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Abstract 
 

Prion diseases are a group of fatal neurodegenerative diseases, including CJD and 

scrapie, which are thought to be caused by a protein termed a prion (PrP). As 

manganese has previously been suggested to be involved in prion disease we have 

investigated manganese binding to PrP and its role in the toxicity of the protein. We 

have shown that manganese bound PrP (MnPrP) has several of the characteristics of 

the disease form of PrP, including protease resistance and toxicity that is dependent 

on cellular PrP expression. Further investigation into the mechanism of toxicity 

revealed that MnPrP is significantly more toxic to neuronal cells than non-

manganese bound PrP and that toxicity requires the presence of known metal binding 

residues within the protein. We have demonstrated that treatment of neuronal cells 

with MnPrP causes caspase 3 activation and apoptosis, as demonstrated by DNA 

laddering, and we hypothesise that caspase 3 is activated by a p38 pathway. 

Treatment of neurones with MnPrP also caused a significant increase in cellular ROS 

production, although this did not appear to be a major cause of cell death as 

antioxidants were unable to save cells from cell death. We also investigated 

mechanisms by which cells can survive scrapie infection and MnPrP toxicity. We 

have shown that cells infected with scrapie have increased ERK activation which 

was important for their survival. Cells that survived MnPrP treatment were also 

found to have increased ERK activation. This suggests that ERK may have a 

protective role in prion diseases and may be a potential therapeutic target.  
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1. Introduction 
 

Transmissible spongiform encephalopathies (TSEs), also known as prion diseases, 

are a group of diseases that affect mammals. The diseases lead to pathology within 

the central nervous system (CNS), characterised by the formation of protein deposits 

and the spongy appearance of the CNS tissue. This causes a wide variety of 

symptoms, including a lack of coordination leading to paralysis. TSEs are invariably 

fatal. 

 

TSEs can occur spontaneously, through transmission and be inherited. One of the 

most recent transmissible TSEs to emerge is variant Creutzfeld Jacob Disease 

(vCJD). The first confirmed case of vCJD was reported in 1996 (Will et al., 1996). 

vCJD has an earlier onset than CJD and a longer illness duration (Will and Ward, 

2004). It has been linked to bovine spongiform encephalopathy (BSE), another new 

TSE affecting cattle, through strain typing and it has been widely postulated that 

vCJD has been transmitted to the population through the consumption of cattle 

infected with BSE (Bruce et al., 1997). However no direct link between BSE and 

vCJD has been demonstrated. As well as the possibility that vCJD may be 

transmitted from BSE infected cattle, several cases of human to human transmissions 

have been reported (Hewitt et al., 2006). The fear that there may be a large number 

of people with subclinical vCJD has led to intensive research into TSEs.  

 

There are also several inheritable prion diseases, due to mutations in the prion 

protein. These include Gerstmann-Sträussler-Scheinker (GSS) disease and fatal 

familial insomnia (FFI). GSS is caused by mutations of the prnp gene and follows a 

pattern of autosomal dominant inheritance. As with other TSEs, it is classified by the 

presence of amyloid plaques leading to neurodegeneration. FFI is also the result of 

mutations within the prnp gene and shows an autosomal dominant inheritance 

pattern, though with incomplete penetrance. As the name suggests patients suffer 

sleep disturbance in the earlier stages of the disease, which get progressively worse 

throughout the disease (for review see (Collins et al., 2001) ). 
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In humans 80% of TSEs are sporadic. The most common TSE is sCJD which has an 

incidence of approximately 1 in a million (1996). Unlike vCJD, sCJD has a late 

onset, and a shorter duration. There are several other TSEs that occur sporadically, 

including scrapie which is endemic in sheep in most European countries including 

the UK. This is, perhaps, the earliest reported TSE, with reports of scrapie dating 

back to the eighteenth century (Brown and Bradley, 1998). Whilst scrapie occurs 

sporadically, work has shown that certain sheep genotypes are much more 

susceptible to scrapie than others, this has led to national breeding programme in the 

UK which aims to increase the number of resistant sheep in the UK flock to prevent 

outbreaks.  

 

TSEs are thought to be caused by a protein termed the prion protein. This protein 

was first discovered in 1982 by Prusiner and is still unique, as it is the only protein 

thought to be a transmissible disease causing protein. The prion protein is a 30-

39kDa protein that is expressed in most tissues, however the highest expression 

levels are found in neural and lymphoid tissue. In prion disease the protein becomes 

misfolded. There is an increase in β- sheet content and a corresponding decrease in 

α- helices (Pan et al., 1993). This structural change may lead to a loss of function 

and, perhaps most importantly for disease, protease resistance and an ability to 

aggregate (Prusiner et al., 1983). 

 

The misfolded form of PrP is thought to be responsible for neurodegeneration in the 

TSE’s although the mechanism underlying nuerodegeneration is still unclear. 

Current research focuses on finding possible therapies for the TSE’s as there is 

currently no known cure. 

1.1 PrP Structure and Expression 

1.1.1 Genetic regulation of PrP 

 

The prion protein is encoded by the Prnp gene which has been well characterised in 

several species. The gene consists of three exons and two introns, with the third exon 

encompassing the entire open reading frame. The exceptions to this structure are in 

humans and hamsters where the second exon may not be spliced into the final 

mRNA sequence (Lee et al., 1998; Li and Bolton, 1997). Studies of the mice and 
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bovine gene have shown the importance of intron 1 in the modulation of gene 

expression as well as exon 1 which can act as an inhibitor of PrP expression (Haigh 

et al., 2007). Interestingly a TATA box has been found in intron 1 of both the mouse 

and bovine gene (Haigh et al., 2007), this is in contrast to the prion promoters 

studied so far, which lack a TATA box. However various binding sites have been 

found within the promoter that enhance and inhibit promoter activity. These include 

Sp-1 binding sites and AP-1 and AP-2 binding sites, which can inhibit and enhance 

promoter activity depending on which transcription factors bind to them (Saeki et al., 

1996b). Heat shock elements have been found in the rat promoter (Shyu et al., 2002), 

and heat shock proteins have also been shown to up-regulate prion protein 

expression in humans cells (Shyu et al., 2000). 

 

A variety of other factors have also been shown to regulate PrP expression either at 

the protein or gene level. The prion protein has been hypothesised to have a role in 

copper homeostasis in the brain (for review see (Brown, 2001) ) so it is perhaps 

unsurprising that copper has been shown to regulate PrP promoter expression in 

PC12 cells, a neuronal cell line. Deletion of parts of the promoter showed that a 

region of the promoter containing a putative MRE was essential for the upregulation 

of promoter activity in response to copper (Varela-Nallar et al., 2006). Copper has 

also been shown to up-regulate PrP expression at the protein level (Brown et al., 

1997b). However another study has shown that copper can down regulate PrP gene 

expression in GN11 cells, another neuronal cell line (Toni et al., 2005). Studies 

looking at other metals have shown that manganese and zinc are unable to regulate 

the prion promoter (Varela-Nallar et al., 2006), suggesting that the response to 

copper by the prion promoter is a specific specialised response. 

 

As the loss of the prion protein has been connected with oxidative stress, several 

studies have investigated the effect of hypoxia and ischemic brain injury on PrP 

expression. A study has shown that PrP expression is up-regulated in mice after 

severe focal ischemic brain injury, and that this increase in expression occurs shortly 

after brain injury. They hypothesise that given the known neuroprotective roles of 

PrP
c
 up-regulation of PrP

c 
may be protective (Weise et al., 2006). This is supported 

by a study demonstrating that PrP null mice show greater injury after ischemic injury 

when compared to WT mice (McLennan et al., 2004). Another study used hyperbaric 
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oxygen treatment to induce oxidative stress in N18 cells, a mouse neuroblastoma cell 

line. Treatment was shown to up-regulate PrP expression at both mRNA and protein 

levels. It was also shown to upregulate HSP70 expression, the upregulation of both 

these protein was shown to be regulated via JNK activation (Shyu et al., 2004). 

Overall there is strong evidence for a role for PrP
c
 in the prevention of oxidative 

stress in the brain and expression of PrP
c
 may be modulated by oxidative stress.  

 

As PrP expression is important for disease progression studies have investigated 

compounds that can regulate PrP expression. All-trans retinoic acid (ATRA) is a 

powerful antioxidant that is currently licensed for the treatment of skin conditions 

such as acne and it is also used in the treatment of acute promyelocytic leukemia, 

due to its ability to differentiate leukemic promyelocytics into mature granulocytes 

(Huang et al., 1988). Interestingly, ATRA has also been shown to down-regulate 

prion expression in granulocytes, independently of granulocyte maturation, this has 

led to the suggestion that it may be useful therapeutically (Rybner et al., 2002). 

1.1.2 Primary Structure 

 

PrP is relatively small protein varying in size between 30-39kDa depending on 

species, it is highly conserved in mammalian species. In mice the prnp gene is found 

on chromosome 2 and encodes for a 254 amino acid sequence (figure 1.1).  

 

 

 

Figure 1.1: The major features of the primary structure of PrP.  

 

A region spanning amino acids 1-23 directs the protein to the endoplasmic reticulum 

(ER) for processing and is cleaved shortly after translation. A short region at the end 

of the C-terminus is also cleaved during processing, prior to the addition of 

glycosylphosphatidylinositol (GPI) anchor. The GPI anchor tethers the protein to the 
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outside of the cell (Stahl et al., 1987). There are several important features in the 

primary structure of PrP. Perhaps most importantly for any possible function it has 

four octarepeats (PHGGGWGQ) in the N-terminal region of the protein, which have 

been shown to bind several transition metals including copper (Hornshaw et al., 

1995) and manganese, although with a much lower affinity (Brazier et al., 2008; 

Brown et al., 2000). There is also a fifth metal binding site at amino acids 95 and 

110 which binds both copper and manganese (Brazier et al., 2008; Thompsett et al., 

2005). Amino acids 112-145 form a hydrophobic region that is thought to be 

involved in the pathogenesis of prion disease, as proteins missing residues 114-121 

cannot be converted into PrP
sc

 when over-expressed in N2A cells infected with 

scrapie (Holscher et al., 1998). Parts of the hydrophobic region have also been 

shown to form B-sheets spontaneously as in the case of the 106-126 peptide (Forloni 

et al., 1993) or be amyloidogenic such as residues 112-119 (Jobling et al., 1999). 

1.1.3 Secondary Structure 

 

The structure several species of prion protein has been determined by NMR 

including mouse PrP (Lopez Garcia et al., 2000; Riek et al., 1996; Zahn et al., 2000). 

The C-terminus of PrP has been found to be highly structured (figure 1.2). The PrP
c
 

form consists of three α- helices at amino acids 114-154, 170-193 and 200-217 with 

a disulphide bond linking helix 2 to helix 1. There are also two short strands of β-

sheet structure at amino acids 128-131 and 161-193 (Riek et al., 1996). The structure 

of the N-terminus of PrP is much less clear, when it is not bound to metals. Studies 

using a variety of techniques including nuclear magnetic resonance (NMR) and 

circular dichroism (CD) have shown it is highly flexible (Hornemann et al., 1997), 

however it has been postulated that on binding to copper the N-terminus may 

become more structured (Jones et al., 2004; Miura et al., 1996). The sequence of 

mammalian prion protein is highly conserved especially the unstructured N-terminus 

indicating its importance in function (Wopfner et al., 1999). 

 

Upon conversion to PrP
sc

 the secondary structure changes significantly. PrP
c
 has 

been shown to contain ~ 40% α-helical structure and ~ 3% β-sheet structure (Pan et 

al., 1993), whilst PrP
sc

 has been shown to contain ~ 30% α-helical structure and ~ 

40% β-sheet structure (Pan et al., 1993) (figure 1.2). However, due to the tendency 
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of PrP
sc

 to aggregate, the actual structure of PrP
sc

 has not been determined, although 

recent developments have provided some details of the structure. Lu et al studied the 

structure of D178N huPrP90-231, which undergoes an autocatalytic conversion to 

the amyloid state, using hydrogen/deuterium exchange. They demonstrated the 

location of the β-sheet core was in the C-terminus of the protein (Lu et al., 2007). 

Higher resolution work using site-directed spin labelling and electron paramagnetic 

resonance (EPR) spectroscopy has shown the amyloid region to encompass residues 

~160-220. The structure was found to be parallel in-register β–sheet (Cobb et al., 

2007). This is in contrast with earlier modelling studies (DeMarco and Daggett, 

2004; Govaerts et al., 2004) but the structure described is common motif for many 

amyloids including Aβ (Torok et al., 2002) and alpha synuclein (Chen et al., 2007). 

 

 

Figure 1.2: The secondary structural features of the prion protein. The normal conformer 

(PrP
c
) of the prion protein is high in α-helical structure. The abnormal conformer (PrP

sc
) has a 

much higher level of β-sheet content. 

 

The prion protein sequence is highly conserved throughout mammalian species, but 

in non-mammalian species the sequence is much less well conserved. Prion 

homologues exist in many species, perhaps the best characterised of the non-

mammalian prions are the prion proteins of chickens (Gallus Gallus), turtle 

(Trachemys scripta) and frog (Xenopus laevis). Using NMR the structure of these 

proteins has been identified, they show only about 30% homology to mammalian 

prion proteins but do retain the structured C-terminus and relatively unstructured N-

terminus. The globular domain in chicken and turtle PrP consists of three α-helices 

and a short anti-parallel β-sheet. Xenopus PrP also contains three α-helices but has a 



- 17 - 

 

longer β-sheet region. Despite the low homology the structure of the globular C-

terminus is remarkably similar to that of mammals suggesting that key amino acids 

are involved in structure (Calzolai et al., 2005). 

 

Several regions of the N-terminus are also conserved between huPrP and the non-

mammalian prion proteins, this includes amino acids 15–20 which are involved in 

the cleavage of the amino acids 1-22. However interestingly the octarepeat region is 

not highly conserved, in turtles and chickens the region consists of hexarepeats and 

in Xenopus no repeat region is present suggesting that this protein is not able to bind 

metal (Calzolai et al., 2005). 

1.2 PrP conversion 

 

The conversion of the prion proteins results in a dramatic change in both the 

properties of the protein and its structure. PrP
sc

 has a protease resistant core and is 

thought to be infectious.  

 

Conversion of PrP can be explained as follows: PrP
c
 is thought to exist in 

equilibration with another intermediary termed PrP*, with PrP
c
 dominating the 

equilibrium (Cohen et al., 1994). PrP
sc

 is thought to bind to PrP* and convert it to 

PrP
sc

, assembly of PrP
sc

 then continues until a stable seed is formed, the seed can 

continue to grow by accretion and can divide by breakage into smaller, infectious 

units. In transmitted disease this PrP
sc

 would come from exogenous sources (Figure 

1.3). In inherited disease there may be a preference for the PrP* that can then be 

converted into PrP
sc

. Once this process begins the amount of PrP
sc

 will increase 

exponentially (Cohen and Prusiner, 1998). Several studies have implicated another 

protein in this conversion process termed protein X (Kaneko et al., 1997; Telling et 

al., 1995). 
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PrP*PrPc PrPsc PrP* PrPsc

PrPsc

PrPsc

Exogenous PrPsc

 

Figure 1.3: PrP conversion. PrP exists in two forms in PrP
c
 and PrP*. When exogenous PrP

sc
 

binds to the much rarer form PrP* it is able to convert PrP* in to PrP
sc

. This then begins an 

exponential increase in PrP
sc

. 

 

Protien X was first hypothesised to exist after experiments on transgenic mice 

expressing a chimeric form of PrP containing part of the mouse and human 

sequences. These mice were susceptible to human prions, unlike mice expressing 

both mouse and human prions which were resistant to human prions (Telling et al., 

1994). This led to the theory that protein X bound to a specific part of PrP
c
 and 

assisted in its conversion. As mice expressing the mouse and human prions were 

resistant to human prion protein, protein X must bind more strongly to the mouse 

PrP. Further experiments elucidated the binding site of protein X, at the C-terminal 

end of the protein (Telling et al., 1995), however protein X has never been isolated. 

1.3 PrP Function 

 

Understanding the function of the prion protein may be essential in understanding its 

role in disease as the disease might result from a change in function of the prion 

protein, this could either be a gain of toxic function, a subversion of function for 

instance the ability to transduce pro-apoptotic signals rather than anti-apoptotic 

signals or a loss of function (for review see (Westergard et al., 2007)).  
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1.3.1 PrP in copper transport 

 

Several studies have suggested that PrP may have a role in controlling synaptic 

copper fluctuations. PrP
c
 is predominantly located in the synapse (Herms et al., 

1999) and is rapidly internalised in response to copper treatment in vitro (Brown and 

Harris, 2003; Pauly and Harris, 1998). PrP expression is also linked to copper release 

on depolarisation of the synapse (Brown, 1999). In PrP-null mice there is evidence 

of a reduction of copper in synaptosomal preparations (Brown et al., 1997a) and in 

the disease state there is evidence of a change in metal balance in the brains of mice 

infected with scrapie (Thackray et al., 2002), this may be due to the loss of the prion 

protein’s ability to bind copper. The loss of the function of prion protein as a copper 

transporter protein, in the disease state, may result in copper imbalance in the brain. 

Both an increase or decrease of copper in the brain can lead to brain damage, this is 

demonstrated in two inheritable diseases, both due to mutations in copper 

transporters. Wilson’s disease involves mutations in the ATP7A gene, ATP7A is a 

copper transporter and mutations result in an increase of copper in the brain and the 

liver, symptoms include liver disease and neurodegeneration. Menke’s disease is also 

due to a mutation in the ATP7A gene and results in poor distribution of copper in the 

body, with low levels of copper in the brain, this also results in neurodegeneration 

(Ala et al., 2007; Menkes et al., 1962). 

1.3.2 PrP as an antioxidant 

 

PrP
c
 has been shown have superoxide dismutase (SOD) like activity. Studies have 

shown that recombinant PrP and PrP extracted from brain tissue has copper 

dependent SOD-like activity (Brown et al., 1999), this has led to the hypothesis that 

it may have an antioxidant role in the brain. However other studies have not been 

able to detect SOD like activity in recombinant protein (Jones et al., 2005b) and 

suggest any antioxidant activity may be due to indirect action.  

 

Whilst the mechanism behind PrP
c
 antioxidant activity is unclear, it is clear that PrP

c
 

plays a role in reducing oxidative stress in the brain. It has been shown that PrP 

knockouts have compromised antioxidant function (Klamt et al., 2001). Research has 

also shown that cultured neurones from mice deficient in PrP
c
 were more sensitive to 
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oxidative stress (Brown et al., 1997c). In the normal state PrP
c
 expression is 

increased in cells exposed to oxidative stress (Brown et al., 1997b).  

 

In the disease state immunohistochemistry of brain slices of mice infected with 

scrapie have revealed several markers of oxidative stress including nitrotyrosine, a 

marker of peroxynitrite generation (Guentchev et al., 2000) and lipid oxidation 

markers (Wong et al., 2001c). In vitro experiments are in agreement with these 

results, oxidative stress was induced in cells treated with the 106-126 fragment of 

PrP (Pietri et al., 2006). The increase in oxidative stress markers in the disease state 

may be due to the conversion of PrP
c
 to PrP

sc
. 

1.3.3 Other Functions 

 

As PrP
c
 is mainly found at the cell surface it has been suggested that PrP may have a 

role in signal transduction. In lymphocytes PrP
c
 has been shown to be incorporated 

into lipid rafts within the cell membrane, these rafts contain accumulated cross-

linked proteins. It is hypothesised that PrP
c
 may become cross-linked in these rafts. 

PrP
c
 cross-linking has been shown to cause the activation of several signalling 

pathways including MAPK pathways (Stuermer et al., 2004). Several 

neuroprotective molecules have also been shown to be activated by a PrP
c
 binding 

partner including ERK and protein kinase A in mouse retinal cells, this activation 

was not seen in PrP null cells (Chiarini et al., 2002). 

 

Some studies have suggested that PrP
c
 may have a role in regulating sleep patterns as 

patients suffering from FFI have disrupted sleep patterns. PrP null mice have also 

been shown to have altered sleep regulation when compared to WT mice (Tobler et 

al., 1997; Tobler et al., 1996). Recent work has shown that neuronal but not non-

neuronal PrP
c
 expression is involved in sleep homeostasis and that PrP

c
 may play a 

role in the hormonal regulation of the hypothalamic–pituitary–adrenal axis (Sanchez-

Alavez et al., 2007). 
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1.4 PrP and Metals 

1.4.1 Copper 

 

PrP has been shown to bind several transition metals with varying affinity. PrP has 

been shown to have the highest affinity for copper and has been shown to bind up to 

6 copper atoms at physiological conditions. Copper is thought to bind at two sites, 

the octarepeat region and the so-called fifth site at 95 and 110. PrP has also been 

shown to bind several other metals including nickel, zinc and manganese. However 

the interactions between these metals are at a much lower affinity. 

 

The prion protein has been demonstrated to bind copper at the octarepeat region both 

in vitro and in vivo (Brown et al., 1997a), although binding to the fifth site has only 

been demonstrated in vitro (Jones et al., 2004; Jones et al., 2005a). The affinity of 

copper for PrP is still widely debated with some studies suggesting affinity values as 

low as micromolar affinity (Stockel et al., 1998) and some as high as femtomolar 

affinity (Jackson et al., 2001). Most agree that there is at least one nanomolar-

binding event (Treiber et al., 2007; Walter et al., 2006). In the octarepeat region 

copper the histidine is thought to be the primary residue coordinating binding, with 

the full complex consisting of residues HGGGW (Aronoff-Spencer et al., 2000; 

Burns et al., 2003), however the exact coordination is dependent on copper loading, 

with differing coordination patterns when less than two copper molecules are bound 

(Chattopadhyay et al., 2005). 

 

The fifth site is now widely accepted to bind copper and there has been a significant 

amount of research into the coordination of this binding. Binding requires that at 

least amino acids 92-96 and 107-111 (in humans) are present (Jones et al., 2005a). 

They also showed that both pH and chain length effected the relative affinities of 

each histidine with the binding at low pH being coordinated whilst at higher pH the 

histidines bind independently (Klewpatinond and Viles, 2007). The affinity of 

copper for the 5
th

 site is also under debate however it has been shown that it has a 

higher affinity for copper than the octarepeat region (Jones et al., 2005a; Treiber et 

al., 2007). 
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Once converted to PrP
sc

 there is no evidence that copper can still bind to the protein 

however copper is still able to modulate prion disease. It has been shown that the 

copper chelator, D-(-)-penicillamine can delay the onset of prion disease in mice 

(Sigurdsson et al., 2003) and that brain homogenates incubated with CuCl2 showed 

increased PK resistance. Conversely other studies have shown that treatment of 

scrapie infected cells with copper increases PrP
c
 expression but decreases PrP

sc
 

accumulation, hamsters infected with scrapie also showed delayed onset of prion 

disease when treated with copper. This was hypothesised to be due to the increase in 

internalised PrP
c
, which would hinder its interaction with PrP

sc
 (Hijazi et al., 2003). 

  

 

Copper has been shown to be able to convert recombinant PrP into a PrP
sc

-like 

protein (Qin et al., 2000), as well as being able to convert PrP
c
 from mice brains into 

a PK resistant form, although this was shown to be structurally distinct from PrP
sc

 

(Quaglio et al., 2001). Further work has shown that copper is able to inhibit 

conversion of full length recombinant PrP by stabilising a PK resistant non-

amyloidgenic form of PrP (Baskakov et al., 2002). However when copper was added 

to fibrils of PrP it increased PK resistance and induced further aggregation 

(Bocharova et al., 2005). The complexity of coppers involvement in the disease state 

in highlighted by the differing results obtained by groups and more research will 

need to be done to elucidate the role of copper and PrP both in health and disease. 

1.4.2 Manganese 

 

PrP has been shown to bind several transition metals as well as copper. Perhaps the 

most extensively researched of these is manganese. Early work suggested that the 

prion protein bound manganese in the octarepeat region of the prion protein and was 

able to bind up to 4 manganese atoms (Brown et al., 2000), however this was in 

contrast to other reports that suggested that manganese was unable to bind in the 

octarepeat region (Garnett and Viles, 2003; Treiber et al., 2007). Further work 

suggested that another binding site at histidines 95 and 110 (the so-called fifth site) 

was able to bind manganese however it was suggested that this site was a low 

affinity site when compared to the octarepeat region (Jackson et al., 2001). More 

recent work has used isothermal titration calorimetry to identify the manganese 
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binding sites in wild-type mouse PrP. This revealed that PrP has two manganese 

binding sites with affinities that would bind manganese at concentrations of 63 and 

200 µM at pH 5.5, interestingly this affinity is similar to other known manganese 

binding proteins. In contrast to earlier work they concluded that the highest affinity 

manganese-binding site was associated with His-95 in the so-called "fifth site". They 

also established that manganese could bind at the fifth site in the presence of copper 

suggesting that copper displacement would not be required for manganese binding 

(Brazier et al., 2008). 

 

The interest in manganese binding PrP is due to several lines of evidence that 

suggest that manganese may have a role in prion disease. Elevated manganese levels 

have been observed in the CNS and blood of the patients suffering from prion 

disease, suggesting that manganese may play role in disease (Hesketh et al., 2008). 

This phenomenon has also been observed in scrapie and BSE (Hesketh et al., 2007), 

and as the increase in manganese occurs prior to the onset of clinical signs of disease 

it has been suggested as a possible diagnostic tool (Hesketh et al., 2007; Thackray et 

al., 2002). 

 

Levels of manganese have also been shown to be significantly higher in the brain 

tissue of patients with sCJD. The metal occupancy of PrP in sCJD patients also 

differed from PrP purified from normal brains. There was an elevation of manganese 

and, to a lesser extent, of zinc accompanied by significant reduction of copper bound 

to the purified PrP (Wong et al., 2001b). The reason for the change in metal balance 

in the brains of TSE sufferers remains unclear. It was hypothesised that high dietary 

manganese may result in changes in manganese concentration in the brain and 

therefore manganese binding to PrP. However research into this hypothesis has 

shown high dietary manganese does not result in increased susceptibility to prion 

disease (Legleiter et al., 2007a; Legleiter et al., 2007b). Work investigating a link 

between high levels of soil manganese and scrapie ‘hotspots’ has shown no 

correlation between the two (Chihota et al., 2004). It is likely that the reason for the 

metal imbalance observed in prion disease is more complex than a simple dietary 

imbalance. 
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Manganese binding has been shown to convert the prion protein into a structure 

more like that of PrP
sc

. Investigation has shown that initially manganese binding 

resulted in a protein similar to copper bound PrP, however after ageing the protein 

became protease resistant and lost function. The protein also underwent structural 

changes resulting in an increased β-sheet content, manganese binding also resulted in 

increased toxicity to astrocytes (Brown et al., 2000). More recent work has shown 

that initial manganese binding to PrP results in an increase in α- helical content 

suggesting that ageing is required for conversion to a more PrP
sc

-like protein (Zhu et 

al., 2008). It has also been shown that manganese binding to PrP does not protect 

manganese from water interactions, unlike copper binding, which protects copper 

from water interactions. A real-time study of the protein alloforms showed that 

copper bound PrP remained stable in solution, but that manganese bound PrP 

underwent different changes that led to fibril formation (Tsenkova et al., 2004). 

 

In vitro work has shown that, in common with several other transition metals 

manganese influences PrP aggregation. Work in yeast has shown that manganese 

supplemented media induced PrP
res

 formation (Treiber et al., 2006). Manganese has 

also been shown to have pro-aggregatory effect on PrP in cell-free systems, which 

could be blocked by copper (Giese et al., 2004). Further work using the protein-

misfolding cyclic amplification (PMCA) cycle, a technique that has been shown to 

drive the amplification of misfolded prion protein of PrP
Sc

 seeds, showed that 

treating normal hamster brain homogenate with manganese was able to efficiently 

drive PrP conversion. This suggests that manganese could be involved in conversion 

in vivo (Kim et al., 2005). In contrast other work using cell free systems has shown 

that manganese has no effect on PrP conversion or aggregation (Bocharova et al., 

2005).  

 

Work investigating the mechanism of aggregation of PrP in cells treated with 

manganese has suggested that it is due to manganese inducing reversible 

intermolecular binding between PrP fibrils rather than manganese binding to the 

protein (Levin et al., 2005) suggesting that aggregation induced by manganese 

treatment occurs by a different route that of manganese loaded PrP, which appears to 

occur because of structural changes. 
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Unlike copper, manganese is unable to induce cellular prion protein expression 

(Varela-Nallar et al., 2006), suggesting that PrP is not involved in manganese 

metabolism. However the prion protein has been shown to protect against manganese 

toxicity; PrP
c
 has been shown to reduce manganese accumulation in cells treated 

with manganese and to protect against manganese induced oxidative stress, as well 

as prevent manganese induced apoptosis (Choi et al., 2006). However work using a 

different cell line showed that PrP
c
 did not protect against manganese toxicity 

(Rachidi et al., 2003). 

 

There is increasing evidence that manganese binding to the prion protein results in 

conversion of the prion protein to a PrP
sc

-like protein. Recent work has demonstrated 

the potential relevance of this in vivo, as manganese levels are heightened in patients 

suffering from CJD. Work demonstrating that the binding affinity of PrP for 

manganese is similar to that of other known manganese binding proteins, 

demonstrates the physiological relevance of manganese binding to PrP. 

1.4.3 Prion Protein and other Transition Metals 

 

As well as manganese binding to the prion protein, iron binding has also been 

hypothesised to be involved in the disease, as studies have shown higher levels of 

iron in scrapie infected hamsters (Kim et al., 2000). There is also evidence that iron 

can covert PrP
c
 to PrP

sc
- like form and that when infected cells are iron depleted 

there is a decrease in the production of PrP
sc

 (Basu et al., 2007).  

 

Metals have also been shown to modulate aggregation of the prion protein and 

studies using PrP 106-126 have shown that both copper and zinc could bind to the 

peptide leading to aggregation and neurotoxicity. This effect was reversed when the 

metals were removed (Jobling et al., 2001). The evidence that metal imbalance is a 

feature of several neurodegenerative diseases and that both iron and manganese have 

been shown to convert PrP to a PrP
sc

-like protein lead many to belief that metals may 

be involved in the pathogenesis of prion disease.  

 

 



- 26 - 

 

1.5 Prion Protein Toxicity  

 

Prion disease results in massive neuronal cell death, leading to the classic 

spongiform appearance in the brain. However, despite intensive research, there is no 

clear answer to the mechanism underlying the toxicity of the prion protein. 

Neurotoxicity is unlikely to be wholly due to the loss of function of the prion protein 

as PrP null mice have few abnormalities (Bueler et al., 1992). Although as 

conversion from PrP
c
 to PrP

sc
 is thought to result in loss of function it may play 

some role in toxicity (Hetz et al., 2003a).  

