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      Abstract 

Prion diseases, also termed transmissible spongiform encephalopathies (TSEs), are progressive 

and fatal neurodegenerative disorders in humans and animals. The condition is associated with 

spongiform changes in the brain tissue. Bovine spongiform encephalopathy (BSE), commonly 

known as “mad cow disease,” belongs to a group of prion diseases primarily affecting cattle. 

BSE was first reported in the 1980s in the UK and later spread to other parts of the world, 

including Canada. The first case of BSE in Canada was detected in Alberta in May 2003. Since 

then, a total of 19 BSE cases have been detected in Canada. Transmission studies suggest a 

causal link between BSE and variant Creutzfeldt-Jakob disease (vCJD) in humans. Three BSE 

strains have been known to cause prion disease in cattle, including classical BSE (C-type) and 

two atypical strains, named L-type and H-type BSE. These BSE strains exhibit distinct 

biochemical and histopathological characteristics. 

The main pathological hallmark in prion disease is a structural transition from a normal host-

encoded prion protein (PrPC) to an infectious and disease-causing isoform (PrPSc). PrPC is a 

predominantly α-helical membrane protein that misfolds into a β-sheet rich, infectious state, with 

a high propensity to self-assemble into amyloid fibrils. Although the high-resolution structure of 

PrPC has been resolved, despite extensive efforts, the high-resolution structure of infectious PrPSc 

molecules has yet remained to be determined, mainly due to its insolubility and tendency to 

aggregate.  

The previous structural studies on different prion strains have provided some insights into the 

overall architecture of these transmissible agents. However, no structural characterization has 

been reported for infectious BSE prions. To fill this gap, in this research, I performed structural 
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characterization of infectious, brain-derived C-, H-, and L-type BSE prions employing 

transmission electron microscopy (TEM) and image processing approaches. First, I purified BSE 

prions from transgenic mice brains expressing bovine PrP sequence using phosphotungstate 

anion (PTA) precipitation and sucrose density gradient purification techniques. I performed 

morphological characterization of the isolated BSE prion amyloid fibrils on negatively stained 

electron micrographs and examined whether there are conformational differences between the 

three BSE strains. In addition, to gain insights into the three-dimensional structure of these 

fibrils, I employed helical reconstruction and 2D average techniques on the EM micrographs of 

the purified BSE samples. Afterwards, I developed immunogold labeling methods using various 

gold-conjugated anti-PrP monoclonal antibodies and Fab fragments to confirm the presence of 

BSE prions at the ultrastructural level. Bioassay experiments were conducted by intracerebral 

inoculation of Tg4092 transgenic mice, expressing bovine prion protein, to assess the infectivity 

of the purified prion samples. 

 In this study, I presented morphological information and 3D reconstructions of C-, L-, and H-

type BSE fibrils. EM analysis of the purified samples of the BSE strains revealed amyloid fibrils 

exhibiting helical twist, which were morphologically distinguishable between the three strains. 

Helical reconstruction of the amyloid fibrils provided further insights into the structure of these 

agents. Our results could establish that the conformational features of different BSE strains 

dictate their distinct biochemical and phenotypic properties. Our data are compatible with the 

proposed model of four-rung beta-solenoid for the infectious prion protein structure. The 

findings of this research may have implications for understanding the relationship between 

pathological properties and conformations in different prion strains and could provide a basis for 
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elucidating the 3D structure of other infectious prion strains. Moreover, our findings may 

facilitate therapeutic interventions against prion disease. 
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Preface 

This thesis is an original work by Razieh Kamali Jamil. Chapter 1 includes the introduction, and 

Chapter 4 is the overall discussion and future directions. 

Chapter 2 of this thesis includes a manuscript under revision in the journal of “PLOS Pathogens” 

as Kamali-Jamil, R., Vázquez-Fernández, E., Tancowny, B., Rathod, V., Amidian, S., Wang, X., 

Tang, X., Fang, A., Senatore, A., Hornemann, S., Dudas, S., Aguzzi, A., Young, H., Wille, H 

(2021). The content of Chapter 2 is my original work. Bioassay experiments were conducted by 

BT and SD. 

Chapter 3 of this thesis includes a manuscript prepared for publication in the journal of 

“Pathogens” as Kamali-Jamil, R., Vázquez-Fernández, E., Tancowny, B., Tang, X., Rathod, V., 

Wang, X., Senatore, A., Hornemann, S., Dudas, S., Aguzzi, A., Young, H., Wille, H (2021). The 

content of Chapter 3 is my original work. Bioassay experiments were conducted by BT and SD. 

Appendix A is my original work and not published anywhere. 

All animal studies were carried out in accordance with guidelines set by the Canadian Council on 

Animal Care and approved by the animal care use committee for Health Sciences 2 (protocol 

AUP00000884). The BSE transmission experiments were carried out at the Canadian Food 

Inspection Agency, Lethbridge Laboratory, Lethbridge, Alberta, in accordance with guidelines 

set by the Canadian Council on Animal Care and approved by the animal care use committee for 

the CFIA-ADRI Lethbridge Laboratory (ACC#0902). 
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1.1 Introduction to transmissible spongiform encephalopathy (TSE) 

Transmissible spongiform encephalopathies, also called prion diseases, are a group of lethal 

neurodegenerative disorders of humans and animals. Human prion diseases include Creutzfeldt- 

Jakob disease (CJD), variant Creutzfeldt- Jakob disease (vCJD), Gerstmann-Straussler-

Scheinker disease (GSS), Kuru, and fatal familial insomnia (FFI). Scrapie in sheep, bovine 

spongiform encephalopathy (BSE) in cattle, and chronic wasting disease (CWD) in deer and elk 

are examples of TSEs in animals. TSEs are caused by the deposition of PrPSc, the misfolded, 

self-propagating, and pathogenic conformer of cellular prion protein (PrPC) in the central 

nervous system (CNS). 

 Pathologically, prion diseases may be characterized by neuronal loss, astrogliosis, spongiform 

changes, and accumulation of PrPSc-positive amyloids in the brain tissue. The incubation time is 

long, and some common clinical manifestations may include neurological and cognitive 

dysfunction (Prusiner and DeArmond 1994, Prusiner 1998, Aguzzi and Calella 2009, Colby and 

Prusiner 2011).  

1.1.1 Historical background of prion diseases 

The discovery of prion disease dates back to the 18th century when scrapie in sheep was 

described (Eklund, Kennedy et al. 1967). In the 1920s, a human neurodegenerative disorder with 

no clear etiology, later termed Creutzfeldt-Jakob disease, was described by neurologists Gerhard 

Creutzfeldt and Alfons Maria Jacob (Creutzfeldt 1989). Initially, it was believed that an 

“unconventional slow” virus was the causative agent of the scrapie in sheep (Zabel and Reid 

2015). In the 1950s Kuru, was discovered as a common lethal neurodegenerative disease among 

the people of the New Guinea tribe, who practiced ritual cannibalism (Gajdusek and Zigas 1957). 
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In 1959, William Hadlow stated that kuru and scrapie have similar neuropathological 

characteristics (Hadlow 1959).  

Later investigations led to the understanding that these disorders are not caused by conventional 

infectious agents, such as viruses and bacteria. For example, the CJD prion was found to be 

resistant to inactivation with UV and ionization radiation (Alper, Cramp et al. 1967). In a 

vaccination experiment, treatment with a formalin-treated vaccine that was administered to sheep 

to prevent the louping ill disease failed to destroy the scrapie agent, which was unknowingly 

present in some vaccines (Gordon 1946). Due to their unusual features, including resistance to 

experimental procedures used to destroy nucleic acids, it was proposed that these infectious 

agents are devoid of nucleic acid (Alper, Cramp et al. 1967, Gibbs, Gajdusek et al. 1978, 

Weissmann 2004). In 1982, Dr. Stanley B. Prusiner hypothesized that an infectious protein was 

responsible for the scrapie disease and coined the term ‘proteinaceous infectious particle’ (prion) 

(Prusiner 1982). Following that, it was identified that it is a host cellular gene encodes prion 

protein (Chesebro, Race et al. 1985, Oesch, Westaway et al. 1985, Locht, Chesebro et al. 1986). 

Prusiner et al. isolated the infectious prion amyloids from sick scrapie-infected Syrian hamster 

brains (SHa) and observed that these agents were not present in uninfected control animals. The 

isolated polypeptide was degraded by methods that denature proteins, such as SDS, urea, and 

guanidinium thiocyanate. The purified prions were identified to be partially resistant to digestion 

with proteinase K (PK), which later helped distinguish this protein from other proteins during the 

purification process (Bolton, McKinley et al. 1982, Prusiner, Bolton et al. 1982). While PK 

treatment completely degrades the normal cellular prion protein (PrPC), PK digestion of PrPSc 

results in a PK-resistant N-terminally truncated core. The PK-digested form of prion protein 

termed PrP 27-30, based on its molecular weight in Western blot (WB), maintains its infectious 
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properties. PK-treated PrPSc usually forms three bands in Western blot analysis, corresponding to 

un-, mono-, and di-glycosylated isoforms of the prion protein (Weissmann 2004, Diaz-Espinoza 

and Soto 2012). It should be noted that some strains contain a higher sensitivity to treatment with 

PK compared to others (Kuczius and Groschup 1999). For his discovery of prions, Dr. Prusiner 

was awarded the Nobel Prize in Physiology or Medicine in 1997 (www.nobelprize.org). 

Previously it was found that PrP-knock out mice were protected against prion disease (Bueler, 

Aguzzi et al. 1993). This observation, as well as the study reporting the formation of 

recombinant mouse prion protein (recMoPrP) capable of inducing prion disease in transgenic 

mice (Legname, Baskakov et al. 2004), provided the most compelling evidence for the leading 

role of PrP protein in prion disease. 

1.2 Strains in prions 

One notable aspect of prions is the existence of different strains. Initially, strain characteristics in 

prions were demonstrated by variations in incubation time and the pattern of histopathologic 

lesions within the brain tissue in a specific host (Collinge 2001). Interestingly, strains in the 

context of prion diseases are not defined by differences in the primary structure of PrP protein 

(Weissmann 2004, Collinge and Clarke 2007). Currently, several pieces of evidence suggest that 

the strain characteristics of prions are based on the conformational variations in the arrangement 

of PrPSc molecules that can be faithfully propagated by recruiting native PrPC molecules, leading 

to the transmission of the particular conformational assembly (Morales, Abid et al. 2007). This 

definition means that differences in clinical phenotypes can be influenced by differences in the 

PrPSc structure, which can consequently lead to variations in biochemical properties, such as 

resistance to digestion with PK, differences in migration patterns in Western blot experiment 

http://www.nobelprize.org/
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after PK digestion, and glycosylation patterns (Bessen and Marsh 1992, Bessen and Marsh 1994, 

Collinge, Sidle et al. 1996, Telling, Parchi et al. 1996, Safar, Wille et al. 1998). 

1.3 Species barrier 

The extent of sequence homology of prion protein between two species plays an essential role in 

the susceptibility of the host to prion infection (Scott, Foster et al. 1989). Lack of success in 

earlier attempts at the experimental interspecies transmission of prion agents led to the concept 

of species barrier. According to this phenomenon, although transmission of a TSE agent may 

naturally occur from one individual to another within one species, the transmission of prion 

agents between different species is very unlikely or not efficient. The interspecies transmission 

has been demonstrated by the failure of prion disease transmission, long incubation time, and 

incidence of subclinical infection (Beringue, Vilotte et al. 2008). Due to the essential role of PrP 

protein in the prion disease process, the species barrier is believed to be correlated to variations 

in the conformation of PrPSc in different species, as well as the PrP sequence (Gajdusek 1965, 

Prusiner 1998, Beringue, Vilotte et al. 2008). In terms of prion strains, it is believed that the 

strain properties of prions play an essential role in the capability of these transmissible agents to 

cross the species barriers (Huor, Espinosa et al. 2019). For instance, compared to human vCJD, 

which is transmissible to laboratory mice, the experimental transmission of sCJD in the same 

mouse line has been found very challenging (Gibbs and Gajdusek 1973, Bruce, Will et al. 1997). 

BSE agent has been transmitted to different species, including humans, and it is widely believed 

that vCJD is the result of cross-species transmission of BSE from cattle to humans (Hill, 

Desbruslais et al. 1997).  
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1.4 Prion replication 

According to the protein-only hypothesis, prion agent replicates by inducing the conversion of 

the host normal prion protein, PrPC, into a conformation similar to PrPSc, the exact mechanism of 

which has not been fully understood (Weissmann 2004). Elucidating the detailed structure of 

PrPSc is necessary to gain complete knowledge of the prion replication (Baskakov, Caughey et al. 

2019). 

 Two popular models that have been hypothesized for the conversion of PrPC to PrPSc as the 

fundamental event in prion propagation in a host: “the refolding (template-directed) model” 

(Prusiner 1991) and “seeding polymerization model.” In the refolding model, PrPSc, as the most 

stable form, by acting as a template, induces the unfolding and refolding of PrPC monomers, 

leading to the formation of new PrPSc conformers, which itself acts as a template to convert other 

PrPC proteins. The converted monomers then polymerize into oligomeric and fibrillar forms 

(Gajdusek 1988). On the other hand, the seeded (nucleated) model proposes that the spontaneous 

conversion of PrPC to PrPSc is in equilibrium with the equilibrium favoring the PrPC conformer. 

In this model, PrPSc is only stabilized by incorporating into a seed or aggregate of PrPSc with a 

bigger size, like oligomers. The existence of the seed enhances the elongation of the infectious 

forms and, subsequently, the development of PrPSc aggregates (Figure 1.1) (Come, Fraser et al. 

1993, Jarrett and Lansbury 1993). 

A recent MD simulation study, using computational techniques and employing the available 

experimental data provided a full atomistic model of prion protein based on the 4-Rung β-

Solenoid (4RβS) arrangement, as well as a scheme indicating the propagation of the 

conformational information of the prion protein (Spagnolli, Rigoli et al. 2019). This pathway 
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includes a cascade of events leading to the complete conformational transition of PrPC into its 

pathologic isoform (PrPSc) with a 4RβS structure (Figure 1.2). In this process, the C-terminal 

rung of PrPSc with 4RβS structure provides an initial template for the conversion of N-terminus 

(residues 89-124) of PrPC into a new rung. The newly formed rung then acts as a template for 

forming the next rungs until the complete transition of PrPC to PrPSc. Accordingly, the fibrils’ 

ends, as an intermediate structure, could have an active role in the templated prion protein 

replication. These refolding events of the conversion of PrPC to PrPSc, visualized by molecular 

dynamics simulations, could demonstrate the infectious nature of prions (Nicholson, Mo et al. 

2002, Spagnolli, Rigoli et al. 2019). It is noteworthy of mentioning that, in most cases, the 

effective prion replication in a host requires the sequence of the host PrPC and the incoming 

PrPSc to be highly similar (Prusiner, Scott et al. 1990, Weissmann 2004), as a single or a few 

amino acid changes in the sequence of PrPC could have a protective effect against prion 

replication (Priola and Chesebro 1995).  
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Figure 1. 1 Models for the conversion of PrPC to PrPSc. 

A) The template-directed model. The conformational change is kinetically controlled, a high 

activation energy barrier preventing spontaneous conversion at detectable rates. Interaction with 

PrPSc (green triangle) causes PrPC (yellow square) to undergo an induced conformational change 

to yield PrPSc.  B) The seeding nucleation model. The levels of PrPC (yellow square) and PrPSc 

(or a PrPSc-like molecule), shown as a green triangle, are in equilibrium, with a high preference 

for the formation of PrPC. PrPSc is only stabilized when it is recruited to a crystal-like seed or 

aggregate of PrPSc. Seed formation is rare; however, once a seed is present, monomer addition 

ensues rapidly. Figure was adapted from (Weissmann 2004).   
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Figure 1. 2 Frames of PrPC to PrPSc conversation obtained by MD simulation study.  

Pictures indicate frames extracted from the entire PrPC to PrPSc conversion simulation. (1) 

configurations of PrPC-PrPSc complex. Refolding of PrPC proceeds as follows: (2) residues 89-

115; (3) residues 89-151; (4) residues 89-190; (5) residues 89-230. The process highlights the 

progressive unfolding and refolding of PrPSc onto the 4RβS template, which initially involves the 

N-terminal region, followed by the loss of α-helices and a progressive formation of β-sheets. 

This figure is a modified version of a figure taken from (This figure is in the public domain) 

(Spagnolli, Rigoli et al. 2019).  
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1.5 Prion disease in animals 

Prion disease affects many non-human mammals, including scrapie in sheep and goats, bovine 

spongiform encephalopathy in cattle, and chronic wasting disease in deer and elk, transmissible 

mink encephalopathy, feline spongiform encephalopathy (FSE) in domestic cats as well as wild 

cats (Bencsik, Debeer et al. 2009, Colby and Prusiner 2011).  

1.5.1 Scrapie in sheep and goat 

Classical scrapie, a prion disease of sheep and goats, was the first prion disease documented 

about 300 years ago in the United Kingdom and some European countries (Hourrigan 1979, 

Greenlee 2019). Sheep scrapie is mostly reported in animals between 2 and 5 years old 

(Simmons, Simmons et al. 2009). Three major polymorphisms at codons 136, 154, and 171 in 

PRNP are associated with susceptibility to scrapie prion disease (Goldmann, Hunter et al. 1990, 

Hunter, Foster et al. 1991, Laplanche, Chatelain et al. 1993, Goldmann, Hunter et al. 1994, 

Westaway, Zuliani et al. 1994). Infection is mainly caused by oral exposure in contaminated 

environments (Ryder, Dexter et al. 2004). Within an infected population, both vertical 

transmission from ewe to offspring with susceptible genotype and horizontal transmission could 

occur (Touzeau, Chase-Topping et al. 2006). Currently, no evidence indicates that scrapie prion 

has been transmitted to humans (Brown, Cathala et al. 1987, van Duijn, Delasnerie-Laupretre et 

al. 1998).  

1.5.2 Bovine spongiform encephalopathy (BSE) 

BSE is a transmissible spongiform encephalopathy in cattle, which was initially reported in the 

1980s in the United Kingdom (Wells, Scott et al. 1987). Compelling evidence indicates that the 
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practice of feeding animals with the high-protein supplement extracted from other animals, in the 

form of meat and bone meal (MBM), has caused the BSE epidemic in cattle in the UK 

(Wilesmith, Wells et al. 1988, Wilesmith, Ryan et al. 1991). Epidemiological studies and 

biochemical analysis of PrPSc suggest that BSE has infected humans through ingestion of 

contaminated food, causing variant Creutzfeldt-Jakob disease in humans, which was first 

reported in the1990s (Collinge, Sidle et al. 1996, Hill, Desbruslais et al. 1997, Scott, Safar et al. 

1997).   

In 2004, two atypical BSE strains, called H-type and L-type, were identified in aged and 

asymptomatic cattle through regular surveillance in Europe (Biacabe, Laplanche et al. 2004, 

Casalone, Zanusso et al. 2004). The classical and atypical BSE strains differ in their biochemical 

characteristics, the age of disease onset, lesion profile in the brain, and incubation time (Biacabe, 

Laplanche et al. 2004, Casalone, Zanusso et al. 2004, Jacobs, Langeveld et al. 2007, Dudas, 

Yang et al. 2010). Cattle infected with classical and atypical BSE strains share an identical 

sequence of the PRNP gene (Goldmann, Hunter et al. 1991, Biacabe, Laplanche et al. 2004). It 

has been suggested that the atypical BSE cases represent sporadic prion disease in aged cattle 

(Biacabe, Morignat et al. 2008). There has been a successful experimental transmission of BSE 

prions to sheep and goats (Eloit, Adjou et al. 2005, Jeffrey, González et al. 2006).  

1.5.2.1 Classical BSE 

Classical BSE was first detected in 1986 in the UK and later spread to other regions of the world 

(Wells, Scott et al. 1987, Biacabe, Laplanche et al. 2004). The cows with classical BSE condition 

presented clinical symptoms such as abnormal posture, ataxia and incoordination, 
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hypersensitivity to external stimuli, aggressiveness and nervousness. The incubation time in 

cattle with classical BSE infection varies between 2 and 8 years (Costassa, Iulini et al. 2016).  

After the start of the outbreak, passive surveillance led to the detection of over 180,000 cases of 

BSE in the UK. After the start of the screening of slaughter cattle for BSE infection in 2000, 

more than 5000 cases were reported in European countries (Jacobs, Langeveld et al. 2007). A 

dramatic reduction was observed in the trend of BSE cases when the control measures banned 

the feeding ruminant-derived foods (Hoinville 1994). Classical BSE cases are characterized by 

distinct strain-associated neurological and molecular features compared to the atypical forms 

affecting older cattle (Bruce, Chree et al. 1994, Jacobs, Langeveld et al. 2007).  

1.5.2.2 Atypical BSE strains 

Atypical BSE strains are denoted as H-type and L-type BSE due to the higher and the lower 

position of the unglycosylated PrPSc band in Western blot analysis compared to classical BSE 

(Figure 1.3) (Biacabe, Laplanche et al. 2004, Casalone, Zanusso et al. 2004). The approximate 

PK digestion sites of the classical and two atypical BSE strains have been identified using 

different anti-PrP monoclonal antibodies against 86-107 region of bovine PrP protein, such as 

SAF32, P4, 12B2, 9A2 (Biacabe, Jacobs et al. 2007, Jacobs, Langeveld et al. 2007). These BSE 

prions generally affect older cattle (aged eight years or older) (Jacobs, Langeveld et al. 2007, 

Costassa, Iulini et al. 2016). To date, the detailed characteristics and the origin of atypical BSE 

strains are not well characterized, and it is hypothesized that they may have initially emerged in 

cattle sporadically, similar to sporadic CJD (sCJD) in humans (Costassa, Iulini et al. 2016). 

Many studies have reported somatic mutation in the PRNP gene and indicated the association of 

these mutations with sporadic human prion diseases (Wadsworth, Hill et al. 2003). With regard 
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to BSE, in a previous investigation, a point mutation, E211K, was detected in the bovine PRNP 

gene in a cow from Alabama with H-type BSE phenotype, analogous to the E200K mutation in 

humans with genetic CJD. This mutation in bovine prion protein is associated with atypical BSE 

disease (Richt and Hall 2008). Recently, the K211 somatic mutation of the bovine prion protein 

gene was linked to the progression of BSE in cattle (Won, Kim et al. 2020).  

L-type atypical BSE was first identified in 2004 in Italy (Casalone, Zanusso et al. 2004), 

showing different pathological and immunohistochemical phenotypes compared to classical BSE 

(C-type). Since the neurological feature of L-type BSE involves the deposition of amyloid 

plaques in the brain, it is also termed bovine amyloidotic spongiform encephalopathy (BASE). 

Histopathological features of the BASE can be described by a high amount of PrP-positive 

amyloid plaques associated with L-type BSE that have been detected in the thalamus, subcortical 

white matter, and olfactory bulb. In addition, unlike classical BSE, which initially involves the 

brain stem, the L-type strain affects the forebrain region (Casalone, Zanusso et al. 2004).  

 This atypical variant of BSE and sCJD in humans share some phenotypical features. For 

example, both BASE and M/V2 sCJD present a similar pattern of intracerebral PrP distribution 

and amyloid plaque formation (Casalone, Zanusso et al. 2004). One phenotypic characteristic of 

L-type BSE compared to the classical strain is the decreased mental alertness and muscle 

atrophy. L-type BSE has been experimentally transmitted to cattle (Lombardi, Casalone et al. 

2008, Fukuda, Iwamaru et al. 2009). A previous experiment on humanized transgenic mice 

inoculated with BSE isolates reported higher transmissibility of L-type BSE to humanized 

transgenic mice encoding methionine at codon 129 (HuPrP-129M) compared to C-type BSE 

(Kong, Zheng et al. 2008).  



 15 

H-type atypical BSE was first reported in 2004 in France in three cattle with BSE disease with 

distinct molecular features when compared to typical BSE cases (Biacabe, Laplanche et al. 

2004). This strain was later detected in other parts of the world, including Europe and North 

America (Ducrot, Arnold et al. 2008). By Western blot examination following PK digestion, 

these atypical H-type BSE cases, which were observed in older cows, showed a higher molecular 

mass of un-glycosylated PrPSc and strong labeling by P4 monoclonal antibody when compared to 

the typical BSE cases. Regarding the glycoform ratio, classical BSE showed a stronger 

molecular mass of di-glycosylated signal when tested with Western blot than atypical samples  

(Biacabe, Laplanche et al. 2004).  

Several experimental transmission tests have been conducted using both atypical BSE strains on 

different animals, including mice, cattle, macaques, hamsters, and sheep. In a transmission study, 

multiple passages of H-type BSE prions in bovinized transgenic mice led to the emergence of a 

new BSE phenotype, termed BSE-SW, with shorter incubation periods in the inoculated mice. 

