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Abstract

1

The transmissible spongiform encephalopathies or prion diseases are a group of 

uniformly fatal neurodegenerative diseases that affect both humans and animals. The 

agent of these diseases is proposed to consist solely of PrP^, the abnormal form of a 

host-encoded protein, the prion protein. Despite the lack of a nucleic acid component for 

the prion agent, strain diversity is observed among these diseases. The conformation of 

PrP^ is proposed to encode prion strain diversity. Prion strains can be characterized 

based on phenotypic properties and also on molecular properties of PrP^. This study 

investigated the hypothesis that characterization of prion strains using molecular 

properties of PrP^ is more discriminatory when more than one molecular property of 

PrP^ is examined. Two previously defined hamster adapted transmissible mink 

encephalopathy (TME) strains, hyper (HY) and drowsy (DY) TME, were utilized in this 

study. The molecular properties of PrP^ examined were the extent of PrP^ glycosylation, 

the molecular weight of PrP^ following PK treatment and the number of immunoreactive 

polypeptides of PrP^ following PK treatment. When multiple anti-PrP antibodies 

directed to different regions of the prion protein were used in this analysis, additional 

differences between the molecular properties of HY and DY PrP^ were observed. The 

choice of sample preparation was also important, with a greater number of differences 

observed between the immunoreactive patterns of HY and DY PrP^ when a PK treated 

homogenate was used as compared with a preparation that enriched for PrP^'. These 

additional differences were only observed when analysis was performed using the 

NuPAGE^ method of polyacrylamide gel electrophoresis and were not revealed when the 

Laemmli method was employed. Using more than one molecular property of PrP'^ to
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characterize HY and DY TME analyzed by anti-PrP antibodies to different regions of the 

prion protein revealed differences between the two prion strains that were not observed 

when only one molecular property of PrP^ was determined with one anti-PrP antibody.

The influence of the host prion protein genotype on the strain-specific molecular 

properties of PrP^' was also investigated. Passage of DY TME from the Syrian hamster 

(SHa) into the Armenian hamster (AHa) alters the PK cleavage sites on DY PrP^, which 

is suggestive of an altered conformation of DY PrP^ in the AHa. It was hypothesized that 

differences in the prion protein genotypes of the SHa and the AHa result in the altered 

conformation of DY PrP^ in the AHa. The PrP cell-free conversion reaction (CFCR) was 

performed with AHaPrP^ and DY PrP^ to investigate this hypothesis. The molecular 

weight of the PK treated conversion products did not mimic those of PK treated DY PrP^ 

isolated from the AHa. Instead they resembled those of DY PrP^ isolated from the SHa. 

These results suggest that some factor(s) present in vivo in the AHa but not in the CFCR 

was involved in determining the conformation of DY PrP^' following passage of DY 

TME into the AHa. To investigate this, the CFCR was performed in the presence of 

uninfected AHa brain homogenate or the chaperone protein GroEL. These modifications 

of the CFCR did not alter the molecular weights of the PK treated conversion products. 

This does not rule out that a factor present i?? vivo is involved in determining the 

conformation of DY PrP^ in the AHa, as the concentrations of the factor(s) present in the 

AHa brain homogenate may have been too low to exert an effect. The results of this study 

suggest that some factor(s) other than the conformation of PrP^ or the amino acid 

sequence of the host prion protein is involved in determining strain-specific properties of 

PrpS'.
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Chapter 1

Introduction

1.1 Prion Diseases

The prion diseases or the transmissible spongiform encephalopathies are a group 

of fatal neurodegenerative diseases that affect both humans and animals. These diseases 

are characterized by long incubation periods followed by a progressive clinical course. In 

animals, the prion diseases include scrapie in sheep and goats (McGowan 1922), bovine 

spongiform encephalopathy (BSE) (Wells e? a/., 1987) in cows, chronic wasting disease 

(CWD) (Williams & Young 1980) in deer and elk and transmissible mink 

encephalopathy (TME) (Hartsough & Burger 1965) in mink. Scrapie is the oldest 

recognized of these diseases and is the prototypic prion disease. Clinical symptoms of 

scrapie include ataxia, hyperexcitability, wasting, excessive thirst and in some cases an 

intense itch that results in the animal scraping their wool off by rubbing against fixed 

objects. The main histological findings in scrapie include vacuolated neurons in the 

lateral caudate nucleus and dorsal motor nucleus of the vagus. In 1939, Cuille and Chelle 

were the first to show that scrapie was infectious by inoculating healthy sheep with 

scrapie infected spinal cords. The infected sheep developed a disease identical to that of 

natural scrapie (Cuille & Chelle, 1939).

BSE or 'mad cow disease' was first described in the United Kingdom (UK) in 

1986 . It is believed to have emerged as a result of the inclusion of scrapie-contaminated 

meat and bone meal (MBM) in cattle feed (Wilesmith et <?/., 1988). During the late 1980s 

and early 1990s the incidence of BSE rose dramatically. The BSE epidemic peaked in 

1992 with the number of cases decreasing thereafter (Brown et aA, 2001). At the height



of the epidemic approximately 1,000 new cases were being reported each week. The 

decrease in incidence after 1992 was due to the ban on the inclusion of MBM in cattle 

feed in 1988. By the end of 2002, there were 182,711 confirmed cases of BSE in the UK 

since the start of the epidemic. In addition to the confirmed cases it is likely that many 

more cows were infected. The occurrence of BSE is not isolated to the UK and is present 

in several other European countries and some Middle Eastern and Asian countries, 

although incidence rates are in the hundreds or lower rather than hundreds of thousands 

of animals. BSE has had a major economic impact on the beef industry not only due to 

the destruction of BSE infected cattle and their cohorts but also due to the human health 

risk posed by BSE contaminated beef products. The possibility of transmission of BSE to 

humans resulted in a ban on the inclusion of specific bovine offals such as brain, spinal 

cord, thymus, tonsil, spleen and intestines in 1990. Despite the ban there was a lack of 

consumer confidence in the safety of beef products resulting in huge economic losses due 

to decreases in beef sales. The concerns about the possible transmission of BSE to 

humans were proven true, in 1996 a newly identified human prion disease, variant 

Creuztfeldt-Jakob disease (vCJD) was described.

The human prion diseases include Creuztfeldt-Jakob disease (CJD), Gerstmann- 

Straussler-Scheinker syndrome (GSS), fatal familial insomnia (FFI) and Kuru. The 

etiology of this group of diseases is unusual in that it includes members that can be 

sporadic, inherited or infectious (Table 1.1). CJD is the most common disease of this 

group and is associated with all three etiologies. Sporadic CJD cases account for 80% of 

all human prion diseases, with an annual incidence of one per million (Masters e? <2/., 

1978). Sporadic CJD is characterized by a rapidly progressive multifocal dementia with



Table 1.1: Human prion diseases

Disease Etiology Clinical Manifestations Neuropathology

Sporadic

CJD Unknown but susceptibility 
to disease is linked to a 
polymorphism in PrP gene

Multifocal dementia, 
myoclonus

Spongiform change, 
neuronal loss, 
astrocytosis, amyloid 
plaque formation in 
minority of cases

Inherited

CJD Substitutions and insertions 
in the PrP gene

Multifocal dementia, 
myoclonus, younger age 
of onset than sporadic 
CJD

Spongiform 
change, neuronal 
loss, astrocytosis, 
amyloid plaque 
formation in 
minority of cases

GSS Substitutions in the PrP 
gene

Cerebellar ataxia, 
dementia

Multifocal amyloid 
plaques in 
cerebrum & 
cerebellum

FFI Substitutions in the PrP 
gene

Insomnia, dysautonomia Spongiform change

Acquired

CJD Contaminated surgical 
instruments, contaminated 
dura matter, growth 
hormone

Cerebellar ataxia Spongiform 
change, reactive 
gliosis, amyloid 
plaques

vCJD Consumption of BSE 
contaminated beef

Behavioral & 
psychiatric disturbances

Spongiform change 
gliosis, neuronal 
loss, abundant 
amyloid plaques

Kuru Cannibalism Cerebellar ataxia Spongiform 
change, amyloid 
plaques in 
cerebellum



an average age of onset of 60 years of age. Neuropathological features include 

spongiform degeneration, astrocytosis and, in a minority of cases, the formation of 

amyloid plaques. It is not known how this form of the disease occurs but a natural 

polymorphism at amino acid position 129 of the prion protein appears to be a key 

determinant of susceptibility to sporadic CJD and other non-inherited prion diseases. 

Individuals homozygous at this allele display a greater susceptibility to disease.

CJD can also be an inherited disease that is associated with specific mutations in 

the prion protein gene. The inherited prion diseases also include GSS and FFI, each 

disease is associated with different mutations in the prion protein gene (Figure 1). 

Although all are associated with mutations in the prion protein gene each disease differs 

in its clinical manifestation (Table 1.1). The first evidence that these diseases were due to 

mutations in the prion protein gene was shown with GSS. The most common point 

mutation associated with GSS is a substitution of a leucine for a proline at amino acid 

position 102 of the human prion protein. To investigate the role of this mutation, 

transgenic mice with a proline to leucine substitution at amino acid position 101 of the 

mouse prion protein were generated (Hsiao e/ a7., 1990). Amino acid position 101 of the 

mouse prion protein corresponds to amino acid position 102 of the human prion protein. 

The transgenic mice developed spontaneous spongiform degeneration accompanied by 

symptoms of ataxia, lethargy and rigidity. None of their nontransgenic littermates showed 

any signs of neurological disease. These results demonstrated that a mutation in the prion 

protein is capable of causing neurological disease.

4



Figure !: Schematic diagram of the prion protein showing the mutations that have 

been linked to the inherited prion diseases.

The point mutations P102L, P105L, A117V, F198S and Q217R are found in patients with 

GSS. Familial CJD is associated with the point mutations D178N, E200K, and V210I. 

The point mutations D178N and E200K are also associated with FFI but these patients 

encode a methionine at amino acid position 129 whereas familial CJD patients encode a 

valine at this amino acid position. The other mutations shown have been associated with 

single patients with symptoms or neuropathology of human prion diseases. Insertions of 

one to nine extra repeats in the octapeptide region, residues 51 to 90, segregate with 

familial CJD. Point mutations are indicated with the wild type preceding the amino acid 

residue number and the mutant amino acid letter code following. Letter designations are 

as follows; A, alanine; D, aspartate; E, glutamate; F, phenylalanine; 1, isoleucine; K, 

lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, 

serine; V, valine; Y, tyrosine; *; stop codon.
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The inherited and sporadic prion diseases can be experimentally transmitted to 

laboratory animals and therefore have the potential to be infectious. The first 

demonstration that a human prion disease could be infectious was shown with the prion 

disease, Kuru. Kuru is a neurological disease of the Fore tribe of Papua, New Guinea. In 

1959, William Hadlow, a veterinary pathologist, recognized that the neuropathology of 

Kuru and scrapie were similar (Hadlow, 1959). Haldow suggested that Kuru, like scrapie 

may be infectious and proposed that experiments be performed to examine if Kuru could 

be experimentally transmitted to nonhuman primates. Kuru was successfully transmitted 

to nonhuman primates by intracerebral inoculation demonstrating that Kuru was 

infectious (Gadjusek 6/ <2/., 1966). The Fore tribe performed ritualistic cannibalism and it 

is believed that an individual with sporadic CJD was eaten, resulting in Kuru. That this 

disease was transmitted through oral ingestion or through contact of open cuts with the 

infected tissue is supported by the fact that upon cessation of cannibalism the incidence 

of Kuru decreased and any cases seen now are due to the long incubation period of the 

disease. Two years after Kuru was shown to be infectious, CJD was also shown to be 

transmissible to nonhuman primates (Gibbs e? <2/., 1968). More recently, CJD has been 

acquired through the use of contaminated surgical instruments and also from 

contaminated growth hormone and dura matter. The acquired forms of the human prion 

diseases are not associated with mutations in the prion protein gene, although 

susceptibility to these diseases, like that of sporadic CJD, is linked to the polymorphism 

at amino acid position 129 of the prion protein. People who are homozygous for 

methionine at amino acid position 129 are the most likely to develop disease.
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Variant CJD is believed to be acquired through the consumption of prion 

contaminated food products. When vCJD was first described it was recognized as distinct 

from sporadic CJD. Patients presented with disease at a younger age, with an average age 

of onset of 33 years, unlike patients with sporadic CJD who generally present with 

disease in the fourth to seventh decade of life. Patients with vCJD also displayed different 

clinical symptoms and neuropathology. Multiple florid amyloid plaques were present in 

the brains of these patients. The presence of amyloid plaques is only seen in a minority of 

sporadic CJD patients and these have a different morphology to those seen in vCJD. 

These findings suggested that a new variant form of CJD had been recognized. No 

mutations in the prion protein were identified in these patients ruling out that vCJD was a 

familial prion disease. The emergence of vCJD about 10 years after the BSE epidemic 

began suggested that there may be a link between the two diseases. To test this 

hypothesis, vCJD and BSE were transmitted to mice and the disease characteristics 

compared. Mice infected with vCJD displayed the same symptomology and 

neuropathology as mice inoculated with BSE but differed from those of mice inoculated 

with sporadic CJD or scrapie (Bruce e? a/., 1997, Hill e? 1997). These studies 

demonstrated that BSE and vCJD were caused by the same agent, suggesting that vCJD 

was a result of infection of humans with BSE, probably through the consumption of BSE 

contaminated beef products.

1.2 Prion Protein

The prion diseases are associated with the accumulation of an abnormal form of a 

host-encoded protein, the prion protein. According to the prion hypothesis or the 

"protein-only" hypothesis, the infectious agent of the prion diseases consists solely of



PrP^ and is devoid of any nucleic acid genome (Prusiner, 1982). PrP*' is the abnormal 

isoform of the host-encoded prion protein, PrP^ (Figure 2). PrP** and PrP^' are 

conformational isomers that have the same amino acid sequence but differ in their 

secondary structure. PrP^ is rich in a-helical structure (42% a-helix and 3% P-sheet) 

whereas PrP^'has a predominantly P-sheet structure (43% P-sheet and 30% a-helix).

(Pan e/ a/., 1993, Figure 3). In addition, these two isoforms differ in other structural and 

chemical properties. PrP*' is a monomeric protein that is soluble in nondenaturing 

detergents and is sensitive to degradation by proteases. PrP^' is partially protease- 

resistant, insoluble in nondenaturing detergents and has the ability to form aggregates and 

fibrils. Treatment of PrP'" with the protease, proteinase K (PK), results in the cleavage of 

6 to 7 kDa from the N-terminal end of the protein, while treatment of PrP^ with PK 

results in complete degradation of the protein.

Both isoforms of the prion protein are sialoglycoproteins and have a 

glycosylphosphatidylinositol (GP1) anchor linked to the C-terminal end of the protein. 

These sialoglycoproteins have two potential N-linked glycosylation sites at positions 181 

and 197 of the hamster prion protein (Oesch e? <?/.. 1985). There are three potential 

glycoforms of the prion protein, a diglycosylated form, a monoglycosylated form and an 

unglycosylated form, based on the number of sites that are glycosylated. The three 

glycoforms are represented by three polypeptides with different molecular weights of 33 

to 42 kDa, 28 to 33 kDa and 28 to 30 kDa respectively. That the different molecular 

weights are due to the extent of glycosylation and not due to differential truncation of the 

protein is shown by deglycosylation of the protein. Deglycosylation of PrP^ and PrP^' 

results in a single polypeptide with the same molecular weight as the unglycosylated

9



Figure 2: Schematic diagram of the prion protein.

The N-linked giycosyiation sites at amino acid positions 181 and 197 are indicated by 

'N '. The signal peptide, spanning positions 1 to 23, and the GP1 anchor signal peptide, at 

positions 231 to 252, are depicted in the shaded regions. Also shown is the octapeptide 

region, which spans positions 51 to 90.
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Figure 3: NMR structure of recombinant PrP  ̂ produced in E. co/i and the predicted 

structure of PrP^. Coils indicate a-heiicai structure whiie arrows represent P-sheet

structure.
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polypeptide.

Expression of PrP  ̂ has been shown to be necessary for transmission of the prion 

diseases (Bueler e? o/., 1993). Ablation of both alleles of the mouse prion protein gene 

rendered mice resistant to infection by scrapie (Prusiner e/ a/., 1993, Blatter et <2/., 1997). 

These mice in addition to being resistant to scrapie do not propagate PrP^. The 

requirement of expression of PrP^ for susceptibility to scrapie infection was also 

investigated by placing neurografts expressing PrP  ̂ in the brains of PrP knockout mice 

(Brandner e? <2/., 1996). Following intracerebral inoculation of these mice with the mouse 

adapted scrapie strain RML, high levels of PrP^ accumulated in the grafted tissue, which 

developed neuropathological changes characteristic of scrapie. The surrounding tissue 

that was not expressing PrP^ did not display any neuropathological changes. In addition 

to being required for propagation of PrP^' and susceptibility to scrapie, levels of PrP^ 

expression have been shown to correlate with the length of the incubation period 

following scrapie infection. Increases in the levels of PrP*̂  expression result in decreases 

in incubation period (Scott et a7., 1989, Westaway et a/., 1991). Both the requirement of 

PrP** expression for PrP^ propagation and the inverse relationship between levels of PrP  ̂

expression and incubation period indicate a dependence of PrP^ on PrP^. It is proposed 

that PrP^ replicates by serving as a template for the conversion of PrP^ into PrP^. Once 

PrP  ̂ interacts with the PrP^ template it is converted into the conformation of PrP^. 

There are two models, which attempt to explain how this conversion occurs. The first 

model is the nucleation-dependent polymerization model (Caughey e? <2/., 1995) and the 

second is the heterodimer model.
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In the nucleation-dependent polymerization model a multimer of PrP^ is formed, 

which serves as a nucleus or seed for the conversion of PrP^ to PrP^. Monomers of PrP*" 

are added to the PrP^ seed and converted to the abnormal prion protein with resultant 

growth of the initial seed. The formation of the seed is the rate-limiting factor of the 

process. This model allows for continued formation of PrP^' and growth of the PrP^' 

aggregate. The heterodimer model proposes that PrP^ exists as a monomer, which binds 

to a PrP^ monomer to form a heterodimer. Once associated with the dimer, PrP*" is 

spontaneously converted into PrP^ forming a homodimer, which subsequently splits into 

two PrP^ monomers. These monomers are now free to interact with further PrP  ̂

monomers thereby allowing propagation of PrP^ to continue.