 

It is unclear whether PrP
sc

 itself is toxic although in vitro studies have demonstrated 

that PrP
sc

 is toxic (Hetz et al., 2003b). However some forms of prion disease have  

very low levels of PrP
sc

 deposits in the brain (Collinge et al., 1995a; Hsiao et al., 

1990; Manetto et al., 1992) leading to suggestions that PrP
sc

 is not toxic itself but 

simulates neurotoxic signalling pathways (Solforosi et al., 2004), or that only a 

subset of PrP, generated as an intermediate (PrP*) or as a side
 
product during prion 

propagation, is toxic (Hill et al., 2000; Manuelidis et al., 1997). 

1.5.1 PrP Expression and Toxicity 

 

It is clear that toxicity requires cellular PrP expression as PrP-null neurons survive 

exposure to a fragment of the prion protein (Brown et al., 1994). Cellular prion 

expression has also been shown to be required in vivo for toxicity. PrP null mice that 

received neural grafts over-expressing PrP
c
 were inoculated with mouse adapted 

scrapie and whilst the grafts became infected and developed the severe 

histopathological changes characteristic of scrapie the PrP-null tissue remained 

healthy (Brandner et al., 1996). The level of PrP
c
 in the cell has also been shown to 

effect the incubation time of the disease with lower expression levels leading to a 

prolonged incubation time (Manson et al., 1994; Prusiner et al., 1993). PrP
c
 is up-

regulated in disease (Voigtlander et al., 2001) suggesting that PrP
sc

 itself may have 

and up-regulatory effect on the promoter region of prnp. Therefore gene expression, 

in particular the activity of the prnp promoter are thought to be important in disease 

pathogenesis. 
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1.5.2 Regions Required for Infection and Toxicity 

Investigation has revealed the requirement for certain regions of cellular prion 

protein for prion propagation. The hydrophobic region amino acids 112-119 is the 

most fibrillogenic region of the prion protein and has been shown to be required for 

prion infection in vitro (Norstrom and Mastrianni, 2005). Studies have also shown 

that PrP
Sc

 interacts with this region suggesting its importance in conversion (Brown, 

2000b).  

Numerous studies have also shown that amino acids 23-90 are not required for
 
prion 

propagation (Fischer et al., 1996; Muramoto et al., 1997; Muramoto et al., 1996) 

suggesting that much of the N-terminal region is not required for infectivity. Further 

work using a fragment of PrP termed PrP106 or the mini prion, which is 106 amino 

acids long and contains the deletions ∆23-88 and ∆141-176, has shown that the 

octareapet region, which spans amino acids 51-90, is not required for toxicity or 

infection (Bonetto et al., 2002). As the octarepeat region is the major metal binding 

region, and hence thought to be important for normal function, it is perhaps 

surprising this region is not required for infectivity. 

 

The ablation of certain regions of the prion protein in transgenic mice are lethal 

which suggests that these regions may be involved in the toxicity of the protein, 

although the exact reason for the toxicity of the deletions remains unclear. Deletion 

of the N-terminus of the prion protein (amino acids 32-134) in transgenic mice 

results in a fatal pathology including ataxia, degeneration of cerebellar granule cells, 

and vacuolation of white matter in the brain. These symptoms are thought to be due 

to the up-regulation of Bax dependant pathways (Li et al., 2007a). Deletion of the 

region spanning 105-125, which encompasses the hydrophobic region, results in 

fatal neurodegeration in mice (Li et al., 2007b). Unlike N-terminal deletion, this 

deletion does not up-regulate Bax dependant pathways (Li et al., 2007a) but they 

hypothesise a model in which this protein has greatly enhanced affinity for a 

hypothetical receptor that serves to transduce the toxic signal (Li et al., 2007b). The 

deletion of amino acids 94-134 of the prion protein results myelin degeneration 

which led to the hypothesis that the prion protein is involved in maintaining myelin 

integrity (Baumann et al., 2007). 
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In summary the C-terminus of the prion protein appears to be important for 

infectivity, the hydrophobic region has been shown to be required for infectivity, as 

have amino acids 89-140 and 176-231. Deletion of regions of the prion protein, in 

transgenic mice, has shown that deletion of certain regions can be lethal, suggesting 

these regions may be important structurally. 

1.5.3 Species Barrier and Conversion 

 

A strong species barrier exists between most species, in most cases transmission 

from one species to another results in longer incubation time or is unsuccessful, 

however subsequent transmission resemble ‘within species’ transmission. Work 

using transgenic mice expressing hamster PrP
c
 showed that they are highly 

susceptible to Sc237 hamster prions, unlike WT mice (Prusiner et al., 1990). Studies 

argued that the barrier was due to in differences in PrP primary structure between the 

donor and recipient species, making it difficult for the conversion to occur (Palmer et 

al., 1991; Prusiner et al., 1990). However the BSE prion strain is highly promiscuous 

and retains its biological characteristics on transmission to other species (Bruce et 

al., 1994). Also, unlike classical CJD, vCJD transmits easily to mice (Hill et al., 

1997), and as the CJD and vCJD variants have exactly the same structure it suggests 

be that the barrier is not species dependant. Recent work has also shown that, outside 

of the cell, mouse and hamster full-length recombinant PrPs are able to cross-seed 

polymerisation reactions furthering the suggestion that factors other than the PrP 

sequence may have
 
an impact in regulating prion transmission between mammalian

 

species (Makarava et al., 2007). However other studies have shown the maintenance 

of a species barrier in a cell-free environment, although this work used a fragment of 

PrP. This may suggest that this fragment contains the regions important in species 

barrier (Jones and Surewicz, 2005; Vanik et al., 2004). 

1.5.4 Disease Mutations and Toxicity 

 

Inheritable prion diseases result from a mutation in the prion protein genetic 

sequence that presumably makes the protein more likely to convert to PrP
Sc

. The N-

terminus of the prion protein region includes mutations involved in inheritable prion 

diseases, suggesting that this region may play an important role in the conversion of 

the protein to the neurotoxic form although previous work has shown that much of 
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this region is not required for conversion to PrP
sc

 (Muramoto et al., 1996). Perhaps 

the best described mutation is found in GSS patients at amino acid 102 where a 

proline is substituted for a leucine (Hsiao et al., 1989). The mutation has been 

reproduced in mice and upon challenge with scrapie results in prion disease (Hsiao et 

al., 1991). However high expression levels of PrP are required for disease to develop 

(Hsiao et al., 1991). In familial CJD, additional N-terminal mutations are observed 

which include multiple repeats of the octarepeat region. This highlights the 

importance of the metal binding regions in disease, even though this region is not 

generally thought to be required for infection (Flechsig et al., 2000). A mouse model 

containing insertions of extra octarepeats has been created. This model, Tg(PG14), 

contains an extra 9 repeats which corresponds to the largest number of extra repeats 

so far found in patients (Chiesa et al., 1998). These mice spontaneously develop 

prion disease.  

 

In addition, several mutations involved in inheritable disease are found in the C-

terminus of the prion protein, including E200K and F198S. It has been revealed that 

expression of certain parts of the C-terminus of PrP is intrinsically toxic to cells, and 

that this toxicity can be enhanced by mutations of the C-terminus of PrP  that are 

found in genetic prion disease (Daniels et al., 2001), and that this toxicity is 

hypothesised to be due to the generation of hydrogen peroxide (Turnbull et al., 

2003b). As with the C-terminal mutations described some other mutations have been 

directly linked to toxicity. Substitution of alanine for valine at amino acid 117 is a 

mutation observed in GSS and has been shown to increase the toxicity of PrP 106-

126 (Brown, 2000a). 

1.5.5 Recombinant Protein and Peptide Models of Toxicity 

 

Perhaps the best-studied model of prion toxicity is the 106-126 peptide, which 

encompasses the hydrophobic region of the protein (amino acids 112-119). The 106-

126 peptide has been shown to reproduce many of the properties of the prion protein, 

it is toxic to neuronal cells (Forloni et al., 1993), toxicity is mediated by cellular PrP 

expression (Brown et al., 1994) and requires the presence of mircoglial cells (Brown 

et al., 1996). Toxicity requires the presence of metals (Jobling et al., 2001) and the 

presence of copper results in the production of hydrogen peroxide, which may 
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explain the mechanism of toxicity of PrP 106-126 (Turnbull et al., 2003a). 

Furthermore, the 106-126 peptide induces neuronal apoptosis (Forloni et al., 1996), 

which is a feature of prion diseases in vivo. It is thought the hydrophobic core of the 

peptide mediates the toxicity and structure of the peptide, as substitution of the 

hydrophobic residues results in a decrease in toxicity as well as a decrease in β-sheet 

structure and alters the aggregation properties of the peptide (Jobling et al., 1999). 

 

Other peptides that have been used as a substitute for PrP include a peptide spanning 

amino acids 185-208 which has a structural motif homologous to a motif in 

Alzheimer’s disease-associated peptide Aβ (Klajnert et al., 2006). This fragment was 

shown to form amyloid fibrils in the presence of heparin and was also found to be 

cytotoxic (Cortijo-Arellano et al., 2008). A synthetic peptide spanning the sequence 

82-146, which spans a fragment of the protein commonly found in patients suffering 

from GSS, has also been shown to readily form aggregates that are partially
 
resistant 

to protease digestion (Salmona et al., 2003). This peptide has also been shown to be 

toxic to primary neurones and this is primarily due to the oligomers that it forms 

(Fioriti et al., 2007).  

 

Longer fragments of the prion protein such as the mini prion have also been widely 

used to investigate prion toxicity. The mini prion is a soluble form of PrP that 

possesses several properties in common with PrP
sc

 (Bonetto et al., 2002; Laws et al., 

2001). When expressed in scrapie infected cells, the mini prion can generate a 

protease-resistant polypeptide (Muramoto et al., 1996; Supattapone et al., 1999). In 

vivo PrP knockout mice expressing PrP106 are able to maintain scrapie infection 

(Supattapone et al., 1999). Work using recombinant mini prion has show that it is 

was highly toxic to primary
 

neuronal cultures (Bonetto et al., 2002), thereby 

highlighting its usefulness as a model to study toxicity. 

 

Many studies use the 90-231 fragment of PrP, this region is equivalent to PrP 27-30, 

the N-terminally truncated form of PrP. Both PrP 27-30 and recombinant 90-231 PrP 

were found to be toxic in vitro (Post et al., 2000). More unusually transmembrane or 

cytosolic prion protein has been used to investigate prion protein toxicity. A peptide 
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spanning 118-135 of PrP has been used to mimic prion toxicity as it is part of the 

putative transmembrane region of PrP. This region which has been shown to be toxic 

to neurones both in vitro and in vivo although toxicity is independent of PrP 

expression, which suggests this may not be relevant in vivo (Chabry et al., 2003). 

Additionally, although cytosolic PrP has been shown to be toxic in vivo this toxicity 

is also independent of cellular PrP expression (Norstrom et al., 2007) and other 

reports have found it is not toxic (Fioriti et al., 2005).  As the toxicity of 

transmembrane and cytosolic PrP is independent of cellular PrP expression the value 

of these, as models of prion disease, is questionable. 

 

Previous studies using recombinant prion protein have often used protein that has 

been converted into agregatory mis-folded and protease resistant forms like PrP
sc

 

using metals (Kim et al., 2005) or SDS (Stohr et al., 2008). However SDS would not 

be found in tissue and as such does not represent a conversion that could take place 

in vivo. However studies using recombinant PrP have shown it to be a useful 

analogue of PrP
sc

. PMCA cycling is common method of creating large quantities of 

PrP
res

, a protease resistant form of PrP analogous to PrP
sc

. PMCA cycling uses large 

quantities of PrP
c
 which are incubated with much lower concentrations of PrP

res
 

which acts as template for the conversion of the PrP
c
 to PrP

res
. The protein is 

sonicated at intervals to generate multiple smaller units for the continued formation 

of new PrP
res

 (Saborio et al., 2001). Protein generated in this manner has been shown 

to be selectively toxic to cells expressing PrP (Novitskaya et al., 2006) suggesting 

that recombinant PrP represents a realistic model of prion toxicity, whilst peptides 

often do not replicate a fragment of the peptide that would be found in the disease 

state. 

 

Studies using recombinant prion protein have highlighted the link between 

aggregation, structure and toxicity. Emerging theories are centralised around the idea 

that prion toxicity is linked to prion structure, and the conversion of the prion protein 

to PrP
sc

 results in an increased tendency to form aggregates. There is increasing 

evidence that larger aggregates of PrP
sc

 are not toxic, as originally believed, but that 

the smaller soluble oligomers are the toxic species (Kazlauskaite et al., 2005; 

Simoneau et al., 2007). Small aggregates of other non-disease associated protein 
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have also been shown to be toxic suggesting that there may be a general mechanism 

of toxicity and avoidance of protein aggregation is crucial for the preservation of 

biological function (Bucciantini et al., 2002). Investigations using an antibody 

developed specifically against Aβ oligomers found the antibody was able and 

prevent their toxicity in vitro which demonstrates there is a common structure for 

soluble amyloid oligomers and also implies there is a common toxic mechanism 

(Kayed et al., 2003). This mechanism has since been suggested to involve increased 

membrane permeability and calcium dysregulation (Demuro et al., 2005). However, 

some argue that whilst oligomers are toxic to cells, they are not the sole toxic 

species, as mature fibrils have also been demonstrated to be toxic to cultured and 

primary cells  (Novitskaya et al., 2006; Novitskaya et al., 2007).  

There is increasing evidence that structure plays an important role in toxicity and 

studies have shown that amyloid proteins have similar structural features (Kayed et 

al., 2003). The toxicity of 90-231 is dependent on structure: α-helical 90-231 PrP is 

not toxic to cells but once converted to a β-sheet form the protein becomes more 

prone to aggregation and is toxic to cells (Corsaro et al., 2006). Further study has 

shown that denatured monomeric PrP 90-231 is toxic to cells, and that this is 

probably due to exposure of the hydrophobic region and increased internalisation 

(Chiovitti et al., 2007). The toxicity of full-length recombinant PrP also requires high 

β-sheet content (Novitskaya et al., 2006). 

1.6 Cell death in Prion disease. 

 

All TSEs result in a spongiform appearance in the brain due to the loss of neurones. 

Neuronal cell death in prion disease is widely accepted to be caused by apoptosis. 

This has been demonstrated both in vitro and in vivo in a variety of animals and in 

humans (Fairbairn et al., 1994; Forloni et al., 1993; Giese et al., 1995; Gray et al., 

1999). The cause of apoptosis is still unknown, it may be due to a variety factors 

including a loss of function of PrP, aggregation of PrP or endoplasmic reticulum 

stress due to a build up of misfolded protein. 

 

It is unclear how apoptosis in prion disease is initiated; PrP
sc

 may bind to receptors 

to initiate apoptosis as PrP has been shown to bind several receptors. Perhaps the 

most widely studied is the laminin receptor which has a role in PrP
c
 internalisation 
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(Gauczynski et al., 2001) and may have a role in PrP
sc 

propagation (Leucht et al., 

2003). However no receptor has been shown to bind PrP
sc

 and initiate apoptosis. PrP
c
 

may itself be involved in signalling, it has been shown to bind Fyn, a tyrosine kinase 

(Mouillet-Richard et al., 2000), PrP
sc

 may cause deregulation of this signalling 

leading to apoptosis (Pietri et al., 2006). However apoptosis may also be initiated 

internally by the endoplasmic reticulum and the mitochondria. 

 

Studies have detected active caspase 12 in N2a cells treated with purified scrapie 

from mouse brain (Hetz et al., 2003b). As caspase 12 is localised to the endoplasmic 

reticulum (ER) and is associated with apoptosis induced by ER stress it suggests that 

the ER may play a role in apoptosis in prion disease. However more recent work has 

shown that ER stress may not have a prominent role in human prion diseases in vivo 

(Unterberger et al., 2006). Further research has shown that BiP a chaperone known 

to bind PrP is up-regulated in early prion disease, inhibition of BiP in N2A led to 

increased PrP
sc

 toxicity (Hetz et al., 2005) suggesting BiP may have a protective 

role. Other studies have shown that neurons treated with the 106-126 peptide release 

calcium through ER ryanodine (RyR) and inositol 1,4,5-trisphosphate (IP(3)R) 

receptors leading to ER stress and subsequent apoptosis via mitochondrial 

cytochrome C release (Ferreiro et al., 2008a).  

 

p53 is a transcription factor involved in the regulation of cell cycle. PrP
c
 has been 

shown to regulate p53 induced caspase 3 apoptosis, in neuronal cells, leading to 

knock-out cells showing increased resistance to staurosporine induced apoptosis 

(Paitel et al., 2004). This has been shown to be regulated by C-terminal fragment of 

PrP (Sunyach et al., 2007). In the disease state, p53 has been shown to induce 

caspase 3 mediated cell death. Inhibition of p53 reduced caspase 3 expression, in 

hamster brains but had no effect on the incubation time of the disease (Engelstein et 

al., 2005), suggesting that this pathway is not required for cell death in prion disease. 

 

The Bcl-2 family proteins comprise both anti-apoptotic and pro-apoptotic signalling 

molecules; they regulate apoptosis via the release of factors such as cytochrome-C 

from the mitochondria. Bcl-2 an anti-apoptotic signalling molecule and Bax a pro-

apoptotic signalling molecule have both been implicated in prion toxicity. Over-

expression of Bcl-2 in GT1 cells protects against the neurotoxic effects of the 106-
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126 peptide (Ferreiro et al., 2007). In vivo Bcl-2 over-expression has been shown to 

protect mice expressing a lethal N-terminal truncated form of PrP (PrP∆32-134), 

leading to an increase in life expectancy (Nicolas et al., 2007). Other studies have 

investigated the role of Bax, a pro-apoptotic member of the Bcl-2 family in prion 

disease. In the normal state there is evidence that PrP
c
 can protect against Bax 

induced apoptosis in a variety of cell including breast carcinoma and primary 

neuronal cells (Roucou et al., 2005). Bax deletion
 
delayed cell loss in one mouse cell 

line expressing the lethal N-terminally truncated PrP∆32-134 in contrast Bax 

deletion did not affect cell loss in another mouse cell line expressing the deletion 

mutant PrP∆105-125 . Work using mice infected with the Rocky Mountain 

Laboratory  (RML) strain of scrapie has also shown that deletion of Bax has little 

effect on disease progression and that over-expression of Bcl-2 also had little effect 

of disease progression (Li et al., 2007a). This suggests that the Bcl-2 family is not an 

appropriate target for therapy. 

 

Several other pathways have been implicated in neurodegeneration in prion disease. 

pJNK is up-regulated in cells treated with the toxic peptide, 106-126 (Carimalo et al., 

2005), in vivo pJNK is up-regulated in the brains of hamsters infected with scrapie. 

pERK (phosphorylated ERK) is also up-regulated in hamsters infected with scrapie 

(Lee et al., 2005). p38 activation has also been demonstrated in several models 

(Corsaro et al., 2006; Corsaro et al., 2003; Lee et al., 2005; Thellung et al., 2002). 

The activation of p38 may lead to caspase 3 activation and apoptosis as inhibition of 

p38 has been shown to prevent cell death in cells treated with PrP106-126 (Corsaro 

et al., 2003). 
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Figure 1.4: Cell signalling pathways thought to be involved in apoptosis in prion disease. The 

red circle represents PrP
sc

 and the green circles PrP
c
.  

 

 

1.7 Aims and Objectives 

 

Despite extensive research into the toxicity of the protein the mechanism underlying 

the toxicity and conversion of the prion protein still remain a mystery. We have 

investigated the use of manganese bound PrP as model of prion toxicity. This model 

has allowed us to investigate the toxicity of the prion protein and gain a better 

understanding of the mechanism of prion toxicity. Initially we characterised 

manganese bound PrP and confirmed it replicated several properties of the prion 

protein, including protease resistance. 

 

We investigated the regions of the prion protein required for MnPrP (manganese 

bound PrP) toxicity to try and further understand the effect of manganese binding on 

the prion protein. We established that metal binding to known metal binding residues 

was required for MnPrP toxicity. We also established that the octarepeat region had a 

protective effect on MnPrP and its removal resulted in increased toxicity.  
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We also wanted to establish the signaling mechanisms involved in cell death in 

MnPrP treated cells as well as using chronically infected cells to investigate pathway 

that may be involved in neuronal survival in scrapie infection, we hoped this might 

provide better understanding and possible therapies. We found that MnPrP caused 

apoptosis and the cell survival signal ERK was involved in cell survival in cells 

chronically infected with scrapie. 

 

The final part of the study has investigated possible mechanisms for the prevention 

of manganese bound PrP toxicity, investigating the whether the promoter is up-

regulated by MnPrP and whether this results in toxicity. We have also investigated 

whether antioxidant can protect against prion disease. Finally we have investigated 

whether the expression of non-mammalian prion proteins was protective against 

manganese PrP toxicity. 
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2. Materials and methods 
 

2.1 Protein Production 

2.1.1 Materials 

 

LB Broth high salt purchased from Melford (Ipswich UK) 

Qiagen Miniprep Kit from Qiagen (Crawley, UK) 

Chelating Sepherose, Fast Flow from Amersham Biosciences (Buckinghamshire, 

UK) 

Bio-Rad protein assay from Bio-Rad (Herts, UK) 

Bovine serum albumin purchased from Fisher Scientific (Loughborough, UK)  

Manganese Sulphate purchased from Fisher Scientific (Loughborough, UK) 

Imidazole purchased from Fisher Scientific (Loughborough, UK) 

Vivaspin concentrator purchased from Fisher Scientific (Loughborough, UK) 

Triton X-100 purchased from Sigma-Aldrich (Poole, UK) 

Igepal CA-630 purchased from Sigma-Aldrich (Poole, UK) 

Nickel Sulphate purchased from Fisher Scientific (Loughborough, UK) 

Copper Sulphate purchased from Fisher Scientific (Loughborough, UK) 

Tris-HCl purchased from Sigma-Aldrich (Poole, UK) 

EDTA purchased from Sigma-Aldrich (Poole, UK) 

NaCl purchased from Fisher Scientific (Loughborough, UK) 

PMSF purchased from Sigma-Aldrich (Poole, UK) 

Lysozyme purchased from Sigma-Aldrich (Poole, UK) 

Urea purchased from Melford (Ipswich UK) 

Deoxycholic acid purchased from Sigma-Aldrich (Poole, UK) 

DNase purchased from Sigma-Aldrich (Poole, UK) 

BL21 cells purchased from Invitrogen (Paisley, UK) 

XL-2 Blue ultra competent cells purchased from Stratagene (Amsterdam, 

Netherlands) 

Carbenicillin purchased from Melford (Ipswich UK) 

Kanamycin sulphate purchased from Melford (Ipswich UK) 

IPTG purchased from Apollo Scientific (Stockport, UK) 

Agarose purchased from Melford (Ipswich UK) 



- 38 - 

 

TEMED purchased from Sigma-Aldrich (Poole, UK) 

SDS purchased from Fisher Scientific (Loughborough, UK) 

Acrylamide purchased from National Diagnostics (Hessle, UK) 

Dialysis Tubing purchased from Visking (UK) 

Ethanol purchased from Fisher Scientific (Loughborough, UK) 

 

2.1.2 Protein expression 

2.1.2.1 Minipreps 

 

Transformed XL-2 Blue ultra competent cells from a glycerol stock were spread onto 

an agar plate containing the appropriate selection antibiotic (either carbenicillin for 

pET23a plasmids or kanamycin for pEGFP-C1 and pd2-EGFP-N1 plasmids) and 

incubated overnight at 37
o
C. A single colony was picked and incubated overnight in 

3.5 ml of LB containing appropriate antibiotic, with shaking. The cells were spun 

down at 4000rpm for 10 minutes. Plasmid DNA was obtained using a Qiagen 

Miniprep Kit. The manufacturer’s instructions were followed and the DNA was 

resuspended in 50µl of water. The product was run on a 1% agarose gel to check 

purity and determine quantity. 

 

2.1.2.2 Protein Expression 

 

Constructs had previously been created and inserted into a pET23a plasmid. DNA 

was transformed into BL21 cells as follows; cells were defrosted on ice then 1-2µg 

of plasmid DNA was added to the cells, the cells were then left on ice for 5 minutes. 

The cells were heated for 1 minute at 42
o
C then placed on ice for 5 minutes. Cells 

were grown in 5mls LB for 1hr at 37
o
C, 200 rpm. The culture was transferred into 

20mls of LB broth and incubated overnight at 37
o
C, 200rpm. The LB was 

supplemented with 50µg/ml carbenecillum. The next day the 20mls was added to a 

litre of LB supplemented with 50µg/ml carbenecillum and incubated at 37
o
C, 

200rpm until the cells reached and optical density of 0.6 (at 600nm). The cells were 

then supplemented with 1mM IPTG to induce protein expression. The cells were 

incubated for a further 4-5h and then spun down at 6000rpm for 15 minutes and 

stored at –20
o
C prior to lysis. 
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2.1.3 Protein Purification 

2.1.3.1 Cell Lysis 

 

The transformed BL-21 cells were lysed to release protein as follows, the cells were 

resuspended in cell lysis buffer (50mM TrisHCl, 1mM EDTA, 100mM NaCl) with 

0.4µM/ml PMSF, 10mg/ml lysozyme was then added to the lysis buffer and the cells 

were left at room temperature for 20 minutes. Deoxycholic acid was added at 

2mg/ml and the cells were incubated at 37
o
C, with shaking, until viscous. 20µg/ml 

DNase was then added to degrade any DNA present. The lysate was then spun at 

12000rpm for 20 minutes. The supernantant was discarded and the pellet 

resuspended in lysis buffer, the lysate was then spun as before. The pellet was 

resuspended in binding buffer (8M urea, 200mM NaCl, 50mM Tris at pH 7.8) and 

stored at –20
o
C. 

2.1.3.2 Purification of His tagged Proteins 

 

Protein was purified using immobilised metal ion affinity chromatography (IMAC) 

as previously described (Cui et al., 2003). A column was prepared as follows: it was 

packed with a bed of 6mls of chelating sepharose and washed with 5 volumes of 

water to remove the storage buffer. The column was then washed with 0.3M nickel 

sulphate which bound to the sepharose, it was then washed with MilliQ water to 

remove any excess nickel. It was then saturated with binding buffer prior to the 

addition of the lysate. The lysate was loaded onto the column and any his-tagged 

protein bound to the nickel loaded speharose. After the lysate had been loaded the 

column was washed with 8 volumes of binding buffer then 100mls of low imidazole 

buffer (20mM imidazole in binding buffer). The protein was eluted in high imidazole 

buffer (300mM imdiazole in binding buffer), which interferes with the binding of 

histidine with the sepharose causing the protein to be released from the column. The 

eluates and column washes were run on a 12% SDS-page gel and stained in 

Coomassie stain for 1hr at RT. The gel was then destained using Coomassie destain 

overnight and the eluate was checked for purity. 
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2.1.3.3 Purification of Non His-tagged Proteins 

 

Protein was purified using immobilised metal ion affinity chromatography (IMAC) 

as previously described (Jones et al., 2004). As the prion protein has a high affinity 

for copper it can be purified using its metal binding site by loading chelating 

sepharose with copper, the prion protein will then bind to the sepharose and can be 

purified in this way. The IMAC column was packed with a bed of 6ml of chelating 

sepharose washed with 5 volumes of water, 0.3M copper sulphate and water. It was 

then saturated with binding buffer. After the lysate had been loaded the column was 

washed with binding buffer until protein was no longer coming off the column. The 

protein was eluted in high imidazole buffer (300mM imdazole in binding buffer). 

The eluate and column washes were run on a 12% SDS-page gel and stained in 

Coomassie stain for 1hr at RT. The gel was then destained using Coomassie destain 

overnight and the eluate was checked for purity. 

2.1.3.4 Purification of the null mutants 

 

A series of mutants were generated in our laboratories that had the histidines thought 

to bind metals replaced with alanines. These mutants included one that has all of its 

histidines removed (Zhu et al., 2008), the others had either the fifth site mutated or 

the octarepeat region histidines mutated into alanines (Klewpatinond et al., 2008). 

Mutants that did not contain the octarepeat region could not be purified by a column 

method and so were purified as previously described (Zhu et al., 2008). Briefly the 

proteins were lysed as previously described, however the pellet was not resuspended 

in binding buffer but underwent a series of washes as follows: The cell pellet was 

resuspended in a solution of lysis buffer containing 1% Igepal and 0.5% Triton X-

100 by sonication at 30% for 1 minute. Protein was repelleted at 10,000 xg for 5 

minutes, this step was repeated a further 5 times. The pellet was then resuspended, as 

before, in a further was solution containing 1% Triton X-100 and spun as before, this 

step was repeated 6 times. Finally the pellet was resuspended in a lysis buffer and 

spun as before, this was repeated 4 times to remove any detergent. The pellet was 

then resuspended in binding buffer, by sonication at 70% max power for 3x1 minute. 

Purity was confirmed by Coomassie stained SDS-PAGE gel. 

 



- 41 - 

 

2.1.3.5 Protein Refolding 

 

Protein was bound to manganese as follows, protein was diluted in binding buffer to 

1.5mg/ml, 1ml of this was then made up to 5mls with binding buffer, this was then 

concentrated to 1ml using a Vivaspin concentrator (15kDa cut-off), this removed the 

imidazole. The protein was then made up to 5mls using 5mM MnSO4 in binding 

buffer; this was then concentrated back down to 1ml. The protein was then made up 

to 5mls with 5mM MnSO4, this was added drop wise with stirring to prevent the 

protein precipitating out. This was spun down for 10 minutes at 4000rpm prior to 

concentrating to 1ml. This was then dialysed in MilliQ water to a 1 in 10,000 

dilution in 12,000kDa cut-off dialysis tubing, which had previously been soaked in 

MilliQ water to ensure it was free of storage buffer (20% ETOH). The protein was 

then aged at –20C
o
 for 2 weeks prior to use. 

 

Protein was refolded with water as follows, protein was diluted in binding buffer to 

1.5mg/ml. The protein was then made up to 5ml with Milli Q water, this was added 

slowly with stirring to prevent precipitation. This was then centrifuged for 10 

minutes at 4000rpm. This was then dialysed in Milli Q water to a 1 in 10,000 

dilution in 12,000kDa cut-off dialysis tubing, which had previously been soaked in 

MilliQ water to ensure it was free of storage buffer (20% ETOH). The protein was 

then aged at –20C
o
 for 2 week prior to use. 

