suggest that the A414T mutant’s insoluble expression is not caused 

by a solubility-promoting motif in the linker region being perturbed or interference by the 

mutation with a different solubility providing motif. The luminal domain is able to form insoluble 

oligomers upon incubation with peptide, as observed in Section 4.3.2.1 and previous 

characterisation of the A414T mutant protein in cell-based assays suggested that the mutant 

promotes increased oligomerisation in the absence of stress (Lhomond et al., 2018). It was 

therefore hypothesised that the A414T mutation may promote insoluble oligomerisation of the 

luminal domain when overexpressed in E. coli. 

 

In Chapter 4, the dimerisation or oligomerisation deficient mutants (D123P and WLLI-GSSG) 

(Zhou et al., 2006; Karagoz et al., 2017) disfavoured peptide-induced oligomerisation by affecting 

the luminal domain’s conformational landscape (Section 4.3.2.3). Therefore, inclusion of the 

mutations to the A414T construct may promote soluble expression if the A414T does indeed 

promote insoluble oligomer formation. Double and quintuple mutants were produced 

(A414T+D123P and A414T+WLLI-GSSG) and the solubility of each mutants’ E. coli 

overexpression analysed (20°C expression, Figure 6.8). Indeed, the double and quintuple mutants 

both give significant amounts of soluble luminal domain, suggesting that the A414T mutation 

affects IRE1α‘s luminal domain’s conformational landscape by promoting the formation of 

insoluble oligomers in the absence of unfolded protein substrate. 
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Figure 6.8 

The dimerisation and oligomerisation deficient mutants, D123P and WLLI-GSSG influence the 

A414T mutant’s conformational landscape to promote formation of smaller species, therefore 

giving soluble E. coli overexpression. A. Representation of the effect of the D123P mutant and 

WLLI-GSSG mutant on the luminal domain’s conformational landscape in the absence of 

unfolded protein. D123P inhibits the formation of dimeric protein (Zhou et al., 2006) and WLLI-

GSSG inhibits the formation of oligomers (Karagoz et al., 2017). B. SDS-PAGE gel of solubility 

tests (Section 2.5.1) carried out with the A414T containing double and quintuple mutants when 

expressed at 20°C for four hours with 1mM IPTG. The A414T mutant alone doesn’t produce a 

significant amount of soluble luminal domain protein. When the A414T construct is mutated with 

the dimerisation or oligomerisation deficient mutants there is a significant amount of soluble 

protein produced, as shown in the green boxes. This suggests that A414T promotes 

oligomerisation, causing large oligomers to precipitate when overexpressed in E. coli cultures. 
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The results presented here also further demonstrate the importance of the linker region in 

activation of the luminal domain, however, the mode of perturbation that the A414T mutation has 

on the luminal domain remains unknown and thus requires structural characterisation. The A414T 

+ D123P double mutant was recombinantly expressed in the soluble fraction and used in the 

subsequent analysis of the mutation’s effects on the luminal domain (purification chromatogram 

and mass spectrometry result for the A414T+D123P double mutant shown in Sections 2.5.2.2 and 

2.6.1.2, respectively). 

 

6.3.4. The A414T mutation doesn’t cause a significant change in secondary structure of 
the D123P construct 

 

To observe if the A414T mutation significantly perturbs the secondary structure proportions of 

the D123P construct, circular dichroism was used (Figure 6.9). No significant differences in the 

circular dichroism spectra are observed between the D123P and A414T+D123P mutants. As 

observed in Chapter 5, NMR study of the protein’s disordered regions will give more accurate 

information about the conformational changes conferred by the A414T mutation and are carried 

out in Chapter 7. 

 

 

Figure 6.9 

Circular dichroism spectra for the A414T+D123P double mutant, the mutation does not 

significantly alter secondary structure components. Compared are the circular dichroism spectra 

(Section 2.6.3, n=3) for the A414T+D123P double mutant the spectra for the D123P mutant. 

Experiment carried out at 4µM, the difference observed compared to Figure 6.4 may be due to 

error in concentration measurement or the decreased stability of the D123P construct. 

 

The A414T mutation appears to promote oligomerisation of the luminal domain in the absence of 

unfolded protein and requires the D123P mutation in the construct for soluble E. coli expression. 
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This double mutation and the soluble cancer-associated mutations do not appear to significantly 

perturb protein structure or stability and therefore can be probed for their effects on the luminal 

domain’s conformational landscape and interactions in the following sections. 

 

6.4. How the cancer-associated mutations affect IRE1α’s conformational 

landscape 

 

The assays developed in Chapter 4 to study the luminal domain’s conformational landscape are 

used here to identify how the cancer-associated mutations perturb luminal domain function. To 

study the luminal domain’s state in the absence of unfolded proteins, size exclusion 

chromatography is used. Here, the wild-type protein exhibits a sub-µM dimerisation constant with 

oligomeric species being formed at higher concentrations (Section 4.2). To assess the constructs’ 

activation in stressed conditions, ΔEspP was incubated with the luminal domain and turbidity, 

solubility and fluorescence polarisation techniques used to observe oligomerisation of the domain 

and compare this to wild-type protein (Section 4.3).  

 

Therefore, each of the following sections will address the conformational landscape of the luminal 

domain cancer-associated mutations and how oligomerisation is promoted by a model peptide 

substrate, using the methods and assays presented in Chapter 4. 

 

6.4.1. No perturbations to luminal domain activation are observed in the N244S mutant 
 

Upon analysis of the N244S mutant’s effect on the luminal domain’s conformational landscape, 

the construct appears to behave similarly to wild-type protein (Figure 6.10). Figure 6.10A suggests 

that the protein has a sub-µM dimerisation constant, similar to wild-type protein (Section 4.2). 

Additionally, the N244S mutant doesn’t appear to perturb the luminal domain’s peptide-induced 

oligomerisation or formation of insoluble species, as presented in Figure 6.10B and C where the 

N244S construct undergoes significant oligomerisation as assessed by fluorescence polarisation 

and solubility assays. It therefore appears that the N244S mutation does not perturb the luminal 

domain’s conformational landscape in the presence and absence of peptide, or at least to an extent 

that is observable by the assays used here. 
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Figure 6.10 

The N244S mutation does not appear to perturb IRE1α’s luminal domain’s conformational 

landscape or its interaction with peptide to induce oligomerisation. A. Size exclusion 

chromatography (Section 2.6.2) with calculated concentration of N244S protein on the column 

suggests that the construct exists as an equilibrium of monomers and dimers with oligomerisation 

at higher concentrations, similar to wild-type protein (Section 4.2). B. Fluorescence polarisation 

(Section 2.9.4, n=3) study of the mutant and wild-type protein oligomerising in response to 

peptide after 30 minutes of incubation. N244S appears to oligomerise with a similar apparent 

constant as wild-type protein. C. A solubility test of the protein after incubation with 169µM 

ΔEspP for three hours suggests that the mutant has the ability to form insoluble oligomers, similar 

to wild-type protein (Section 2.9.6.2, n=3). Arbitrary units used for amount of soluble protein. 

 

6.4.2. The S296F mutant affects luminal domain oligomerisation and the stability of 
disulphide bonds 

6.4.2.1. The S296F mutant moderately stabilises oligomers 
 

The S296F mutant induces a profound effect to promote tetramerisation when analysed by size 

exclusion chromatography (Figure 6.11A). The mutant appears to exist in an equilibrium of 

tetramers and dimers at the same concentrations where wild-type luminal domain exists as 
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monomers and dimers (Figure 6.11B). Upon plotting the size exclusion values, the tetramerisation 

constant appears to be 1-3µM (Figure 6.11B), where the wild-type tetramerisation constant is 

estimated as >10µM. 

 

 

Figure 6.11 

The S296F mutation promotes formation of tetrameric luminal domain species in the absence of 

stress. A. Size exclusion chromatography (Section 2.6.2) with the calculated concentration of 

S296F protein on the column suggests that the construct exists as an equilibrium between 

tetramers and dimers (larger species also present). B. Plotting the size exclusion estimated size 

of multimer (calibrated using D123P mutant mass with calibration curve in Section 2.6.2.2) with 
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calculated protein concentration suggests a tetramerisation constant of ~3µM, this is compared 

to wild-type protein with a constant of >10µM. C. Fluorescence polarisation (Section 2.9.4, n=3) 

study of the mutant and wild-type protein oligomerising in response to peptide after 30 minutes 

of incubation. S296F appears to oligomerise with a similar apparent constant as wild-type 

protein. D. Analysis of the protein’s peptide-induced oligomerisation by turbidity assays (Section 

2.9.6, n=3) suggests that the mutant does not significantly affect the effect of peptide interaction 

on the luminal domain’s conformational landscape. E. A solubility test of the protein after 

incubation with 169µM ΔEspP for three hours suggests that the mutant forms insoluble 

oligomers, similar to wild-type protein (Section 2.9.6.2, n=3). 