1.3 Prion Strain Diversity

The existence of prion strains or strain variation of the prion agent was first noted 

when sheep scrapie was inoculated into goats and produced two separate clinical 

syndromes (Pattison & Millson, 1961). Goats presented with either a "drowsy" or a 

"scratching" syndrome. These animals not only displayed differences in symptomology 

but also had different incubation periods and neuropathological features. The observation 

that two different syndromes could be produced in the same host by inoculation with 

scrapie suggested that there was variation within the scrapie agent. Multiple prion strains 

have been identified in many of the prion diseases and are defined by differences in 

clinical symptoms (Pattison & Millson, 1961), incubation period (Outram, 1976), 

neuropathological change (Fraser & Dickinson, 1968, Fraser 1976) and distribution of 

PrP^ in the brain (M'Bride e/ a/., 1988, Bruce c/ <2/., 1989). The different phenotypes 

associated with each strain are used to characterize and distinguish each prion strain. As
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the prion agent is proposed to consist soieiy of PrP^, prion strain diversity, uniike strain 

diversity of conventional agents, cannot be expiained by differences in a nucleic acid 

genome. It is proposed that the molecular basis of prion strain diversity is encoded by the 

conformation of PrP^ associated with each strain.

Evidence that the conformation of PrP^ encodes strain diversity was Erst seen 

with two strains of the TME agent, hyper (HY) and drowsy (DY) (Bessen and Marsh, 

1992). HY and DY TME are hamster adapted TME strains with distinct phenotypic 

characteristics. Syrian hamsters (SHa) infected with the HY TME agent and DY TME 

agent have different incubation periods, with HY TME infected animals succumbing to 

disease quicker (65 ± 1 days) than DY TME infected animals (168 ± 2 days). The clinical 

symptoms and PrP^' distribution in the brains of hamsters infected with these two strains 

also differs. HY TME infected animals develop clinical symptoms of hyperexcitability 

and ataxia while DY TME infected animals present with a progressive lethargy. PrP^ 

isolated from the brains of SHa infected with the HY TME agent or the DY TME agent 

have strain-specific migration patterns on polyacrylamide gels following treatment with 

PK. There is an approximately 2 kDa difference in the molecular weight of PK treated 

HY and DY PrP^ polypeptides. This difference in molecular weight is due to different 

sites of PK cleavage at the N-terminus of HY and DY PrP^ (Bessen & Marsh, 1994). A 

greater portion of the protein is cleaved from the N-terminal end of DY PrP^ than is 

cleaved from the N-terminus of HY PrP^', which results in the lower molecular weight of 

DY PrP^'. Differences in the sites of PK cleavage suggest differences in the conformation 

of HY and DY PrP^, which result in different exposure of the PK cleavage sites on HY 

and DY PrP^. Fourier transform infrared (FT1R) spectroscopy showed that there was a
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difference in the type of [5-sheet for HY and DY PrP^ (Caughey ei a/., i 998). This 

demonstrated that the conformations HY and DY PrP^ were different. As HY and DY 

TME were both inocuiated into the SHa, HY and DY PrP^ have the same amino acid 

sequence. Therefore, differences in strain-specific properties cannot be explained by 

differences in the amino acid sequences of HY and DY PrP^. These results suggest that 

strain diversity of HY and DY TME is enciphered by the different conformations of HY 

and DY PrP^.

Further evidence that the strain-specific properties of HY and DY PrP^ are 

encoded by the conformation of PrP^' was shown using the PrP cell-free conversion 

reaction (CFCR). The CFCR is an in vi?7*o assay used to examine the conversion of PrP^ 

to PrP^. In this assay radiolabeled PR-sensitive PrP^ is incubated with denatured PK 

resistant PrP^' (Kocisko ei a/., 1994). Following incubation the reaction products are 

digested with PK in order to degrade radiolabeled PK-sensitive PrP*\ Products formed 

from the radiolabeled PK-sensitive PrP  ̂ are indicated by radiolabeled PK-resistant PrP 

since the brain-derived PK-resistant PrP^ was not radiolabeled. Performing the CFCR 

with HY or DY PrP^ and Syrian hamster PrP^ resulted in the production of PK-resistant 

radiolabeled PrP products, which differed in molecular weight by approximately 2 kDa 

between the two TME strains (Bessen e? of, 1995). This mimics the in vivo situation 

where molecular weights of PK treated HY and DY PrP^ differ by 2 kDa. Therefore, the 

CFCR maintained the strain-specific differences in molecular weight of PK treated HY 

and DY PrP^ indicating that the same host PrP^ could be converted into two distinct 

conformations of PrP^, the conformation being dictated by the conformation of the donor
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PrP^. These resuits show that the structure of PrP^ can determine the structure of newiy 

formed PrP^ and can encode for strain-specific properties.

Additional evidence that the conformation of PrP^ is responsible for prion strain 

diversity is seen with two forms of the inherited human prion diseases, FFI and familial 

CJD, which are characterized by different disease phenotypes. PrP^' bom FFI patients 

with an asparagine substitution at amino acid position f78 of the prion protein and from 

familial CJD patients with a lysine substitution at amino acid position 200 of the prion 

protein (Figure 1), have distinct molecular weights for PrP^" following PK treatment. The 

molecular weight of unglycosylated PrP^ from the FFI patients was 19 kDa and that 

from the familial CJD patients was 21 kDa (Monari e? a/., 1994). In addition to the 

differences in the prion protein mutations, these patients also differ at a polymorphism at 

amino acid position 129 of the prion protein. FFI patients express a methionine at this 

position while familial CJD patients express a valine. It is proposed that the differences in 

the mutations of the prion protein in combination with the differences in the amino acid 

expressed at amino acid position 129 lead to different conformations of the prion protein 

resulting in distinct sites of PK cleavage and hence different molecular weights following 

PK treatment. It is proposed that the different conformations of these prion proteins result 

in the distinct phenotypic characteristics associated with these two human prion diseases. 

These differences in PrP^' molecular weight were maintained upon passage to mice 

expressing a chimeric human-mouse PrP  ̂ (Telling e? a/., 1996). These results show that 

upon passage into the same host, strain-specific differences in PrP^ are maintained and 

are independent of the host PrP genotype. These results demonstrate the ability of the 

conformation of PrP^ to encode strain-specific properties of PrP^.

18



A number of moiecuiar properties of PrP^ in addition to the conformation of 

PrP^ have been implicated in prion strain diversity. The first evidence that differences in 

PrP^ associated with each prion strain were involved in the diversity of prion strains was 

shown in 1985. It was observed that PrP^ derived from the brains of mice infected with 

the scrapie strain 87V had a molecular weight of approximately 19 kDa for the 

unglycosylated form of PrP^, whereas it was 21 kDa for the other scrapie strains (263K, 

ME7 and 139A) (Kascsak c? <3/., 1985). In addition to the differences in the molecular 

weight of the PrP^' polypeptides, differences in the relative proportions of the three 

glycoforms of PrP^ associated with the strains were also observed (Kascsak e/ #7, 1985, 

Kascsak e? <3/., 1986). These results demonstrated that certain molecular properties of 

PrP^ were strain-specific. As these molecular properties of PrP^ are strain-specific they 

have been used to investigate prion strain diversity and to distinguish prion strains. A 

number of other molecular properties of PrP^', which include the relative resistance of 

PrP^ to PK (Safar cf <3/., 1998, Kuczius & Groschup 1999), the conformation of PrP^' 

(Safar c? <3/., 1998, Rubenstein c? a7., 1998. Peretz e? a/., 2001) and the thermostability of 

PrP^' (Somerville e? a/., 2002), have also been examined to determine whether they are 

strain-specific and the correlation between differences in the properties and prion strain 

diversity.

The degree of PrP^ and PrP^ glycosylation has been proposed to influence prion 

strain variation. It has been shown that neuron-specific differences in PrP^ glycoforms 

lead to selective neuronal targeting by PrP^fDeArmond e? <3/., 1997, 1999), resulting in 

differences in the distribution of PrP^ and the patterns of vacuolation in the brains, which 

are seen when animals are infected with different prion strains. Glycosylation of proteins
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has also been shown to alter protein conformation (O 'Connor ei a/., 1996) and therefore, 

it was suggested that variation in the degree of PrP  ̂glycosylation results in different 

conformations of PrP  ̂ and that certain conformations of PrP^ preferentially bind PrP^. It 

has been proposed that differences in the PrP^' glycoform profiles between prion strains 

may encode strain diversity. Differences in the relative proportions of the three 

glycoforms of PrP^ are seen between both the animal (Somerville 6/ a/., 1997, Kuczius 

ei oi., 1998. Hope et o/., 1999, Somerville ei a/., 1999, Baron et a/., 1999, 2000, Sweeney 

et o/., 2000) and the human (Collinge et a/.. 1996, Parchi gf a/., 1996, 1997, Hill gi a/., 

1997, Cardone et a/., 1999, Aucouturier g? a/., 1999) prion strains. The glycoform profile 

of PrP^ has been shown to be dependent on the prion strain and on the host (DeArmond 

gt a/., 1997, Somerville gt a/., 1999). Differences in the PrP^ glycoform profile have 

been seen for a given strain and even within a single host depending on the brain region.

Vorberg gt a/., demonstrated that distinct PrP^ glycoform profiles could be 

propagated a? vitro and were strain dependent (Vorberg el a/., 2002). However, the PrP^ 

glycoform profiles did not match exactly those seen for the strains a? vivo. It was shown 

that the cellular localization of PrP^ and the degree of glycosylation of PrP^ influenced 

the glycoform profile of PrP For example, when ME7 PrP^ was incubated with two 

sources of PrP^. PrP  ̂ that was anchored to the cell-membrane and PrP^that had been 

released from the membrane, two different glycoform profiles were obtained. The two 

types of PrP  ̂ differed not only in their cellular location but also in their PrP glycoform 

profiles. Therefore as the degree of PrP^' glycosylation is not only strain dependent, but 

is also dictated by other host factors, it is unlikely that the PrP^ glycoform of individual 

strains alone encipher strain-specific properties.
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PrP^' glycoform profiles have been employed to distinguish between prion strains 

and to investigate the origin of certain prion strains. A number of these studies have 

examined whether the glycoform profile of BSE is similar to the glycoform profiles of 

sheep scrapie strains in an attempt to discover the origin strain of BSE (Hope e? o7., 1999, 

Baron e? a/., 1999). In both of these studies the glycoform profiles of some sheep scrapie 

strains were found to be similar to that of BSE suggesting that BSE may have arisen from 

one or more of the strains. Investigators have also used PrP^' glycoform profiling to 

determine if vCJD and BSE are the same strain. Collinge e? a/, determined the PrP^' 

glycoform profiles of vCJD and BSE and observed similar PrP^ glycoform profiles for 

both strains (Collinge e? a/., 1996).

The host prion protein has also been shown to play a role in determining strain- 

specific properties of the prion agent. The strain-specific incubation time of mouse 

adapted scrapie strains is not only dependent on the prion strain but is also dependent on 

the genotype of the mouse in which they are passaged. This was first observed when the 

mouse adapted scrapie strain ME7 was passaged into a number of strains of mice 

(Dickinson and Mackay, 1964). Passage of ME7 into one of the murine strains, VM, 

resulted in an incubation period of 280 days, while passage into the other murine strains 

such as C57/B1 mice and R1II mice resulted in shorter incubation periods (158 days and 

146 days respectively). This difference in incubation period was linked to an autosomal 

gene, which was designated June, for scrapie incubation (Dickinson e? 1968). The 

allele in the VM mice was named sine*" and the allele in the murine strains with the 

shorter incubation period named sinc^. These two alleles are also referred to as prnp^ and 

pmp", respectively. The two alleles of differ at two amino acid positions, 108 and
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189 (Westaway at a/., 1987). Heterozygotes for the two alleles displayed intermediate 

incubation periods when inoculated with ME7. The PrP allotype expressed by a mouse 

strain in combination with the prion strain determines incubation period. For example, the 

scrapie strain 79A has an incubation period of 150 +1 days when passaged in C57/B1 

mice, which are homozygous for prnp^ and has a much more prolonged incubation period 

in VM mice, which are homozygous for prnp^. The PrP allotype 'a ' does not always 

result in shorter incubation period as evidenced by the scrapie strain RML, which has a 

longer incubation period in pmp"" mice than in prnp^ mice. These results show that the 

incubation time of mouse adapted prion strains is dependent both on the prion protein of 

the host and the prion strain.

1.4 Interspecies Transmission of Prion Strains

Interspecies transmission of scrapie to cows is implicated in the emergence of 

BSE. It is proposed that interspecies transmission of scrapie to cows occurred through the 

inclusion of scrapie contaminated MBM in cattle feed. The new human prion disease, 

vCJD, is believed to have occurred through interspecies transmission of BSE to humans 

through the consumption of BSE contaminated products. The transmission of prion 

strains between animals of different species does not always result in a uniform and 

consistent incubation period. Upon first passage of prion strains into a new species very 

few if any animals may succumb to disease within the lifetime of the host, when efficient 

interspecies transmission of prion strains is not observed. These animals will have a 

prolonged incubation period compared to that seen in the original host. The inefficiency 

of interspecies transmission of prion strains is referred to as the "species barrier" 

(Pattison, 1966). Upon further passage in the new host the incubation period shortens and
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becomes characteristic for that strain-host combination. One well-characterized species 

barrier is the passage of mouse-adapted scrapie strains between mice and hamsters. 

Hamsters inoculated with mouse-adapted scrapie strains develop disease after prolonged 

periods of time. For example, the mouse-adapted scrapie strain Chandler causes disease 

in mice in about 160 days, whereas hamsters inoculated with the same strain do not 

succumb to disease until 386 days postinfection (Kimberlin e? <3/., 1987). Upon 

subsequent passage in the hamster the incubation period shortens to approximately 75 

days. Transmission of hamster-adapted scrapie strains to mice is even less efficient. Mice 

inoculated with the hamster-adapted scrapie strain 263K do not show clinical signs of 

disease within the lifetime of the host while hamsters inoculated with 263K have a very 

short incubation period of around 60 days (Kimberlin e? <3/., 1989). Recent studies have 

shown that although mice inoculated with 263K or a related hamster scrapie strain,

Sc237, do not show clinical signs of disease in the lifetime of the host, these mice 

replicate PrP^'(Race e? 3!/., 1998, 2001. Hill ef <3/., 2000). It is proposed that the species 

barrier encountered upon interspecies transmission of prion strains is due to a lack of 

identity between the amino acid sequences of the incoming PrP^ and the host PrP*v

To investigate whether identity of the amino acid sequences of PrP^ and PrP'* is 

required for efficient interspecies transmission of prions, the hamster (Ha) PrP** gene was 

inserted into mice that had previously been shown to be resistant to hamster Sc237 

prions. The mice transgenic for HaPrP*' were now susceptible to infection by the hamster 

scrapie strain, Sc237, (Scott c/ a/., 1989, Prusiner cf (3/., 1990) indicating that when PrP  ̂

with an amino acid sequence identical to that of PrP^ is expressed by the host the species 

barrier is abrogated. These mice produced hamster PrP^ when inoculated with hamster
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prions and mouse PrP^' when inocuiated with mouse prions, indicating that production of 

PrP^ occurs from PrP  ̂ with an amino acid sequence identical to that of the donor PrP^. 

In these studies a lack of identity between the amino acid sequences of the host PrP^ and 

the donor PrP^ was responsibie for the species barrier following interspecies 

transmission of prions.

The requirement of identity between the amino sequences of PrP^ and PrP^ for 

efficient conversion of PrP  ̂ to PrP'" has also been investigated using the CFCR. To 

investigate whether identity between the amino acid sequences of PrP^ and PrP^ is 

required for efficient conversion of PrP^ to a PK resistant product, the CFCR was 

performed with hamster PrP^' (HaPrP''') or mouse PrP^ (MoPrP^') and hamster, mouse 

or chimeric hamster-mouse PrP^ (Kocisko ei o/., 1995). When HaPrP^, which converts 

HaPrP*" to a PK resistant product, was incubated with MoPrP^ very iittie conversion of 

MoPrP^ to a PK-resistant PrP was observed. This mimics the in vivo transmission of 

hamster prions to mice where disease may not occur in the lifetime of the host. 

Performing the CFCR with MoPrP^ and HaPrP^ produced PK resistant products 

although the reaction was less efficient than when performed with MoPrP^ and MoPrP^f 

These results may explain why in vivo transmission of mouse prions to hamsters results 

in a prolonged incubation period. Performing the CFCR with chimeric Ha/Mo PrP^s 

demonstrated that complete identity between the amino acid sequences of PrP"" and PrP^ 

was not required for efficient conversion to occur. Efficient conversion with HaPrP^ was 

observed with the chimeric PrP^s that included the central portion of HaPrP*" that 

encompasses the amino acid positions 139, 155 and 170. These results show that the 

efficient conversion requires identity between the amino acid sequences of PrP^ and
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PrP^' at specific amino acid positions. The amino acid positions where identity is 

required are species specific. Conversion of MoPrP^ to PrP^ requires amino acid identity 

with the donor PrP^ at position 138 (Priola & Chesebro, 1995) whereas conversion of 

HaPrP^ to PrP^ requires amino acid identity at position 155 with the donor PrP^ (Priola 

gt a/., 2001).

Abrogation of species barriers following interspecies transmission does not 

always occur when PrP^ with an amino acid sequence identical to that of the donor PrP^ 

is expressed by the host. For example, mice transgenic for the human (Hu) PrP^ protein 

display a low susceptibility to infection by human CJD prions, which is similar to that of 

their nontransgenic littermates (Telling gt af, 1994). Transgenic mice expressing a 

chimeric Hu/MoPrP^ were highly susceptible to disease. The chimeric protein contains 

the central portion of the human prion protein, where amino acid identity has been shown 

to be important for efficient conversion of PrP"* to PrP^. These results suggested that 

another factor was interacting with PrP** to promote conversion to PrP^ (Telling gt a/., 

1995). This factor termed 'Protein X', is proposed to have a higher binding affinity with 

PrP^ of the same species. In the mice transgenic for HuPrP**, but which still express 

MoPrP^, protein X binds to MoPrP^ due its higher affinity for PrP^ of the same species 

and the availability of protein X to bind to HuPrP^ is limited. Mice transgenic for HuPrP^ 

but lacking the endogenous MoPrP gene were found to be highly susceptible to disease. 

