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1. Objectives of the work 
 

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of fatal 
neurodegenerative diseases, which affect a broad spectrum of mammalian species, including 
Creutzfeldt-Jakob Disease (CJD), Gerstmann-Sträussler-Scheinker disease (GSS), Fatal 
Familiar Insomnia (FFI) in humans, scrapie in sheep and goat, bovine spongiform 
encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids, transmissible 
mink encephalopathy (TME) in mink, feline spongiform encephalopathy (FSE) in Felidae 
among others. According to the “protein only hypothesis” proposed by Prusiner in 1982, 
TSEs are caused by the pathological Prion Protein (PrPSc), an abnormal isoform of the host-
encoded cellular Prion Protein (PrPC). In contrast to PrPC, PrPSc contains a high β-sheet 
content, which leads to modified biochemical properties: partial resistance to proteinase K, 
aggregation and subsequent formation of fibrils. Strong evidence indicates that PrPSc 
propagates by inducing endogenous PrPC to undergo a conformational change, denoted 
conversion, and to form new pathological PrPSc molecules in a self-propagating process. 

The prion protein exists in various polymorphic forms. Several polymorphisms affect 
susceptibility to TSE diseases and their incubation time. In the case of small ruminants a large 
number of amino acid polymorphisms are observed, which are linked to susceptibility to 
scrapie. For example, in sheep, the exchange from glutamine to arginine at position 171 of 
PrP (Q171R) renders animals nearly resistant to classical scrapie, whereas the exchange from 
alanine to valine at position 136 (A136V) increases their susceptibility. Sheep and goats share 
the same PrPC sequence in general, but contain different polymorphisms. In total, 33 
polymorphisms were found in goats and several epidemiological studies suggest the existence 
of protective mutations. Changes in the amino acid sequence at positions 146, 154 and 222 of 
PrPC have been postulated to modulate scrapie susceptibility in vivo. In animal experiments, 
the exchange of isoleucine to methionine at codon 142 leads to a prolongation of the 
incubation time following experimental scrapie challenge. Lysine at position 222 as well as 
serine or aspartic acid at position 146 were only observed in healthy individuals and are 
presumably associated with complete resistance against scrapie. 

Due to the limited number of goats carrying these and other polymorphisms in the population, 
it is difficult, by epidemiological means, to obtain a clear correlation between a specific 
polymorphism and susceptibility. An in vitro approach was, therefore, used to analyse the 
specific polymorphisms within PrPC at the molecular level. In this cell-free assay, the 
conversion reaction is imitated by co-incubating bacterially expressed PrPC molecules with a 
purified PrPSc ‘seed’ under semi-physiological buffer conditions. Under these conditions, 
wild-type caprine PrPSc converts recombinant PrPC efficiently into a partially proteinase K 
resistant form (PrPres).  

 



 

Page 2 

 

In these studies I have therefore undertaken the following experimental outlines and 
approaches: 

1. Generation of cloned goat PrPC variants 

2. Molecular and biochemical characterisation of caprine PrPC variants (expressed in 
bacteria and eucaryotes). 

3. Establishment of a cell-free conversion assay for caprine PrPC (haplotype INRQ). 

4. Cell-free conversion of different caprine PrPC haplotypes 

5. Determination of inhibitory PrP haplotypes  

6. Dominant negative inhibition by resistant caprine PrP haplotypes  

7. Cell-free conversion of caprine PrPC with different TSE strains 

8. Generation of transgenic mice carrying resistant PrPC haplotypes 
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2. Introduction 
 

 

2.1  Prion diseases 

 

Prion diseases are neurodegenerative disorders of the central nervous system in different 
mammalian species. They are characterized by a broad spectrum of neurological signs such as 
spongiform degeneration, neuronal loss, astrocytic gliosis and deposition of amyloid plaques 
in the brain. According to the “protein only” hypothesis, formulated by Prusiner in 1982, 
these infectious diseases are caused by an agent which is mainly, if not entirely, composed of 
the pathogenic form, denoted PrPSc, of the cellular prion protein (PrPC) [1].  

 

 

2.1.1 Prion diseases in animals 

 

2.1.1.1 Scrapie in sheep and goats 

The first observation of natural scrapie dates back to 1732 [2], when it appeared in a 
symptomatic animal living in a sheep flock where the disease had prevailed for several years 
[3]. Scrapie affects sheep and goats, but the incidence of scrapie in goats is much lower than 
in sheep [4]. The symptoms often begin with unusual social behaviour, overexcitability, 
topical or generalized fleece loss and texture changes. Typical symptoms include pruritis, 
ataxia and tremor. In later stages the animals lose the ability to feed [5] and the condition 
deteriorates leading to death. The incubation times can be long i.e. 2 or more years depending 
on the PrPC genotype of the affected animals [6]. Typical histological findings are 
vacuolization in the brain, astrocytosis and neuronal degeneration. PrPSc is also found to be 
deposited in the spleen, lymph nodes and tonsils [7]. PrPSc also is deposited in the brain of 
clinically affected animals and can be visualized by biochemical or immunohistological 
techniques. Since PrPC harbours two glycosylation sites which can be differentially occupied, 
it exists in three different PrPC glycosylation forms, i.e. as di-, mono- and nonglycosylated 
protein. Interestingly, prion infections produce distinct PrPSc glycosylation form mixtures, in 
which the three forms are represented in a strain specific manner [8, 9].  

There are currently three classifications of natural prion diseases affecting sheep and goats in 
Europe. These are distinguished, based on their immunohistochemical characteristics, as 
classical scrapie, atypical scrapie and BSE [10]. Classical scrapie is caused by a variety of 
different strains [11]. Atypical scrapie has been diagnosed in Norway since 1998, the 
prototype strain designated Nor98. The affected sheep show ataxia, and the brain 
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histopathology reveals a neuropil vacuolization in the cerebellar and cerebral cortex whereas 
no lesions are observed in the obex. In contrast to classical scrapie, no PrPSc can be found in 
lymphoid tissues [12, 13]. Atypical scrapie cases are also observed in Germany and France, 
some of those differ from Nor98 in the PK digestion pattern suggesting that there are at least 
two atypical strains [14]. Atypical scrapie was reproduced experimentally albeit only in one 
sheep [15]. In the case of BSE, the first suspect case was reported in a goat in France with 
PrPres molecular properties similar to those described in cattle BSE [16]. Another case was 
reported recently in the UK [17].  