This new form of H-type BSE prions, when transmitted to cattle, caused different phenotypes 

compared to other BSE strains (Masujin, Okada et al. 2016). 

In one study, experimental transmission of cattle with L-type or H-type BSE led to the 

occurrence of nervous disease in all animals with some features similar to classical BSE, with 

two phenotypic symptoms exhibited at the progressed stage, more dull form and difficulty in 

rising. The pathology and molecular characteristics of the examined animals were 

distinguishable from those infected with C-type BSE prions (Konold, Bone et al. 2012). For both 

H- and L-type atypical BSE cases, some experimental transmission studies have reported the 

detection of PrPSc in the CNS tissue, peripheral ganglia and nerve, muscle, adrenal glands and 

retina (Terry, Marsh et al. 2003, Buschmann and Groschup 2005, Wells, Spiropoulos et al. 2005, 
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Fukuda, Iwamaru et al. 2009, Balkema-Buschmann, Fast et al. 2011, Hoffmann, Eiden et al. 

2011, Stack, Moore et al. 2011, Franz, Eiden et al. 2012, Kaatz, Fast et al. 2012, Fast, Keller et 

al. 2013, Okada, Miyazawa et al. 2014). 

1.5.2.3 Origin of the BSE epidemic 

The first case of classical BSE was detected in the UK in 1986 (Wells, Scott et al. 1987); 

however, it is suspected that the BSE epidemic might have originated around the 1970s (Smith 

2003). Although it is clear that the practice of feeding cattle with MBM has caused the BSE 

outbreak in cattle, it is not known what caused the first BSE case in the United Kingdom 

(Wilesmith, Wells et al. 1988, Smith 2003). Over the years, several hypotheses have been 

proposed regarding the origin of BSE (Baron, Biacabe et al. 2007). Initially, it was believed that 

feeding cattle with bone and meat meal from scrapie-infected sheep might have originated BSE 

in cattle (Wilesmith, Ryan et al. 1991, Lezmi, Martin et al. 2004).  

Another hypothesis is that BSE might have started sporadically in cattle, similar to sporadic CJD, 

and the tissues from these cattle were transmitted to other cattle through MBM.   

The occurrence of atypical BSE cases in 2004 (Biacabe, Laplanche et al. 2004, Casalone, 

Zanusso et al. 2004) led to the assumption these atypical cases might represent sporadic forms of 

prion diseases in cattle (Hope 2013). In a previous report, experimental transmission of H-type 

and L-type atypical BSE cases led to the development of C-type BSE features. These results 

gave rise to the possibility that the classical BSE disease might have originated from the 

recycling of atypical L-type and H-type BSE prions. And in this case, the oral route of the 

acquiring BSE prion infection could account for the different phenotypic and biochemical 

features of classical BSE compared to the atypical BSE strains (Capobianco, Casalone et al. 
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2007, Baron, Vulin et al. 2011, Torres, Andreoletti et al. 2011, Nicot, Bencsik et al. 2014, 

Masujin, Okada et al. 2016). For instance, with regards to L-type BSE, similar PrP deposition 

and biochemical features were observed between L-type BSE and certain sporadic CJD 

subgroups (Casalone, Zanusso et al. 2004, Comoy, Casalone et al. 2008). It is speculated that the 

earlier cases of the atypical BSE strain escaped detection due to the paucisymptomatic 

characteristics of the initial cases (Capobianco, Casalone et al. 2007). In this regard, according to 

a previous report, the experimental transmission of cattle with L-type and H-type BSE resulted in 

two phenotypes of decreased alertness or nervous forms, appeared less clinically extreme than C-

type BSE (Konold, Bone et al. 2012). 
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Figure 1. 3 Western blot analysis of classical and atypical BSE prions. 

Brain homogenate samples of classical, H-, and L-type BSE prions obtained from BSE-infected 

bovinized transgenic mice (Tg4092). All three samples were treated with Proteinase K (PK). 

Western blot examination of the PK digested isolates using D15.15 anti-PrP monoclonal 

antibody revealed 3 bands corresponding to un-, mono, and diglycosylated PrP 27-30. H-type 

purified samples are featured by a slightly higher molecular mass of unglycosylated PrPSc 

compared to C-type BSE, while L-type samples show a slightly lower molecular mass of 

unglycosylated PrPSc compared to classical BSE (Kamali Jamil et al., unpublished data). 
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Figure 1. 4 Schematic representation of the approximate PK cleavage sites in PrPSc for 

classical and atypical BSE strains.  

Approximate protease-resistant core for the different BSE strains based on the immunoreactivity 

with different anti-PrP monoclonal antibodies. PK-digested C-, H-, and L-type BSE isolates were 

differentiated based on molecular mass differences and antibody reactivities that detect epitopes 

within residues 86-107 of bovine PrP using SAF32, 12B2, 9A2, P4 antibodies (Jacobs, 

Langeveld et al. 2007).  
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1.5.3 Chronic wasting disease (CWD) 

CWD is a highly contagious transmissible spongiform encephalopathy affecting members of the 

Cervidae family (Rivera, Brandt et al. 2019). CWD has been detected in North America, South 

Korea, and some European countries, including Norway and Finland. The first case of CWD was 

reported in North America in 1969 in captive mule deer, which died with the symptoms of 

weight loss and behavioral changes (Williams and Young 1980). There is growing concern about 

the potential risk of transmission of CWD prion to humans; however, so far, there is no report of 

CWD's association with prion diseases in humans (Barria, Balachandran et al. 2014, Houston 

and Andreoletti 2018, Waddell, Greig et al. 2018). Intracerebral inoculation of humanized 

transgenic mice with elk CWD isolates has not resulted in CWD disease occurrence in those 

mice (Kong, Huang et al. 2005). CWD has been transmitted to non-cervid animals under 

experimental conditions. Laboratory mice, cattle, mink, squirrel, monkeys, cats, sheep and goats 

have been shown susceptible to experimental transmission of CWD (Bartz, Marsh et al. 1998, 

Hamir, Cutlip et al. 2001, Belay, Maddox et al. 2004, Gilch, Chitoor et al. 2011).  

1.5.4 Transmissible Mink Encephalopathy (TME) 

Transmissible mink encephalopathy (TME) is a food-born prion disease that was first detected in 

1947 in ranch-raised mink on a farm in Brown County, Wisconsin, USA, with a mortality rate of 

100% in adult mink (Hartsough and Burger 1965, Eckroade, ZuRhein et al. 1973). TME affects 

mink over the age of one, and incubation time is about six months. The clinical signs in mink 

include behavioral changes and neurological disorders (Barlow 1972). The last TME outbreak 

was reported in 1985 in Wisconsin (Marsh, Bessen et al. 1991).  
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TME has been experimentally transmitted to several animals, including ferret, striped skunk, 

raccoons, Syrian and Chinese hamster, squirrel, macaque monkeys, sheep, and goat with 

different incubation times (Marsh and Hanson 1969, Kimberlin, Cole et al. 1986, Robinson, 

Hadlow et al. 1995, Hamir, Miller et al. 2004, Hamir, Kunkle et al. 2006, Hamir, Kehrli et al. 

2011). Transmission to Syrian golden hamsters has led to the occurrence of two TME strains, 

“hyper” (HY) and “drowsy” (DY), which present different biochemical features and clinical 

symptoms in hamsters. The hyper syndrome is featured by short incubation time, hyperaesthesia 

and cerebellar ataxia, while the drowsy strain is characterized by lethargy and long incubation 

time (Bessen and Marsh 1992). The origin of TME is unknown; but, it is hypothesized that TME 

is linked to feeding BSE-infected cattle to farm mink (Marsh and Hartsough 1988). Cattle 

inoculated experimentally with TME prions developed transmissible spongiform encephalopathy 

after 18.5 months incubation time (Marsh, Bessen et al. 1991). TME and L-type BSE prion 

exhibit a high degree of similarity in molecular and phenotypic features, suggesting that L-type 

BSE  may be a more plausible candidate for the source of TME in mink (Baron, Bencsik et al. 

2007).  

1.6 Human prion diseases  

Human prion diseases can be categorized into three groups: sporadic form, inherited occurrence 

through autosomal dominant mutations in the PrP gene PRNP, and transmissible form acquired 

from external sources, such as medical equipment, BSE-contaminated meat products, and 

ritualistic cannibalism (Collinge 2001).  
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1.6.1 Sporadic human prion diseases 

In humans, sporadic prion diseases are more common compared to the genetic and acquired 

forms and consist of sporadic forms of Creutzfeldt-Jakob disease (CJD) and fatal familial 

insomnia (FFI) (Collinge 2001). Sporadic Creutzfeldt-Jakob disease (sCJD), the most common 

prion disease in humans, was the first spontaneously formed human prion disease described in 

the early 1920s (Creutzfeldt 1989). CJD affects approximately 1-2 individuals per million each 

year, accounting for about 85% of TSE cases in humans (Aguzzi and Calella 2009, Puoti, Bizzi 

et al. 2012). 

1.6.2 Inherited prion diseases 

GSS is a genetic prion disease in humans with mutations in the PRNP gene (Masters, Gajdusek 

et al. 1981), of which the most common mutations are at codons 102, 198 and 117. In contrast to 

CJD, an earlier age of the disease onset and longer incubation time have been reported in GSS 

cases. (Hsiao, Baker et al. 1989, Hsiao, Dlouhy et al. 1992). Histopathological examinations 

have shown the presence of amyloid plaques in the prion tissue (Collins, McLean et al. 2001). 

FFI is an inherited prion disease in humans first reported in an Italian family in 1986 (Lugaresi, 

Medori et al. 1986). The clinical symptoms include severe sleep disturbance leading to death, 

dysautonomia, cognitive dysfunction and motor disorder (Gambetti, Parchi et al. 1995, Collins, 

McLean et al. 2001). The average survival time after the initiation of the clinical symptoms is 18 

months (Schenkein and Montagna 2006). This prion disease disease is associated with the 

D178N single gene mutation and polymorphism at codon 129 of the PRNP gene (Medori, 

Tritschler et al. 1992, Gambetti, Parchi et al. 1995). The exact mechanism by which the mutation 
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elicits prion disease is not well identified; however, it is presumed that these mutations elevate 

the chance of spontaneous misfolding of cellular prion protein into the abnormal form (Hsiao and 

Prusiner 1990, Liemann and Glockshuber 1999).  

1.6.3 Acquired prion diseases 

The acquired forms of prion disease may occur following exposure to infectious resources. Kuru, 

iatrogenic CJD, and vCJD are examples of the acquired form of prion disease in humans. Kuru 

was described in the 1950s by V. Zigas and Dr. Gajdusek, in the Fore people of Papua New 

Guinea tribe that received the infection through practicing ritualistic cannibalism (eating the 

brains of dead relatives) (Gajdusek and Zigas 1957). Neuropathological changes in Kuru-

affected brains were found akin to the typical scrapie lesions when it was experimentally 

transmitted to chimpanzees (Gajdusek, Gibbs et al. 1966). This disease's occurrence has 

diminished significantly due to the cessation of cannibalism habits (Collinge, Whitfield et al. 

2006). Dr. Gajdusek received the Nobel Prize in Physiology or Medicine in 1976 for his work on 

this infectious prion agent (www.nobelprize.org).  

Variant Creutzfeldt-Jakob disease (vCJD) is an acquired form of CJD, first reported in the 

United Kingdom. The incidence of this disease is believed to be linked to dietary exposure to 

infected cattle meat or other products obtained from the nervous tissue of BSE-infected cattle 

(Will, Ironside et al. 1996). Met/Met homozygosity polymorphism at codon 129 of the PRNP 

gene has been described as a risk factor for this disease (Collinge, Palmer et al. 1991). vCJD 

differs from sCJD in terms of the age of the disease onset, its neuropathological patterns, and the 

duration of the disease. vCJD usually affects younger individuals (Will, Zeidler et al. 2000). The 

typical clinical manifestations of this disease include ataxia, dysphoria, withdrawal, anxiety, and 

http://www.nobelprize.org/
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loss of interest (Spencer, Knight et al. 2002, Prusiner 2004). An experiment on laboratory mice 

has found that the lesion profile of vCJD is strongly similar to that of BSE (Hill, Desbruslais et 

al. 1997). Experimental transmission of vCJD and BSE prions to transgenic mice overexpressing 

bovine PrP resulted in similar biochemical features of PrPSc (Scott, Will et al. 1999).  

The acquired form of prion disease may also happen through iatrogenic transmission. There have 

been reports of iatrogenic CJD infection from human growth hormone, dura mater graft, and 

some infected surgical equipment. Some cases of prion disease have also been linked to blood 

transfusion received from subclinical CJD patients (Wroe, Pal et al. 2006, Turner and Ludlam 

2009). Recently a case of vCJD was reported to be likely linked to laboratory exposure to BSE-

infected transgenic mice expressing human prion protein (Brandel, Vlaicu et al. 2020). 

1.7 The cellular prion protein (PrPC)  

The cellular prion protein (PrPC) is a monomeric glycoprotein in mammals encoded by the prion 

protein gene, PRNP, and is linked to the cell surface by a glycosylphosphatidylinositol (GPI) 

anchor (Simonic, Duga et al. 2000). On the cell surface, PrPC is located within lipid rafts and is 

ubiquitously found in various tissues, including CNS, muscles, heart, kidney, secondary 

lymphoid organs, lymphocytes and follicular dendritic cells (FDCs) (Manson, West et al. 1992, 

Aguzzi and Polymenidou 2004). Unlike PrPSc, PrPC is soluble in detergents and is sensitive to 

digestion with proteases (Prusiner 2004). In terms of physiological roles, PrPC has been proposed 

to be involved in different functions, such as cell signalling modulation, neuronal development, 

neuronal ex stress-protection, and maintaining circadian rhythm (Castle and Gill 2017). 

Improvement in the expression of recombinant prion protein allowed the structural 

characterization of PrP protein from several species. Nuclear magnetic resonance (NMR) 
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technique was used to determine the structure of mouse and bovine recombinant PrP (Riek, 

Hornemann et al. 1996, Riek, Hornemann et al. 1997, Lopez Garcia, Zahn et al. 2000). 

Subsequently, the structure of other prion strains, including human PrP was resolved using NMR 

and X-ray crystallography techniques (Zahn, Liu et al. 2000, Knaus, Morillas et al. 2001).  

Bovine PrPC protein contains 264 amino acids. The structure of recombinant bovine prion 

protein was resolved using NMR experiment (Lopez Garcia, Zahn et al. 2000). In the following 

study, Hornemann et al. compared this structure with the bovine prion protein purified from 

healthy calf brains with glycan moieties and GPI-anchor remained, using circular dichroism 

(CD) and NMR spectroscopy experiments (Hornemann, Schorn et al. 2004). The obtained data in 

this research showed that the three-dimensional structure and thermal stability of fully 

glycosylated, brain-derived and recombinant bovine PrPC are similar. The structure of PrPC 

contains a globular C-terminal domain consisting of three α-helices and two short anti-parallel 

beta-strands, and an N-terminal region. The N-terminal region has been previously considered to 

be structurally disordered; however, it may contain inducible structures to allow interaction of 

PrPC with other prion molecules and contribute to PrPC to PrPSc conversion (Castle and Gill 

2017). It has been shown that PrP knockout mice are not susceptible to prion disease and are not 

able to replicate prion protein (Bueler, Aguzzi et al. 1993). 

Bovine prion protein has two cysteines at residues 190 and 225 linked by a single disulfide bond 

that connects α-helices two and three (Lopez Garcia, Zahn et al. 2000). There are two N-linked 

glycosylation sites at residues 192 and 208 (Figure 1.5). The N-terminal section contains a 

conserved hydrophobic region with five to six copies of an octapeptide region, which is 

suggested to be involved in copper binding and also contributing to prion pathogenesis 
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(Yoshimoto, Iinuma et al. 1992, Brockes 1999). A comparison of amino acid sequence of bovine 

prion protein with prion protein in other species is shown in Figure 1.6. 
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Figure 1. 5 The structure of the prion protein. 

A) The primary structure of the prion protein. bovPrP (bovine prion protein) with 264 amino 

acids is encoded by the PRNP gene. It contains a signal peptide, a GPI 

(glycosylphosphatidylinositol anchor) signal, five to six octapeptide repeats, a hydrophobic 

region, and two N-linked carbohydrates (CHO). The GPI signal sequence is necessary for the 

attachment to membrane raft. PrPC and PrPSc have identical primary structures. B) Cartoon 

representation of the NMR structure of the recombinant bovPrP (23–230) (Protein Data Bank 

[PDB] code 1DX0) (Lopez Garcia, Zahn et al. 2000). It contains a flexible disordered N-terminal 

tail (23–121) and a globular domain, extending around residues 122 to residues 227. The 

globular domain includes three α-helices (cyan) and a short anti-parallel β-sheet (purple). A 

single disulfide bond links the α-helices 2 and 3.  
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Figure 1. 6 Sequence alignment the prion protein from different species. 

Comparison of the amino acid sequence of PrP protein in cow, human, mouse, sheep, hamster, 

and cat.  The extra octapeptide repeat in cattle PrP is shown using a black arrow. Colors 

represent the chemical properties of amino acids (blue: acidic; red: small and hydrophobic; 

magenta: basic; green: hydroxyl, sulfhydryl and glycine).  
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1.8 Structure of PrPSc– Experimental data 

PrPC and PrPSc only differ in their conformation; unlike PrPC that is structurally rich in α-helices 

and has low β-sheet content, PrPSc appears to be entirely composed of β-sheet (Colby and 

Prusiner 2011, Wille and Requena 2018, Spagnolli, Rigoli et al. 2019). There is no difference in 

post-translational modification of PrPC and PrPSc (Stahl, Baldwin et al. 1993). 

Although the high-resolution structure of cellular prion protein has been resolved, the structure 

of infectious prion protein (PrPSc) has not been fully determined. Despite various attempts in 

resolving the structure of PrPSc, there are still uncertainties about the structural characteristics of 

this infectious agent (Wille and Requena 2018). Over the years, a combination of structural 

techniques have been implemented to gain insight into the conformation of this abnormal 

protein, and different models have been proposed, which are listed below. 

1.8.1 FTIR 

Fourier transform infrared spectroscopy (FTIR) provides information about the secondary 

structure of proteins. Earlier FTIR studies on disease-causing prion protein showed that the 

transformation of PrPC into PrPSc is accompanied by a diminishing in alpha-helical content and a 

significant increase in the β-sheet structure. Initially, FTIR was used to analyze PK-digested 

prion protein, PrP 27-30, which identified that this abnormal conformation contains a high 

percentage of β-sheet structure (47%) and lower content of α-helices (17%). The remaining 36% 

was described as turns and random coils, possibly connecting beta-strands. Subsequently, 

another FTIR report indicated that PrPSc is composed of 43% β-sheet and 30 percent α-helical 

structure (Caughey, Dong et al. 1991, Pan, Baldwin et al. 1993).  
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 However, a following hydrogen/ deuterium (H/D) exchange study suggested that PrPSc is devoid 

of α-helices, and the infrared band reported earlier as α-helices, in fact, corresponded to turns and 

loops. At present, it is widely accepted that the structural conformation of abnormal prion protein 

contains no α-helices and is dominantly composed of β-strands (Smirnovas, Baron et al. 2011, 

Requena and Wille 2014).  

1.8.2 Hydrogen/Deuterium (H/D) exchange  

H/D exchange technique can be used to investigate the secondary structure of proteins. In this 

method, covalently bonded hydrogen ions at backbone amides within the unstructured regions 

are replaced more rapidly by deuterium ions. However, the exchange rate within the structured 

regions, including α-helices or β-sheet areas, is relatively slow. In a previous study on a brain-

derived PrPSc, using H/D exchange and mass spectrometry analysis, it was revealed that the 

region from residues ~80-90 (depending on different species) all the way to the C-terminus 

shows an extremely low exchange rate, indicating that this region is predominantly composed of 

beta-sheet structure. The spots for turns and loops within this area exhibited a higher exchange 

rate (Smirnovas, Baron et al. 2011). This information further reinforces the notion that PrPSc is 

devoid of α-helices and predominantly contains β-strands connected by short turns and loops 

(Requena and Wille 2014).  

1.8.3 X-ray fiber diffraction  

The repeating nature of prion protein amyloid fibrils has made it possible to investigate the 3D 

structure of these infectious conformers using the X-ray fiber diffraction technique. In this 
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technique, structural information is obtained from symmetrical X-ray scattering of fibrillar 

aggregates of prion protein (Requena and Wille 2014).  

This method has been previously used to examine the structure of PrP 27-30 and PrPSc isolated 

from the brains of laboratory animals. Initially, applying this method on PrP 27-30 proteins 

purified from Syrian hamster (SHaPrP 27–30) brains revealed the cross beta diffraction signal at 

4.72 Å distance, confirming the fibrillar nature of theses multi-structures (Nguyen, Inouye et al. 

1995). Subsequently, the structure of PrP 27-30 samples purified using PTA (Wille, Shanmugam 

et al. 2009) was investigated by employing synchrotron radiation, which provided further 

information regarding the structure of PrP 27-30 molecules. This experiment reported a repeating 

unit of 19.2 Å, representative of the height of each PrPSc monomer (4 x 4.8 Å), and meridional 

signals at 4.8 Å, 6.4 Å, and 9.6 Å, which was interpreted to be corresponding to the fourth, third, 

and second order of the 19.2 Å unit. Some equatorial signals obtained during the purification 

process, which were attributed to lipids and detergents. According to the revealed diffraction 

data and the absence of the 10 Å equatorial signal, characteristic of stacked beta-sheet amyloid 

structure, a beta-solenoid model was suggested for the architecture of PrP 27–30 molecules. 

Applying the same method on recombinant mouse prion (89-230) or SHaPrP 27–30 (Sc237) 

revealed a cross-beta diffraction signal at 4.8 Å, as well as a 10 Å equatorial diffraction, 

characteristic of stacked β-sheet amyloid, indicating a difference in the conformation of 

infectious brain-derived and recombinant PrPSc (Figure 1.7) (Wille, Bian et al. 2009). A β-

solenoid structure was also proposed later for the conformation of the fungal HET-s (218-289) 

prions. HET-s is a functional prion protein of the filamentous fungus Podospora anserina. HET-

s functions in a self/nonself recognition event termed heterokaryon incompatibility that leads to 

programmed cell death (Maddelein, Dos Reis et al. 2002, Saupe 2007). A solid-state NMR 
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experiment of HET-s (218-289) prions revealed a two-rung β-solenoid structure for these 

molecules (Wasmer, Lange et al. 2008, Van Melckebeke, Wasmer et al. 2010). Afterwards, an 

X-ray fiber diffraction study of recombinant HET-s (218-289) amyloid fibrils demonstrated that 

at neutral pH HET-s (218-289) forms a β-solenoid conformation and revealed meridian 

diffractions at 4.8 Å and 9.5 Å, confirming the two-rung β-sheet arrangement (Wasmer, Lange et 

al. 2008, Wille, Bian et al. 2009, Wan, Wille et al. 2012, Wan and Stubbs 2014). Together, these 

observations supported the hypothesis that PrP 27-30 adopts a β-solenoid structure (Requena and 

Wille 2014). 
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Figure 1. 7 Fiber diffraction patterns from SHaPrP amyloids. 

Black arrows indicate cross-beta meridional diffraction at 4.8 Å resolution. A) SHaPrP27-30. B) 

RecSHaPrP (90–231) amyloid fibrils. The white arrow indicates broad equatorial diffraction at 

about 10.5 Å resolution, absent in A. Figure was taken from (Wille, Bian et al. 2009), and 

permission to reuse was obtained from PNAS.  
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1.8.4  Limited proteolysis 

Limited proteolysis has been a useful tool to acquire information about the conformation of PrPSc 

and PrP 27-30. Proteinase K (PK) was initially used to gain insight into the structure of prions 

using this method (Requena and Wille 2014). Treatment with PK showed that PrPSc is partially 

resistant to proteolytic cleavage. The unstructured N-terminal region of PrPSc is cleaved by PK 

digestion, and a PK-resistant core spanning residue ~ 90-231 remains (Prusiner, Bolton et al. 

1982, McKinley, Bolton et al. 1983). Subsequently, other limited proteolysis experiments on 

PrPSc strains reported other minor PK-resistant sites, mostly located within the C-terminal region 

(Kocisko, Lansbury et al. 1996, Zou, Capellari et al. 2003, Zanusso, Farinazzo et al. 2004, 

Sajnani, Pastrana et al. 2008).   