As endogenous MoPrP^ is not present to bind protein X, protein X is now available to 

bind to HuPrP*\ allowing for conversion of HuPrP'" by HuPrP^. Inefficient conversion of 

HuPrP^ by HuPrP^' when MoPrP^ is present could also be explained by MoPrP^ binding 

to HuPrP^' and therefore, interfering with the binding of HuPrP^ to HuPrP^. If this is
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true then proteins with non-identicai amino acid sequences wouid have a higher affinity 

for each other than proteins with identical amino acid sequences. This hypothesis 

however does not correlate well with results that show identity of the amino acid 

sequences of PrP*" and PrP^ is required for efficient conversion of PrP^ to a PK-resistant 

product (Kocisko et <7/., 1995). In the mice expressing chimeric Hu/MoPrP^, protein X 

binds to the murine portion of the protein while the human portion of the protein provides 

the amino acid identity required for conversion by HuPrP^. As PrP^' and protein X can 

now bind, conversion of PrP*" to PrP^ can occur.

1.5 Dissertation Outline

The aims of my dissertation focused on two aspects of prion strains. The first aim 

was to investigate how molecular properties of PrP^ could be used to characterize prion 

strains. With the emergence of new prion strains it is imperative to have an accurate 

means to identify prion strains. Presently, characterizing prion strains based on individual 

molecular properties of PrP^ associated with the strains cannot distinguish between all 

prion strains. These methods lack the accuracy that is associated with characterizing 

prion strains based on phenotypic and neuropathological features that accompany 

infection with prion strains. We propose that combining a number of molecular properties 

of PrP^' when characterizing prion strains may increase the certainty by which strains can 

be distinguished based on molecular properties of PrP^. To investigate this hypothesis 

we compared the hamster adapted TME strains, HY and DY, using a number of 

molecular properties of PrP^. The molecular properties of PrP^ examined were the 

molecular weight of PrP^ following PK treatment, the immunoreactive polypeptides of 

PK treated PrP^', and the relative amounts of the three glycoforms of PrP^. The effect of
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using anti-PrP antibodies to different regions of the prion protein in analysis of these 

molecular properties of PrP^' was also investigated.

The second aim of my dissertation was to examine the role of the host prion 

protein in determining strain specific molecular properties of PrP^' following interspecies 

transmission. A previous study in the laboratory investigated the effect of interspecies 

transmission of HY and DY TME into three species of hamsters on molecular properties 

of PrP^. The three hamster species, the Syrian (SHa), the Armenian (AHa) and the 

Chinese (CHa) hamster have differences in the amino acid sequences of their prion 

proteins. Following passage of DY TME into the AHa an altered molecular weight of PK 

treated DY PrP^ was observed. The molecular weight of PK treated DY PrP^ in the AHa 

was different to that of PK treated DY PrP^ in the SHa and CHa. It was hypothesized 

that the altered molecular weight of PK treated DY PrP^ in the AHa was due to 

differences between the amino acids sequences of the AHa prion protein and the SHa and 

CHa prion proteins. This hypothesis was investigated by altering the SHa prion protein to 

resemble that of the AHa prion protein. Experiments were performed to investigate 

whether these alterations would result in the molecular weight of PK treated DY PrP^ 

observed in the AHa. Results from these experiments will demonstrate whether the host 

prion protein alone influences strain-specific molecular properties of PrP^, or if 

additional factors supplied by the host are required.
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Chapter 2

Characterization of Prion Strains

2.1 Introduction

Prion strain diversity is characterized by the association of different clinicai and 

neuropathoiogicai phenotypes with each strain when passaged in the same host (Pattison 

and Miiier 1961). Prion strain diversity is encoded by the conformation of PrP^. Both the 

phenotypic properties of the diseases (Pattison & Millson, 1961, Outram, 1976, Fraser & 

Dickinson, 1968 & M'Bride c? aA, 1988) and the molecular properties of PrP^ (Kascsak 

e/aA, 1985, Bessen c/aA, 1992, Collinge eta/., 1996, Safar c/aA, 1998, Rubensteinet 

aA, 1998, Somerville c? aA, 1999 &Peretz e? a/., 2001) associated with each strain have 

been employed in the characterization of strains and in distinguishing prion strains.

One of the molecular properties of PrP^ that has been recently used to 

characterize prion strains is the relative proportions of the three glycoforms of PrP^' or 

the glycoform profile of PrP^. Glycoform profiles of PrP^ have been used in the 

characterization of the human prion diseases (Collinge e? a/., 1996, Parchi ef aA, 1996, 

1997, Hill c/ aA, 1997, Cardone e/ aA, 1999, Aucouturier e/ aA, 1999) and the animal 

prion diseases (Somerville e? aA, 1997, Kuzcius e? aA, 1998, Hope e? aA, 1999, 

Somerville ef aA, 1999, Baron e? aA, 1999, 2000, Sweeney e? aA, 2000). For example, 

Collinge e/ aA combined differences in the glycoform profiles of PrP^' with differences in 

a second molecular property of PrP^, the molecular weight of PrP^ following PK 

treatment, to distinguish sporadic CJD, iatrogenic CJD and vCJD into four types of CJD 

(Collinge ef aA, 1996). Differences were seen between the glycoform profiles of vCJD
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(type 4) and those of sporadic (type 1 & 2) and iatrogenic CJD (type 3). Differences were 

aiso observed in the PrP^ glycoform profile of sporadic CJD depending on the PrP 

genotype of the patient.

Despite the widespread use of PrP^ glycoform profiles in the characterization of 

prion strains there is no standardized protocol for determining the glycoform profile of 

PrP^. This results in discrepancies in the PrP^' glycoform profiles obtained for a given 

strain in a given host. For example, differences in PrP^' glycoforms profiles have been 

observed for the same strain when different anti-PrP antibodies are used in the 

determination of the relative amounts of each glycoform (Somerville et a/., 1999, 

Sweeney ef a/., 2000). Sweeney <?/ a/., when characterizing sheep scrapie strains observed 

that the PrP^ glycoform profiles obtained with the anti-PrP antibody P4 (directed 

towards the amino acids at positions 98 to 106 of sheep PrP) differed from those 

determined with the anti-PrP antibody L42 (directed towards the amino acids at positions 

145 to 163 of sheep PrP). While up to 65% of the PrP^ detected with L42 was 

diglycosylated, only 45 to 55% was diglycosylated when P4 was used in analysis. A 

number of studies have used PrP^ glycoform profiles in the characterization of sheep 

scrapie from field isolates, in an attempt to identify the extent of strain diversity within 

natural scrapie (Hill e? a/., 1998, Hope et a/., 1999, Baron ef a/., 1999, 2001, Sweeney c? 

a/., 2000 & Stack ef a/., 2002). For example, Hill gf a/., and Hope ct aA, observed a large 

variation in the PrP^ glycoform profiles of British scrapie isolates and concluded that 

there was strain diversity in the scrapie isolates examined. In a similar study on French 

scrapie isolates, very little variation in the PrP^' glycoform profiles of the scrapie isolates 

used in the study was observed (Baron e? aA, 1999). Whether there is truly less strain
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diversity within French scrapie isolates than British isolates is difficult to assess as the 

methods used to determine the PrP^ glycoform profiles differed. A different anti-PrP 

antibody was used in each of these studies. In addition to using different anti-PrP 

antibodies to determine PrP^' glycoform profiles, different methods of sample 

preparation were used in these and other studies. For example, some laboratories used PK 

treated prion infected brain homogenates as a source of PrP^ (Parchi et <2/., 1996, 

Collinge e/ <2/., 1996, Hill c? <2/., 1998. Furukawa ct <2/., 1998) while other laboratories use 

methods of sample preparation that enrich for PrP^' (Baron c/ <2/., 1999, Cardone ef <2/.,

1999). Different methods of polyacrylamide gel electrophoresis (PAGE), and different 

ways of expressing and analyzing results are also employed in studies that characterize 

prion strains based on PrP^' glycoform profile. This makes it difficult to determine 

whether any differences in the PrP^' glycoform profiles are strain-specific or due to 

differences in the methods used in the analysis. Therefore, in order for any valuable 

comparison of prion strains based on PrP^ glycoform profiles to be made, a standardized 

procedure must be developed.

This study examined the effect of various parameters used in determining PrP^' 

glycoform profiles, including sample preparation, the concentration of PK used to treat 

samples, and the location of the anti-PrP antibody epitope on the prion protein, on the 

PrP^ glycoform profiles of two hamster adapted TME strains, HY and DY. HY and DY 

TME strains have been characterized as distinct strains both by phenotypic characteristics 

and molecular properties of PrP^ (Bessen & Marsh, 1992, 1994, Caughey c? <2/., 1998). 

Methods of prion strain characterization based on molecular properties of PrP^' are not 

always capable of distinguishing between all prion strains that were previously
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characterized as different by phenotypic methods (Kascsak ef a/., 1985, Safar e? <3/., 1998, 

Kuczius & Groschup, 1999). This study investigated whether the use of more than one 

molecular property of PrP^ to characterize prion strains improves the ability of molecular 

properties of PrP^ to distinguish between prion strains. This study outlines a set of 

criteria to distinguish prion strains based on molecular properties of PrP'". These include 

PrP^ glycoform profiles, molecular weight of PrP^ polypeptides following PK treatment 

and the immunoreactive polypeptides of PK treated PrP^ detected. These studies were 

performed using anti-PrP antibodies to different regions of the prion protein to investigate 

the effect that location of the anti-PrP epitope has on these molecular properties of PrP^.

2.2 Materials and Methods

/nocM/nt/oM no7/ co/ZecEu/?

Weanling Golden Syrian hamsters were inoculated intracerebrally (i.c.) with 50 pi of a 

1% (weight/volume) (w/v) brain homogenate from HY or DY TME infected Syrian 

hamsters and observed for clinical symptoms. Clinical animals were euthanized and 

brains removed and stored at -80°C until further use.

W //7?/j/c / Y c / j u / v / h u / i  / b / *  W T .s tc / 'n  Zt/o ?  H / m / t s i s .

Brains from animals infected with HY or DY TME were homogenized to 10% (w/v) in 

TEND (10 mM Tris, 1 mM EDTA, 133 mM NaCl. 1 mM diothiothreitol) pH 8.3 or in 

phosphate-buffered saline (PBS). Brain homogenates were treated with 100 pg/ml of PK 

(Sigma, St. Louis, MO) for 1 hour at 37°C, unless otherwise stated. The samples were 

either used without further treatment or enrichment for PrP^ was performed. To these 

samples phenyl methyl sulforyl fluoride (PMSF) (Sigma, St. Louis, MO) was added to a 

final concentration of 5 mM. Enrichment for PrP^' was performed by adding an equal
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volume of 20% (w/v) N-Lauroyl sarcosine and vortexing the samples at room 

temperature for 30 minutes. Following ultracentrifugation in a TLA-45 rotor (Beckman 

Instruments, Fullerton, CA) at 20,000 rpm (22,000 x g) for 15 minutes at 10°C, the 

supernatant was removed and centrifuged in a TLA-45 rotor for 1 hour at 45,000 rpm 

(125,000 x g) at 10°C. The pellet was resuspended in Tris-buffered saline by sonication 

and underwent ultracentrifugation in a TLA-45 rotor at 45,000 rpm for 1 hour at 10°C. 

The resulting pellet was resuspended in water by sonication and stored at -20°C until 

further use.

ITF.sVc//? Zf/o/Hnn/psis

Samples were analyzed using two methods of PAGE, the Laemmli method (Laemmli, 

1970) and the NuPAGE^ method. For the Laemmli method, electrophoresis was 

performed on a 15% SDS-PAGE gel. The samples were denatured in sample loading 

buffer (10% Glycerol, 5% [3-mercaptoethanol, 2.5% sodium dodecy! sulfate (SDS), 0.132 

M Tris base, pH 6.8) for 5 min at 100°C, followed by electrophoresis and subsequent 

transfer to Immobilon P (Millipore, Bedford, MS) membrane. For the NuPAGE^ method, 

electrophoresis was performed on a 12% bis-tris NuPAGE^ gel with MOPS running 

buffer (50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7) (Invitrogen, 

Carlsbad, CA). Prior to electrophoresis samples were denatured by boiling (100°C) for 5 

min in NuPAGE^ sample loading buffer (10% Glycerol, 2% LDS (lithium dodecyl 

sulfate), 0.141 M Tris Base, 0.106 M Tris HC1, 0.51 mM EDTA, pH 8.5) to which 

NuPAGE^ reducing agent was added. Samples were transferred to Immobilon P 

membrane following electrophoresis. Electrophoresis and transfer of the samples using 

the NuPAGE^ method was performed using chilled buffers. For both methods, the
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membrane was Mocked for 30 min at room temperature with 5% Biotto (blocking grade 

milk, Bio-Rad Laboratories, Hercules, CA) in TTBS (Tris buffered saline with 0.05% 

Tween^) following transfer. The membrane was incubated for 1 hour at room 

temperature with one of three anti-PrP antibodies diluted in 5% Blotto. The three anti-PrP 

antibodies used were a mouse monoclonal anti-PrP antibody generated against the amino 

acids at positions 109 and 112 of hamster PrP (mAb 3F4), a rabbit polyclonal anti-PrP 

antibody towards the amino acids at positions 89 to 104 of mouse PrP (anti-PrP antibody 

R9) and a rabbit polyclonal anti-PrP antibody towards the amino acids at positions 218 to 

232 of mouse PrP (anti-PrP antibody R20). The dilutions of the antibodies were as 

follows, mAb 3F4, 1:10,000; anti-PrP antibody R9, 1:4,000 and anti-PrP antibody R20,

1:1,500. Incubation with the anti-PrP antibody was followed by four washes of 5 minutes 

with TTBS. Membranes were then incubated with goat-anti-mouse immunoglobulin G 

conjugated to alkaline phosphate (Promega, Madison, WI) at a dilution of 1:10,000 for 

the mAb 3F4 or goat-anti-rabbit conjugated to alkaline phosphate (Bio-Rad Laboratories, 

Hercules, CA) at 1:3,000 for the anti-PrP antibody R9 or 1:1,500 for the anti-PrP 

antibody R20. Incubation was followed by four washes of 5 minutes with TTBS. 

Detection was performed using ECF (Amersham Biosciences, Piscataway, NJ) and the 

Molecular Dynamics STORM^ system (Molecular Dynamics, Sunnyvale, CA). 

o/FTR" Gyyco/brMM

The relative intensities of the three glycoforms of PrP^ were quantitated using 

ImageQuanG software (Molecular Dynamics, Sunnyvale, CA). The line tool function in 

ImageQuant" was used to draw a line, which encompassed the width of the 

immunoreactive polypeptides, through the three glycoforms of PrP^ (Figure 3A). A line
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graph was created with each giycoform represented by a peak (peak 1; diglycosylated, 

peak 2; monoglycosylated, peak 3; unglycosylated). The peaks were defined as beginning 

where the peak touches the baseline and ending at the apex of the peak, to overcome the 

lack of complete separation between the glycoforms (Figure 3C). The intensity of each 

peak was calculated as the area under the peak and expressed as a percentage of the total 

intensity, which is equal to the combined intensity of the three peaks.

Eypcrbnc/m// Ac?;//?

Each sample was analyzed a minimum of 25 times on four separate gels. Electrophoresis 

of the four gels occurred on two to four separate days.

Y/ohshcu/ H/n/hsfs.

The percentages of the diglycosylated and monoglycosylated glycoforms obtained for 

each strain or under each parameter were compared statistically using the Hotelling's T- 

squared statistic. This test can be used to compare sample sets with more than one set of 

variables. We used the test to compare sample sets consisting of a pair of variables using 

a program developed by Gleb Haynatzki (Creighton University, Omaha, NE). We 

compared the percent diglycosylated and monoglycosylated of one sample set with those 

of a second sample set. The Student T-test was used to compare the percentages of each 

glycoform.

2.3 Results

Patterns of HY and DY PrP^ immunoreactive polypeptides with three anti-PrP 

antibodies

To investigate whether anti-PrP antibodies to different regions of the prion protein would 

effect the pattern of immunoreactive PrP^ polypeptides, Western blot analysis on PK
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treated HY and DY TME infected homogenates was performed with three anti-PrP 

antibodies that were directed towards different regions of the prion protein. The effect of 

the method of PAGE on the PrP^ polypeptides detected was aiso investigated. Different 

immunoreactive patterns were observed for both HY and DY PrP^ depending on the 

method of PAGE and the anti-PrP antibody used in anaiysis (Tabie 2.1). Elsing the 

Laemmli method, three immunoreactive polypeptides were detected for HY and DY 

PrP^ with the mAb 3F4 and the anti-PrP antibody R20. The molecular weights of the HY 

and DY PrP^ polypeptides differed by approximately 2 kDa (Figure 1 A, Bessen and 

Marsh, 1992). When PrP detection was performed with the anti-PrP antibody R9, three 

immunoreactive polypeptides were detected for PK treated HY PrP^, while very weak 

immunoreactivity was achieved for PK treated DY PrP^. The diglycosylated glycoform 

was discemable and the monoglycosylated glycoform was weakly immunoreactive. The 

difference in molecular weight between HY and DY PrP^ polypeptides seen with the 

mAb 3F4 and the anti-PrP antibody R20 was no longer evident when the anti-PrP 

antibody R9 was used in analysis (Figure 1A). This weak immunoreactivity was 

expected as the PK cleavage sites on DY PrP^ lie within the epitope of the anti-PrP 

antibody R9.

A second method of PAGE, the NuPAGE^ method was also performed to analyze 

the immunoreactive patterns of HY and DY PrP^. When analysis of HY PrP^' was 

performed with the NuPAGE ' method, the immunoreactive polypeptides detected with 

the mAb 3F4 and the anti-PrP antibody R9 had the same molecular weights as those 

detected using the Laemmli method (Figure IB). When the anti-PrP antibody R20 was 

used, two additional lower molecular weight polypeptides of 11 to 12 kDa and 15 to 17
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Tabie 2.1: Immunoreactive patterns of HY and DY PrP ^

P r P ^ A n ti -P r P  A n t ib o d y E l e c t r o p h o r e s i s
M e th o d

P r e s e n c e  o f  th e  
t h r e e  g l y c o f o r m s

P r e s e n c e  o f  1 1 -1 2  kD a  a n d  15-  
1 7  k D a  p o l y p e p t i d e s

HY mAb 3F4 Laemmli Yes No
HY mAb 3F4 NuPAGE^ Yes No
HY N-terminal anti-PrP Laemmli Yes No
HY N-termina! anti-PrP NuPAGE^ Yes No
HY C-terminal anti-PrP Laemmli Yes No
HY C-terminal anti-PrP NuPAGE^ Yes Yes

DY mAb 3F4 Laemmli Yes No
DY mAb 3F4 NuPAGE^ Yes Yes
DY N-terminal anti-PrP Laemmli No' No
DY N-terminal anti-PrP NuPAGE^ No' No
DY C-terminal anti-PrP Laemmli Yes No
DY C-terminal anti-PrP NuPAGE^ No Yes

 ̂The diglycosylated and monoglycosylated glycoforms were weakly detected.