In the UK a total of 5580 cases of scrapie in sheep have been reported since 1993, of which 
229 cases were classified as atypical scrapie [18]. Moreover, a total of 3228 caprine scrapie 
cases have been reported in Europe. Most of these caprine cases were observed in Cyprus 
(2807) and Greece (153), which are the countries with the largest goat populations in Europe. 
118 cases of caprine scrapie have been reported in France, including three cases of atypical 
scrapie in 2007. In Italy, 49 caprine cases have been diagnosed including 12 cases of atypical 
scrapie during 2006 to 2009. In the UK scrapie in goat is rare, compared to that in sheep, and 
only 44 cases of classical scrapie have been detected. Several outbreaks have been reported in 
Spain, particularly in mixed flocks of goats and sheep with a total of 43 cases in goat from 
which 11 were diagnosed as atypical scrapie. Other countries, which have reported scrapie 
caprine cases are Finland (8 cases), Slovenia (4 cases) and Romania (2 cases). No cases of 
caprine scrapie have been detected in Germany (reviewed in [4]). 

 

2.1.1.2 Bovine Spongiform Encephalopathy in cattle 

BSE is a relatively new disease, known since 1985, which affects cattle. As a result of the 
BSE epidemic, approximately 185,000 cases were reported in the UK and more than 6,500 
indigenous cases in other countries of the European Union, Japan (136 cases), Israel (one case 
in 2002), and Canada (5 cases). Countries that reported only imported cases are the Falkland 
Islands (1989), Oman (two cases in 1989) and the United States of America (2004). In 
Germany, 419 cases have been reported since 1992 including six imported cases [19]. The 
clinical picture comprises weight loss and reduced milk production, in-coordination and 
behavioural disturbances such as panic, restlessness and hypersensitivity [20]. In terms of the 
histopathological changes, BSE in part resembles scrapie, however, with only a focal area of 
spongiform lesions. There is hardly any vacuolization of the neuropil or astrogliosis as 
compared to scrapie in sheep [21]. 

There were also two atypical forms of BSE observed in old cows, one designated H-type and 
the second L-type or BASE (Bovine Amyloidotic spongiform encephalopathy). The H-type is 
characterized by a significantly higher molecular mass of the unglycosylated PrPSc fragment 
compared to the corresponding protein produced in classical BSE [22], while L-type PrPSc 
displays a comparable molecular mass, but is characterised by  a distinct glycosylation 
pattern. Moreover, there is also a distinct PrPSc deposition in BASE by the presence of 
amyloid plaques in the thalamus, olfactory bulb and brain cortex instead of granular 
depositions in the brain stem [23]. Both atypical BSE types were successfully transmitted to 
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transgenic mice overexpressing bovine PrPC and the L-type BSE produced a shorter 
incubation time in these mice [24].   

 
The origin of BSE is still unclear. It was generally believed that BSE is the result of the 
transmission of scrapie from sheep to cattle through contaminated food [25], and that the 
transmission to humans caused the new variant form of CJD (vCJD) [26]. BSE can also be 
transmitted to mice [27], sheep, goats and pigs by inoculation with affected bovine brain 
homogenate [11, 28]. It has also been suggested that atypical BSE cases could represent 
sporadic forms of BSE and, thereby, could have been at the origin of the BSE epidemic [24]. 

 

2.1.1.3 Other prion diseases in animals 

Feline Spongiform Encephalopathy (FSE) in felines. This disease was first observed in a 
domestic cat in 1990 [29] but also affects pumas [30, 31], cheetahs [31], ocelots and tigers 
(reviewed in [32]). The general symptoms include behavioural changes, locomotor 
dysfunctions such as ataxia and hypersalivation, and polydipsia. Histopatologically, 
spongiosis is observed in the cerebral and cerebellar cortex primarily [33]. FSE was detected 
soon after the BSE epidemic, and is thought to have been caused by the consumption of 
contaminated BSE cattle meat [32]. In the UK, 89 FSE-cases have been described in domestic 
cats, five cases in cheetahs, five in lions, three in ocelots, three in pumas, three in tigers and 
one in an Asian leopard cat (data until march of 2009) [18].  

Chronic Wasting Disease (CWD) in cervids. CWD was observed for the first time in USA 
in 1967 in a captive mule deer and also affects black-tailed mule deer [34] and rocky 
mountain elk [35]. The disease is characterized by progressive weight loss, behavioural 
alterations, excessive salivation leading to death [34]. Significant lesions are confined to the 
central nervous system and consist of spongiform change in grey matter, intraneuronal 
vacuolisation, astrocytosis and amyloid plaques (reviewed in [35]). 

Transmissible Mink Encephalopathy (TME) in mink. TME was first time described in 
1947 in a ranch-raised mink which exhibited similar features to scrapie and thought to be 
associated by some feeding practices. However, no mink have developed disease after oral 
exposure with scrapie (reviewed in [36]). TME-affected mink brain was found to be 
transmissible to cattle [36] and it has been suggested, because of the similarities between a 
TME strain from cattle and BSE L-Type, that BSE might be the origin of the latest TME 
cases [37]. 

Exotic Ungulate Encephalopathy. This disease affects nyalas [31], mufflons, kudus, oryx 
[38] and antilopes. Clinical signs include ataxia and loss of condition with a short, progressive 
clinical course. The histopathological features are similar to that observed in scrapie and BSE 
[38], and a link of these TSEs in exotic ungulates with a transmission of BSE is very likely 
[31]. 
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2.1.2 Prion diseases in humans 

 

2.1.2.1 Creutzfeldt-Jakob Disease (CJD) 

Creutzfeldt-Jakob Disease (CJD), described by Creutzfeldt and Jakob in 1920, was 
characterized as a rapidly progressive dementia in elderly people [39, 40]. By 
histolopathological examination PrPSc deposits are found in the neocortex and in thalamus. 
The annual incidence (in USA from 1979-2006) is approximately one case per 1,000,000 
persons and in older people 4.8 per 1,000,000 individuals [41]. In the UK, the incidence is 
approximately one case/million/year with 1462 cases from 01.07.1990 to 01.02.2010 [42]. 

Different types of CJD are described based on the origin of the disease. The most common 
form is the sporadic CJD (ca. 85% of the cases), i.e. with no apparent link to an infectious 
source [43]. Familiar CJD has a genetic origin essentially and represents approximately 15% 
of the CJD cases. Five percent of all CJD cases are linked to iatrogenic infections following 
the application of e.g. dura mater or cornea transplants or the use of human growth hormone 
extracts from deceased CJD victims.  