 

Although the S296F mutant appears to promote moderate oligomerisation in the absence of 

unfolded protein, this did not affect the observed response of the luminal domain to peptide-

induced oligomerisation, as measured by fluorescence polarisation and turbidity assays, as well 

as a solubility assays to measure formation of insoluble oligomers not differing from the response 

of wild-type protein (Figures 6.11C, D (Compare to Figure 4.6A) and E). This suggests that the 

mutant’s propensity to form oligomers does not affect peptide-induced oligomerisation to an 

observable degree. 

 

As observed in the size exclusion chromatogram of the S296F mutant (Figure 6.11A) there are 

larger species than the identified tetramers eluting from the column, the formation of these species 

will be discussed in the following section. 

 

6.4.2.2. The S296F mutant appears to protect formed disulphide bonds  
 

Disulphide bonds can increase the stability of specific protein conformations to promote function 

(Hogg, 2003), in the case of IRE1α’s luminal domain they are thought to be involved in stabilising 

an activated, oligomeric state (Eletto et al., 2014), as discussed in Section 1.4.4. Disulphide bonds 

can be reduced by small molecule agents such as DTT or by proteins such as PDIs (Wilkinson 

and Gilbert, 2004) and protection from such agents can be achieved by reducing the bond’s 

solvent exposure or tension on the bond (Hogg, 2003; Zhang, D. et al., 2019; Ohri et al., 2018). 

 

Size exclusion chromatography analysis of the S296F mutant using the same conditions as wild-

type protein (Sections 4.2 and 2.6.2.1) presents large species that elute in the void volume 

(>2000kDa), the formation of which do not appear to be dependent on protein concentration, as 

shown in Figure 6.12A. It was therefore hypothesised that the formation of these large species 

may be due to more stable disulphide bonds being formed in the S296F construct. 
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To investigate this, the S296F protein was incubated for 36 hours with reducing agent to overcome 

the potentially reduced solvent exposure of the construct’s disulphide bonds. This sample is 

compared to a sample incubated with reducing agent for <1 hour, which is the same condition 

used for the other mutant and wild-type luminal domain constructs (Figure 6.12B). In this case 

the sample incubated for an extended time presented large reduction in the large disulphide 

oligomers eluting in the void volume to mostly tetrameric protein (similar to those observed in 

Figure 6.12A). This therefore indicates that S296F stabilises formed disulphide bonds in the 

protein. 

 

 

Figure 6.12 

The S296F mutant causes disulphide bonds to be protected. Once the disulphide bonds are 

reduced the protein exists as tetramers. A. Size exclusion chromatogram (Section 2.6.2) of S296F 
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when purified and prepared as wild-type protein is. Large species eluting in the void volume are 

present at all concentrations used. B. Two samples of S296F were analysed by size exclusion 

chromatography. One was incubated with reducing agent as usual (protocol used for previous 

wild-type size exclusion chromatography experiments, Section 2.6.2.1) and the other was 

incubated with 5mM of a reducing agent (DTT) for 36 hours before being injected onto the 

column. After incubation with the reducing agent, a large portion of the disulphide bonded void 

volume peak was reduced and a tetrameric peak emerged. C. Crystal structure model (PBD: 

2HZ6) (Zhou et al., 2006; Yang et al., 2015) with cysteine residues shown. Figure prepared using 

PyMOL version 1.7. 

 

It’s therefore apparent that the S296F mutant promotes formation of IRE1α oligomers in the 

absence of unfolded protein. The cause of the mutant’s stabilisation of disulphide bonds is not 

clear, the effect may be due to the construct’s increased oligomerisation promoting disulphide 

bond formation, or the mutation may promote adoption of a conformation that reduces solvent 

access to formed disulphide bonds (Zhang, D. et al., 2019). Investigation of this mechanism also 

requires further understanding of the wild-type protein’s propensity to form disulphide bonds 

when oligomerised. Interestingly, the C332 residue (which is thought to be involved in disulphide 

bond formation in the luminal domain, work carried out by Sam Dawes) resides close to the 

oligomerisation interface and S296F mutation site in the flexible loop region 2 (Figure 6.12C), 

it’s possible that the S296F mutation promotes the protection of disulphide bonds through this 

residue by stabilising oligomeric complexes. 

 

After this finding the S296F mutant was purified in the presence of reducing agent to remove 

disulphide bonds (Section 2.5.2.2.2) and so for all other results presented in this thesis (including 

Figure 6.11) the S296F mutant is in a reduced state. 

 

6.4.3. The A414T mutation promotes peptide-induced oligomerisation in the D123P 
construct 

 

The size exclusion chromatogram for the A414T+D123P double mutant is presented in Figure 

6.13A. The elution volumes are similar to what is expected for the dimerisation deficient D123P 

mutant (Section 4.2, Figure 4.2), suggesting the construct is monomeric. The A414T + D123P 

construct was assessed for its ability to oligomerise, promoted by interaction with peptide (Figure 

6.13B and C). Fluorescence polarisation analysis of peptide-induced oligomerisation suggests 

that the A414T + D123P construct oligomerises with a similar constant as with the D123P protein. 

However, the double mutant has an increased anisotropy with lower concentrations of peptide, 

this suggests formation of larger species. It’s worthy of note that the fluorescence polarisation 
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values are normalised to the value obtained with the highest concentration of peptide added, and 

this may be different between the A414T + D123P and D123P samples. Further characterisation 

of the mutant’s peptide-induced oligomerisation by turbidity assays corroborates the fluorescence 

polarisation data, suggesting that the A414T mutant has a higher propensity to form oligomers 

upon addition of peptide (Figures 6.13C and D) than the D123P mutant alone. Figure 6.14E 

presents the A414T+D123P double mutant’s ability to form insoluble oligomers upon incubation 

with peptide, similar to wild-type protein. 

 

The A414T mutation promotes formation of insoluble oligomers upon overexpression in E. coli 

and the addition of the dimerisation deficient D123P mutation (Zhou et al., 2006) promotes 

soluble expression by disfavouring oligomerisation in the luminal domain’s conformational 

landscape. The results here further suggest the model of the protein’s dynamic conformational 

landscape, as incubation with peptide promotes the formation of large oligomers in the A414T + 

D123P construct, opposing the effect of the D123P mutation. Additionally, the A414T mutation 

appears to moderately increase the propensity of the D123P protein to form oligomers in the 

presence of peptide (Figure 6.13C and D). This further corroborates the results in Section 6.3.3, 

where the A414T mutant construct appears to promote oligomerisation of the luminal domain and 

previous literature, suggesting that the mutation promotes oligomerisation of the whole protein 

(Lhomond et al., 2018). 
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Figure 6.13 

The A414T+D123P double mutation promotes peptide-induced oligomerisation. A. Size 

exclusion chromatography (Section 2.6.2) with the calculated concentrations of A414T + D123P 

protein on the column suggests that the construct elutes similarly to the D123P construct. The 

protein appears to be slightly larger, which requires further investigation to determine 

significance. B. Fluorescence polarisation (Section 2.9.4, n=3) study of the A414T+D123P 

double mutant, the D123P construct and wild-type protein oligomerising in response to peptide 

after 30 minutes of incubation. The A414T+D123P construct appears to promote the formation 

of larger species with less peptide added when compared to the D123P mutant, however this may 

be a result of the data being normalised to the data point with the highest concentration of peptide 

added. C. Analysis of the A414T+D123P construct’s peptide-induced oligomerisation by 

turbidity assays (Section 2.9.6, n=3) suggests that the mutant promotes increased oligomerisation 



181 

 

 

with lower concentrations of peptide added compared to the D123P mutant alone (Panel D). D. 

Turbidity assay with the D123P mutant alone when incubated with different ΔEspP 

concentrations for comparison to the data in panel C. E. A solubility test of the protein after 

incubation with 169µM ΔEspP for three hours suggests that the A414T+D123P double mutant 

forms insoluble oligomers, similar to wild-type protein (Section 2.9.6.2, n=3). 

 

6.4.4. The V418M mutation does not perturb the luminal domain’s conformation 
landscape 

 

Analysis of the V418M mutation suggests that in all aspects observed by the assays used, it 

behaves similarly to wild-type protein (Figure 6.14). The V418M mutation does not appear to 

affect the protein’s sub-µM dimerisation constant as analysed by size exclusion chromatography 

(Figure 6.14A). Additionally, peptide-induced oligomerisation and insoluble oligomerisation 

occurs in a similar manner as wild-type protein, suggesting the process is not perturbed upon 

mutation (Figures 6.14B-D). 