2.1.4 Determination of Protein concentration 

2.1.4.1 Bio-Rad protein assay. 

 

The Bio-Rad protein assay is based on the Bradford assay, a colorimetric assay to 

quantify protein concentration. A series of standards were prepared using bovine 

serum albumin. The standards ranged in concentration from 0-1µg/ml. 1µl of each 

standard was added in triplicate to a 96 well plate. 1µl of each test sample was also 

added in triplicate with dilutions of sample, if necessary, to ensure the concentration 

fell within the standard curve. The dye concentrate was diluted 1:5 in Milli-Q water 

and 200µl was added to each well. The plate was incubated at room temperature for 

5 minutes and then measured at 595nm in a plate reader. The resulting readings were 

plotted and the sample concentrations calculated. 
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2.1.4.2 Protein measurement by spectroscopy. 

 

Protein was diluted 1:30 in the appropriate dilutant and the spectrophotometer was 

blanked using the dilutant. The sample was then measured from 200-900 nm so any 

contamination by DNA could be observed. The protein concentration was calculated 

using the OD280 this was multiplied by the dilution factor and divided by the 

extinction coefficient. All protein samples were measured using both methods to 

ensure an accurate reading. 

 

2.2 Cell culture 

2.2.1 Materials 

 

All plastics were purchased from Fisher Scientific (Loughborough, UK) 

Media was purchased from Lonza (Slough, UK)  

OptiMeM serum free, phenol red free media (Invitrogen, Paisley, UK) 

Penicillin purchased from Sigma-Aldrich (Poole, UK) 

Streptomycin purchased from Sigma-Aldrich (Poole, UK) 

Geneticin purchased from Gibco (Paisley, UK) 

L-Glutamine purchased from Gibco (Paisley, UK) 

Foetal Bovine Serum purchased from BioSera (East Sussex, UK)  

Newborn calf serum purchased from Sigma-Aldrich (Poole, UK) 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) from Promega (Wisconsin, USA) 

Phenazine methosulfate (PMS) from MP Biomedicals (California, USA) 

Optimem media purchased from Gibco (Paisley, UK) 

Fugene 6 from Roche diagnostics (Lewes, UK) 

PD98059 from Promega (Wisconsin, USA) 

DMSO purchased from Fisher Scientific (Loughborough, UK) 

CM-H2DCDFDA from Molecular Probes (Paisley, UK) 

Bovine Serum Albumin purchased from Fisher Scientific (Loughborough, UK) 

PMSF purchased from Sigma-Aldrich (Poole, UK)  

Tris-HCl purchased from Sigma-Aldrich (Poole, UK) 

Tris base purchased from Melford (Ipswich UK) 

NaCl purchased from Fisher Scientific (Loughborough, UK) 
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Igepal CA-630 purchased from Sigma-Aldrich (Poole, UK) 

SDS purchased from Fisher Scientific (Loughborough, UK) 

EDTA purchased from Sigma-Aldrich (Poole, UK) 

β-Mercaptoethanol purchased from Sigma-Aldrich (Poole, UK) 

Complete Tablets purchased from Promega (Wisconsin, USA) 

Sodium orthovanadate purchased from Sigma-Aldrich (Poole, UK) 

Tween purchased from Sigma-Aldrich (Poole, UK) 

PBS tablets purchased from Oxoid Ltd (Basingstoke, UK) 

Glycine purchased from Fisher Scientific (Loughborough, UK) 

HCl purchased from Fisher Scientific (Loughborough, UK) 

Non-Fat dry milk powder (Marvel, UK) 

Dulbeccos phosphate buffered saline purchased from Sigma-Aldrich (Poole, UK) 

Poly-L-lysine purchased from Sigma-Aldrich (Poole, UK) 

Multi-well borosilicate slides purchased from Fisher Scientific (Loughborough, UK) 

2.2.2 Cell Maintenance 

 

SMB cells are mesodermal cell line taken from a mouse clinically infected with the 

Chandler scrapie isolate, this cell line is capable of maintaining scrapie infection. 

SMB-PS cells are cells from the SMB cell line that have been successfully cured of 

scrapie using pentosan polysulphate (Birkett et al., 2001).  

 

SMB and SMB-PS cells were maintained in 199 Medium of composition 1 g/L 

glucose, 2.2 g/L sodium bicarbonate, supplemented with 2mM L-Glutamine, 10% 

Foetal Bovine Serum (FBS) and 5% Newborn Calf Serum (NCS), with penicillin and 

streptomycin at final concentrations of 1U/ml and 0.5mg/ml respectively. Growth 

conditions were maintained at 37
o
C, 5% CO2 prior to any experiment. 

 

F14 (PrP
c
 knockout mouse cerebellar-neuroblastoma fusion cells) and F21 ((PrP

c
 

wild type mouse cerebellar-neuroblastoma fusion cells) were created in our 

laboratory by a fusion of cerebellar suspension from PrP null mice or WT mice with 

N18TG2 mouse neuroblastoma cells (Holme et al., 2003). F14 and F21 cells were 

maintained in Dulbeccos Modified Eagles Media (DMEM) comprised of 4.5 g/L 

glucose, 1.5 g/L sodium bicarbonate without sodium pyruvate and glutamine. This 
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was supplemented with 10% FBS and penicillin and streptomycin at final 

concentrations of 1U/ml and 0.5mg/ml respectively. Growth conditions were 

maintained at 37
o
C, 5% CO2 prior to any experiment. All transfections were 

maintained using 0.5mg/ml geneticin.  

 

N2a cells were established by from a spontaneous tumour of a strain A albino mouse 

(Klebe et al., 1970) and are a mouse neuroblastoma cell line. N2a cells were 

maintained in Earle’s Minimal Essential Medium with Earle’s BSS and adjusted to 

contain 1 g/L glucose, 2.2 g/L sodium bicarbonate, 2mM L-glutamine without 

sodium pyruvate. This was supplemented with 10% FBS, 0.1mM non essential 

amino acids and penicillin and streptomycin at final concentrations of 1U/ml and 

0.5mg/ml respectively. Growth conditions were maintained at 37
o
C, 5% CO2 prior to 

any experiment. 

2.2.3 Transfection 

2.2.3.1 PrP Constructs 

 

A green fluorescent protein (GFP) fusion construct made using mouse PrP
c
 

(accession number M13695), called pEGFP-C1-PrP(m) was donated to the lab by 

Marco Prado. Xenopus and turtle constructs were then created using mouse 

signalling sequences to ensure the correct expression of the proteins. The mouse 

construct contained the GFP sequence inserted at amino acid 42, the full mouse 

sequence is included in it. The Xenopus and turtle constructs contained the mouse 

sequence from amino acid 1 to 42, then the GFP and then the turtle or Xenopus 

sequence, the mouse sequence was also included at the C-terminus end of the protein 

from amino acid 231, again to allow correct processing of the protein. The construct 

was inserted into pEGFP-C1 vector (figure 2.1). 

G FP

1 42 41

191

231 255
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M ouse M ouse

G FP
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231 255

Turt leM ouse M ouse

 

Figure 2.1: A schematic diagram of the chimeric constructs of PrP developed. 
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2.2.3.2 Promoter Constructs 

 

The mouse PrP promoter construct was made by Lark Technologies on behalf of Dr 

Cathryn Haigh. The promoter construct was created using the mouse long incubation 

prion gene (accession number U29187). The construct was made in pd2-EGFP-1, a 

promoter-less vector containing destabilised GFP with a half-life of two hours. A 

construct containing the cytomegalovirus (CMV) promoter was also created. As the 

vector is CMV driven GFP expression was constitutive and could be used as a 

control for non-specific changes in fluorescence. The PrP promoter can be seen 

below (figure 2.2). 

 

 

 

Figure 2.2: A schematic diagram of the mouse prion promoter construct used.  

2.2.3.3 Stable Transfection 

 

PrP-GFP constructs were stably transfected into F14 cells prior to toxicity assays. 

All transfections were performed using Fugene transfection reagent following the 

manufacturer’s protocol. Briefly, cells were plated out at 50% confluence in 40mm 

dishes and left overnight to adhere prior to transfection. 3µl Fugene and 1-2 µg 

plasmid DNA were incubated at RT in 100µl serum free media for 20 minutes prior 

to transfection. The reagent was then added dropwise to the cells and the cells were 

incubated for 24h prior to selection. Transfected cells were selected using 100µg/ml 

of geneticin, once selection was complete the cells were maintained with 50µg/ml of 

geneticin. No stably transfected cells were used beyond passage ten. 

2.2.3.4 Transient Transfection 

 

F14 cells were transiently transfected with promoter constructs prior to promoter 

expression assessment using confocal microscopy. Chambered coverslips were 

coated in poly-L-lysine in order to ensure cell adhesion. Cells were plated out at 40-

50% confluency and maintained at 37
o
C, 5% CO2 overnight, to allow cells to adhere. 

To 20µl of serum free DMEM, 0.6µl of Fugene was added and the tubes were tapped 

to mix, then 0.2ug of DNA was added. The mixture was incubated at room 

-4329 0
Exon 1 Exon 2Intron 1 Exon 3
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temperature for 20 minutes and then added to the cells. The cells were not used for at 

least the first 24h after transfection to ensure a proper turnover of plasmid product. 

2.2.4 Toxicity Assays 

 

Toxicity assays were carried out to assess the toxicity of manganese refolded PrP 

and variety of manganese refolded PrP mutants. The toxicity of ApoPrP and the 

ApoPrP mutants was also investigated concurrently. These assays were carried out 

on F21 cells. The F21 cells were plated out at 75% confluency in DMEM and 

maintained at 37
o
C, 5% CO2 overnight, to allow the cells to adhere. The medium 

was then replaced with OptiMeM, a serum free medium without phenol red. The 

appropriate treatment was added to cells in triplicate and the cells were incubated for 

48h prior to the MTS assay. Several assays investigating toxicity over time and the 

ability of anti-oxidants and non-mammalian prion proteins to rescue cells from 

MnPrP were also carried out. These used the method described above but used time-

points ranging from 6h-72h. 

 

The toxicity of MnPrP and ApoPrP to SMB and SMB-PS cells was also investigated. 

SMB and SMB-PS cells were plated out in media 199 at 90% confluency and 

maintained at 37
o
C, 5% CO2 overnight, to allow cells to adhere. The medium was 

then replaced with Optimem, a serum free medium without phenol red. The 

appropriate treatment was added to cells in triplicate and the cells were incubated for 

48h prior to the MTS assay. 

 

The toxicity of MnPrP to N2a cells was also investigated. N2a and cells were plated 

out in EMEM at 50% confluency and maintained at 37
o
C, 5% CO2 overnight, to 

allow cells to adhere. The medium was then replaced with Optimem, a serum free 

medium without phenol red. The appropriate treatment was added to cells in 

triplicate and the cells were incubated for 48h prior to the MTS assay. 

 

The toxicity of the 106-126 peptide and a control peptide was also assessed in F21 

cells and SMB cells. SMB cells were plated out in media 199 at 90% confluency and 

maintained at 37
o
C, 5% CO2 overnight, to allow cells to adhere. The F21 cells were 

plated out at 75% confluency in DMEM and maintained at 37
o
C, 5% CO2 overnight, 
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to allow the cells to adhere. In both cell lines the medium was then replaced with 

OptiMeM, a serum free medium without phenol red. The appropriate treatment was 

added to cells in triplicate to both cell lines concurrently and the cells were incubated 

for 48h prior to the MTS assay. The differing initial confluency that the cells were 

plated out at ensured that density at the start of the assay is comparable for each cell 

line. 

2.2.5 MTS Assay 

 

The MTS assay is a colorimetric method for determining viability. The assay is 

composed of MTS a tetrazolium salt and an electron coupling reagent PMS 

(phenazine methosulfate). MTS is reduced by cells into a formazan product. The 

MTS is converted into formazan by dehydrogenase enzymes only found in 

metabolically active cells. The quantity of formazan product as measured by the 

amount of 490nm absorbance is therefore directly proportional to the number of 

living cells in culture.  

 

All MTS assays were performed in 96 well plates with cell free wells to act as 

blanks, the assay was performed following the manufacturer’s instructions. Cells 

(F21, SMB, SMB-PS or N2a) were plated and treated as described above. MTS was 

made up at 2 mg/ml in Dulbeccos phosphate buffered saline (DPBS) and PMS was 

made up at 0.96mg/ml in DPBS. 2mls of MTS and 100µl of PMS were mixed 

immediately prior to addition to cells, 20µl was added to each well and the cells were 

incubated in the dark at 37
o
C for 1-4h and then read at 490nm on a 

spectrophotometer in order to determine cell viability. 

2.2.6 Measurement of Reactive Oxygen Species (ROS) 

 

Direct measurement of cellular reactive oxygen species was made using a 96 well 

plate assay using a fluorescent probe, CM-H2DCDFDA. This probe is non-

fluorescent until the acetate groups are removed by intercellular esterases and 

oxidation occurs within the cell when it emits a florescence that can be measured at 

excitation and emission of 488 and 534nm. As CM-H2DCDFDA is cell permeable 

until oxidised it allows measurement of cellular production of ROS. Oxidation can 
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be induced by H2O2 (in the presence of endogenous metal ions), peroxynitrite, 

organic hydroperoxides and nitric oxide (Martin et al., 1998). 

 

F21 or SMB cells were plated at 90-95% confluency and maintained at 37
o
C, 5% 

CO2 overnight, to allow the cells to adhere. Cells were then treated with the PrP prior 

to the addition of the probe or the media removed and replaced by 50µl of 5µM 

probe in PBS (phosphate buffered saline). The cells were then incubated in the dark 

for 20 minutes. The probe was then removed from the cells and replaced by 

OptiMeM. If the cells had not already been treated the test reagent was added to 3 

wells per experiment at this point. Fluorescence intensity was measured using a 

microplate reader with excitation and emission of 488 and 534nm respectively at 

time 0, 1h and 2h. 

2.2.7 Confocal Analysis 

 

F14 cells were plated out onto poly-L-lysine coated multi-well borosilicate slides at 

50% confluency and left overnight to adhere. Cells were then transfected as 

previously described and left for 48h. Cells were treated as appropriate then 

incubated for 4h. Images of the cells were taken using the Zeiss LS 550 confocal 

microscope. 

2.3 Cell signalling studies 

2.3.1 Protein Extraction 

 

In order to investigate cell signalling protein was extracted from SMB, SMB-PS and 

F21 cells for Western blotting. Cells from the appropriate cell line were plated out in 

order to achieve full confluency the following day in 24 well plates. Cells maintained 

at 37
o
C, 5% CO2 overnight, to allow the cells to adhere. The cells were the then 

treated as appropriate prior to extraction. The extraction buffer was made up using 

RadioImmunoPrecipitation Assay (RIPA) buffer consisting of 50mM Tris HCl (pH 

8), 150mM NaCl, 1% Igepal CA-630, 0.1% SDS and 1mM EDTA. A Complete 

tablet was added to the solution to provide inhibitors, 2µM sodium orthovandate and 

1µM PMSF were also added. 
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30µl of extraction buffer was added to each well and incubated at 4
o
C for 20 minutes 

to allow the cells to lyse. The protein was stored at –80
o
C prior to use. 

2.3.2 Western Blotting 

 

Protein was denatured by boiling for 5 minutes in Laemmli’s loading buffer 

(Laemmli, 1970), 20µg of protein was loaded on each well of a 12% SDS gel. The 

gel was run for 50 minutes at 35mA. The protein was transferred onto a 

nitrocellulose membrane using a Biorad semi-dry transfer apparatus. 

 

The membrane was blocked for 1 hour using either 5% malted milk (MM) or 5% 

bovine serum albumin (BSA) in Tris Buffered Saline (40mM Tris base and 0.15M 

NaCl) with 1% Tween (TBST). The membrane was then incubated overnight, with 

rocking, in primary antibody at the appropriate concentration (see table 2.1). The 

membrane was then washed for 15 minutes, on the rocker, with three changes of 

TBST and incubated in secondary antibody for 1 hour, with rocking, at the 

appropriate concentration (table 2.1) and washed as described previously. 

 

The membrane was then incubated with Millipore detection reagent for 5 minutes, 

any excess was then removed and the signal was visualised on X ray paper. Band 

intensity was quantified using Image J. Membranes were then stripped using a low 

pH stripping buffer (25mM glycine, 1%(w/v) SDS pH to 2 with concentrated HCl) 

as follows; the membranes were incubated in stripping buffer for 30 minutes with 

rocking. The membranes were then washed for 5 minutes in TBST with rocking. The 

membranes could then be re-probed with another antibody. 
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Primary Antibody Concentration Secondary Antibody Concentration Antibody dilutant 

Tubulin 1:15000 Anti-Mouse 1:10000 1% MM in TBST 

Actin 1:1000 Anti-Goat 1:2500 1% MM in TBST 

Caspase 3 1:500 Anti-Rabbit 1:2500 5% MM in TBST 

Caspase 9 1:1000 Anti-Rabbit 1:2500 5% MM in TBST 

ERK 1:500 Anti-Rabbit 1:2500 1% MM in TBST 

PERK 1:5000 Anti-Rabbit 1:2500 1% MM in TBST 

p-p38 1:500 Anti-Mouse 1:2500 1% MM in TBST 

p38 1:1000 Anti-Rabbit 1:2500 1% MM in TBST 

BiP 1:1000 Anti-Mouse 1:2500 1% MM in TBST 

p53 1:1000 Anti-Mouse 1:2500 1% MM in TBST 

ICSM-18 1:10000 Anti-Mouse 1:10000 1% BSA in TBST 

Caspase 12 1:1000 Anti-Rabbit 1:5000 1% MM in TBST 

pAKT 1:1000 Anti-Rabbit 1:2500 1% MM in TBST 

AKT 1:1000 Anti-Rabbit 1:2500 1% MM in TBST 

14-3-3 1:1000 Anti-Rabbit 1:5000 1% MM in TBST 

 

Table 2.1: A table showing all the primary antibodies used for western blotting. The 

concentration used the secondary used are also included. The antibody dilutant refers to the 

dilutant used for both the primary and secondary antibody. 

2.3.3 Inhibitor Studies. 

 

For inhibitor toxicity studies SMB and SMB-PS cells were plated out in a 96 well 

plate and maintained at 37
o
C, 5% CO2 overnight, to allow cells to adhere. The ERK 

inhibitor PD98059 was dissolved in DMSO prior to addition to the cells. Cells were 

treated with varying concentrations of PD98059 for 16h. Viability was assessed 

using an MTS assay. For the protein studies SMB and SMB-PS cells were plated out 

in a 24 well plate and maintained at 37
o
C, 5% CO2 overnight, to allow cells to 

adhere. The PD98059 was dissolved in DMSO prior to addition to the cells. Cells 

were treated with varying concentrations of PD98059 for 1h and pERK expression 

was assessed by western blotting. 

 

For inhibitor toxicity studies, using a PKA inhibitor, SMB and SMB-PS cells were 

plated out in a 96 well plate and maintained at 37
o
C, 5% CO2 overnight, to allow 

cells to adhere. Cells were treated with varying concentrations of H89, PKA inhibitor 

for 24h. Viability was assessed using an MTS assay. For the protein studies SMB 
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and SMB-PS cells were plated out in a 24 well plate and maintained at 37
o
C, 5% 

CO2 overnight, to allow cells to adhere. Cells were treated with varying 

concentrations of H89 for 4h and pERK expression was assessed by western 

blotting. 

2.4 Data Analysis 

 

Intensity of measurements of live cell images was made using the Zeiss LSM 

software. Band intensity measurements for Western blots were made using Image J 

software, for all intensity reading a background measurement was subtracted from 

the values to eliminate any interference. All toxicity data was analysed using 

Microsoft Excel. One-way ANOVA was used for determining point differences on 

data points were considered to be significant once P<0.05 and F>1. A Students T-test 

was used for comparison of single points. A two tailed test assuming unequal 

variances was used. There was considered to be a significant difference once P<0.05.  
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3. Manganese and PrP Toxicity 
 

Previous studies assessing the toxicity of PrP have used a variety of different models 

to investigate the mechanism of neuronal loss in prion disease. Some studies use PrP 

either purified from infected tissue or recombinant protein that has been misfolded or 

aggregated using a variety of methods including using SDS (Post et al., 2000; Stohr 

et al., 2008). More unusually transmembrane (Hegde et al., 1998) or cytosolic forms 

(Norstrom et al., 2007) of PrP have been used. Due to the difficulties in purifying 

large quantities of PrP
sc

, many studies use synthetic peptides such as the well 

researched 106-126 peptide (Forloni et al., 1993) (Brown et al., 1994). However, it 

has been suggested that, as this peptide would not be found in vivo its use may not be 

an accurate representation of prion toxicity. Several studies have also used truncated 

forms of the prion protein, including C-terminus fragments with disease related 

mutations (Daniels et al., 2001).  

 

Manganese has been hypothesized to be an important factor in prion disease, as  

studies have shown a perturbation of metal levels in sheep with scrapie and cows 

with BSE (Hesketh et al., 2007) and humans with CJD (Hesketh et al., 2008). The 

most striking result in these studies was an increase in manganese in certain areas of 

the brain and in the blood. Moreover, PrP can bind manganese, although the affinity 

of manganese was reported to be much lower than that of copper (Jackson et al., 

2001). However recent work has shown that manganese binds to PrP with an affinity 

similar to that of several manganese binding proteins suggesting that the prion 

protein may be able to bind manganese in vivo (Brazier et al., 2008). 

 

There is evidence that PrP bound to manganese displays PrP
sc

-like qualities, 

including an increase in β-sheet content, increased PK (proteinase K) resistance and 

a tendency to aggregate (Brown et al., 2000). This has led to the hypothesis that PrP 

bound to manganese may be important in the disease pathogenesis. However, so far 

there has been no comprehensive study on the effect of manganese bound PrP on 

neuronal cells. Given the shared characteristics between MnPrP and PrP
sc

, 

investigating MnPrP may further our understanding of prion disease. It has been 

established that prion disease leads to neuronal cell death, which is thought to be 
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caused by the toxicity of PrP
sc

. Therefore the first part of this study intends to 

characterise the toxicity of the protein to neuronal-like cells. We intended to 

investigate the toxicity of MnPrP using neuronal cell lines. The cell lines used were 

the F21 cell line, a neuroblastoma fusion cell line and the N2a cell line, a well 

characterised neuroblastoma cell line that has previously been shown to be 

susceptible to PrP
sc

 toxicity and infection. We showed MnPrP was toxic to both 

these cell lines. The results also confirmed the use of MnPrP as a suitable model of 

toxicity for use in further studies. 

 

One of the puzzles of prion research is the ability of cells infected with scrapie to 

carry infection through repeated passages without any loss of cell viability. This is in 

contrast to animal models of mice and sheep infected with scrapie, where the animals 

suffer massive neuronal loss after infection (Fairbairn et al., 1994; Giese et al., 

1995). We investigated toxicity in SMB and SMB-PS cell lines. These cell lines 

were originally derived from a mouse infected with the Chandler strain of scrapie 

(Clarke and Haig, 1970), the SMB-PS cell line has been successfully cured of 

scrapie using pentosan sulphate (Birkett et al., 2001). The results demonstrated that 

MnPrP is toxic to both SMB and SMB-PS cells and that, as in the case of PrP
sc

, this 

cell death is due to apoptosis. We hypothesise that cells infected with scrapie may be 

able to survive as the levels of PrP
sc

 produced by the cells may not be sufficient to 

cause toxicity. 

3.1 Purification of PrP 

 

Full-length mouse PrP (amino acids 23-231) was cloned into a pET23a vector with a 

6 histidine tag on the C-terminal end of the protein to allow purification. The protein 

was transformed into E Coli and expression was induced using IPTG. The protein 

was purified using nickel chelating sepharose IMAC column. The resulting protein 

was then separated on a SDS-PAGE gel and stained with coomassie to establish 

purity (figure 3.1a) and Western blotting was used to confirm it was mouse PrP 

(figure 3.1b) 
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Figure 3.1: Representative blots of purified WT recombinant PrP. A: A representative gel of 

column washes and protein eluate, 20µl was loaded into each lane of a 12% SDS gel. The gel 

was then stained and the purity of the eluate was assessed. B: A representative western blot 

using the PrP specific antibody ICSM-18 showing washes and an elution  

 

PrP without a 6 his-tag was also used for certain experiments. This construct was 

purified using one of two methods, either using a copper chelating sepharose column 

(figure 3.2) or using a wash method. With both methods, the purity of the protein 

was assessed by comassie staining. 

 

 

 

 

 

 

 

 

 

Figure 3.2: Representative gel of purified non-his-tagged PrP. A: A representative gel of column 

washes and protein eluate from a copper column, 20µl was loaded into each lane of a 12% SDS 

gel. The gel was then stained and the purity of the eluate was assessed. 

 

The purified protein was  refolded in the presence of manganese as previously  

described in (Brown et al., 2000) prior to extensive dialysis to remove any excess 

manganese. Mass spectrometry  analysis revealed that the full length protein was 

able to bind two atoms of manganese (Uppington and Brown, 2008). 
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3.2 Toxicity of Manganese bound PrP (MnPrP) 

 

Work had assessed the toxicity of MnPrP on primary neuronal cultures (Uppington 

and Brown, 2008), as primary neurones expressing PrP
c
 have been shown to be 

susceptible to PrP
sc

. In order to test MnPrP toxicity, cultures of cerebellar granule 

neurons (CGNs) from wild-type and PrP knockout mice were prepared and treated 

with either MnPrP or apoPrP (water refolded PrP) for 48h. Viability was then 

assessed using a MTT cell proliferation assay. The MTS assay is a colorimetric 

method for determining viability. 

 

The MnPrP was significantly more toxic to CGNs than apoPrP, however there was 

no difference in toxicity between MnPrP and apoPrP in PrP-knockout cultures 

(figures 3.3). When the toxicity of MnPrP in knockout cell lines was compared to the 

toxicity of MnPrP in WT cells there was a significant increase in toxicity in WT 

cells. This suggests that cellular PrP expression is required for MnPrP induced 

toxicity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3:Toxicity of MnPrP to primary CGNs. Primary cultures of WT (squares) or KO-PrP 

(circles) CGNs were treated for 48h with varying concentrations of MnPrP (Black symbols) or 

apoPrP (open symbols). Survival was assessed using an MTT assay. MnPrP was significantly 

toxic to cells at dosages above 1µg/ml as assessed by students T-test. Error bars are SEM each 

point represents at least 4 repeats. 
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To exclude the possibility that the toxicity observed was due to the manganese 

present in the protein we tested the toxicity of MnSO4 to cells. Cells were treated for 

48h with varying concentrations of MnSO4 and cell viability was assessed by an 

MTS assay, MTS is soluble and in the presence of mitochondrial activity it 

undergoes a colour change, allowing a quantitative analysis of cell viability. 

Significant cell death was observed at doses above 10µM. Mass spectroscopy 

analysis revealed that MnPrP binds two manganese atoms per molecule, implying 

that treatment of cells with up 125µg/ml MnPrP would not result in manganese 

toxicity in cells treated for 48h (figure 3.4). Further experiments have revealed that 

doses up to 175µg/ml were not toxic to F21 cells (Uppington and Brown, 2008). 

 

Figure 3.4: Manganese toxicity to F21 cells. F21 cells were treated for 48h with increasing 

concentrations of MnSO4. Cell viability was then assessed using an MTS assay, a cell 

proliferation assay. MnSO4 was found not to be toxic to cells up to a concentration of 10µM 

(p=0.55 as tested by students T test). Graph depicts cell viability compared to control. N=6 

(Error bars are SEM) * Shows significant points. 

 

In order to further develop a model of toxicity we choose to use neuroblastoma cell 

lines. We investigated MnPrP toxicity in F21 cells a fusion neuroblastoma cell line 

that has been shown to express the neuronal marker including Neu-N, and express 

PrP. Toxicity was also investigated in the well characterised N2A cell line, a 

neuroblastoma cell line that has been shown to express PrP. 
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We treated F21 cells with a variety of concentrations of MnPrP, and assessed 

toxicity over a range of time points. In order to assess viability we used an MTS 

assay. No significant cell death was seen at 6h, however by 24h significant cell death 

was seen at a dose of 40µg/ml and this was repeated at 48h. A significant increase in 

death between 24 and 48h was also observed when comparing the 40µg/ml dose. By 

72h, there appeared to be a slight decrease in cell death, although this was not 

significant (figure 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Toxicity of MnPrP over time.  F21 cells were treated with increasing concentrations 

of MnPrP for either 6h (A), 24h (B), 48h (C) or 72h (D). Cell viability was then assessed using 

an MTS assay. N=4 (Error bars are SEM). * Significant points were assessed by Students T-test. 

 

Having established the toxicity of MnPrP in F21 cells we tested the toxicity of both 

MnPrP and apoPrP (water refolded PrP) to F21 cells. F21 cells were treated with 

MnPrP or apoPrP for 48h and cell viability was assessed by MTS assay. MnPrP was 

found to be significantly more toxic to F21 cells than apoPrP, leading us to the 

conclusion manganese binding to PrP is important in toxicity, although unlike the 

results observed in primary neuronal cultures apoPrP was toxic to F21 cells (figure 

3.6) 
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Figure 3.6: Toxicity of MnPrP and apoPrP to F21 cells. F21 cells were treated for 48h with 

increasing concentrations of either MnPrP (red line) or apoPrP (Green line). Cell viability was 

then assessed using an MTS assay. Graph depicts cell viability compared to control. N=10 

(Error bars are SEM). Significance was assessed using a one-way ANOVA p<0.05. 

 

To ensure the toxicity observed in F21 cells was reproducible in other cell lines we 

investigated the toxicity of MnPrP in N2A cells. The N2a cell line is a well 

established neuronal cell line that has been shown to be susceptible to both infection 

(Butler et al., 1988) and PrP toxicity (Hetz et al., 2003b). F21 and N2a cells were 

treated for 48h with MnPrP, and viability was assessed using a MTS assay. Both F21 

and N2a cells were shown to respond in a similar dose dependant manner to MnPrP 

(figure 3.7). The levels of manganese added to the N2a cells were are not 

significantly toxic to the cells (data not shown).  

 

We also investigated the effect of MnPrP on a knockout cell line. F14 cells were 

treated for 48h with MnPrP and viability was assessed using an MTS assay. There 

was significant increase in cell death observed in WT cells when compared to knock-

out cells (figure 3.8).  

 

We have shown that MnPrP is toxic to cell lines, although a higher concentration is 

required to induce cell death than observed in primary cultures, we were also able to 

show that cell lines that do not express PrP are not susceptible to MnPrP toxicity. 

Finally we demonstrated that apoPrP was less toxic than MnPrP. 
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Figure 3.7: Toxicity of MnPrP to N2a cells. F21 (red line) and N2a (Green line) cells were 

treated for 48h with increasing concentrations of MnPrP. Cell viability was then assessed using 

an MTS assay, N=6 (Error bars are SEM). No points were significant as determined by one-way 

ANOVA.  

 

Figure 3.8: The toxicity of MnPrP to PrP null cells.  F14 and F21 cells were treated for 48h with 

80µg/ml of MnPrP. Cell viability was then assessed using an MTS assay, N=3(Error bars are 

SEM). P<0.05 as tested by Students T-Test. 