UJ



Figure 1: Immunoreactive patterns of HY and DY PrP^ polypeptides with three 

anti-PrP antibodies

Brain homogenates of HY (H) and DY (D) TME infected SHa brains were treated with 

100 gg/ml of PK for 1 hour at 37°C. Samples analyzed using the Laemmli method (A) or 

the NuPAGE^ method (B). Three antibodies were used for Western blot analysis, the 

mAb 3F4, the anti-PrP antibodies R9 and R20.
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A.

Antibody: 3F4 R20 R9
Strain: H D  H D  H D

B.

Antibody: 3F4 R20 R9
Strain: H D  H D  H D

38



kDa were detected for HY PrP^ (Figure IB). The immunoreactive patterns for DY PrP^ 

detected with the mAb 3F4 using the NuPAGE^ method, differed from the patterns 

observed using the Laemmli method. In addition to the three immunoreactive patterns 

detected for DY PrP^ with the mAb 3F4 and the Laemmli method, two lower molecular 

weight polypeptides were detected (Figure IB). The two additional immunoreactive 

polypeptides had molecular weights of 11 to 12 kDa and 15 to 17 kDa. The two lower 

molecular weight polypeptides were also present when the anti-PrP antibody R20 was 

used for detection of DY PrP^ but the immunoreactive polypeptides representing the 

three glycoforms of PrP^were no longer discernable (Figure IB). A broad 

immunoreactive band of approximately 24 to 26 kDa was present. As with the Laemmli 

method, very weak immunoreactivity was observed for DY PrP^ using the anti-PrP 

antibody R9 (Figure IB). Analysis by the NuPAGE^ method showed greater differences 

in the pattern of immunoreactive polypeptides between HY and DY PrP'T Using multiple 

anti-PrP antibodies in analysis increases the chances of observing differences between the 

immunoreactive patterns of HY and DY PrP^.

The effect of sample preparation on the patterns of HY and DY PrP '̂ 

immunoreactive poivpeptides.

To investigate whether using a sample that enriches for PrP^' would selectively enrich for 

certain immunoreactive polypeptides of HY and DY PrP^', the immunoreactive patterns 

of HY and DY PrP^' from an enriched preparation and a PK treated brain homogenate 

were determined using the NuPAGE^ method. The immunoreactive polypeptide patterns 

of PrP^' were determined using the mAb 3F4 and the anti-PrP antibody R20. When the 

mAb 3F4 was used for PrP detection the same set of three immunoreactive polypeptides
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were observed for HY PrP^ for both methods of sampie preparation (Figure 2A). When 

DY PrP^' was detected with the mAb 3F4, there was a difference in the number of 

immunoreactive poiypeptides detected depending on the method of sampie preparation. 

For both methods of sampie preparation, the three major poiypeptides of PrP^ were 

detected, with two additional iower moiecuiar weight immunoreactive polypeptides of 11 

to 12 kDa and 15 to 17 kDa detected for the PK treated homogenate (Figure 2B).

The method of sample preparation affected the immunoreactive patterns of both 

HY and DY PrP^ when the analysis was performed with the anti-PrP antibody R20. The 

three major immunoreactive polypeptides of PrP^ were detected for HY PrP^" from an 

enriched preparation (Figure 2A). Analysis of PK treated HY TME infected brain 

homogenate with the anti-PrP antibody R20 resulted in the detection of Eve 

immunoreactive polypeptides. In addition to the three major polypeptides of PrP^, two 

polypeptides of 11 to 12 kDa and 15 to 17 kDa were detected. The three immunoreactive 

polypeptides of PrP^ were detected with the anti-PrP antibody R20 for DY PrP^ from an 

enriched preparation (Figure 2B). A different immunoreactive pattern was detected with 

this antibody for DY PrP^' from a PK treated brain homogenate. Two polypeptides of 11 

to 12 kDa and 15 to 17 kDa were detected but the three major polypeptides of PrP^' were 

not detected (Figure 2B). A broad immunoreactive band of approximately 24 to 26 kDa 

was present. Using a PK treated brain homogenate increases the number of differences 

seen between the immunoreactive patterns of HY and DY PrP^'. The chance of observing 

differences between the immunoreactive patterns of HY and DY PrP^' from a PK treated 

homogenate is increased when two anti-PrP antibodies are used.
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Figure 2: Western b!ot of HY and DY PrP  ̂from a PK treated brain homogenate 

and a PrP  ̂enriched preparation.

PK treated HY (A) and DY (B) PrP^ from a brain homogenate (H) and PrP^' enriched 

preparation (P) were analyzed by the NuPAGE ' method and by Western biot analysis 

with the mAb 3F4 and the anti-PrP antibody R20.
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A.

Antibody: 3F4 R20
Sample: H P H P

29 kDa

4-  20 kDa 

^ 1 4  kDa

B.

Antibody: 3F4 R20

Sample: H P H P

^ -2 9  kDa

-^ 2 0  kDa 

4-14 kDa
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Two electrophoresis methods were compared to investigate which method gave best 

separation of the three glycoforms of HY PrP^. Optimal separation of the glycoforms 

allows for the most accurate quantitation of each glycoform and their contribution to the 

glycoform profile of PrP^. When the three polypeptides representing the three 

glycoforms of PrP^ are separated by PAGE there is often overlap between the 

polypeptides, particularly between the diglycosylated polypeptide of PrP^' and the 

monoglycosylated polypeptide (Figure 3A). The three glycoforms are represented by 

three peaks (Figure 3B & C). When the polypeptides are not completely separated the 

areas under the peaks overlap. The better the separation between the polypeptides, and 

hence the peaks, the less overlap of the areas under the peaks. Significantly better 

separation (defined in Figure 3B & C) of the diglycosylated and the monoglycosylated 

polypeptides of HY PrP^ (2308 ±614 and 4169 ± 1502 respectively) and of the 

monoglycosylated and unglycosylated polypeptides of HY PrP^" (241 ± 71 and 1006 + 

953 respectively) was achieved with the NuPAGE^ method than with the Laemmli 

method (p < 0.05, Student T-test). Although better separation was achieved with the 

NuPAGE^ method, complete separation of the diglycosylated and monoglycosylated 

polypeptides of HY PrP^' was not achieved. To overcome this problem, the peaks were 

defined as beginning at where the peak meets the baseline and ending at the apex of the 

peak (Figure 3C H, 2', 3'). The NuPAGE^ method in combination with this method of 

defining the peaks representing the three glycoforms was used to determine the 

glycoform profiles of PrP^ in this study.

Separation of the three glycoforms of HY PrP^f
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Figure 3: Determination and definition of the three glycoforms of HY PrP ' using 

the Laemmii and NuPAGE^ methods.

A: Following electrophoresis using the Laemmli method (lanes 1 and 2) or the NuPAGE^ 

method (lanes 3 and 4), samples were analyzed by Western blot using the anti-PrP mAb 

3F4.The numbers on the right of the panel indicate the three glycoforms; diglycosylated,

1, monoglycosylated, 2, and unglycosylated, 3. Using ImageQuant^' software a line was 

drawn through the three glycoforms (lanes 2 and 4).

B & C: A line graph (B corresponds to the line through lane 2, the Laemmli method, and 

C to the line through lane 4, the NuPAGE^ method) was generated for each line with 

each glycoform represented by a peak (peaks 1, 2, and 3). The area under each peak 

representing the individual glycoforms was calculated using ImageQuant" software. The 

peaks were defined as shown by the Filed regions of the graphs shown in (B) and (C). 

Overlap between the areas under the peaks is represented by the shaded portion 'x' of the 

graph in Figure 3B. Separation of the peaks was determined by using the following 

formula:

The intensity at the lowest point in the valley minus the intensity at the baseline 

The lower the value the better the separation of the peaks and the less overlap of the areas 

under the peaks. The valleys are indicated on the graphs as 'a ' and 'b'.
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To investigate the effect of PK digestion on PrP^' glycoform profiles, a range of PK 

concentrations was used to treat HY and DY infected brain homogenates prior to 

determining the glycoform profiles of HY and DY PrP^. Treatment of a HY TME 

infected brain homogenate with 25 gg/ml of PK resulted in a glycoform ratio for HY 

PrP^' of 84.3 ± 4.2% diglycosylated, 14.2 ± 3.7% monoglycosylated and 1.5 ± 0.6% 

unglycosylated. This glycoform profile of HY PrP^ was similar to those obtained when 

the PK concentration was increased to 50 gg/ml and 100 gg/ml (p >0.01, Hotelling's T- 

squared statistic) (Figure 4, Table 2.2). Treatment of a DY TME infected brain 

homogenate with 25 gg/ml of PK yielded a PrP^' glycoform profile of 73.3 ±6.1% 

diglycosylated, 24.6 ± 5.3% monoglycosylated and 2.0 + 1.1% unglycosylated. No 

difference in the glycoform profiles of DY PrP^ was observed when the concentration of 

PK was increased to 50 gg/ml or 100 gg/ml (p > 0.01, Hotelling's T-squared statistic) 

(Figure 4. Table 2.2).

The effect of sampie preparation on the giycoform profiles of HY and DY PrP^.

To investigate whether enriching for PrP^ may preferentially enrich for one or more of 

the glycoforms of PrP^ thus altering the PrP^' glycoform profiles, the glycoform profiles 

of HY and DY PrP^ were determined using two methods of sample preparation. The Erst 

method was to PK treat a HY or DY TME infected brain homogenate and the second 

method was to perform a series of ultracentrifugation steps in the presence of detergents 

on a PK treated brain homogenate to enrich for PrP^. Two statistically different (p <

0.01, Hotelling's T-squared statistic) glycoform proEles of HY PrP^' were obtained

The effect of PK digestion on the giycoform profiles of HY & DY PrP^.
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Figure 4: Effect of treating with different concentrations of PK on the giycoform 

profiies of HY and DY PrP^.

Glycoform profiles determined for HY (open symbols) and DY (closed symbols) PrP^ 

from a brain homogenate treated with different concentrations of PK ([PK]), 25 gg/ml 

(O .#), 50 gg/ml (V,V) and 100 gg/ml (H. Q) of PK for 1 hour at 37°C. The n values for 

HY PrP^' treated with 25 gg/ml, 50 gg/ml and 100 gg/ml were 25, 25, and 25 

respectively. The n values for DY PrP'" treated with 25 gg/ml, 50 gg/ml and 100 gg/ml 

were 25, 25, and 25 respectively. The glycoform profiles were determined using the 

technique outlined in the materials and methods and Figure 3. The percentages of the 

diglycosylated and monoglycosylated forms of PrP^ were plotted as the means ± 99% 

confidence intervals. The glycoform profiles of HY PrP^ determined for the different 

concentrations of PK were not statistically different (p >0.01, Hotelling's T-squared 

statistic). The glycoform profiles of DY PrP^ determined for the different concentrations 

of PK were not statistically different (p > 0.01, Hotelling's T-squared statistic).
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Tahie 2.2: Giycoform profi!cs of HY and DY PrP ' treated with different concentrations of PK.

P rp sc n C o n c e n t r a t io n  o f  PK % D ig t y c o s y t a t e d % !V )o n o g !y c o s y !a te d % U n g t y c o s y i a t e d

HY 25 100 pg/ml 84.3 ±4.2 14.2 ±3.7 1.5 ±0 .6
HY 25 50 pg/ml 84.6 ±4.3 13.9 ±3.7 0.9 ±0 .8
HY 25 25 pg/ml 84.6 ±4.6 14.2 ±3.9 1.4 ±0 .8
DY 25 100 pg/ml 73.2 ±7.9 24.3 ±6.6 2.5± 1.4
DY 25 50 pg/ml 73.6 ±5.2 24.3 ±4.4 2 .0±  1.2
DY 25 25 pg/ml 73.3 ±6.1 24.6 ± 5.3 2 .0±  1.1..



depending on the method of sample preparation (Figure 5, Tabie 2.3). The method of 

sampie preparation aiso resuited in two statisticaiiy different (p < 0.01, Hotelling's T- 

squared statistic) glycoform profiles of DY PrP*' from the PK treated homogenate and 

the enriched preparation (Figure 5, Table 2.3). Enrichment for PrP*' alters the relative 

amounts of the three glycoforms and therefore the glycoform profiles of HY and DY 

PrP*'.

When the percentages of the glycoforms were compared individually and not 

pairwise, there was no difference in the PrP*' glycoform profiles determined with the two 

methods of sample preparation. For example, when the percent of the monoglycosylated 

PrP*' in a PK treated HY TME infected brain homogenate was compared with the percent 

of the monoglycosylated PrP*' where the sample preparation involved enrichment for HY 

PrP*' there was no statistical difference in the percentages (p > 0.05, Student T-test). 

These results demonstrate the importance of comparing the percentages of the 

diglycosylated and monoglycosylated in a pairwise manner as differences in the PrP*' 

glycoform profiles determined from the two methods of sample preparation were not 

detected when analysis was performed on the percentages of each glycoform 

individually.

Glycoform profiles of HY and DY PrP*' using three anti-PrP antibodies.

To determine whether the glycoform profiles of HY and DY PrP*' are affected by the 

location of the epitope of the anti-PrP antibody used, glycoform profiles were determined 

with three different anti-PrP antibodies. The three anti-PrP antibodies were to three 

different regions of the prion protein. Three statistically different (p < 0.01, Hotelling's 

T-squared statistic) glycoform profiles were seen for HY PrP*' with the three anti-PrP
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Figure 5: Effect of sampie preparation on the giycoform profiles of HY and DY

PrpS'.

Giycoform profiles of PK treated HY (open symbols) and DY (closed symbols) PrP^' 

from a brain homogenate (O .# ) or a preparation that enriches for PrP^ (V. V). The 

glycoform profiles were determined using the technique outlined in the materials and 

methods and Figure 3. The percentages of the diglycosylated and monoglycosylated 

forms of PrP^ were plotted as the means ± 99% confidence intervals.

' The glycoform profiles of HY PrP^ determined using a PK treated homogenate (n=26) 

and a preparation (n=25) that enriched for PrP^ were statistically different (p < 0.01, 

Hotelling's T-squared statistic).

" The glycoform profiles of DY PrP^ determined using a PK treated homogenate (n=25) 

and a preparation (n=25) that enriched for PrP^ were statistically different (p < 0.01 

Hotelling's T- squared statistic).
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Tahie 2.3: Giycoform profiics of HY and DY PrP^ for different sampie preparations

PrpSc n S a m p i e  p r e p a r a t io n

..

% D i g i y c o s y i a t e d % iV io n o g iy c o s y ia t e d % U n g i y c o s y i a t e d

HY 26 PK treated homogenate 81.7 + 3.4 16.0 ±3.0 1.8± 0 .6
HY 25 Enriched preparation 80.3 ±4.8 18.4±4.0 1.4 ±0.7
D V 25 PK treated homogenate 72.9 + 6.5 24.3 ±5.4 2.8 ± 1.4
DY 25 Enriched preparation 74.8 + 6.4 23.7 ±5.5 1.6 ± 1.2



antibodies (Figure 6, Tabie 2.4). The effect of using two anti-PrP antibodies, the mAb 

3F4 and R20 on the giycoform profiie of DY PrP^ was investigated. The anti-PrP 

antibody R9 was not used due to the low immunoreactivity of this antibody with PK 

treated DY PrP^' and so the giycoforms couid not be quantitated (Figure IB). The three 

polypeptides that represent the three glycoforms of DY PrP^ could not be detected with 

the anti-PrP antibody R20 using a PK treated homogenate (Figure 2B). The three 

glycoforms are detected with this anti-PrP antibody when DY PrP^ was enriched for 

from a PK treated DY TME infected brain homogenate (Figure 2B) and so an enriched 

preparation was used as the source of DY PrP^ for this portion of the study. Unlike the 

results obtained for HY PrP^ there was no statistical difference (p < 0.01, Hotelling's T- 

squared statistic) between the glycoform profiles of DY PrP^ determined with the mAb 

3F4 and the anti-PrP antibody R20. The glycoform profiles of HY and DY PrP^' differed 

significantly (p < 0.01, Hotelling's T-squared statistic) when determined with the mAb 

3F4 but not when the anti-PrP antibody R20 was used (p > 0.01, Hotelling's T-squared 

statistic) (Figure 6, Table 2.4). The location of the anti-PrP antibody epitope on the prion 

protein is an important determinant of the glycoform profile of HY PrP^. The use of 

more than one anti-PrP antibody when determining PrP^' glycoform profiles increases the 

chances of observing differences between prion strains.

Characterization of HY and DY TME based on the PrP ' glycoform profiles.

To determine if PrP^' glycoform profiles could distinguish between two distinct prion 

strains, the glycoform patterns of HY and DY PrP^ from infected Syrian hamsters were 

compared. In previous comparisons of the glycoform profiles of HY and DY PrP^' in this
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Figure 6: Effect of using anti-PrP to different PrP epitopes on the giycoform profiles 

ofHY and DYPrP^.

Giycoform profiles of treated HY PrP^' (open symbols) and DY PrP^' (closed symbols) 

using the mAb 3F4 (O) or the anti-PrP antibody R20 (V). The glycoform profile of HY 

PrP^ was also determined with the anti-PrP antibody R9 (Q). The glycoform profiles 

were determined using the technique outlined in the materials and methods and Figure 3. 

The percentages of the diglycosylated and monoglycosylated forms of PrP^ were plotted 

as the means ± 99% confidence intervals.

There was no statistical difference between the glycoform profile of DY PrP^ determined 

with the mAb 3F4 (n=25) and the anti-PrP antibody R20 (n=26) (p > 0.01, Hotelling's T- 

squared statistic).

* The glycoform profiles of HY PrP^ determined using the mAb 3F4 (n=27), the anti-PrP 

antibody R20 (n=29), the anti-PrP antibody R9 (n=25) antibodies were statistically 

different (p < 0.01, Hotelling's T-squared statistic).