In a previous investigation, digestion of a GPI-less PrPSc with proteinase K and further analysis 

based on mass spectrometry on hamster prion protein led to the identification of a complete map 

of PK-sensitive areas. These areas included the unstructured N-terminal region and some other 

PK-susceptible spots within the C-terminal region, which were assigned to the loops and turns 

between beta-strands (Vázquez-Fernández, Alonso et al. 2012). The C-terminal area was found 

to be highly resistant to digestion with PK, strengthening the idea that this region predominantly 

contains beta-sheet conformation, given the fact that proteolytic digestion happens more readily 

within flexible regions such as turns or loops, and with less possibility in α-helices and rarely in 

regions composed of beta-strands (Hubbard 1998). 

1.8.5  Transmission electron microscopy 

The first transmission electron microscopy (TEM) study on different scrapie strains from brains 

of scrapie-affected animals led to the visualization of the fibrillar structure of PrPSc, which were 
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named “scrapie associated fibrils” (SAFs) (Merz, Somerville et al. 1981). Following that, 10 to 

20 nm wide rod-like polymerized forms of PrP 27-30, designated “PrP rods,” were observed in 

purified hamster PrPSc samples using electron microscopy. These prion rods showed green 

birefringence, typical of amyloid fibrils, after staining with Congo red (Prusiner, McKinley et al. 

1983). Electron microscopy micrographs from different murine scrapie strains have been used in 

several studies to investigate the morphological details of prion fibrils (Merz, Somerville et al. 

1981, Sim and Caughey 2009, Wille, Bian et al. 2009, Vazquez-Fernandez, Vos et al. 2016, 

Terry, Harniman et al. 2019). For example, an electron microscopy study on GPI-anchorless 

prion fibrils of mouse-adapted ovine scrapie strains, RML, ME7, and 22L, demonstrated that 

these strains adopt the same fibrillar morphology with differences in their range of periodicity 

and fibril diameter. The fibrils' width using negative stain electron microscopy examination was 

reported 4-6 nm (Sim and Caughey 2009). A cryoelectron microscopy study on GPI-anchorless 

brain-derived murine prions identified amyloid fibrils containing two intertwined protofilaments 

with an average width of ~ 9 nm (Vazquez-Fernandez, Vos et al. 2016). A plausible explanation 

for the variety in fibril diameters could relate to the strain-specific features of different prions. In 

the case of the GPI-anchor less prion protein, the lack of N-linked glycans could account for the 

smaller width of these fibrils compared to the fully glycosylated ones. 

Two-dimensional (2D) crystals of aggregated PrP 27-30 and PrPSc, which were discovered in the 

purified prion samples using negative stain electron microscopy, were employed to obtain 

information about the structural architecture of N-terminally truncated form of infectious prion 

protein (Wille, Michelitsch et al. 2002, Govaerts, Wille et al. 2004, Wille, Govaerts et al. 2007, 

Requena and Wille 2014). 2D crystals of infectious PrP 27-30 and a partial deletion mutant of 

PrPSc (PrPSc 106) were examined to gain insight into prion protein structure through electron 
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crystallography technique. Although this did not provide high-resolution information, image 

processing and difference map between PrPSc106 and PrP 27-30 enabled visualization of the 

internal deletions of PrPSc 106, called miniprion, and revealed the position of N-linked glycans 

and the internal deletions of PrPSc 106 (Figure 1.8) (Wille, Michelitsch et al. 2002). The internal 

deletions were later reported to contribute to beta-sheet structures in PrP 27-30 by FTIR 

examination (Supattapone, Bosque et al. 1999). 
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Figure 1. 8 2D crystals of PrP 27-30.  

A) Electron microscopy of Nanogold labeled 2D crystal of PrP 27-30 stained with uranyl acetate. 

Scale bar, 100 nm. B) Image processing result of a labeled crystal after correlation mapping and 

averaging followed by crystallographic averaging. C) Subtraction map between labeled and 

unlabeled crystals showing major differences in lighter shades. D) Overlay of the statistically 

significant differences, corresponding to sugars (yellow), onto a projection map of PrP 27-30. 

This figure was reprinted with permission from (Wille, Michelitsch et al. 2002). (Copyright 

(2002) National Academy of Sciences, U.S.A.). 
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1.9 Proposed structural models of PrPSc 

 From extensive research on determining the high-resolution structure of prion protein, two 

alternative models have been proposed: the Parallel In-Register Intermolecular Beta-Sheet 

(PIRIBS) (Groveman, Dolan et al. 2014) model and the 4-rung beta solenoid model (Vazquez-

Fernandez, Vos et al. 2016, Spagnolli, Rigoli et al. 2019).  

1.9.1 The PIRIBS model 

The Parallel In-Register Intermolecular Beta-Sheet model was proposed based on the solid-state 

NMR data of spontaneously formed and initially prion-seeded recombinant PrP amyloid fibrils 

(Cobb, Sonnichsen et al. 2007, Tycko, Savtchenko et al. 2010, Groveman, Dolan et al. 2014). 

Consistent with this report, recently, a cryo-EM study of a brain-derived 263K prion strain 

revealed a Parallel In-Register Intermolecular Beta-Sheet structure for this prion strain. In this 

report it was indicated that each PrPSc fibril is composed of one protofilament (Kraus, Hoyt et al. 

2021). According to this model, single PrPSc monomers consisting of eight beta-strands stack on 

top of each other in-register, providing a 4.8 Å cross beta-sheet distance between them (Figure 

1.9). 

It should be noted that the 4.8 Å molecule height presented in this structure (Groveman, Dolan et 

al. 2014) is not compatible with the 19.2 Å repeating units observed in the X-ray fibre diffraction 

and a following cryo-EM studies on an infectious anchorless prion strain (Wille, Bian et al. 2009, 

Vazquez-Fernandez, Vos et al. 2016). This assembly forces each monomer to cover the entire 

cross-section of the amyloid fibril; therefore, the authors state that PrPSc fibrils contain one 
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protofilament, and the density, referred to as the gap between two protofilaments in previous 

studies, is due to stain artifacts (Groveman, Dolan et al. 2014). 
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Figure 1. 9 Parallel in-register intermolecular β-sheet model.  

A model of an octameric recombinant PrP with parallel in-register intermolecular β-sheet 

structure. The view is looking down the axis of an energy minimized octamer of mouse PrP 90-

231 molecules stacked parallel in-register and with the main hairpins (denoted on the model). 

The segment that is known to form parallel in-register intermolecular β-sheet in unseeded rPrP 

amyloid fibrils is pink. PK-cleavage sites (red), Asn-linked glycosylation sites (orange) and the 

glycan cleft (orange arrow) are also indicated. Size constraints are shown on the outside of the 

model. B) Theoretical diagrammatic Parallel In-Register Intermolecular β-sheet model for 

residues 90-231 PrPSc amyloid. This figure was originally published in The Journal of Biological 

Chemistry (Groveman, Dolan et al. 2014). Copyright the American Society for Biochemistry and 

Molecular Biology. C) A cryo-EM based model of 263K prion strain with Parallel In-Register 

Intermolecular β-sheet structure. The Figure shows β‐sheets in a trimeric segment of the fibril. 

Structural elements are labeled, and disulfide bond is indicated by pair of yellow spheres. Figure 

was taken from (Kraus, Hoyt et al. 2021).  
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1.9.2 The four-rung β-solenoid model 

Currently, there is strong evidence suggesting that the PrPSc molecule adopts a beta helical 

architecture upon conversion into the infectious state (Wille and Requena 2018, Spagnolli, Rigoli 

et al. 2019). The β-solenoid or β-helix model was first reported according to the results of the 

TEM examination of 2D crystals of brain derived PrP 27-30 (Govaerts, Wille et al. 2004). 

The 19.2 Å signal revealed by X-ray fiber diffraction analysis of PrP 27-30 prion isolates, 

corresponding to the height of each PrPSc monomer, as well as the absence of the prominent 

stacked beta-sheet signal at 10 Å, provided initial evidence that infectious PrPSc molecules may 

adopt a four-rung beta-solenoid model. Subsequently, the data from a cryoelectron microscopy 

investigation on infectious RML strain further supported the four-rung β-solenoid (4RβS) 

architecture for the structure of infectious PrPSc (Figure 1.10). In this study, 4.8 Å repeating units 

were obtained using Fourier-transform analysis of individual fibrils of cryo-EM micrographs, 

which was in agreement with the results drawn from a previous X-ray fibre diffraction 

experiment on prion proteins (Vazquez-Fernandez, Vos et al. 2016). Besides, the four-rung beta-

solenoid configuration, by providing 19.2 Å distance, appears to provide simpler accommodation 

for bulky glycans compared to the PIRIBs model with 4.8 Å intermolecular space (Baskakov and 

Katorcha 2016). Recently, an atomistic model of PrPSc was built using molecular dynamics 

simulation method based on the available experimental data, such as X-ray fibre diffraction 

results and cryo-EM study of a GPI-anchorless prion protein. This model was shown to be 

compatible with the four-rung β-solenoid arrangement (Figure 1.11) (Spagnolli, Rigoli et al. 

2019).  
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Figure 1. 10 Four-rung β-solenoid architecture of PrPSc. 

(A) Three-dimensional reconstruction of a GPI-anchorless mouse PrPSc amyloid fibril with two 

protofilaments. (B) Cartoon representation of a four-rung β-solenoid architecture drawn to 

approximate the 3D reconstruction in (A). The 4.8 Å distance between beta-strands arranged 

perpendicular to the fibril axis, and the 19.2 Å height of an individual PrP is indicated. This 

figure was taken from (Vazquez-Fernandez, Vos et al. 2016). 
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Figure 1. 11 View of the four-rung β-solenoid PrPSc Model. 

The structure of PrPSc monomer modelled as a 4RβS (β-strands represented as red arrows) 

obtained by molecular dynamics simulations is shown in the center of the figure. Residues 90-

230 are displayed in each individual rung (1–4) with different colors. PK cleavage sites 

identified by mass spectrometry are colored in red. Glycosylation sites are labeled in green. 

Proline residues are colored in purple. Cystine is indicated in cyan. This figure was taken from 

(Spagnolli, Rigoli et al. 2019).  
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1.10  Research goals  

Transmissible spongiform encephalopathies are lethal diseases affecting humans and animals 

worldwide. Although the feed ban program has considerably reduced the occurrence of classical 

BSE in cattle (Ducrot, Arnold et al. 2008), emerging atypical cases in European countries, North 

America, and Alberta have raised concerns about farm animals and human health (Masujin, 

Okada et al. 2016). The high-resolution structure of infectious BSE prions has not been 

characterized so far. According to previous findings, the conformation of prion protein plays a 

vital role in strain characteristics and could determine the susceptibility of a specific host to prion 

protein infection. Therefore, the overall objective of this thesis was to identify the structural 

characterization of infectious brain-derived classical and atypical BSE strains using transmission 

electron microscopy and image processing techniques.  

The first part of my project involved a structural investigation of the atypical amyloidogenic 

strain of BSE, L-type strain. I purified these prions from transgenic mice (Tg4092) brains, 

genetically engineered mice to express bovine prion protein sequence (Scott, Safar et al. 1997). 

Following the purification of L-type BSE fibrils, I performed conformational analysis using 

various techniques, such as TEM, immunogold labeling and three-dimensional reconstruction 

(Chapter 2). The second part of my thesis was aimed at structural elucidation of the two other 

BSE strains, C-type and H-type BSE. After purification from transgenic mice brains, I analyzed 

these two strains in terms of fibril morphology and created three-dimensional models from the 

EM micrographs. Lastly, I assessed whether there is structural heterogeneity between the three 

BSE strains (Chapter 3). 
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This study, for the first time, provides insights into the structural architecture of the three BSE 

strains. Also, the results of morphological analysis between BSE strains could help better 

understanding of strains diversity in prions. Finally, these data may help therapeutic 

interventions. 

According to the data in this study and considering previous attempts at the structural elucidation 

of the prion protein, we hypothesize that infectious BSE prions contain subunits with a four-rung 

beta-solenoid structural arrangement. In addition, we hypothesize that some conformational 

variations exist between three BSE strains, which may be responsible for the distinct phenotypic 

and biochemical features in each strain. 
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Chapter 2: The ultrastructure of infectious L-type bovine 

spongiform encephalopathy prions constrains molecular models 
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2.1 Introduction 

Prion diseases, also called transmissible spongiform encephalopathies (TSE), belong to a group 

of zoonotic, fatal neurodegenerative diseases that cause spongiform changes in the brain 

(Prusiner 1998). Bovine spongiform encephalopathy (BSE), also known as ‘mad cow disease’, 

was first detected in 1986 in the U.K. (Wells, Scott et al. 1987), and later was identified in other 

European countries and North America (Konold, Bone et al. 2012). So far, BSE is the only prion 

disease with the confirmed capability of transmission to humans, resulting in the occurrence of 

variant Creutzfeldt-Jakob disease, an acquired form of prion disease in humans. Thus, BSE was 

considered an essential human health risk (Wilesmith, Ryan et al. 1991, Nathanson, Wilesmith et 

al. 1997, Morales 2017). Three BSE strains have been reported to cause prion disease in cattle, 

including classical BSE (C-type) and two atypical forms termed L-type and H-type BSE, which 

differ in their neuropathological and molecular phenotypes (Biacabe, Laplanche et al. 2004, 

Casalone, Zanusso et al. 2004, Jacobs, Langeveld et al. 2007). The disease caused by L-type 

BSE is also called bovine amyloidotic spongiform encephalopathy (BASE), due to the atypical 

deposition of amyloid plaques in the brain (Casalone, Zanusso et al. 2004, Dudas, Yang et al. 

2010).  

The underlying pathogenic event for all prion diseases involves the conversion from the normal, 

cellular prion protein, PrPC, to an infectious form, known as PrPSc (Aguzzi, Sigurdson et al. 

2008). According to previous nuclear magnetic resonance (NMR) spectroscopic and X-ray 

crystallographic studies on recombinant PrP, the PrPC structure contains an unstructured N-

terminal domain and a C-terminal domain containing three α-helices and two short, antiparallel 

β-strands (Riek, Hornemann et al. 1996, Lopez Garcia, Zahn et al. 2000, Knaus, Morillas et al. 
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2001). The unstructured N-terminal domain of bovine PrPC contains five or six octapeptide-

repeats, instead of the five repeats that are found in most mammalian species (Goldmann, Hunter 

et al. 1991). In contrast to PrPC, mammalian PrPSc is lacking a high-resolution structure due to its 

insolubility and propensity to aggregate (Requena and Wille 2014). Nevertheless, data obtained 

from a combination of structural experiments, including Fourier-transform infrared spectroscopy 

(FTIR), limited proteolysis, X-ray fiber diffraction, cryo electron microscopy (cryo-EM), 

molecular dynamics simulations, and solid-state NMR spectroscopy (ssNMR), have provided 

basic insights into the unique arrangements of this incompletely understood conformation 

(Zweckstetter, Requena et al. 2017, Wille and Requena 2018). 

Earlier structural studies reported that PrPSc has a high β-sheet content and suggested that it 

retained part of the α-helices that are present in cellular PrPC (Caughey, Dong et al. 1991, 

Caughey, Raymond et al. 1998, Govaerts, Wille et al. 2004). However, a hydrogen/deuterium 

(H/D) exchange study demonstrated that the PrPSc structure is likely devoid of α-helices and 

predominantly contains β-strands (Smirnovas, Baron et al. 2011). Later, a four-rung β-solenoid 

model (4RβS) was proposed for the core structure of the infectious prion protein based on an X-

ray fiber diffraction study on amyloid fibrils from N-terminally truncated PrPSc, termed PrP 27-

30 (Wille, Bian et al. 2009). The 4RβS arrangement was further confirmed by a cryo-EM 

analysis and three-dimensional reconstruction experiments on brain-derived and GPI-anchorless 

mouse prion fibrils (Vazquez-Fernandez, Vos et al. 2016). Recently, an atomistic model for 

mouse PrPSc was created based on the 4RβS arrangement and employing results from the 

previous cryo-EM and X-ray fiber diffraction studies, as well as all other experimental data. 

Molecular Dynamic (MD) simulations were used to test this model, which was found to be 

physically stable (Spagnolli, Rigoli et al. 2019). Results of a recent ssNMR study on infectious 
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recombinant PrPSc were found to be compatible with the four-rung β-solenoid model (Martín-

Pastor, Codeseira et al. 2020). A Parallel In-Register Intermolecular Beta-Sheet (PIRIBS) 

structure was proposed as an alternative model for the architectures of PrPSc and recombinant 

PrP amyloid (Cobb, Sonnichsen et al. 2007). According to this model, monomers of β-structured 

prion protein stack on top of each other in-register with a 4.8 Å height increase per molecule, 

requiring the whole cross-section of the fibril to accommodate the full length of the peptide chain 

(Groveman, Dolan et al. 2014). Although a recent MD simulation study on an octameric PIRIBS 

amyloid fibril indicated that the incorporation of N-linked glycans in in-register β-sheet structure 

may not lead to steric clashes (Artikis, Roy et al. 2020), the four-rung β-solenoid arrangement 

provides more room for the bulky N-linked carbohydrates, including sialylated glycans 

(Baskakov and Katorcha 2016, Baskakov, Caughey et al. 2019). 

While there have been a variety of structural experiments on recombinant and tissue-derived 

scrapie prion strains, very little is known about the structural characteristics of native BSE 

prions. It has been previously established that different prion strains may hold variations in their 

structural conformation and self-replication procedures (Morales 2017, Terry, Harniman et al. 

2019). In this regard, we aimed at identifying the structural features of brain-derived infectious 

BovPrPSc by purifying BSE prions from transgenic mouse brains and employing electron 

microscopic approaches, such as image processing and immunogold labeling. For this purpose, 

we selected L-type BSE prions, as this strain has been demonstrated to be more amyloidogenic 

compared to the classical and H-type strains (Casalone, Zanusso et al. 2004); therefore, our first 

goal was to isolate L-type BSE prion fibrils for structural analyses. Here, we provide a first, 

detailed description of infectious, fully glycosylated, and GPI-anchored BSE prion fibrils. Our 

study revealed that the infectious BSE prion monomers polymerize into unbranched, long, rod-
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like fibrils with one- and two-protofilament morphologies, with the former type being 

significantly more prevalent. This finding is not compatible with the stacked β-sheet model, as, 

in this configuration, the fold requires the width of a double-wide amyloid fibril. Therefore, the 

one-protofilament L-type BSE amyloid fibrils provide independent support for the compact, 

four-rung β-solenoid model for the structure of PrPSc. 

2.2 Material & Methods 

2.2.1 L-type BSE prions 

Brain samples from the single L-type BSE affected cow discovered in Canada were confirmed to 

be BSE positive at the Canadian National BSE Reference Laboratory. The brain tissue from this 

animal was passaged into two calves. For this purpose, the colliculus tissue was homogenized to 

10% (w/v), sonicated, and spun to remove large cellular debris. The supernatant was aspirated 

into a syringe for subsequent injection into the cranial cavity of two steer calves at approximately 

5 months of age (1 mL of 10% homogenate per steer). Prior to inclusion in this project, steers of 

interest were genotyped to ensure no abnormalities were present in the prion gene. Once 

confirmed as genetically normal, the steers were moved into the biosafety level 3 containment 

pens at the CFIA Lethbridge Laboratory. Following challenge, the animals were monitored 

regularly for the appearance of clinical signs. At 16 months post challenge, both steers began to 

show mild clinical signs of BSE infection. With noted progression over the next several weeks, 

the steers were euthanized at 17 and 18 months post challenge, respectively. The brain stem was 

tested immediately using the Prionics rapid test platform and generated OD values of >8,000 for 

both animals. The kit lot positive/negative cutoff OD value was 113 with >95% of BSE negative 

samples giving an OD value of 0 using this kit lot. Both of these sample homogenates were also 
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strongly positive on a Western blot with three distinct immuno-reactive glycoforms ranging in 

size from 28 kDa down to 18 kDa.  

To type the protease-resistant prions that were found in the central nervous system tissue from 

the two challenged steers, the homogenate was run on a hybrid Western blot. This assay utilizes 

mild and stringent protease digestion, a panel of antibodies with different epitopes and molecular 

weight/glycoform ratios to type BSE samples. Classical BSE PrPSc has a ~2:1 ratio of di- to 

mono-glycosylated isoforms when detected on western blot, but the two L-type BSE challenged 

steer samples had ratios much closer to 1:1; this is commonly seen in atypical BSE. Proteinase K 

digestion under stringent conditions caused a significant decrease in PrPSc detected, another 

consistent characteristic of atypical BSE prions. SDS-PAGE gel separation of the protease 

resistant core of PrP revealed a subtle 0.5 to 1 kDa molecular weight shift down when compared 

to the classical BSE control samples. Finally, the PrPSc from the challenged steers was reactive 

with core anti-prion antibody 6H4 (Prionics AG, Switzerland) but was not reactive with the 

slightly more N terminal P4 anti-prion antibody (R-Biopharm AG, Germany). The molecular 

weight shift and antibody reactivity profile confirmed that the N-terminally truncated PrPSc 

detected is L-type atypical BSE. These BSE typing results for the two challenged steers were 

consistent with the hybrid Western blot results for the Canadian L-type BSE field case used for 

the challenge.  

 

2.2.2 Transgenic mice and genotyping 

Tg4092 mice (Scott, Safar et al. 1997) that overexpress the bovine prion protein were kindly 

provided by Dr. Stanley B. Prusiner (University of California, San Francisco). Similar to BSE-

infected cattle, these transgenic mice have shown to develop vacuolization and astrocytic gliosis 
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in the brain stem area after inoculation with bovine prion protein (Scott, Safar et al. 1997). The 

presence of the transgene was identified by PCR using tail-derived genomic DNA, which was 

amplified using primers, forward 5’.TCGATCCAGAGCCTTTGAATTGAG.3’; and reverse 5’. 

GGGTGAAATGGTCAGTGCATTACG.3’. PCR thermocycling conditions were as follows: 

94C for 3 min, (94C for 20 sec, 55C for 30 sec, 72C for 90 sec) repeated 35 times, 72C for 

1 min, hold at 4C, resulting in a 836 bp fragment that was visualized on a 1% agarose gel 

containing ethidium bromide. 

2.2.3 Ethics statement 

The BSE transmission experiments were carried out at the Canadian Food Inspection Agency, 

Lethbridge Laboratory, Lethbridge, Alberta, in accordance with guidelines set by the Canadian 

Council on Animal Care and approved by the animal care use committee for the CFIA-ADRI 

Lethbridge Laboratory (ACC#0902). All bioassay experiments in Tg4092 mice were carried out 

at the Centre for Prions and Protein Folding Diseases (CPPFD), University of Alberta, in 

accordance with guidelines set by the Canadian Council on Animal Care and approved by the 

animal care use committee for Health Sciences 2 (protocol AUP00000884). 

2.2.4 Bioassays 

Tg4092 mice overexpressing the bovine prion protein (Scott, Safar et al. 1997) were inoculated 

intra-cerebrally with 30 μL of diluted L-type BSE bovine brain homogenate per animal for the 

primary production of L-type BSE prions. Subsequent bioassay experiments were performed in 

the same manner, again using Tg4092 mice. The first group of transgenic mice was inoculated 

intra-cerebrally with 30 μl of 1 % brain homogenate samples from L-type BSE-infected Tg4092 

mice. Two other groups were injected separately with 30 μl of 1 % pellet 1, and the final pellet 
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samples (PK-digested) obtained from the purification experiments. Following inoculation, 

animals were monitored regularly for the appearance of prion disease clinical symptoms such as 

weight loss, scruffy coat, loss of appetite, ataxia, and dyspnea. Once the terminal stage of the 

disease was reached, the animals were euthanized by CO2 asphyxiation followed by cervical 

dislocation. The brains were collected and stored at -80°C for future analysis. Prion titers for the 

L-type BSE samples were determined by measuring the incubation time intervals from 

inoculation to the onset of neurological illness and calculated as LogID50/ml units based on a 

standard curve relating C-type BSE incubation times to prion dose (Safar, Scott et al. 2002). 