The variant form of CJD (vCJD), described in 1996 [44], affects individuals aged between 18-
46 years. The clinical picture and histopathology of vCJD is distinct from CJD. The 
symptoms include psychiatric manifestations such as depression and neurological signs (i.e. 
ataxia, involuntary movements and cognitive impairment in all cases) [45]. Histologically, 
florid plaques are observed in basal ganglia and in thalamus. There are also PrPSc deposits in 
the spleen, lymphatic ganglia and tonsils. Strong evidence suggests that vCJD has its origin in 
the consumption of BSE-contaminated food since vCJD and BSE share similar histological 
and biochemical characteristics. Furthermore, two vCJD isolates passaged in mice resembled 
the properties observed in mice infected with BSE from cattle [26]. At the time of writting 
217cases have been reported, 170 of which were observed in the UK [42]. 

 

2.1.2.2 Kuru 

Kuru was endemic for decades in the Fore tribe in Papua-New Guinea and was transmitted 
primarily in the context of cannibalistic rituals. The first scientific report was published by 
Gajdusek and Zigas in 1957 [46]. Kuru was the first human prion disease for which the 
infectious nature was shown experimentally [47]. The clinical picture of Kuru comprises 
ataxia, strabismus, and tremor [46]. The histological findings include intracytoplasmatic 
vacuoles, reactive astrocytosis, and Kuru-associated amyloid plaques in the brain. Observed 
incubation periods of people affected with Kuru ranged from 30 to 50 years, and in some 
cases even longer [48].  
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2.1.2.3 Gerstmann-Sträussler-Scheinker disease (GSS) and Fatal Familiar Insomnia 
(FFI) 

Gerstmann-Sträussler-Scheinker syndrome was described for the first time in 1936 as a 
hereditary illness with typical symptoms of cerebellar damage such as ataxia. High order 
activities are also affected and dementia is common among patients [49]. The histological 
examination revealed prominent amyloid plaques in the brain and cerebellum as well as a 
pronounced spongiosis. GSS exhibits similar characteristics as CJD, including its 
transmissibility [50]. GSS is linked genetically to a mutation (leucine to proline) encoded at 
codon 102 of the prion gene.  

Another hereditary disease is the Fatal Familiar Insomnia (FFI) [51]. FFI is linked to a 
mutation at position 178 (exchange of aspartic acid to asparagine) [52], which affects humans 
in the age range of 40 and 60 years. The clinical symptoms may include sleep disturbances, 
dysathria, ataxia and memory impairment. In advanced stages of the disease, disturbances in 
endocrine and autonomic system are observed. By histopathology, a severe thalamic atrophy 
is found but no widespread spongiosis [53]. Eventually FFI was successfully transmitted to 
experimental animals, finding which lead to it being classified as TSE [54]. 

 

 

2.2  The Prion Hypothesis: Two different isoforms of one protein 

 

The central debate in TSEs is the “protein only hypothesis”, a concept that was introduced by 
Stanley Prusiner, which proposes that the scrapie infectious agent is composed only of PrPSc 

[1]. This theory relies on the fact that the infectivity is reduced by treatments that lead to the 
destruction of proteins but not by a nucleic acid digestion. The purification of a proteinase 
resistant PrP of 27-30 kDa, designated PrP27-30, allowed the determination of its amino acid 
sequence and to the discovery of the host encoded prion protein (PrPC). PrPSc and PrPC are 
isoforms of the same protein, with identical amino acid sequences (reviewed in [55]). 

 

 

2.2.1 PrPC 

 

2.2.1.1 Structural characteristics of PrPC 

PrPC is a host encoded protein and represents a single polypeptide chain of 250 to 260 amino 
acids depending on the species [56]. It contains two glycosylation sites and is attached to the 
cell membrane by a glycosyl-phosphatidyl-inositol (GPI) anchor at its carboxyl terminus [57]. 
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The length of the unprocessed translational product is 256 amino acids (murine PrPC). In the 
course of its transit through the endoplasmic reticulum and Golgi apparatus, some 
posttranslational modifications occur, such as the removal of the N-terminal signal sequence, 
the formation of secondary structures, the attachment of N-linked oligosaccharides and the 
linkage to the membrane via GPI. The fully processed PrPC in mice contains only 209 amino 
acids which correspond to the codons 23 to 231 of the primary translation product (reviewed 
in [58]). 

 
The structure of the soluble form of the mouse PrPC (23-231) has been elucidated by NMR 
spectroscopy and consists of a globular C-terminal domain of residues 126-226 [59], a 
flexible unstructured 103-residue N-terminal tail and a flexible disordered C-terminal segment 
227-231, which comprises the octarepeats region [60, 61]. The globular domain of mouse 
PrPC contains three α-helices with residues 144-154, 175-193 and 200-219, two β-strands 
with residues 128-131 and 161-164, and a short segment of helix-like structure with residues 
222-226 (figure 1).  Thirteen residues in the hydrophobic core come from the antiparallel 
helices 2 and 3, which have mutual interactions through the residues Phe-175, Val-176, Val-
180, Ile-184, Val-203, Met-206, Val-210, Met-215, and the disulfide bridge Cys-179–Cys-
214, whereas Met-205, Val-209, and Met-213 interact with the four core residues Met-134, 
Pro-137, Ile-139, and Phe-141 in the loop between the first β-strand and the first helix. [62]. 
The NMR spectra of other species such as human [63], bovine [64], hamster [65] cat, dog, 
and sheep [66] are already described and resemble a similar structures as described for mouse. 

 

Figure 1: Schematic representation of PrPC.  a) Schematic of full length PrPC showing the position 
of the different structured and non structured elements in the amino acid sequence. b) Structure of the 
globular domain of PrPC. The signal peptide (SP) is depicted in blue, the repeated region in yellow, the 
α-helices in green (H1), blue (H2) and purple (H3) and the β-strand structures in red (S1) and orange 
(S2). 
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The biosynthetic pathway followed by PrPC is similar to other membrane proteins. PrPC is 
synthesized in the rough endoplasmic reticulum (ER), where several post-translational 
modifications are carried out, including cleavage of the N-terminal signal peptide, addition of 
N-linked oligosaccharide chains at two sites, formation of a single disulphide bond, and 
attachment of the GPI anchor following cleavage of the C-terminal hydrophobic peptide. The 
N-linked oligosaccharide chains added in the ER have high-mannose content and are sensitive 
to digestion by endoglycosidase H. These glycans are subsequently modified in the Golgi 
apparatus to yield complex chains that contain sialic acids and are resistant to 
endoglycosidase H (reviewed in [67]). 

PrPC is found predominantly in neurons localized in synapses, soma, dendrites, and axons. 
PrPC is also expressed in glia and Schwann cells, in brain, as well as in some muscle and heart 
cells, follicular dendritic and non follicular dendritic cells and some lymphocytes but barely 
detected in liver (reviewed in [68]).  