 

Figure 6.14 

The V418M mutation does not appear to affect the luminal domain’s dynamic equilibrium in the 

assays used. A. Size exclusion chromatography (Section 2.6.2) with the calculated concentrations 

of V418M protein on the column suggests that the construct exists in an equilibrium similar to 
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wild-type protein. B. Fluorescence polarisation (Section 2.9.4, n=3) study of the mutant and wild-

type protein oligomerising in response to peptide after 30 minutes of incubation. The V418M 

mutant appears to oligomerise with a similar apparent constant as wild-type protein. C. Analysis 

of the protein’s peptide-induced oligomerisation by turbidity assays (Section 2.9.6, n=3) suggests 

that the mutant does not significantly affect the effect of peptide interaction on the luminal 

domain’s conformational landscape. D. A solubility test of the protein after incubation with 

169µM ΔEspP for three hours suggests that the V418M mutant has the ability to form insoluble 

oligomers, similar to wild-type protein (Section 2.9.6.2, n=3). 

 

6.5. The cancer-associated mutations do not perturb BiP’s interaction with 

oligomeric luminal domain 

 

In Section 4.4, BiP’s activity to bind to and re-solubilise luminal domain oligomers was observed, 

as this activity likely acts to reduce IRE1α activation, the cancer-associated mutations may oppose 

it to promote the adaptive response and aid tumorigenesis (Chalmers et al., 2019). Therefore, to 

determine whether the cancer-associated mutants inhibit BiP binding and re-solubilisation of 

insoluble oligomers, the peptide-oligomerised mutants were incubated with BiP and BiP with 

ATP and the soluble and insoluble fractions were assessed (Figures 6.15 and 6.16). SDS-PAGE 

gel samples shown in Figure 6.15 suggest that BiP is able to bind to the insoluble mutant luminal 

domain oligomers and re-solubilise them, as with wild-type protein in Section 4.4. The soluble 

and insoluble gel samples corroborate the soluble protein measurements presented in Figure 6.16. 

Therefore, the cancer-associated mutants assessed here do not appear to interfere with the re-

solubilising activity of BiP on insoluble luminal domain oligomers. 
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Figure 6.15 

SDS-PAGE gels of the BiP-dependent termination assays carried out for each cancer-associated 

mutant suggest that the mutants do not interfere with BiP’s re-solubilising activity. ‘S’ represents 

soluble protein and ‘P’ represents the pellet (insoluble) fraction of protein present. A-E. In all 

cases almost all luminal domain is insoluble after incubation with 169µM ΔEspP. Upon addition 

of BiP, some BiP also appears in the insoluble fraction along with the majority of luminal domain, 

suggesting BiP binding to the insoluble luminal domain oligomers. After three hours of 

incubation with BiP, ATP and the insoluble oligomeric protein, the vast majority of BiP and 

luminal domain are present in the soluble fraction (Section 2.9.7, n=3). 
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Figure 6.16 

BiP’s ability to solubilise the luminal domain cancer-associated mutants after peptide-induced 

oligomerisation is not significantly different to wild-type protein. 20µM of the luminal domain 

was incubated with 169µM ΔEspP for three hours before 24µM of BiP was added and incubated 

for three hours. Finally, 40mM of ATP was added to the samples for three hours. Before the 

addition of each species and at the end of the ATP incubation, samples were taken and centrifuged 

to remove insoluble protein and the soluble protein concentration measured (Section 2.9.7, n=3). 

A-E. All of the cancer-associated mutants have similar amounts of insoluble protein after 

incubation with peptide. After addition of BiP the total soluble protein in the sample is increased 
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due to soluble BiP present. After incubation with ATP all mutants show similar rescue of insoluble 

luminal domain as with wild-type protein. This suggests that the cancer-associated mutants do 

not interrupt BiP-dependent termination of their oligomerised states. For reference, a the wild-

type protein was repeated here, differences in amount of luminal domain rescue are likely due to 

pipetting error in mixing samples. All measurements taken with Bradford assays and the 

percentage of soluble luminal domain calculated. 

 

6.6. Conclusion 

 

In this chapter, the effects of four selected cancer-associated mutations on the luminal domain’s 

conformational landscape were investigated. Two of the mutations reside in the domain’s core 

region (N244S and S296F) and two from the domain’s flexible linker region (A414T and 

V418M). Through use of methods optimised in Chapter 4, two cancer-associated mutations 

(S296F and A414T) that promote luminal domain oligomerisation in the absence of endoplasmic 

reticulum stress have been identified (Figure 6.17). These mutations occur in distal sites to the 

functionally important regions of the protein previously identified for dimerisation and 

oligomerisation (Karagoz et al., 2017; Zhou et al., 2006), suggesting that their effects may be 

through allosteric mechanisms. 

 

The A414T mutation promotes insoluble overexpression of the protein in E. coli. However, the 

subsequent soluble overexpression of the mutant upon inclusion of the dimerisation and 

oligomerisation disfavouring mutants suggests the A414T mutation’s role in promoting 

oligomerisation in the absence of unfolded proteins and further displays the dynamic equilibrium 

of the luminal domain’s conformational landscape. The domain’s dynamic conformational 

landscape is further demonstrated by analysis of the peptide-induced oligomerisation of the 

A414T + D123P construct, where the A414T mutation has a higher propensity to form peptide-

induced oligomers than the D123P construct alone (Figure 6.13C and D). The findings presented 

here for the A414T mutant corroborate with a previous study where the A414T mutant exhibited 

increased IRE1α clustering and XBP-1 splicing when compared to wild-type protein in a 

mammalian cell line (Lhomond et al., 2018). This finding also further suggests a role for the linker 

region in influencing the luminal domain’s conformation, corroborating results presented in 

Chapter 5. 

 

The S296F mutation’s influence on oligomerisation appears more moderate than that of the 

A414T mutant (Figure 6.11A). Cell-based assays are required to investigate the effect this 

mutation elicits to potentially promote tumorigenesis. However, an increased propensity to 
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oligomerise in the absence of unfolded proteins suggests that the mutant may promote an 

increased basal adaptive response similar to that identified with the A414T mutation (Lhomond 

et al., 2018) to give a selective advantage to cells containing the mutant in the harsh growth 

conditions that tumours experience (Kaufman et al., 2002; Chalmers et al., 2019). 

 

 

Figure 6.17 

Summary of the effects of the luminal domain cancer-associated mutants on the protein’s 

conformational landscape. A. In the absence of unfolded protein (peptide) the S296F mutation 

appears to promote formation of tetramers, and the protein exists as an equilibrium between these 

and dimers at the concentrations studied. The A414T mutation appears to have a strong effect of 

promoting formation of insoluble oligomers when recombinantly over expressed in E. coli 

culture. The N244S and V418M mutations have no significant effect detectable in the assays used. 

The S296F mutation still requires interaction with peptide to promote formation of larger and 

insoluble oligomers. B. The A414T + D123P double mutant appears to display an increased 

propensity to form oligomers upon addition of peptide than the D123P mutant, where less peptide 

is required to promote an increase in the measured OD400 values. 
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Further to this, the S296F mutation appears to stabilise formed disulphide bonds. Disulphide 

bonds formed by the luminal domain are suggested to increase IRE1α sensitivity to endoplasmic 

reticulum stress (Eletto et al., 2014) and therefore stabilising formed disulphide bonds would also 

promote the adaptive response to potentially aid abhorrent cancer cell growth (Kaufman et al., 

2002; Chalmers et al., 2019). It’s not clear as to the mechanism by which S296F stabilises 

disulphide bonds. It’s possible that the S296F mutation reduces solvent exposure of the disulphide 

bonds by adoption of a differential conformation, similar to examples in the literature where 

disulphide bond reduction is dependent on protein conformation (Iyer and Klee, 1973; Hong et 

al., 2009). It’s also possible that apparent stabilisation of disulphide bonds is due to the increased 

oligomerisation of the S296F protein, promoting disulphide bond formation. It is not clear which 

of the luminal domain’s cysteine residues are involved in this process (Figure 6.13C), further 

validation of disulphide bond formation in luminal domain oligomers is first required to fully 

understand the implications of disulphide bond stabilisation in vivo by the S296F mutation. 

Mutation of specific cysteine residues in the S296F construct may elucidate the culprit cysteine 

residues for this process. 

 

One possible mechanism for the S296F mutation’s role in promoting oligomerisation is through 

perturbation of interactions between the conserved anti-parallel β-sheet that the residue resides 

in, the identified oligomerisation interface and β-sandwich motif that is thought to be involved in 

propagating an oligomerisation-active conformation after unfolded protein binding (Karagoz et 

al., 2017). This would therefore suggest a role for the S296 residue and the antiparallel β-sheet in 

regulation of oligomerisation, further studies of the region may elucidate its potential regulatory 

role. 