2.2.5 Isolation of BSE prions  

Infectious L-type BSE prions were isolated from the brains of terminally sick L-type BSE-

infected Tg4092 mice using a previously developed protocol (Safar, Wille et al. 1998). First, all 

brains were pooled and homogenized at 20% concentration (w/v) in phosphate-buffered saline 

(PBS). Four to ten brains were used in separate purification experiments. The 20% brain 

homogenate was then clarified at 500  g for 5 minutes, and the supernatant was collected and 

added to a new tube with an equal volume of 4% Sarkosyl in PBS to make 10% w/v brain 

homogenate. Then, the sample was aliquoted into 1 mL screw-cab microcentrifuge tubes and 

subjected to digestion with PK (50 μg/ml) at 37°C for 1 hour. The PK treatment reaction was 

stopped with the addition of 10 mM Phenylmethylsulfonyl Fluoride (PMSF). The process 

continued by adding 2% sodium phosphotungstic acid (PTA, pH 7.2) (SIGMA P-6395) to the 

aliquots and overnight (16 hours) incubation at 37°C. Afterwards, the samples underwent 

centrifugation at 16,000  g for 30 minutes and the P1 pellet fraction was obtained and 

resuspended with 0.2% Sarkosyl in PBS. Subsequently, 2% Sarkosyl in PBS and 2% PTA were 
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added to the resuspended pellets, and the samples were centrifuged again at 16,000  g for 30 

minutes to obtain the final pellet. The final pellet was resuspended with 0.2% Sarkosyl in PBS. 

Samples collected from different steps of the purification were stored at -80°C for future 

analyses. 

In order to generate highly purified L-type BSE prion isolates suitable for structural examination, 

we combined the PTA-precipitation protocol with a sucrose step-gradient centrifugation. In this 

method, the standard PTA purification was performed until the first pellet (P1) was obtained, and 

after resuspension with 0.2% Sarkosyl in PBS, the pellet 1 was loaded onto a sucrose-step 

gradient of 40% and 80% sucrose and subjected to ultracentrifugation at 115,000  g at 4 C for 

16 hours (overnight). Following centrifugation, 500 μL fractions were collected from the top of 

the ultracentrifugation tube. The bottom of the tube was washed with 100 μl of sucrose buffer 

(10 mM Tris HCl pH 7, 1mM NaN3, 0.2% Sarkosyl) to recover pelleted proteins and labeled as 

‘pellet wash’. All collected samples were stored at -80°C for SDS-Page, silver staining and TEM 

studies. 

2.2.6 Western blotting 

Samples were mixed with a gel-loading buffer (Bio-Rad) containing 2% (w/vol) SDS and heated 

at 100°C for 10 minutes before electrophoresis. The proteins were separated by SDS-PAGE gel 

electrophoresis using 12% acrylamide gels (Bio-Rad), run for 1 hour at 150 volts and blotted 

onto a polyvinylidene difluoride (PVDF) membrane (Millipore) at 100 volts for 1 hour. The 

blotted membranes were blocked with 5% (w/v) BSA in Tris buffered saline solution containing 

0.05% Tween 20 (v/v) (TBST), overnight, at 4 °C and incubated with anti-PrP antibody, D15.15 

at a 1:5,000 dilution, for 1 hour, at room temperature, followed by washing three times for 5 
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minutes with TBST. Next, the membranes were incubated with alkaline phosphatase conjugated 

anti-mouse IgG (Bio-Rad) at a 1:10,000 dilution in TBST for one hour and washed three times 

for 5 minutes in TBST. Prion protein signals were developed by adding ~1 ml alkaline 

phosphatase (AP) substrate (Bio-Rad) and detected by chemiluminescent visualization using 

ImageQuant (GE Life Science). 

2.2.7 Silver staining 

Samples from the purification were loaded on 12% polyacrylamide gels (Bio-Rad) and run for 60 

minutes at 150 volts. The gels were then incubated for 30 minutes at room temperature in fixing 

solution (50% methanol, 12% acetic acid) and afterwards incubated in SDS removal solution 

(10% ethanol, 5% acetic acid) for 30 minutes at room temperature. Next, the gels were 

transferred to Farmer’s solution to enhance PrP staining (containing: 0.15 g potassium 

ferricyanide, 0.3 g sodium thiosulfate, 0.05 g sodium carbonate) for 2 minutes, and then washed 

three times in distilled water. Next, the gels were treated with 0.2% (w/v) AgNO3 for 20 minutes 

and rinsed briefly in distilled water, followed by 100 ml developing solution (15 g sodium 

carbonate and 250 microL 30% formaldehyde stock solution). Finally, the development stopped 

by addition of a solution of 0.2% acetic acid (Wille, Shanmugam et al. 2009). 

2.2.8 Negative stain electron microscopy 

10-μl drops of purified samples were adsorbed onto freshly glow-discharged 400 mesh carbon-

coated copper grids (Electron Microscopy Sciences) for 1 minute and washed in 1-3 drops of (50 

μl) 0.1 M and 0.01 M ammonium acetate solutions each. Then, the grids were stained using a 

freshly filtered 2% solution of uranyl acetate and air-dried after removing the excess stain with 

filter paper. The stained samples were examined with a Tecnai G20 transmission electron 
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microscope (FEI Company) operating at an acceleration voltage of 200 kV. Electron 

micrographs were recorded with an Eagle 4k x 4k CCD camera (FEI Company). Defocus levels 

of 1-2 μm were applied for recording the images.  

2.2.9 Width measurements 

Width measurements were performed on L-type BSE fibrils using EMAN’s boxer (Ludtke, 

Baldwin et al. 1999). For each fibril, the maximum diameter between two crossover regions was 

determined. 

2.2.10 Immunogold labeling 

Immunogold labeling of the L-type BSE fibrils was performed using a combination of anti-PrP 

antibodies, including Fab fragments Fab 69 and Fab 29, and monoclonal antibody YEG mAb Sc-

G1, detecting prion protein epitopes at different positions. The Fab fragments were selected from 

a phage display library. Fab 69 and Fab 29 react with epitopes within residues 

100GWGQGGTHGQW110 and 227TQYQRESQAYY237 located at N- and C-terminal regions of 

the bovine prion protein, respectively (Senatore, Frontzek et al. 2020). The Fabs were expressed 

in E.coli (BL21(DE3)) as a His-tagged, soluble, and functional protein. The Fab fragments were 

purified via IMAC chromatography, following lysis of the bacterial cells. Next, the fragments 

were eluted using imidazole buffer, desalted, and further assessed for purity and activity (Rathod 

et al., unpublished data). The YEG mAb Sc-G1 monoclonal antibody was produced in-house and 

recognizes a discontinuous epitope in native PrPSc only (Fang et al., manuscript in preparation). 

Based on a previously published immunogold labeling protocol (Wille, Govaerts et al. 2007), 7 

µl of purified L-type BSE samples were adsorbed onto glow discharged formvar/carbon-coated 
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nickel grids (Ted Pella, Inc.) for ~5 minutes, and washed using three drops (50 µl) of 0.1 M and 

0.01 M ammonium acetate buffer pH 7.4. Samples used for labeling with Fab 69 and Fab 29 

antibodies, were treated with 50 μl of 3 M urea for 10 minutes, to increase the epitope 

accessibility. Following the washing steps, the grids were stained with 2 drops of freshly filtered 

2% sodium phosphotungstic acid (PTA), pH 7.2, then blocked for 60 minutes with 0.3% bovine 

serum albumin (BSA) in Tris buffered saline (TBS: 50 mM Tris-HCl, pH 7.4; 150 mM NaCl). 

Next, all grids, except for the control samples, were incubated on 50 μl drops of primary 

antibodies YEG mAb Sc-G1, Fab 69, and Fab 29 for 2.5-3 hours, followed by 5 washes in 1% 

BSA. The grids that were treated with Fab 69 and Fab 29 were transferred onto droplets of goat 

F(ab’)2 anti-human IgG F(ab’)2 (Abcam ab98531) for 2 hours, followed by washing steps, 

incubated with a 5-nm-gold-conjugated rabbit anti-goat IgG (Abcam ab202670) for 2 hours and 

rinsed 5 times in 0.1% BSA. For the YEG mAb Sc-G1 antibody, incubation with the primary 

antibody and washes in 1 % BSA, followed by treatment with 50 μl droplets of the gold-

conjugated secondary antibody, 6 nm goat anti-mouse IgG (Abcam ab39614), diluted 1/50 in 

blocking buffer, for 2.5 hours and 5 washes in 0.1% BSA. Finally, the grids were rinsed with 

TBS solution and water, and placed onto two drops of 2% PTA for final staining, air-dried, and 

stored for EM analysis. The control experiments were conducted similarly except for the 

omission of the primary antibodies. The samples were analyzed with a Tecnai G20 transmission 

electron microscope (FEI Company) operating at an acceleration voltage of 200 kV. Electron 

micrographs were recorded with an Eagle 4k x 4k CCD camera (FEI Company). 

2.2.11 2D class averaging 

Two-dimensional classification is a computational tool performed on electron micrographs to 

enhance the signal-to-noise ratio (SNR) of the images. This involves the alignment and grouping 
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of the dataset into classes based on morphological similarities (Ohi, Li et al. 2004). Reference-

free 2D class averaging was performed by applying boxes with a size of 200 by 200 pixels and a 

50% overlap along the fibrils’ axis between two crossovers using EMAN’s boxer  program 

(Ludtke, Baldwin et al. 1999). Classification and averaging were implemented on a total of 532 

segmented particles of one-protofilament fibrils and 297 segmented particles of two-

protofilament fibrils for a total of n= 3 classes.  

2.2.12 3D helical reconstruction 

For helical reconstructions, we selected representative isolated fibrils with an apparent helical 

twist from among hundreds of electron micrographs, all previously examined visually for the 

width measurements. For this method, individual fibrils were segmented along the fibril axis 

covering at least two crossovers into overlapping boxes with the size of 300 by 300 pixels, and 

95% to 99% overlap between adjacent segments using EMAN’s boxer software (Ludtke, 

Baldwin et al. 1999, Vazquez-Fernandez, Vos et al. 2016). All segments were aligned, and the 

angular orientation of each box was calculated based on the fibril's repeat distance, followed by 

generation of a preliminary 3D map by back-projection of all boxed 2D projections using the 

image processing software SPIDER (Frank, Radermacher et al. 1996). Next, the reconstruction 

was low-pass filtered to 20 Å, and the corresponding symmetry was imposed (no symmetry for 

the one-protofilament fibrils and two-fold symmetry for the two-protofilament fibrils). 

Afterwards, the initial model underwent further refinements, including alignment of the 

reconstruction to other reconstructions of the same fibril with different segmentation overlaps 

(Glaves, Gorski et al. 2013), which continued by averaging aligned 3D volumes through an 

iterative process of alignment and averaging.  
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Extended helical reconstruction: This approach was implemented on the final reconstructions in 

order to eliminate the rippling artifacts from the overlapping boxes (Vazquez-Fernandez, Vos et 

al. 2016). Briefly, the refined reconstructed volume was sliced across the yz plane, following 90° 

rotation around its x-axis direction, which yielded a set of 2D projections of the fibril’s cross-

section. Then, the stack of 2D projections underwent alignment and averaging processes 

iteratively. Next, the IMAGIC software was used to center and replicate the final 2D averaged 

image (van Heel, Harauz et al. 1996). Finally, rotation angles were applied to the set of 

replicated averaged 2D cross-sections according to the helical repeat, and a 3D map was built 

using IMAGIC software (van Heel, Harauz et al. 1996). All 3D reconstructions were visualized 

in UCSF Chimera (Pettersen, Goddard et al. 2004). 

2.3 Results 

2.3.1 Propagation of L-type BSE prions in transgenic mice expressing bovine PrP 

In Canada a total of 19 BSE field cases have been detected since May 2003; one of them was 

typed as an L-type, atypical BSE case (Dudas, Yang et al. 2010). This animal was a Hereford 

pure breed heifer that was 13.7 years old when it was euthanized and tested positive for L-type 

BSE. Brain samples from this case were confirmed BSE positive at the Canadian National BSE 

Reference Laboratory. Western blot typing identified that the BSE prions in the brain of this 

heifer were consistent with L-type BSE. As a field case animal, the tissue condition was poor, 

and the amount of brain available was limited. In order to generate better quality tissue for 

follow up studies, brain tissue from the Canadian L-type BSE field case was passaged into 2 

calves. At 16 months post inoculation, brain homogenate samples from these L-type BSE 

affected cows were used for intracerebral inoculation of transgenic mice overexpressing bovine 
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PrP (Tg4092) (Scott, Safar et al. 1997). Brains from terminally sick Tg4092 mice were used for 

the purification and subsequent ultrastructural characterization of L-type BSE prions.  

2.3.2 Isolation of L-type BSE prions 

Digestion with proteinase K (PK) has been employed as a standard approach to diagnose prion 

formation for many years (Prusiner, McKinley et al. 1983, Prusiner 1998, Leffers, Wille et al. 

2005), and it has been shown that proteolysis with PK does not alter the self-replication and 

disease-causing capability of the resulting PK-digested prions (Wang, Wang et al. 2018, Vanni, 

Pirisinu et al. 2020). Here, we used the PK digestion method to eliminate PrPC and other proteins 

from the purified samples. The purification procedure also included PTA, as this agent has been 

demonstrated to facilitate selective precipitation of PrPSc and PrP 27-30 compared to PrPC (Safar, 

Wille et al. 1998, Wille, Shanmugam et al. 2009). Following the isolation of L-type BSE prions 

using PK and PTA, the quality and purity of the samples were analyzed using Western blots and 

silver stained SDS gels. The latter showed signals in the pellet fraction (Figure 2.1A) that 

matched the bands in the Western blot (Figure 2.1B), indicating the relative purity of the final 

pellet samples. Western blots of samples collected during the purification indicated the stepwise 

enrichment of the prion protein. The final pellet showed the typical three bands corresponding to 

non-, mono-, and diglycosylated PrP 27-30 when detected using the anti-PrP monoclonal 

antibody D15.15 (Figure 2.1B). 

We also implemented a modified purification procedure, including a sucrose step-gradient 

centrifugation to remove bound lipids, which interfere with the ultrastructural analysis using 

electron microscopy. For this purpose, the semi-purified P1 pellet from the PTA purification was 

loaded onto a layered sucrose gradient cushion (40% and 80% sucrose), which separates the 
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prion protein from the lipid components and PTA according to their densities. The prion protein 

with a density of 1.2 g/ml was expected to migrate to the interface between 40% and 80% 

sucrose, with 1.1 g/ml and 1.4 g/ml solution densities, respectively. After ultracentrifugation, 

fractions were collected from the top and examined by immunoblotting and silver stain SDS gels 

(Figure 2.1C-D). As predicted, Western blots showed strong PK-resistant PrP 27-30 signals in 

the middle fraction compared to the fractions from higher and lower density areas. The top 

fractions and the bottom fractions showed relatively weak PrP 27-30 signals only. On the other 

hand, the pellet-wash fraction that was recovered once all fractions were collected, contained a 

high intensity PrP 27-30 signal (Figure 2.1D), which can be explained by the pelleting of prion 

aggregates complexed with PTA, resulting in a particle density in excess of 1.4 g/ml (Levine, 

Stohr et al. 2015). 
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Figure 2. 1 Purification of L-type BSE prions. 

Silver stain SDS-PAGE gel of samples taken at different steps of the PTA purification. (B) 

Western blot of the L-type BSE prion purification samples using the D15.15 anti-prion 

monoclonal antibody. The PK-digested pellet 1 and the final pellet show the typical three bands 

of the bovine prion protein corresponding to di-, mono- and non-glycosylated forms. (C) Silver 

stain SDS-PAGE gel of samples from the sucrose step gradient centrifugation. The samples from 

the top, middle, bottom, and the pellet wash fractions demonstrate the purity of the samples, even 

though the prion protein signal is weak. (D) Western blot of the sucrose step gradient fractions. 

After ultracentrifugation through 40% and 80 % sucrose, all fractions were separated based on 

their densities from top to bottom (A-L). The pellet-wash fraction (M) was obtained by washing 

the tube with 100 μl of sucrose buffer. The Western blotting was developed using the D15.15 

antibody. As expected, the middle fraction (F) shows a stronger signal compared to the top 

(40%) and the bottom fractions (80%).  The pellet-wash fraction (M) also showed a high yield of 

L-type BSE prions.  
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2.3.3 Transmission electron microscopy of L-type BSE fibrils 

Following the successful purification of the L-type BSE prions from the Tg4092 mouse brains, 

we sought to examine the morphology of the infectious protein samples using TEM. We 

performed negative stain electron microscopy tests on all fractions from the sucrose gradient 

purification as well as the P1 pellet sample of the PTA precipitation step, which was obtained 

before loading onto the sucrose gradient column (Figure 2.1). The P1 pellet was very crowded 

with amyloid fibrils as well as amorphous aggregates and lipid containing particles when 

observed by electron microscopy, indicating the need for additional purification steps (Figure 

2.13). Only a few amyloid fibrils were observed in the samples from the top and the bottom 

fractions, which yielded weak bands in the Western blot (Figure 2.1D), while the remaining 

fractions displayed no or only rare amyloid fibrils. Predominantly, fibrils were found in the 

negatively stained samples of the middle and the pellet-wash fractions. However, the 

micrographs of the pellet-wash fraction revealed a significantly higher yield of amyloid fibrils, in 

good correlation with the signal intensity in the Western blot. As expected, electron micrographs 

of samples from the sucrose gradient ultracentrifugation showed better purity compared to the 

pre-spin P1 sample and contained more clean, non-overlapping isolated fibrils and fewer 

amorphous aggregates or lipid particles. A more extensive examination of the samples revealed 

some non-fibrillar particles along with the fibrils (Figure 2.2), including small two-dimensional 

(2D) crystals (Wille, Michelitsch et al. 2002).  
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2.3.4 One- and two-protofilament L-type BSE fibrils 

Overall, the L-type BSE fibrils were found to be morphologically heterogeneous when studied 

by EM. We found two main populations of amyloid fibrils: two-protofilament fibrils displaying 

two fibrillar densities with a gap between them (Figure 2.3A) and thinner single-protofilament 

fibrils (Figure 2.3B). Both fibrillar types exhibited helical properties. The one-protofilament 

fibrils, accounting for ~73% of the total fibril population, were significantly more abundant 

compared to the two-protofilament fibrils, which were identified in ~27% of the fibrils (Table 

2.1). In contrast, in a previous study of a GPI-anchorless prion, the sample contained only helical 

fibrils containing two protofilaments (Vazquez-Fernandez, Vos et al. 2016). While the two-

protofilament morphology is in agreement with the conclusions drawn from previous studies on 

other prion strains (Sim and Caughey 2009, Wille, Bian et al. 2009, Vazquez-Fernandez, Vos et 

al. 2016, Wang, Zhao et al. 2020), here, for the first time, we observed the single protofilament 

fibrils as the dominant structure of infectious L-type BSE prion fibrils. This unique quaternary 

structural arrangement had not been observed before.  

By analyzing hundreds of electron micrographs, we discovered a few interesting images in which 

the fibrils transitioned between one- and two-protofilament morphologies (Figure 2.4). Each of 

the three representative electron micrographs contains a long L-type BSE fibril that on one end 

consists of two protofilaments (white arrowheads), while the other end is split into two one-

protofilament fibrils (black arrows). This finding appears to indicate the interaction of two 

separate single-protofilament fibrils to form a two-protofilament fibril. Moreover, the presence 

of two distinct and separable protofilaments in these images contradicts the PIRIBS model, 

which proposed an in-register stacking of PrPSc monomers covering the full width of a “two-

protofilament” structure (Groveman, Dolan et al. 2014). These micrographs preclude the 



 67 

possibility that stain artifacts contribute to the observed gap between the protofilaments, as the 

protofilaments separate into distinct fibrils. In this context, a recent study demonstrated that the 

negative staining process or stain artifacts do not substantially alter the dimensions and overall 

conformation of amyloid fibrils based on the observation that the morphology of mouse-adapted 

prion fibrils in a negative stain experiment were in agreement with cryo-EM and atomic force 

micrographs of the same samples (Terry, Wenborn et al. 2016, Terry, Harniman et al. 2019).  

As shown in Figure 2.5, from a selection of 867 fibrils, the average diameter of the two-

protofilament fibrils at their widest part was 22.5 ± 3.4 nm, which resembles the width of the 

double-helical fibrils of infectious RML prion fibrils published in a recent study using cryo-EM 

and AFM microscopies (Terry, Harniman et al. 2019). The average width of one-protofilament 

L-type BSE fibrils was 10.6 ± 1.7 nm at the widest region of the fibrils. It is notable from the 

histogram (Figure 2.5) that the width of the two-protofilament fibrils is about twice that of one-

protofilament fibrils, plus the gap between the two protofilaments can account for the slightly 

larger values for these thicker fibrils. In a previous cryo-EM study, the two-protofilament fibrils 

of GPI-anchorless mouse PrPSc had a maximum width of ~10 nm (Vazquez-Fernandez, Vos et al. 

2016). The underglycosylated and GPI-anchorless PK-resistant PrPSc fragment was found to 

migrate as a single band with a mass of ~17 kDa (Chesebro, Trifilo et al. 2005), while the PK-

resistant fragments of L-type BSE PrP 27-30 migrated between 30 and 17 kDa, depending on 

their glycosylation (Figure 2.1B and Figure 2.1D). The mass difference between these two prion 

variants can easily explain the apparent difference fibril widths. The helical pitch for one- and 

two-protofilament fibrils were 82 nm and 102 nm, respectively. These values were both in the 

range that was reported for the distance per half turn for hamster-adapted scrapie associated 

fibrils (SAFs) (Sim and Caughey 2009). We also measured the length of the fibrils to find out 
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whether there is a difference in both morphologies. The negatively stained two-protofilament 

fibrils had an average length of 598 nm, and the single-filament fibrils were on average 387 nm 

in length. The greater length for the first group appears to be due to a reduced sensitivity of these 

thicker (wider) fibrils to breakages (Table 2.1).  
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Figure 2. 2 Negative stain electron micrographs of purified L-type BSE samples showing 

heterogeneous morphologies. 

Representative electron micrographs of the final pellet obtained through sucrose gradient 

purification. (A) large PrP 27-30 aggregates, (B) isolated forms of both single (arrowheads) and 

double (arrow) protofilament fibrils, and (C) 2D crystals along with amyloid fibrils. Grids 

stained with 2% uranyl acetate. Scale bar = 100 nm. 
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Figure 2. 3 Gallery of negative-stained L-type BSE fibrils.  

Representative electron micrographs from the final pellet sample of the sucrose gradient 

purification of L-type BSE fibrils. Fibrils exhibit distinct morphologies, including two- (A) and 

one-protofilament (B) fibrils. Grids stained with 2% uranyl acetate. Scale bar = 100 nm.  
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Figure 2. 4 Side-by-side comparisons of the one- and two-protofilament fibrils.  

(A-C) Negative stain electron micrographs of the final pellet obtained through sucrose gradient 

purification showing the two distinct morphologies of L-type BSE fibrils side-by-side. (A) A 

negative-stained electron micrograph showing a long, isolated fibril composed of two 

protofilaments (white arrowhead), which appears to be broken and split into two one-

protofilament fibrils towards its lower end (black arrows). (B, C) Two long, L-type BSE amyloid 

fibrils showing a two-protofilament fibril at one end (white arrowheads) and two one-

protofilament fibrils at the other end (black arrows). Scale bar = 100 nm. 
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Figure 2. 5 Width distribution of L-type BSE fibrils.  

(A) A sample electron micrograph and histogram of the maximum width of 231 two-

protofilament L-type BSE fibrils. (B) A sample electron micrograph and histogram of the 

maximum width of 636 one-protofilament L-type BSE fibrils. The width measurements were 

performed using EMAN’s boxer program. 
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Morphology 

 

Number of   

fibrils 

Width 

Mean ± SD 

(nm) 

Helical 

Pitch           

Mean ± SD 

(nm) 

Length 

Mean ± SD 

(nm) 

Two-protofilament n= 231 fibrils 22.5 ± 3.4 102.3 ± 16.9 598.2 ± 268.5 

One-protofilament n= 636 fibrils 10.6 ± 1.7 89.3 ± 15 387.5 ± 155.4 

 

Table 2. 1 Fibril dimensions of negatively stained brain-derived infectious L-BSE fibrils 

The measurements were performed using EMAN’ boxer image software. 
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2.3.5 Image processing and 3D reconstruction  

In order to decipher the ultrastructure of L-type BSE prions, we applied image processing 

techniques on representative negative-stain electron micrographs. The quality and good yield of 

isolated, non-overlapping L-type BSE fibrils observed enabled us to employ image processing 

and 3D reconstruction strategies on individual amyloid fibrils, which provided insightful results.  

The first approach was to generate 2D class averages from hundreds of short image sections 

from isolated fibrils, which were treated as “single particles” during the image processing. The 

class averages on a group of 2D images contain higher signal-to-noise ratio compared to a single 

raw image, further intensifying the features in the object of interest, which aid the interpretation 

of the images (Ohi, Li et al. 2004). Reference-free class averaging was performed independently 

on each group of one- and two-protofilament fibrils. In a segmentation procedure, boxes of 200 

by 200 pixels with a 50% overlap were applied along the fibril axis, and the resulting segmented 

particles were separately averaged and sorted into different classes according to structural 

similarity. As depicted in Figure 2.6A-C, class averages obtained from the thicker, two-

protofilament fibrils revealed two fibrillar densities with an apparent, stain-filled space between 

them. Given that the particles were sorted into classes based on structural similarities, class C 

appears to be related to the crossover section of the helical fibrils. The same approach on the 

thinner fibrils revealed class averages exhibiting a helical fibril with one protofilament only 

(Figure 2.6D-F), that are also characterized by the narrower fibril width and the lack of a 

separating gap as seen in Figure 2.6A-C. 