 

 

2.2.1.2 PrPC function 

 

PrPC is expressed by all mammalian species and the high conservation [69] suggest an 
important role of this protein. However, the physiological function of PrPC is still unknown. 
Knockout mice lacking PrPC display no obvious clinical symptoms, but it has been reported 
that they may suffer from alterations in the hippocampal neuronal function, spatial learning, 
brain copper and cuproenzyme levels, oxidative tissue damage, phagocytosis, and 
inflammatory response (reviewed in [68]).  

The lack of consistent observations in knockout mice, as well as the ubiquitous expression of 
PrPC and its interaction with an extended array of molecules, results in the proposal of several 
physiological roles for PrPC. The most frequently suggested function of PrPC is the role in the 
metabolism of copper. The protein sequence shows highly conserved octarepeats as well as a 
site around histidines 96 and 111 (human PrPC) which are proposed binding sites for Cu2+ 
ions [70], and thus stimulating PrPC endocytosis [71]. PrPC might also be involved in 
apoptosis since the expression of PrPC protects cells against Bax-mediated apoptosis [72] and 
rescues retinal neurons from apoptosis [72]. The presence of PrPC in the nervous system can 
suggest some functions there. The induction of axonal and dendritic growth in cell cultures 
incubated with recombinant PrPC and the increase in synaptic plasticity suggest the 
participation of PrPC in synaptic functions [73]. Lack of synaptic interactions can also explain 
alterations in circadian rhythm and spatial learning in knockout mice (reviewed in [74]). 
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2.2.2 Characteristics of PrPSc  

 

Despite the same amino acid sequence, major differences are observed between PrPC and 
PrPSc. The most notable discrepancy is the change in the content of β-sheet in PrPSc. Fourier 
Transformation Infra Red Spectroscopy (FTIR) of PrPC shows an amount of 42% α-helical 
content and 3% β-sheet, whereas PrPSc and PrP27-30, revealed 43% and 54% ß-sheet 
respectively. The CD spectrum of PrPC shows a minimum at 208 nm and a local minimum at 
222 nm indicating that the protein contains one or more α-helices [75]. 

The structure of PrPSc is still unknown due to its insolubility and tendency to propagate fibrils, 
which causes difficulties to elucidate its structure by NMR spectra or X-ray crystallography. 
The infectious fibrils, or prion roads, are composed of PrP27-30 [76] and possess properties of 
amyloid [77]. The proposed model for PrPSc structure corresponds to a parallel left-handed β-
helical fold, which forms trimers involving the residues 89-175, whereas the residues 176-227 
retain the α-helical conformation (figure 2a). These trimers, in a discs form, can be assembled 
through polar interaction in fibrils were the helices and sugar chains are disposed on the outer 
side of the fiber [78]. The trimer would be the steady-state intermediate for fibril formation, 
and can be result of the interaction of denatured monomer and dimer from PrPC [79]. The 
proposed structure correlates with some properties of PrPSc such as the binding of PrPC [80], 
the absence of immunological response [81] and the observation that antibodies directed 
against the α-helices recognizes both isoforms [82]. 

 

Figure 2: Model proposed for PrPSc. The PrPSc is associated in trimers (a) which can aggregate and 
form fibrils (b). The α-helices from PrPC, depicted in red, remains in the same secondary structure and 
are located away from the fibril core [78]. 
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2.2.3 PrPSc as the causal agent of TSEs 

 

The first hypothesis about the causal agent of scrapie was a “slow virus”, however, the scrapie 
agent exhibits some unusual features such as resistance to UV light as well as other DNA 
damaging factors. The scrapie agent is also resistant to inactivation by formalin and heat 
treatments (reviewed in [83]). Remarkable is the absence of any immune response typical in a 
viral infection. The prion hypothesis takes these unusual features and proposed that the 
infectious agent is the abnormal folded prion protein alone [1]. The misfolded PrPSc is 
characterized by new biochemical properties, due to its high content of β-sheet structure, such 
as protease resistance to PK and the formation of insoluble aggregates observed as cereberal 
accumulation in different TSE [83]. Digestion of hamster PrPSc by proteinase K removes 6-7 
kDa from the amino terminus but leaves a large carboxyl fragment of the intact molecule [84]. 

A striking argument against the prion protein hypothesis is the existence of different scrapie 
strains, which maintain their phenotypic properties even after passage through different hosts. 
This is similar to many viral diseases [11, 27].Different strains show distinct incubation times 
and specific patterns of neuropathological targeting in the brain and differ also in their 
biochemical properties such as glycoform ratio [9], aggregation state and PK digestion pattern 
[85]. These data suggests that TSE agents consist only of conformationally modified forms of 
PrPC, that can transfer their characteristics to the new host encoded PrPC. It has been also 
proposed that each TSE strain represents a specific self-propagating PrPSc conformation [86, 
87]. 

There have been several attempts to generate PrPSc in vitro: some experiments show the 
amplification of the hamster-derived PrPSc and its infectivity after serial dilution of the 
original inocula [88], however, due to the use of the complex system that represents a brain 
homogenate, the experiment remains inconclusive (reviewed in [89]). In other in vitro 
conversion assays, prion infectivity was obtained de novo from recombinant murine PrPC (89-
230) as shown by transmission studies to transgenic mice overexpressing murine PrPC (89-
231) [90]. However, this experiment cannot be used as final proof for the infectious nature of 
PrPSc, since the transgenic mice used have been shown to develop a spontaneous TSEs [89]. 
More recently, recombinant PrPC that had been converted into cross-β-sheet amyloid induced 
a prion disease in hamsters. However, the disease only became apparent after the second 
passage [91] lacking evidence which proves the infectious agent was the in vitro-produced 
amyloid. In another case, de novo formed fibrils from a recombinant murine PrPC are able to 
produce a disease in wild-type mice with similar characteristics to TSE [92].  
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2.2.4 Replication of PrPSc 

 

According to the “Prion hypothesis”, PrPSc transfers its characteristics to PrPC through a 
conformational change of PrPC into PrPSc in an autocatalytic fashion [1]. The precise 
mechanism by which infectious PrPSc induces PrPC to undergo a conformational change and 
create new PrPSc remains undetermined. It has been clearly shown that PrPC is necessary to 
produce PrPSc since PrPC deficient mice are resistant to prion diseases [93], PrP0/0 neurons 
adjacent to infected PrP+/+ brain grafts do not incur damage [94]. On the other hand, injection 
of amyloid-like fibrils of PrPSc is sufficient to generate disease in mice which express the 
endogenous PrPC [90].  