 

Interestingly, in the solved crystal structure (Zhou et al., 2006) the N244 residue also appears to 

interact with the conserved anti-parallel β-sheet motif from the β-sandwich domain, however, the 

N244S mutation doesn’t affect the luminal domain’s conformational landscape in the analysis 

employed in this chapter. Similarly, the V418M mutation occurs close to the impactful A414T 

mutation but did not elicit any influence on the luminal domain’s conformational state. These 

mutations may therefore influence luminal domain activation in a different manner not assessed 

here, such as inhibiting the interactions of ERdj4, Hsp47, PDIA6 or other luminal domain binding 

partners (Amin-Wetzel et al., 2017; Eletto et al., 2014; Sepulveda et al., 2018; Sundaram et al., 

2017). It’s also possible that the effects of the mutations on equilibrium are too subtle to be 

detected by the assays used here or even that the mutations don’t have an effect on protein function 

and are passenger mutations due to the DNA instability caused by tumour progression (Jeggo et 

al., 2016).  
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As discussed in Section 4.5 the luminal domain may be amenable to structural studies using solid-

state NMR, cryo-electron microscopy as well as X-ray crystallography, in which case more 

information about the changes to the mutants’ structural regions can be understood. As observed 

in Chapter 5, solution NMR presents a powerful technique to characterise the effects of the 

cancer-associated mutations on the protein’s disordered regions. This is particularly useful for 

characterising the effects of luminal domain linker region mutations (A414T and V418M) but can 

also provide information about allosteric effects of all the mutants and may suggest further 

importance for the linker region in the luminal domain’s conformational landscape. Therefore, in 

the next chapter the cancer-associated mutations will be assessed using solution NMR. 
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7. The effects of cancer-associated mutations on the luminal 

domain’s intrinsically disordered regions 

 

7.1. Introduction 

 

As presented in Chapter 5, solution NMR study of the luminal domain can provide information 

about the protein’s disordered regions and the partial assignments of the linker region allow for 

sequence specific information to be gained. NMR study of the cancer-associated mutants will 

therefore allow elucidation of the mutants’ effects on the protein’s disordered regions and how 

these changes may be important for the mutants’ influence on protein function. 

 

As discussed in Sections 1.6.1.3 and 5.5, NMR can report on the changes experienced by a protein 

in multiple ways. Each peak in the spectra presented here represents one HN group in the luminal 

domain’s backbone, the position of the peak in the spectrum is dependent on the chemical 

environment of this HN group. Therefore, a change in position in the spectrum in a mutant 

construct represents a change in chemical environment. A peak’s intensity reports on the dynamic 

processes experienced by that residue. As observed in Chapter 5, the luminal domain’s loop 

region 2 reports on global multimeric changes of the protein (larger species cause a decrease in 

intensity due to line broadening). Further to this, the increased flexibility of the linker region 

increases local ns dynamics, producing increased peak intensities in more C-terminal sections of 

the linker region. In addition to these dynamic processes, heterogeneity in peak intensities reports 

on µs-ms dynamics or adoption of secondary structure (Section 5.5). 

 

The cancer-associated mutations may elicit different effects on the luminal domain’s intrinsically 

disordered regions. Local changes to intrinsically disordered regions are due to residues proximal 

to the mutation site in the protein sequence experiencing changes to their chemical environments 

(~6 changes expected), this is therefore expected to be observed for only the linker region 

mutations, where these proximal residues will be observed. In contrast, the S296F and N244S 

mutations occur in structured regions that are not observable by solution NMR and therefore only 

long-range effects can be observed in the spectra obtained. 

 

In this chapter, the effect of the cancer-associated mutations on the luminal domain’s intrinsically 

disordered regions will be investigated. 
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7.2. Effects of the core domain cancer-associated mutations on luminal domain 

disordered regions 

 

The core domain cancer-associated mutants (N244S and S296F) occur in the same area of the 

protein and have polar contacts in the solved crystal structure (Zhou et al., 2006). However, no 

functional effect of the N244S mutation was observed in Chapter 6, whereas the S296F mutant 

moderately promoted oligomerisation and protected intermolecular disulphide bonds. As 

discussed in Section 6.1, the mutated residues may act to bridge the conformational 

rearrangements of substrate binding to the protein’s MHC-like groove (Karagoz et al., 2017). A 

model of the solved crystal structure including disordered regions (Zhou et al., 2006; Yang et al., 

2015) suggests that the solution NMR observable loop region 2 is proximal to the core domain 

mutants (Figure 7.1), and therefore changes to this region may be observed in obtained spectra. 

 

 

Figure 7.1 

The N244 and S296 residues occur in structured regions of the luminal domain, proximal to loop 

region 2. Shown is a model based on the solved luminal domain crystal structure (PDB: 2HZ6) 

(Zhou et al., 2006) with loop region 2 modelled (Yang et al., 2015) and shown in red, this region 

is observed by solution NMR study of the protein. Figure prepared using PyMOL version 1.7. 
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7.2.1. The N244S mutant has no observable effects on the disordered regions of the 
protein 

 

The N244S mutant’s HN TROSY spectrum was compared to wild-type protein (Figure 7.2) and 

no apparent chemical shift perturbations or changes to dynamic processes in the protein’s 

disordered regions were observed (Figures 7.2A and B). The N244S mutation therefore only 

affects the structured regions of the protein that aren’t visible by solution NMR. Although no 

changes are observed, NMR analysis of the N244S mutant demonstrates the precision of solution 

NMR for study of any alterations to the chemical environments and dynamic processes 

experienced by residues of the other mutants. 

 

Figure 7.2 

The N244S mutation does not cause any significant chemical shift perturbations or changes to 

dynamic processes in the disordered regions of the luminal domain that are visible by solution 

NMR. A. The HN TROSY spectrum of wild-type luminal domain protein overlaid with that of the 

N244S mutant at 50μM shows no significant perturbations in the protein (Section 2.7.1.2). B. 

Plotting the signal to noise (S/N) of peaks of the N244S construct to wild-type protein shows no 

significant changes in peak intensities and therefore dynamic processes. 

 

7.2.2. The S296F mutation alters disordered region conformation 
 

In contrast to the N244S mutant, the S296F mutation causes profound changes in the spectrum 

acquired (Figure 7.3). Two chemical shift perturbations are observed for residues in loop region 

2 (Figure 7.3A and B), these peaks effectively disappear from the spectrum. This suggests that 
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the S296F mutation alters loop region 2’s conformation. The fact that the S296F mutation 

promotes oligomerisation suggests that loop region 2 may be involved or affected in the regulation 

of oligomerisation, with the S296F mutation interfering with this process. 

 

 

Figure 7.3 

S296F causes chemical shift perturbations in loop region 2 and differential dynamic processes in 

the linker region. A. Overlaid HN TROSY spectra of the S296F mutant and wild-type protein 
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(Section 2.7.1.2, 50μM protein). Shown are the chemical shift perturbations caused by mutation 

as in panel B. B. Peak intensities for loop region 2 peaks of the S296F construct and wild-type 

protein are compared. Peaks with a S/N value of <10 in both constructs are ignored in the 

chemical shift perturbation analysis. Highlighted are the two loop region 2 residues that 

experience chemical shift perturbations. C. Overlaid HN TROSY spectra for the S296F mutant 

and wild-type luminal domain protein with the peaks that experience differential dynamic 

processes in the S296F mutant labelled with number corresponding to panel D. Shown also are 

three peaks labelled with ‘*’ that are not significant by the analysis used but present a trend for 

reduced peak intensities in the 390-410 area of the linker region. D. Plotting the S/N of peaks of 

S296F to wild-type protein shows changes to peak intensities of residues from the linker region, 

the residues that experience these changes are highlighted and numbered, and can be observed 

in the spectra shown in panel C. 

 

Additionally, multiple residues of the linker region appear to experience differential dynamic 

processes in the S296F construct (Figures 7.3C and D). Interestingly, these residues reside in the 

most C-terminal segment of the linker region (residues 426-429). However, it is not clear whether 

the changes observed are due to the mutant’s increased oligomerisation causing differential 

conformations of this region or due to direct long-range interactions with the mutation site. There 

are also significant reductions in the intensities of two residues in the 390-410 segment of the 

linker region (peaks 9 and 10, Figure 7.3C) as well as three smaller changes in this area (marked 

with ‘*’, changes occur to low intensity peaks (<15S/N), Figure 7.3C), therefore this segment of 

the linker region also experiences the effects of the S296F mutant. 