 

Previous reports have suggested that when PrP is initially bound to manganese, it 

displays characteristics similar to PrP bound to copper, however, if the protein is 

aged for 2 weeks it becomes more protease resistant and there is an increase in β-

sheet structure (Brown et al., 2000). In order to investigate whether aging was 
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important in the toxicity of the protein we treated cells with aged or un-aged protein. 

Protein was bound to manganese as previously described and then allowed to age at 

–20
o
C for two weeks. This was compared to fresh MnPrP made immediately prior to 

the experiment. F21 cells were incubated with 40 µg/ml of MnPrP for 48h and 

toxicity was assessed using an MTS assay. We found that aged MnPrP was 

significantly more toxic to F21 cells than fresh PrP (figure 3. 9) this suggests that the 

ageing process not only changes the physical properties of MnPrP but increases its 

toxicity to cells. 

 

Figure 3.9: The toxicity of aged and un-aged MnPrP. The toxicity of manganese PrP either 

fresh or aged for 2 weeks at –20
o
C was assessed using an MTS assay. Prior to the assay cells 

were treated with 40µg/ml MnPrP for 48h. Error bars are SEM. Each bar represents at least 5 

repeats. P<0.01 as assessed by students T-Test. 

 

In order to ensure that MnPrP was a sound model of PrP toxicity we wanted to 

ensure all excess manganese was removed from the protein, as the excess manganese 

could be toxic to the cells. We also wanted to investigate the survival of the protein 

in culture, as survival in culture may play a role in toxicity, and finally we wanted to 

investigate whether the his-tag played any role in MnPrP toxicity. 

 

Extensive dialysis is used to remove any excess manganese from MnPrP prior to its 

addition to cells. Previous work by (Brown et al., 2000) had used MnPrP that had 

been aged and then dialysed, however we decided to perform dialyse before aging, in 

order to ensure the complete removal of any excess manganese. F21 cells were 
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treated for 48h with 80 µg/ml MnPrP. We found that there was a significant increase 

in toxicity in cells treated with PrP that had been dialysed before aging however this 

difference was small (figure 3.10). 

 

Figure 3.10: The effect of dialysis on the toxicity of MnPrP. Viability of F21 cells incubated for 

48h with 80µg/ml MnPrP either, dialysed and aged for 2 weeks (manganese dialysed) or aged 

for 2 weeks and then dialysed (manganese aged), as assessed by MTS assay. Graphs show 

viability compared to control. (Error bars are SEM) Each bar represents at least 6 repeats. 

P<0.01 as assessed by students T-Test. 

 

To exclude differences in toxicity observed between apoPrP and MnPrP being due to 

apoPrP degrading more quickly in culture, the ability of MnPrP and apoPrP to 

survive in culture was tested. MnPrP or apoPrP was incubated at 37
o
C in media with 

or without cells for at least four days. We found that apoPrP was able to survive in 

culture for 4 days. Interestingly, we found that apoPrP was cleaved in the presence of 

F21 cells giving a product of about 16kDa (figure 3.11). MnPrP was also able to 

survive in culture for up to 4 days and was also cleaved in the presence of cells (data 

not shown). 
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Figure 3.11: The ability of apoPrP to survive in culture. 80µg/ml apoPrP was incubated at 37
0
C 

either media alone or with F21 cells and the media was removed for analysis. 20µl of media was 

separated on a 12% SDS-PAGE gel. The gel was transferred onto nitrocellulose and western 

blotted with ICMS-18 a monoclonal antibody against PrP. 

 

As the protein we were using was his-tagged we investigated whether the his-tag had 

any influence on the toxicity of the MnPrP. There was no significant difference in 

toxicity between the tagged and untagged protein suggesting that the his-tag plays no 

part in MnPrP toxicity (figure 3.12a). The toxicity of recombinant untagged PrP was 

also investigated was found to be significantly less toxic than MnPrP (figure 3.12b). 

 

 

Figure 3.12: The toxicity of non-his-tagged PrP. A: F21 cells were treated for 48h with either 

untagged WT MnPrP (red line) or tagged MnPrP (green line). Cell viability was then assessed 

using an MTS assay (error bars are SEM.) B: F21 cells were treated for 48h with either 

untagged apoPrP (blue line) or untagged MnPrP (green line). Cell viability was then assessed 

using an MTS assay. (Error bars are SEM.) Significant points were assessed using a one-way 

ANOVA p<0.05. Each point represents at least 4 repeats. 
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3.3 Properties of MnPrP. 

 

We have also shown that aged MnPrP is partially resistant to proteinase K. MnPrP 

was incubated with varying concentrations of PK for 30 minutes. MnPrP showed 

some level of PK resistance at all concentrations tested, which is in direct contrast to 

apoPrP which was fully digested by all but the lowest concentration of PK (figure 

3.13). 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: The PK resistance of MnPrP and apoPrP. MnPrP and apoPrP were treated for 30 

minutes with varying concentrations of PK. The protein was then separated on a 12% SDS-

PAGE gel and Western blotted using ICMS-18, a specific monoclonal PrP antibody. 

3.4 Cell death induced by MnPrP in infected cells 

 

The toxicity of MnPrP was also investigated in infected cells. The SMB cell line, a 

cell line persistently infected with scrapie and SMB-PS cells, a cell line cured using 

pentosan sulphate, were used. The SMB cell line, like several other scrapie infected 

cell lines has been shown to survive with the infection. Cells were treated for 48h 

with varying concentration of his-tagged MnPrP and viability was assessed using an 

MTS assay. His-tagged PrP was used for the remainder of experiments in this thesis 

unless otherwise stated. 
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Figure 3.14: Toxicity of MnPrP to scrapie infected and cured cells. SMB (red line) or SMB-PS 

(blue line) cells were treated for 48h with increasing concentrations of MnPrP. Cell viability was 

then assessed using an MTS assay, a cell proliferation assay. Graph depicts cell viability 

compared to control. N=3 (Error bars are SEM) 

 

Cells died in similar manner to F21 and N2A cells suggesting resistance to scrapie 

infection did not prevent cell death mediated by MnPrP (figure 3.14).  

 

In order to understand the mechanism of cell death we investigated whether 

apoptotic signals were activated in response to MnPrP. To confirm that MnPrP 

caused apoptosis, we investigated whether MnPrP caused caspase 3 cleavage in 

SMB cells. Several previous reports have shown caspase 3 activation both in cells 

treated with the 106-126 peptide (Thellung et al., 2002) and in the brains of mice 

infected with scrapie (Jamieson et al., 2001). Caspase 3 activation is one of the final 

steps in the induction in apoptosis. Cells were treated for 4, 8, 16 and 24h with 

80µg/ml MnPrP and caspase 3 cleavage was assessed using Western blotting. 

Caspase 3 cleavage was seen after 16h of treatment with MnPrP (figure 3.15). 
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Figure 3.15: Caspase 3 cleavage in infected cells treated with MnPrP. SMB cells were treated 

with 80µg/ml PrP for varying lengths of time. Cellular protein was extracted using RIPA buffer 

and proteins were separated on an SDS-PAGE gel. Caspase 3 expression and activation was 

assessed using western blotting. Lane 1: 0h, Lane 2: 4h, Lane 3: 8h, Lane 5: 16h, Lane 6: 24h. 

 

To investigate this phenomenon further we treated both SMB and F21 cells with the 

106-126 peptide and the octarepeat peptide (amino acids 51-90). Both F21 cells and 

SMB cells were sensitive to treatment with the peptide (figure 3.16) confirming that 

SMB cells are sensitive to PrP toxicity despite resistance to scrapie infection. 

 

 

Figure 3.16: Toxicity of 106-126 to both F21 cells and scrapie infected cells. Cells were treated 

for 48h with increasing concentrations either 100 µµµµM control peptide (green) or 106-126 (red). 

Cell viability was then assessed using an MTS. Graph depicts cell viability compared to control. 

(Error bars are SEM) n=4. Significant cell death was seen in cells treated with 106-126 peptide 

when compared to cells treated with the control peptide in both F21 and SMB cells as tested by 

students T-Test p>0.01. 
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We hypothesised that the infection in SMB cells might produce low levels of PrP
sc

 

that allow the cells to survive infection. To investigate this we treated the both F21 

and SMB cells with PK digested SMB lysate for 24h prior to the addition of MTS, 

no evidence of cell death was observed even at the highest concentration of lysate. 

This may be due to the low levels of PrP
sc

 expressed by SMB cells. Previous work 

has shown that infected cultures may only contain as few as 1% infected cells 

although in certain cells lines this can increase to 13% (Nishida et al., 2000; Race et 

al., 1987). Work in our lab has also shown that over expression of PrP in SMBs by 

stable transfection is not possible for more than a few passages suggesting cells with 

more PrP
c
 available to convert to PrP

sc
 either divide slower or are unable to survive 

(unpublished data) (figure 3.17). 

 

Figure 3.17: Toxicity of SMB cell lysate. A: SMB cell lysates were extracted and digested with 

PK the resulting digest was then concentrated and Western blotted using a PrP specific 

antibody ICSM-18 an un-concentrated un-digested sample was also run. B: SMB cells (blue) or 

F21 cells (red) were treated for 48h with increasing concentrations of PK digested SMB lysate. 

Cell viability was then assessed using an MTS assay, a cell proliferation assay. Graph depicts 

cell viability compared to control. N=4 (Error bars are SEM). 
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3.5 Discussion 

 

There has been extensive research into prion diseases, most of it using models. Work 

using mouse models has revealed that the disease is caused by a novel infectious 

protein termed a prion (Prusiner, 1982). Work in mouse models also demonstrated 

that the propagation of PrP
sc

 and hence the disease requires cellular PrP expression 

(Brandner et al., 1996; Bueler et al., 1993; Prusiner et al., 1993; Weissmann et al., 

1994). The level of expression of PrP
c
 can affect the incubation time of the disease, 

but not the final pathology. Over-expression results in a shorter disease incubation 

time (Fischer et al., 1996) and lower PrP
c
 expression results in a longer incubation 

period (Bueler et al., 1994). 

 

It has been demonstrated that the massive neuronal loss observed in prion disease is 

due to neuronal apoptosis (Fairbairn et al., 1994; Giese et al., 1995), although the 

signalling pathway leading to apoptosis remains unclear. Work on animal models 

also revealed a species barrier, transmission of classical CJD to mice is difficult and 

often fails, however transmission to transgenic mice expressing only the human 

prion protein lacks a species barrier (Collinge et al., 1995b). Mouse models also 

provided the first evidence that PrP
sc

 assembles into filaments within the brain and 

that these filaments accumulate in extracellular spaces to form amyloid plaques 

(DeArmond et al., 1985). Animal models can provide a wealth of information on 

prion diseases however, they are expensive and cell culture models often provide 

more information at the cellular level. 

 

Cell culture models using PrP
sc

 purified from infected brains replicate many of the 

properties of prion diseases observed in vivo. PrP
sc

 is toxic to neuronal cells in vitro 

(Post et al., 2000), and cell death is due to apoptosis (Hetz et al., 2003b). However 

the difficulty of purifying large quantities of PrPsc has meant that alternate models 

of prion disease have been developed.  

 

Much early work used peptides, and they are still widely used as a model of prion 

toxicity today. Perhaps the most widely used is a short peptide sequence of human 

PrP encompassing the amino acids 106-126. This region has several of the properties 
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associated with PrP
sc

 including the tendency to aggregate (Forloni et al., 1993) and a 

high level of β-sheet structure (Selvaggini et al., 1993). The 106-126 peptide is 

selectively toxic to PrP expressing neurones (Brown et al., 1994), however the 

validity of using the peptide has been called into question as although this sequence 

is present in several longer peptides isolated from cerebral amyloid plaques of 

patients suffering from GSS (Ghetti et al., 1996), the PrP 106–126 peptide has never 

been found in vivo. 

 

There have been increasing numbers of studies that use recombinant PrP that has 

been converted into misfolded, aggregated, and protease resistant forms like PrP
sc

 

using chemicals such as SDS (Stohr et al., 2008) or exposure to harsh denaturants 

and shaking (Novitskaya et al., 2006). These chemicals would not be found at these 

concentrations in tissue and as such do not represent a conversion that could take 

place in vivo. Several studies have used truncated versions of the prion protein, such 

as the 90-231 fragment rather than using the full-length protein (Corsaro et al., 2006; 

Thellung et al., 2007). 

 

Previous studies have demonstrated that amyloid fibrils of recombinant PrP are toxic 

to both primary neuronal cells and cell lines. Down-regulation of PrP
c
 expression 

resulted in a decrease in toxicity (Novitskaya et al., 2006). This suggests that toxicity 

requires cellular PrP expression. Full-length recombinant PrP that has an α-helical 

structure and is not aggregated has been shown not to be toxic to neuronal cells 

(Novitskaya et al., 2006) suggesting structure is important for toxicity. Studies using 

a thermally denatured fragment of PrP have also shown that the conversion to a β-

sheet structure from a α-helical structure results in an increase in toxicity (Corsaro et 

al., 2006). 

 

Studies using recombinant PrP have demonstrated its usefulness as model of prion 

disease, as it replicates several of the hallmarks of prion disease, it causes neuronal 

apoptosis, once converted into an amyloid form and toxicity requires cellular prion 

expression. As recombinant PrP has been shown to be a suitable model of prion 

disease, we choose to use it in this study. PrP bound to manganese has been shown 

to demonstrate several of the properties of PrP
sc

 (Brown et al., 2000), however there 

had been limited studies investigating the toxicity of MnPrP. 
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Our study has shown that MnPrP is toxic to neuronal cells and is selectively toxic to 

PrP-expressing cells. Toxicity was dependent on manganese binding to PrP in 

primary cultures and significantly increased its toxicity to F21 cells, suggesting that 

manganese binding plays an important role in prion toxicity in our model. We also 

showed that MnPrP was partially resistant to PK digestion. Previous work had 

shown that MnPrP contained increased levels of β-sheet structure, which has been 

shown to be important for toxicity, and an intact disulphide bridge (Brown et al., 

2000; Wong et al., 2001b). Thus MnPrP reproduces many of the characteristics of 

PrP
sc

 and we suggest it can be used as a valid model of prion toxicity in vitro. 

3.5.1 The Prion Protein and Metal Binding 

 

Our model uses aberrant metal binding to covert the recombinant PrP to a more toxic 

form. Metal binding is thought to be important for the function of the prion protein 

and copper binding has been suggested to provide structure in the relatively 

unstructured N-terminal region of the prion protein (Jones et al., 2004) as well as 

effecting the structure of the C-terminal region (Zhu et al., 2008). The prion protein 

has been shown to bind copper in vivo (Brown et al., 1997a). It has also been shown 

to bind several other transition metals in vitro (Brazier et al., 2008; Jackson et al., 

2001). 

 

Several investigations using recombinant PrP and PrP peptides have shown that 

manganese can bind to PrP (Brown et al., 2000; Gaggelli et al., 2005; Jackson et al., 

2001; Treiber et al., 2007). Perhaps the most comprehensive study to date, by 

Brazier et al, has demonstrated that one manganese atom can bind to the octarepeat 

region, however the highest affinity binding occurs at the fifth site (amino acids 

95,110). The affinity of manganese to be PrP has been shown to be comparable to 

several other manganese binding proteins, suggesting that manganese binding to PrP 

is physiologically relevant (Brazier et al., 2008).  

 

MnPrP has been shown to have an increased β-sheet content (Brown et al., 2000) 

and further work has shed more light on the structural changes that occur when the 

prion protein binds manganese. Studies using near infrared spectroscopy have shown 

that while bound to copper PrP is stable in aqueous solution, manganese bound PrP 
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is not protected from interactions with water and forms fibrils in an aqueous solution 

(Tsenkova et al., 2004). Work using Raman Spectroscopy showed that the initial 

binding of manganese to PrP resulted in an increase in α-helical structure (Zhu et al., 

2008). As this is in contrast to work on aged protein that showed an increase in β-

sheet structure (Brown et al., 2000), this suggests that ageing of manganese bound 

PrP is required to produce a PrP
sc

-like structure. This correlates with our earlier work 

showing that aging is required to increase toxicity of MnPrP. 

 

Our model may also have some in vivo relevance; there is increasing evidence to 

suggest manganese may be involved in prion disease. It has been demonstrated that 

manganese levels are raised in both blood and the CNS of patients suffering from 

prion disease (Hesketh et al., 2008) as well as in cattle infected with BSE and sheep 

infected with scrapie (Hesketh et al., 2007). Manganese is also associated with PrP 

purified from infected brains and cultured cells (Brown et al., 2000; Thackray et al., 

2002; Wong et al., 2001b).  

 

The concentration of MnPrP required to induce cell death in both N2a and F21 cells 

was relatively high. However other studies using full-length recombinant PrP in a 

PrP
sc

 like form have used concentrations of about 10 µg/ml to induce apoptosis in 

SH-SY5Y cells (Novitskaya et al., 2006), this is in the same concentration range 

required to induce toxicity in our model although much higher doses were required 

to produce a complete toxicity curve.  

 

Initial studies have demonstrated that MnPrP is a valid model of prion disease, 

however the mechanisms leading to cell death remain unclear. There are several 

studies that investigate manganese binding to the prion protein and its effect on 

structure (Brazier et al., 2008; Treiber et al., 2007; Zhu et al., 2008). However as yet, 

studies have not investigated the regions of PrP that are involved in the structural 

conversion that occurs when PrP binds manganese and the regions required for metal 

binding, leading to cellular toxicity. This work would help us to understand the 

regions important in MnPrP toxicity. 
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3.5.2 Manganese Toxicity 

 

As manganese is highly toxic to neurones it could be hypothesised that the cell death 

observed in our model is due to manganese toxicity. Our investigations have clearly 

shown that the levels of manganese added to the cultures, whilst approaching 

toxicity at the highest dose, do not cause the massive cell death observed when the 

cells are treated with MnPrP. Chronic manganese poisoning leads to symptoms 

resembling idiopathic parkinsonism (Calne et al., 1994). At the cellular level it has 

been demonstrated that manganese induces apoptotic cell death in PC12 cells, a rat 

pheochromocytoma cell line, however this cell death is not caspase dependant (Roth 

et al., 2000) unlike the cell death observed in our model which is due to caspase 3 

activation. Therefore we can exclude manganese toxicity as the cause of cell death in 

our model. 

3.5.3 Metal Imbalance and Other Neurodegenerative Diseases. 

 

As well as studies suggesting that aberrant metal binding may be involved in prion 

disease there is increasing evidence that metal imbalance maybe relevant in other 

neurodegenerative diseases. In Alzheimer's disease (AD) high levels of copper, zinc, 

and iron are found in and around amyloid plaques (Lovell et al., 1998). Previous 

studies have shown that amyloid beta (Aβ), the main constituent of amyloid plaques 

in the brains of AD patients, can bind copper and zinc (Talmard et al., 2007; Tougu 

et al., 2008). Copper binding to Aβ 25-35 has been shown to promote conversion to 

a more β-sheet structured peptide that is more toxic in vitro (Giuffrida et al., 2007). 

Interestingly it has also been suggested that zinc binding to Aβ can cause 

aggregation (Tougu et al., 2008), however the addition zinc to cells in culture can 

prevent Aβ induced apoptosis by preventing Aβ aggregation (Cardoso et al., 2005). 

 

Alpha-synuclein is a protein associated with Parkinson’s disease. It has been shown 

to bind copper (Rasia et al., 2005) and iron (Binolfi et al., 2006; Golts et al., 2002). 

Both copper (Rasia et al., 2005) and iron have been shown to increase alpha-

synuclein aggregation (Ostrerova-Golts et al., 2000). However there is no direct 

evidence that metal binding increases the toxicity of alpha-synuclein. 
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This suggests that out model using aberrant metal binding may also be useful to 

model other neurodegenerative diseases as there is increasing evidence that metals 

play a role in neurodegenerative diseases. 

3.5.4 Chronic Scrapie Infection 

 

Cell lines chronically infected with scrapie have been widely used as tools for prion 

research, especially for investigating possible compounds useful for prion 

therapeutics (Pankiewicz et al., 2006; Webb et al., 2007). Certain cell lines seem to 

be able to maintain scrapie infection without any detrimental effect to the cell line. 

One such cell line is the SMB cell line, which is infected with the Chandler strain of 

scrapie (Clarke and Haig, 1970). 

 

We investigated the toxicity of MnPrP on SMB cells, interestingly we found that 

scrapie infected cells were susceptible to MnPrP toxicity and cell death was 

apoptotic. Further investigation revealed that scrapie infected cells were also 

susceptible to the toxic peptide PrP 106-126, as were F21 cells. We hypothesised 

that scrapie infected cells were vulnerable to MnPrP toxicity as they are not resistant 

to PrP toxicity, as is often assumed, but that the levels of PrP
sc

 produced by the 

scrapie infected cells are low enough to be tolerated by the cells. This fits with 

previous work which has demonstrated that whilst cells can be infected with scrapie 

the infection rate can be as low as 1% in N2a cells (Race et al., 1987) rising to 13% 

infection in N2a cells over expressing PrP (Nishida et al., 2000). It also fits with 

observations in our laboratory that the availability of more PrP
c
, which can be 

converted to PrP
sc

 is detrimental to the cells. As over-expression of PrP by stable 

transfection is not possible as cells lose expression after a few passages either due to 

slowing of division or death of transfected cells. 

 

In order to investigate this hypothesis we treated both scrapie infected and F21 cells 

with PK digested lysate obtained from scrapie infected cells. This was shown not to 

be toxic to the cells, leading us to the conclusion that our hypothesis was correct and 

scrapie infected cells express levels of PrP
sc

 that are low enough to be tolerated by 

the cells. However it may be useful, in future work, to confirm our hypothesis that 
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SMB cells have a low level of infection by investigating the percentage of cells that 

are producing PrP
sc

. 

 

This chapter has shown that MnPrP is a suitable model of PrP
sc

. It demonstrates 

many of the properties of PrP
sc

, including an increase in β-sheet structure (Brown et 

al., 2000) and increased protease resistance. As it the full-length prion protein it is 

relevant in vivo unlike some peptides. There is also increasing evidence that 

manganese binding to the prion protein could occur in vivo (Brazier et al., 2008), 

suggesting that this model could represent a real disease mechanism.  

 

Work treating SMB cells with MnPrP has demonstrated that cell death in infected 

cells is as a result of apoptosis. It would be useful to confirm that the cell death 

observed in F21 cells is due to apoptosis. Further investigation into the cell 

signalling mechanism that leads to apoptosis may provide possible therapeutic 

targets and work will also investigate the regions of MnPrP required for toxicity, this 

will help us to understand the regions important in the conversion of the prion 

protein into a toxic form. 
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4. PrP Toxicity 
 

Previous studies have demonstrated that once PrP is converted from the normal 

cellular form to PrP
sc

 it is toxic to neurones. The toxicity of PrP
sc

 has been replicated 

using a variety of models, including peptides (Chabry et al., 2003; Forloni et al., 

1993), recombinant protéine (Novitskaya et al., 2006) and expression of toxic 

mutants of PrP (Norstrom et al., 2007). The toxicity of the protein appears to be tied 

the increase in β-sheet that occurs when PrP
c
 is converted to PrP

sc
. In vitro the 

increase in β-sheet content observed in PrP
sc

 has been replicated using a variety of 

methods, including the addition of chemicals such as SDS (Xiong et al., 2001) or by 

the addition of metals, including manganese (Kim et al., 2005). 

 

PrP is able to bind manganese at two sites in the protein, these binding sites are in 

the octarepeat region (Jackson et al., 2001) and the so called fifth site (Brazier et al., 

2008). The fifth binding site consists of two histidines located at amino acids 95 and 

110 that have been shown to bind copper. A Met at residue 121 is also involved in 

this binding (Gaggelli et al., 2005). Manganese also binds at this site but in a 

differing manner, as it does not displace copper (Brazier et al., 2008). The octarepeat 

region also contains four potential binding sites located in the region stretching over 

amino acids 51-90. This region has been shown to bind manganese at low affinity. 

The octarepeat region also been hypothesised to be important in the disease, partly 

because an increase in the number of octarepeat regions from 5 up to 14 is one of the 

mutations observed in fatal familial insomnia, an inherited form of the disease 

(Collinge, 1997; Krasemann et al., 1995). Other investigations have also shown that 

mice expressing prion protein devoid of the octarepeat region have longer disease 

incubation times (Flechsig et al., 2000) leading to the belief that that this region has a 

role to play in the pathogenesis of the disease, although the octarepeat region is not 

thought be to be required for infection (Flechsig et al., 2000) suggesting a more 

complex picture. 

 

The C-terminus region has been shown to contain the only known histidine mutation 

involved in inherited forms of the disease, at amino acid 187 (Cervenakova et al., 

1999) as well as several other mutations involved in GSS. Cleaved fragments of the 
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C-Terminus have also been found in the brains of people suffering with CJD, and 

these fragments have been shown to be PK resistant (Zanuy et al., 2004). The C-

Terminus consists of three α-helices, one of which was been shown to be toxic to 

cells in the presence of copper, although why copper was required for toxicity was 

not clear (Thompson et al., 2000). Whilst there are three histidines in the C-Terminus 

it is not clear whether these can bind metals, the histidine at 140, has been shown not 

bind copper however the results for the other histidines remained much less clear due 

to aggregation of the peptides used (Cereghetti et al., 2001). Further work, using 

peptides has shown that histidine 187 may be able bind metals (Brown et al., 2004). 

 

Whilst there has been intensive study of the prion protein and the regions involved in 

toxicity the regions required for toxicity are still unclear. This study intends to 

investigate the effect of manganese on prion protein toxicity, as it has been 

hypothesised that manganese binding to the prion protein may be involved in the 

pathogenesis of prion disease. Any regions involved in the toxicity of MnPrP may 

also play a role in its conversion to a more β-sheet like protein. We have investigated 

a variety of mutants including mutants missing metal binding regions, the 

hydrophobic region and both N-terminal and C-terminal mutants. We have found 

that removal of all the metal binding regions significantly reduces the toxicity of 

MnPrP. We have also shown the importance of the presence of the octarepeat region, 

for the stability of the prion protein. 

4.1 Toxicity of prion protein mutants 

4.1.1 Metal Binding regions 

 

Initially we investigated whether the mutants we were investigating were 

intrinsically toxic, that is toxic even without manganese bound. We investigated the 

null mutant, which has the histidines at sites 66, 68, 76, 84, 96 and 111 mutated into 

alanines, these are all the histidines currently thought to be involved in metal binding 

in the prion protein. Previous work has demonstrated that the null mutant does not 

bind copper using Raman (Zhu et al., 2008). 

 

There are no histidines present in the octarepeat region, so the protein does not bind 

to a copper loaded IMAC column, therefore the protein was purified by the wash 
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method, as described in the materials and methods. F21 cells were treated for 48h 

with varying concentrations of null MnPrP or null apoPrP for 48h and viability 

assessed using an MTS assay. 

 

Figure 4.1: Toxicity of Null PrP. A: A schematic diagram showing the mutations in the null 

prion protein, the red bars represent the mutation of histidines to alanines in the regions 

thought to bind metals the top diagram shows the WT protein. B: F21 cells were treated for 48h 

with either recombinant Null apoPrP (blue line) or Null MnPrP (green line). Cell viability was 

then assessed using an MTS assay error bars are SEM. Significant points were assessed using a 

one-way ANOVA p<0.05. Each point represents at least 4 repeats. 

 

There was not a dose dependant difference between the null apoPrP and the 

manganese bound null PrP (figure 4.1) although there was a significant difference in 

toxicity at two doses, most notably the highest dose. The reason for this difference is 

unclear and requires further investigation As previous studies have shown that null 

does not bind copper (Zhu et al., 2008) and a recent study has also shown that the 

null mutant does not bind manganese (Brazier et al., 2008) it was expected that there 

would be no difference in toxicity whether refolded in the presence of manganese or 

not. 

 

Having investigated the toxicity of a mutant unable to bind manganese we 

investigated several mutants that had mutations in the octarepeat region. Initially we 

investigated the effect of the removal of the octarepeat region on toxicity using 
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deletion mutants. We first used a mutant that had had the entire octarepeat region 

removed, PrP ∆51-89. This protein was purified by nickel IMAC via a his-tag and 

F21 cells were treated for 48h with varying concentrations of MnPrP ∆51-89 or 

apoPrP ∆51-89 for 48h and viability assessed using an MTS assay. PrP ∆51-89 was 

found to be significantly less toxic than manganese bound ∆51-89 (figure 4.2b). This 

suggests that manganese binding does have an effect on the toxicity of PrP that is 

missing the octarepeat region, suggesting that manganese binding to the fifth site, 

which is the only site available to bind to, is able to modulate toxicity.  

 

Figure 4.2: Toxicity of PrP ∆51-89. A: A schematic diagram showing the mutations in the ∆51-

89, the removal of octarepeat can be seen the top diagram shows the WT protein. B: F21 cells 

were treated for 48h with either apoPrP ∆51-89 (blue line) or MnPrP ∆51-89 (green line). Cell 

viability was then assessed using an MTS assay error bars are SEM. Significant points were 

assessed using a one-way ANOVA p<0.05. Each point represents at least 4 repeats. 

 

We investigated whether partial removal of the octarepeat region had any effect on 

toxicity, to investigate this we used a mutant (∆67-89) that has had all but the first 

repeat removed leaving one copper binding site in the octarepeat region as well as 

the fifth site. This protein was purified by nickel IMAC via a his-tag, F21 cells were 

then treated with varying concentrations of MnPrP ∆67-89 or apoPrP ∆67-90 for 48h 

and toxicity was assessed using an MTS assay. The ∆67-90 apoPrP was significantly 

less toxic than the metal bound PrP (figure 4.3). 
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Figure 4.3: Toxicity of PrP ∆67-89. A: A schematic diagram showing the mutations in the ∆67-

89, the partial removal of octarepeat can be seen the top diagram shows the WT protein. B: F21 

cells were treated for 48h with either apoPrP ∆67-89 (blue line) or MnPrP ∆67-89 (green line). 

Cell viability was then assessed using an MTS assay error bars are SEM. Significant points 

were assessed using a one-way ANOVA p<0.05. Each point represents at least 3 repeats. 

 

The removal of such a large part of the protein may lead to structural changes in the 

prion protein. To further investigate the effect of metal binding on the toxicity of the 

prion protein we choose to use a series of mutants that had had the histidines 

involved in metal binding mutated to alanines. This allowed us to investigate the 

effect of metal binding without the possibility of dramatically changing the structure 

of the protein. 

 

We investigated the effect of mutating the histidines in the octarepeat region into 

alanines to prevent binding. This left only the fifth site available for binding. As with 

the null mutant this protein was purified by the wash method and F21 cells were 

treated as previously described, with MnPrP Fifth site only or apoPrP Fifth site only. 