The helical nature of L-type BSE fibrils allowed us to perform three-dimensional (3D) helical 

reconstructions on individual fibrils. We performed this technique on fibrils with an apparent 
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helical twist covering at least one half helical turn (180), following an earlier protocol 

(Vazquez-Fernandez, Vos et al. 2016). The 3D maps showed two distinct morphologies of the 

reconstructed fibrils, including fibrils with two intertwined protofilaments twisting around the 

fibril axis (Figure 2.7A) and single protofilament fibrils (Figure 2.7B). In the process of extended 

helical reconstructions, reconstructed fibrils were rotated and averaged along the fibril axis to 

generate an average cross-section of the fibril. The averaged cross-section densities of the first 

group contain two apparent densities corresponding to two protofilaments (Figure 2.7A 5), 

whereas the 2D projection of the averaged cross-section of the second group includes only one 

fibrillar density, i.e. one protofilament (Figure 2.7B 5). This observation confirms the existence 

of both distinct morphologies, which had been inferred from the fibril diameters (Figure 2.5 and 

Table 2.1) and individual micrographs (Figures 2.3 and 2.4). Contour maps and contour density 

maps of both reconstructions (Figure 2.7A 6-7 and 2.7B 6-7) provided us with more information 

about the ultrastructural arrangements of these amyloid fibrils. The density distribution revealed 

distinct densities in both morphologies, which could correspond to the different components of 

the protein (peptide, glycans, GPI-anchor).  

We collected about 700 electron micrographs of L-type BSE fibrils, which enabled us to produce 

a panel of 3D helical reconstructions on isolated two- (Figure 2.8A-B) and one-protofilament 

fibrils (Figure 2.9A-B). Comparing the panel of separate 3D reconstructions provided further 

evidence regarding the heterogeneity and quaternary structural arrangements of these amyloid 

fibrils. The cross-sections of all 3D reconstructed fibrils, although of low resolution, adopted 

triangular or roughly oval morphology, similar to the shape of cross-sections of other β-solenoid 

proteins (Kajava and Steven 2006, Flores-Fernández, Rathod et al. 2018). Superimposition of the 

recent 4RβS model combined with N-linked glycans (Vazquez-Fernandez, Vos et al. 2016, 



 76 

Spagnolli, Rigoli et al. 2019) with cross-sections from our 3D reconstructions representing the 

average width of the fibrils, as indicated in Table 1, showed that these reconstructions fit well 

with the 4RβS model (Figure 2.10).  
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Figure 2. 6 Alignment, classification and averaging of L-type BSE fibrils.  

(A-C) Reference-free alignment and classification of particles of two-protofilament L-type BSE 

fibrils. Class averages of 297 segmented particles exhibiting different regions of the fibrils, 

including the crossover region (C), showing two intertwined protofilaments with an apparent, 

stain-filled gap between them. (D-F) Class averages from the reference-free alignment of 532 

particles of one-protofilament L-type BSE prion fibrils. All three class averages show a single 

helical filament only. Representative images of aligned fibril segments of one- (G) and (H) two-

protofilament fibrils before classification. 
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Figure 2. 7 Three-dimensional reconstructions of BSE prion fibrils.  

(A) A 3D reconstruction of a two-protofilament fibril. (1) A negatively stained electron 

micrograph of a L-type BSE fibril, and (2) magnified view of the selected fibril section used for 

generating the 3D reconstruction. (3) A surface view of the 3D reconstruction showing two 

intertwined helical protofilaments. (4) Cross-section of the reconstruction. (5) The corresponding 

2D projection of the averaged view of the cross-section region. (6) A contour map of the cross-

section. (7) A contour density plot of the cross-section obtained by superimposition of the 

contour map onto a cross-section from the 3D volume. (B) A 3D reconstruction of a one-

protofilament fibril. (1) A negatively stained electron micrograph of a L-type BSE fibril, and (2) 

enlarged view of the selected fibril. (3) Surface view of the 3D reconstruction. (4) Cross-section 

of the reconstruction. (5) The corresponding 2D projection of the averaged view of the cross-

section region. (6) A contour map of the cross-section. (7) A contour density plot of the cross-

section. The 3D reconstructions were low-pass filtered to 20 Å resolution. Scale bar = 10 nm. 
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Figure 2. 8 Gallery of independent, 3D reconstructions of two-protofilament L-type BSE 

fibrils.  

(A) 3D volumes of different two protofilament L-type BSE fibrils. (B) Cross-section views of the 

helical reconstructions. (C) Contour maps and (D) density maps of the reconducted volumes. Scale 

bar = 10 nm. 
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Figure 2. 9 Gallery of independent, 3D reconstructions of one-protofilament L-type BSE 

fibrils. 

(A) 3D volumes of various thin, one-protofilament L-type BSE fibrils. (B) Cross-section views 

of the helical reconstructions. (C) Contour maps and (D) density maps of the reconstructed 

volumes. Scale bar = 10 nm.   
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Figure 2. 10 Superimposition of the 4RβS PrPSc model and the 3D L-type BSE fibril 

reconstructions. 

(A) A representative view of the 4RβS model of PrPSc (residues 90-230) with attached N-linked 

glycans superimposed onto the cross-section view of 3D reconstructions of a two-protofilament 

(red) and a one-protofilament (green) L-type BSE fibril with diameters of 200 Å and 100 Å, 

respectively. The size of the 4RβS model (50 Å x 30 Å) was set based on the previous cryo-EM 

and molecular dynamics simulation studies (Vazquez-Fernandez, Vos et al. 2016, Spagnolli, 

Rigoli et al. 2019). (B) A surface view of the 4RβS PrPSc model carrying glycans superimposed 

onto the cross-section view of 3D reconstructions of a two-protofilament (red) and a one-

protofilament (green) L-type BSE fibril. (C) Top and (D) side views of a representative 

tetrameric version of the 4RβS PrPSc model containing glycans (Spagnolli, Rigoli et al. 2019). 
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2.3.6 Immunogold labeling for N- and C-terminal epitopes 

To determine whether the fibrils contain PrP 27-30 or more truncated forms of the prion protein, 

we performed immunogold labeling experiments using different anti-PrP Fab fragments and 

monoclonal antibodies targeting epitopes located in different regions of the prion protein, 

including N-terminal and C-terminal epitopes. For this purpose, we first employed two 

recombinantly produced antibody fragments: Fab 69, which detects an epitope within residues 

100GWGQGGTHGQW110 near the N-terminus of truncated bovine PrP 27-30, and Fab 29, which 

binds an epitope within residues 227TQYQRESQAYY237 near the very C-terminus of bovine PrP 

(based on the numbering of six octapeptide-repeat PrP). The best immunogold labeling was 

achieved when the purified samples were pre-treated by a denaturing procedure with urea, 

suggesting a reduced accessibility of these epitopes in the native state. Both one- and two-

protofilament fibrils were decorated by the Fab fragments, followed with a secondary anti-Fab 

antibody and a tertiary antibody carrying 5 nm gold particles (Figure 2.11). Control experiments 

were run concurrently without use of the primary Fab fragments, which showed no or very rare 

presence of gold particles, demonstrating the specificity of the immunogold labeling (Figure 

2.11D and 2.11H).  

In another attempt at immunogold labeling we used YEG mAb Sc-G1, a novel monoclonal 

antibody that recognizes a conformational against a conserved epitope on native PrPSc only 

(Fang et al., manuscript in preparation). By using this monoclonal antibody and a secondary 

antibody conjugated with 6 nm gold particles, we were able to label L-type BSE prions in their 

native form (Figure 2.12A-B). In contrast, no antibody decoration occurred in the control 

samples (Figure 2.12C), indicating the specificity of the labeling. Successful labeling of the 

fibrils in the purified L-type BSE samples allowed us to conclude that our isolated L-type BSE 
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fibrils contain native PrP 27-30. In addition to the two Fab fragments that detect epitopes at both 

N- and C-terminal regions, respectively, the positive immunogold labeling result with YEG mAb 

Sc-G1 confirms that the observed L-type BSE fibrils are generated by polymerization of PrP 27-

30 monomers.  
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Figure 2. 11 Immunogold electron microscopy of purified L-type BSE fibrils.  

Decoration of different fibrillar assemblies, including (A) two-protofilament, (B) one-

protofilament, and (C) fibrillar aggregates, with Fab 69 and a 5 nm gold-conjugated ternary 

detection system. White arrowheads highlight a few gold particles along the fibrils. (D) Grids 

that were incubated without primary antibody showed only rare gold particles (black arrow), 

demonstrating the specificity of the Fab 69 labeling. Immunogold labeling of (E) two-

protofilament, (F) one-protofilament, and (G) aggregates of L-type BSE fibrils with Fab 29 and a 

5 nm gold-conjugated ternary detection system. (H) No specific labeling was observed in the 

grids with no primary antibody. Scale bar = 100 nm.  
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Figure 2. 12 Immunogold labeling of purified L-type BSE fibrils with a conformation-

dependent monoclonal antibody.  

(A & B) Represents L-type BSE fibrils from the final pellet sample labeled with the YEG mAb 

Sc-G1 monoclonal antibody and a secondary antibody conjugated with 6 nm gold particles. The 

YEG Sc-G1 monoclonal antibody recognizes a discontinuous epitope on native PrPSc only. (C) 

Control grid that underwent the same treatment except for the omission of the primary antibody, 

showing no gold labeling. Scale bar = 100 nm. 
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2.3.7 Infectivity of purified BSE prions 

To confirm whether the purified L-type BSE samples are infectious, we intracerebrally 

inoculated Tg4092 mice that overexpress bovine PrPC (Scott, Safar et al. 1997) with samples 

from the pellet 1 and the PK-treated final pellet. One group of transgenic mice was also 

inoculated with 1% brain-homogenate without PK treatment. L-type BSE-infected Tg4092 mice 

were euthanized upon developing clinical symptoms. In all three groups, we observed clinical 

symptoms of prion disease, confirming that these preparations contain infectivity. Moreover, as 

shown in Table 2.2, the mice inoculated with the final pellet showed the shortest incubation 

period of about 206 days compared to those inoculated with the semi-purified P1 pellet and the 

brain homogenate, which caused disease in 240 days and 227 days, respectively. By using a 

standard curve that relates incubation period to prion titer we were able to calculate the 

LogID50/ml units for each of these samples (Safar, Scott et al. 2002). Therefore, we were able to 

conclude that the isolated samples contain infectious L-type BSE prions and that the purification 

protocol and digestion with PK did not destroy the infectivity. 
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Table 2. 2 Infectivity of the purified L-type BSE samples.  

Intracerebral inoculation of transgenic mice with the BSE prion samples obtained during 

purification experiments.  

There were no significant differences between the incubation periods in the two groups that 

received brain homogenate and the final pellet samples. However, the difference of the 

incubation times between the mice inoculated with the final pellet and those who received pellet 

1 was found to be statistically significant (p=0.000089). However, the final pellet showed a 

higher infectivity titer than the brain homogenate. The infectivity titers in LogID50/ml units were 

calculated from a standard curve relating incubation time to prion dose that was obtained using a 

C-type BSE (Safar, Scott et al. 2002). 

 

 

 

 

 

Mouse 

Line 
Sick/Total 

BSE 

Strain 
Inoculum 

Incubation 

Time 

(Days ± SEM) 

 

Prion Titers 

(LogID50/ml) 

 

Tg4092 11/11 L-type 
Brain 

homogenate 
227 ± 15 7.31 

Tg4092 5/5 L-type Pellet 1 240 ± 1.6 6.92 

Tg4092 12/12 L-type Final pellet 206 ± 3.4 8.06 
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Figure 2. 13 Two representative EM micrographs of semi-purified pellet 1 L-type BSE 

samples. 

The pellet 1 sample was taken before the sucrose gradient ultracentrifugation. Both micrographs 

show L-type BSE fibrils; however, they contain more amorphous material (some are shown with 

white arrowheads) compared to the final pellet after sucrose gradient purification. 
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2.4 Discussion 

In this study, we employed electron microscopy and image processing techniques to analyze 

infectious, brain-derived L-type BSE amyloid fibrils, which included the typical posttranslational 

modifications: N-linked glycans and a GPI-anchor. We discovered that the L-type BSE prions 

present as long amyloid fibrils, which matches with previous pathological studies that indicated 

the increased amyloidogenicity of this strain when compared to the classical (C-type) BSE strain 

(Casalone, Zanusso et al. 2004). The purified samples presented different conformational states 

of the infectious prion protein, such as small amorphous aggregates, 2D crystals, isolated 

amyloid fibrils, and clumps of fibrillar aggregates. Intracerebral inoculation of the purified 

samples into Tg4092 mice produced clinical prion disease symptoms, confirming that the 

purified bovine PrP 27-30 maintained its infectious property and is capable of converting normal 

PrP into its abnormal disease-causing conformer. 

Our purification protocol allowed the isolation of a high yield of L-type BSE prion fibrils, which 

proved to be morphologically heterogeneous when examined by transmission electron 

microscopy. The observed heterogeneity is consistent with previous works on amyloid fibrils of 

prions or other proteins (Meinhardt, Sachse et al. 2009, Vazquez-Fernandez, Vos et al. 2016, 

Scheres, Zhang et al. 2020). The novel finding of our study was the discovery of two distinct 

morphological populations of L-type BSE amyloid fibrils. The majority of fibrils were observed 

to be single-protofilament fibrils, with an average width of 10.6 nm. These single-protofilament 

fibrils accounted for ~73 % of the total fibril population. The second group included thicker two-

protofilament fibrils with an average diameter of 22.5 nm, which is about twice the width of the 

single-protofilament group.  
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The two-protofilament morphology was consistent with the previous cryo-EM and image 

processing study on GPI-anchorless RML prion rods, in which each PrP 27-30 fibril was 

comprised of a twisting pair of intertwined protofilaments (Vazquez-Fernandez, Vos et al. 2016). 

Previous negative stain EM and cryo-EM studies of other prion strains, such as ME7, 22L, and 

RML, also reported the presence of two-protofilament fibrils (Sim and Caughey 2009, Wille, 

Bian et al. 2009, Terry, Wenborn et al. 2016, Terry, Harniman et al. 2019). However, we 

discovered that mature L-type BSE fibrils are composed of one-protofilament and two-

protofilament fibrils in the same samples. We verified this finding by 2D class average and 3D 

reconstruction techniques. Furthermore, immunogold labeling experiments using Fab fragments 

that detect epitopes within residues 100GWGQGGTHGQW110 and 227TQYQRESQAYY237 

demonstrated that both ends of cattle PrP 27-30 are present in the one- and two-protofilament 

fibrils. 

Previously, PrP (127-147) peptide fragments from elk, bovine, and hamster were examined 

utilizing electron microscopy and image processing. The resulting bovine PrP (127-157) fibrils, 

when studied by negative stain electron microscopy, displayed helical morphologies similar to 

what we have seen in our infectious bovine fibrils. The maximum fibril width for bovine peptide 

fibrils was found to be 17.0 nm (Glaves, Gorski et al. 2013), which is close to the width of our 

two-protofilaments fibrils of bovine PrP 27-30 prions. It can be speculated that the peptide fibrils 

may have adopted a PIRIBS like structure (Glaves, Gorski et al. 2013), similar to recent cryo-

EM structures of non-infectious prion protein amyloid fibrils (Glynn, Sawaya et al. 2020, Wang, 

Zhao et al. 2020). To understand the differences in more details, an atomic-resolution structure 

of infectious bovine PrPSc would be required. 
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An abundance of experimental evidence indicates that the core structure of the infectious prion 

contains a 4RβS fold (Wille and Requena 2018, Baskakov, Caughey et al. 2019). The 

conformational differences between prion strains are believed to be related to minor variations in 

the amino acid sequence of the PrPSc monomers, more localized in the connecting loops and less 

affecting the β-strands. Consequently, the cross-sections of the L-type BSE fibril reconstructions 

(Figures 2.8B-D and 2.9B-D) strongly resemble the ones observed for the GPI-anchorless PrPSc 

fibrils (Vazquez-Fernandez, Vos et al. 2016). Also, a recent MD simulation study suggested that 

the 4RβS arrangement is flexible enough to allow such variations and explain the occurrence of 

different prion strains (Silva, Vázquez-Fernández et al. 2015, Vazquez-Fernandez, Vos et al. 

2016, Spagnolli, Rigoli et al. 2019, Martín-Pastor, Codeseira et al. 2020). Thus, the variations in 

the quaternary structure of bovine PrPSc, as compared to previously studied strains, could provide 

insights into the prion strain phenomenon. From the two main models for prion structure, our 

findings are compatible with the β-solenoid model only, as we identified both one- and two-

protofilament fibrils in our samples of purified L-type BSE prions (Groveman, Dolan et al. 2014, 

Vazquez-Fernandez, Vos et al. 2016, Wille and Requena 2018). Moreover, our image processing 

results showed that the average cross-section density of each protofilament from the one- and 

two-protofilament fibrils adopts a triangular or elliptical shape, which is akin to the cross-section 

of amyloids from β-solenoidal proteins (Kajava and Steven 2006, Flores-Fernández, Rathod et 

al. 2018).  

In conclusion, our structural analysis of infectious, brain-derived L-type BSE fibrils provided 

novel insights about the biochemical and conformational characteristics of atypical BSE prions. 

The presented data offered insights into the quaternary structure of BSE amyloid fibrils, provided 

a framework for new hypotheses on how prion proteins interact, assemble into amyloid fibrils, 



 95 

and encrypt prion strains. Investigating strain-specific features of BSE prions could help to 

resolve the structure of these pathogens and accelerate the development of prion vaccines and 

other countermeasures.  
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Chapter 3: Quaternary structure differences among bovine 
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3.1 Introduction 

Transmissible spongiform encephalopathies (TSEs) or prion diseases are a group of 

neurodegenerative conditions caused by pathogenic infectious agents composed of the misfolded 

and multimeric form (PrPSc) of a normal cellular protein (PrPC) (Prusiner 1998, Collinge 2001). 

BSE belongs to a group of transmissible spongiform encephalopathies in cattle, which was first 

detected in the UK in the 1980s and then spread to other parts of the world, including many 

European countries, Japan, the US, and Canada. Compelling evidence suggests that the BSE 

agent has crossed the so-called “species barrier” and transmitted to humans or adapted to other 

mammals (Casalone, Zanusso et al. 2004). Initial research indicated that a single BSE strain 

caused prion disease in cattle; however, in 2004, two atypical forms of BSE, termed H-type and 

L-type BSE, were detected as the causative agents of prion disease in cows (Casalone, Zanusso 

et al. 2004, Biacabe, Jacobs et al. 2007). These BSE strains can be distinguished by differences 

in their disease phenotype, electrophoretic mobility in Western blot (WB), and lesion profile in 

the brain (Biacabe, Laplanche et al. 2004, Casalone, Zanusso et al. 2004). Although BSE 

incidence is diminishing worldwide, mostly due to an effective feed ban program (Ducrot, 

Arnold et al. 2008), the emergence of atypical variants has raised significant concerns regarding 

the disease crossing the species barrier and future human and animal health impacts (Masujin, 

Okada et al. 2016, Huang, Forshee et al. 2020).  

During the pathogenesis of prion disease, the misfolded version of the host-encoded normal 

prion protein, PrPSc, induces the conversion of the normal prion protein, PrPC, to its infectious 

conformer. These proteinaceous agents are partially proteinase K-resistant and can eventually 

assemble into amyloid fibrils. Although the structure of PrPC is well understood, the 
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conformation and the exact mechanisms underpinning the transformation of PrPC to PrPSc remain 

poorly defined  (Wang, Wang et al. 2017, Requena 2020). As the discovery of DNA structure 

allowed the understanding of its replication mechanisms, characterization of the detailed 

conformation of PrPSc is essential to unravelling the mechanism of its folding and propagation 

(Diaz-Espinoza and Soto 2012, Wille and Requena 2018).  

Over the last several decades, extensive structural studies on recombinant and brain-derived 

prion strains led to the proposing of several models for PrPSc. However, little global consensus 

exists regarding the three-dimensional (3D) structure of prions. Currently, two alternative models 

exist for the structural arrangement of prion fibrils: the Parallel In-Register Intermolecular Beta-

Sheet (PIRIBS) assembly (Groveman, Dolan et al. 2014) and the 4-rung β-solenoid (4RβS) 

model (Wille, Bian et al. 2009, Vazquez-Fernandez, Vos et al. 2016). In the PIRIBS model, 

PrPSc monomers stack on top of each other in register perpendicular to the fibril axis, meaning 

that each amino acid is exactly on top of the same residue in the beta-strand below. Previously, 

recombinant prion proteins and the smaller fragments of PrP amyloids have been reported to 

adopt the PIRIBS organization. The 4RβS model, by contrast, is based on the β-solenoid fold, in 

which each PrP monomer winds around itself. The stacking of β-strands in this configuration is 

not in-register (Requena 2020). The data from a previous cryo-EM investigation on infectious 

GPI-anchorless mouse prions were identified consistent with the 4RβS structure (Wille, Bian et 

al. 2009, Vazquez-Fernandez, Vos et al. 2016). A recent atomistic model developed by 

Molecular Dynamics (MD) simulation, as well as a solid-state nuclear magnetic resonance 

(NMR) spectroscopy on infectious recombinant PrPSc, suggested that the 4RβS structure is a 

plausible model for the structure of PrPSc protein (Spagnolli, Rigoli et al. 2019, Martín-Pastor, 

Codeseira et al. 2020).  
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One feature of TSEs is the existence of different strains, which could lead to various phenotypes 

within the same host (Prusiner 1998, Safar, Wille et al. 1998, Castilla, Morales et al. 2008, 

Collinge 2016). This feature was initially noticed by detecting different migration patterns in 

Western blot between different prion strains (Bessen and Marsh 1992). In a previous 

investigation on eight prion strains passaged in Syrian hamsters, each strain was found to have a 

unique PrPSc conformation when analyzed using a conformation-dependent immunoassay (Safar, 

Wille et al. 1998). Additionally, the transmission of different prion strains to mice and hamsters 

has led to the occurrence of prion diseases with different characteristics, such as banding patterns 

of Proteinase K (PK)-treated prion protein (PrPSc), incubation times, phenotypic features, and 

brain lesion profiles. These differences could indicate the relevance of conformation of prion 

protein and its clinicopathologic features (Telling, Parchi et al. 1996, Kuczius, Haist et al. 1998, 

Baron and Biacabe 2001, Baron, Crozet et al. 2004, Biacabe, Jacobs et al. 2007).  

Previous reports indicate that the substructural variation of PrPSc amyloid fibrils may encode the 

strain specific transmission properties of prions (Wang, Wang et al. 2017, Terry and Wadsworth 

2019). However, insufficient evidence supports the significant role that PrPSc conformation plays 

in strain properties of prions, partly due to an absence of a detailed structure of PrPSc (Prusiner 

1991, Cohen, Pan et al. 1994, Morales, Abid et al. 2007). Understanding the 3D structure of 

different prion strains could provide valuable insights into the strain-specific features of various 

prion strains and their transmissibility. 

Although several reports describe the biochemical characteristics and pathology of classical and 

atypical BSE strains (Biacabe, Laplanche et al. 2004), the detailed knowledge of the 

conformational aspects of these fatal agents is lacking due to their highly insoluble nature and 
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aggregation tendency. To our knowledge, no structural analysis has been reported on BSE prions 

to date. Therefore, in this study, we sought to investigate the structural features of fully 

glycosylated brain-derived BSE prions. 

Our recent study discovered novel features of the more amyloidogenic atypical BSE strain, 

called L-type BSE (Kamali-Jamil et al., unpublished manuscript). Here, we extended our 

structural investigation by studying the conformational structure of the infectious, brain-derived 

prion assemblies of C-type and H-type, two other BSE strains, utilizing electron microscopy and 

image processing. We generated three-dimensional maps of C- and H-type BSE fibrils and 

analyzed whether there are morphological differences between these strains. Furthermore, we 

report the ultrastructural localization of C-type and H-type BSE prions by employing 

immunogold labeling using monoclonal anti-PrP Fab fragments. Our findings represent the first 

insights into the quaternary structure of classical and H-type atypical BSE prions and supports 

the four-rung beta-solenoid model for the structure of infectious prion protein. These findings 

could also help to identify the relationship between pathology and structural features among 

different strains.  