The structural and chemical dynamics of the conversion process also remains obscure. Strong 
evidence indicates that the conversion of normal soluble α-helical monomeric protein into a 
β-sheet-rich oligomeric structure and further fibrillar aggregation are the key events in the 
disease pathogenesis [75, 95]. It is believed that PrPSc acts as structural template, which 
induces the conversion of other PrPC molecules into PrPSc [96]. 

Two models to explain the conversion of PrPC into PrPSc have been proposed: 1) the template-
directed refolding proposes that certain domains of PrPC or the entire protein would need to 
rearrange into PrPSc which is inhibited by a high energy barrier and 2) in the seeded 
nucleation model, both PrP isoforms coexist in equilibrium which is heavily shifted towards 
PrPC. The addition of fibrils recruits monomeric PrPSc redirecting the equilibrium towards 
PrPSc and the production of more infectious seeds [97]. Data obtained in vitro agree with the 
seeded nucleation model. The reaction kinetics is characterized by three stages: The lag phase, 
dependent of the monomeric PrPC amount, followed by an exponential growth of the fibrils, 
and the saturation due to limited monomer supply and competing reactions [79]. Another 
model which explains the fibrilization of PrPSc is the called “branched chain model”, where 
the central mechanism is the multiplication of active or catalytic centres by branching of 
already existing fibrils. This resembles an autocatalytic reactions since the increase of active 
centres accelerates the fibril formation [98]. 

The conversion of PrPC into PrPSc is believed to occur on the membrane surface, mainly at the 
lipid rafts because depletion of cholesterol prevents PrPSc formation whereas depletion of 
sphingolipid increases the PrPSc in neuroblastoma cells (reviewed in [99]). PrPC-PrPSc 
complexes are possibly internalized and the subsequent conversion may occur in the 
endosomal-lyposomal compartment, due to the resistance of PrPSc to proteases [99]. 

The existence of different strains can be explained by the nucleation model, where the strain 
diversity could be caused by different arrangements of the PrPSc-subunits in the infectious 
PrPSc oligomer, which determines the subunit arrangement of the newly formed PrPSc 
oligomers [86, 100]. Another important phenomenon associated to TSEs is the species barrier 
which can confer complete resistance to transmission or an increased incubation period. The 
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species barrier depends on the species being affected and the infecting TSE strain. Genetic 
studies reveal that PrPC genotype strongly influences the susceptibility of TSE agents from 
different species [101]. A species barrier was also observed in cell-free conversion assays 
where radioactive PrPC from mouse incubated with PrPSc from hamster is not converted to 
resistant form (PrPres), whereas it is converted after incubation with PrPSc from mice. A 
similar effect is observed when hamster PrPC is incubated with murine PrPSc resulting in a 
unique PrPres pattern which is the result of a different conformation of hamster PrPres and 
subsequent different cleavage site for proteinase K (PK). These data provide evidence that 
there is species specificity in the direct interaction between PrPC and PrPSc that leads the 
conversion of PrPC to different PrPres forms [102]. It is suggested that compatibility between 
PrPC and PrPSc is required for efficient PrPSc accumulation [103-105], which correlates with 
similar structures between the inocula and the newly formed PrPSc in the nucleation model. 

These observations can be summarised into a general model of prion strains, where the 
existence of distinct prion strains is associated with different conformation states including 
different PK digestion kinetics [106]. According to this model, prion strains may consist of an 
ensemble of molecules, and the transmission barrier is determined by the degree of 
conformity between the subset of PrPSc types and PrPC in the host and donor species. In this 
model the pathogenicity of PrPSc is not caused by the molecule itself but by PrP intermediates 
that are produced during prion propagation. 

 

 

 

2.3  Genetics in TSE 

 

PrPC is encoded by the gene called PRNP which is located on chromosome 20 in humans and 
chromosome 2 in mice [107]. In sheep, goats and cattle, PRNP has been mapped to 
chromosome 13 [108]. PRNP is approximately 21 kb long and possesses three exons. The 
first two exons form the non-coding 5’UTR of the transcript and the third exon contains the 
full open reading frame (ORF) and the 3’UTR of the transcript, the ORF encodes to PrPC 
(reviewed in [109]).  

In many species, PRNP polymorphisms affect the susceptibility to TSE, they can influence 
the incubation time and / or confer resistance against TSE. This is already documented in 
humans and ruminants. In mice, the exchange of leucine to phenylalanine at position 108 
reduces the scrapie incubation time [110]. In Rocky Mountain elk, homozygocity of 
methionine at codon 132 modulates the susceptibility against CWD [111]. In cattle, there are 
no known polymorphisms which influence the susceptibility to BSE. However, some changes 
in the PRNP promoter modify the expression of PrPC suggesting that these polymorphisms 
may play a role in the incubation time [112, 113]. 
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2.3.1 Influence of mutations of human PrP gene in prion diseases 

 

More than 20 mutations in the ORF of PRNP have been reported in inherited human prion 
diseases [114]. In addition, PRNP polymorphisms appear to influence the susceptibility to 
both sporadic and infectious prion diseases. Homozygosity at residue 129 (methionine or 
valine) predisposes individuals to develope iatrogenic or sporadic CJD [114, 115]. Moreover, 
most of the cases of vCJD have been identified in people who were homozygous for 
methionine at codon 129 [116, 117], with exception of one patient, who was heterozygous 
codon 129, who developed a neurological disorder after receiving a blood transfusion from a 
vCJD donor [118]. In a separate case, another MV heterozygote individual developed vCJD 
without blood transfusion nor other transplants history [119]. Lysine at codon 219 seems to 
protect against sCJD [120]. Similar observations were made with lysine at position 218 
(Q218K) of murine PrPC (corresponding to the human 219K), which inhibits the conversion 
of murine PrPC into PrPSc. Moreover, murine Q218K also showed a dominant negative effect 
on conversion of wild-type PrPC, both in cultured cells [121] and in transgenic mice [122]. 
Many families with sCJD have been found to have an exchange at codon 178 of aspartic acid 
to asparagine. Interestingly, FFI is also linked to this mutation [52, 123]. The high incidence 
of CJD in Libyan Jews can also be explained by a mutation at codon 200  which causes the 
substitution of lysine to glutamate  [124]. 

In other human prion diseases, the exchange of proline to leucine at position 102 (P102L) 
appears to be linked to GSS. Moreover, transgenic mice with this mutation developed an 
illness similar to GSS [125, 126]. Furthermore, it has been reported that PRNP 
polymorphisms at codon 219 also influence the clinical and pathological picture of GSS, in 
addition to proline at codon 112 [127]. 