 

To further understand the changes that the S296F mutation confers, the peak intensities of its 

partially assigned spectrum were compared to wild-type protein and the oligomerisation deficient 

WLLI-GSSG mutant in Figure 7.4. Comparison of loop region 2 peak intensities suggest that the 

S296F mutation promotes formation of larger species than wild-type protein due to an observable 

trend for reduced peak intensities in the mutant (Figure 7.4A; 0.71-fold decrease in peak 

intensity), this result is consistent with the size exclusion chromatography analysis carried out in 

Section 6.4.2.  

 

Analysis of the other segments of the linker region suggest no difference for residues 390-425 of 

the linker region (Figure 7.4B and C). Additionally, although changes to dynamic processes are 

observed in residues 426-449 (Figure 7.4D, Section 5.6.2) for both mutants, there doesn’t appear 

to be a clear trend. The effects observed in this region may be due to this most C-terminal section 

of the linker region interacting with the oligomerisation interface and therefore being affected by 

these mutants that reside close to there. It must be considered that the most C-terminal region of 
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the linker region consists of 23 residues and there may be more than one allosteric site within the 

assigned section. To validate and determine the specificities of the role of this section of the linker 

region in the luminal domain’s oligomeric state further investigation is required. 

 

 

Figure 7.4 

Comparison of the peak intensities for S296F mutant residues with wild-type and WLLI-GSSG 

protein in different disordered regions. A. The core domain (loop region 2) residues’ peak 

intensities are plotted for each construct. Lines are drawn between the same residues in each 

construct. There is a trend between multimeric size and peak intensity, where larger multimers 

reduce the peak intensities of these residues (0.71-fold decrease in core domain peak intensity; 

but not significant by unpaired t-test, p=0.061). B. Comparison of the peaks of the most N-

terminal segment of the linker region (residues 390-410) suggests no trend between the size of 

multimers and peak intensity. C. Comparison of peaks of residues 411-425 suggests no trend 

between multimer size and peak intensity. D. Comparison between the residues of the most distal 

segment of the linker (residues 426-449) for each construct suggests that some residues of this 

segment exhibit altered peak intensities in each mutant, but no clear trend in intensity is observed. 

 



195 

 

 

7.3. How the linker region mutations affect the luminal domain’s disordered 

regions 

 

The A414 and V418 residues are likely to have peaks visible in the obtained spectra and therefore 

more information about their effects on the linker region and the long-range communication of 

the protein’s disordered regions can be garnered. Changes to the chemical environments of 

adjacent residues in the protein’s sequence to the mutation sites will cause chemical shift 

perturbations and are considered local changes. Whereas, mutation-induced conformational 

changes in the linker region will be observed in more distant regions of the linker region. 

 

7.3.1. The A414T mutation only causes local perturbations in the linker region 
 

The HN TROSY spectrum for the A414T + D123P construct was compared to the D123P 

mutant’s spectrum (Figure 7.5) to observe changes that the A414T mutation elicits on the 

disordered regions of the protein. Only four chemical shift perturbations were observed, all of 

which occur in residues 411-420, local to the A414 mutation site. No significant changes in peak 

intensities were observed suggesting no changes to linker region dynamic processes where made 

upon mutation. 

 

The D123P mutant is thought to exist as monomeric protein in the solution NMR conditions used 

with a small amount of dimeric protein. As observed in Section 5.6.1, the D123P mutation 

exhibits a differential linker region conformation, affecting residues 390-415. It’s therefore 

possible that this linker region conformation affects the A414T mutation’s environment and 

therefore allosteric effects of the A414T mutation that promote oligomerisation do not occur and 

so only local changes are observed for the A414T+D123P construct. This hypothesis is in 

agreement with Section 6.4.3, which suggests that upon oligomerisation, and therefore an 

expected different linker region conformation, more similar to that observed for wild-type protein, 

the A414T mutation has its functional effect to promote oligomerisation restored. Another 

possibility is that the A414T mutation elicits its effect through interaction with protein’s 

structured regions, which are not observable by solution NMR. Solution NMR study of the A414T 

mutant coupled with the WLLI-GSSG mutation (to allow soluble overexpression in E. coli) may 

provide more information about the mutation’s effects. Additionally, the V418M cancer-

associated mutation occurs near to the A414T mutation and does not include the D123P mutation 

in its construct. Solution NMR study of the V418M mutation may therefore elucidate long-range 

effects of the 411-420 area of the linker region in the oligomeric protein. 
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Figure 7.5 

The A414T mutation causes significant chemical shift perturbations in local residues of the linker 

region, as observed by a HN TROSY solution NMR experiment. A. The HN TROSY spectra of the 

D123P mutant luminal domain overlaid with that of the A414T + D123P double mutant (Section 

2.7.1.2, 50μM protein). The A414T+D123P spectrum shows four significant chemical shifts, all 

of which are from local regions of the protein (segment 411-420) to the A414T mutation site. B. 

Plotting the S/N of peaks of the A414T + D123P spectrum and comparing them to D123P protein 

shows some significant changes in peak intensity which are due to chemical shift perturbations. 

Labelled are the corresponding peaks that experience chemical shift perturbations as in panel A. 

Labelled with an ‘x’ is an apparent change in peak intensity caused by the chemical shift 

perturbation of a neighbouring unassigned peak. C. Schematic of the luminal domain’s loop 

region 2 and linker region, displaying the cancer-associated mutations of the linker region. 

 

7.3.2. The V418M mutation causes long-range perturbations of the linker region 
 

The V418M mutant causes six significant chemical shift perturbations when compared to the 

wild-type protein’s spectrum (Figures 7.6A and B). However, four of the perturbations are from 



197 

 

 

residues 410-425 in the linker region and are therefore considered local changes, close to the 

V418 mutation site. 

 

 

Figure 7.6 
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The V418M mutation causes numerous chemical shift perturbations and changes in dynamic 

processes. A. The HN TROSY spectrum of wild-type luminal domain in black is overlaid with that 

of the V418M mutant in red (Section 2.7.1.2, 50μM protein). Chemical shift perturbations are 

labelled with numbers. Chemical shift perturbations 1 and 2 are from the most C-terminal 

segment of the linker region (residues 426-449). It is worthy of note that some new peaks are also 

observable in the spectrum for the V418M mutant, these are likely shifted peaks, however, it is 

not possible to definitively assign them to peaks in the wild-type spectrum. B. Plot of the S/N of 

peaks of the V418M mutant compared to wild-type protein. Peaks that experience chemical shift 

perturbations are labelled with numbers corresponding to the labels in panel A. C. Overlaid HN 

TROSY spectra for the wild-type and V418M constructs. Labelled are the peaks that experience 

changes in intensity in the mutant construct, therefore suggesting these residues experience 

differential dynamic processes. D. A plot of the S/N of peaks in the wild-type and V418M 

constructs, as in panel B. Here, the residues that experience differential dynamics upon mutation 

are labelled with numbers corresponding to the labels in panel C. One residue of the 421-425 

region is labelled with an ‘x’ as its increased peak intensity appears to be from an overlapping 

peak that experienced a chemical shift perturbation in the mutant construct (thought to be from 

chemical shift 4) and is therefore not considered a change in peak intensity resulting from 

differential dynamic processes. Here, reference lines for y=1.3x are shown as the V418M 

mutation has an overall change in peak intensity, this may be due to a different sample 

concentration being used. Corrections for this have been made in analysis of peak intensities. 

 

Interestingly, two significant chemical shift perturbations are observed in the C-terminal segment 

of the linker region, suggesting long-range communication between the 416-420 site that V418 

resides in and residues 426-449 (Figure 7.6A and B, peaks 1 and 2). This may suggest that the 

V418M mutation alters long-range interactions within the linker region and linker region 

conformation. Unexpectedly, similar chemical shift perturbations are observed in the WLLI-

GSSG mutant also (Figure 7.7), suggesting that the V418M mutation promotes a dimer-like 

conformation of this section of the linker region. This may indicate an interaction between the 

middle section and most C-terminal section of the linker region that is disrupted by the V418M 

mutant or by mutation of the oligomerisation interface (WLLI-GSSG). It is possible that residues 

426-449 of the linker region communicate with other motifs of the linker region (specifically 

residue 418) as well as the area around the oligomerisation interface (from changes observed in 

WLLI-GSSG and S296F constructs) to regulate luminal domain oligomerisation. 

 

Changes in peak intensities are also observed for residues of the most C-terminal segment of the 

linker region (residues 426-449), validating that the V418 mutation site and these residues 

communicate. Additionally, three residues experience different dynamic processes between 
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residues 411 and 415 and one residue in the 421-425 segment of the linker region. This indicates 

that the V418M mutation may interfere with the conformations adopted by these local segments 

of the linker region. Interestingly, the three 411-415 residues affected surround the A414T 

mutation site, suggesting that although no changes to their dynamic processes or interactions are 

observed by A414T mutation in the D123P construct, these residues may have interactions with 

other areas of the linker region in oligomeric protein. 