 ̂The glycoform profiles of HY (n=27) and DY (n=25) PrP^ determined using the mAb 

3F4 were statistically different (p <0.01, Hotelling's T-squared statistic).
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Table 2.4: Glycoform Profiles of HY and DY PrP  ̂ with three anti-PrP antibodies

P r P ^ n A n ti -P r P  A n t ib o d y % D i g l y c o s y l a t e d  ) % I V lo n o g ly c o s y la t e d % U n g l y c o s y l a t e d

HY 28 mAb 3F4 81.7 ±3.4 16.3 + 2.8 1.8+ 0.5
HY 25 R9 74.3 + 4.2 21.8 + 3.7 3.9 ±0.9
HY 29 R20 64.7 + 4.2 30.8 + 4.1 4.0 ± 1.4
DY 25 mAb 3F4 70.3 + 4.3 26.9 + 3.5 2.8 + 1.1
DY 26 R20 67.4 + 4.4 28.4 + 3.8 4.2+ 1.4

'V'



study, the glycoform profiles were not determined in the same experimental set. An 

experimental set is defined as samples that underwent electrophoresis on the same gels.

In general, one experimental set consisted of four separate gels, with electrophoresis 

performed on four different days. To ensure that the differences between the glycoform 

profiles of HY and DY PrP^ were not just due to variability between experimental sets 

we determined the glycoform profiles of HY and DY PrP^ in the same experimental set. 

HY and DY PrP^ displayed different glycoform profiles when the anti-PrP antibody,

3F4, was used for PrP detection (p < 0.01, Hotelling's T-squared statistic) (Figure 7). The 

glycoform profile of HY PrP^ was 79.9 ± 4.5% diglycosylated, 17.3 ± 3.6% 

monoglycosylated, and 2.5 ± 1.0% unglycosylated. The glycoform profile of DY PrP^ 

was 74.3 + 3.4% diglycosylated. 23.3 ± 3.0% monoglycosylated and 2.3 ± 0.8% 

unglycosylated. PrP^ glycoform profiles were capable of distinguishing between HY and 

DY PrP^ when the mAb 3F4 was used in analysis.

PrP ' glycoform profile variability between individual brains.

To investigate the variability of the glycoform profiles of HY and DY PrP^ from 

different brains, the glycoform profiles of HY and DY PrP^ from three individual HY or 

DY TME infected brains were determined using the mAb 3F4. There was no statistical 

difference (p >0.01, Hotelling's T-squared statistic) in the glycoform profiles of HY 

PrP^ regardless of which of the three brains (A, B, C) was used as a source of HY PrP^' 

(Figure 8). The glycoform profile of DY PrP^ from one of the brains (E) was statistically 

different from the DY PrP^' glycoform profiles determined using the other two brains (D, 

F) (p < 0.01, Hotelling's T-squared statistic). There was variability between the 

glycoform profiles of DY PrP^ determined from different brains. PrP^ glycoform
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Glycoform profiles of treated HY PrP^' (open symbols) and DY PrP^ (closed symbols) 

determined with the mAb 3F4. The glycoform profiles were determined using the 

technique outlined in the materials and methods and Figure 3. The percentages of the 

diglycosylated and monoglycosylated forms of PrP'" were plotted as the means + 99% 

confidence intervals.

* The glycoform profiles of HY (n=28) and DY (n=26) PrP^ were statistically different 

(p < 0.01, Hotelling's T-squared statistic).

Figure 7: Glycoform profiles of HY and DY PrP^.
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Giycoform profiies were determined for HY and DY PrP^ derived from PK treated brain 

homogenates of three individuai HY TME (open symbols, A, B, C) infected and DY 

TME (closed symbols, D, E, F) infected brains using the technique outlined in the 

materials and methods and Figure 3. The percentages of the diglycosylated and 

monoglycosylated forms of PrP^' were plotted as the sample means ± 99% confidence 

intervals.

There was no statistical difference in the glycoform profiles of HY PrP^ determined 

from the brains A (n=25), B (n=25) and C (n=25) (p >0.01, Hotelling's T-squared 

statistic).

The glycoform profiles of DY PrP^ determined from brain E (n=25) were statistically 

different from those determined from brain D (n-25) and F(n=25) (p < 0.01, Hotelling's 

T-squared statistic).

# The glycoform profiles of HY PrP^' determined from brains A, B, C were statistically 

different from the glycoform profiles of DY PrP^ determined from brains D, E and F 

(p < 0.01, Hotelling's T squared statistic).

Figure 8: Gh coform profiles of HY and DY PrP^ from 3 individual brains.
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profiles from individuai prion infected brains can differ despite being infected with the 

same prion strain.

Variability of the giycoform profiies of HY and DY PrP^ between experimental sets

Variations were observed in the giycoform profiles of HY PrP^ and DY PrP^ that were 

determined in different experimentai sets with the mAb 3F4 (Figure 9). For example, the 

giycoform profile of HY PrP^ determined in the set of experiments to investigate the 

effects of PK concentration on the giycoform profiie of HY PrP^ was statistically 

different from the glycoform profile of HY PrP^' determined in the set of experiments to 

investigate whether HY and DY could be distinguished based on glycoform profiles (p < 

0.01, Hotelling's T-squared statistic). Despite observing variations in the glycoform 

profiles of HY PrP^ from different experimental sets and in the glycoform profiles of DY 

PrP^ from different experimental sets, HY and DY TME could always be distinguished 

by PrP^ glycoform profiles when the mAb 3F4 was used in analysis. Due to the variation 

in PrP^' glycoform profiles between experimental sets the determination of PrP^ 

glycoform profiles to compare prion strains should be performed in the same 

experimental set to ensure any differences are strain-specific and not due to variability 

between experimental sets.

Discussion

When characterizing the two TME strains HY and DY based on molecular 

properties of PrP^', different results were obtained depending on the method of PAGE, 

the method of sample preparation and the anti-PrP antibody used in analysis. A greater 

number of differences between immunoreactive patterns of H Y and D Y PrP^ 

polypeptides were observed when multiple anti-PrP antibodies in combination with the
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Figure 9: Giycoform profiies of HY and DY PrP ' determined in different 

experimentai sets

Giycoform profiies of treated HY PrP^' (open symbois) and DY PrP^' (closed symbols) 

determined in different experimentai sets using the mAb 3F4. The experimentai sets are 

as foiiows; HY vs. DY, experimentai set to determine if HY PrP^ and DY PrP^ could be 

distinguished by PrP^' giycoform profiles; [PK], experimentai set to determine the effect 

of PK concentration on PrP^ glycoform profiies; Sample preparation, experimental set to 

determine the effect of sample preparation on PrP^ glycoform profiles; Antibody, 

experimental set to determine the effect of the anti-PrP antibody used in analysis on PrP^ 

glycoform profiles. The glycoform profiles were determined using the technique outlined 

in the materials and methods and Figure 3. The percentages of the diglycosylated and 

monoglycosylated forms of PrP^' were plotted as the means + 99% confidence intervals.

* The glycoform profile of DY PrP^' determined in the experimental set to determine the 

effect of sample preparation on PrP^ glycoform profiles was statistically different to 

those determined in the other two experimental sets (p < 0.01, Hotelling's T-squared 

statistic).

^The glycoform profile of HY PrP^ determined in the experimental set to determine the 

effect of PK concentration on PrP^ glycoform profiles was statistically different to 

those determined in the other three experimental sets (p < 0.01, Hotelling's T-squared 

statistic).
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NuPAGE^ method of PAGE was used in anaiysis. Additionai differences were observed 

when anaiysis was performed on a PK treated brain homogenate instead of a preparation 

that enriched for PrP^.

The use of muitipie anti-PrP antibodies resuited in different immunoreactive 

patterns and giycoform profiles of both HY and DY PrP^ for each anti-PrP antibody 

used. Different proportions of the three giycoforms of HY PrP^' were detected depending 

on which of the three anti-PrP antibodies was used in anaiysis. This is iikely due to 

preferential binding of each of the anti-PrP antibodies to particular giycoforms of HY 

PrP^. When determining the HY PrP^ giycoform profile with the anti-PrP antibody R20 

65% of the immunoreactive polypeptides are diglycosylated, while with the mAb 3F4 

approximately 80% of the polypeptides are diglycosylated. The anti-PrP antibody R20 

binds the hamster prion protein to the amino acids at positions 219 to 233 (positions 218 

and 232 of mouse PrP), which is close to the N-linked glycosylation sites at positions 181 

and 197 of the hamster prion protein. The presence of carbohydrates attached to the 

glycosylation sites may alter the accessibility of the epitope of the anti-PrP antibody R20, 

resulting in less diglycosylated PrP^' binding to the anti-PrP antibody R20. Glycosylation 

has been shown to affect binding of other anti-PrP antibodies to PrP. The human anti-PrP 

antibody Mab6G9 binds preferentially to nonglycosylated forms of human PrP^ 

indicating that glycosylation may shield the anti-PrP epitope (Li e? <7/., 2001). The 

glycans added to PrP are large in comparison to the protein and therefore, can shield large 

areas of the protein surface. Two bovine anti-PrP antibodies directed towards peptides 

adjacent to the glycosylation sites on PrP have been a shown to bind preferentially to 

diglycosylated sheep PrP (Takahashi er <3/., 1999). Glycosylation of amino acids near the
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antibody epitope has been shown to enhance binding of the antibody to that epitope 

(Lisowska, 2002). Glycosylation of proteins has also been shown to alter protein 

conformation (O 'Connor e? a/., 1996), which could lead to differential exposure of the 

antibody epitope depending on the extent of glycosylation. The results of the current 

study were similar those of previous studies (Somerville et a/., 1999, Sweeney e? a/., 

2000). These studies also observed that the PrP^ glycoform profiles of individual strains 

were dependent on the anti-PrP antibody used in analysis.

The importance of the use of more than one anti-PrP antibody in determining 

PrP^ glycoform profiles was also seen in this study. While HY and DY TME could be 

distinguished based on PrP^ glycoform profiles when the mAb 3F4 was used in analysis, 

they could not be distinguished when the anti-PrP antibody R20 was used. The glycoform 

profile of HY PrP^ determined with the anti-PrP antibody R20 overlapped with the 

glycoform profile of DY PrP^ determined with this antibody. Therefore, multiple anti- 

PrP antibodies to different regions of the prion protein should be used when determining 

PrP^ glycoform profiles as it increases the chances of observing differences in PrP '̂ 

glycoform profiles of prion strains.

One of the parameters that may affect the molecular properties of PrP^, which 

was investigated, was the method of sample preparation prior to analysis. The molecular 

properties of both HY and DY PrP^ determined using the two methods of sample 

preparation were compared. One method enriched for PrP^ while the second method 

involved using a PK treated TME infected brain homogenate without further treatment. 

The immunoreactive patterns of HY and DY PrP^ were affected by the method of 

sample preparation. Additional lower molecular weight bands were observed for PrP^',
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when a PK. treated brain homogenate was used in anaiysis. This is iikeiy due to seiective 

enrichment of the three giycoforms over the iower moiecuiar weight PrP^ poiypeptides 

when enrichment for PrP^ is performed. The process of enriching for PrP^' takes 

advantage of the insoiubiiity of PrP^' compared to PrP** and involves a series of 

uitracentrifugation steps in the presence of detergents. The lower molecular weight 

polypeptides of PrP^ observed when using a PK treated homogenate in analysis may be 

more soluble than the higher molecular weight PrP^ polypeptides and so would remain 

in the supernatant while the higher molecular weight polypeptides of PrP^ are pelleted 

during centrifugation. If this is the case, following enrichment for PrP^ the lower 

molecular weight polypeptides are no longer present in the sample and therefore would 

not be detected. In the present study the samples were subjected to PK treatment prior to 

enriching for PrP^. The lower molecular weight polypeptides are likely the products of 

alternative PK cleavage sites, which have a greater solubility than the three giycoforms. 

The question of whether these lower molecular weight polypeptides are products of 

alternative PK cleavage sites could be addressed by performing the PK treatment after the 

procedure to enrich for PrP^ has been performed. If the polypeptides are the result of 

alternate PK cleavage sites they should be visible following Western blot analysis and an 

immunoreactive pattern similar to that observed for PK treated homogenate should be 

obtained. However, if the lower molecular weight polypeptides do not represent the 

products of alternative PK cleavage the lower molecular weight polypeptides should not 

be observed for samples where PK treatment was performed after enrichment for PrP^', 

as is observed for the samples where PK treatment was performed prior to enriching for 

PrP^.
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The iower molecuiar weight polypeptides were detected for DY PrP^ with the 

anti-PrP mAb 3F4 and the anti-PrP antibody R20. This indicates that the iower 

moiecuiar weight polypeptides contain part of the epitopes of the two anti-PrP antibodies 

or that each antibody is detecting distinct polypeptides with similar molecular weights. 

The mAb 3F4 binds to the amino acids at positions 109 and 112 located at the N-terminus 

of the hamster prion protein while the anti-PrP antibody R20 binds to the amino acids at 

positions 219 to 233 of the hamster prion protein (218 to 232 of mouse prion protein).

The combined molecular weight of the amino acids that are present at positions 109 to 

233 of the hamster prion protein is approximately 16.3 kDa and at positions 112 to 219 is 

approximately 14.4 kDa. The molecular weight of one of the lower molecular weight 

polypeptides is 15 to 17 kDa. Therefore, it is possible this polypeptide represents a single 

polypeptide that contains part of the epitopes of both anti-PrP antibodies and can 

therefore be detected with both the mAb 3F4 and the anti-PrP antibody R20. The 

molecular weight of the other lower molecular weight polypeptide, 11 to 12 kDa does not 

match that of the estimated molecular weight of the fragments, which contain part of the 

epitopes for both anti-PrP antibodies. Therefore, it is likely that the 11 to 12 kDa 

polypeptides detected with the two anti-PrP antibodies represent distinct polypeptides of 

similar molecular weights. Additional immunoreactive polypeptides of PrP^ detected 

with different anti-PrP antibodies have been seen in previous studies (Hope e? <2/., 1988, 

Caughey o/., 1998, Parchi e? a/., 1998, Somerville e? a/., 1999, Bartz at <2/., 2000). An 

additional immunoreactive polypeptide of 6 to 8 kDa was detected for HY and DY PrP^' 

with the anti-PrP antibody R20 that was not detected with the mAb 3F4 using the 

Laemmli method of PAGE (Caughey e? <2/., 1998, Bartz c? a/., 2000). This differed from
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the resuits in the current study where two additional polypeptides of 11 to 12 kDa and 15 

to 17 kDa were detected with the NuPAGE^ method. The methods of PAGE differed 

between these studies which may explain the differences between the immunoreactive 

patterns detected. In the current study different immunoreactive patterns for both HY and 

DY PrP^' were observed depending on the method of PAGE employed.

The influence of the method of PAGE on the number of polypeptides resolved by 

electrophoresis has been seen in other studies. Schagger e? <3/., showed that two different 

banding patterns were obtained for a set of protein standards depending on the method of 

PAGE (Schagger cf <3/., 1987). When tricine was used as the trailing ion of the system, 

Eve bands ranging from 6.4 to 17.2 kDa were detected, while only one band of 2.55 kDa 

was detected when glycine, the trailing ion present in the Laemmli method, was used. 

Therefore, use of tricine as the trailing ion allows for better resolution of lower molecular 

weight polypeptides. Glycine migrates slower than tricine in the stacking gel. Because of 

this slow migration polypeptides below 20 kDa are not separated fully from the bulk of 

SDS, which results in a lack of resolution of the polypeptides. The faster migration of 

tricine allows better stacking of polypeptides below 20 kDa and hence better resolution of 

these polypeptides. The Laemmli and the NuPAGE^ methods also differ in the identity of 

their trailing ions. In this study the NuPAGE^ method utilized a MOPS running buffer, 

resulting in a MOPS trailing ion. MOPS migrates faster than glycine, which again results 

in better resolution of lower molecular weight polypeptides. The differences in the 

resolving power of the two methods of electrophoresis may explain why extra lower 

molecular weight immunoreactive polypeptides were detected with the NuPAGE^' 

method and not with the Laemmli method. It is possible that similar to the study of
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Schagger et a/., the iower moiecuiar weight polypeptides are not resolved using the 

Laemmli method of PAGE and were therefore not detected.

The method of sample preparation also effected the glycoform profiles of H Y 

and DY PrP^. In this study, statistically different glycoform profiles were obtained when 

a PK treated brain homogenate and an enriched preparation were analyzed. This is likely 

due to selective enrichment of one or more of the giycoforms during the process of 

enriching for PrP^. The addition of N-linked oligosaccharides to proteins can effect the 

solubility of the proteins (Helenius e? <3/., 1994) and therefore may effect which 

giycoforms remain in the supernatant and which remain in the pellet during the process of 

PrP^ enrichment. Selective enrichment of one glycoform over the other two would alter 

the relative amounts of the giycoforms and the glycoform profile of PrP^L Our results 

differ for those of Sweeney et <2/., who also compared the PrP^' giycoform profiles of 

sheep scrapie using both methods of sample preparation, although the process of PrP'"' 

enrichment differed somewhat from that used in the current study. Unlike the results 

obtained in this study, Sweeney et <2/., did not observe a difference between the PrP^' 

glycoform profiles obtained using the two methods of sample preparation (Sweeney e/

<2/., 2000). Differences in the results between the studies are possibly due to the 

difference in the method of PrP^ enrichment and/or the statistical analysis performed by 

each study. Different methods of PrP^ enrichment differ in the conditions used, which 

could effect the solubility of the proteins and therefore may enrich for different 

giycoforms, which would in turn alter the glycoform profiles obtained. Sweeney 6? n/., 

compared each of the giycoforms individually based on the mean ± the standard 

deviation values for each and concluded that no differences were observed based on
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overlap of these values. However, no statistical analysis was performed. When 

comparisons of each glycoform were performed individually in the present study using 

the Student T-test, there was no statistical difference between the percentages of the 

individual giycoforms determined using the two methods of sample preparation. This 

differed from the results obtained when comparing the percentages of both the 

diglycosylated and monoglycosylated using the Hotelling's T-squared statistic. This 

highlights the importance of comparing the percentages of the diglycosylated and 

monoglycosylated pairwise and of performing statistical analysis on the results. When 

comparing PrP^ glycoform profiles of different prion strains it is important that the 

samples are prepared by the same method, to ensure that any differences seen are due the 

prion strain and not due to the method of sample preparation.