 

 

2.3.2 Polymorphisms in sheep that modulate the susceptibility to scrapie 

 

In the case of sheep, three major mutations are associated with sheep susceptibility or 
resistance to classic scrapie and BSE at codons: 136 (alanine (A) or valine (V));  154 
(arginine (R) or histidine (H)) and 171 (arginine (R), histidine (H), glutamine(Q) or lysine (K) 
[128]. The allelic combination V136R154Q171 (VRQ) in homozygous individuals leads to very 
high susceptibility [28, 129], whereas A136R154R171 (ARR) in homozygous genotypes leads to 
strong resistance to scrapie and only two classical scrapie cases in ARR/ARR sheep have 
been described [130, 131]. The different possible genotypes are classified in four groups 
according to their susceptibility against scrapie from resistant to susceptible; group I includes 
the resistant genotype ARR/ARR, the group II genotypes with low susceptibility the group III 
with neutral susceptibility and the highly susceptible group V (table 1) [132-136]. 
Susceptibility also varies between breeds in case of the polymorphism ARQ/ARQ [137]. 
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Variations are also observed for different TSE agents, e.g. the resistant genotype ARR/ARR 
was successfully infected with BSE prions [130] and the so called atypical scrapie was 
detected in sheep of various genotypes such as ARQ/ARQ, ARQ/AHQ, AHQ/AHQ, 
ARQ/ARR and AHQ/ARR including ARR/ARR [138]. Atypical scrapie seems to be 
associated with the presence of histidine at position 154 [139]. Immunohistochemical findings 
in the atypical scrapie infected sheep with the ARR/ARR genotype include PrPSc depositions 
in the cerebellum, obex, frontal cortex, and brainstem [140]. In the case of the two classical 
scrapie cases in ARR/ARR sheep, the animals did not show all the characteristic scrapie 
signs; histological examination showed absence of vacuoles in the brain stem and no 
accumulation of PrPSc in tonsil and retropharyngeal lymph nodes. The 12 kDa fragment 
observed in other atypical scrapie cases was absent in both of these animals and the 
unglycosylated band had a lower molecular mass, similar to BSE cases. Moreover, lesion 
profiles in mice differed also from other atypical cases and BSE, suggesting the scrapie strain 
was different from that observed in other atypical or BSE cases in sheep [131]. 

 

Table 1: Susceptibility against classical scrapie of different genotypes of ovine PrPC 

Group Genotypes Susceptibility 

I ARR/ARR - 
II ARR/AHQ, ARR/ARH, ARR/ARQ + 
III 

ARQ/ARH, ARQ/AHQ, AHQ/AHQ, ARH/ARH, AHQ/ARH, 
ARQ/ARQ, ARR/VRQ ++ 

IV AHQ/VRQ, ARH/VRQ, ARQ/VRQ, VRQ/VRQ +++ 
Notes: - resistant, + low susceptibility, ++ neutral susceptibility, high susceptibility. 

 

Other polymorphisms with a possible role in the susceptibility are described. Threonine (T) at 
position 112 [141, 142] modulates the incubation time in the case of sheep experimentally 
inoculated with BSE [143]. The L141F substitution is also associated with atypical scrapie 
cases [139, 144], but does not seem to have an influence in BSE experimentally-infected 
sheep, whereas leucine at position 168 is associated with longer incubation times [145]. Other 
amino acid substitutions found in low frequency were described at positions 85 (GR) [146], 
101 (Q  R) [147], 112 (M  I) [148], 116 (A  P) [149] , 127 (G  A, V, S) [148, 150], 
137 (M  T) [151], 138 (S  R, N) [152-154], 143 (R  H) [152], 146 (N  S) [148], 151 
(R  H or G) [153, 154], 172 (Y  Q) [147], 175 (Q  E) [147], 176 (N  K), 211 (R  
Q) [133], 219 (TI), 220 (QH) and 241 (PS) (reviewed in [109]).  

Several observations suggest that the ARQ allele could be the ancestral genotype since all 
other alleles differ from ARQ by a single nucleotide substitution. It is the only allele found in 
high frequency and in every breed of sheep studied to date [154, 155]. 
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2.3.3 PRNP polymorphism in goats 

 

PrP in goat and sheep shares the same amino acid sequence, however, little is known about 
caprine polymorphisms and their influence on the TSE susceptibility respectively. A study of 
caprine PrPC genetics in Europe and other non European countries revealed 33 amino acid 
substitutions: W18R, V21A, L23P, G37V, G49S, Q101R, W102G, T110P, M112T, G127S, 
L133Q, M137I, R139S, L141F, I142M, I142T, R143H, G145D, N146S, N146D, R151H, 
R154H, P168Q, T194P, R211Q, Q215R, I218L, T219I, Q220H, Q222K, Q232W, and P240S 
and at least five of these have been suggested to influence TSE susceptibility. Sheep and goat 
share the following polymorphism Q101R, G127S, H143R, N146S, R151H, R154H, R211Q, 
T219I and Q220H (reviewed in [4]). The shortest PrPC variant is also found in goat with only 
three of five octarepeats (peptide PQGGGGWGQ, codons 63-78 deleted) [156]. A review of 
caprine polymorphisms is shown on table 2 indicating also the countries where these 
mutations were found. 

 

Table 2: PrPC polymorphisms in goats 

Codon Amino acid changes Country 
18 Tryptophan Arginine [157] Spain [4, 157] 
21 Valine Alanine [158] Cyprus [159], Italy [158]  
23 Leucine Proline [158] Italy [158] 

37 Glycine Valine [160] Italy (5.6%) [161], Morocco (7.02% 
Chaouni breed) [162], Spain [157] 

49 Glycine Serine [158] Italy [158] 
101 Glutamine Arginine [162] Morocco (1.88% D´man) [162] 
102 Tryptophan Glycine [156] China [163], UK [156]  
110 Threonine Proline [160] Italy (1.4%) [161] 
112 Methionine Threonine [157] Spain [157] 

127 Glycine Serine [164] 

China [163], France (0.058%) [165],  
Italy (1.1%) [161], Morocco (1.75% 

Chaouni) [162], Spain [157], UK 
[164] 

133 Leucine Glutamine [161] Italy (0.6%) [161, 166] 

137 Methionine Isoleucine [161] 
Italy (2.8%) [161], Morocco (4.39% 
Chaouni, 2.5% D´man) [162], Spain 

[157] 
139 Arginine Serine [162] Morocco (1.25 D´man) [162] 
141 Leucine Phenylalanine [157] Spain [157] 

142 Isoleucine 

 
Methionine [167] 

 
 

Threonine [166] 