As with the previous two mutants we observed an increase in toxicity when 

manganese was bound to the protein suggesting manganese binding to the fifth site 

increases toxicity (figure 4.4), however it is noticeable that the addition of 
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manganese appears to increase toxicity more than in the deletion mutants, as even at 

the highest dose used apoPrP fifth only shows very little toxicity. 

 

Figure 4.4: Toxicity of PrP Fifth only.  A: A schematic diagram showing the mutations in the 

fifth only prion protein, the red bar represents the mutation of histidines to alanines in the 

octarepeat region thought to bind metals, the top diagram shows the WT protein. B: F21 cells 

were treated for 48h with either recombinant Fifth only apoPrP (blue line) or Fifth Only 

MnPrP (green line). Cell viability was then assessed using an MTS assay error bars are SEM. 

Significant points were assessed using a one-way ANOVA p<0.05. Each point represents at least 

4 repeats. 

 

We also investigated the effect of the loss of the fifth site on toxicity. A mutant with 

the histidines at 95 and 110 mutated into alanines was purified using the wash 

method. F21 cells were treated for 48h with either no fifth apoPrP or no fifth MnPrP 

and viability was assessed using an MTS assay. The removal of the fifth site did not 

lead to a loss of toxicity, manganese bound PrP no fifth site was significantly more 

toxic then apoPrP no fifth site, suggesting that binding to the octarepeat region may 

have some effect on toxicity (figure 4.5). 
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Figure 4.5: Toxicity of PrP No Fifth. A: A schematic diagram showing the mutations in the no 

fifth prion protein, the red bar represents the mutation of histidines to alanines at the fifth site 

thought to bind metals, the top diagram shows the WT protein. B: F21 cells were treated for 

48h with either apoPrP no fifth (blue line) or MnPrP no fifth (green line). Cell viability was then 

assessed using an MTS assay error bars are SEM. Significant points were assessed using a one-

way ANOVA p<0.05. Each point represents at least 4 repeats. 

4.1.2 N-Terminal Region. 

 

The N-terminal region of the prion protein is defined as amino acids 23-112. We 

have investigated two mutants that cover the N-terminal region one spanning amino 

acids 23-112 and the other spanning amino acids 23-171. The N-terminal region of 

PrP is thought be unstructured (Donne et al., 1997), although it has been reported 

that metal binding may confer more structure on the region (Jones et al., 2004).  

 

Initially we investigated PrP 23-112, which is missing amino acids 112-231. F21 

cells were treated for 48h with varying concentrations of MnPrP 23-112 or apoPrP 

23-112 and viability was assessed using an MTS assay. MnPrP 23-112 showed an 

increase in toxicity when bound to manganese (figure 4.6), as this region still has all 

the metal binding histidines available to bind it is perhaps unsurprising that it is more 

toxic when bound to manganese. 
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Figure 4.6: Toxicity of PrP 23-112. A: A schematic diagram showing the 23-112 prion protein, 

the top diagram shows the WT protein. B: F21 cells were treated for 48h with either apoPrP 23-

112 (blue line) or MnPrP 23-112 (green line). Cell viability was then assessed using an MTS 

assay error bars are SEM. Significant points were assessed using a one-way ANOVA p<0.05. 

Each point represents at least 4 repeats. 

 

We also investigated a bigger fragment of the N-terminal end of the protein, amino 

acids 23-171, which is missing residues 172-231. As before cells were treated for 

48h with MnPrP 23-171 or apoPrP 23-171 and viability was assessed using an MTS 

assay. This fragment was shown to be toxic when bound to manganese, however it 

was also shown to be toxic without metal bound to it, leading us to believe that this 

is an intrinsically toxic fragment of the prion protein (figure 4.7). 
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Figure 4.7: Toxicity of PrP 23-171. A: A schematic diagram showing the 23-171 prion protein, 

the top diagram shows the WT protein. B: F21 cells were treated for 48h with either apoPrP 23-

171 (blue line) or MnPrP 23-171 (green line). Cell viability was then assessed using an MTS 

assay error bars are SEM. Significant points were assessed using a one-way ANOVA p<0.05. 

Each point represents at least 4 repeats. 

4.1.3 Palindromic Region. 

 

The palindromic region of the prion protein consists of 8 amino acids extending from 

amino acid 112 to 119. The sequence (AGAAAAGA) is also known as the 

hydrophobic core. Work has using the 106-126 peptide demonstrated the replacing 

hydrophobic amino acids in the palindromic region with hydrophilic amino acids 

resulted in a loss of toxicity and marked decrease in β-sheet structure (Jobling et al., 

1999). The absence of the palindromic region prevents the conversion to PrP
sc

 

(Norstrom and Mastrianni, 2005). 

 

Cell were treated for 48h with varying concentrations of MnPrP ∆112-119 or apoPrP 

∆112-119. Interestingly, although the protein bound to metal is significantly less 

toxic than the recombinant protein this difference in toxicity is strikingly less than 

seen in other mutants (figure 4.8), this may suggest that the fragment is, at 

intrinsically toxic although metal binding does confer a very slight increase in 

toxicity. 
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Figure 4.8: Toxicity of PrP ∆112-119.  A: A schematic diagram showing the ∆112-119 prion 

protein, the top diagram shows the WT protein. B: F21 cells were treated for 48h with either 

apoPrP ∆112-119 (blue line) or MnPrP ∆112-119 (green line). Cell viability was then assessed 

using an MTS assay error bars are SEM. Significant points were assessed using a one-way 

ANOVA p<0.05. Each point represents at least 4 repeats. 

4.1.4 112-231 

 

The C-terminus region of the prion protein comprises amino acids 112-231 and is 

highly structured. In the normal prion the structure consists of 3 α-helices and two 

short β-sheet strands. 

 

Our results have shown that the C-terminus is not intrinsically toxic to the cells 

(figure 4.9), in fact this protein, when not bound to metal, appears not to be toxic to 

cells at any concentration. This is in sharp contrast to most other mutants which 

show toxicity at high doses. Previous work has shown that cellular PrP expression 

protects cells from the toxicity of the C-terminal fragment of PrP (Daniels et al., 

2001).  
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Figure 4.9: Toxicity of PrP 112-231. A: A schematic diagram showing the 112-231 prion protein, 

the top diagram shows the WT protein. B: F21 cells were treated for 48h with either apoPrP 

112-231 (blue line) or MnPrP 112-231 (green line). Cell viability was then assessed using an 

MTS assay error bars are SEM. Significant points were assessed using a one-way ANOVA 

p<0.05. Each point represents at least 4 repeats. 

 

A mutant encompassing more of the protein, 45-231 was also investigated, this 

protein contains all of the metal binding regions and is missing just the first 22 

amino acids. This protein was not found to be intrinsically toxic (figure 4.10) 

however it was toxic once bound to manganese. 
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Figure 4.10: Toxicity of PrP 45-231. A: A schematic diagram showing the 45-231 prion protein, 

the top diagram shows the WT protein. B: F21 cells were treated for 48h with either apoPrP 45-

231 (blue line) or MnPrP 45-231 (green line). Cell viability was then assessed using an MTS 

assay error bars are SEM. Significant points were assessed using a one-way ANOVA p<0.05. 

Each point represents at least 4 repeats. 

 

Finally we also investigated the toxicity of ∆135-150 and ∆35-45. Neither of these 

deletions has had any reported effect on the proteins ability to bind metals and 

neither was intrinsically toxic to the cells (figures 4.11 & 4.12). However manganese 

binding significantly increased the toxicity of protein. 
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Figure 4.11: Toxicity of PrP ∆135-150. A: A schematic diagram showing the ∆135-150 prion 

protein, the top diagram shows the WT protein. B: F21 cells were treated for 48h with either 

apoPrP ∆135-150 (blue line) or MnPrP ∆135-150 (green line). Cell viability was then assessed 

using an MTS assay error bars are SEM. Significant points were assessed using a one-way 

ANOVA p<0.05. Each point represents at least 4 repeats. 

 

Figure 4.12: Toxicity of PrP ∆35-45. A: A schematic diagram showing the ∆35-45 prion protein, 

the top diagram shows the WT protein. B: F21 cells were treated for 48h with either apoPrP 

∆35-45 (blue line) or MnPrP ∆35-45 (green line). Cell viability was then assessed using an MTS 

assay error bars are SEM. Significant points were assessed using a one-way ANOVA p<0.05. 

Each point represents at least 4 repeats. 
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4.2 Comparison of MnPrP WT toxicity to the mutants. 

 

Having established the toxicity of each mutant when bound to manganese we wanted 

to investigate which regions of the protein were responsible for the increased toxicity 

of MnPrP when compared to apoPrP. F21 cells were treated for 48h with varying 

concentrations of WT PrP or mutant PrP bound to manganese, and an ED50
 
for each 

mutant was established as well as a dose response curve. The results are summarised 

in a table on page 92. 

 

We used both the wash method and his-tag to purify PrP, depending on the mutant 

used. The his-tagged protein was significantly less toxic than the protein purified by 

the wash method. The reasons for this are unclear, it may be due to slight differences 

in the protein produced by each method as they are very different methods for 

producing protein. However due to these differences in toxicity the mutants were 

compared back to the relevant wild type protein results.  

4.2.1 Metal binding Regions 

 

The null mutant was significantly less toxic than the wild type protein with an ED50 

of 3.28µM compared to WT, which had an ED50 of 1.96µM. It is not entirely 

surprising that the null mutant is less toxic than WT given that the null mutant is not 

thought to bind manganese. The graph shows that the difference was not as great at 

the highest dose (figure 4.13b) but this point may not be as relevant as the two lower 

doses, as this is approaching the concentration where the levels of manganese may 

become toxic to the cells and the large volumes of protein added to the cells may 

affect the cell culture media buffering. This result suggests that removal of the sites 

currently thought to bind manganese can reduce but not obliterate the toxicity of the 

prion protein. 
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Figure 4.13: Toxicity of Null MnPrP compared to WT MnPrP. A: F21 cells were treated for 48h 

with either WT MnPrP (red line) or Null MnPrP (green line) or WT MnPrP (column purified) 

(yellow line). Cell viability was then assessed using an MTS assay error bars are SEM. 

Significant points were assessed using a one-way ANOVA p<0.05. Each point represents at least 

4 repeats. 

 

We observed increases in toxicity in both the mutants that had had the octarepeat 

removed, even when the octarepeat was only partially removed. Full removal of the 

octarepeat region gave an ED50 value of 2.17µM and partial removal gave an ED50 of 

2.47µM these are both much lower than the wild type PrP value of 3.94µM. Dose 

response curves for both mutants also showed a significant increase toxicity when 

compared to the WT (figure 4.14). 
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Figure 4.14: Toxicity of ∆51-89 and ∆67-89 MnPrP compared to WT MnPrP. A: F21 cells were 

treated for 48h with either WT MnPrP (red line) or ∆51-89 MnPrP (green line). B: F21 cells 

were treated for 48h with either WT MnPrP (red line) or ∆67-89 MnPrP (green line). Cell 

viability was then assessed using an MTS assay error bars are SEM. Significant points were 

assessed using a one-way ANOVA p<0.05. Each point represents at least 4 repeats. 

 

As deletion of the octarepeat increased the toxicity of MnPrP we investigated the 

toxicity of a mutant that had all the histidines in the octarepeat region replaced with 

alanines (fifth site only mutant). This allowed us to assess whether the increase in 

toxicity was due to the metal binding sites or changes in structure induced by the 

removal of the octarepeat. We confirmed that the increase in toxicity was also 

observed in the fifth site only mutant (figure 4.15) indicating that when both the fifth 

site and the octarepeat have metal bound this may give a slight protective effect 

compared to the fifth is on its own. 



- 90 - 

 

 

Figure 4.15: Toxicity of fifth site only compared to WT MnPrP. A: F21 cells were treated for 

48h with either WT MnPrP (red line) or fifth site only (green line). Cell viability was then 

assessed using an MTS assay error bars are SEM. Significant points were assessed using a one-

way ANOVA p<0.05. Each point represents at least 4 repeats. 

 

We also investigated the effect of the removal of the fifth site leaving just the 

octarepeat region. Interestingly it was found that this mutant showed no significant 

difference in toxicity when compared to WT MnPrP and had a very similar ED50 

value to the WT value. Taken with the results using the null and fifth site only 

mutants this suggest that the fifth site bound to manganese can increase the toxicity 

of the prion protein and that the octarepeat region is not able to modulate the toxicity 

of the protein.  

4.2.2 N-Terminal Region. 

 

We investigated the effect of removal of the structured C-terminus of PrP on MnPrP 

toxicity using the 23-112 mutant. The other mutant that covered the N-terminus was 

found to be intrinsically toxic so was suitable for investigating the role of metal 

binding in PrP toxicity. The N-terminus of PrP was found to be highly toxic with an 

ED50 value of 1.18µM, almost four times lower than the value for WT MnPrP and 

the dose response curve showed a significant increase in toxicity compared to the 

WT (figure 4.16). This is despite the presence of the all the metal binding sites, 

suggesting that the presence of the C-terminus might be important in the prevention 

of toxicity. 
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Figure 4.16: Toxicity of 23-112 MnPrP compared to WT MnPrP. A: F21 cells were treated for 

48h with either WT MnPrP (red line) or N-terminal PrP (green line). Cell viability was then 

assessed using an MTS assay error bars are SEM. Significant points were assessed using a one-

way ANOVA p<0.05. Each point represents at least 4 repeats. 

4.2.3 Hydrophobic Region 

 

Cells were treated for 48h with varying concentrations of WT MnPrP or ∆112-119 

MnPrP. Our work has shown that there is no difference in toxicity between WT and 

the ∆112-119 mutant suggesting that whilst this region is highly fibrillogenic and 

involved in the toxicity of the protein, the binding of manganese is not involved in 

this toxicity. 

4.2.4 113-231 

 

Our results have shown that the 113-231 shows a slight decrease in toxicity when 

compared to the WT MnPrP with an ED50 value of 4.77µM compared to the EC50 

value of WT MnPrP which is 3.96µM. This is reflected in the dose response curve 

which shows a slight but significant decrease in toxicity (figure 4.17). 
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Figure 4.17: Toxicity of 113-231 MnPrP compared to WT MnPrP.  A: F21 cells were treated for 

48h with either WT MnPrP (red line) or 113-231 (green line). Cell viability was then assessed 

using an MTS assay error bars are SEM. Significant points were assessed using a one-way 

ANOVA p<0.05. Each point represents at least 4 repeats. 

 

 This decrease is toxicity may be due to the fact that no manganese is bound to the 

protein, although the difference in toxicity is not as great as observed in the Null 

mutant. Another mutant that has the N-terminus partially removed (45-231) showed 

no difference in toxicity compared to WT MnPrP. Interestingly the ∆35-45 mutant 

also had a much higher ED50 value than WT MnPrP, whilst the ∆135-150 mutant 

showed no difference. 

 

 

 

 

 

 

 

 

 

 

 

 



- 93 - 

 

A 

Mutant ED50 Compared to WT 
(µM) 

Change in toxicity 
compared to control 

WT His Overall 3.94 N/A 

∆112-119 3.16 No change 

∆51-90 2.17 Increase 

∆67-90 2.47 Increase 

23-112 1.18 Increase 

112-231 4.77 Decrease 

∆35-45 4.80 Decrease 

∆135-150  3.99 No change 

45-231 
 

3.71 
 

No change 
 

WT wash Overall 1.96 N/A 

Fifth Only 0.73 Increase 

Null 3.28 Decrease 

No fifth 1.70 No change 

 

B 

51 90 110 112 11923 231171

Octarepeat 

region

Fifth 

site

Hydrophobic 

region

GPI 

anchor

 
 

Table 4.1: A: Shows the ED50 values for each manganese bound mutant compared to the 

relevant manganese bound WT protein. Differences in toxicity are given when there was a 

significant increase or decrease apparent on the chart. B: A schematic diagram highlighting 

some of the important regions of the prion protein. 
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4.3 Discussion 

 

This study has highlighted the potential significance of manganese binding in the 

pathogenesis of prion disease. The results in the previous chapter showed that 

manganese binding increases the toxicity of the prion protein. In this chapter we 

have further investigated the role of manganese binding in prion toxicity. Our work 

has shown that if the histidines known to bind manganese are mutated the toxicity of 

the protein is significantly reduced suggesting binding of manganese is required for 

toxicity. We have also shown that removal of the octarepeat region increases the 

toxicity of MnPrP, suggesting that this region has a protective effect. In contrast 

removal of the fifth site has no effect on toxicity. However it might be that this is 

because manganese is bound to the octarepeat in this situation. 

4.3.1 Metal Binding 

 

As we had shown that manganese bound PrP was toxic to neuronal cells we 

investigated whether altering the metal binding ability of PrP affected the toxicity of 

the prion protein.  

 

We assessed the role of metal binding sites and their effect on MnPrP mediated 

toxicity. The Null mutant, which has all the histidines known to bind metal replaced 

with alanines and is unable to bind manganese (Brazier et al., 2008). The Null 

mutant was found to be significantly less toxic than the WT protein at lower doses. 

This suggests that the binding of manganese to the WT prion protein leads to an 

increase in toxicity and confirms our earlier work that showed an increase in toxicity 

when manganese is bound to WT PrP.  

 

Studies of a variety of neurodegenerative diseases have shown that metal ions can 

induce aggregation of proteins. Several studies have demonstrated that the prion 

protein aggregates in the presence of manganese (Giese et al., 2004; Kim et al., 

2005; Treiber et al., 2006) and it has been suggested that manganese causes 

aggregation by creating interactions between PrP molecules rather than binding to 

the protein (Levin et al., 2005). Our data suggest that the increase in toxicity we 

observed with manganese is due to binding of the metal to specific regions of the 
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prion protein. There was no difference in toxicity between the recombinant Null PrP 

and the manganese bound Null PrP, which is probably due to the fact that there are 

no metal ions bound to either protein. 

4.3.2 Octarepeat Region 

Studies have shown that amino acids 23-90 are not required for
 
prion propagation 

(Fischer et al., 1996; Muramoto et al., 1997; Muramoto et al., 1996) suggesting that 

the octarepeat region is not required for infectivity. Work using a fragment of PrP 

termed PrP106 or mini prion, which is 106 amino acids long and contains the 

deletions ∆23-88 and ∆141-176, has also suggested that the octarepeat region is not 

required for toxicity or infection. The mini prion is a soluble form of PrP that 

demonstrates several properties in common with PrP
sc

 (Muramoto et al., 1996), and 

work using recombinant PrP106 has show that it is was highly toxic to primary
 

neuronal cultures (Bonetto et al., 2002).  

 

However the octarepeat region may have a role in prion disease pathogenesis, as an 

increase in the number of octarepeat regions from 5 up to 14 is one of the mutations 

observed in fatal familial insomnia, an inherited form of prion disease (Collinge, 

1997; Krasemann et al., 1995). A model using recombinant protein has shown that 

increasing numbers of octarepeat insertions result in increased aggregation of the 

prion protein (Yu et al., 2007). Mice expressing PrP with nine octarepeats 

accumulate an insoluble and weakly protease-resistant form of the mutant protein 

that is not infectious (Biasini et al., 2008).  

 

In addition, work using mice expressing a prion protein mutant devoid of the 

octarepeat region develop prion disease with a longer incubation time (Flechsig et 

al., 2000) when challenged with infection, compared to normal mice. Further work 

using a cell culture model suggests that the octarepeat region of prion protein is 

required at an early stage for production of abnormal prion protein (Sakudo et al., 

2008), however it may not be required later, PrP
sc

 is cleaved during trafficking and 

the 90-231 fragment is found in patients suffering from CJD (Chen et al., 1995).  

 

There has been some debate on how many manganese atoms bind to the octarepeat 

region of the prion protein, some studies have not been able to detect any binding to 
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the octarepeat region (Garnett and Viles, 2003; Treiber et al., 2007) however more 

recent work suggests a single low affinity binding event in the octarepeat region 

(Brazier et al., 2008). PrP ∆51-90 has been shown to bind metals at the fifth site 

(Jones et al., 2004). 

 

We found that both full and partial removal of the octarepeat region led to a 

significant increase in MnPrP toxicity. This result was confirmed using a mutant 

containing only the fifth site histidines and no octarepeat region histidines which was 

shown to be significantly more toxic than the wild type protein. Work investigating 

the effect of the deletion of the octarepeat region on toxicity has been limited, 

however there is evidence that deletion results in a loss of protective function (Haigh 

and Brown, 2006).  In our model the increase in toxicity observed may be due to a 

loss of stability in the absence of metal binding in the octarepeat region. Studies have 

shown that a deletion mutant, PrP 90-231, which contains only the fifth binding site 

is unstable in the presence of copper and ascorbate due to the oxidation of the 

methionines and histidines in the fifth site region (Nadal et al., 2007). This oxidation 

can be partially prevented by the presence of the octarepeat region. If this oxidation 

were to take place in the fifth site only MnPrP mutant, in the presence of manganese, 

a potential effect could be an increase in aggregation, as oxidation of the prion 

protein has been shown to increase aggregation in vitro (Requena et al., 2001). 

Oxidation-induced aggregation may increase the toxicity of the protein, as fibrils and 

aggregates of recombinant PrP have been shown to be toxic to cells in vitro (Corsaro 

et al., 2006; Novitskaya et al., 2006). Additionally the loss of the octarepeat region 

may also result in a loss of stability, as proteins that do not contain the repeat region 

have been shown to be less stable under pressure (Cordeiro et al., 2005). 

 

Several studies have shown that PrP is susceptible to cleavage in the presence of 

metals and H2O2 (McMahon et al., 2001). Cleavage of PrP
c
 occurs at around amino 

acids 111 and 112. PrP
sc

 cleavage occurs at round amino acid 90, although the 

normal protein can also be cleaved here (Mange et al., 2004).  Further work has 

shown that PrP bound to manganese can be partially cleaved, in the presence of 

H2O2,
 
at amino acid 90 and that this protein can cause WT PrP to aggregate. 

Interestingly PrP missing the octarepeat region was cleaved much more readily in the 

presence of copper and H2O2 resulting in almost complete cleavage at amino acid 90. 
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The increase in cleavage observed may result in an increased polymerisation of 

cellular PrP and therefore increased toxicity (Abdelraheim et al., 2006). This may 

also explain the increase in toxicity of MnPrP in the absence of the octarepeat. 

 

As the presence of fifth site alone has an effect on toxicity it suggests that the 

binding pattern of our refolded protein is like that observed by Brazier et al with two 

manganese atoms binding to the prion protein one to the fifth site and one to the 

octarepeat region, rather than the earlier suggestion that four manganese atoms bind 

to the octarepeat region (Brown et al., 2000). This is also confirmed by the mass 

spectroscopy data, which showed two manganese atoms bind to the prion protein 

(Uppington and Brown, 2008) 

4.3.3 Fifth Site 

 

A small number of researchers have suggested an alternative hypothesis that the fifth 

site has a higher affinity for copper than the octarepeat region (Jones et al., 2005a; 

Treiber et al., 2007). Studies using peptide covering the region 91-115 have shown 

that this region predominately random coil when not bound to copper.  Once bound 

to copper the peptide is more structured, showing an increase in β-sheet, 

accompanied
 
by the loss of some of the irregular structure. This implies the fifth 

binding site may be important in determining structure (Jones et al., 2004). However 

as yet it is not clear whether manganese binding to the fifth alone site can also induce 

changes in structure. 

 

Manganese has been shown to bind to the fifth site in a different manner to copper. 

Work using the 106-126 peptide has shown that the complex with Mn(II), involves 

the carbonyl oxygen’s of Gly-124 and Leu-125, which are close to the metal ion, the 

metal ion interacts with His-110, through a hydrogen bond of metal-bound water 

(Gaggelli et al., 2005). However more recent studies have shown that binding is 

centralised round His-95 and manganese binding still possible even in the presence 

of copper (Brazier et al., 2008). The 5
th

 site is now thought to be the highest affinity 

site for manganese binding (Brazier et al., 2008). However, until now, is there is has 

been no direct work on the effect of metal binding to fifth site and its effect on 

toxicity. We observed no change in toxicity when the fifth site was mutated to 
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prevent metal binding at this site. This suggests that the weaker binding site in the 

octarepeat may be able to maintain the toxicity of the MnPrP without the presence of 

the fifth site but not increase it. 

4.3.4 Hydrophobic Region 

 

The region spanning amino acids 112 to 119 is highly conserved between species 

and has been shown to be the most fibrillogenic motif within the toxic peptide 

(Gasset et al., 1992). 

 

The hydrophobic region is thought to be required for infectivity, antibodies directed 

against hydrophobic region of the prion protein have been shown to prevent prion 

accumulation in infected cells (White et al., 2003). The deletion of the 112-119 

region of PrP
c
 results in resistance to infection in vitro, suggesting that this region is 

required for conversion (Norstrom and Mastrianni, 2005). Studies have shown that 

the hydrophobic region of PrP
c
 interacts with PrP

sc
 or the 106-126 peptide resulting 

in a loss of function of PrP
c
 (Brown, 2000b). 

 

Substitution of the hydrophobic residues in the 106-126 peptide results in a reduction 

in toxicity (Jobling et al., 1999), suggesting that the hydrophobic region has a role in 

toxicity. A study using neuronal cells treated with recombinant prion protein have 

also shown that the hydrophobic region is required for prion toxicity (Simoneau et 

al., 2007). However removal of ∆112-119 does not prevent aggregation of the prion 

protein in yeast (Norstrom and Mastrianni, 2005). The effect of the removal of 

∆112-119 on aggregation in mammalian cells is unclear and need to be investigated 

further. However in vivo the deletion of the 105-125 region results in neonatal 

lethality in mice (Li et al., 2007b) suggesting that the removal of the hydrophobic 

region can also be toxic to cells. Neurodegeneration is also observed when a larger 

fragment is deleted (94-134) (Baumann et al., 2007). Our results demonstrated that 

PrP missing amino acids ∆112-119 was toxic. As deletion of this region results in 

neonatal lethality in mice this it is perhaps unsurprising that PrP ∆112-119 is toxic to 

cells even in the absence of manganese.  We went on to test the toxicity of the 

mutant compared to WT MnPrP as there was a slight increase in toxicity when 

manganese is bound to the protein and the region has been shown to be important in 
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metal metabolism, being required for PrP
c
 internalisation in response to copper 

(Haigh et al., 2005). We did not observe any significant change in toxicity compared 

to WT MnPrP. 

 

It may be interesting to investigate the removal of ∆106-126, this would allow us to 

investigate whether the region often used as an analogue of PrP
sc

 has any effect on 

the toxicity of MnPrP. 

4.3.5 N-terminus 

 

The N-terminal region is an unstructured flexible region of PrP. We have 

investigated two mutants that cover the N-terminal region spanning amino acids 23-

112 and amino acids 23-171. As well as the previously discussed inherited mutations 

in the octarepeat region, the N-terminal region of the prion protein contains several 

other amino acid mutations associated with inherited prion disease (Kitamoto and 

Tateishi, 1994), suggesting the region has a role in the conversion of the prion 

protein. However the reason for the lethality of these mutations remains unclear 

(Jones et al., 2006).  

 

Our studies showed that the N-terminal region of PrP was highly toxic once bound to 

manganese and was significantly more toxic than apoPrP (23-112) suggesting the 

toxicity was due to metal binding. The N-terminus of PrP (23-112) contains all the 

metal binding regions previously discussed, but interestingly was more toxic than 

wild type MnPrP suggesting that manganese binding has a significant effect on the 

N-terminal mutant. As yet there have been there have been no studies investigating 

the structure of this fragment once bound to manganese. Studies investigating the 

structure of the native N-terminus have demonstrated that it is structured at higher 

pH (Zahn, 2003) and flexible at low pH (Donne et al., 1997; O'Sullivan et al., 2007). 

Low pH conditions been shown to cause the protein to adopt a higher β-sheet 

content. 

 

Studies of the metal binding to the N-terminal region have revealed metal binding 

confers structure on the N-terminus (Jones et al., 2004). However in order to fully 

understand the effect of metal binding on the N-terminal fragment further work 
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would need to be done. A fuller understanding of the structure the N-terminal 

fragment, once bound to manganese, may lead to a better understanding of the 

reasons for the toxicity of this protein. 

 

The N-terminus is thought to be important for the formation of higher order 

aggregates such as oligomers and fibrils. Work using N-terminally truncated 

recombinant protein (amino acids 90-231) revealed it formed smaller aggregates 

when compared to the wild type protein (Frankenfield et al., 2005). Work using 

recombinant prion protein missing amino acids 34-133 also showed a significant 

reduction in aggregation, which was associated with a decline in conversion 

efficiency in a cell free assay, although this was dependent upon glycosolation 

(Lawson et al., 2001). More recent work assessing the effect of pathogenic mutations 

on the prion protein structure has found that several mutations expose the N-terminus 

(Yin et al., 2007). The N-terminus has been shown to bind glycosaminoglycans 

(GAGs) (Pan et al., 2002), which have been shown to be required for cellular PrP
sc

 

incorporation  (Shaked et al., 2001) and are able to reconstitute the infectivity of 

prion rods (Hijazi et al., 2005). The mutations in the N-terminus result in the 

exposure of GAG binding sites and the resultant GAG binding leads to increased 

aggregation of the prion protein (Yin et al., 2007). It may be that as the C-terminus is 

not present in our N-terminal prion protein the regions involved in GAG binding are 

exposed in the manganese bound N-terminus allowing GAG binding and increased 

aggregation. Aggregation of the prion protein may lead to an increase in the toxicity 

of the protein. However further work is required to assess the aggregation of the N-

terminal prion protein when bound to manganese and whether the regions involved 

in binding GAGs are exposed. It may be worth investigating if inhibiting GAG 

binding results in a reduction in toxicity. 

 

We also investigated a longer region of the N-terminus of PrP spanning residues 23-

171, in contrast to 23-112 we found that this region of the protein was toxic to cells 

in the absence of manganese, suggesting that toxicity observed once manganese was 

bound was not due to manganese alone but some other mechanism. It has been 

shown that an N-terminal fragment of human PrP spanning amino acids 23-144 

spontaneously converts from a monomeric unordered state to a fibrillar form. This 

requires the presence of residues 130-148 (Kundu et al., 2003), so offers no 
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explanation for the toxicity of the N-terminal mutant 23-112, however it may offer 

an explanation for the intrinsic toxicity of the fragment 23-171, which contains 

residues 130-148. Further work has suggested that the addition of helix 1 (amino 

acids 144-156) to the N-terminal fragment causes aggregation to occur much more 

rapidly suggesting that this helix is involved in the conversion of the protein (Kundu 

et al., 2003). As the fragment 23-159 is readily able to aggregate (Watzlawik et al., 

2006) it may also be that our slightly longer fragment also retains these properties, 

however further work would need to investigate the aggregation of 23-171. 