3.2 Material & Methods 

3.2.1 Canadian C-type and H-type BSE prions 

The brain tissues from 2 H-type and 2 C-type BSE challenged Canadian cattle were used to 

inoculate Tg4092 transgenic mice. Of the 19 BSE cases detected in Canada, one was typed as H-

type BSE, and 17 cases were C-type BSE. The H-type BSE Canadian field case animal was a 

Charolis/Hereford cross breed heifer that was 16.5 years old when it was sacrificed and tested. 
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Brain samples from this case were confirmed BSE positive using histology, 

immunohistochemistry and molecular methods at the Canadian National BSE Reference 

Laboratory. Brain tissue from this H-type BSE field case was used to challenge 2 steer calves in 

2009. The two classical BSE steers used for structural analysis were challenged with brain 

material from the 2nd and 3rd Canadian BSE field cases. The 2nd case was a Holstein heifer that 

was euthanized and tested at 8.2 years of age. The 3rd case was an Angus/Charolis cross breed 

heifer the was 6.8 years of age when it was euthanized and tested. Both of these cases were 

confirmed as classical BSE positive at the Canadian National and BSE Reference Laboratory 

using histology, immunohistochemistry and western blot.  

To passage the Canadian BSE field cases, colliculus tissue was homogenized to 10% (w/v), 

sonicated, spun to remove large cellular debris. The supernatant was aspirated into a syringe for 

subsequent injection into the cranial cavity of steer calves at approximately 5 months of age 

(1mL of 10% homogenate per steer). Prior to inclusion in this project, steers of interest were 

genotyped to ensure no abnormalities were present in the prion gene. Once confirmed as 

genetically normal, the steers were moved into the biosafety level 3 containment pens at the 

Canadian Food Inspection Agency (CFIA) Lethbridge Laboratory. Following the challenge, the 

animals were monitored regularly for the appearance of clinical signs. At 16 months post-

challenge, both of the H-type BSE challenged steers began to show clinical signs of BSE 

infection. With noted progression over the next several weeks, the steers were sacrificed at 17.3 

and 17.6 months post challenge. The 2 C-type BSE challenged steers incubated for almost 2 

years before showing clinical signs of diseases. At 24 and 27 months post challenge, the steers 

challenged with C-type BSE field case 2 and case 4, respectively, were euthanized. Brain stem 

from each of the animals was tested immediately on the Prionics rapid test platform with OD 
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values of 4400 or greater for all 4 animals. The kit lot positive/negative cut-off OD value was 

113 with >95% of BSE negative samples giving an OD value of 0 using this kit lot. Sample 

homogenates were also strong positive on Western blot with 3 distinct immuno-reactive 

glycoforms.  

To type the protease-resistant prions present in the central nervous system tissue of BSE 

challenged steers, the homogenate was run on a hybrid Western blot. This assay utilizes mild and 

stringent protease digestion, a panel of antibodies with different epitopes and molecular 

weight/glycoform ratios to type BSE samples. The PrPSc from the 2 steers challenged with C-

type BSE field case brain homogenate is extremely resistant to protease digestion and has 

glycoform ratios (~2:1 ratio of di- to mono-glycosylated isoforms), molecular weights (28.5 

kDa/22 kDa/18.5 kDa) and immuno-reactivity profiles (6H4 (Prionics AG, Switzerland) P4 (R-

Biopharm AG, Germany) (N terminal Ab)) consistent with classical BSE. When brain 

homogenate from the H-type BSE challenge steers was digested and tested, the results were 

distinctly different. The H-type BSE challenged steer PrPSc also has a 2:1 di- to 

monoglycosylated immuno-reactive protein ratio, but when digested under stringent protease 

conditions, the H-type BSE PrPSc was significantly degraded. The PrPSc from these 2 steers was 

also reactive with both 6H4 and P4 antibodies, indicating that this protein fragment contains 

more of the N terminal portion of the PrP protein than C-type and L-type BSE PrPSc. These BSE 

typing results were consistent with the hybrid Western blot results for the Canadian BSE field 

case used for challenge and confirmed that the biochemical characteristics of the PrPSc were 

maintained following intra-species passage. 
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3.2.2 Mice 

Transgenic mice overexpressing bovine prion protein, termed Tg4092 (Scott, Safar et al. 1997), 

were kindly provided by Dr. Stanley B. Prusiner (University of California, San Francisco). 

Experimental C-type BSE and H-type BSE isolates, obtained from the Canadian Food Inspection 

Agency CFIA, Lethbridge, were used for intracerebral inoculation of the transgenic mice. 

3.2.3 Genotyping assay 

The genotyping experiments were performed as described previously (Kamali-Jamil et al., 

unpublished manuscript). 

3.2.4 Purification of Classical and H-type BSE strains from transgenic mice brains 

BSE fibrils were prepared from the brains of two groups of terminally sick Tg4092 mice infected 

with C- and H-type BSE prions using a PTA purification protocol (Safar, Wille et al. 1998). For 

each group, the isolation experiment started with 4 brains from BSE-infected transgenic mice. 

Brain tissues were then homogenized at 20% concentration (w/v) in phosphate-buffered saline 

(PBS) and centrifuged for clarification at 500  g. Next, the supernatants were collected and 

mixed with 4% Sarkosyl in PBS. Then, the samples were treated with PK (50 μg/ml) for 1 hour. 

Following the termination of the reaction with Phenylmethylsulfonyl Fluoride (PMSF), the 

samples were incubated with 2% phosphotungstic acid (PTA, pH 7.2) (SIGMA P-6395) at 37°C. 

The first pellets were obtained by centrifugation of the samples at 16,000  g for 30 minutes after 

PTA incubation. The pellets were resuspended using 0.2% Sarkosyl in PBS and spun at 16,000  

g for 30 minutes after adding 2% Sarkosyl in PBS and 2% PTA. Afterwards, the final pellets 

were obtained and resuspended in 0.2% Sarkosyl in PBS. The samples were stored at -80°C for 
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immunoblot and TEM analyses. To increase the final yield, we performed further purification 

experiments using 8 brains from C-type and H-type BSE-infected mice. As this preparation 

contained the ideal fibrillar yield; therefore, the following purifications were performed using 

eight mice brains, and these samples were used for TEM investigations.      

3.2.5 Western blot and silver staining 

An equal volume of gel-loading sample buffer (Bio-Rad) containing 2% SDS was added to all 

samples, and each heated at 100°C for 10 minutes before loading on 12% acrylamide gel (Bio-

Rad). Samples were run for 1 hour at 150 volts and blotted electrically onto a polyvinylidene 

difluoride (PVDF) membrane (Millipore) at 100 volts for 1 hour. Blocking was performed using 

5% (w/v) BSA in tris buffered saline solution containing 0.05% Tween 20 (v/v) (TBST). The 

anti-PrP monoclonal antibody D15.15, a 1:1000 dilution, was used for immunodetection. Next, 

the membranes were incubated for 1 hour in alkaline phosphatase-conjugated anti-mouse IgG 

(Bio-Rad) at a 1:10,000 dilution in TBST. Following the washing steps, development was 

performed using alkaline phosphatase (AP) substrate (Bio-Rad). The results were detected by 

chemiluminescent visualization using ImageQuant (GE Life Science). 

Silver staining was performed according to a previously described protocol (Merril, Dunau et al. 

1981, Wille, Shanmugam et al. 2009) as follows: the samples were mixed with an equal volume 

of sample buffer and were loaded on 12% polyacrylamide gels and run for 60 minutes at 150 

volts. The gels were then incubated in fix solution (50% methanol, 12% acetic acid) for 30 min. 

Next, the samples were transferred to the SDS removal solution (10% ethanol, 5% acetic acid) 

for 30 minutes at room temperature. Following 2 minutes incubation in Farmers solution 

(containing: 0.15 g potassium ferricyanide, 0.3 g sodium thiosulfate, 0.05 g sodium carbonate) 
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and washing steps, the gels were added to 0.2% (w/v) AgNO3 solution for 20 minutes and rinsed 

briefly in distilled water. Developing solution (15 g sodium carbonate and 250 microL 30% 

formaldehyde stock solution) was added until the signals appeared, and the process stopped with 

0.2% acetic acid. 

3.2.6 Bioassay 

C-type and H-type BSE purified samples were inoculated into two separate groups of Tg4092 

mice. 30 μl volume of 1% brain homogenate and final pellet samples from the purification 

experiments were used for inoculation. For each sample, at least 5 animals were assigned for 

intracerebral inoculation. The mice were examined regularly for the onset of prion disease 

neurological signs. Terminally sick animals were euthanized by CO2 asphyxiation followed by 

cervical dislocation. The brains were collected and stored at -80°C for future analysis. Prion 

titers for the C-type and H-type BSE samples were determined by measuring the incubation time 

intervals from inoculation to the onset of neurological illness and calculated as LogID50/ml units 

based on a standard curve relating C-type BSE incubation times to prion dose (Safar, Scott et al. 

2002). 

3.2.7 Ethics Statement 

The BSE transmission experiments were carried out at the Canadian Food Inspection Agency, 

Lethbridge Laboratory, Lethbridge, Alberta, in accordance with guidelines set by the Canadian 

Council on Animal Care and approved by the animal care use committee for the CFIA-ADRI 

Lethbridge Laboratory (ACC#0902). All bioassay experiments were carried out at the Centre for 

Prions and Protein Folding Diseases (CPPFD), University of Alberta, in accordance with 
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guidelines set by the Canadian Council on Animal Care and approved by the animal care use 

committee for Health Sciences 2 (protocol AUP00000884). 

3.2.8 Negative staining 

The specimen preparation for TEM involved absorbing 10-μl of the purified samples onto freshly 

glow-discharged 400 mesh carbon-coated copper grids (Electron Microscopy Sciences), allowed 

to adsorb for 1 minute. Then, the grids were washed in 1 drop of (50 μl) 0.1 M and 0.01 M 

ammonium acetate solutions each and stained twice with 50 μl freshly filtered 2% solution of 

uranyl acetate. The grids were air-dried and explored using a Tecnai G20 transmission electron 

microscope (FEI Company) operating at an acceleration voltage of 200 kV. Electron 

micrographs were recorded with an Eagle 4k x 4k CCD camera (FEI Company). Applied 

defocus levels for recording the images were in the range of 1-2 μm. 

3.2.9 Width measurement 

Width measurements were performed on C-type and H-type BSE fibrils using EMAN’s boxer 

program. For each fibril, the maximum diameter between two crossover regions was considered 

for measurement. 

3.2.10 Immunogold labeling 

The pellet samples from purified C-type and H-type BSE prions were used for electron 

microscopy immunogold labeling.  For this method, Fab 69 anti-prion monoclonal Fab, selected 

from a phage display library reacting with an epitope within amino acid residues 

100GWGQGGTHGQW110 of bovine prion protein, was utilized for immunodetection (Senatore, 

Frontzek et al. 2020). Fab 69 was expressed in E.coli BL21(DE3) as a soluble and functional 
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protein. Following bacterial cell lysis, his-tagged Fab fragments were isolated using IMAC 

chromatography. (Rathod et al., unpublished data). 

The immunogold labeling experiment was carried out according to a previous protocol (Wille, 

Govaerts et al. 2007). First, ~7 µl of C- and H-type BSE final pellet samples were placed onto 

glow discharged formvar/carbon-coated nickel grids (Ted Pella, Inc.) for ~5 minutes. After three 

times wash using 50 µl 0.1 M and 0.01 M ammonium acetate buffer (pH 7.4), samples were 

incubated with 3M urea for 10 minutes and washed three times. Next, two drops (50µ) of freshly 

filtered 2% sodium phosphotungstic acid (PTA) (pH 7.2) was used for staining. Samples were 

blocked using 0.3% bovine serum albumin (BSA) in Tris buffered saline (TBS: 50 mM Tris-HCl, 

pH 7.4; 150 mM NaCl) for ~ 1 hour. After blocking, the grids were treated for 2 hours with Fab 

69 primary antibody. This step was omitted for the control grids of C- and H-type BSE samples. 

After 5 times washes in 0.1% BSE, all grids were incubated with goat F(ab’)2 anti-human IgG 

F(ab’)2 (Abcam ab98531) for 2 hours. Then, the samples were transferred to droplets of 5-nm-

gold-conjugated rabbit anti-goat IgG (Abcam ab202670) for 2 hours. The grids were washed 

using 0.1% BSA, TBS solution, and water and underwent final staining in 2% PTA. Finally, the 

samples were air-dried and examined using a Tecnai G20 transmission electron microscope (FEI 

Company) operating at an accelerating voltage of 200 kV. Electron micrographs were recorded 

with an Eagle 4k x 4k CCD camera (FEI Company).  

3.2.11 2D classification 

Three C-type BSE fibrils showing subunit repeats were selected for 2D classification. A 

reference-free 2D classification was performed by applying boxes of sizes of 200 by 200 pixels 

with a 50% overlap along the fibrils’ axis between two crossovers using the EMAN’s boxer 
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program. Class averages were produced by alignment and classification of the particles obtained 

from fibril segmentation, and the classes were generated using EMAN’s boxer startnrclasses 

program (Ludtke, Baldwin et al. 1999).  

3.2.12 Reconstruction of the 3D maps 

EM micrographs from the pellet samples of C-type and H-type prions presenting isolated, non-

overlapping amyloid fibrils were picked for image processing approaches. The process started 

with segmenting the fibrils utilizing EMAN’s boxer program. The selected fibrils were 

windowed into individual images using a pixel size of 300 × 300 or 200 × 200 and about 5% to 

10% inter-box size distance (Ludtke, Baldwin et al. 1999, Vazquez-Fernandez, Vos et al. 2016). 

For each fibril, following assigning angles based on the helical repeat, an initial 3D model was 

generated utilizing the SPIDER program (Frank, Radermacher et al. 1996). The initial 

reconstructions were refined and low-pass filtered to 20 Å (Glaves, Gorski et al. 2013).  

To further refine the 3D volume, an extended reconstruction approach was conducted (Vazquez-

Fernandez, Vos et al. 2016), in which the reconstructed volume was rotated 90° about the z-axis 

and sliced along the yz plane. The stack of images then was aligned and averaged through 

iterative processes, and centred, replicated, and corresponding symmetry was applied. The final 

3D map was generated using the IMAGIC program (van Heel, Harauz et al. 1996). UCSF 

Chimera software was used for visualization of the 3D reconstructions (Pettersen, Goddard et al. 

2004). 
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3.3 Results 

3.3.1 Propagation of C-type and H-type prions in transgenic mice 

A total of 19 BSE field cases have been detected in Canada since May 2003; of these cases, one 

has been typed as H-type BSE, one has been typed as L-BSE, and the rest were classical BSE (C-

type BSE). Brain tissue from all of these animals was collected and retained following 

confirmation, but numerous factors have resulted in less than optimal tissue quality. In order to 

generate additional, good quality tissue, brain homogenate from several of the Canadian BSE 

field case has been passaged in cattle. Passage has been completed for H-type atypical BSE cases 

as well as the first 3 cases of classical BSE detected in Canada. Brain tissue from the 2 H-type 

BSE and 2 C-type BSE challenged cattle were used for intracerebral inoculation of transgenic 

mice that overexpress bovine PrP (Tg4092) (Scott, Safar et al. 1997). Brain tissues from 

terminally sick transgenic mice were extracted and used for structural analyses of C- and H-type 

BSE prions. 

3.3.2 Isolation and biochemical characterization of C-type and H-type BSE prions  

C- and H-type BSE prions were isolated from the brains of terminally sick transgenic mice 

overexpressing bovine prion protein (Tg4092). The first step involved the purification and 

biochemical characterization of C-type and H-type BSE prions from infected mice brains. For 

this purpose, purifications using 4 to 8 brains were performed. The purification protocol involved 

treatment with Proteinase K (PK) and phosphotungstic acid (PTA), with two centrifugation 

rounds. Samples were taken from each step of the purification procedure and analyzed by SDS 

PAGE followed by Western blotting or silver staining. Western immunoblot of C-type (Figure 

3.1A) and H-type BSE (Figure 3.1C) preparations using a monoclonal anti-PrP antibody, 



 110 

D15.15, showed the apparent molecular weight of the N-terminally truncated form of PrPSc (PrP 

27-30) in the final pellet, confirming the successful isolation of the BSE prions. The SDS-PAGE 

and silver stain gels for C-type (Figure 3.1B) and H-type (Figure 3.1D) BSE isolations showed 

no signal in the supernatant. The bands observed in the lanes corresponding to the final pellets 

were also detected with the anti-prion antibody D15.15 in the Western blot examination.  

In a separate experiment, we used Western blot analysis as a molecular tool to detect the 

differences in the migration pattern of the PK-resistant PrPSc between the BSE strains. Brain 

homogenate samples from C-, H-, and L-type BSE-affected Tg4092 mice were treated with 50 

µg/ml PK and examined using Western blot with anti-PrP D15.15 monoclonal antibody. As 

expected, the three PK-digested BSE isolates exhibited a relatively distinct banding pattern in 

Western blot, resembling previous reports on C-, H-, and L-type BSE strains (Biacabe, 

Laplanche et al. 2004, Casalone, Zanusso et al. 2004, Jacobs, Langeveld et al. 2007). For 

example, as previously described, compared to classical BSE, atypical H- and L-type BSE 

showed a higher and lower molecular mass of unglycosylated prion protein in Western blot, 

respectively (Figure 3.2A). 
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Figure 3. 1 Biochemical characterization of purified C-type and H-type BSE prions. 

(A) Western-blot detection of purified C-type BSE preparations. Samples were resolved on SDS-

PAGE, and prion protein was detected using D15.15 anti-PrP monoclonal antibody. The PK-

digested purified pellet 1 and the final pellet show the typical three bands of PrP 27-30 

corresponding to un-, mono- and diglycosylated prion protein. (B) Silver stain SDS-PAGE gel of 

C-type BSE representing samples taken at different steps of PTA purification. (C) Western-blot 

examination of purified H-type BSE samples using D15.15 anti-prion monoclonal antibody. The 

PK-digested purified pellet 1 and the final pellet show the typical three bands of bovine PrP 27-

30. (D) Silver stain SDS-PAGE gel of C-type BSE representing samples obtained at different 

steps of PTA purification.  
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Figure 3. 2 Electrophoretic analysis of classical and atypical BSE prions.  

Western blot detection of PrPSc in PK-treated brain homogenates of C-, H- and L-type BSE 

prions. Signals were detected using D15.15 monoclonal antibody. In atypical BSE isolates, the 

electrophoretic migration of the unglycosylated PrPSc is slightly higher (H-type) or lower (L-

type) than classical BSE (C-type).   
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3.3.3 Morphological analysis of C-type and H-type BSE fibrils 

Having confirmed the isolation of C-type and H-type BSE prions using biochemical analysis, we 

sought to investigate the presence of amyloid fibrils in the isolated BSE samples to analyze 

whether there are morphological differences between the two BSE strains. We examined the 

negatively stained samples employing transmission electron microscopy (TEM). The fibrils were 

morphologically distinguishable between the two BSE strains, while slight heterogeneity existed 

within each strain (Figure 3.3A-B). This phenomenon seems to support the previous view that 

structural heterogeneity not only exists between prion strains but also could be manifested within 

a specific prion population (Angers, Kang et al. 2010, Igel-Egalon, Bohl et al. 2019). 

Furthermore, the abundance of C-type BSE fibrils was found to be relatively lower than the H-

type fibrils, which raises interesting questions if other forms of C-type BSE prions (e.g. 

amorphous aggregates) might be more prominent. However, compared to the results drawn from 

our previous study on L-type BSE fibrils (Kamali-Jamil et al., unpublished manuscript), a 

significantly lower yield of fibrils was found in C- and H-type BSE samples, which is not 

surprising given the more amyloidic nature of L-type BSE prions (Casalone, Zanusso et al. 

2004).  

The widths of C-type and H-type BSE fibrils were measured 20.3 ± 6.8 nm and 24.5 ± 4.8 nm on 

average, respectively (Table 3.1), comparable to that of two-protofilament L-type BSE fibrils of 

our previous work (22.5 nm) (Kamali-Jamil et al., unpublished manuscript). The widths obtained 

for C- and H-type BSE fibrils are in range with the results of the previous investigations on ex 

vivo infectious PrPSc amyloid fibrils measured ~20 nm, studied by cryo-EM and negative 

staining (Terry, Wenborn et al. 2016, Terry, Harniman et al. 2019). However, our two-

protofilament BSE fibrils are much wider compared to the ~10 nm fibrils detected in the 
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previous cryo-EM study of an infectious GPI-anchorless mouse prion strains with no N-linked 

oligosaccharides (Vazquez-Fernandez, Vos et al. 2016). Overall, the width differences between 

our BSE fibrils and previous studies on other prion strains could be explained by factors such as 

strain differences, polymorphic nature of amyloid fibrils, or the experimental conditions of 

sample preparation, like removing surface glycans (Wang, Zhao et al. 2020).  

The overall architecture of C-type BSE fibrils. The purification approach using PK and PTA 

yielded dispersed, isolated, non-overlapping C-type BSE fibrils, appropriate for our structural 

analysis purpose. Negative stain electron microscopy examination involved the adsorption of the 

purified samples to carbon-coated EM grids and staining with 2% uranyl acetate. EM analyses of 

the final pellet of C-type BSE samples revealed relatively short fibrils (Figure 3.3A) with an 

apparent helical twist. The lengths of the fibrils were measured between 80 nm and 474 nm, with 

a mean value of 193 ± 72.0 nm. The average distance between two crossovers in C-type BSE 

fibrils was 158.8 ± 43.1 nm (Table 3.1).  

By TEM analysis, we were able to discern two dominant morphologies of C-type BSE amyloid 

fibrils with respect to the number of protofilaments: one- and two-protofilament fibrils. In 

contrast to our previous observation on atypical L-type BSE, in which the total number of one-

protofilament fibrils was significantly higher than the two-protofilament ones, the majority of the 

C-type fibrils, accounting for 79% of the total population, consisted of two protofilaments. A 

smaller group, corresponding to 21% of the fibrils, appeared to have one protofilament (Figure 

3.3A-5), with approximately half the thickness (~9 nm) of the two-protofilament ones (~ 20 nm). 

When we quantified the distinguishable single and two-protofilament fibrils, the C-type BSE 

sample was found to contain the lowest number of fibrils in comparison to H-type BSE and the 

L-type isolates from our previous work (Figure 3.4).  
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The overall architecture of H-type BSE fibrils. The EM investigation of several negative stain 

micrographs from H-type BSE samples revealed heterogeneous fibrils twisted around each other. 

The length of the fibrils varied between approx. 100 and 1000 nm, with an average of 315.1 ± 

169.1 nm. The distance between the two crossovers or helical pitches was obtained 137 ± 33.2 

nm on average (Table 3.1). Occasional bundles of fibrils containing more than two filaments 

were observed. Fibrils from H-type BSE isolates displayed greater heterogeneity as compared to 

the other two BSE strains (Figure 3.3B). No single protofilament fibrils were observed in the EM 

study of this BSE strain. Based on the fibril diameters mentioned above, the H-type fibrils were 

wider compared to the other two BSE strains.  
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Figure 3. 3 Visualization of brain-derived C-type and H-type BSE fibrils using electron 

microscopy.  

(A) Representative negative staining TEM images of fibrils from C-type BSE purified pellet 

showing helical morphology. Micrographs 1-4 show two protofilaments, and image 5 represents 

a fibril containing a single protofilament. Scale bar = 100 nm. (B) Representative negative 

staining TEM images of fibrils from H-type BSE final pellet showing a helical twist. The fibrils 

appear to consist of two or more protofilaments. Scale bar = 100 nm. (C) Width distribution of 

BSE fibrils. Histogram of the width measurement of C-, and H-type BSE fibrils. The maximum 

width from a total of 55 C-type and 72 H-type BSE fibrils was measured using EMAN’s boxer 

software. 
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Figure 3. 4 Relative proportions of one- and two-protofilament fibrils in three BSE strains.  

The bar chart indicates the percentage of C-, H-, and L-type BSE fibrils containing one (green) 

or two (pink) protofilaments. Compared to L-type BSE fibrils, which contained 73% one-

protofilament fibrils (N= 867), only 21% of C-type fibrils (N= 55) were composed of one 

protofilament and none of the H-type fibrils (N= 66). The L-type BSE preparation contained a 

significantly higher number of fibrils compared to H- and C-type BSE samples.  
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BSE Strain 

 

Number of 

Fibrils 

Width 

Mean ± SD 

(nm) 

Helical Pitch 

Mean ± SD 

(nm) 

Length 

Mean ± SD 

(nm) 

C-type 55 20.3 ± 6.8 158.8 ± 43.1 193.3 ± 72.0 

H-type 72 24.5 ± 4.8 137 ± 33.2 315.1 ± 169.1 

 

Table 3. 1 Dimensions of negatively stained brain-derived C-type and L-type BSE fibrils. 