France (6.1%) [165], Italy (2.0%) 
[161], Morocco (0.88% Chaouni, 

0.62% D´man) [162], Spain [157], 
UK (28%)  [167] 

Italy [166] 
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Codon 

 
Amino acid changes 

 
Country 

143 Histidine Arginine [158, 167] Italy (7.6%) [161], China [163], UK 
[167] 

145 Glycine Aspartic Acid [162] Morocco (1.75% Chaoumi, 0.62% 
D´man) [162] 

146 Asparagine Serine  
Aspartic acid [159, 168] Cyprus [159], Japan [168] 

151 Arginine Histidine [147] Spain [147, 157] 

154 Arginine Histidine [158, 160] 

China [163], France (3.2%) [165], 
Italy (8.5%) [158, 161], Morocco 

(25.44% Chaouni, 21.88 % D´man) 
[162], Spain [157],  

163 Glutamine Stop codon [169] Cyprus [169] 
168 Proline Glutamine [158] Italy  (2.0%) [161] 
194 Threonine Proline [166] Italy [166] 
208 Isoleucine Threonine [169] Cyprus [169] 

211 Arginine Glutamine [168] 
Glycine [163] 

France (12.2%) [165], Spain [157]  
China [163] 

215 Glutamine Arginine [157] Spain [157] 
218 Isoleucine Leucine [148] China [148, 163] 
219 Threonine Isoleucine [163] China [163] 
220 Glutamine Histidine [158] Italy [158] 

222 Glutamine Lysine [160] 

China [163], Cyprus [159], France 
(6.3%) [165], Italy (7.1%) [161], 

Morocco (1.75% Chaoumi, 1.25% 
D´man) [162], Spain [157] 

232 Glutamine Tryptophan [157] Spain [4, 157] 

240 Proline Serine [158, 167] 

China [163], France (49.5%) [165] 
Italy (55.65%) [161] Morocco 

(41.23% Chaoumi, 43.75% D´man) 
[162], Spain [157], UK [167] 

63-78 Deletion HGGGWGQPHGGGWGQ UK [156] 
 Four octarepeated variant Cyprus [169] 

Notes: The first report of each polymorphism is written in the column related to the amino acidic 
changes. The frequency of some polymorphisms is indicated in percentage from the total analysed 
breeds, variations between breeds are also indicated in some cases according to the available data. 

 

Serine / proline polymorphisms at position 240 are most abundant and widely found (table 2), 
usually in combination with another polymorphism. For example, R101, S139, M142, R143, 
D146 and D146 segregate with the P240 variant, whereas G102, 110P, D145 and H151 were 
linked to the S240 [162]. In French herds, S127 and M142 were always associated with P240 
[165]. Other combinations include the mutation at codon 102, found only in combination with 
the three-octarepeats PrPC variant [156], and the combination H154K222 [170]. The stop 
codon at 163 and the exchange I208T were found in a single animal [169]. In addition to the 
polymorphism already described, some silent mutations in caprine PRNP were observed 
(summarized in table 3). 
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Table 3: Silent mutations in goat PRNP 

Position Nucleotide 
exchange 

Amino 
acid Country 

42 CCA CCG P 
UK [167], France [165], Italy [158, 161], 

Cyprus [159], Spain [157] 
101 unknown unknown Q Nederland [4] 
107 AAG AAA K Italy [158] 
122 unknown unknown G Spain [157] 
125 GTA GTC V China [163] 

138 AGC AGT S UK [167], Italy [158, 160, 161], Cyprus [159], 
France [165], Spain [157] 

142 unknown unknown I Nederland [4] 
179 GTG GTT V Cyprus [159], Spain [157] 
181 GAC GAT D Cyprus [159] 
201 unknown unknown F Spain [4, 157] 
202 ACC ACT T Italy [161] 
207 AAG AAA K Italy [158] 
219 AAC ACT T Italy [160] 
222 unknown unknown Q Nederland [4] 
232 GGG GGA G Italy [160] 

Unknown: the authors did not indicate the nucleotide change. 
 
 
 
Some caprine PRNP haplotypes have been associated to an increased resistance to TSEs. 
However, the high variability and the small proportion of animals carrying the different 
polymorphisms prevent the assessment of a correlation between allele frequency and 
susceptibility. For example, T110P, G127S, L133Q, and M137I were found only in healthy 
animals, but the frequency is too low to establish a correlation [161]. The polymorphisms 
H143R and R154H also do not show clear association with resistance: both polymorphisms 
were found in the same proportion in both scrapie-affected and healthy animals. Moreover, 
there was no difference in age of animals with these polymorphisms and no alteration in 
incubation time [161]. In other observations, heterozygous animals for H143R accumulated 
PrPSc, but no clinical signs or histopathological lesions characteristic of scrapie [158]. Proline 
at codon 240 is associated with an increased risk of scrapie. In a case-control study, bigger 
proportion of positive cases harbouring this allele was observed, however, the statistical 
analysis lost significance when the model took the herd as a random effect [161]. The 
glutamine at 211 was also observed in lower frequency in scrapie cases than in healthy 
animals [165]. A more clear effect was observed with I142M corresponded to prolonged 
incubation times in experimentally scrapie-infected goats [167]. In other report, heterozygous 
animals (142I/M) showed a protective effect but also proline at position 240 was present 
[165], supporting the protective effect of this polymorphism. 
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Some caprine polymorphisms are related to almost completely resistance to scrapie. In 
Cyprus herds, heterozygous goats for N146D and N146S were significantly under-represented 
in scrapie positive animals (5.9% and 6.1% in scrapie negative group and 0.7% and 0.5% in 
scrapie positive animals respectively) and homozygous were only found to belong to healthy 
goats, suggesting an important protective role of these polymorphisms [159, 169]. The 
Q222K has been associated with protection since no scrapie-positive cases were observed in 
goats carrying these polymorphisms [161, 165].  

The influence of polymorphisms on the TSE susceptibility is also modulated for the infectious 
agent. Several reports suggest that the presence of histidine at codon 154 is thought to be a 
risk factor for atypical scrapie [170-172]. 

 

 

 

2.4  PrPSc propagation models 

 

To understand the mechanisms involved in the TSE transmission and susceptibility in vivo 
and in vitro models have been used. First, in vivo models involved the original animal host 
species. These models were subsequently replaced by heterologous species models such as 
laboratory rodents (including transgenic mice carrying PrPC from different species as well as 
PrPC knockout mice) (reviewed in [173]). Conventional mice were used in transmission 
experiments since the 60s [174, 175] and provided information about characteristics of 
biological properties of TSE strains such as transmissibility, incubation time and brain lesion 
profiles. A bank vole infection model for scrapie and CJD has been established more 
recently[176].  