4.3.6 C-terminus 

 

The C-terminus region has been shown to contain the only known histidine mutation 

involved in inherited forms of the disease, at amino acid 187 (Cervenakova et al., 

1999) in addition to several other mutations associated with in GSS. Cleaved 

fragments of the C-Terminus have also been found in the brains of people suffering 

with CJD, and these fragments have been shown to be PK resistant (Zou et al., 

2003). The C-Terminus consists of 3 α- helices, one of which was recently been 

shown to be toxic to cells in the presence of copper, although the reason for copper 

requirement was not clear (Thompson et al., 2000). 

 

Mice expressing a C-terminal fragment of the prion protein (amino acids 121-231) 

instead of wild-type prion protein die from massive neuronal degeneration within 

weeks of birth (Shmerling et al., 1998). This region of the protein has been shown to 

form soluble oligomers and amyloid fibrils under denaturing conditions despite the 

absence of the amyloidogenic core of PrP (Martins et al., 2006). Experiments using 

the N-terminally truncated recombinant prion protein have revealed that 121-231 is 

toxic to neuronal cells and that this toxicity is enhanced in PrP null cells. This region 

of the prion protein has been found contain several disease related mutations and 

these mutations also enhance the toxicity of 121-231 to neuronal cells (Daniels et al., 

2001). However the toxicity of the fragment is lost when amino acids 113-120 are 

added to the fragment suggesting this region of the protein has a role in mediating 

the toxicity of the C-terminus (Daniels et al., 2001). Our results also confirmed that 

the 113-231 fragment of PrP was not toxic to neuronal cells when not bound to 
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manganese, and appeared to be one of the least toxic apoPrP fragments we analysed, 

as it caused almost no cell death even at the highest doses. 

 

The C-terminus is a highly structured part of the prion protein, and is not generally 

thought to be involved in metal binding. Our study has shown that this protein is 

significantly less toxic than the WT prion. The decrease in toxicity is expected, as 

there are no metal binding sites known to bind manganese in the construct, however 

the difference in toxicity is not as great as the difference between the null construct 

and the WT protein. The reason for this is not clear it may be that the removal of the 

N-terminus changes the structure of the protein which may allow limited manganese 

binding, which would increase the toxicity of the protein. There is evidence for at 

least one functional binding motif for metals in the C-terminus. It has been shown 

that copper can bind to a histidine residue at 187 at pHs approaching neutrality 

(Brown et al., 2004), this binding site is also be able to bind manganese. As this 

region is highly structured it is possible that metal binding in this region is important 

in structure. This histidine certainly has an important role in vivo, as it is the only 

histidine known to be associated with the inheritable prion disease GSS 

(Cervenakova et al., 1999). 

 

The study of regions of the prion protein involved in toxicity has revealed a complex 

process, and requires further work in order to elucidate the mechanisms that are 

involved, giving a better understanding of the why changes in toxicity occur in the 

mutants. Investigating changes to the mutants once bound to manganese such as 

structural and aggregatory changes and in may be the first step in a fuller 

understanding of the mechanisms underlying the changes in toxicity we observed. 

Whilst many groups use fragments of PrP to research prion toxicity it is often 

unclear whether removal of large parts of the protein may change its structure, 

stability and its ability to bind metals, this means work using fragments does not 

accurately reflect an in vivo situation. However work undertaken with the mutants 

where residues were simply replaced, such as the null mutant, maybe provide a 

model more relevant to the in vivo situation. Using these mutants we demonstrated 

the importance of the presence of both the fifth site and octarepeat as without the 

metal binding sites in the octarepeat region the protein became more toxic to the 

cells, possibly due to destabilisation of the protein. 
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It is clear from our model that manganese binding plays a role in modulating the 

toxicity of the prion protein. As there is some evidence the octarepeat region is not 

involved in modulating prion toxicity (Bonetto et al., 2002), it is not surprising this 

region alone with no fifth site did not increase the toxicity of the protein. However 

the fifth site alone, without the protective effect of the octarepeat region was highly 

toxic, suggesting that whilst the octarepeat alone does not increase toxicity it is 

required to protect the protein. Metal binding domains are unlikely to be the only 

regions involved in prion protein conversion, as regions such as the hydrophobic 

region have been shown to be linked to the conversion and toxicity of the protein 

(Jobling et al., 1999; Norstrom and Mastrianni, 2005). 

 

It is unclear why metal binding changes the toxicity of the protein although the 

presence of metal ions has been shown to result in prion aggregation suggesting 

aggregation may play a role (Giese et al., 2004; Kim et al., 2005; Levin et al., 2005). 

In the absence of the octarepeat region metals have been shown to destabilise the 

protein and it may be that manganese destabilises the protein, especially when 

mutations are present in the protein or the protein has been cleaved. Studies have 

shown that manganese binding alters the structure of full-length PrP increasing the 

amount of β-sheet (Brown et al., 2000), suggesting that manganese alters the 

structure, but does not necessarily destabilise the protein, when no mutations are 

present. The increased level of β- sheet may result in aggregation which is linked to 

toxicity (Novitskaya et al., 2006). The change in structure may also result in regions 

of the protein being revealed such as GAG binding sites, which are required for 

conversion. Structural change may also result in changes to the prion protein’s 

interactions with other proteins, several studies have investigated whether PrP
c
 binds 

to s receptor and PrP
c
 has been shown to bind the laminin receptor resulting in PrP

c
 

internalisation (Saborio et al., 2001). In infected cells reduction of laminin receptor 

expression using siRNA has been shown to clear infection (Leucht et al., 2003) 

suggesting that PrP
sc

 is still able to bind the receptor despite the structural changes, 

however the downstream effects of the binding are likely to be very different. 

 

In order to take this work forward metal binding, structural and aggregation studies 

should be carried out on the protein. This would allow us to tie together changes in 

toxicity with alterations in the metal binding, structure and aggregation, both known 
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factors in the toxicity of the prion protein. This would give us a more complete 

picture of the effect of manganese on the prion protein and allow us to better 

understand the role of aberrant metal binding in prion toxicity. 
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5. Cell Signalling in Prion Disease 
 

Prion diseases cause massive neuronal cell death in the latter stages of disease 

leading to the brains classical spongiform appearance. This cell death is widely 

agreed to be caused by apoptosis. However, the cell signalling pathway leading to 

apoptosis remains unclear.  

 

Several studies have identified neuronal apoptosis both in vitro (Forloni et al., 1993; 

Thellung et al., 2002) and in vivo (Fairbairn et al., 1994; Giese et al., 1995; Gray et 

al., 1999) using a variety of markers including caspase 3 activation and DNA 

fragmentation. Several studies have suggested that caspase 3 activation may be due 

to p38 activation and inhibition of p38 activation has been shown to prevent 

apoptosis in vitro (Thellung et al., 2002). However, other studies have shown that 

caspase 3 activation is p53 mediated, although inhibition of p53 activation is not 

sufficient to prevent disease progression (Engelstein et al., 2005). 

 

Endoplasmic reticulum stress has also been suggested to play a role in neuronal cell 

death in prion disease. Some studies have shown caspase 12, an ER resident caspase, 

activated by ER stress, is activated in response to PrP in vitro (Hetz et al., 2003b). 

However, more recent studies have suggested that ER stress does not play a crucial 

role in cell death in prion diseases (Unterberger et al., 2006). Other studies have 

suggested that calcium release from the ER activates the mitochondrial apoptotic 

pathway (Ferreiro et al., 2008a; Ferreiro et al., 2008b). 

 

Many studies have used the 106-126 peptide to investigate cell death in prion disease 

(Corsaro et al., 2003; Ferreiro et al., 2008a; Ferreiro et al., 2008b; Forloni et al., 

1996; Saez-Valero et al., 2000; Thellung et al., 2002). In this study we intend to use 

the MnPrP model to investigate cell signalling caused by PrP, as whilst we have 

demonstrated that MnPrP is toxic to neuronal cells, the signalling mechanisms that 

result in cell death have not been investigated.  

 

This study aims to further characterise the model of toxicity established in chapter 1 

by investigating the mechanism of cell death induced by MnPrP. We have used a 
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variety of techniques to confirm that cell death is due to apoptosis and that this may 

be mediated by p38 phosphorylation and caspase 3 cleavage.  

 

We have investigated mechanisms by which SMB cells are able to survive chronic 

infection. We have confirmed that SMB cells are not undergoing apoptotic cell death 

whilst in culture. There is also no evidence of caspase 3 or p38 up-regulation in 

SMB cells. However we have found evidence of high levels of caspase 12 expression 

suggesting there is ER stress in SMB cells. We investigated signalling molecules 

important in neuronal survival in SMB cells and found ERK phosphorylation was 

increased in SMB cells and that this increase was involved in cell survival. An 

increase in ERK phosphorylation was observed in F21 cells treated with MnPrP 

suggesting that ERK may be important in protecting cells from prion toxicity 

5.1 F21 signalling in the presence of MnPrP  

5.1.1 Cell death signalling 

 

 DNA laddering was used to establish whether the toxicity we had observed was due 

to apoptosis. DNA laddering occurs as the DNA is broken down, during apoptosis, 

in the cell in a controlled manner, leading to DNA fragments increasing in size by 

200bp. F21 cells were treated for 48h with increasing concentrations of MnPrP. The 

cellular DNA was extracted and run on a 1.5% agarose gel. DNA laddering could 

clearly be seen in lanes treated with 40 µg/ml and 80 µg/ml MnPrP. This DNA 

laddering mimicked the DNA laddering observed in F21 cells treated for 24h with 

stuarosporine, which is known to induce apoptosis. However, in F21 cells treated 

with MnPrP for 24h DNA laddering was not easily visible (figure 5.1). 
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Figure 5.1: DNA laddering in F21 cells treated with MnPrP. A: F21 cells were treated for 48h 

with increasing concentrations of MnPrP, cellular DNA was then extracted and separated on a 

1.5% agarose gel. Lane 1: 100bp ladder, lane 2: untreated control, lane 3: 20µg/ml MnPrP, lane 

4: 40µg/ml MnPrP, lane 5: 80µg/ml MnPrP, lane 6: Manganese control. B: F21 cells were 

treated for 24h with increasing concentrations of MnPrP and a stuarosporine control. Cellular 

DNA was then extracted and separated on a 1.5% agarose gel. Lane 1: 100bp ladder, lane 2: 

control, lane 3: 80µg/ml MnPrP, lane 4: 160µg/ml MnPrP, lane 5: 200µM staurosporine. 

 

To further confirm that MnPrP causes apoptosis, we investigated whether MnPrP 

causes caspase 3 cleavage. Several previous reports have shown caspase 3 activation 

both in cells treated with the 106-126 peptide and in the brains of mice infected with 

scrapie. Caspase 3 activation is one of the final steps in the induction of apoptosis. 

Cells were treated for 4, 8, 16 and 24h with 80 µg/ml MnPrP and caspase 3 cleavage 

was assessed using Western blotting. Caspase 3 cleavage was seen after 16h of 

treatment with MnPrP and was still visible after 24h (figure 5.2).  

 

 

 

 

 

 

Figure 5.2: Caspase 3 cleavage in F21 cells treated with MnPrP. F21 cells were treated with 

80µg/ml MnPrP for varying lengths of time. Cellular protein was extracted using RIPA buffer 

and proteins were separated on an SDS-PAGE gel. Caspase 3 expression and cleavage was 

assessed using western blotting. Lane 1: 0h, Lane 2: 4h, Lane 3: 8h, Lane 5: 16h, Lane 6: 24h.  
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As both p53 and p38 have been implicated in apoptosis in prion disease, we 

investigated the expression of p53 and p38 phosphorylation in F21 cells treated for 

4, 8, 16, and 24h with 80 µg/ml MnPrP. There was a significant decrease in p53 

expression (figure 5.3). 
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Figure 5.3: Expression of p53 by F21 cells treated with MnPrP. F21 cells were treated with 

80µg/ml MnPrP for varying lengths of time. Cellular protein was extracted using RIPA buffer 

and proteins were separated on an SDS-PAGE gel. p53 expression  was assessed by western 

blotting. A: Intensity was quantified using Image J and normalised using tubulin intensity N=4 

error bars are SEM *p>0.05 as tested by students T-test. B: Lane 1: 100bp ladder Lane 2: 0h, 

Lane 3: 4h, Lane 4: 8h, Lane 5: 16h, Lane 6: 24h. 

 

There was evidence of p38 phosphorylation in cells treated with MnPrP for 16h 

(figure 5.4) this is in line with toxicity studies in previous reports that have shown 

that p38 activation is required for the activation of caspase 3 in the presence of PrP 

peptides. 

 

 

 

 

Figure 5.4: Expression of pp38 by F21 cells treated with MnPrP.  F21 cells were treated with 

80µg/ml MnPrP for varying lengths of time. Cellular protein was extracted using RIPA buffer 

and proteins were separated on an SDS-PAGE gel. pp38 and p38 expression and activation was 

assessed using western blotting. Lane 1: 0h, Lane 2: 4h, Lane 3: 8h, Lane 5: 16h, Lane 6: 24h. 

 

We also investigated other pathways that could be up-regulated in cells treated with 

MnPrP. In order to assess the role that the ER might play in MnPrP toxicity we 

investigated BiP. BiP has previously been shown to bind abnormal forms of PrP (Jin 

et al., 2000) and is up-regulated in response to ER stress, providing a protective 
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effect (Rao et al., 2002). BiP has also been shown to be up-regulated in response to 

PrP 106-126 (Ferreiro et al., 2008a). We found that treatment for 24h with MnPrP 

did not lead to an increase in BiP expression in F21 cells (figure 5.5). 
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Figure 5.5: Expression of BiP by F21 cells treated with MnPrP. F21 cells were treated with 

varying concentrations of MnPrP for 24h. Cellular protein was then extracted using RIPA 

buffer and separated on a 12% SDS-PAGE gel. BiP expression was assessed by Western 

blotting and normalised to tubulin. Intensity was assessed using Image J. n=5 no points are 

significant as tested by students T-Test. 

5.1.2 Cell Survival Signalling. 

 

We also investigated several signalling molecules thought to be important in cell 

survival signalling. We investigated AKT and ERK both thought to be involved in 

cell survival signalling in response to neuronal growth factors. AKT has been shown 

to promote neuronal survival via PI3K. PI3K is activated in response neuronal 

growth factors and this signalling leads to a wide variety of responses including 

inhibition of pro-apoptotic molecules such as p53 (Yamaguchi et al., 2001) and 

activation of transcription factors involved in cell survival such as NF-κB. ERK is a 

member of the MAPK group of signalling molecules, and was first found to be 

important in neuronal survival in response to neurotrophins (Xia et al., 1995). It has 

also been shown to be important in cell survival in response to injury in certain 

circumstances. More recent evidence has shown that ERK can also be involved in 

regulation of apoptosis (Murray et al., 1998). 

 

We found no change in the levels of AKT activation in F21 cells treated for 24h with 

MnPrP (figure 5.6). We also found no change in the activation of ERK after 24h 

treatment with MnPrP (figure 5.7). However after 48h we found a significant 



- 110 - 

 

increase in activation (figure 5.7). This may be due to the small surviving population 

being protected by ERK up-regulation. 
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Figure 5.6: Expression of pAKT by F21 cells treated with MnPrP. A: F21 cells were treated 

with varying concentrations of MnPrP for 24h. Cellular protein was then extracted using RIPA 

buffer and separated on a 12% SDS-PAGE gel. AKT phosphorylation was assessed by Western 

blotting and normalised to AKT. B: Intensity was assessed using Image J. n=5 
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Figure 5.7: Expression of pERK by F21 cells treated with MnPrP.  A: F21 cells were treated 

with varying concentrations of MnPrP for 24h or 48h . Cellular protein was then extracted 

using RIPA buffer and separated on a 12% SDS-PAGE gel. ERK phosphorylation was assessed 

by Western blotting and normalised to ERK. B: Intensity was assessed using Image J. Blue 

bars: cells were treated for 24h with MnPrP n=7 no points are significant students T-Test. Red 

bars: cells were treated for 48h with MnPrP n=5 both 40 and 80µg/ml are significant p<0.05 

compared to control. 

 

As ERK was activated in response to MnPrP we investigated the expression of 14-3-

3 a possible upstream activator of ERK that is found in high concentrations in the 
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cerebrospinal fluid (CSF) of patients suffering from prion disease (Hsich et al., 

1996). There was no increase in 14-3-3 expression at 24h (figure 5.8) however 

further investigations at a later time point maybe more useful in determining whether 

it regulates ERK in response to MnPrP.  
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Figure 5.8: Expression of 14-3-3 by F21 cells treated with MnPrP. A: Expression of 14-3-3 in 

F21 cells treated with varying concentrations of MnPrP for 24h. Cellular protein was extracted 

using RIPA buffer and separated on a 12% SDS-PAGE gel. 14-3-3 expression was assessed by 

Western blotting and normalised to tubulin. B: Intensity was assessed using Image J n=8  no 

points are significant when compared to control as assessed by students T-Test. 

5.2 SMB cells 

5.2.1 Cell Death Signalling 

 

Having earlier established that MnPrP induced apoptosis in SMB cells (chapter 3) 

we went on to investigate the effects of scrapie infection on SMB cells. Initially we 

investigated cell signalling molecules involved in cell death. In order to confirm that 

there was no evidence of low level apoptosis in the SMB cell line we used DNA 

laddering. We found no evidence of laddering in SMB cells (Figure 5.9b). We also 

investigated whether caspase 3 and 9 were activated in SMB and SMB-PS cells and 

found no evidence of activation in either cell line (figure 5.9a). 
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Figure 5.9: Caspase 3 and 9 cleavage and DNA laddering in SMB and SMB-PS cells. A: SMB 

and SMB-PS cells were plated and left to adhere overnight. Cellular protein was extracted using 

RIPA buffer and proteins separated on an SDS-PAGE gel. Caspase 3 and caspase 9 expression 

and activation were assessed using western blotting. Lane 1: SMB, Lane 2: SMB-PS. B: DNA 

laddering Lane 1: F21 untreated, lane 2: F21 80µg/ml MnPrP, lane 3: SMB cells. 

 

We investigated the levels of caspase 3 and 9 expression in both SMB and SMB-PS 

cells there was no evidence of an increase in either caspase 3 or caspase 9 expression 

in SMB cells when compared to SMB-PS cells (Figure 5.10). 
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Figure 5.10: Caspase 3 and 9 expression in SMB and SMB-PS cells. A & C: SMB cells were 

plated out and left overnight to adhere. Cellular protein was extracted using RIPA buffer and 

proteins were separated on an SDS-PAGE gel. Caspase 3 (A) or caspase 9 (C) expression was 

assessed by western blotting. A: Lane 1: SMB, Lane 2: SMB-PS. B & D: Intensity was 

quantified using Image J and normalised using tubulin intensity n= at least 4 error bars are 

SEM *p>0.05 as tested by students T-test.  
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We also assessed other signalling molecules associated with apoptosis in prion 

disease including p38. p38 phosphorylation was investigated by western blotting and 

no difference was observed between SMB and SMB-PS cells (figure 5.11).  
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Figure 5.11: pp38 expression in SMB and SMB-PS cells. A: SMB cells were plated out and left 

overnight to adhere. Cellular protein was extracted using RIPA buffer and proteins were 

separated on a SDS-PAGE gel. pp38 and p38 expression was assessed using western blotting. A: 

Lane 1: SMB, Lane 2: SMB-PS. B: Intensity was quantified using Image J and normalised using 

p38 intensity N=6 error bars are SEM. p>0.05 as tested by students T-test.  

5.2.2 Endoplasmic reticulum stress 

 

As several reports have indicated that ER stress may have an important role in prion 

disease, we investigated the expression of caspase 12, an ER resident caspase. SMB 

cells had very high caspase 12 expression levels, whilst in cured cells caspase 12 

expression was almost undetectable (figure 5.12). 
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Figure 5.12: Caspase 12 expression in SMB and SMB-PS cells. A: SMB cells were plated out 

and left overnight to adhere. Cellular protein was extracted using RIPA buffer and proteins 

were separated on an SDS-PAGE gel. Caspase 12 and tubulin expression was assessed using 

western blotting (upper band is non-specific binding). A: Lane 1: SMB, Lane 2: SMB-PS. B: 

Intensity was quantified using Image J and normalised tubulin intensity N=9 error bars are 

SEM. p<0.05 as tested by students T-test.  

 

We also investigated the expression of BiP. BiP is a chaperone that has been shown 

to bind to abnormal forms of PrP. Interestingly, there was no evidence of increase in 

expression of BiP in SMB cells (figure 5.13).  
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Figure 5.13: BiP expression in SMB and SMB-PS cells. A: SMB cells were plated out and left 

overnight to adhere. Cellular protein was extracted using RIPA buffer and proteins separated 

on a SDS-PAGE gel. BiP expression was assessed using western blotting. A: Lane 1: SMB, Lane 

2: SMB-PS. B: Intensity was quantified using Image J and normalised to tubulin intensity N=11 

error bars are SEM. p>0.05 as tested by students T-test.  

 

 

 

 

5.2.3 Cell Survival Signalling 

 

In order to identify signalling molecules that might enhance survival in SMB cells, 

we investigated molecules ERK and AKT that have a role in neuronal survival in the 

normal brain.  

 

There was no difference in AKT phosphorylation between SMB and SMB-PS cells 

(figure 5.14 a, b), however ERK phosphorylation was significantly higher in SMB 

cells (figure 5.14 c, d) compared to SMB-PS cells. 
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Figure 5.14: pERK and pAKT expression in SMB and SMB-PS cells. A & C: SMB cells were 

plated out and left overnight to adhere. Cellular protein was extracted using RIPA buffer and 

proteins were separated on a SDS-PAGE gel. pAKT (A) or pERK (C) expression was assessed 

using western blotting. A: Lane 1: SMB, Lane 2: SMB-PS. B: Intensity was quantified using 

Image J and normalised using either AKT (B) or ERK (D) intensity. n=3 error bars are SEM 

*p<0.05 as tested by students T-test.  

 

To investigate whether this up-regulation was functional, ERK phosphorylation was 

blocked using a specific MEK inhibitor PD98059 (Figure 5.15a). MEK is the sole 

upstream activator of ERK. SMB cells treated with the inhibitor showed a significant 

loss in viability when compared to the control, this was not observed in SMB-PS 

cells, suggesting this up-regulation is functional (Figure 5.15b). 
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Figure 5.15: The effect the inhibition of ERK activation on SMB and SMB-PS survival. A: SMB 

and SMB-PS cells were treated for 1h with a specific MEK inhibitor PD98059 and the cellular 

protein was extracted using RIPA buffer. Western blotting was used to determine the 

expression of pERK and ERK. B: SMB and SMB-PS cells were plated in media 199 and left to 

adhere overnight. Cells were then treated with a specific MEK inhibitor PD98059 for 16h 

viability was assessed using an MTS assay. n=3. *p= 0.03 (Students T Test). Error bars SEM. 

(DMSO included as it was used to solubilise the inhibitor)  

 

As unpublished work from our lab has shown that SMB cells have increased 

resistance to certain types of oxidative stress, we postulated that ERK may be 

important in protecting cells from oxidative stress caused by infection, however, 

treatment with PD980959 had no effect on basal levels of ROS in SMB or SMB-PS 

cells (figure 5.16).  
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Figure 5.16: The effect the inhibition of ERK activation on SMB and SMB-PS cellular ROS 

expression. SMB (red) and SMB-PS (green) cells were plated in serum free media and left to 

* 



- 117 - 

 

adhere overnight. Cells were then treated with a specific MEK inhibitor PD98059 and ROS 

were assessed using DCDFDA, a probe that is cleaved and creates a fluorescent signal in 

response to ROS. n=4. No points are significant (Students T Test). Error bars SEM. (DMSO 

included as it was used to solubilise the inhibitor) 

 

In order to investigate the upstream signalling mechanisms that may lead to up-

regulation of ERK, we decided to examine the expression of 14-3-3. 14-3-3 has been 

found in the CSF of patients with CJD and is thought to be early marker of disease 

(Hsich et al., 1996). It is also one of the potential activators of ERK. Previous 

research has shown inhibition of certain homolog’s of 14-3-3 can lead to ERK 

suppression and an increase in activation of apoptotic pathways (Xing et al., 2000). 

Our work, using a pan 14-3-3 antibody has found that 14-3-3 is up-regulated in SMB 

cells, this up-regulation may play a role in ERK activation (figure 5.17).  
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Figure 5.17: Expression of 14-3-3 in SMB cells or SMB-PS cells. A: Cellular protein was 

extracted using RIPA buffer and separated on a 12% SDS-PAGE gel. 14-3-3 expression was 

assessed by Western blotting and normalised to tubulin. B: Intensity was assessed using Image 

J. n=4  p<0.05 as assessed by students T-Test. 

 

As PKA is also a known activator of ERK, we also investigated its ability to regulate 

ERK. SMB cells were treated for 16h with a PKA inhibitor prior to viability analysis 

using a MTS assay. There was a slight but significant increase in viability in SMB 

cells treated with the PKA inhibitor for 24h (figure 5.18). However, there was no 

evidence of inhibition of ERK by western blotting, indicating that PKA is not 

involved in pERK activation but maybe involved in another pathway that is 

responsible for SMB survival (Figure 5.19). 
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Figure 5.18: Effect of PKA inhibition on SMB and SMB-PS survival. SMB (Red) and SMB-PS 

(blue) cells were treated for 24h with varying concentrations of H89 a specific PKA inhibitor, 

cell viability was assessed using an MTS assay. n=4. There was a significant increase in cell 

viability in SMB cells treated with 50µM H89 compared to untreated control, as assessed by 

students T-test p<0.05. 
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Figure 5.19: A: Expression of ERK in SMB and SMB-PS cells treated with a PKA inhibitor. 

Expression of pERK in either SMB cells (top) or SMB-PS cells (bottom) treated with H89 for 

4h. Cellular protein was extracted using RIPA buffer and separated on a 12% SDS-PAGE gel. 

pERK expression was assessed by Western blotting and normalised to ERK. Intensity was 
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assessed using Image J. n=3. No points are significant when compared to control as assessed by 

students T-Test. B: Sample blots 

5.3 Overview of Results 

 

The table below provides an overview of the results, perhaps most striking of all the 

results is the up-regulation of ERK activation in both infected cells and surviving 

F21 cells. It is also clear that the cell death induced by MnPrP is apoptotic and is 

mediated by caspase 3 cleavage. There was no evidence of cell death in SMB cells 

suggesting that the infection carried by SMB cells is not enough to induce apoptosis. 

However earlier work had shown treatment with MnPrP was sufficient to induce 

apoptosis in similar manner to that observed in SMB cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1: A comparative table outlining the changes in expression in signalling molecules as 

assessed by western blotting. The SMB column shows the levels of expression of signalling 

molecules when compared to the cured cell line SMB-PS.  The F21 column shows the expression 

of signalling molecules after treatment for 24h with MnPrP compared to control. 

↓-p53

↑↔p-p38

-↔Caspase 9

Cleaved (16h)↔Caspase 3Cell Death

-↑Caspase 12

↔↔BiP (GRP78)
Endoplasmic

Reticulum

↔↑14-3-3

↔↔AKT

↑ (48h)↑ERKNeuroprotective

F21 Expression

(Compared to untreated control)

SMB Expression

(compared to SMB-PS)

Signalling
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↔↔AKT
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5.4 Discussion 

5.4.1 Cell signalling and MnPrP 
 

Previous studies have shown that prion diseases cause massive neuronal cell death 

(Fairbairn et al., 1994; Giese et al., 1995). In vitro results have demonstrated caspase 

3 cleavage is at least partially responsible for cell death. Studies have shown that 

primary neuronal cells treated with PrP 106-126 underwent massive neuronal 

apoptosis characterised by DNA fragmentation and activation of caspase 3 (Carimalo 

et al., 2005), caspase 3 activation has also been observed in a neuronal cell line 

treated with PrP 106-126 (Corsaro et al., 2003).  

 

Initial investigations have shown that MnPrP is toxic to several cell lines and to 

primary CGNs. In this chapter it was shown, using a variety of methods, that MnPrP 

causes apoptosis in both F21 and SMB cells. Initially DNA laddering was observed 

48h after treatment with MnPrP. As caspase 3 has been shown to be required for 

DNA fragmentation (Janicke et al., 1998) we investigated whether caspase 3 was 

activated in response to MnPrP. We found that caspase 3 was activated at 16h after 

MnPrP treatment in F21 cells and was still visible at 24h. In SMB cells treated with 

MnPrP active caspase 3 was only seen at 16h. Further work in our laboratory has 

confirmed that caspase 3 is involved in cell death in our model as inhibition of 

caspase 3 using a specific caspase 3 inhibitor leads to an increase in cells viability in 

F21 cells treated with MnPrP (Uppington and Brown, 2008). 

 

We further investigated possible upstream signalling pathways that may activate 

caspase 3. p53 is a signalling molecule involved in the regulation of cell cycle (Diller 

et al., 1990). p53 can activate caspase 3 in CGNs (Cregan et al., 1999). p53 has been 

shown to be involved in apoptosis in a variety of neurodegenerative diseases 

including Alzheimer’s (Tamagno et al., 2003a) and Parkinson’s (Martin et al., 2006). 

p53 has been implicated in apoptosis in prion disease (Engelstein et al., 2005). 

However inhibition of the p53 in hamsters infected with prion disease did not reduce 

incubation time, despite reducing caspase 3 expression (Engelstein et al., 2005). This 

implies that p53 mediated caspase 3 is not the sole mechanism of cell death in prion 

disease. PrP
c
 may have a role in p53 regulation, p53 studies indicate that p53-
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dependent caspase 3 activation triggered is by the C1 fragment of PrP
c
 (Paitel et al., 

2004; Sunyach et al., 2007) and this is dependent on PrP
c
 endocytosis (Sunyach and 

Checler, 2005).   

 

In response to cellular stress p53 is up-regulated and its stability is increased. 

However in our model p53 expression significantly decreased suggesting that it is 

not involved in the activation of caspase 3 in our model. As there is evidence that 

p53-dependant caspase 3 activation can be triggered by PrP
c
 upon its endocytosis 

(Sunyach and Checler, 2005). We postulate that in our model PrP
c
 endocytosis is 

inhibited by MnPrP and therefore caspase 3 cannot be activated, via this pathway.  