The measurements were performed using EMAN’s boxer image software. 
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3.3.4 Image processing 

After detecting suitable C- and H-type BSE fibrils in the purified samples, we employed image 

processing approaches on selected micrographs to create reliable three-dimensional (3D) 

reconstructions of C- and H-type BSE fibrils. Towards this goal, the samples were imaged at a 

magnification of 29,000x to 50,000x using a Tecnai G2 electron microscope. The step-by-step 

procedure of the 3D reconstruction method on individual BSE fibrils is depicted in Figure 3.5.  

The 3D maps were generated, based on the helical reconstruction technique, from isolated non-

overlapping fibrils showing an apparent helical twist. Several 3D models were created using 

various independently isolated fibrils. In an extended reconstruction approach, the initial 3D 

models were subjected to further refinements to eliminate the contribution of the unwanted 

densities corresponding to the background of the images. Figure 3.6 shows representative 3D 

volumes of individual C-type and H-type two-protofilament BSE fibrils, each presenting a 

fibrillar structure composed of two intertwined protofilaments winding around each other with a 

central gap. The overall architecture of both reconstructions resembles the previous helical 

reconstructions of the cryo-EM micrographs of an anchorless RML prion strain in terms of the 

number of protofilaments and the overall helical twist (Vazquez-Fernandez, Vos et al. 2016). 

Contour maps were generated from the cross-section areas of C-type and H-type reconstructions 

(Figure 3.6A-6 and 3.6B-6). The overlay of the 3D maps with 2D projections of the cross-section 

of the reconstructions indicated higher densities in the middle of each cross-section (Figure 

3.6A-7 and 3.6B-7).  

Several EM micrographs were used to generate further 3D reconstructions of different C-type 

and H-type BSE fibrils. Figure 3.7 presents three representative helical reconstructions of each 
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BSE strain, showing heterogeneous conformations. Despite the apparent morphological 

variations, all reconstructed fibrils display a helical twist. Consistent with our TEM analysis, the 

3D reconstructions of C-type fibrils exhibited two main polymorphs: two-protofilament fibrils, 

accounting for the major fibrils’ population, and fewer one-protofilament fibrils (Figure 3.7A-B). 

The same reconstruction approach on isolated H-type BSE fibrils yielded helical fibrils 

containing two protofilaments twisting around each other with heterogeneous morphology 

(Figure 3.7D-E). The 2D projections of the cross-section regions of the 3D maps of C-type and 

H-type BSE fibrils agree well with the densities corresponding to each protofilament (Figure 

3.7C and F). Despite the heterogeneity, the cross-sections of all C- and H-type BSE 

reconstructions appeared to have an oval or circular shape. Averaging the cross-section slices of 

the 3D maps of one- and two-protofilament fibrils yielded densities confirming the number of 

protofilaments in each fibril (figure 3.8). For both H-type and C-type BSE strains, comparing the 

2D reprojections of the reconstructions with the raw images showed good correspondence, 

indicating that the reconstructions are consistent with the data (Figure 3.9). 

By morphological examination of the EM images, interestingly, some fibrils of classical BSE 

fibrils were found to have visible subunit repeats; thus, we performed two-dimensional (2D) 

classification using the fibrils exhibiting such characteristics. As shown in Figure 3.10B, the 

averaging of hundreds of particles from the selected C-type BSE images provided better 

visualization of the amplified subunit repeats by increasing the signal-to-noise ratio. The distance 

between the two densities was measured 36 Å to 40 Å, perhaps corresponding to the height of 8 

cross-beta structures (8 x 4.8 Å). Considering the 19.2 Å height of each PrPSc monomer, as 

identified in the previous X-ray fiber diffraction study (Wille, Bian et al. 2009), the observed 

repeating distances could be indicative of the size of a stacked PrP 27-30 dimer. 
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Overall, given that the resolution limits of the negative staining method (Ohi, Li et al. 2004), we 

could not resolve secondary structure elements in our 3D maps. However, the high-contrast 

quality of the images, plus the advanced image processing tools, allowed us to gain insights into 

the quaternary structure of C- and H-type BSE prions. These data enabled us to establish the 

morphological differences between the two strains at this level. 
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Figure 3. 5 Flow diagram of the helical reconstruction process.  

For this process, appropriate EM micrographs of the fibrils showing clear helical pattern were 

selected. The image processing procedure started with segmentation along the individual fibril’s 

axis with overlapping boxes, and rotation angles were assigned to the boxed particles. Next, 

initial 3D reconstructions were generated by back projection. In the averaging process, several 

refined initial 3D reconstructions of the same fibrils were subjected to iterative rounds of 

averaging and alignment. This stage was followed by an extended helical reconstruction process, 

in which the average 3D volume was rotated 90 degrees, and the sliced images of the cross-

section of the 3D map were obtained. Subsequently, the 2D images of the fibril cross-sections 

were aligned, averaged and symmetrized. After rotation of the 2D particles, the final 3D volume 

was created using IMAGIC software. 
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Figure 3. 6 Three-dimensional reconstructions of brain-derived C- and H-type BSE fibrils.  

(A) 3D reconstruction of an individual fibril purified from C-type BSE-infected Tg4092 mice 

brains. (1) Negative-stain EM micrographs of an individual C-type BSE fibril, and (2) enlarged 

view of the same fibril showing helical twist. (3) Reprojection of the reconstructed volume. (4) 

Side view of the 3D reconstruction displaying helical fibril with two intertwined protofilaments 

twisting around each other. (5) Cross-section view of the reconstructed model. (6) Contour map 

of the cross-section. (7) The cross-section's contour density plot was obtained by the 

superimposition of the contour map with the cross-section of the 3D volume. (B) 3D 

reconstruction of an individual H-type BSE fibril. (1) Negative stain image of an H-type BSE 

fibril, and (2) magnified view of the same fibril. (3) Reprojection of the 3D map of the fibril. The 

reprojections of C- and H-type BSE fibrils agree with the EM images, showing the consistency 

of the reconstructions with the original data. (4) Side view of the 3D reconstruction of the H-type 

BSE fibril. (5) Cross-section view of the reconstructed volume. (6) Contour map of the cross-

section. (7) Contour density plot of the cross-section. 3D structures were low pass filtered to 20 

Å resolution. Scale bar = 10 nm. 
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Figure 3. 7 Three-dimensional reconstructions of negatively stained C-type and H-type BSE 

fibrils, showing morphological heterogeneity. 

 (A) Three representative 3D maps of individual C-type BSE fibrils exhibiting helical patterns. 

Two fibrils (left and middle) are composed of two intertwined protofilaments, and one contains a 

single protofilament (right) (B) Cross-section views of the helical reconstructions of C-type BSE 

fibrils. (C) 2D projections of the fibril cross-sections exhibiting two densities for the two-

protofilament C-type BSE fibrils (left) and one density for the one-protofilament fibril (right). 

(D) Three representative 3D maps of three independent H-type BSE fibrils. The reconstructed 

fibrils show helical features, and all are composed of two protofilaments. (E) Cross-section 

views of the 3D volumes of H-type BSE fibrils. (F) 2D projections of the cross-section of the 

reconstructions presenting two densities consistent with the cross-section view of the 3D maps.  

Scale bar = 10 nm. 
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Figure 3. 8 Cross-sectional projections of the helical reconstructions. 

 (A) 2D projections of cross-sections from one- (Left) and two-protofilament C-type BSE 

(middle) and H-type BSE (Right) 3D reconstructions. (B) 2D projections of the averaged cross-

section of single-protofilament C-type BSE (Left) showing one density. The averaged views of 

the 2D projections of the cross-sections of two-protofilament C-type BSE (middle), and H-type 

BSE (Right) present two apparent densities. The averaged images were used to generate the final 

3D reconstruction volumes of the fibrils. 
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Figure 3. 9 2D projections of the three-dimensional maps.  

Two-dimensional projections of the 3D maps of (A-C) C-type and (D-F) H-type BSE fibrils. 

Images 1 and 2 show representative EM micrographs of C-type (top) and H-type (bottom) BSE 

fibrils that were used to generate 3D reconstructions and enlarged views of the same fibrils. (3) 

reprojections of the reconstructions. 
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Figure 3. 10 Class averages of repeating structures of C-type BSE fibrils.  

(A) Electron microscopy micrographs of three C-type BSE fibrils showing repeating units. Scale 

bar = 100 nm. (B)  Images from reference-free 2D class average of the C-type BSE fibril 

segments showing the repeating features more clearly (yellow arrows). The repeating units were 

measured ~36 Å on the EM micrographs. The 2D class average was performed using 200 by 

200-pixel size boxes, with a 50% overlap along the fibril axis.  
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3.3.5 Ultrastructural analysis using immunogold labeling 

Next, we employed the immunogold labeling technique to verify the presence of PrPSc in the 

fibrillar assemblies at the ultrastructural level. Immunogold labeling experiments were carried 

out using purified pellet samples of C-type and H-type BSE. The PrP-specific labeling was 

visualized using a gold-conjugated tertiary detection system combined with anti-PrP monoclonal 

Fab, Fab 69, which recognizes residues within the N-terminal region (100-110) of bovine prion 

protein. Immunogold labeling examination of both C- and H-type BSE isolates revealed 

significant densities of gold particles associated with Fab 69 deposited around the fibrils, 

confirming the PrP27-30 content of these fibrils (Figure 3.11A and C). The control tests for both 

groups carried out simultaneously without using the primary anti-PrP Fab exhibited no or rare 

gold particles corresponding to non-specific background labeling (Figure 3.11B and D).   
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Figure 3. 11 Immunogold electron microscopy of purified BSE fibrils.  

(A) Representative electron micrograph of the EM grids indicating brain-derived C-type BSE 

fibrils labeled with gold-conjugated Fab 69. (B) The control grids incubated without the primary 

antibody showed no or rare gold labeling. (C) Gold-labeled H-type BSE fibrils. Gold conjugated 

Fab 69 anti-PrP antibody was used for immunodetection. (D) A representative H-type BSE fibril 

from the control immunogold labeling grids, showing no specific labeling. Scale bar = 100 nm. 

 

 

 



 132 

3.3.6 Infectivity of the purified BSE prions  

To determine whether the purified C-type and H-type BSE prions contain infectivity, we 

conducted bioassay experiments using Tg4092 transgenic mice expressing bovine PrP. Animals 

were inoculated intracerebrally with final purified pellet samples and brain homogenates 

obtained from C- and H-type BSE-infected mice. The group inoculated with C-type BSE brain 

homogenate all developed clinical manifestations of prion disease such as ataxia, scruffy coat, 

loss of appetite, and dyspnea in 303 d.p.i (days post-infection), and the group which received C-

type BSE purified pellet presented clinical signs in 299.7 ± 58.7 d.p.i. Two groups of five mice 

received H-type BSE-infected brain homogenate and pellet sample each, which all developed the 

prion disease clinical signs after 273 and 255.6 ± 33.6 d.p.i, respectively. By using a standard 

curve that relates incubation period to prion titer we were able to calculate the LogID50/ml units 

for each of these samples (Safar, Scott et al. 2002) (Table 3.2). 
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Mouse Line Sick/Total 
BSE 

Strain 
Inoculum 

Incubation 

Time (Days ± 

SEM) 

 

Prion Titers 

(LogID50/ml) 

 

Tg4092 5/5 C-type 
Brain 

homogenate 
303 5.5 

Tg4092 10/10 C-type Pellet 299.7 ± 58.7 5.61 

Tg4092 5/5 H-type 
Brain 

homogenate 
273 6.12 

Tg4092 5/5 H-type Pellet 255.6 ± 33.6 6.51 

 

Table 3. 2 Infectivity of C-type and H-type BSE purified samples.  

Intracerebral inoculation of transgenic mice with the BSE prion samples obtained during 

purification experiments. For both BSE strains, the comparison of the incubation times between 

the groups inoculated with the brain homogenate samples and the final pellet samples did not 

show significant differences. However, the purified samples showed higher infectivity titers than 

the brain homogenate in both cases. The infectivity titers in LogID50/ml units were calculated 

from a standard curve relating incubation time to prion dose that was obtained using a C-type 

BSE isolate (Safar, Scott et al. 2002). 
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3.4 Discussion 

In this study, we demonstrated the detection of fibrils in brain-derived, infectious C-type and H-

type BSE isolates and generated, for the first time, 3D reconstructions of fibrils from these 

transmissible agents. Both C- and H-type BSE purified samples contained slightly heterogeneous 

fibrils with an apparent helical twist, consistent with our previous findings of BASE fibrils 

(Kamali-Jamil et al., unpublished manuscript). In this investigation, we established that classical 

and H-type atypical BSE strains have distinct ultrastructures.  

Purification of C-type and H-type BSE strains yielded positive PrP27-30 signals using Western 

blot detection. As expected, based on previous reports (Biacabe, Laplanche et al. 2004), the two 

BSE strains exhibited distinct electrophoretic profiles (PrPSc) in Western blot analysis following 

treatment with PK. Remarkably, the TEM examination of the purified samples revealed that the 

two BSE strains contain morphologically distinguishable helical fibrils. EM immunogold 

labeling experiment using gold-conjugated anti-PrP monoclonal Fab, Fab 69, detecting residues 

100-110 of the bovine prion protein, confirmed the presence of prion proteins as the building 

blocks of amyloid fibrils of the classical and H-type BSE samples. 

Morphological evaluation of the negatively stained purified samples revealed that C-type BSE 

isolates contain low-abundant and scattered fibrils mainly composed of two intertwined 

protofilaments. In comparison, about 19% of the H-type BSE fibrils were often observed to stick 

together laterally and form fibrils with multiple filaments, perhaps indicating their strain-specific 

nature. One significant feature of C-type BSE preparations was the presence of two apparent 

morphologies of one- and two-protofilament fibrils, akin to our recent observation in L-type BSE 

samples. The observation of both morphologies confirms our previous conclusion that infectious 
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PrPSc molecules may assemble into one- or two-protofilament fibrils in the course of infection 

(Kamali-Jamil et al., unpublished manuscript). However, in contrast to L-type BSE fibrils, a 

small percentage of C-type BSE fibrils contained one protofilament, while the majority consisted 

of two protofilaments. The observation of two-protofilament morphology of C-type and H-type 

BSE fibrils was compared favorably with the findings of the previous cryo-EM and image 

processing study on GPI-anchorless RML prion rods, in which each PrP 27-30 fibril was 

comprised of a pair of twisting intertwined protofilaments (Vazquez-Fernandez, Vos et al. 2016). 

The same conclusion was also drawn from previous negative staining and cryo-EM studies of 

other infectious strains, such as ME7, 22L, and RML, indicating the isolation of two-

protofilament fibrils (Sim and Caughey 2009, Wille, Bian et al. 2009, Terry, Wenborn et al. 

2016, Terry, Harniman et al. 2019). Identification of one-protofilament morphology in C-type 

BSE micrographs is significant because it has not been reported as the conformational assembly 

of infectious prions elsewhere. Our helical reconstruction approaches allowed better 

visualization of the quaternary organization of the two-dimensional EM micrographs of C-type 

and H-type BSE amyloid fibrils. Projections of the reconstructions corresponded well with image 

averages of the raw data, confirming the validity of the reconstructions.  

Bioassay experiments using bovinized transgenic mice have been commonly used instead of 

bovine bioassay, which is expensive and challenging (Buschmann and Groschup 2005). 

According to previous findings, BSE-infected transgenic mice expressing bovine PrPC with a PrP 

ablated background show clinical signs between 230 and 340 d.p.i (Scott, Safar et al. 1997). 

Comparable to these observations, transgenic mice bioassay using C-type and H-type BSE 

isolates led to the development of prion disease symptoms in less than 303 days post-incubation, 

confirming the presence of BSE infectivity in these samples.  
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Based on our structural analysis and the results from our recent work on L-type BSE (Kamali-

Jamil et al., unpublished manuscript), it is possible to conclude that variations in biochemical and 

pathological properties of different BSE strains are due to the, possibly slight, structural 

differences between these strains. The observation of both single and two-protofilament fibrils, 

as the two distinct polymorphs of C-type BSE prions, further supported our recent view 

regarding the structural architecture of infectious BSE prions. Consistent with our study on the 

BASE strain, our current data excludes the possibility of in-register stacking of PrPSc monomers 

due to discovering both one and two-protofilament fibrils; instead, our findings of L-type BSE 

strain are in agreement with the four-rung beta-solenoid model for the structure of infectious 

PrPSc (Wille, Bian et al. 2009, Requena and Wille 2014). Besides, the repeating subunits of 

approximately 36 Å to 40 Å in size along the fibrils in the negative stain EM images of some C-

type BSE fibrils appear to be in accordance with the four-rung beta-solenoid organization. Based 

on the 4RβS structure, the observed repeat units along the C-type BSE fibrils’ axis could reflect 

two PrPSc monomers (19.2 Å x 2 = 38.4 Å) (Wille, Bian et al. 2009). Also, the size of these 

substructures is consistent with the ~ 40 Å signal observed using Fourier- transform analysis in 

the above-mentioned cryo-EM study on an anchorless mammalian prion strain, in which the 40 

Å signal was attributed to two PrPSc monomers (Vazquez-Fernandez, Vos et al. 2016). 

3.4.1 Conclusion 

The results presented in this study, in concert with our recent data on native L-type BSE strain, 

for the first time, provide evidence regarding the morphological architecture of fibrils from 

infectious classical and atypical BSE strains at the quaternary structure level. Our reconstructed 

C-type and H-type BSE models, although with low-resolution, provide a description of the 

ultrastructural organization and polymorphism in the fibrils of brain-derived infectious BSE 
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strains. Our data reinforce the growing belief that the biological properties of prion proteins 

correlate with their unique structures, meaning that the morphological differences that we 

observed between C-, H-, and L-type BSE strains could be responsible for the different clinical 

phenotypes in these strains. Future investigations using cryo-electron microscopy would be 

essential to provide further details about the structure of different BSE prions. 

Overall, the present study could provide new constraints on the structure of infectious BSE 

amyloid fibrils and the mechanisms underlying self-propagation and fibril growth in different 

prion strains. It also may provide a basis for elucidating the high-resolution structure of 

infectious prion proteins of different strains.  
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Structural remodeling of host-encoded proteins is the hallmark event in a group of 

neurodegenerative conditions, including prion diseases, Alzheimer’s disease (AD), and 

Parkinson’s disease (Dearborn, Wall et al. 2016, Fitzpatrick, Falcon et al. 2017, Wille and 

Requena 2018). This conformational difference is believed to play a substantial role in 

neurodegenerative diseases and their public health impacts. As a case in point, bovine 

spongiform encephalopathy (BSE), a prion disease in cattle, was first reported in Alberta in 2003 

(Dudas, Yang et al. 2010). The beef industry in North America suffered an economic loss of 

about $ 11 billion due to the BSE impact (Coffey, Mintert et al. 2005, Le Roy, Klein et al. 2006). 

Differences between clinical phenotypes and electrophoretic profiles for typical and atypical 

BSE prion strains have been previously described (Biacabe, Laplanche et al. 2004), but little is 

known about their structural properties at high resolution. Therefore, a detailed understanding of 

the structure of these agents would be necessary to control these diseases based on their 

molecular properties and blunt their related economic impacts.  

In my PhD research project, I investigated the molecular and structural characteristics of 

classical and atypical H- and L-type BSE prions, employing a combination of biochemical, 

biophysical, immunological, and computational techniques. My research work involved 

purification and biochemical analyses of classical and atypical BSE prions from brain tissues. I 

conducted a structural characterization of the fibrils from these BSE strains, which revealed 

distinct polymorphs of these agents. Moreover, I generated the first 3D reconstruction maps of 

the three native BSE strains, which provided further details into the distinct ultrastructure of BSE 

prions. 
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4.1 Distinct ultrastructural morphologies of classical and atypical BSE prions 

I presented a detailed structural and biochemical evaluation of infectious natively glycosylated 

L-type BSE in Chapter 2 of this dissertation. According to previous histopathological 

observations, L-type BSE strain is characterized by the deposition of amyloidotic plaques in the 

brain tissue of the affected host (Casalone, Zanusso et al. 2004), as acknowledged in its 

alternative name, bovine amyloidotic spongiform encephalopathy, BASE. Chapter 3 presented 

the purification of C-type and H-type BSE, the two other BSE strains, from BSE-infected 

Tg4092 mice brains (Scott, Safar et al. 1997). Classical and atypical BSE prions were provided 

by the primary transmission of brain tissues from the Canadian C-, H-, and L-type BSE-affected 

cattle (Dudas, Yang et al. 2010) into transgenic mice that overexpress bovine PrP, Tg4092 

(Scott, Safar et al. 1997). I purified BSE prions from Tg4092 mice brains and assessed the 

sample preparation quality using immunoblotting experiments. The results of biochemical 

comparison of the three BSE strains were consistent with previous publications (Jacobs, 

Langeveld et al. 2007), indicating the differences in the migration pattern of classical and 

atypical BSE strains in Western blot (Figure 3.2). Our preliminary data using a polyclonal anti-

PrP antibody that detects shed PrP indicated the presence of some GPI-less prion protein in the 

purified samples of C-type and L-type BSE strains (unpublished data). 

I used the Tecnai G20 transmission electron microscopy (TEM) facility, equipped with a second-

generation direct electron detector, at the Centre for Prions and Protein Folding Diseases 

(CPPFD) to explore the presence of BSE fibrils in the purified samples. Negative stain electron 

microscopy evaluation of L-type BSE strain presented in Chapter 2, and C-type and H-type BSE 

isolates, as discussed in Chapter 3, revealed the existence of fibrils in the purified samples of the 

three BSE strains (Figure 2.3 & Figure 3.3). Immunogold labeling technique using anti-PrP 
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monoclonal antibodies established the presence of PrP 27-30 molecules as the structural units of 

the isolated BSE fibrils.  

The fibrils from the three BSE groups, while all presented a helical twist (Figure 4.1), were 

distinguishable in their overall morphologies. For example, L-type BSE samples had a high yield 

of fibrils as compared to C- and H-type samples, further confirming the amyloidogenicity of this 

specific strain (Casalone, Zanusso et al. 2004). Overall, the C-type BSE preparation contained a 

low yield of BSE fibrils than the two other BSE strains. However, the strong Western blot signal 

of this sample could suggest that a lower proportion of C-type BSE prions contribute to fibril 

formation, relative to the atypical BSE strains.  

The fibrils from this amyloidic BSE strain were found to have two main morphologies, including 

one-protofilament fibrils, accounting for major fibrils’ population (~ 73%), and two 

protofilament fibrils (Figure 2.4). However, C- and H-type BSE isolates predominantly 

comprised of thicker two-protofilament fibrils (Figure 3.4). The observation of the single 

protofilament morphology was a novel finding of this study and has not been reported in 

previous studies for any infectious mammalian prion strains. As will be discussed later, the 

observation of these two morphologies is in favor of the four-rung beta-solenoid (4RβS) model 

for the structure of infectious prion molecules (Wille, Bian et al. 2009, Vazquez-Fernandez, Vos 

et al. 2016). The dimensions of the fibrillar structure from C-, H-, and L-type BSE strains in this 

dissertation, as well as the reports from previous investigations on other infectious and non-

infectious prion strains, are summarized in Table 4.1. As shown in Table 4.1, in all three BSE 

strains, the average width of the two protofilament fibrils ranged from 20 nm to 24 nm (Table 

4.1), which is consistent with the widths of double-protofilament fibrils in other investigations. 
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The width differences between the two-protofilament fibrils of C-, H-, and L-type BSE, as 

calculated based on a three-way ANOVA test, indicated that the differences between the fibril 

widths between the three BSE strains are significantly different (p=0.0000012). It is notable that 

in the studies on in vitro-generated and GPI-anchorless brain-derived prion fibrils, the diameter 

of the fibrils (between 10 and 14 nm) is lower than the fully glycosylated ones, mainly due to the 

lack of posttranslational modifications (Table 4.1). 

Although structural diversity is strongly accepted to exist in different prion strains (Diaz-

Espinoza and Soto 2012), there is experimental evidence indicating heterogeneity in the 

assembly of PrPSc even within particular prion strain isolates (Igel-Egalon, Bohl et al. 2019). 

Morphological evaluation of the fibrils from C-, H-, and L-type BSE strains in my PhD study 

revealed heterogeneous morphologies of PrPSc assemblies within each strain population in terms 

of helical pitch distance, width, and fibrils’ length. No such morphological examinations have 

been performed previously on native BSE strains to provide an opportunity for comparison with 

the samples in this study. However, several investigations on mouse and ovine PrPSc reported 

heterogeneity in tertiary and quaternary structures of PrPSc molecules (Tzaban, Friedlander et al. 