  

 

Figure 7.7 

Similar chemical shift perturbations are observed in the V418M mutation and the WLLI-GSSG 

oligomerisation-deficient mutation. Shown are the V418M and wild-type protein HN TROSY 

spectra overlaid. Expanded are the two chemical shift perturbations observed for the 426-449 

segment of the linker region and compared to the perturbations observed in these residues for the 

WLLI-GSSG mutant (Section 5.6.2). This suggests that the V418M mutation affects the 

conformation of these regions in a similar manner as the WLLI-GSSG mutant, suggesting an 

effect of the V418M mutation on oligomerisation, although no changes were determined in the 

functional assays carried out in Chapter 6. 

 

7.4. Conclusion 

 

In this chapter, solution NMR study was used to determine alterations to the conformations 

adopted by the luminal domain’s disordered regions caused by cancer-associated mutations. In 

line with results presented in Chapter 6, where the S296F and A414T mutants altered the luminal 
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domain’s conformational landscape, NMR study of the mutants has revealed long-range 

communication between their mutation sites, suggesting an allosteric network between the 

oligomerisation interface, residues in the 411-420 segment and the most C-terminal section of the 

linker region. The changes in the mutants’ solution NMR spectra are summarised in Figure 7.8. 

 

 

Figure 7.8 

Summary of chemical shift perturbations and changes in dynamic processes from the introduction 

of cancer-associated mutations to the luminal domain identified by solution NMR study. The 

schematic shows the different assigned sections of the protein’s disordered regions and the 

changes from each mutation. Included are the regions that are predicted to adopt secondary 

structure for reference (Drozdetskiy et al., 2015; Shen, Y. et al., 2014; Thevenet et al., 2012). 

Dark grey symbolises the five-residue region where the mutation occurs and in light grey are the 

adjacent segments in the luminal domain’s disordered regions, suggesting local effects. 

 

Both functional assays in Chapter 6 and solution NMR analysis of the N244S mutant’s disordered 

regions have not identified any influence of the mutation on the luminal domain. The mutant was 

part of a previous study for the effects of cancer-associated mutations on IRE1α signalling, using 

cell-based assays but was removed for technical reasons, and therefore there is no data available 

for its effect (Xue et al., 2011). However, the results here suggest that any conformational changes 

incurred through this mutation are to the structured regions of the protein and therefore future 

research of the mutant’s effect can be directed towards these regions and for interactions not 

observed in the analysis carried out in Chapter 6. 
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Solution NMR study of the S296F mutant validates findings in Chapter 6 that the mutation 

favours oligomerisation (Figure 7.4A). The S296F mutation also causes chemical shift 

perturbations in loop region 2, suggesting there may be an allosteric mechanism by which loop 

region 2 is involved in luminal domain oligomerisation. It’s also possible that the chemical shift 

perturbations observed in loop region 2 are indicative of an altered conformation that stabilises 

disulphide bonds formed by the C332 residue that resides there, as observed in Section 6.4.2.2, 

but further validation is required. 

 

The A414T mutation causes the most profound functional changes but only local chemical shift 

perturbations are observed by solution NMR study of the D123P + A414T double mutant (Figure 

7.8). However, study of the V418M mutant presents changes to the dynamic processes 

experienced by residues surrounding the A414T mutation site (Figure 7.6C and D). This suggests 

that the residues around A414 have interactions with the V418 residue or are involved in similar 

processes and therefore may also be influenced by the most C-terminal region (linker region C, 

Figure 7.9A) of the linker region (as the V418M mutation affects residues here; Figure 7.9C). As 

the A414T mutant construct also contains the D123P mutation that causes differential linker 

region conformations (Section 5.6.1), the interactions of A414T with other segments of the linker 

region that promote oligomerisation may be inhibited in the double mutant and therefore not 

observed by solution NMR. 

 

In addition to the changes in dynamics of residues in section 411-415 of the linker region, the 

V418M mutation causes two chemical shift perturbations and affects two residues’ dynamic 

processes in linker region C (Figures 7.8 and 7.9C). This suggests that there are long-range 

interactions in the linker region B and C. Additionally, the two chemical shift perturbations are 

similar to perturbations observed in the WLLI-GSSG mutation (Section 5.6.2), implying that the 

V418M mutation’s long-range interactions with this region are similar to that of dimerised protein 

as opposed to oligomerised wild-type protein. Interestingly, peak broadening of linker region C 

is observed with the S296F mutation (Figures 7.3 and 7.9C), further suggesting long-range 

interactions linker region C, with not only other parts of the linker region but also the core domain 

of the protein which may be part of an allosteric mechanism to regulate oligomerisation. 

Interestingly, linker region C has been implicated as having a regulatory role in activation of the 

luminal domain by lipid bilayer stress (Volmer et al., 2013; Kono et al., 2017). However, the 

effect on the globular region of the luminal domain from lipid-bilayer stress is not yet clear. 

Additionally, this area of the linker region is involved in Sec61-dependent regulation of activation 

(Sundaram et al., 2017) and therefore the interactions between the three sites identified may be 

involved in this regulatory interaction. 
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Figure 7.9 

The identified allosteric network of the luminal domain. A. Schematic of the luminal domain with 

key features labelled. B. Connections between different nodes of the proposed allosteric network 

observed in Chapter 5. C. Connections between different nodes of the proposed allosteric network 

observed in Chapters 6 and 7. A dotted line is used for A414T as this is an observed effect of the 

mutation to promote oligomerisation. D. Overall proposed allosteric network of the luminal 

domain. 
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Solution NMR study of cancer-associated mutants of IRE1α’s luminal domain has therefore 

provided information about an allosteric network between the protein’s oligomerisation interface, 

residues 411-420 (linker region B) and linker region C. Data from the analysis of the cancer-

associated mutants can be used in combination with information about the conformation of the 

linker region from Chapter 5 to better understand long-range communication between the 

protein’s regions and their potential allosteric roles in regulation of activation, in this way an 

allosteric network in the luminal domain can be defined (Figure 7.9D). The luminal domain’s 

intrinsically disordered regions were previously largely uncharacterised, but the data presented 

here has suggested a potentially important role for them in regulating the luminal domain, the 

proposed allosteric network can now be further investigated for its role in luminal domain 

activation. 
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8. Conclusions and future perspectives 

 

IRE1α’s activation cascade is a complex and multi-step process which consists of multiple 

conformations adopted by the protein’s cytoplasmic and luminal domains (Korennykh, A. and 

Walter, 2012; Walter and Ron, 2011). In response to endoplasmic reticulum stress the protein’s 

endoplasmic reticulum luminal domain is first activated before the signal is propagated to 

promote cytoplasmic domain activation. The luminal domain responds to fluctuating stress levels 

in the endoplasmic reticulum, through stress-related factors influencing its conformation such as 

unfolded protein binding to promote oligomerisation (Karagoz et al., 2017) and BiP binding to 

dimeric luminal domain protein to repress its activation (Amin-Wetzel et al., 2017). However, the 

complexity of luminal domain activation is not fully understood causing discrepancies between 

the two models for luminal domain IRE1α activation (Section 1.4.5) (Preissler and Ron, 2019). 

In addition to this, the effect of cancer-associated mutations on the domain are not understood 

and their occurrence in structural regions distal to those considered to be functionally important 

hints that the protein may contain allosteric regulation mechanisms. The aim of the research in 

this thesis was therefore to unravel and investigate the luminal domain’s activation mechanism in 

response to stress and its potential allosteric regulatory sites. 

 

The luminal domain’s conformational landscape was explored in Chapter 4, giving evidence for 

its existence as a conformational equilibrium that is influenced by mutations (Sections 4.2 and 

4.3.2.3), peptide binding (Section 4.3) and the inclusion of BiP (Section 4.4); a balance that likely 

dictates cellular responses of the protein. The effect of increasing peptide concentration in 

dictating oligomer size was also further explored, suggesting a mechanism for IRE1α’s luminal 

domain to initiate a proportionate response to stress levels (Section 4.3.2). Formation of large 

insoluble oligomers of the luminal domain were characterised and observed for the first time 

(Section 4.5.1), suggesting a mechanism to initiate the large scale IRE1α clustering observed in 

vivo (Li, H. et al., 2010). Additionally, a stable interaction of BiP with luminal domain oligomers 

was revealed, alongside characterisation of an uncommon chaperone and clathrin-like interaction 

(Section 4.4) (Bocking et al., 2011; Clerico et al., 2015) to de-oligomerise the luminal domain, 

leading to the presentation of a novel model for the termination of unfolded protein stress 

activated IRE1α (Figure 8.1A). 