 

We investigated p38 activation as another possible mechanism for caspase 3 

activation. Previous research using the 106-126 peptide had implicated p38 in 

caspase 3 activation (Thellung et al., 2002). Further work has shown that p38 is 

involved in caspase 3 activation in cells treated with PrP 90-231 (Corsaro et al., 

2006; Villa et al., 2006). In vivo work has shown p38 is activated in the brains of 

hamsters infected with scrapie (Lee et al., 2005). We demonstrated that in our model 

p38 phosphorylation was visible 16h after treatment with MnPrP. As several 

previous studies have shown that PrP peptides mediate p38 phosphorylation leading 

to caspase 3 activation (Corsaro et al., 2006; Corsaro et al., 2003; Thellung et al., 

2002; Villa et al., 2006), we believe that this pathway is at least one of the pathways 

responsible for cell death in our models. In order confirm its role in caspase 3 

activation in our system, further work should be to inhibit p38 and investigate 

whether this reduced caspase 3 activation. Work using a fibrillar fragment of PrP, 

90-231, has shown that inhibition of p38 activation leads to a reduction in apoptosis 

in cells treated with the fragment (Villa et al., 2006), further suggesting that the p38 

pathway may be important in cell death in prion disease. 

 

Studies of the therapeutic use of p38 inhibitors have shown they can reduce 

behavioural deficits in a mouse model of Alzheimer’s disease (Munoz et al., 2007). 

As inhibition of the cell signalling mechanisms leading to cell death could be of use 

therapeutically, the upstream mechanism leading to p38 activation should be 

investigated to find other possible targets for therapeutic inhibition. As there is 

evidence that prion disease causes an increase in markers of oxidative stress in the 
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brain, it could be hypothesised that p38 is activated in response to the increase in 

ROS. Previous work has shown that treatment of neurones with PrP 106-126 leads to 

an increase in ROS and activation of p38 (Pietri et al., 2006). This activation of p38 

is most likely triggered by NO production as this has been demonstrated to trigger 

activation of the p38 pathway in neurones (Moriya et al., 2000). This results in the 

translocation of Bax from the mitochondria leading to apoptosis (Ghatan et al., 

2000). p38 can also be activated by hydrogen peroxide, studies using Aβ have shown 

that Aβ treatment leads to an increase in hydrogen peroxide production and 

activation of p38 (Tamagno et al., 2003b). Alpha synuclein and toxic forms of the 

prion protein have been shown to generate hydrogen peroxide in vitro (Tabner et al., 

2005) suggesting that hydrogen peroxide may play a role in cell death in a variety of 

neurodegenerative diseases. 

5.4.2 Cell signalling and infection. 

 

Initial studies led us to believe that SMB cells carry a low level of prion disease, as 

the lysate from SMB cells is not toxic to either SMB cells or to F21 cells. However, 

we were interested in any modification in signalling that may have allowed cells to 

survive even a low level infection for such a long period of time, as previous 

research has shown changes in apoptotic signalling in cells treated with sub-lethal 

levels of 106-126 (White et al., 2001). Initially we wanted to confirm that there was 

no low level apoptosis in SMB cells. No DNA laddering in was observed in SMB 

cells, we also looked for caspase activation in both SMB and SMB-PS cells and 

found no evidence of activation in either cell line. Finally, as we have shown p38 

activation in F21 cells treated with MnPrP, we investigated p38 activation in SMB 

and SMB-PS cells and found no evidence of activation or up-regulation in either cell 

line. 

 

As SMB cells maybe under stress due to the infection they carry, we investigated the 

expression levels of several un-cleaved caspases in SMB and SMB-PS cells. We 

found no evidence of an increase in expression of caspase 3 and 9. However there 

was a large increase in caspase 12 expression in SMB cells, when compared to 

SMB-PS cells in which caspase 12 was almost undetectable. Interestingly, caspase 

12 is an ER resident caspase, and as SMB cells have a large amount of misfolded 
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protein in the ER it may be an increase in caspase 12 expression in response to this 

accumulation. This is most likely a stress response and not protective to the cells. 

Further work would need to be undertaken to investigate whether the caspase 12 

present in SMB cells is cleaved and if so, what downstream effects, occur including 

whether cleavage of caspase 12 leads to apoptosis. We also investigated whether BiP 

was up-regulated. BiP is an ER chaperone that has been shown to bind to misfolded 

PrP and mediate its degradation (Jin et al., 2000). However, no evidence of up-

regulation could be found in SMB cells. Previous work on ER stress in prion disease 

has been contradictory, as some studies have shown active caspase 12 in N2A cells 

treated with PrP
sc 

(Hetz et al., 2003b), whilst, in vivo studies have shown that ER 

stress has a limited role in prion disease (Unterberger et al., 2006). More recent work 

has investigated the possibility that the ER releases calcium in response to PrP 

leading to mitochondrial mediated cell death (Ferreiro et al., 2008b), as scrapie 

infected cells appear to be under ER stress calcium release should be investigated in 

these cells. 

 

In order to better understand survival pathways that may be activated in chronically 

infected cells we investigated ERK and AKT, two signalling molecules that have 

been shown to play an important role in neuronal survival. Both molecules respond 

to neurotrophins, which normally leads to survival. AKT signals via PI3K. ERK is a 

member of the MAPK family, and its sole upstream activator is MEK. Microarray 

studies have identified PrP
c
 as having a significant relationship with AKT, and 

MAPK signalling pathways (Satoh et al., 2008). There is evidence that AKT 

activation can be modulated by PrP
c
, PrP knockout mice have reduced AKT 

activation and enhanced caspase-3 activation in response to cerebral ischemia (Weise 

et al., 2006). ERK activation is up-regulated in brains of hamsters infected with 

scrapie  (Lee et al., 2005), ERK has also been shown to be involved in the neurotoxic 

response to PrP 106-126 mediated by glial cells (Combs et al., 1999).  

 

Whilst there was no change in AKT activation in infected cells compared to 

uninfected, ERK activation was up-regulated in infected cells. In order to investigate 

this further we inhibited ERK activation in cured and infected cells and examined 

cell viability. Infected cells treated with the MEK inhibitor showed a decrease in cell 

viability, suggesting that ERK up-regulation is important in SMB survival as this 
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was not seen in cured cells. The precise reasons for the protective effect of ERK are 

not clear. ERK has been demonstrated to be important in protection of cells in 

response to oxidative stress  (Han and Holtzman, 2000). As our laboratory has 

shown that SMB cells are more resistant to oxidative stress, we hypothesised that 

ERK activation was protecting against oxidative stress induced by infection, 

however we found no evidence of this. Studies have shown that ERK up-regulation 

can be protective against other neurodegenerative diseases, treatment of neurones 

with Aβ oligomers leads to apoptosis, which can be prevented by Docosahexaenoic 

acid, in part due to an up-regulation of ERK (Florent et al., 2006), this suggests that 

ERK inhibition might be a useful therapeutic tool against prion toxicity. 

 

We also investigated whether ERK was activated in F21 cells treated with MnPrP 

but did not see any increase in ERK activation in cells treated for 24h with MnPrP. 

Work using tissue from scrapie infected brains has previously shown a down-

regulation of ERK pathway genes (Sorensen et al., 2008), however after MnPrP 

treatment 48h we saw an increase in ERK activation. We hypothesise that, as we 

have shown there is little further cell death after 48h, the remaining cells may up-

regulate ERK as a protective mechanism allowing the cells to survive and that this 

mechanism is similar to the mechanism in SMB cells.  

 

We finally investigated possible upstream activators of ERK. We investigated 14-3-

3, which has been shown to be involved in the regulation of a wide variety of 

proteins including ERK (Xing et al., 2000) and Bad (Datta et al., 2000). We found 

that 14-3-3 expression was increased in infected cells and therefore may be one of 

the upstream proteins involved ERK regulation. 14-3-3 has been hypothesised to 

prevent apoptosis by a variety of mechanisms including by binding Raf leading to 

activation of ERK and this is postulated to protect cells. 14-3-3 has been found in the 

CSF of CJD patients (Hsich et al., 1996) although why it is there remains unclear. It 

may be due to up-regulation of a variety of signalling mechanisms as 14-3-3 

involved in many signalling responses.  

 

Overall our findings have demonstrated that cell death in MnPrP is due to apoptosis, 

and that this is at least partially caspase 3 mediated, probably in response to p38 

activation. We have also demonstrated that there is no evidence of apoptosis in cells 
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infected with scrapie and that these cells have developed a signalling mechanism 

involving ERK, which allows them to survive the infection. This up-regulation of 

ERK activation is also observed in cells that survive MnPrP treatment, suggesting 

that modulating expression of certain survival signalling pathways could be useful 

therapeutically. Much more still need to be done to elucidate the pathways involved 

in the cell death signalling that occurs when cells are treated with MnPrP and the 

pathways that regulate SMB survival. Elucidation of the upstream pathways may 

give us a better understanding of the precise causes of neuronal cell death in prion 

disease and other neurodegenerative diseases. 

 

Further work should look at possible upstream targets of ERK, this could provide a 

therapeutic target. Work has suggested that microglial cells treated with PrP 106-126 

up-regulate ERK via PKC which is activated in response to calcium, although in 

contrast to our study ERK is not protective but results in the production of 

neurotoxic signalling molecules (Combs et al., 1999). However PKC activation 

should be investigated in our model. Work investigating whether MnPrP can activate 

glial signalling may also give us a better understanding of toxicity of the MnPrP. 

Further work should also investigate ERK expression in vivo, as previous work has 

shown it is up-regulated in hamsters infected with scrapie (Lee et al., 2005), however 

the role of ERK over-expression has not been elucidated, investigations using 

transgenic mice over-expressing ERK could determine the role of ERK in prion 

diseases. 

 

As well as investigating protective signalling mechanisms elucidation of the 

pathway(s) involved in MnPrP cell death could provide therapeutic targets. As 

oxidative stress has been implicated in cell death in prion disease further 

investigation into the whether MnPrP treatment results in free radical production 

could provide a clue to the upstream pathways involved in apoptosis. Investigations 

have shown that PrP 106-126 triggers reactive oxygen species overflow in cells 

leading to up-regulation of both ERK and JNK resulting in apoptosis (Pietri et al., 

2006). 



- 126 - 

 

6. Rescuing cells from MnPrP induced cell death 
 

Although there has been intensive study of prion diseases no suitable therapies have 

been developed that are able to slow or halt disease progression. Having established 

a model of toxicity using MnPrP our aim in this chapter was to find a method of 

preventing the toxicity of MnPrP. 

 

PrP
c
 has been shown to have superoxide dismutase activity, leading to the belief that 

it may be involved in preventing oxidative stress in the brain. Mice lacking the PrP 

protein have been shown to express higher levels of oxidative stress markers (Wong 

et al., 2001c). In the disease state, the brains of scrapie infected mice also exhibit 

oxidative stress even before clinical symptoms develop (Yun et al., 2006). Therefore 

reducing oxidative stress may prevent cell death in prion disease.  

 

The level of PrP
c
 in the cell has also been shown to effect the incubation time of the 

disease (Manson et al., 1994; Prusiner et al., 1993). PrP
c
 is also up-regulated in 

disease (Voigtlander et al., 2001) suggesting that PrP
sc 

may have some effect on the 

promoter. Therefore down regulating PrP may decrease toxicity. In this regard 

regulating the prion promoter activity may be of benefit. 

 

The prion protein is encoded by the prnp gene which has been well characterised in 

several species. In mice it consists of three exons and two introns, with the third 

exon encompassing the entire open reading frame (Westaway et al., 1994). All the 

prion promoters studied so far lack a TATA box. However various binding sites 

have been found that enhance and inhibit promoter activity. These include Sp-1 

binding sites and AP-1 and AP-2 binding sites, which can inhibit and enhance 

promoter activity depending on which transcription factors bind to them (Saeki et al., 

1996b). Heat shock elements have been found in the rat promoter (Shyu et al., 2002), 

and heat shock proteins have been shown up-regulate prion protein expression in 

humans cells (Shyu et al., 2000), there is also an increase in expression of heat shock 

proteins in disease (Tortosa et al., 2007).  
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Whilst mammals are susceptible to prion diseases there is no evidence of these 

diseases in species such as reptiles and birds, although prion protein analogues are 

found in both species. There is much less conservation of the prion protein sequence 

between mammals and non-mammalian species. A notable example of the large 

differences in prion protein structure is the prion protein analogue found in Xenopus. 

This protein is missing the octarepeat region (Calzolai et al., 2005) involved in 

binding metals. If non-mammalian PrP retains the function of mammalian PrP and 

cannot be converted to PrP
sc

 it may provide protection from PrP toxicity. 

 

This part of our study aims to further understand the mechanisms that lead to cell 

death in the model we have developed, and used a variety of methods to try and 

prevent cell the cell death observed. Initially we investigated whether MnPrP 

increased the levels of reactive oxygen species in system, and found that there was a 

significant increase in levels when cells were treated with MnPrP, however 

prevention of the increase in ROS using antioxidants was not enough to prevent cell 

death suggesting that this may not be the main cause of cell death in our system. 

 

We went on to investigate whether over expression of Xenopus or turtle PrP was 

able to prevent cell death induced by MnPrP. Prion disease does not occur naturally 

in these species, leading us to hypothesise the prion protein in these species may be 

resistant to conversion. However over expression of Xenopus PrP was unable to 

protect cells from MnPrP induced cell death, and turtle PrP was only able to slightly 

reduce the levels of cell death caused by MnPrP, suggesting that cell death signalling 

is able to take place regardless of the species of PrP being expressed by the cell. 

 

The prion promoter can be modulated by a variety of factors including neuronal 

growth factor (Zawlik et al., 2006) and copper (Varela-Nallar et al., 2006), we 

wanted to investigate whether PrP could modulate the prion promoter. We found that 

apoPrP, but not MnPrP could modulate the prion promoter. 
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6.1 Generation of Reactive Oxygen Species. 

 

F21 cells were treated with MnPrP or apoPrP and reactive oxygen species were 

assessed using a fluorescent probe. The probe, CM-H2DCFDA, is a cell permeable 

probe. However once oxidised to it fluoresces and is no longer cell permeable so 

remains inside the cell. It can be oxidised by hydrogen peroxide, organic 

hyroperoxides, nitric oxide and peroxynitrite. Cells were treated for 4h prior to the 

addition of the probe. Fluorescence was measured at time 0, 1 and 2h after the 

addition of the probe. The MnPrP treated wells had significantly higher levels of 

ROS when compared to apoPrP (figure 6.1).  

 

Figure 6.1: Cellular ROS production by F21 cells treated with MnPrP.  F21 cells were treated 

for 4h with varying concentrations of MnPrP (red line), apoPrP (green line) or a manganese 

control (yellow line). After 4h the media was removed and replaced with the fluorescent probe 

DCDFDA. Cell fluorescence was then assessed. Error bars are SEM and each point represents 

at least 6 repeats. Significance was assessed using a one way ANOVA p<0.01. 

 

As MnPrP was removed when the probe was added we wanted to investigate 

whether adding both the probe and the MnPrP the same time would make any 

difference to the levels of ROS produced. F21 cells were treated with the probe and 

MnPrP at the same time, this time the cells were not pre-incubated but ROS 

production was immediately assessed and then assessed again after 2h. An increase 

in cell ROS production was still observed in cells treated in this manner (data not 

shown). 
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The increase in ROS observed in F21 cells treated with MnPrP was also observed in 

SMB cells treated with MnPrP (figure 6.2), although this required higher 

concentrations of MnPrP than in the F21 cells. This may be due to the fact that SMB 

cells cannot be plated as densely however it may be due to SMBs producing less 

ROS in response to MnPrP. 
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Figure 6.2: Cellular ROS production by SMB cells treated with MnPrP. SMB cells were treated 

for 4h with varying concentrations of MnPrP (red line), apoPrP (blue line). After 4h the media 

was removed and replaced with the fluorescent probe DCDFDA. Cell fluorescence was then 

assessed. Error bars are SEM and each point represents at least 6 repeats. Significance was 

assessed using a one way ANOVA p<0.01. 

 

We went on to investigate whether antioxidants could reduce the levels of ROS 

induced by MnPrP. We first investigated All-Trans-Retinoic-Acid (ATRA), this is a 

powerful antioxidant, which has previously been shown to reduce PrP expression 

(Rybner et al., 2002).  

 

Initial experiments showed that ATRA was able to significantly reduce the levels of 

ROS generated by treatment with MnPrP (figure 6.3). However further work 

revealed that ATRA was toxic at levels high enough to significantly reduce ROS 

expression in MnPrP treated cells, making this an unsuitable antioxidant to use in 

these experiments. We went on to investigate whether low levels of ATRA could 

protect, possibly by another mechanism. F21 cells were treated for 24h with varying 

concentrations of MnPrP and either 0.5µM or 1µM ATRA and viability was assessed 
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by MTS assay (figure 6.4). No difference was observed in survival suggesting that 

ATRA is not able to save cells from MnPrP induced apoptosis. 
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Figure 6.3: The effect of ATRA on cellular ROS expression by F21 cells.  F21 cells were treated 

for 4h with varying concentrations of ATRA and MnPrP. After 4h the media was removed and 

replaced with the fluorescent probe DCDFDA. Cell fluorescence was then assessed at time 0 

(red line) and after 2h (green line). Error bars are SEM and each point represents at least 3 

repeats. 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Survival of F21 cells treated with MnPrP and ATRA. F21 cells were treated for 24h 

with varying concentrations of MnPrP alone (red) MnPrP and 0.5µM ATRA (yellow) or MnPrP 

and 1µM ATRA (green). Cell viability was assessed by MTS assay. Error bars are SEM and 

each point represents at least 3 repeats. 

 

We used the antioxidants vitamin C (ascorbic acid) and E (α-tocopherol) in order to 

further investigate whether antioxidants could be useful in rescuing cells treated with 
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MnPrP. We initially investigated whether either antioxidant was able to reduce basal 

levels of F21 ROS production. Cells were treated with either 40mM ascorbic acid or 

10µM tocopherol and the probe. ROS production was measured after addition of the 

probe and then at 1 and 2h (figure 6.5). 

 

Figure 6.5: The effect of ascorbic acid and α-tocopherol on cellular ROS expression by F21 cells. 

F21 cells were either untreated (red) or treated with ascorbic acid (green) tocopherol (yellow) 

and treated with the fluorescent probe DCDFDA. Cell fluorescence was then assessed at time 0 

after 1h and after 2h. Error bars are SEM and each point represents at least 3 repeats. 

Significance was assessed using a Student’s T-Test p<0.05. 

 

Tocopherol was able to significantly reduce basal levels of ROS production when 

compared to the control. Ascorbic acid was less effective and was only able to 

significantly reduce ROS production at 1h. 

 

We then investigated the ability of both ascorbic acid and tocopherol to reduce the 

levels of ROS produced by MnPrP treatment. Cells were either pretreated with the 

antioxidants for 4h and then the probe and MnPrP were added or cells were treated 

with probe, antioxidant and MnPrP at the same time. Both ascorbic acid and 

tocopherol were able to significantly reduce the level of ROS produced by MnPrP 

treated cells. The reduction greater if the cells were not pretreated, but added with 

the MnPrP (figure 6.6). We ensured the levels of both antioxidants did not affect cell 

viability after 24h of treatment (figure 6.7). 
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Figure 6.6: Effect of ascorbic acid and tocopherol on ROS production by F21 cells treated with 

MnPrP. A: F21 cells were pretreated with either ascorbic acid (green) or tocopherol (yellow) or 

untreated (red). Cells were incubated for 4h prior to the addition of the probe and 40µg/ml 

MnPrP. Fluorescence was then assessed. B: F21 cells were treated with either ascorbic acid 

(green) or tocopherol (yellow) or untreated (red), prior to the addition of the probe and 40µg/ml 

MnPrP. Fluorescence was then assessed. Error bars are SEM and each bar represents at least 3 

repeats. Significance was assessed using a Student’s T-Test *<0.05. 
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Figure 6.7: Effect of ascorbic acid and tocopherol on F21 cell survival. F21 cells were treated for 

24h with either 40mM ascorbic acid or 10µM tocopherol for 24h and viability was assessed 

using an MTS assay. Error bars are SEM n=3. There was no significant difference between the 

control and either ascorbic acid or α-tocopherol as assessed by students T-test. 

 

F21 cells were treated with both MnPrP and the antioxidants and cells were 

incubated for 24h. Cell viability was assessed using an MTS assay. No difference 

was seen in viability whether cells had been treated with the antioxidant or not 

(figure 6.8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Effect of ascorbic acid and tocopherol on MnPrP treated F21 cell survival. F21 cells 

were treated with either MnPrP alone (red), ascorbic acid and MnPrP (green) or tocopherol 

and MnPrP (yellow) for 24h. Viability was assessed using a MTS assay, no points were 

significant as assessed by Students T-test. 
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We hypothesised that the antioxidants used might not survive for long periods of 

time at 37
o
C and so we investigated whether there was any difference in viability of 

cells treated with antioxidants and MnPrP for a shorter time period of 8h (figure 6.9). 

There was no difference in viability, indicating that despite being able to 

significantly reduce the levels of ROS produced by cells treated with MnPrP 

antioxidants are not sufficient to reduce MnPrP toxicity. 
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Figure 6.9: Effect of ascorbic acid and tocopherol on MnPrP treated F21 cell survival. F21 cells 

were treated with either MnPrP alone (red), ascorbic acid and MnPrP (green) or tocopherol 

and MnPrP (yellow) for 8h. Viability was assessed using a MTS assay, no points were significant 

as assessed by Students T-test. 

6.2 The Prion Promoter 

 

Cellular PrP expression is required for disease pathogenesis and the level of PrP
c
 

expression has been shown effect disease incubation (Manson et al., 1994; Prusiner 

et al., 1993). Therefore the modulation of expression of PrP by the promoter may 

alter disease progression. 

 

F14 cells, lacking PrP
c
 expression, were transiently transfected with either the full-

length mouse promoter which had been tagged with GFP or with a GFP tagged 

CMV promoter both were in the pd2-EGFP vector and had been created as 

previously described (Haigh et al., 2007). The CMV (Cytomegalovirus) promoter is 

constitutively expressed and acts as a control (figure 6.10). 
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Figure 6.10: F14 cells transfected with the mouse PrP promoter or CMV promoter. Cells were 

transiently transfected with A: A WT mouse prion promoter tagged with GFP B: A CMV 

promoter tagged with GFP. Expression was assessed using confocal microscopy. 

 

Previous work has shown that GFP expression was up-regulated by DMSO in F14 

cells expressing the full length promoter suggesting DMSO was able to modulate the 

promoter. In order ensure that the promoter could be modulated transfected cells 

were treated for 1h with 1% DMSO and there was a visible increase in GFP 

expression (figure 6.11). 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: The effect of DMSO on promoter expression. Incubation of WT and CMV cells 

with 1% DMSO for 1h. Images were captured using a confocal microscope at 63x 

magnification.  

 

To investigate the ability of MnPrP and apoPrP to modulate the expression of the 

promoter we treated cells for 4h with 80 µg/ml PrP or with a manganese control and 

GFP intensity was assessed. Interestingly the apoPrP was able to significantly down-

regulate PrP promoter expression, whilst MnPrP had lost this ability (figure 6.12). 

Therefore the binding of manganese to the prion protein inhibits its ability to 
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WT cells after 1hr incubation with 1% DMSO

CMV cells after 1hr incubation with 1% 
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regulate the promoter. There was no difference in intensity in CMV promoter 

expression with any treatment. 

 

Figure 6.12: The effect of MnPrP on promoter expression. Cells were transfected with WT 

promoter and treated for 4h with either apoPrP, MnPrP or a Manganese control. Cellular GFP 

intensity was assessed using Zeiss LSM software. Each bar represents at least 25 cells. Error 

bars are SEM. Significant points were assessed using students T-test *p<0.05. 

6.3 Non Mammalian Prion Proteins 

 

The prion protein is highly conserved between mammals; however PrP analogues 

found in non-mammalian species are less well conserved. Evolutionary speaking 

Xenopus PrP is one of the most distant prion proteins to be fully characterised and is 

completely missing the octarepeat region (Calzolai et al., 2005) (figure 6.13). We 

wanted investigate if Xenopus prion protein could protect cells from MnPrP toxicity 

as prion expression has been shown to be required for toxicity. We hypothesised as 

Xenopus do not naturally develop prion disease the PrP they express may not be 

susceptible to conversion and therefore could protect against prion toxicity. Cells 

were stably transfected with either GFP tagged mouse PrP or GFP tagged Xenopus 

PrP. Expression was checked visually prior to any experiment. Previous work using 

confocal microscopy had shown that constructs were expressed at the cell surface, as 

would be expected (figure 6.13), In order to express turtle and Xenopus in a 

mammalian cells parts of the mouse PrP sequence were used, meaning the protein 

was correctly processed to the cell surface. The mouse construct contained the GFP 

sequence inserted at amino acid 42, the full mouse sequence is included in it. The 

Xenopus and turtle constructs contained the mouse sequence from amino acid 1 to 
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42, then the GFP and then the turtle or Xenopus sequence, the mouse sequence was 

also included at the C-terminus end of the protein from amino acid 231, again to 

allow correct processing of the protein. The construct was inserted into pEGFP-C1 

vector (figure 6.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Expression of non-mammalian prion proteins. A: Confocal microscopy of F14 cells 

transfected with mouse, turtle or Xenopus PrP tagged with GFP (Pictures kindly donated by Dr 

Cathryn Haigh). B: A schematic diagram of Xenopus mouse and turtle PrP. C: A schematic 

diagram showing the GFP construct used, mouse regions were used to ensure the protein was 

correctly expressed. 

 

Cells were plated and treated for 24h with varying concentrations of PrP and cell 

viability was assessed using an MTS assay. There was no difference in the viability 
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of cells transfected with Xenopus PrP or mouse PrP suggesting that Xenopus PrP is 

not able to protect cells from MnPrP induced toxicity (figure 6.14). 
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Figure 6.14: Effect of Xenopus PrP expression on cell survival in response to MnPrP. Cells were 

transfected with a GFP tagged mouse PrP construct (red) or a GFP tagged Xenopus PrP 

construct (green). Transfected cells were then treated for 24h with varying concentrations of 

MnPrP. Viability was assessed by MTS assay. Error bars are SEM, n=9. No points were 

significant as assessed by students T-Test.  

 

We also investigated the ability of the expression of turtle PrP to protect the cells 

from MnPrP toxicity. Turtles do not develop prion disease naturally like Xenopus, 

but unlike Xenopus they retain a repeat region although it is a hexarepeat rather than 

an octarepeat. F14 cells were transfected with either a GFP tagged mouse PrP 

construct or a GFP tagged turtle PrP construct, which was expressed at the cell 

surface (figure 3.13). Cells were then treated for 24h with MnPrP for 24h. 

Interestingly cells expressing turtle PrP showed a slight but significant increase in 

cell viability when compared to cells expressing mouse PrP suggesting that turtle 

PrP may be able to protect cells from MnPrP toxicity (figure 3.15). 
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Figure 6.15: Effect of turtle PrP expression on cell survival in response to MnPrP. Cells were 

transfected with a GFP tagged mouse PrP construct (red) or a GFP tagged turtle PrP construct 

(green). Transfected cells were then treated for 24h with varying concentrations of MnPrP. 

Viability was assessed by MTS assay. Error bars are SEM, n=3. *<0.05 as assessed by students 

T-Test.  
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6.4 Discussion 

 

A large body of work has suggested a link between prion disease and oxidative 

stress. In the normal state the prion protein has been demonstrated to be important in 

preventing oxidative stress (Brown et al., 1997b; Watt et al., 2007; Wong et al., 

2001c). In the disease state there is evidence of markers of oxidative damage 

(Freixes et al., 2006; Guentchev et al., 2000; Yun et al., 2006), although it is not 

clear whether this is due to the loss of the normal prion protein or the disease 

process.  

 

Our study has revealed that MnPrP increases the amount of ROS produced by F21 

cells whilst apoPrP does not increase ROS production. Previous studies using other 

models of prion toxicity, have also shown an increase in oxidative stress. Cells 

treated with toxic levels of PrP 106-126 have increased heme-oxygenase (HO-1) 

expression, a marker of oxidative stress (Rizzardini et al., 1997). Microglial cells 

have been shown to release nitric oxide in response to PrP 90-231 (Thellung et al., 

2007). As in our model studies have suggested the importance of metals in the 

generation of ROS by the prion protein. A C-terminal fragment of PrP containing 

several known disease related mutations was found to generate hydrogen peroxide in 

the presence of iron and this was hypothesised to result in enhanced toxicity of the 

protein (Turnbull et al., 2003b).  

 

We hypothesise that MnPrP, like PrP
sc

, is able to induce oxidative-stress and this 

requires the presence of metals. In order to inhibit the production of ROS by cells 

treated with MnPrP we treated the cells with the antioxidants tocopherol or ascorbic 

acid. Tocopherol has been shown to protect neural tissue form damage by oxidative 

stress in vitro. Studies showed that rat neurons subjected to hypoxia could be saved 

by tocopherol treatment (Tagami et al., 1998). Ascorbic acid has been shown to 

reduce neuronal apoptosis observed in the developing brains of rats exposed to 

arsenic, which causes oxidative stress (Tagami et al., 1998). However there has been 

little research into specific antioxidant therapies in CJD, although α--tocopherol has 

also been shown to reduce the toxicity of PrP 106-126 in cerebellar cultures (Brown 

et al., 1996) and a single case of treatment with antioxidants has been reported, with 
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an increase in life expectancy (Drisko, 2002). There has been much more research 

into the use of antioxidants in Alzheimer’s disease as a possible therapy, although α-

-tocopherol, has been shown to be fairly ineffective (Boothby and Doering, 2005). 

  

In our model whilst antioxidant treatment was able to reduce the levels of ROS 

produced by MnPrP, this did not rescue the cells from MnPrP induced apoptosis. 

This may be due to the fact that we did not use high enough concentrations of 

antioxidants. Previous studies using tocopherol to inhibit prion induced cell death 

have used much higher concentrations (Brown et al., 1996). However in our system 

concentrations higher than used resulted in an increased in cellular proliferation so 

could not be used in conjunction with the cellular proliferation assay used to assess 

cell death. As the levels used resulted in a significant reduction in ROS levels it 

could be suggested that ROS may not be the major component in cell death in our 

system. However in vivo oxidative stress may be relevant especially as prion 

diseases are more prevalent in the elderly who are more susceptible to oxidative 

stress (Urano et al., 1998). 