2002, Laferrière, Tixador et al. 2013, Vazquez-Fernandez, Vos et al. 2016, Igel-Egalon, Bohl et 

al. 2019). The observed structural differences between the three BSE strains observed in this 

dissertation may also be responsible for their distinct biochemical and phenotypic features. The 

link between specific disease phenotypes and structure has also been described in Alzheimer’s 

disease. Similar morphology of tau fibrils was found in a group of AD patients with similar 

tauopathies, while different polymorphs were reported to exist in cases with distinct tauopathies 

(Fitzpatrick, Falcon et al. 2017, Falcon, Zhang et al. 2018, Falcon, Zhang et al. 2018).  
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4.2 The infectivity of amyloid fibrils 

 Our bioassay experiments showed that the purified C-, H-, and L-type BSE prions are capable of 

causing prion disease in Tg4092 transgenic mice; therefore, the fibrillar structures existed in the 

inoculums could be representative of the intrinsically infectious material. The infectivity titers of 

the purified pellet samples of C-type, H-type, and L-type BSE were calculated 5.61, 6.51, and 

8.06 LogID50/ml, respectively. The calculation of the prion titers was performed using a standard 

curve relating incubation time to prion titer (Safar, Scott et al. 2002). Our immunogold labeling 

study on the isolated L-type BSE samples utilizing YEG mAb Sc-G1 antibody (Fang et al., 

manuscript in preparation) showed successful decoration of the L-type BSE fibrils (Chapter 2). 

Since this antibody only recognizes native PrPSc, this experiment could further confirm the 

infectivity of the purified BSE fibrils. 

Prion fibrils were initially suggested to be an artefactual conformer of prions generated during 

the purification process using both detergents and protease treatment of PrPSc (McKinley, Meyer 

et al. 1991). However, a later investigation using cell culture assay identified that the prion rods 

purified from brain tissues have intrinsic infectivity. An earlier idea considering a role of 

detergents in generating fibrils (McKinley, Meyer et al. 1991) was excluded as these repeating 

structures were isolated from the brain tissues with no detergent addition, as performed by Terry 

et al (Terry, Wenborn et al. 2016). In this experiment, it was identified that without using 

detergents, the heterogeneous nature of crude brain homogenates limits the observation of prion 

rods with EM and applying detergents could allow better visualization of the pre-existing fibrils 

in the purified samples. Besides, changing the exposure condition to detergents and protease had 

no noticeable effect on the conformation and dimensions of the isolated fibrils (Terry, Wenborn 
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et al. 2016). Moreover, in a recent study, prion purification from brain tissues was conducted 

without using Sarkosyl or other detergent. In this investigation, purification of infectious prions 

from rodent brains with the use of styrene maleic acid (SMA) polymers revealed prion fibrils in 

the isolated samples when examined by electron microscopy (Esmaili, Tancowny et al. 2020). 

4.3 Generating 3D maps using 2D electron micrographs 

Transmission electron microscopy is a powerful tool for resolving the structure of helical 

assemblies (Egelman 2007). Negative stain electron microscopy, first demonstrated by Brenner 

and Horne (1959) (Brenner and Horne 1959),  has been used extensively in structural 

characterization of amyloid fibrils of prion and other proteins, such as AD and Parkinson’s 

disease (Zweckstetter, Requena et al. 2017). The high contrast of negatively stained EM 

micrographs allows the investigation of distinct conformations and structural characteristics of 

biomolecules (Whittaker, Wilson-Kubalek et al. 1995). This technique was first used to visualize 

brain-derived scrapie fibrillar structures, termed “scrapie-associated fibrils” (SAFs) (Merz, 

Somerville et al. 1981) and prion rods of scrapie agents isolated from brain tissues (Prusiner, 

McKinley et al. 1983) about four decades ago. Although the two fibrillar structures in the studies 

mentioned above were similar entities, they were designated differently at the time of their 

discovery (Diener 1987). 

Although this technique provides various structural details, the resolution of the negative stain 

3D reconstructions is limited to ~ 20 Å (Ohi, Li et al. 2004). To overcome this limitation and 

retrieve further information, negative staining can be combined with 2D averaging and 3D 

reconstruction techniques (Ohi, Li et al. 2004). In further attempts to gain insights into the 

quaternary structure of BSE fibrils, I conducted a 2D classification and averaging technique, 
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which revealed finer details of the fibrils of the three BSE strains. For example, the 2D averages 

performed on hundreds of EM micrographs of BASE prion fibrils confirmed the existence of 

both polymorphs of two- and one-protofilament fibrils. I identified repeating units of about 36 Å 

in some C-type BSE fibrils (Figure 3.10). These repeating substructures were revealed more 

clearly following the generation of class averages from the micrographs presenting this 

characteristic. It is noteworthy that in a previous cryo-EM study, which supported a 4RβS model 

for PrPSc structure, Fourier-transform analysis of the cryo-EM images of GPI-anchorless PrPSc 

revealed ~ 40 Å signal, corresponding to the size of two PrPSc monomers. The observed 40 Å 

spacing also indicated the possibility of a head-to-head or tail-to-tail stacking of PrPSc molecules 

in the fibrillar assembly (Wille and Requena 2018). Thus, the 36 Å to 40 Å repeating structures 

observed in the C-type BSE fibrils, compatible with the previous cryo-EM study, corresponds 

well with the size of PrPSc dimers (in a 4RβS arrangement), possibly interacting in a head-to-

head/tail-to-tail fashion. 

A transmission electron microscopy image is a 2D projection of a 3D object (Egelman 2007). 

The repeating nature in amyloid filaments provides an advantage in generating 3D structures 

from EM micrographs (Egelman 2000). Helical filaments were the first structures to be 

reconstructed in three dimensions from electron microscopic images. A 3D map of a 

bacteriophage tail was the first helical object to be reconstructed employing this technique (De 

Rosier and Klug 1968). In this method, a set of two-dimensional EM micrographs are used to 

build a three-dimensional model. Theoretically, a single projection of a 2D image of a helical 

fibril includes a range of views, which provides ample information for generating a 3D 

reconstruction (Miyazawa, Fujiyoshi et al. 1999). In other words, the Fourier transform of a 
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helical object has a series of amplitudes and phases that can be used to generate a 3D map of the 

helical object.  

Cryo-EM and negative stain images of recombinant and brain-derived fibrils of prions and other 

neurodegenerative diseases have been exploited in several investigations to generate 3D models 

(Terry, Wenborn et al. 2016, Vazquez-Fernandez, Vos et al. 2016, Terry, Harniman et al. 2019, 

Terry and Wadsworth 2019, Wang, Zhao et al. 2020). For example, very recently, a cryo-EM 

study on recombinant human prion protein revealed amyloid fibrils consisting of two protofibrils 

and described that in these fibrils, the C-terminal α-helices of PrPC structure are replaced by β-

strands (Wang, Zhao et al. 2020). Other cryo-EM investigation on an infectious GPI-anchorless 

mouse prion protein, consistent with the above-mentioned study, identified two-protofilament 

amyloid fibrils. Besides, this study provided supporting evidence for the 4RβS as the core 

structure of PrPSc (Vazquez-Fernandez, Vos et al. 2016). A 3D model based on negative stain 

electron microscopy of infectious RML prions revealed double-helical amyloid fibrils (Terry, 

Wenborn et al. 2016).  

In Chapters 2 and 3, I presented the 3D reconstructions using several independent individual EM 

micrographs of three BSE strains, providing many details regarding the ultrastructure of these 

infectious agents. The 3D reconstructions’ results indicated structural differences between the 

studied BSE strains at the quaternary structure level. The results of the 3D reconstruction 

techniques on typical and atypical BSE fibrils yielded 3D maps showing helical periodicity while 

slight heterogeneity existed between the individual models. These data were consistent with our 

negative stain morphological examination and 2D averaging. 
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 Figure 4. 1 Representative three-dimensional reconstructions of classical and atypical BSE 

fibrils. 

3D maps of (A) C-type, (B) H-type, (C) two-protofilament L-type, and (D) one-protofilament L-

type BSE fibrils 
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Prion strain 

Width 

mean ± 

SD (nm) 

Helical 

Pitch  

mean ± SD 

(nm) 

Length  

mean ±SD 

(nm) 

Protein 

source 

Structural 

method 
Reference 

L-type BSE (one 

protofilament) 
10.6 ± 1.7 89.3 ± 15 387.5 ± 155 

Brain-derived 
Negative stain 

EM 

Chapter 2 of the 

dissertation L-type BSE (Two 

protofilaments) 
22.5± 3.4 102.3 ± 16.9 598 ± 268 

H-type BSE 24.5 ± 4.8 137 ± 33.2 315.1 ± 169 Brain-derived 
Negative stain 

EM 

Chapter 3 of the 

dissertation 

C-type BSE 20.3 ± 6.8 158.8 ± 43.1 193.3 ± 72 Brain-derived 
Negative stain 

EM 

Chapter 3 of the 

dissertation 

263K 16-20 - 98-188 Brain-derived Cryo-EM 
(Kraus, et al. 

2021) 

Full-length human 

PrP 
~ 14  78.5  - 

Recombinant 

(In vitro) 
Cryo-EM 

(Wang, Zhao et 

al. 2020) 

Full-length mouse 

PrP 
~ 10 - > 700 

Recombinant 

(In vitro) 

Negative 

stain- Cryo-

EM- AFM 

(Terry, 

Harniman et al. 

2019) 

RML prion 
19.4 - 

26.5  
- 111.5 - 127.5 Brain-derived 

Negative 

stain- Cryo-

EM- AFM 

(Terry, 

Harniman et al. 

2019) 

GPI-anchorless 

PrPSc fibrils of RML 

prion 

~ 10 76 - 98 - Brain-derived Cryo-EM 

(Vazquez-

Fernandez, Vos 

et al. 2016) 

RML prion ~ 21 - 100 - 200  Brain-derived 
Negative stain 

EM 

(Terry, 

Wenborn et al. 

2016) 

 

 

Table 4. 1 Dimensions of infectious brain-derived C-, H-, and L-type BSE fibrils, and 

infectious and in vitro-generated prion fibrils from other strains.  

The maximum widths of the two-protofilaments fibrils of C-, H-, and L-type BSE strains was 

measured between 20 nm and 24.5 nm, which are in range with those of other prion strains 

reported in previous publications. The width differences between the two-protofilaments fibrils 

of the three BSE strains was found to be significant (p=0.0000012). The differences may also be 

significant with regard to the diameters of two-protofilament fibrils in other publications; 

however, this could not be determined due to the lack of the original data from those 

investigations. 
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4.4 The folding and polymerization of PrPSc 

Currently, the exact mechanisms underlying the conformational transition from PrPC to PrPSc is 

not fully determined, mainly due to the absence of a high-resolution structure of highly 

infectious preparations of PrPSc and possible intermediate conformers. The obvious event in PrPC 

to PrPSc transition is a change from an alpha-helical structure to a structure including beta-strands 

connected by short loops and /or turns (Wille and Requena 2018).   

Based on several structural experiments, the core structure of PrPSc is believed to have a four-

rung β-solenoid architecture, (Wille and Requena 2018). Initially, electron crystallography 

experiments of two-dimensional crystals of an N-terminally truncated prion protein (PrP 27-30) 

and a miniprion (PrPSc106) suggested a β-solenoid core for the structure of PrPSc molecules  

(Wille, Michelitsch et al. 2002, Govaerts, Wille et al. 2004). Further investigation using an X-ray 

fiber diffraction experiment of brain-derived PrP 27-30 prions identified a 19.2 Å signal, this 

being indicative of the height of each PrPSc monomer (Wille, Bian et al. 2009). The results of a 

following cryo-EM study on a GPI-anchorless mammalian prion protein further strengthened the 

4RβS hypothesis (Vazquez-Fernandez, Vos et al. 2016). Later, a molecular dynamics simulation 

study, carried out based on the available structural data, presented that the 4RβS model is a 

physically possible arrangement for prion molecules (Spagnolli, Rigoli et al. 2019). 

A Parallel In-Register Intermolecular Beta-Sheet (PIRIBS) model was an alternative model for 

the PrPSc structure. This model was defined based on an NMR study of the recombinant murine 

prion protein, indicating in-register stacking of PrPSc monomers, and therefore, 4.8 Å 

intermolecular height of each monomer (Groveman, Dolan et al. 2014). Very recently, using a 

high resolution cryo-EM study on brain derived 263K prion strain, a PIRIBS-based structure was 

determined for this prion strain (Kraus, Hoyt et al. 2021). Due to the size proposed for each PrPSc 
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molecule, this model does not appear to be compatible with the 19.2 Å height observed in the X-

ray fiber diffraction and cryo-EM experiments (Wille, Bian et al. 2009, Vazquez-Fernandez, Vos 

et al. 2016). 

The results of the structural investigation of L-type and possibly C-type BSE strain presented in 

this dissertation are in good agreement with the 4RβS as the basic structure of infectious PrPSc 

molecules. First, the presence of both one- and two-protofilament BSE fibrils seems to be in line 

with the above-mentioned cryo-EM study on mouse prion protein, which identified amyloid 

fibrils containing two intertwined protofilaments. Second, the observation of ~ 36 Å to 40 Å 

repeat units in some C-type BSE fibrils appears to be compatible with the previous X-ray fiber 

diffraction investigation (Wille, Bian et al. 2009), as the value is double the height measurement 

by X-ray fiber diffraction (19.2 Å). This could indicate that each repeating unit is a PrP 27-30 

dimer, perhaps assembled in a head-to-head or tail-to-tail arrangement (Vazquez-Fernandez, Vos 

et al. 2016). Third, the reconstructions of BSE amyloid fibrils in our study presented triangular or 

oval shape cross-sections, a common characteristic of β-helical proteins (Kajava and Steven 

2006). Furthermore, the superimposition of the cross-sections of single- and two-protofilament 

L-type BSE reconstructions with the surface view of the 4RβS model, generated by Spagnolli et 

al. 2019, showed good correspondence (Figure 2.10). 

By contrast, our data, especially from experiments on L-type BSE strain, are not compatible with 

the PIRIBS model. However, regarding the H-type BSE strain, it needs to be determined if the 

monomers from this strain adopt a 4RβS, PIRIBS, or another configuration. In this model, due to 

the 4.8 Å distance between two PrPSc monomers, each monomer would have to cover both 

protofilaments. Therefore, according to this model, PrPSc amyloid fibrils contain only one 

protofilament, and the authors who proposed this model attribute the density observed in the 
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middle of amyloid fibrils in negative stain images to stain artifacts (Groveman, Dolan et al. 

2014). In my PhD study, however, we observed both one- and two-protofilament fibrils in the 

purified samples of L-type and C-type BSE strains. Interestingly, a thorough examination of 

hundreds of EM micrographs revealed some L-type BSE fibrils showing both morphologies on 

separate ends. I noticed that these fibrils are broken in the middle and present a two-

protofilament fibril at one end and two single filaments at another end of the fibril (Figure 2.4). 

This observation strongly indicates that prion fibrils are not solely composed of one 

protofilament. A previous study on RML prions also provided evidence that the central gap in 

the middle of fibrils contains biological material and is not due to the staining procedure (Terry, 

Harniman et al. 2019). In addition, it was proposed by Baskakov et al. that the four-rung beta-

solenoid arrangement, with 4 × 4.8 Å distance between rungs, would provide more space for the 

two bulky N-linked carbohydrate adducts on PrPSc, as compared to the PIRIBS model with 4.8 Å 

distance between adjacent PrPSc molecules (Baskakov and Katorcha 2016, Artikis, Roy et al. 

2020). 

Considering the data from the recent cryo-EM study (Kraus, Hoyt et al. 2021) and some previous 

research evidence (Wille, Bian et al. 2009, Vazquez-Fernandez, Vos et al. 2016), including the 

data from this dissertation, supporting the 4RβS model, it seems possible that these alternative 

structures exist in the brain. The heterogeneity that has been observed in PrP protein organization 

may also suggest more than one PrPSc structure that co-exist in the brain in one host, as observed 

in fungal prions. Some fungal prions have been identified to adopt a β-solenoid (two-rung β-

solenoid) assembly (Wasmer, Lange et al. 2008) while others have in-register parallel beta-sheet 

architecture (Wasmer, Lange et al. 2008, Wickner, Edskes et al. 2018, Baskakov, Caughey et al. 

2019). 
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4.5 Does four-rung beta solenoid allow efficient prion replication?   

The beta-strands in the upper and lowermost rungs of a beta-solenoid protein can act as 

templates when encountering other amyloidogenic proteins (Richardson and Richardson 2002). 

The recent MD simulation study provided evidence that in PrPSc amyloid fibrils with 4RβS 

structure, the β-solenoid rungs at the ends of each protofilament, as a templating surface, can 

participate in converting the incoming PrPC monomers (Martín-Pastor, Codeseira et al. 2020). 

This event follows by a chain of conformational transition events leading to the complete 

transformation of the incoming PrPC molecule into its disease-causing counterpart with 4RβS 

architecture. (Vazquez-Fernandez, Young et al. 2017, Spagnolli, Rigoli et al. 2019, Spagnolli, 

Rigoli et al. 2020). Therefore, as a structural intermediate, amyloid fibrils can have an essential 

role in prion propagation (Wille and Requena 2018). 

4.6 Conclusions and Future directions 

My thesis research involved the structural investigation of fully glycosylated brain-derived, 

infectious bovine spongiform encephalopathy prions. I established that fibrils from C-, H-, and 

L-type BSE prions have different morphologies. Our work revealed distinct quaternary structures 

of classical and atypical H-type and L-type BSE strains, which could be attributed to their strain-

specific features. Besides, our data from L-type BSE provide additional support for the four-rung 

β-solenoid arrangement proposed for the structure of infectious PrPSc molecules. Therefore, the 

findings of this dissertation could have implications for prion replication and a better 

understanding of the species barrier mechanism. 

Altogether, the presented findings provide a framework for a future cryo-electron microscopy 

study to obtain higher-resolution structural details of infectious BSE prions. One advantage of 
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this method is that the sample is preserved in a frozen-hydrated state, closer to the native form. It 

will also be essential to compare the 3D reconstructed models of different BSE strains we 

obtained in this study with the 3D models generated from cryo-EM micrographs.  
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Appendix A 

 

Purification of L-type bovine spongiform encephalopathy prions from 

transgenic mice brains using Pronase E 
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 Introduction 

Partial resistance of infectious prion proteins has been commonly used as a molecular diagnostic 

tool to distinguish infectious PrPSc from PrPC. Of the different proteases used for this purpose, 

Pronase E (PE) is known to keep the full-length disease-causing prion protein (PrPSc) intact 

while removing cellular prion protein (PrPC) (D'Castro, Wenborn et al. 2010). To preserve the 

full-length PrPSc, here we isolated L-type BSE prions from brains of transgenic mice that 

overexpress bovine prion protein (Tg4092) using Pronase E. The purification protocol included 

PTA precipitation and sucrose gradient centrifugation. Successful isolation of L-type BSE fibrils 

was confirmed using Western blot and electron microscopy negative stain experiments.  

Material & Methods 

Isolation of L-type BSE prions  

Brains from terminally sick Tg4092 mice (Scott, Safar et al. 1997) were used to make 10% (w/v) 

brain homogenate in PBS. 500 μl aliquots of the brain homogenates were mixed with 100 μg/ml 

Pronase E (Sigma) and incubated for 30 minutes. The digestion reaction was stopped using 0.5 

M EDTA pH 8.0 and 0.1 M PMSF. Next, the samples were incubated with 4% (w/v) Sarkosyl in 

PBS for 1 hour before adding Phosphotungstic acid (PTA). After one-hour incubation at 37 °C, 

the samples were centrifuged at 18,000 x g for 30 minutes, and the pellets were resuspended 

using 0.2% Sarkosyl in PBS. The resulting pellet sample (pellet 1) was then loaded onto a 

sucrose-step gradient of 40% and 80% sucrose and centrifuged at 115,000  g at 4 C for 16 

hours. Finally, fractions A to G were collected from the centrifugation tube. Sample H (pellet 

wash) was obtained by washing the tube with 100 μl of sucrose buffer (10 mM Tris HCl pH 7, 
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1mM NaN3, 0.2% Sarkosyl) to recover pelleted proteins. Samples were stored at -80 °C for 

immunoblotting and EM experiments. 

Immunoblotting 

Western blot and silver stain experiments were carried out according to a previous protocol 

(Chapter 2). D15.15 anti-PrP monoclonal antibody was used for immunodetection.  

Negative staining 

Negative stain electron microscopy was carried out as described previously (Chapter 2). 

Results and Discussion 

To detect PrPSc signals, samples obtained in different steps of the purification procedure were 

examined using Silver stain SDS PAGE and Western blot experiments. As presented in Figure 

A.1A, Western blot analysis using D15.15 anti-PrP monoclonal antibody detected PrPSc in the 

pellet 1 sample. WB of the sucrose gradient fractions utilizing D15.15 anti-PrP antibody 

indicated PrPSc signals in the top fractions, including fractions A-C and weak or faint bands in 

the middle to bottom fractions (D-G). The Pellet wash fraction (H) also presented PrPSc signals, 

which could be due to the combination of prion aggregates with PTA with a density of 1.4 g/ml 

(Levine, Stohr et al. 2015). It is noteworthy to mention that, compared to the sucrose gradient 

experiment of the PK-digested L-type BSE prions (Figure 2.1), which contained a stronger PrP 

27-30 signals in the middle fraction, WB of the Pronase E-treated samples showed slightly 

higher intensity of PrPSc signal in the top fractions of the sucrose gradient tube. Consistent with 

the WB study, the Silver stain experiment of the purified L-type BSE samples showed a strong 

signal of the semi-pure pellet 1 sample (Figure A.1B).  
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To evaluate the presence of BSE fibrils, the brain-derived L-type BSE isolates were negatively 

stained using 2% uranyl acetate and examined with EM. EM analysis of the PE-purified L-type 

BSE samples revealed relatively long, unbranched fibrils (Figure A.2), similar to the fibrils from 

PK-digested L-type BSE samples (Figure 2.3) (Chapter 2). Both semi-purified pellet 1 and the 

final pellet from sucrose gradient centrifugation contained fibrils. The fibrils seemed to be 

thicker and fuzzier compared to the PK-digested L-type BSE fibrils, described in Chapter 2. In 

PE-treated L-type BSE purified sample we could discern single and two-protofilament L-type 

BSE fibrils with diameters of ~13 nm and ~30 nm, respectively.  
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Figure A. 1 Biochemical characterization of L-type BSE prions purified using Pronase E. 

(A) Western blot of the L-type BSE prion samples isolated using PE and PTA. D15.15 anti-prion 

monoclonal antibody was used for immunodetection. Western blotting of the PE-digested pellet 

1 revealed a strong PrPSc signal. (B) PE-treated semi-purified pellet 1 sample underwent two-step 

(40% and 80%) sucrose gradient ultracentrifugation. Lanes A to G represent fractions from the 

top to the bottom of the sucrose gradient tube. Lane H represents pellet wash fraction. The 

fractions obtained from the sucrose gradient tube were examined with Western blot using D15.15 

antibody. The top fractions (A-C) and the pellet wash (H) sample showed stronger PrPSc signals 

comparing to the other fractions. (C) Silver stain SDS-PAGE gel of samples taken at different 

steps of the PTA purification. 
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Figure A. 2 Electron microscopy micrographs of L-type BSE fibrils isolated using Pronase 

E treatment.  

Negative staining of the L-type BSE samples, performed using 2% uranyl acetate, showed 

relatively long L-type BSE fibrils. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 179 

Bibliography: 
 

D'Castro, L., A. Wenborn, N. Gros, S. Joiner, S. Cronier, J. Collinge and J. D. Wadsworth 

(2010). "Isolation of proteinase K-sensitive prions using pronase E and phosphotungstic acid." 

PLoS One 5(12): e15679. 

Levine, D. J., J. Stohr, L. E. Falese, J. Ollesch, H. Wille, S. B. Prusiner and J. R. Long (2015). 

"Mechanism of scrapie prion precipitation with phosphotungstate anions." ACS Chem Biol 

10(5): 1269-1277. 

Scott, M. R., J. Safar, G. Telling, O. Nguyen, D. Groth, M. Torchia, R. Koehler, P. Tremblay, D. 

Walther, F. E. Cohen, S. J. DeArmond and S. B. Prusiner (1997). "Identification of a prion 

protein epitope modulating transmission of bovine spongiform encephalopathy prions to 

transgenic mice." Proc Natl Acad Sci U S A 94(26): 14279-14284. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