When comparing the glycoform profiles of DY PrP^ determined from three 

individual brains, one of the glycoform profiles of PrP^ differed significantly from the 

other two. One of the important uses of prion strain characterization is determining the 

extent of strain variation within field isolates from animals suffering from prion diseases 

and the relatedness of these isolates. Since variability can be seen even in the PrP^ 

glycoform of a single prion strain the use of PrP^ glycoform profiles cannot, when used 

in isolation, distinguish all prion strains. Although PrP^ glycoform profiles would not be 

useful in assessing prion strain variation they may provide additional information on 

previously defined strains. For example, the PrP^ glycoform profiles of prion strains 

determined with anti-PrP antibodies to different regions of the prion protein may give 

insight into the conformation of PrP^ associated with the prion strain, which may aid in 

further characterization of these strains. When attempting to distinguish between prion
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strains based on moiecuiar properties of PrP^ we propose that the moiecuiar weight and 

the number of immunoreactive PrP^' poiypeptides be determined using the NuPAGE^ 

system and a pane! of anti-PrP antibodies. A difference in any of these between the 

strains when the same anti-PrP antibody and method of sample preparation are used in 

anaiysis wiii indicate a difference between the strains. As these PrP^' properties can be 

examined from the same Western biots, oniy one set of experiments must be performed 

in order to obtain resuits making this a more time and cost efficient process than if 

examination of the properties required separate experimental approaches.
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Chapter 3

The Influence of the Host Prion Protein in Determining Strain-specific

Properties of PrP^.

3.1 Introduction

Interspecies transmission of prion strains can lead to the selection or adaptation of 

prion strains that differ phenotypically from the original strains. Interspecies transmission 

of scrapie has been investigated using three species of hamsters, the Syrian (SHa), the 

Armenian (AHa) and the Chinese (CHa) hamster (Lowenstein e? a/., 1990). Passage of 

the hamster adapted scrapie strain Sc237 into the three hamster species results in a 

different incubation period and a distinctive pattern of neuropathology in each of the 

three species. These results demonstrate that the same scrapie strain can produce different 

clinical manifestations depending on the host involved. The three hamster species differ 

in the amino acid sequences of their prion proteins. It was proposed that the differences in 

incubation period and neuropathology seen when a single scrapie strain Sc237 was 

passaged into the three species were due to differences in the prion protein genotypes of 

the three hamster species. These results demonstrate that the host plays a role in 

determining strain-specific phenotypic properties of prion strains.

It is proposed that prion strain diversity is enciphered by the conformation of 

PrP^ associated with each strain. Studies have shown that interspecies transmission alters 

the molecular properties of PrP^ associated with individual prion strains (Scott e/ a/., 

1997, Peretz et a/., 2002). Peretz e? a/, passaged the hamster adapted scrapie strain Sc237 

from SHa into transgenic mice expressing a chimeric mouse/hamster PrP gene. Passage
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of this strain into the transgenic mice resulted in an increase in incubation period, which 

decreased upon subsequent passage in the mice. This is indicative of a species barrier 

effect. In addition, a different disease phenotype was observed when Sc337 was passaged 

into the transgenic mice. A conformational assay (Peretz et uA, 2001) was performed to 

investigate whether the conformation of Sc237 PrP^ was altered fohowing passage into 

the transgenic mice. The conformation of Sc237 PrP^ differed in the two hosts. These 

results demonstrated that upon interspecies transmission of Sc237 the conformation of 

Sc237 PrP^ was altered. In the same study the hamster adapted TME strain DY was 

passaged into the SHa and the transgenic mice expressing the chimeric mouse/hamster 

PrP' . There was no species barrier observed for this strain and the conformation of DY 

PrP^ was the same in both hosts. These results show that the effect of interspecies 

transmission on the conformation of PrP^ is strain dependent and that the role the host 

piays in determining strain-specific properties of PrP^ is also dependent on the agent 

strain.

Understanding the effect of interspecies transmission of prion diseases on the 

molecular properties of PrP^' is important. It is proposed that interspecies transmission of 

BSE from cows to humans resulted in the newly emerging human prion disease, vCJD. 

Interspecies transmission of scrapie, a prion disease of sheep, from sheep to cows in the 

form of scrapie contaminated MBM is implicated in the emergence of BSE. It is 

proposed that interspecies transmission of one or more scrapie strains from sheep to cows 

altered the properties of the strain(s) so as to be infectious for humans. Despite the fact 

that the human population has been exposed to scrapie for centuries and people have been 

consuming possible scrapie contaminated ovine products there has been no link between
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any of the human prion diseases and sheep scrapie. Therefore, it is important to 

understand how interspecies transmission has altered the moiecuiar property(s) of a 

scrapie strain(s), which was previousiy not capable of causing disease in humans, so that 

following passage into cattle the strain is now infectious to humans.

In the current study the effect of interspecies transmission on the molecular 

properties of HY and DY PrP^ was investigated. HY and DY PrP^ display distinct 

conformations of PrP^ when HY and DY TME are passaged into the SHa. Passage of 

DY TME into the AHa altered the conformation of DY PrP^. It was hypothesized that 

differences between the amino acid sequences of SHaPrP^ and AHaPrP^ were 

responsible for the difference in conformation of DY PrP^' following passage of DY 

TME into the two hamster species. The results of this study suggest that some host 

factor(s), in addition to the difference in the amino acid sequences of SHaPrP^ and 

AHaPrP^, influences the conformation of DY PrP^ isolated from DY TME infected 

AHa.

3.2 Materials and Methods

mocM/at/on a ad t/ssae co/Zect/a/i.

Weanling Golden Syrian, Armenian and Chinese hamsters were inoculated 

intracerebrally (i.c.) with 50 pi of a 1% (w/v) brain homogenates from SHa previously 

inoculated with HY or DY TME. Weanling Golden Syrian hamsters were also inoculated 

with 50 pi of a 1% (w/v) brain homogenate from AHa previously inoculated with HY or 

DY TME. All animals were observed for clinical symptoms. Clinical animals were 

euthanized and brains removed and stored at -80°C until further use.
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Western biot anaiysis of PK treated HY and DY TME infected SHa, AHa, CHa, brain 

homogenates using the Laemmii method was performed as described in chapter 2 with 

the anti-PrP mAb 3F4 and the anti-PrP antibody R20. 

u /

PrP^  ̂used in the CFCR was enriched for by the foiiowing procedure. Brains from SHa 

infected with HY or DY TME were homogenized to 10% in TEND (10 mM Tris, 1 mM 

EDTA, 133 mM NaCl, 1 mM diothiothreitoi, [pH 8.3]) buffer and underwent 

uitracentrifugation at 22,000 x g for 30 minutes in a Ti 70 rotor (Beckman Instruments, 

Fullerton, CA). Following centrifugation the supernatant (SI) was collected and the pellet 

resuspended in half the original volume of TEND. The resuspended pellet was subjected 

to uitracentrifugation at 22,000 x g for 30 minutes in a Ti 70 rotor. The supernatant was 

collected, combined with SI and centrifuged at 215,000 x g for 2.5 hours in a Ti 70 rotor. 

The pellet was homogenized in 1 ml of 1% N-Lauroyl sarcosine and 10% NaCl in TEND 

buffer and sonicated. The resulting suspension was centrifuged at 215,000 x g for 2.5 

hours in a SW 55 Ti rotor (Beckman Instruments, Fullerton, CA). The resulting pellet 

was homogenized in 1 ml of benzonase digestion buffer (20 mM Tris, 1 mM MgCE, 1 

mM EDTA, [pH 8.0]) and Benzonase" (Novagen Inc. Madison, WI) was added to a final 

concentration of 100 units per ml. Following incubation at 4°C overnight with shaking 

1% N-Lauroyl sarcosine and 10% NaCl in TEND buffer were added and the sample was 

centrifuged at 215,000 x g for 2.5 hours in a SW 55 Ti rotor. The pellet was resuspended 

in 0.5% sulphobetaine in PBS and sonicated. Following centrifugation at 16,000 rpm at
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room temperature, the pellet was resuspended in 0.5% sulphobetaine in PBS and 

sonicated. This step was repeated and PrP^ was stored at 4°C until further use.

/su/ut/oM q/"A JTnPrP y) o/n H77u A/v//7r.

Total genomic DNA was isolated from an uninfected AHa brain using guanidine 

thiocynate. The AHaPrP gene was isolated from the total genomic DNA by performing 

the polymerase chain reaction (PCR) using polymerase and primers designed to flank 

the AHaPrP gene (Table 3.1, primers 1 & 2). The PCR product was cloned into pCR^- 

Blunt 11- TOPO' (Figure 1) using the Zero BlunC TOPO^ PCR cloning kit (Invitrogen, 

Carlsbad, CA) according to the manufacturer's instructions. Briefly, the blunt PCR 

product was incubated with the Zero Blunt" TOPO" cloning vector for 5 minutes at room 

temperature. Two microliters of the reaction was then added to One Shot*"' chemically 

competent F.co/i, mixed gently and incubated on ice for 5 minutes. The cells were the 

heat-shocked by placing them at 42°C for 30 seconds and immediately transferring the 

cells to ice. Two hundred and fifty microliters of SOC medium was added and the cells 

incubated at 37°C for one hour with shaking. Following incubation 10 to 50 pi of the 

transformation was spread on prewarmed Luria-Bertani (LB) plates containing 50 pg/ml 

kanamycin. Following overnight incubation at 37°C colonies were grown overnight at 

37°C in LB medium containing 50pg/ml kanamycin and the plasmid isolated using the 

Eppendorf Prefect Prep Kit (Eppendorf-Brinkmann, Westbury, NY). Presence of the PCR 

product was screened for using the restriction enzyme Ecof?l. Nucleic acid sequencing 

was performed to ensure that the correct sequence had been obtained and that no 

mutations had been introduced during the process.
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Tah!c 3.1: Nucleotide Sequence of Primers.

P r im er
D e s i g n a t i o n

5' t o  3' N u c l e o t i d e  S e q u e n c e

Primer 1 CAGTGGAACAAGCCCAATAAGCCAAAAACCAAC
Primer 2 GTAAGCCAAAAACCAGCATGAAGCACATGGC
Primer 3 GTGGAACAAGCCCAATAAGCCAAAAACCAGCATGAAGCACATGG
Primer 4 CGGGATCCTTGTTCTTCATTTTGCAGA
Primer 5 CGGGATCCTGTACAAGCAGGGAGGCTTCC
Primer 6 CTATGACGGAAGAAGATMAGCGCGGTGCTCTTCTC

The bold underlined nucleotides represent those nucleotides that were altered during site-directed

mutagenesis.



Figure 1: Map of the vector pCR Blunt !I- TOPO .

The AHaPrP gene was inserted into the TOPO^'-cloning site of pCR^-Blunt 11- TOPO '̂ 

following PCR amplification. The gene was excised from the vector using the Eco7?I sites 

that flank the TOPO ' -cloning site (Reproduced from Invitrogen, Carlsbad, CA).
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SP6 promoter/priming site

201 CACFCAGGAA ACAGCTATGA GCATGATTAC GCCAAGC1AT TTAGGTGACA CTATAQAATA 
GTGTGTCCTT TGTCGATACT GGTACTAATG CGGTTCGATA AATCCACTGT GATATQTTAT

^s<) Wind ))) Asp718 i Kpn ) Ec/136 )) Sac ! BamH ! Spe i
I i ) ! i i i )

CTCAAGCTAT GCATCAAGCT TGGTACCGAG CTCGGATCCA CTAGTAACGG CCGCCAGTGT 
GAGTTCGATA CGTAGTTCGA ACCATGGCTC GAGCCTAGGT GATCATTGCC GGCGGTCACA

EcoRt

GCTGGAATTC GCCCTT! 
CGACCTTA^G CGGGAA) B!unt PCR Product

f  coR ) P&t' EcoR

AAGGGCGAATTCT GCAGATA 
[TTCCCGCTTAAGA CGTCTAT

Noti Xho) Ms/1 XPa < D ra)! /Spa)
i i i t ] )

TCCATCACAC TGGCGGCCGC TCGAGCATGC ATCTAGAGGG CCCAATTC' 
AGGTAGTGTG ACCGCCGGCG AGCTCGTACG TAGATCTCCC GGGTTAAG-

CCTATAGTGA
GGATATCACT — *---------------

GTCGTAT1AC AATTCACTGG CCGTCGTTTT ACHACGTCGT GACTGGGAAA ACCCTGGCGT 476 
CAGCATAATG TTAAGTGACC GGCAGCAAAA TGTTGCAGCA CTGACCCTTT TGGGACCGCA,

Comments for pCR^-Blunt H-TOPO^
3519 nucleotides

/ac promoter/operator region: b ase s 95-216 
M13 Reverse priming site: b ases 205-221 
LacZ-alpha ORF: b ase s 217-576 
SP 6  promoter priming site: b a se s  239-256 
Multiple Cloning Site: b ase s 269-399 
TOPO^-Cloning site: b ases 336-337 
T7 promoter priming site: b ase s 406-425 
M13 (-20) Forward priming site: b ase s 433-448 
Fusion joint: b a se s  577-585 
ccdS  lethal gene ORF: b ases 586-888 
/ran gene: b a se s  1099-2031 

ton  promoter: b ase s 1099-1236 
Kanamycin resistance gene ORF: b ase s  1237-2031 

Zeocin resistance ORF: b ases 2238-2612 
pUC origin: b a se s  2724-3397
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Site-directed mutagenesis of the SHa and AHa prion proteins.

The pBiuescript II KS+ vector (Figure 2, Stratagene, La Jolla, CA) containing the 

SHaPrP(GPI-) gene and the retroviral vector pSFF (Figure 3) containing the AHaPrP 

(GPI-) gene were isolated using the Eppendorf Prefect Prep Kit (Eppendorf-Brinkmann, 

Westbury, NY ). Site-directed mutagenesis was performed on these plasmids using the 

QuikChange^ site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the 

manufacturer's instructions. Briefly, PCR was performed with 7yh77zr&o polymerase and 

primers designed to alter the amino acid residue at position 103, the amino acid residue at 

position 108 or both these amino acid residues of the SHa prion protein gene to those of 

the AHaPrP at these positions and to place a stop codon at position 231 of the AHa prion 

protein gene (Table 3.1, primers 3, 4, 5 and 6 respectively). The PCR products were 

incubated at 37°C for one hour with the restriction enzyme Dpnl to digest the methylated 

non-mutated parental DNA template. The mutated plasmid was then transformed into 

supercompetent XL-1 E. co/z. Following overnight incubation at 37°C colonies were 

grown overnight in LB medium containing 50 gg/ml ampicillin and the plasmid isolated 

using the Eppendorf Prefect Prep Kit (Eppendorf-Brinkmann, Westbury, NY). Successful 

mutagenesis was screened for using restriction enzyme analysis and nucleic acid 

sequencing. The SHa prion proteins altered at amino acid positions 103, 108 and both 

positions 103 and 108 were given the following designations respectively, SHaPrP(GPI- 

)(S103N), SHaPrP(GPI-)(N108S), SHaPrP(GPl-) (S103N/N108S), with the wild type 

amino acid single letter designation preceding the amino acid number and that of the 

amino acid in the altered SHaPrP following the amino acid number (S = serine, N = 

asparagine).
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The muiti-cioning site (MCS), which contains an EcoRI site is indicated on the vector 

map and the sequence shown. The SHaPrP (GPI-) gene was cioned into the MCS at the 

EccRI restriction site (Reproduced from Stratagene, La JoHa, CA).

Figure 2: Map of the vector pBiuescript H KS +
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f l  ( +  ) o rifl ( +  ) origin 135-441
p-gaiactos idase  a- fragment  460-81 6
muitipte cioning site 653-760
toe promoter 81 7-938
pUC origin 1158-1825
ampiciNin resistance (bfo) ORF 1976-2833

p B t u e s c r i p t  H KS ( +  / - )  M u ! t i p ! e  C i o n i n g  S i t e  R e g i o n  

( s e q u e n c e  s h o w n  5 9 8 - 8 2 6 )

BssH !! 17 Promoter Sac I
I

BstX ! Sac !i
Not I 
I Eag Xba

I
TTGTAAAACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGAATTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGA

----— ----1-------- SK primer binding site.
Hinc II Apa I

Bspl06l Accl , EcoO109l
Pst I EcoR I EcoR V Hind III Q a  I Sal I Xho I Dra II Kpn I

1 ) I I I I ) I I  I I
A CTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCTCGAGGGGGGGCCCGGTACC. . .

M l3 20 primer binding site 

Spe I BamH Sma

17 primer binding site

...SK primer binding site KS primer binding site

13 Promoter BssH II
II

, [1-gal a-fragment

.C A G C TT TTGTTC CC TTTA GTG AG GGTTA ATTG CGC GC TTGGC GTAA TC ATGGTCA TA GC TG TTTC C

^M13 Reverse primer binding siteT3 primer binding site



The muiti-cioning site of pSFF contains an Eco7?I site into which the altered SHaPrP 

genes and the AHaPrP genes were inserted (Reproduced from Bestwick ef <3/., 1988).

Figure 3: Schematic of the retroviral vector, pSFF.
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o / P/ P /nm r^c^or, p^PP.

PrP genes were isoiated from pBiuescript II KS + containing the aitered SHaPrP(GPI-) 

genes or pCR^-Blunt II- TOPO^ containing the AHaPrP(GPI-) gene by FcoPI digestion 

and inserted into the FcoPI site of the retroviral vector, pSFF. Constructs were sequenced 

to check for correct orientation of the PrP genes and to ensure that no mutations were 

introduced during the ligation process.

P y p r & y y / o / i  q/" <y//erer/ ,S7 P / P / P ^ f C P P  )  n / n /  A  P n P / P  f G P P ) .

The packaging cell lines \^-2 and PAS 17 were cocultured (1.5 x 1(P cells/ml of each cell 

type) in 10 cm diameter cell culture dishes the day prior to transfection. Plasmid DNA of 

pSFF containing altered SHaPrP(GPI-) genes or the AHaPrP(GPI-) gene was isolated 

with a Qiagen Maxi-Prep kit (Qiagen, Valencia, CA) using a modified protocol as 

follows. Cells transformed with the plasmid DNA were harvested from 100 ml overnight 

cultures by centrifugation in a RTH-250 rotor (Sorvall, Newtown, CT) at 2,500 rpm 

(1300 x g) for 10 minutes at 4°C. The pellet was resuspended in 10 ml of the Qiagen 

buffer PI and 10 ml of the Qiagen buffer P2 was added. Following inversion the mixture 

was incubated at room temperature for five minutes and 10 ml of chilled Qiagen P3 

buffer was added and gently mixed. Following incubation on ice for 20 minutes the 

mixture underwent centrifugation in a RTH-250 rotor at 3500 rpm (2555 x g) for 15 

minutes at 4"C. The supernatant, which contains the DNA, was removed promptly and 

the centrifugation step repeated. The supernatant was then applied to a Qiagen 500 tip 

that had been equilibrated with the Qiagen buffer QBT. Once the supernatant had entered 

the resin of the tip, the tip was washed twice with 30 ml of the Qiagen buffer QC. The 

DNA was eluted from the tip into a polypropylene tube with 15 ml of the Qiagen buffer
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QF. To precipitate the DNA, 10.5 ml of room temperature was added and underwent 

centrifugation in a RTH-250 rotor at 3,000 rpm (1880 x g) for 30 minutes at 4°C. The 

pellet containing the plasmid DNA was washed with 70% ethanol and resuspended in 

water. The plasmid DNA was then introduced into the cocultures by calcium phosphate 

transfection. Successful transfection and spread of pSFF within the cocultures was 

monitored by immunoperoxidase staining of the cells, using an antibody directed towards 

the gag protein of pSFF. Western blot analysis was performed using the Laemmli method 

described in chapter 2 on cell lysates of the transfected cocultures using the anti-PrP mAb 

3F4 to check for PrP** expression.