 

Further investigation to validate this model by in vivo study is required as well as determining 

whether BiP’s novel interaction involves the same interactions as observed in Amin-Wetzel et al. 

(2017), therefore the effect of ERdj4 on the process can be assessed. However, the transient nature 

of this interaction, requiring a much-reduced amount of BiP in comparison to IRE1α (Section 4.4, 
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Figure 4.14) is likely why BiP’s interaction with IRE1α under stressed conditions is observed to 

a lesser degree (Bertolotti et al., 2000; Oikawa et al., 2009) and may represent a differential 

mechanism to the ERdj4 mediated interaction. Further to this, the fate of the bound unfolded 

protein is yet to be identified after BiP-dependent de-assembly to smaller oligomers. However, 

this represents a mechanism by which IRE1α may respond to changes in endoplasmic reticulum 

stress after being severely activated by binding to unfolded proteins (Karagoz et al., 2017) and 

even a mechanism to further bridge the direct-binding and chaperone repression models currently 

in the field (Amin-Wetzel et al., 2017; Preissler and Ron, 2019), therefore adding to our 

understand of IRE1α’s response to stress. 

 

The findings presented here also provide preliminary data for in-depth conformational and 

structural study of the domain’s peptide- and BiP-bound oligomeric states by cryo-electron 

microscopy and solid-state NMR. Further study by these techniques can provide BiP’s interaction 

site with the protein, the mode of unfolded protein binding to the luminal domain and the 

downstream conformational changes that these events incur in the protein’s structure. Use of 

solid-state NMR has already identified potential BiP binding sites in the luminal domain’s 

disordered regions (Section 4.5.2) which now require assignment to specific residues. 

 

 

Figure 8.1 
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Summary of findings for the functional activation of the luminal domain and its cancer-associated 

mutants. A. Hypothesised model for IRE1α activation in response to unfolded protein stress and 

its subsequent termination through interaction of luminal domain oligomers with BiP. B. The 

effects of the S296F and A414T mutations. The S296F mutation may cause a more moderate 

cellular response than the A414T mutant and requires validation in cell-based assays. 

 

In Chapter 6, a mechanistic analysis of four luminal domain cancer-associated mutations was 

carried out leading to the characterisation of the oligomerisation driving A414T (Section 6.3) and 

oligomerisation biasing S296F (Section 6.4.2) mutations’ effects (Figure 8.1B). Study of the 

mutations adds further support to the model of the luminal domain’s conformational landscape 

being influenced to promote IRE1α activation. However, it is not yet clear whether the moderately 

influential S296F mutation drives tumorigenesis like the A414T mutation or requires 

compounding changes to the cell, such as p53 mutation, similar to the previously studied P336L 

cancer-associated mutation (Lhomond et al., 2018). Therefore, cellular study of the mutants is 

required and may give further understanding about how the luminal domain’s multimeric state 

influences the downstream unfolded protein response. Additionally, in vivo study of the N244S 

and V418M mutants’ cellular effects can be targeted by the findings presented here, that suggest 

the mutations’ likely interference with interactions of the luminal domain’s binding partners 

(Amin-Wetzel et al., 2017; Sundaram et al., 2017; Sepulveda et al., 2018; Eletto et al., 2014). The 

effect of the A414T and S296F mutations appear to be through obstruction of previously 

unrecognised allosteric pathways; the conserved anti-parallel β-sheet close to functionally 

important oligomerisation motifs (Karagoz et al., 2017) may present a novel regulatory 

mechanism for oligomerisation and therapeutic target as well as the luminal domain’s linker 

region in the case of the A414T mutation. 

 

Due to evidence for the luminal linker region’s and other disordered regions’ potential importance 

in regulating IRE1α function (Oikawa et al., 2009; Lhomond et al., 2018; Kono et al., 2017; 

Halbleib et al., 2017; Sundaram et al., 2017), solution NMR was used to study how these were 

affected by different states in the luminal domain’s conformational landscape. Results suggest 

that monomeric, dimeric and oligomeric states of the protein promote differential linker region 

conformations (Chapter 5), suggesting that the linker region is influenced by the luminal domain’s 

state through a novel allosteric network. Investigation of the cancer-associated mutants’ 

disordered regions (Chapter 7) provides further understanding about the protein’s allosteric 

network (Section 7.4, Figure 7.9D) and evidence for its role in regulation. 

 

Firstly, analysis of the WLLI-GSSG and S296F mutations, that inhibit and promote 

oligomerisation respectively revealed long-range changes in linker region C and loop region 2, 
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suggesting the role of these regions in oligomerisation. The highly influential A414T mutation 

(Sections 6.3 and 6.4.3) (Lhomond et al., 2018) didn’t appear to alter the linker region’s 

interactions, suggesting that its effect is abrogated by the differential linker region conformation 

adopted by monomeric protein in the A414T+D123P double mutant, further suggesting that linker 

region conformation may act to regulate the protein’s activation. It is also possible that the residue 

is involved in interactions with the structured regions of the protein, future study of the 

A414T+WLLI-GSSG construct will therefore provide further information about the mutant’s 

effects. Interestingly, analysis of the V418M mutation in linker region B elucidated alterations of 

the oligomerisation sensitive region C and in residues surrounding the A414T mutation site, 

suggesting A414 may be communicate with this site, similar to the S296F and WLLI-GSSG 

mutations.  

 

Results from analysis of the differential conformational states and cancer-associated mutants’ 

effects on the protein’s disordered regions therefore suggest an allosteric network involving the 

different regions of the linker region, core domain, loop region 2 and oligomerisation interface 

(Section 7.4). Now that a network between these regions has been observed, their roles in 

regulating luminal domain activation and precise interactions can be further investigated. Briefly 

described are models for the potential influence of these regions on IRE1α activation. 

 

The signal of unfolded protein binding to the luminal domain’s MHC-like groove is thought to 

be propagated through the β-sandwich and αβ-helix motifs to the protein’s oligomerisation 

interface (residues 357-361 WLLI motif; Figure 8.2A) (Karagoz et al., 2017). A conserved anti-

parallel β-sheet motif containing the S296 residue resides between these functionally important 

motifs and the oligomerisation interface and is close to loop region 2. The first model presented 

proposes that the anti-parallel β-sheet element is involved in the regulation of oligomerisation 

interface formation (Figure 8.2B), whereby S296F disrupts regulatory contacts to mimic signal 

propagation from unfolded protein binding to promote oligomerisation and rearrangement of loop 

region 2 and linker region C. Our results suggest that the WLLI residues are not the only 

component of the oligomerisation interface, as oligomerisation is observed in the WLLI-GSSG 

mutant (Section 4.3.2.3), and therefore rearrangements of loop region 2 and linker region C may 

also be elements of the formed interface. 
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Figure 8.2 

Proposed regulation of the oligomerisation-active conformation of the protein by the conserved 

anti-parallel β-sheet element, shown with the solved crystal structure model of the luminal domain 

(PDB: 2HZ6) (Zhou et al., 2006). A. Proposed propagation of conformational rearrangements 

from unfolded protein binding to trigger oligomerisation of the luminal domain, therefore 

formation of the oligomerisation-active state (Karagoz et al., 2017). B. The S296F mutation 

resides in the conserved anti-parallel β-sheet that has interactions with regions of importance in 

propagating the unfolded protein binding signal and the oligomerisation interface (WLLI). This 

region is surrounded by loop region 2. The hypothesis presented suggests that the anti-parallel 
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β-sheet has a role in regulating the oligomerisation interface, where the S296F mutation unhinges 

regulation to promote oligomerisation through the WLLI motif, the effect of which also affects 

loop region 2 and linker region C, which aren’t resolved in the crystal structure but may be 

components in the oligomerisation interface. Figure prepared using PyMOL version 1.7. 

 

The differential conformations of the linker region observed in different luminal domain states 

form the basis of the second model posed here (Figure 8.3), whereby the linker region’s 

conformations act to regulate luminal domain activation. Potential roles of linker region A’s 

conformational shift upon dimerisation have been suggested in Section 5.7, potentially interfering 

with ERdj4 or BiP’s interaction with dimeric protein (Amin-Wetzel et al., 2017) or representing 

the BiP bound and repressed conformation of the protein due to the importance of the 390-408 

residue region in BiP regulation, described in a previous study of the protein (Oikawa et al., 2009).  