 

One of the limitations of the work is the use of a general probe for ROS rather than 

using more specific probes. Further investigation of the reactive oxygen species 

produced when cells are treated with MnPrP may provide more insight whether there 

is a specific reactive oxygen species produced, and allow us to elucidate the 

signalling pathway that leads to it production. Previous studies have highlighted 

some pathways that maybe involved in ROS production in prion disease. The 106-

126 peptide can increase ROS production in a neuronal cell line and it is suggested 

this is due to an interaction with PrP
c
 on the cell surface involving the signalling 

molecule fyn-kinase, a molecule widely thought to be involved in PrP
c
 signalling, 

and this ROS production could be reduced using a fyn-kinase inhibitor (Pietri et al., 

2006). Other studies have suggested other pathways that maybe involved in ROS 

production in prion disease, treatment with 106-126 has been shown to increase 

cystolic Ca
2+

 levels leading to an increase in the production of ROS which could be 

reduced by preventing Ca
2+

 release from the ER (Ferreiro et al., 2008b; Ferreiro et 

al., 2006). Future work should concentrate on investigating the types of ROS 

produced in our model and the signalling mechanisms involved, this would provide a 

better understanding of the role of ROS in our model. 
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The increase in ROS observed in F21 cells treated with MnPrP was also observed in 

SMB cells treated with MnPrP. This is perhaps unsurprising as MnPrP is also toxic 

to SMB cells.  However the dose of MnPrP required to induce ROS production was 

higher than in the F21 cells. This may be due to the fact that SMB cells cannot be 

plated as densely. This would need to be investigated, either by ensuring that 

identical numbers of cells were plated or using a different method such as flow 

cytometry which can count individual cells. If the difference is not due to a disparity 

in plating, the differences observed could also be due to changes in the signalling 

pathways involved in ROS induction. These signalling pathways may not being 

activated in response to low levels MnPrP in SMB cells as readily as F21 cells. This 

could be protective response developed by SMB cells to resist PrP
sc

 toxicity. Initial 

observations in our laboratory have shown that SMB cells are more resistant 

oxidative stress than SMB-PS cells. Further work could investigate whether SMB 

and SMB-PS cells require different concentrations of MnPrP to induce ROS 

production.  

 

Prion expression has been shown to be important in disease pathogenesis. Down-

regulation of PrP expression via the prion promoter may be able to increase or 

decrease cell death observed. The promoter can be modulated by several factors, 

including copper. From a therapeutic point of view perhaps the most interesting 

factor is all-Trans retinoic acid (ATRA). ATRA is a vitamin A derivative already 

used in the treatment of promyelocytic leukaemia. It has been shown to down-

regulate PrP expression although the mechanisms by which it does this are unclear 

but could involve the transcription factor AP-2 (Rybner et al., 2002). AP-2 has been 

suggested to exert an effect on the prnp gene (Cabral et al., 2002).  

 

As previous studies had shown that PrP expression was up-regulated in prion disease 

(Voigtlander et al., 2001) we initially hypothesised that PrP
sc

 might be up-regulating 

the expression of PrP by acting on its own promoter. In order to test this in our 

model we investigated whether MnPrP could up-regulate the PrP promoter leading to 

an over-expression of PrP
c
.  

 

In vivo if PrP
sc

 was able to regulate its own promoter, thereby increasing prion 

protein expression, this would lead to a decrease in incubation time, as over-
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expression of PrP in mice has been shown to lead to a shorter incubation time 

(Bueler et al., 1993; Manson et al., 1994). We found that MnPrP showed a tendency 

to increase promoter activity, although this was not significant. ApoPrP was able to 

down-regulate PrP expression. The ability of PrP to regulate its own promoter would 

be extremely important in PrP toxicity and in vivo in disease progression. We 

hypothesise that the down-regulation observed when cells are treated with apoPrP, 

would lead to a decrease in PrP expression and a correspondent decrease in the 

toxicity, as PrP expression is required for PrP toxicity (Novitskaya et al., 2006). 

Conversely the tendency of MnPrP to up-regulate PrP promoter activity would result 

in an increase in PrP expression and a resulting increase in toxicity. ApoPrP may be 

able to regulate the prion promoter as once in the media it may bind copper giving a 

structure like PrP
c
, it may then be able to modulate signalling leading to a decrease 

in PrP expression. This self-regulation of PrP keeps the cellular level of PrP low. 

The up-regulation of the promoter by MnPrP may be one of the causes of MnPrP 

toxicity. In order to investigate whether MnPrP does up-regulate PrP expression and 

if apoPrP can down-regulate PrP expression levels of PrP expression should be 

assessed at the protein level using Western blotting. This would allow us to confirm 

that the increase or decrease in promoter activity was functional rather than an 

artefact. This would then allow us to investigate how PrP is able to regulate its own 

promoter. PrP may interact directly with promoter and the change in response may 

be due to the change in protein structure and is ability to directly interact with the 

promoter. If PrP is not able to enter the nucleus and interact directly with the prion 

promoter change in expression may come either from apoPrP interacting directly 

with a cell surface receptor or PrP
c
 on the cell surface or indirect activation of 

signalling pathways.  The prion promoter has been shown to associate with several 

cellular proteins including laminin (Gauczynski et al., 2001) and fyn kinase (Pietri et 

al., 2006), however there is no evidence that PrP binding to receptors can result in a 

change in promoter activity.  

 

As oxidative stress has been shown to be regulate the prion promoter (Shyu et al., 

2004), it maybe the increase in ROS produced by MnPrP that leads to the up-

regulation of the PrP promoter. Studies have also shown that the signalling molecule 

MEK is able to activate the PrP promoter in response to neuronal growth factor 
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(NGF) (Zawlik et al., 2006). As MEK is activated by MnPrP (via ERK) in our 

system this may be the reason for the increase in promoter activation observed.   

 

There has been extensive work investigating the species barrier that generally 

prevents the spread of prion disease between different species. Studies have 

demonstrated that inoculation of mice with hamster scrapie generally does not result 

in disease, unless the mice express HaPrP (hamster PrP) (Prusiner et al., 1990; Scott 

et al., 1989). Further work demonstrated that mice expressing HaPrP specifically in 

astrocytes were susceptible to prion disease. However expression of mouse PrP 

prevented this susceptibility (Raeber et al., 1997). This suggests that expression of 

PrP may have an inhibitory effect on the conversion of PrP from other species. 

Although there are notable exceptions to this barrier, including the proposed spread 

of BSE into the human population as vCJD (Bruce et al., 1997). We hypothesised 

that by expressing non-mammalian prion proteins we could prevent the toxicity of 

MnPrP. We choose to use non-mammalian prion proteins as they show little 

sequence homology to mouse PrP, although they do retain a surprisingly similar 

secondary structure (Ahn and Son, 2007; Calzolai et al., 2005). Xenopus PrP does 

not have the octarepeat region found in most prion proteins (Calzolai et al., 2005) 

and unpublished data from our laboratory has shown that it does not bind metals. A 

chimera of Xenopus and mouse PrP expressed in cells has shown that the N-terminal 

region of Xenopus, despite missing the octarepeat region, is able to direct subcellular 

trafficking
 
of the prion protein properly suggesting that the N-terminus is required as 

targeting signal for subcellular trafficking (Nunziante et al., 2003). This also 

suggests that Xenopus/mouse chimera can be successfully expressed in mammalian 

cells, this confirms our observations that the chimera appeared to be properly 

expressed at the cell surface. Turtle PrP is closer in primary structure to mouse PrP, 

still retaining some of the metal binding motifs (Calzolai et al., 2005). Neither turtle 

PrP nor Xenopus PrP expression was able to completely save cells from MnPrP 

induced cell death, although turtle PrP expression did give a slight protective effect.  

 

In order for the turtle and Xenopus prion protein to be properly processed and 

expressed in mammalian cells the regions involved in the processing of the protein 

however these signalling regions should be cleaved during processing and are 

unlikely to have impact on the ability of the protein to protect the F14 cells from 
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MnPrP toxicity. However a small part of the N-terminus of mouse PrP would still be 

present in the protein after processing and the effect of this on toxicity should be 

investigated. 

 

Previous work using recombinant protein has demonstrated that a human PrP
res

 seed 

is unable to convert recombinant mouse PrP to PrP
res

 in vitro suggesting that the 

species barrier still exists between recombinant proteins (Baskakov, 2004). This led 

us to the conclusion that the non-mammalian proteins expressed by the cells must 

still have the regions required for toxicity, this is perhaps unsurprising given that 

certain regions have been shown to retain structural motifs that may be important in 

function. Recent work has suggested that the octarepeat region may be important for 

conversion (Sakudo et al., 2008), however in our system, expressing Xenopus PrP 

which does not have the octarepeat region we observed no reduction in prion toxicity 

suggesting it is not required for prion toxicity. This is also confirmed by work using 

construct such as the mini-prion which do not contain the octarepeat region but are 

still toxic to cells (Bonetto et al., 2002).  

 

Further investigation of the ability of turtle PrP to protect against MnPrP toxicity is 

required, including investigating the effect of the mouse regions in the protein on the 

ability to protect against toxicity. In order to elucidate whether turtle PrP is able to 

protect against infection as well as toxicity attempts to infect permissible cell lines 

expressing turtle PrP should be undertaken. The ability of other non-mammalian 

prion proteins, such as avian prion proteins, to protect against MnPrP toxicity should 

also be investigated. 
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7. General Discussion 

7.1 Models of Prion Toxicity 

 

Prion diseases have been studied extensively and multiple models of prion toxicity 

have been developed. Mouse models have been used to establish the requirement of 

PrP
c
 expression for both infectivity and toxicity (Brandner et al., 1996; Bueler et al., 

1993; Bueler et al., 1994). Several different animal models have also highlighted the 

role of neuronal apoptosis in the pathogenesis of prion disease (Fairbairn et al., 1994; 

Giese et al., 1995). Work using mouse models has revealed deletion of certain 

regions of the prion protein can result in neurodegeneration in mice suggesting these 

regions of the protein interact to prevent exposure of highly toxic domains. For 

example deletion of amino acids 105-125 of the prion protein has been shown to 

cause neonatal lethality in mice (Li et al., 2007b). A prion protein expressed in the 

cytosol is also toxic mice (Norstrom et al., 2007). Mouse models provide an accurate 

model of prion disease, although some, such as the deletion mutants, do not 

necessarily mimic a situation that would occur naturally in disease but highlight 

regions important for prion protein stability.  

 

Perhaps the most widely used models of PrP toxicity are cells (either primary or cell 

lines) treated with either peptides or recombinant PrP. These models provide 

information on the regions of PrP required for toxicity as well as the mechanism of 

toxicity. Unlike mouse models they provide a low cost, high throughput model. 

However the biological relevance of some of the peptides and PrP fragments has 

been called into question. The most widely used peptide is the 106-126 peptide. This 

peptide has many of the properties of the prion protein (Forloni et al., 1993) and has 

been widely used to investigate the mechanism of toxicity of the prion protein 

(Corsaro et al., 2003; Dupiereux et al., 2006; Ettaiche et al., 2000; Pietri et al., 2006). 

However it is not a fragment of the prion protein that has been found in vivo and as 

such it cannot replicate the situation in vivo. Several other peptides have been found 

that replicate some properties of the prion peptide. A peptide spanning the putative 

transmembrane region of the prion protein (amino acids 118-135) has been shown to 

be toxic to neuronal cells although this was not dependant on cellular PrP 
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expression, so it does not replicate the in vivo situation (Chabry et al., 2003). A 

peptide that corresponds to a fragment of the prion protein found in the brains of 

patients of GSS, the fragment has been shown to be toxic to primary cortical neurons 

and toxicity is dependent on cellular PrP expression (Fioriti et al., 2007). Whilst 

peptides can be used as model of prion disease, they cannot replicate the differing 

fragments of PrP found in vivo and in the disease, and as such represent a limited 

model of toxicity. 

 

Many studies have used recombinant protein to investigate the toxicity of the prion 

protein, however conversion of the protein is often uses chemicals that would not be 

found at the concentrations used in vivo (Post et al., 2000), or thermal denaturation 

(Corsaro et al., 2006) or shaking (Novitskaya et al., 2006). However recombinant 

protein has been shown to be selectively toxic to cells that express PrP
c
 (Novitskaya 

et al., 2006; Post et al., 2000), suggesting that whilst the conversion methods 

currently used may not be relevant in vivo the use of recombinant protein provides a 

useful model of prion disease. Our model of prion disease uses full-length 

recombinant PrP which is bound to manganese unlike the conversions described 

previously there is evidence that manganese is bound to PrP
sc 

in vivo (Wong et al., 

2001b) so it does represent a valid model of PrP
sc

 in vivo.  

 

We showed that MnPrP was significantly more toxic to cell lines than apoPrP and 

that toxicity of the protein was dependant on cellular PrP expression, representing 

the situation in vivo. However the dose of MnPrP required for toxicity was quite 

high, other studies using recombinant protein generally used slightly lower doses, 

0.5µM was sufficient to cause up to 30% cell death in N2a cells treated with 

recombinant PrP fibrils (Novitskaya et al., 2006).  

 

Although apoPrP was significantly less toxic than MnPrP it was toxic to cells, this is 

in contrast to studies using PrP 90-231 which have shown that in its α-helical state is 

not toxic to cells, although in a β-sheet rich conformation it is highly toxic (Corsaro 

et al., 2006). The structure of the prion protein is thought to be important for toxicity 

and previous work using MnPrP has shown that it is partially protease resistant and 

has a higher β-sheet content once aged, this mimics some of the properties of PrP
sc
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(Brown et al., 2000) and therefore it is likely the increased β-sheet structure 

contributed to the toxicity of MnPrP. 

 

In order to investigate the toxicity of MnPrP we choose to use an in vitro model, we 

choose this model for several reasons. Firstly time constraints meant that mouse 

models would have limited our ability to fully research the toxicity of MnPrP. We 

were also aware that whilst animal models provide the best replication of disease, 

cell models can provide greater detail at a cellular level and therefore give us a 

greater understanding of the underlying causes of MnPrP toxicity. However the lack 

of an in vivo study is one of the greatest limitations of the model and, as misfolded 

PrP produced in vitro has been shown to infect mice (Castilla et al., 2005; Weber et 

al., 2007), the ability of MnPrP to infect cells and mice should be investigated.  

 

The use of recombinant protein also means we are unable to replicate the 

glycosylation of PrP. Glycosylation is thought to be important in determining the 

outcome of prion infection. Mice can sustain infection even when expressing an 

unglycosylated prion protein, however disease susceptibility is reduced and some 

strains do require glycosylation for infection suggesting that glycosylation plays an 

important in prion diseases (Tuzi et al., 2008). Work in an in vivo model should 

establish whether glycosylation is important in toxicity in our model. 

 

There are several strong lines of evidence to suggest that manganese binding to PrP 

may have a role in prion disease. Manganese has been shown to bind to PrP, with a 

lower affinity than copper (Brazier et al., 2008; Jackson et al., 2001). The lower 

affinity for manganese led to a hypothesis that manganese binding would not occur 

in vivo. However recent studies have suggested that the dissociation constant of PrP 

for manganese is similar to that of other, known, manganese binding proteins 

(Brazier et al., 2008). They also revealed that manganese binding to PrP did not 

require copper displacement, which had previously been thought to be a requirement 

for manganese binding to PrP (Brazier et al., 2008). This strongly suggests that 

manganese binding to the prion protein could occur in vivo. Previous work had also 

shown that PrP bound to manganese had many of the properties associated with 

PrP
sc

, including partial protease resistance and an increase in β-sheet structure. 

MnPrP had also been shown to be toxic to neuronal cells and this was dependent on 
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cellular PrP expression (Brown et al., 2000). Increasing evidence has also pointed to 

a role for manganese in the disease in vivo, there is an increase in manganese in the 

CNS of patients suffering from CJD (Hesketh et al., 2008) and in scrapie infected 

mice (Thackray et al., 2002) and sheep (Hesketh et al., 2007). Work has also shown 

that manganese is associated with PrP
sc

 extracted from the brains of patients with 

sCJD, suggesting the increase in manganese observed in the disease may be due to 

manganese binding to the prion protein (Wong et al., 2001b). Whilst there is 

increasing evidence of the relevance of manganese in prion disease the toxicity of 

manganese bound PrP has not been fully studied, this thesis has revealed that 

manganese binding results in increased toxicity. We further investigated the role of 

manganese binding in prion toxicity and demonstrated that if the histidines known to 

bind manganese were mutated the toxicity of the protein was significantly reduced. 

This suggested that binding of manganese, to known metal binding sites, was 

required for toxicity. We have also shown that removal of the octarepeat region 

increases the toxicity of MnPrP, suggesting that this region has a protective effect. In 

contrast removal of the fifth site has no effect on toxicity.  

 

Further work could look at the effect of other metals on PrP toxicity, iron has been 

implicated in the conversion of PrP in vitro (Basu et al., 2007) and therefore may 

have an effect on the toxicity of the prion protein. Work should also investigate the 

effect of copper binding on PrP toxicity. As copper is thought to be bound to PrP
c
 in 

vivo it would be expected to be less toxic than PrP bound to other metals but there is 

evidence that copper can cause toxicity, copper has been shown to increase the 

aggregation of PrP 106-126 and its toxicity (Jobling et al., 2001). This suggests there 

may be a more complex relationship that needs to be investigated. 

 

There is increasing evidence that metal imbalance maybe relevant in other 

neurodegenerative diseases suggesting that our model of neurotoxicity could be 

useful to research into other neurodegenerative diseases. Previous studies have 

shown that Amyloid Beta (AΒ), the main constituent of amyloid plaques in the 

brains of AD patients, can bind copper and zinc (Talmard et al., 2007; Tougu et al., 

2008). Copper binding to AΒ 25-35 has been shown to promote conversion to a 

more β-sheet structured peptide that is more toxic in vitro (Giuffrida et al., 2007). It 

has also been suggested that zinc binding to AΒ can cause aggregation (Tougu et al., 
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2008). Whilst we have developed a limited understanding of the regions involved in 

MnPrP toxicity further structural and aggregation studies of the mutants may reveal 

the reasons for the differing toxicities of mutants and may reveal a similar 

mechanism of aggregation and toxicity to that of Aβ bound to metals, this may mean 

that similar therapies are useful in both diseases. 

 

7.2 Cell signalling in prion disease 

 

Prion diseases result in massive neuronal cell death, several studies have shown this 

is due to apoptosis of the neurones (Fairbairn et al., 1994; Giese et al., 1995; Gray et 

al., 1999). However the signalling mechanisms that initiate apoptosis remain unclear. 

Several studies have shown that caspase 3 cleavage is involved in initiating 

apoptosis in prion disease (Corsaro et al., 2006; Ferreiro et al., 2008a; Jamieson et 

al., 2001). However some studies have concluded that cell death is independent of 

caspase 3 activation (Engelstein et al., 2005; Saez-Valero et al., 2000), as inhibition 

of caspase 3 was unable to prevent cell death. In contrast we have found that 

inhibition of caspase 3 results in cell survival in our model (Uppington and Brown, 

2008) suggesting that cell death in our model is initiated by caspase 3. 

 

Investigations have revealed several signalling mechanisms by which cell death may 

occur in prion disease. It has been suggested that cell death is due to endoplasmic 

reticulum (ER) stress which causes activation of caspase 12, an ER associated 

caspase (Hetz et al., 2003b). Further work has highlighted the role of calcium 

dysregulation in apoptosis; cells treated with PrP 106-126 release calcium through 

ER ryanodine (RyR) and inositol 1,4,5-trisphosphate (IP(3)R) receptors inducing ER 

stress and leading to increased cytosolic calcium and reactive oxygen species (ROS) 

levels leading  to apoptotic death involving the mitochondria (Ferreiro et al., 2008a; 

Ferreiro et al., 2008b). However in vivo investigations has not shown evidence of ER 

stress in the brain’s of mice infected with scrapie (Unterberger et al., 2006).  

 

Other studies have investigated the role of Bax in prion disease. PrP
c
 prevents Bax 

mediated cell death, by preventing the conformational changes that occur upon 

activation of Bax (Roucou et al., 2005). However Bax has also been implicated  in 
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the neurotoxicity of mutant prion proteins (Chiesa et al., 2005; Li et al., 2007a), but 

deletion of Bax does not prevent against prion toxicity in mice infected with scrapie 

(Steele et al., 2007) suggesting that this may not be an obligatory pathway for 

neuronal apoptosis in prion diseases.  

 

Many studies have investigated the role of the MAPKs and SAPKs in neuronal 

apoptosis in prion diseases. Studies have suggested that JNK is activated in response 

to PrP 106-126 (Carimalo et al., 2005; Pietri et al., 2006) and activation may be due 

to increased oxidative stress (Pietri et al., 2006). JNK activation has also been 

observed in vivo (Lee et al., 2005) and inhibition of JNK activation significantly 

reduced cell death in vitro (Carimalo et al., 2005). p38, a member of the MAPK 

family, has also been implicated neuronal apoptosis in prion disease. p38 is activated 

in cells treated with PrP 106-126 and inhibition of p38 prevents PrP 106-126 toxicity 

(Corsaro et al., 2003). Similar results were also observed in cells treated with the 

toxic conformer of PrP 90-231 (Villa et al., 2006). 

 

In common with many other studies investigating prion toxicity we found that 

caspase 3 was activated in response to MnPrP leading to DNA fragmentation (figure 

7.1). Further work has revealed that, unlike some studies, caspase 3 inhibition results 

cell survival, suggesting that caspase 3 activation is required for cell death in 

response to MnPrP. Investigation has revealed that p38 is also activated in response 

to MnPrP and we propose that p38 is responsible for the activation of caspase 3. 

However further work is required to confirm this. Our work is in line with in vivo 

models of prion disease in that cell death is due to apoptosis and this is mediated 

caspase 3. However as with other models of prion diseases the upstream signalling 

events leading to caspase 3 activation remains unclear. Further investigation is 

required to fully understand the upstream signalling that leads to cell death in our 

model. Cell death signalling may be initiated in response to increase ROS we have 

observed in cells treated with MnPrP and this should be investigated further. 
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Figure 7.1: A diagram showing the major signalling pathways induced by MnPrP. The red 

circles represent MnPrP and the green circles represent PrP
c
, dashed arrows represent assumed 

pathways. 

 

7.3 Chronic scrapie infection and cell survival 

 

One of the hallmarks of prion disease is vacuolation in the brain caused by massive 

neuronal cell death (Fairbairn et al., 1994; Giese et al., 1995; Gray et al., 1999), 

however several cell lines have been shown to be able to maintain scrapie infection 

with no detrimental effect. Perhaps the best studied is the N2a cell line, which can be 

infected with scrapie and mouse adapted CJD without any detrimental effect (Butler 

et al., 1988). SMB cells can also be infected with scrapie and again show no 

detrimental effects (Birkett et al., 2001). However many cell lines cannot be infected 

with scrapie, and other cell lines, such as GT1 cells, undergo low-level apoptosis 

(Schatzl et al., 1997). Interestingly over-expression of Trk4, a receptor for NGF, in 

GT1 cells and treatment with NGF resulted in a reversal of apoptotic signs (Schatzl 

et al., 1997). NGF, a cell survival molecule, can signal through ERK and it may be 

that the up-regulation observed by us in scrapie infected SMB cells, which we 

propose is a survival mechanism, is similar to the cell survival mechanism observed 
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in GT1 cells over-expressing Trk 4. There are examples of ERK playing a role in 

survival in other neurodegenerative diseases. Brain-derived neurotrophic factor 

(BDNF) has been shown to protect neonatal brains from hypoxic-ischemic injury via 

an ERK mediated pathway (Han and Holtzman, 2000). Zwitter mice have been 

suggested to develop neurodegeneration by a decrease in active ERK through 

intracellular signalling via oxidative stress (Muto and Sato, 2003). D-fructose-1,6-

bisphosphate against has been shown to protect against β-amyloid neurotoxicity in 

rat hippocampal organotypic slice cultures, partially due to the up-regulation of ERK 

(Song et al., 2005). Further work in an in vivo model of prion disease should 

investigate whether over-expression of ERK can result in an extension of scrapie 

incubation time. 

7.4 Possible therapies for prion diseases 

 

A variety of treatments have been tested both in vivo and in vitro however, as yet, no 

treatment for prion disease has been used successfully in humans. Compounds that 

interact with PrP
sc

 could be useful in preventing conversion by stopping PrP
sc

 

interacting with PrP
c
. Several compounds have been shown to bind PrP and inhibit 

conversion of PrP. These include Congo red and its derivatives. Congo red is dye 

used to stain amyloid protein fibrils in histopathology. It has also been shown to 

delay the onset of prion disease when injected into animals at the time of infection 

(Ingrosso et al., 1995). However Congo red has several shortfalls including a low 

permeability to the BBB. Several derivatives of Congo red have been shown to be 

effective in curing cells in vitro and may be more suitable as a therapy (Sellarajah et 

al., 2004). 

 

Several other compounds have been shown to prevent the conversion of PrP
c
 to 

PrP
sc

, quinacrine, an anti-malarial, binds to PrP
c
 and, in vitro, was able to inhibit the 

accumulation of PrP
sc

 in scrapie infected cells (Doh-Ura et al., 2000). However in 

tests in vivo has proved to be ineffective either as a prophylactic (Collins et al., 2002) 

or in mice already infected with prion disease (Doh-ura et al., 2004). Several patients 

have also been treated with quinacrine however benefits have been limited (Benito-

Leon, 2004; Nakajima et al., 2004). Pentosan polysulphate (PPS) has also been 

shown to prevent the propagation of PrP
sc

 in vitro (Caughey and Raymond, 1993) 
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and prolong the incubation period of infection in vivo (Doh-ura et al., 2004; 

Ladogana et al., 1992). 

 

An emerging therapy may be RNA aptamers, RNA aptamers are structural pieces of 

RNA that can interfere with specific proteins. Several aptamers have been shown to 

specifically bind PrP. And one aptamer, which recognises a peptide comprising 

amino acid residues 90-129 of the human prion protein with high specificity, has 

been shown to significantly reduce the de novo production of PrP
sc

 in vitro (Proske 

et al., 2002). 

 

Down-regulating cellular prion expression has been proposed as a possible therapy 

for prion diseases as prion expression is required for infection (Bueler et al., 1993) 

and down-regulating PrP expression has been shown to lengthen disease incubation 

time (Manson et al., 1994; Prusiner et al., 1993). Research in mouse models has also 

shown that down-regulating prion protein expression in mice infected with prion 

disease halts neuronal cells death and the mouse recovers, showing that even in 

infected animals, down regulation of PrP expression could lead to a halt in disease 

progression (Mallucci et al., 2007). We investigated whether MnPrP was able to alter 

PrP promoter activity, as PrP expression is up-regulated in disease. We found that 

MnPrP was able to up-regulate promoter activity (although this was not statistically 

significant) and apoPrP down-regulated promoter activity. This suggests that PrP can 

regulate its own promoter and further investigation into the mechanisms by which 

PrP can do this may lead to possible therapeutic target. 

 

In the disease state immunohistochemistry of brain slices of mice infected with 

scrapie have revealed several markers of oxidative stress including nitrotyrosine, a 

marker of peroxynitrite generation (Guentchev et al., 2000) and lipid oxidation 

markers (Wong et al., 2001a). In vitro experiments are in agreement with these 

results, oxidative stress was induced in cells treated with the 106-126 fragment of 

PrP (Brown et al., 1997b). It is clear that oxidative stress may have a significant role 

in neurodegeneration in prion disease and prevention of oxidative stress may slow 

disease progression. However there has been little research into specific antioxidant 

therapies in CJD, although a single case of treatment with antioxidants has been 

reported, with an increase in life expectancy (Drisko, 2002). Oxidative stress is also 
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prominent in both Parkinson’s and Alzheimer’s, markers of oxidative stress are also 

found in the brains of Parkinson’s sufferers (Jenner et al., 1992) and Alzheimer’s 

sufferers (Sayre et al., 1997). AΒ and alpha-synuclein have been shown to generate 

hydrogen peroxide during the early stages of aggregation (Tabner et al., 2005), as 

has as a fragment of PrP (Turnbull et al., 2003b). It has been proposed that this 

peroxide generation may mediate toxicity as an antioxidant can reduce the toxicity of 

PrP 106-126 probably by scavenging hydroxyl radicals produced by it (Turnbull et 

al., 2003c). Recent work has suggested that attenuation of oxidative stress and 

mitochondrial dysregulation had therapeutic benefit in an animal model of 

Parkinson’s (Stack et al., 2008). We observed an increase in cellular ROS in cells 

treated with MnPrP, but treatment with antioxidants did not reduce cell death, 

however further work should investigate other antioxidants. The mechanisms 

underlying ROS production by cells treated with MnPrP should also be investigated, 

this may allow inhibition of ROS production and therefore prevent cell death. 

 

There has been extensive work investigating the species barrier that generally 

prevents the spread of prion disease between different species. Studies have 

demonstrated that inoculation of mice with hamster scrapie generally does not result 

in disease, unless the mice express hamster PrP (Prusiner et al., 1990; Scott et al., 

1989). This suggests that expression of PrP may have an inhibitory effect on the 

conversion of PrP from other species. We investigated whether expressing non-

mammalian prion proteins we could prevent the toxicity of MnPrP. We choose to 

use non-mammalian prion proteins as they show little sequence homology to mouse 

PrP, although they do retain a surprisingly similar secondary structure (Ahn and Son, 

2007; Calzolai et al., 2005). Xenopus PrP does not have the octarepeat region 

conserved in most prion proteins (Calzolai et al., 2005) and unpublished data from 

our laboratory has shown that it does not bind metals. Turtle PrP is closer in primary 

structure to mouse PrP, still retaining some of the metal binding motifs (Calzolai et 

al., 2005). Neither turtle PrP nor Xenopus PrP expression was able to completely 

save cells from MnPrP induced cell death, although turtle PrP expression did give a 

slight protective effect which should be investigated further. Previous work using 

recombinant protein has demonstrated that a human PrP
res

 seed is unable to convert 

recombinant mouse PrP to PrP
res

 in vitro suggesting that the species barrier still 

exists between recombinant proteins (Baskakov, 2004). This led us to the conclusion 
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that the non-mammalian proteins expressed by the cells must still have at least some 

of the regions required for toxicity, this is perhaps unsurprising given that certain 

regions have been shown to retain structural motifs that may be important in 

function. Further work should investigate the regions required for PrP toxicity, 

possibly by expressing mutants missing regions of the prion protein in PrP-Null cells 

and treating with MnPrP. Further investigation of the protective effect of turtle PrP 

should also be undertaken. 

 

This study has demonstrated that manganese bound PrP is a sound model of prion 

toxicity. It also provided some insight into the mechanisms that lead to MnPrP cell 

death. However further work is required to produce an animal model of MnPrP 

infection. Further work should also be carried out in the in vitro model to better 

understand the mechanism of toxicity, this may provide possible therapeutic targets. 
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Appendices 
 

 
Schematic diagram of the pd2-EGFP-N1 plasmid used for the promoter constructs. 

 

 
Schematic diagram of the pd2-EGFP-N1 plasmid used for the mouse, Xenopus and 

turtle PrP constructs. 
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Mass spectroscopy of full-length his-tagged mouse PrP. 
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Gels of manganese bound  proteins, first band shows manganese bound protein 

second band shows metal free protein. Bottom marker represents 16kDa, excluding 

23-112. 

 