A7e/uAu//F n/7<V a/

T-25 cm  ̂flasks of t]/-2/PA317 cells expressing wild type SHaPrP^(GPl-), wild type 

AHaPrP^(GPI-) or the altered SHaPrP^ (GPl-)s were grown to 95% confluence. Cells 

were incubated with 1.5 ml of methionine-free RPMI (Cell and Molecular Technologies, 

Phillipsburg, NJ) supplemented with 200 mM glutamine, 0.1 X methionine and 5% 

dialyzed fetal bovine serum (Gibco Invitrogen Corporation, Grand Island, NY) for 15 

minutes at 37°C, 5% CO2. Following incubation, 1.5 millicuries of ̂ S-methionione 

(Easy-Tag, NEN Life Science Products, Boston, MA) was added and cells were 

incubated for two hours at 37°C, 5% CO2. The cells were then washed with phosphate 

buffered balanced saline and lysed with 1 ml of lysis buffer (0.5% Triton-X 100, 0.5% 

sodium deoxycholate, 5 mM Tris-Cl [pH 7.4], 150 mM NaCl, 5 mM EDTA). The lysate 

was precipitated with cold methanol and placed at -20°C for a minimum of two hours. 

Following centrifugation at 3,000 x g for 20 minutes the pellet was resuspended in 

detergent lipid protein complex (4.2 mg/ml L-a-phosphatidylcholine, 50 mM Tris-Cl [pH
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7.5], 2% N-Lauroyl sarcosine in normal saline), sonicated and incubated overnight with 

the anti-PrP mAb 3F4. Radioimmunoprecipitated PrP^ was purified with protein A 

sepharose beads (Amersham Pharmacia Biotech, Piscatatway, NJ) and eluted with 0.1 M 

acetic acid. Purified ^S-PrP^ was stored at 4°C until further use.

PrP CT//-7Tee (Amrers/m?

The PrP cell-free conversion reaction (CFCR) was performed with 900 ng of HY or DY 

PrP^ and 30,000 cpm of ̂ S-methionine labeled PrP*\ PrP^ was pretreated with 1 M 

guanidinium hydrochloride for 1 hour at 37°C followed by addition of ̂ S-PrP^ and 

conversion buffer (200 mM potassium chloride, 50 mM citrate, 1.25% N-Lauroyl 

sarcosine) to a final volume of 22 pi. For CFCRs performed in the presence of uninfected 

brain homogenates, 5 pi of a 1% or 1 pi of a 10% uninfected SHa or AHa brain 

homogenate was added to the reaction. For CFCRs performed with GroEL, 1 pM GroEL 

(Sigma, St. Louis, MO) was added to the reaction. Following incubation at 37°C for 72 

hours, one-tenth of the reaction was removed as the nonPK treated control and 10 pg of 

the carrier protein, thyroglobulin G (Sigma, St Louis, MO), was added. The remainder of 

the reaction was treated with 15 pg/ml PK (Sigma, St Louis, MO) in a final volume of 50 

pi for one hour at 37°C. The PK reaction was stopped with 2 mM pefabloc (Roche 

Diagnostics, Indianapolis, IN) followed by addition of 10 pg of the carrier protein, 

thyroglobulin G. Both the nonPK and PK treated portions of the reaction were methanol 

precipitated. The precipitated samples were resuspended in SDS sample loading buffer 

(10% Glycerol, 5% p-mercaptoethanol, 2.5% SDS, 0.132 M Tris base, [pH 6.8]) and 

analyzed on a 15% SDS-PAGE gel. Radiolabeled proteins were visualized using 

autoradiography.
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3.3 Resuits

A species barrier is encountered upon interspecies transmission of HY and DY 

TME.

To investigate the effect of interspecies transmission on the incubation periods of HY 

and DY TME, the two strains were passaged into three species of hamsters. A species 

barrier was encountered when HY and DY TME was passaged from the SHa into the 

AHa and CHa (Tabie 3.2). For both HY and DY TME there was an increase in the 

incubation period upon interspecies passage. Despite different incubation periods in the 

new hosts, HY and DY TME couid always be distinguished based on incubation periods. 

HY TME infected animals always had shorter incubation periods than DY TME infected 

animals in a given hamster species. For example, HY and DY TME infected SHa 

developed clinical symptoms 68 days and 162 days postinfection respectively while HY 

and DY TME infected AHa developed signs of disease 172 days and 301 days 

postinfection respectively. Upon interspecies transmission of HY and DY TME into the 

three hamster species the strain-specific differences in incubation period of HY and DY 

TME are maintained.

The effect of interspecies transmission on the molecular properties of HY and DY

PrpS'.

To investigate whether the strain-specific differences in the molecular weights of PK 

treated HY and DY PrP^ isolated from HY and DY TME infected SHa are maintained 

following interspecies transmission, Western blot analysis on PK treated HY and DY 

PrP^ from SHa, AHa and CHa infected with HY and DY TME was performed. The 

molecular weight of PK treated HY PrP^ remained unchanged following interspecies
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Tab!e 3.2: Incubation periods of HY and DY TME fobowing passage into the SHa,

AHa and CHa.

Donor Recipient 
—^

Species Species

incubatior
da\

HY

period in 
/s

DY

S H a  S H a 6 8 1 6 2
S H a  —>  A H a 1 7 2 301
S H a  C H a 3 8 2 8 8 5
A H a  S H a 9 2 1 8 5
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transmission of HY TME into both the AHa and CHa (Figure 4A & 4B, lanes 1, 3 and 

5). For DY TME, passage from the SHa to the CHa did not alter the molecular weight of 

PK treated DY PrP^ (Figure 4A, lanes 2 and 6). Passage of DY TME from the SHa to the 

AHa altered the molecular weight of PK treated DY PrP^ (Figure 4A, lanes 1 and 4). The 

molecular weights of PK treated HY and DY PrP^' were similar in the AHa and did not 

allow for differentiation between the two strains (Figure 4A & 4B, lanes 3 and 4). 

Interspecies transmission of HY and DY TME from the SHa to the AHa results in a loss 

of the strain-specific difference in the molecular weights of PK treated HY and DY PrP^. 

These results suggest that the PK cleavage sites on DY PrP^' isolated from DY TME 

infected AHa differ from those when DY PrP^ is isolated from DY TME infected SHa, 

suggesting that DY PrP^ has a different conformation when in the AHa. To investigate 

whether passage into the AHa permanently altered the PK cleavage sites on DY PrP^', 

backpassage of DY TME from the AHa to the SHa was performed. Upon backpassage of 

DY TME from the AHa to the SHa the original molecular weight of PK treated DY PrP^ 

reemerged (Figure 4B, lanes 5 and 6). Passage of DY TME into the AHa did not 

permanently alter the molecular weight of PK treated DY PrP^. The altered molecular 

weight of PK treated DY PrP^ is only observed following passage into AHa.

Comparison of the amino acid sequences of the prion proteins for the three hamster 

species.

It was hypothesized that the altered molecular weight of PK treated DY PrP^' observed in 

the AHa host is a result of differences in the amino acid sequences of SHa and AHa PrP^. 

When the amino acid sequences of PrP^ from the three hamster species were compared 

differences were observed at a number of amino acid positions (Figure 5). At the amino
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Figure 4: Western Biot Anaiysis of PK treated HY and DY PrP  ̂foiiowing 

interspecies transmission into the SHa, AHa and CHa.

A. Western biot anaiysis of PK treated PrP^ derived from HY and DY TME infected 

brains foiiowing passage of the strains from the SHa to the SHa (ianes 1 & 2), from 

the SHa to the AHa (ianes 3 & 4) and from the SHa to the CHa (ianes 5 & 6). PrP^' 

was detected with the anti-PrP antibody R20 directed towards the amino acids at 

positions 218 to 232 of the mouse prion protein.

B. Western biot anaiysis of PK treated PrP^' derived from HY and DY TME infected 

brains foiiowing passage of the strains from the SHa to the SHa (ianes 1 & 2), from 

the SHa to the AHa (ianes 3 & 4) and from the AHa to the SHa (ianes 5& 6). PrP^ 

was detected with the mAb 3F4 to the amino acids at positions 109 and 112 of the 

Syrian hamster prion protein.
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Figure 5: Differences in the amino acid sequences of the SHa, AHa and CHa prion 

proteins.

The amino acid differences in the prion proteins of the SHa, AHa and CHa are shown. 

The two exclusive differences between the SHa and AHa prion proteins are boxed. 

Amino acids are represented by single letter designations; I, isoleucine; L, leucine; M, 

methionine; N, asparagine; S, serine; T, threonine; V, valine.
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acids at positions 103 and 108 there are differences between the sequences of the SHa 

and AHa. The amino acid at position 103 of the SHa prion protein is an asparagine, 

which is replaced by a serine in the AHa prion protein. At the amino acid position 108 the 

reverse is true, with a serine at this position of the SHa prion protein and an asparagine at 

position 108 of the AHa prion protein. There are other differences in the amino acid 

sequences of SHaPrP^ and the AHaPrP^, but these are the only two amino acid 

differences that are not seen between the amino acid sequences of SHaPrP** and 

CHaPrP^. As passage of DY TME into the CHa does not alter the PK cleavage sites of 

DY PrP^, we propose that the altered PK cleavage sites of DY PrP^ in the AHa are due 

to the differences in the amino acids at position 103 and/or position 108 of AHaPrP^ and 

SHaPrpe.

Alteration of the SHa prion protein and expression of the altered proteins.

To investigate the hypothesis that the differences between SHaPrP^ and AHaPrP*  ̂at 

amino acid positions 103 and 108 are responsible for the altered conformation of DY 

PrP^ in the AHa, site-directed mutagenesis on the SHa prion protein gene was performed 

to alter the amino acids at positions 103, 108 or at both positions to the amino acids at 

these positions of AHaPrP^. After confirming that mutagenesis had occurred the altered 

proteins were expressed in cocultures of two packaging cell lines, \)/-2 and PA317, using 

the retroviral vector pSFF. Following transfection of the cocultures with pSFF carrying 

the altered SHa prion proteins, successful transfection of the cells was analyzed by 

immunoperoxidase staining of the cells for the gag protein of the retroviral vector .

Spread of the vector to all cells was achieved in three to four weeks (Figure 6).

97



Figure 6: fmmunocytochemistry of \)/-2/PA3f7 cocuitures transfected with pSFF 

carry ing the SHaPrP(GP!-)(Sf03N) gene.

Immunocytochemistry was performed on the transfected cocuitures using an antibody 

directed toward the gag protein of pSFF and detected using AEC. Ceiis positive for 

infection by pSFF are shown as red. A., Untransfected cocuitures; B, 4 days 

posttransfection; C, 10 days posttransfection; D, 4 weeks posttransfection. Cells were 

visualized by differential interference contrast microscopy, magnification 40X.
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Expression of PrP^ by the transfected cocultures was analyzed by Western biot analysis 

of cel! lysates using the anti-PrP mAb 3F4. Cocultures transfected with pSFF carrying 

each of the three altered SHa prion proteins were positive for PrP expression, whereas 

cells that were transfected with the vector alone did not show any immunoreactivity for 

3F4 (Figure 7A).

Alteration of the SHa prion protein at amino acid position 103 and/or 108 did not 

alter the PK cleavage sites of DY PrP 1

The CFCR was performed to investigate whether alteration of the SHa prion protein at 

one or both amino acid positions 103 and 108 would alter the PK cleavage sites of DY 

PrP^. The CFCR is an m v;fro assay to study the conversion of PrP** to PrP^', which 

maintains the strain-specific differences in HY and DY PrP^ PK cleavage sites seen in 

the SHa (Bessen e/ a/., 1995). SDS-PAGE analysis of the CFCR products following PK 

treatment showed that the products of the CFCR performed with the altered SHaPrP^s 

and DY PrP^ had similar molecular weights following PK treatment to those when the 

CFCR was performed with wild type SHaPrP** and DY PrP^ (Figure 8, lanes 2, 4, 6 and 

8). The PK treated conversion products of CFCRs performed with HY and DY PrP^ 

differed by approximately 2 kDa (Figure 8, lanes 1 through 8). Altering the SHa prion 

protein at amino acid positions 103 and/or 108 did not result in a PK-resistant conversion 

product with an altered molecular weight when the reaction was performed with DY 

PrpS'.

Generation of AHaPrP lacking the GPt anchor signa! peptide.

The AHaPrP gene was isolated from an uninfected AHa brain homogenate using primers 

designed to flank the AHaPrP gene (Table 3.1, primer 1 and 2). The AHaPrP gene was

100



Figure 7: Expression ofPrP^ by transfected \j/-2/PA317 cocuitures

A. Cocuitures of \]t-2/PA317 ceiis that were transfected with pSFFZSHaPrP(GPI-), iane 

i, pSFF/SHaPrP(GPI-)(S103N), iane 2, pSFF/SHaPrP(GPI-)(N108S), iane 3, 

pSFF/SHaPrP(GPi-)(S103N/Ni08S), iane 4. or pSFF, iane 5, were iysed and 

anaiyzed by SDS-PAGE and Western biot analysis with the mAb 3F4.

B. Cocuitures of t)/-2/PA317 ceiis that were transfected with pSFFZAHaPrP(GPI-), iane 

1, pSFF/AHaPrP, iane 2, pSFF/SHaPrP(GPl-), iane 3, were iysed and anaiyzed by 

SDS-PAGE and Western biot analysis with the mAb 3F4.
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Figure 8: Cel! free conversion reaction with w ild type SHaPrP*, altered SHaPrP* s 

and wild type AHaPrP* and HY or DY PrP^.

Autoradiograph of PK treated and nonPK treated conversion products from CFCRs 

performed with the indicated '^S-PrP* and PrP^. Abbreviations for ^S-PrP*' are as 

follows; WT SHa, SHaPrP^(GPI-); S103N. SHaPrP*TGPI-)(S103N); N108S; 

SHaPrP^(GPI-)(N108S); S103N/N108S, SHaPrP^(GPI-)(S103N/N108S); WT AHa, 

AHaPrP*"(GPI-). Abbreviations for PrP^ are H, HY and D, DY.
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inserted into the cioning vector pCR"-Blunt II- TOPO" and sequenced to ensure the 

correct sequence had been amplified. The sequence of the PCR product corresponded to 

the published sequence of the AHaPrP gene. To investigate the role of the AHaPrP gene 

in determining the molecular weight of PK treated DY PrP^ we utilized the CFCR. As 

previous studies had employed SHaPrP^(GPI-) in the CFCR we generated an AHaPrP 

gene that lacked the sequence that encodes for the GPI signal peptide. Any differences 

observed between the molecular weights of PK-resistant products generated in the CFCR 

with DY PrP^ and AHaPrP*"(GPI-) and those generated with SHaPrP^(GPl-) would be 

due to the differences in the amino acid sequences of AHaPrP^(GPI-) and SHaPrP^(GPI-) 

and not due to the presence of the GPI anchor. To generate an AHaPrP gene lacking the 

sequence encoding the GPI signal peptide the AHaPrP gene was inserted into the 

retroviral vector pSFF. Using site-directed mutagenesis a stop codon was inserted at 

amino acid position 231, which is the beginning of the GPI signal peptide. Nucleic acid 

sequencing was performed to check that the mutation had occurred and that no additional 

mutations had been introduced. The results of the nucleic acid sequencing showed that a 

stop codon was present at amino acid position 231 and that no additional mutations were 

introduced.

Expression of AHaPrP (GPI ) by \}/-2/PA3I7 cocultures.

To obtain a source of AHaPrP^(GPI-), cocultures of the packaging cell lines \]/2 and 

PA317 were transfected with the retroviral vector pSFF carrying the AHaPrP(GPI-) gene. 

To screen for successful transfection and spread of the vector within the %2/PA317 

cocultures immunoperoxidase staining was performed with an antibody specific for the 

gag protein of pSFF. Complete spread of pSFFZAHaPrP(GPI-) within the coculture was

105



achieved . To check for AHaPrP^GPl-) expression by the transfected cocuitures Western 

biot anaiysis was performed with the anti-PrP mAb 3F4. The transfected \)/2/PA317 

cocuitures expressed PrP^ with a molecuiar weight simiiar to that of SHaPrP^(GPI-) and 

smailer than AHaPrP*' possessing the GPI signa) peptide indicating that insertion of a 

stop codon at 231 of the AHaPrP gene was successful (Figure 7B).

Ceii-free conversion reaction with HY and DY PrP^ and AHaPrP*̂  (GPI ).

To investigate whether the CFCR maintains the moiecuiar weights of PK treated HY and 

DY PrP^ isolated from the AHa we performed the CFCR with wild type AHaPrP*  ̂

lacking the GPI anchor and HY and DY PrP^. There was an approximately 2 kDa 

difference in the molecular weights of the PK treated conversion products performed with 

AHaPrP*"(GPI-) and HY PrP^ and those performed with DY PrP^ (Figure 8. lanes 9 and 

10). These results were different from those seen in the m vivo situation where there is no 

difference in the molecular weights of PK treated HY and DY PrP^' isolated from HY 

and DY TME infected AHa (Figure 4A & IB, lanes 3 and 4). These results suggest that 

some host factor(s) not present in the CFCR play a part in determining the PK cleavage 

site on DY PrP^ when in the AHa.