 

Further to this, the communication between linker region B and C (Section 7.3.2), and linker 

region C’s differential conformation in oligomerised protein (Section 5.6.2) may also represent 

conformations that regulate luminal domain activation or interactions (Figure 8.3B). Interestingly, 

residues 434-443 in linker region C have been identified as the binding site for the regulatory 

Sec61 translocon channel (Sundaram et al., 2017; Plumb et al., 2015). Sec61 is suggested to bind 

to IRE1α in low stress conditions to inhibit oligomerisation, but in high stress conditions, Sec61 

interaction no longer inhibits luminal domain activation (Sundaram et al., 2017), this may be due 

to linker regions B + C’s ‘Conformation 2’ (Figure 8.3B) interfering with this process. 

Additionally, linker region C’s different conformation may be involved in sensing lipid bilayer 

stress, as region C has been implicated in the mechanism previously (Kono et al., 2017; Halbleib 

et al., 2017). One study observed that inclusion of a dimerisation disfavouring mutation prevents 

a lipid bilayer stress response (Kitai et al., 2013) suggesting that there may a role for the core 

luminal domain and linker region C in sensing lipid bilayer stress, and therefore the different 

linker region conformations may couple lipid bilayer stress sensing and the core luminal domain. 

However the allosteric network’s potential role in this process requires further research, especially 

as one study observed no requirement for the core luminal domain in the lipid bilayer stress 

response (Volmer et al., 2013). 
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Figure 8.3 

Proposed model for the role of the different linker region conformations identified. A. Schematic 

summary of the luminal domain’s regions studied here. B. Proposed model for differential 

conformations of the linker region in different luminal domain states. Linker region A is altered 

in the monomer to dimer transition. Linker region B + C ‘Conformation 1’ in dimeric protein and 

‘Conformation 2’ in oligomeric protein may represent a regulatory role of the allosteric network 

identified here, possibly through the linker region’s interaction with Sec61 to inhibit activation 

(Sundaram et al., 2017) or in lipid bilayer stress sensing (Halbleib et al., 2017; Kono et al., 2017). 

 

The two models posed here are not mutually exclusive and its possible that elements of each 

model may be valid and therefore further in vitro, in vivo and structural assays are required, in 

part by using the optimised and pilot-tested techniques utilised in this thesis. Further to this, 

techniques such as fluorescence resonance energy transfer (FRET) (Haas, 2012; LeBlanc et al., 

2018), paramagnetic relaxation enhancement (PRE) (Silvestre-Ryan et al., 2013) and hydrogen-

deuterium exchange (Faustino et al., 2019) can give further understanding about the observed 

allosteric network, particularly of the linker region nodes.  

 



211 

 

 

Interestingly, the proposed allosteric mechanisms and novel sites of interest, such as residues 

implicated in the BiP binding site occur in the luminal domain’s disordered regions. The targeting 

of disordered regions of proteins is a newly progressing field in therapeutics, made desirable by 

the increased number of disordered regions perturbed in diseases/disorders, described as the D2 

concept (Uversky et al., 2008). Our understanding of optimal drug design and approaches to 

influence disordered regions is ever improving but requires understanding of the interactions 

within, and conformational ensembles of these regions to identify potential druggable sites (Ruan 

et al., 2019). Therefore, the results presented here form the basis for investigation of the 

conformational ensembles of the identified allosteric network to aid in their targeting to influence 

the luminal domain’s activation to give a desired outcome. 

 

IRE1α is the most conserved endoplasmic reticulum stress sensor, its activation appears to be 

influenced by many factors to give the appropriate response to stress (Amin-Wetzel et al., 2017; 

Sundaram et al., 2017; Kono et al., 2017; Karagoz et al., 2017). Therefore, a multifaceted 

approach is required to appreciate the protein’s complexity, from studying the protein’s complex 

interactions collectively in vivo to a reductionist investigation into specific mechanisms. Here, 

novel methods, mechanisms and allosteric networks of the protein have been presented to further 

our understanding of the protein’s regulation and response and how it can be influenced for future 

targeting by therapeutic approaches for the numerous disease states it is implicated in. 
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9. Appendices 

 

 

 

Figure 9.1 

Plasmid maps of the 1B (A.), 1G (B.) and 1M (C.) plasmid used for subcloning of the cytoplasmic 

domain construct. Figures adapted from www.addgene.org. Plasmids 1B, 1G and 1M were gifts 

from Scott Gradia (1B: Addgene plasmid #29653; http://n2t/addgene:29653 ; 

RRID:Addgene_29653, 1G: Addgene plasmid #29655; http://n2t/addgene:29655 ; 

RRID:Addgene_29655, 1M: Addgene plasmid #29656; http://n2t/addgene:29656 ; 

RRID:Addgene_29656). 
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Figure 9.2 

The recombinantly expressed cytoplasmic domain construct’s protein sequence including N-

terminal methionine cleavage (residues 548-977). 

 

 

Figure 9.3 

The cytoplasmic domain construct is shown with sequencing data from the forward and reverse 

primers used. Together the primers give complete coverage of the protein construct. The region 



214 

 

 

of the protein construct covered by each sequencing result is represented by red for the forward 

primer and green for the reverse. 

 

 

Figure 9.4 

The recombinantly expressed luminal domain construct’s protein sequence including N-terminal 

methionine cleavage (residues 24-450). Highlighted in grey is the linker region of the protein that 

is removed in the core luminal domain (cLD) construct. 
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Figure 9.5 

The luminal domain construct is shown with sequencing data from the forward and reverse 

primers used. Together the primers give complete coverage of the protein construct. The region 

of the protein construct covered by each sequencing result is represented by red for the forward 

primer and green for the reverse. 
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Figure 9.6 

Temperature coefficient graphs for each peak in the spectra of wild-type luminal domain. The 1H 

chemical shift is plotted against the temperature used. Each peak is given arbitrary coordinates 

and the area in the protein from which the residue is from (such as 24-390 is residues 24-390). 

 

Table 9.1 

The chemical shift temperature coefficient of the peaks shown in Figure 9.6. 

Arbitrary Number Partial assignment  CSTC ppm/K 

 [220]  [219] 426-450 -0.008454 

 [285]  [286] 426-450 -0.009293 

 [166]  [165] 426-450 -0.0074032 

 [168]  [167] 426-450 -0.0083381 

 [171]  [172] 426-450 -0.0079363 

 [194]  [193] 426-450 -0.0063078 

 [196]  [195] 426-450 -0.008195 

 [217]  [218] 426-450 -0.0052115 

 [223]  [224] 426-450 -0.0071888 
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 [244]  [243] 426-450 -0.0094987 

 [260]  [259] 426-450 -0.0076011 

 [263]  [264] 426-450 -0.0100438 

 [265]  [266] 426-450 -0.0093522 

 [287]  [288] 426-450 -0.0097882 

 [330]  [329] 426-450 -0.0072374 

 [334]  [333] 426-450 -0.010483 

 [177]  [178] 421-425 -0.0083684 

 [192]  [191] 421-425 -0.0090398 

 [231]  [232] 421-425 -0.0058606 

 [247]  [248] 421-425 -0.007564 

 [254]  [253] 421-425 -0.0080635 

 [267]  [268] 421-425 -0.0089934 

 [335]  [336] 421-425 -0.0097442 

 [161]  [162] 416-420 -0.0073345 

 [201]  [202] 416-420 -0.0086947 

 [331]  [332] 416-420 -0.0106284 

 [226]  [225] 411-415 -0.0091304 

 [250]  [249] 411-415 -0.0061108 

 [277]  [278] 411-415 -0.0058232 

 [281]  [282] 411-415 -0.0059338 

 [273]  [274] 411-415 -0.0083513 

 [174]  [173] 406-410 -0.0079165 

 [175]  [176] 406-410 -0.0099272 

 [170]  [169] 406-410 -0.0073723 

 [199]  [200] 406-410 -0.0066324 

 [229]  [230] 406-410 -0.010503 

 [179]  [180] 390-405 -0.007653 

 [189]  [190] 390-405 -0.008277 

 [197]  [198] 390-405 -0.0072282 

 [204]  [203] 390-405 -0.0054399 

 [210]  [209] 390-405 -0.0037494 

 [233]  [234] 390-405 -0.0110418 

 [239]  [240] 390-405 -0.0089566 

 [241]  [242] 390-405 -0.0079332 
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 [276]  [275] 390-405 -0.006302 

 [290]  [289] 390-405 -0.007455 

 

 

Figure 9.7 

Chemical shift perturbations of the D123P and WLLI-GSSG mutants compared to wild-type 

protein (Section 2.7.1). 
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Figure 9.8 

Chemical shift perturbations for the cancer-associated mutants. The N244S, S296F and V418M 

mutants’ chemical shift perturbations are calculated in relation to wild-type protein (Section 

2.7.1), the chemical shift perturbations for the D123P + A414T construct is compared to the 

D123P mutant. 
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