Cel! free conversion reaction in the presence of uninfected brain homogenates

To investigate whether a host factor(s) is responsible for the alteration of the PK cleavage 

sites on DY PrP^ following passage of DY TME into the AHa the CFCR was performed 

in the presence of uninfected brain homogenate. Uninfected brain homogenate would 

serve as a source of any brain derived host factors that may be involved in determining 

the conformation of DY PrP^. To determine whether this factor is specific to the AHa, 

the CFCR was performed with AHaPrP*  ̂ and HY and DY PrP^ in the presence of
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uninfected SHa brain homogenate. Inclusion of SHa brain homogenate in the CFCRs did 

not alter the molecular weights of the PK treated conversion products (Figure 9A, lanes 1 

to 6). As a control, the CFCR performed with SHa PrP** and HY and DY PrP^ in the 

presence of uninfected SHa brain homogenate. As expected the presence of SHa brain 

homogenate in the CFCR did not alter the molecular weights of the PK treated 

conversion products (Figure 9B, lanes 1 to 6). Inclusion of uninfected AHa brain 

homogenate in the CFCR did not alter the molecular weights of PK treated conversion 

products when the CFCR was performed with SHaPrP** (Figure 9B, lanes 7 to 10) or 

AHaPrP** (Figure 9A, lanes 7 to 10). Under the conditions used, addition of either 

uninfected SHa or AHa brain homogenate had no effect on the molecular weights of PK 

resistant conversion products derived from HY or DY PrP^' and SHaPrP** or AHaPrP**. 

The effect of the bacterial chaperone GroEL on the molecular weights of PK treated 

conversion products.

To investigate whether a hamster homologue of GroEL could be involved in altering the 

PK cleavage sites of DY PrP^ when passaged into the AHa, the CFCR was performed in 

the presence of the bacterial chaperone GroEL. The presence of GroEL in the CFCR did 

not result in any change in the molecular weights of PK treated conversion products when 

the CFCR was performed with HY or DY PrP^ and SHaPrP** or AHaPrP** (Figure 10). 

The molecular weights of the PK treated conversion products from the CFCRs performed 

with HY PrP^ differed for those produced in the CFCRs performed with DY PrP^ by 

approximately 2 kDa. The same results were observed in the presence (Figure 10, lanes 4, 

5, 8, 9) or absence of GroEL (Figure 10, Lanes 2, 3, 6, 7). Under the conditions used in 

this study GroEL did not alter the conformation of HY or DY PrP^ in such a way that the
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Figure 9: CeH-free conversion reaction in the presence of uninfected SHa and AHa 

brain homogenates.

A. Autoradiograph of PK treated and nonPK treated conversion products from CFCRs 

performed with ^S-AHaPrP^(GPI-) and PrP^ in the presence or absence of 

uninfected SHa or AHa brain homogenate as indicated. Abbreviations for PrP^ are H, 

HY and D, DY.

B. Autoradiograph of PK treated and nonPK treated conversion products from CFCRs 

performed with ^S-SHaPrP*"(GPI-) and PrP^ in the presence or absence of 

uninfected SHa or AHa brain homogenate as indicated. Abbreviations for PrP^' are H, 

HY and D, DY.
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Figure 10: Cell-free conversion reaction in the presence of GroEL.

Autoradiograph of PK treated and nonPK treated conversion products from CFCRs 

performed with the indicated ^S-PrP^ and PrP^ in the presence or absence of GroEL. 

Abbreviations for ^S-PrP^ are as fohows; WT SHa, SHaPrP^(GPI-); WT AHa, 

AHaPrP^(GPl-). Abbreviations for PrP^ are H, HY and D, DY.
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PK cleavage sites were altered.

3.4 Discussion

The effect of interspecies transmission on the molecular properties of HY and DY PrP^' 

was investigated. Interspecies transmission of DY TME from the SHa to the AHa altered 

the molecular weight of PK treated DY PrP^. An altered molecular weight following PK 

treatment is due to an alteration of the PK cleavage sites on DY PrP^ and is suggestive of 

an altered conformation of DY PrP^. Differences in the molecular weights of PK treated 

HY and DY PrP^', isolated from SHa infected with HY and DY TME respectively, are 

due to different sites of PK cleavage (Bessen and Marsh, 1994) and have been shown to 

correlate with differences in the conformations of HY and DY PrP^' (Caughey e/ a/., 

1998). It was hypothesized that differences in the amino acid sequences of AHaPrP*  ̂ and 

SHaPrP*̂  result in an altered conformation of DY PrP^ in the AHa, which alters the 

exposure of the PK cleavage sites on DY PrP^. This results in an altered molecular 

weight of PK treated DY PrP^ isolated from DY TME infected AHa.

The hypothesis that the altered PK cleavage sites on DY PrP^ following 

interspecies transmission of DY TME from the SHa to the AHa are due to difference in 

PrP^ of these two hamster species was investigated. Two of the amino acid differences 

between the SHa and the AHa are not seen between the SHa and the CHa. These 

differences occur at amino acid positions 103 and 108. These two amino acid positions 

are in close proximity to the sites of PK cleavage (codons 92, 98 and 101, Bessen and 

Marsh, 1994) on DY PrP^. The differences in the amino acids at either positions 103 or 

108 or at both positions between the SHa and the AHa may alter the conformation of DY 

PrP^ and thereby alter the exposure of one or more of the PK cleavage sites. Both of the
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differences are located in the region of Syrian hamster PrP^ (codons 29 to 124) that has 

an unstructured flexible tail (James e/ <3/., 1997. Donne ef a/., 1997). Recombinant 

antibody fragments (rFabs) to the amino acids at positions 90 to 112 bind to native PrP^ 

but not to native PrP^' (Peretz cf o/., 1997). These rFabs bind to denatured PrP^' 

suggesting that their epitopes are masked in native PrP^ due to conformational 

differences between PrP  ̂ and PrP "̂f These results demonstrate that conformational 

alterations occur in this region of PrP  ̂ upon conversion to PrP^. Peptides composed of 

the amino acids from positions 90 to 120 exhibit considerable flexibility, which is 

consistent with a- helical to P-sheet transitions (Zhang ct a/., 1995). Differences in the 

amino acid sequences of SHaPrP^ and AHaPrP^ in this region may alter the 

conformation of AHaPrP*̂  or may effect the a-helical to P-sheet transition, both of which 

could result in altered conformation of PrP^ and altered exposure of the PK cleavage 

sites on DY PrP^. A proline to a leucine substitution at two amino acid positions (102 

and 105) in close proximity to amino acid positions 103 and 108 is associated with the 

familial prion disease GSS. This indicates that the identity of amino acids at certain 

positions in this region of the prion protein can influence PrP^ structure. It was 

hypothesized that the differences between the SHa and the AHa at amino acid position 

103, 108 or at both positions are responsible for the altered PK cleavage sites on DY 

PrP^ following interspecies transmission of DY TME from the SHa to the AHa.

The CFCR has been shown to maintain the strain-specific differences in the 

molecular weights of PK treated HY and DY PrP^ polypeptides when HY and DY TME 

are passaged into the SHa (Bessen e? <3/., 1995). In the current study, performing the 

CFCR with AHaPrP^ and HY and DY PrP^' did not maintain the molecular weights of
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PK treated HY and DY PrP^" seen when HY and DY TME were passaged into the AHa. 

There was an approximate 2 kDa difference in the molecular weights of the PK treated 

conversion products, which was similar to what was seen when the CFCR was performed 

with SHaPrP^ and HY and DY PrP^. There are at least two possible explanations for the 

difference between the in vivo and the in vitro results. The CFCR contains PrP^ that has 

been denatured with guanidinium hydrochloride (GdnHCl). Although the concentration 

of GdnHCl is diluted prior to addition of PrP̂ " to the reaction, the presence of even low 

amounts of GdnHCl may have altered the conformation of AHaPrP*  ̂ so that it was 

different from that seen in vivo. An altered conformation of AHaPrP*  ̂could result in an 

altered conformation of the PK resistant products generated in the CFCR performed with 

AHaPrP^ and DY PrP^. A second explanation for the difference between the in vivo and 

in vitro results is that some factor(s) present in the host (AHa) and not present in the in 

vitro CFCR system is involved in determining the PK cleavage sites on DY PrP^' 

following passage into the AHa.

Metal ions such as copper and zinc have been shown to influence strain-specific 

conformations of PrP^' (Wadsworth ct of., 1999). These ions are not present in the 

CFCRs performed in the current study. Therefore, it is possible that one or both these 

ions are involved in vivo in determining the conformation of DY PrP^' observed in the 

AHa. Wadsworth ei of., showed that the electrophoretic mobility of PK treated PrP^ 

could be altered if PrP^' was treated with a chelator specific for copper or zinc ions prior 

to PK treatment. Wadsworth et of., compared the electrophoretic mobility of two types of 

human prion strains, type 1 and type 2, that has previously been distinguished based on 

the molecular weight of PrP^' polypeptides following PK treatment (Collinge et of.,
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i 996). When PrP^' was treated with cheiators of copper and zinc ions these strains were 

no ionger distinguishabie based on the molecular weight of PrP^ polypeptides following 

PK treatment. The conformation of PrP^' associated with these strains was dependent on 

the binding to PrP^ of one of these metal ions. The octapeptide repeat regions which 

spans amino acid positions 51 to 90 of PrP contains copper binding sites (Hornshaw et 

<3/., 1995) and binding of copper ions to peptides which encompass this region has been 

shown to alter the conformation of these peptides (Jobling 6? a/., 2001). The octapeptide 

repeat region and other copper binding sites at amino acid positions 111 and 112 on the 

prion protein (Jackson et a/., 2001) are close to amino acid positions 103 and 108. 

Therefore, the difference in the amino acid identity at these positions between the SHa 

and the AHa may affect the binding of copper, which may alter the conformation of DY 

PrP^ to that seen in the AHa. As copper is not available to bind to AHaPrP^ in the CFCR 

this may explain the discrepancies between the conformation of DY PrP^ determined 

from the in vzYro CFCR and that seen in vivo in the AHa.

In addition to the requirement of both PrP^ and PrP^ to generate a PK resistant 

product it has been proposed that a third factor protein X is involved (Telling e? o/.,

1995). The putative binding site for protein X on PrP"" includes amino acid positions 167, 

171,214 and 218 of mouse PrP  ̂ (Kaneko e/ o/., 1997). Position 214 of mouse PrP 

corresponds to position 215 of hamster PrP, where one of the differences between the 

amino acid sequences of the SHa and AHa prion proteins occurs. Substitution at the 

amino acid residue at this position in mouse PrP^ for the human amino acid was shown to 

inhibit PrP^' formation in scrapie positive neuroblastoma cells (Kaneko ei o/., 1997).

Two other differences occur between the SHa and the AHa prion proteins at positions
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203 and 205, which may aiter the conformation of AHa PrP̂ " in such a way as to alter 

exposure of the binding sites for protein X. The differences in the amino acids residues 

between this region of the SHa and the AHa prion protein may result in altered binding of 

protein X to PrP*" and thereby effect the conformation of DY PrP^.

The CFCR was performed in the presence of whole brain homogenates to 

investigate whether a factor or factors present in vivo, but not in the CFCR influence the 

conformation of DY PrP^ in the AHa. No difference in the molecular weight of PK. 

treated conversion products was observed when uninfected AHa brain homogenate was 

included in the CFCR performed with AHaPrP^ and HY or DY PrP^. The final 

percentages of AHa brain homogenate in the CFCR were 0.23% and 0.46%. It is possible 

that the amount of homogenate included in the CFCR was too low to exert an effect on 

the reaction. As a specific factor rather than the complete contents of the homogenate is 

most likely involved in influencing the conformation of DY PrP^' in the AHa, the 

concentration of this factor in the CFCR would be lower than that of the homogenate. It 

is likely that the concentration of the factor was too low to have an effect on the 

conversion of PrP^ to PrP^ or on the conformation PrP^ or PrP^.

To investigate whether the host factor responsible for the altered conformation of 

DY PrP^' in the AHa is the hamster homologue of Hsp60/GroEL, the CFCR reaction was 

performed in the presence of GroEL, a bacterial chaperone protein, which assists in 

protein folding (Goloubinoff ei o/., 1989). Inclusion of GroEL in the CFCR did not have 

any effect on the molecular weights of PK treated conversion products. The concentration 

of GroEL used had previously been shown to increase the conversion of PrP^ to a PK 

resistant product and therefore at this concentration GroEL is capable of interacting with
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either PrP  ̂ or PrP^ (DebBurmann c? i997). The human homoiogue of GroEL is 

Hsp60, which has been shown to bind PrP^ and is one of the proposed candidate proteins 

for protein X (Edenhofer ef a/., 1996). The binding site of Hsp60 on PrP^ encompasses 

amino acid positions 180 to 210. One of the differences between AHa and SHa PrP** 

occurs at amino acid position 205. Presence of a different amino acid at this site in AHa 

PrP** may alter the binding site for Hsp60 thereby altering the conformation of PrP^ or 

PrP^' resulting in an alteration in the PK cleavage sites on DY PrP^. If GroEL is the 

factor that influences the conformation of DY PrP^ we would expect to see a different 

molecular weight of PK treated conversion products from the CFCR performed with 

AHaPrP*  ̂ and DY PrP^ in the presence of GroEL. However, GroEL assisted folding 

often requires the hydrolysis of ATP and in certain conditions the presence of a co

chaperone GroES (Schmidt e? a/., 1994). Neither ATP nor GroES were present in the 

CFCR performed in this study. In the study demonstrating that GroEL enhanced 

conversion of PrP'' to a PK-resistant product, GroES was shown to inhibit the reaction 

and ATP was not required for the increased conversion when the source of PrP^ was 

denatured as is the case in this study. Although ATP was not required for increased 

conversion it may be required for any influence that GroEL may have on the 

conformation of AHa PrP^ and/or DY PrP^.

A number of other proteins have been proposed as candidates for protein X and/or 

have been shown to bind to the prion protein. These include amyloid precursor protein 

like protein l(Yehiely e? a/., 1997), the anti-apoptotic protein Bcl-2 (Kurschner e? a7., 

1995), laminin (Graner a/., 2000) and its 37 kDa/67 kDa receptor (Gauczynski ef a/., 

2001). Any one of these individually or in combination with each other or with an as yet
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unidentified factor(s) could be involved in determining the conformation of DY PrP^' in 

the AHa. The results of this study indicate that neither the conformation of PrP^ nor the 

amino acid sequence of the host PrP*" are solely responsible for determining the 

conformation of PrP^ following interspecies transmission of prion strains.
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Chapter 4

Future Directions

The hypothesis that using multiple molecular properties of PrP^ when 

characterizing prion strains reveals additional differences between the strains was 

investigated. Three different molecular properties of PK treated PrP^ were examined, the 

molecular weight of the PrP^ polypeptides, the immunoreactive pattern of PrP^ and the 

glycoform profile of PrP^. When characterizing the two TME strains HY and DY using 

the molecular weight of the PrP^ polypeptides, the immunoreactive pattern of PrP^ 

additional differences were seen between HY and DY PrP^ when multiple anti-PrP 

antibodies and the NuPAGE^ method of PAGE was used in analysis. The ability of these 

molecular properties of PrP^ to distinguish prion strains other than HY and DY TME 

should be evaluated. This can be performed using a panel of prion strains that have 

previously been distinguished based on phenotypic and neuropathological features. In 

addition, the advantage of using multiple molecular properties of PrP^' to distinguish 

between prion strains rather than comparing strains based a single molecular property of 

PrP^' must also be investigated. This can be investigated by evaluating whether prion 

strains that could not be distinguished based on one molecular property of PrP^ can be 

distinguished when more than one molecular property of PrP^ is examined.

A number of immunoreactive lower molecular weight polypeptides of HY and 

DY PrP^ that have not been characterized were observed when examining the above 

molecular properties of P rP \ These polypeptides should be further characterized to 

determine the C-termina! and N-terminal ends of the polypeptides. This will allow for
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determination of whether the mAb 3F4 and the anti-PrP antibody R20 are reacting with 

the same poiypeptides or with polypeptides of similar molecular weights. This can be 

achieved by performing N-terminal sequencing and mass spectroscopy on the lower 

molecular weight polypeptides. Better definition of these polypeptides will increase 

knowledge on the molecular properties of PrP^ and may allow for better characterization 

of prion strains based on molecular properties of PrP^.

In this study it was shown that some factor(s) present in vivo in the AHa but not 

present in the in vif?*o CFCR were involved in determining the conformation of DY PrP^ 

when DY TME is passaged into the AHa. The identity of this factor or factors was not 

determined. The CFCR was performed in the presence of uninfected AHa brain 

homogenate to investigate whether a factor(s) present in the brain homogenate influences 

the conformation of DY PrP^. However, at the concentrations used, there was no effect 

on the molecular weight of PK treated conversion products. Further experiments to 

investigate the factor(s) involved in determining the conformation of DY PrP^ in the 

AHa will include performing the CFCR with AHaPrP^ and DY PrP^' in the presence of 

greater amounts of uninfected AHa brain homogenate than used in the present study. The 

possibility that the chaperone protein GroEL could be the factor involved was also 

investigated. Under the conditions used in the study inclusion of GroEL in the CFCR did 

not alter the molecular weights of the PK treated products. A co-chaperone protein 

GroES or ATP were not included in the CFCR performed with GroEL. Both of these 

have been shown to be required in some instances in order for GroEL to have an effect on 

the folding of proteins. Therefore, future experiments will include performing the CFCR 

in the presence of GroEL with GroES and/or ATP also added to the reaction.
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Other proteins including the 37 kDa/67 kDa iaminin receptor have been shown to 

interact with PrP** and therefore are candidate factors that couid be involved in 

influencing the conformation of DY PrP^' in the AHa. Depending on the results obtained 

for the experiments outlined above, the CFCR could be performed in the presence of this 

receptor to investigate whether it is one of the factors which influences the conformation 

of DY PrP^. If a difference in the molecular weight of PK treated conversion products is 

observed when the CFCRs outlined are performed with AHaPrP*" and DY PrP^ but not 

when performed with SHaPrP^ and DY PrP^, this would suggest that the factor or 

factors interact differently with AHaPrP*" than with SHaPrP*". It is likely that this would 

be a result of the differences between the amino acid sequences of the AHa prion protein 

and the SHa prion protein. This hypothesis could be investigated by performing the 

CFCR with the altered SHaPrP^ used in the current study and DY PrP^ in the presence 

of the factor(s) determined to influence the conformation of DY PrP^. Depending on the 

results obtained from these experiments, SHaPrP*̂  altered at the other amino acid 

positions where the prion proteins of the AHa and the SHa differ, could be generated.

The CFCR could be performed with these altered SHaPrP^s to determine exactly which 

of the amino acids differences in combination with the determined factor(s) is responsible 

for the altered conformation of DY PrP^ in the AFIa. The results of the outlined 

experiments will aid in understanding the influence that the host prion protein genotype 

and other host derived factors have on the molecular properties of PrP^ following 

interspecies transmission of prion strains.
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