Due to the long incubation time, even in rodents, different in vitro methods were developed to 
study of molecular mechanisms of the prion replication. This includes the use of cell culture 
and cell-free conversion assays. The first model of PrPSc replication in vitro was observed in a 
mouse brain-derived cell line called SMB (Scrapie Mouse Brain) in the 70s [177]. However, 
very few permissive cells were found and the most of them were permissive only to rodent-
adapted prion strains [178]. Some cells expressing a foreign PrPC are permissive to the 
multiplication of sheep scrapie agent by abrogating the species barrier [179], and the infection 
of non-neuronal cells has been accomplished (reviewed in [180]). In general, more than one 
strain can be propagated in a single cell line. For example, N2a cells are susceptible to 
Chandler [181], Fukuoka-1 [182], RML [183], 22L and 139-A [184]. It was also observed 
that strains exhibit a tropism for some cells, for example, Me7 replicates in SN56 [185], L929 
[186] and MG20 [187] but does not in N2a or GT1 cells [183, 188]. Many phenomena have 
been investigated intensely by cell culture such as the subcellular distribution of PrPSc 
(probably in endosomes, lysosomes and cell membrane), dissemination of prion infection 
between cells, neurodegeneration and cell damage mechanisms caused by prion infection, 
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biological characteristics of PrPSc strains and also the influence of polymorphisms to 
susceptibility against TSEs (reviewed in [180]). Rov cells expressing the ARR genotype of 
ovine PrPC were 10000 fold less permissive to sheep scrapie multiplication than those 
expressing VRQ [189]. However, there has been no versatile and highly sensitive cell culture 
system for the prion propagation, found to date, despite of the enormous efforts that were 
made by many groups in the field.  

Another in vitro model for PrPSc replication is the cell-free systems where purified PrPC is 
converted into a protease resistant protein (PrPres) by its interaction with PrPSc. It is thought 
that this kind of system might provide evidence for the infectious state of de novo formed 
PrPSc particles demonstrating PrPSc induces its self propagation by converting PrPC. 

Another in vitro model deals with purified PrPC that is incubated with isolated PrPSc material 
using stringent buffer conditions. Even under these conditions PrPC can be converted into a 
PK resistant form, similar to PrPSc, designated PrPres.  The cell-free conversion of PrPC into 
PrPres has been initially carried out by using eucaryotically expressed radiolabeled PrPC under 
denaturing conditions. In detail, 35S labelled hamster PrPC molecules purified from uninfected 
tissue culture were incubated with PrPSc from a hamster infected brain (263K strain) [190]. 
More recently, the in vitro conversion was carried out using bacterial recombinant PrPC under 
more physiological conditions [191]. In a variant of this assay bacterially expressed PrPC was 
incubated with purified PrPSc from scrapie-infected mouse brain under semi-native 
conditions. The detection of newly formed PrPres was obtained by different antibodies that 
discriminate between PrPSc from the inocula (seed) and the newly formed PrPres [192]. 

Cell-free conversion assays represent a well defined system to analyse molecular factors as 
well as the kinetics of conversion reactions [193]. By using cell-free conversion was proved 
that the union of PrPC to membranes (lipid rafts) [194], as well the addition of RNA [195], 
increases the conversion. In the cell-free conversion assay it was also possible to highlight 
several characteristics of PrP conversion, like strain specific effects [192, 196] or the species 
barrier [197]. The in vitro conversion mimics also the influence of ovine PrPC polymorphisms 
to the conversion of PrP [198, 199]. This model was also used to study potential 
therapeutically compounds that inhibit the conversion of PrPC into PrPSc [200, 201]. 

Under denaturing conditions, even pure recombinant PrPC can be convert into PrPres without 
PrPSc seeds in the called spontaneous conversion [202]. The formation of PrP-fibrills depends 
on the pH-value: pH between 3-5 renders β-oligomers, rich β-sheet structures, which do not 
form fibrils, whereas at pH 5-7 the formation of fibrils are observed [203]. Recombinant PrPC 
incubated with 0.03% SDS and 250 mM NaCl formed fibrils within 35 days [204]. They 
showed protease resistance and similar features of amyloid fibrils. The addition of PrPSc seeds 
accelerated the fibril formation according to the nucleation seeds model [79]. Some of these 
de novo fibrils obtained from mice recombinant PrPC can cause a neurological dysfunction in 
mice similar to GSS, supporting the prion hypothesis [90].  

Another in vitro conversion approach is the Protein Misfolding Cyclic Amplification (PMCA) 
that efficiently amplifies PrPSc, through repeated cycles of sonication in the presence of 
excess PrPC [205]. This amplification is assumed to follow the seeded aggregation mechanism 
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where sonication breaks the PrPSc into small units to generate a major number of seeds which 
serve as new templates for the generation of new PrPres molecules [205, 206]. The PMCA is 
able to detect small quantities of PrPSc [88]. However, PrPres can be generated de novo by 
PMCA even in the absence of PrPSc seeds which must keep in mind for diagnostic 
applications. Newly generated PrPres was infectious for transgenic mice [207], and retain the 
initial characteristic of the parental strain, providing further evidence that strain variation is 
dependent of PrPSc properties [208]. Recently reported was the generation of PrPres 
immunopurified from hamster in a serial PMCA in absence of PrPSc seeds but with poli(A) 
RNA. This de novo formed PrPres probe to be infectious in mice [209]. A variant of the 
PMCA is the called QUIC (quaking induced conversion) which uses shaking rather than 
sonication. This method depends of PrPC concentration, reaction volume, and time as well as 
temperature and shaking cycle [210, 211].  
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3. Materials and methods 
 

 

3.1  Material 

 

3.1.1 Bacteria, cells and plasmids 

 

XL1-Blue (Stratagene, USA): Host for different plasmids, allows the blue/white color 
screening and preparation of high-quality DNA. Genotype: recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F'proAB lacIqZDM15 Tn10 (Tetr)]. 

M15 (QIAGEN, Hilden, Germany): carries the deletion M15 in the lacZ gene. 

N2a Line 229: (Neuro-2a) ATCC CCL-131 from mice (mus musculus) FLI-Cell bank 
number: 0229. 

pQE40 (QIAGEN, Hilden, Germany): Vector for bacterial expression, confers resistance 
against ampicillin. 

pBluescrip KS (+) (Invitrogen, Karlsruhe, Germany): Vector for replication and expression 
in bacteria, confers resistance against ampicillin. 

MoPrP.Xho: Vector for expression of foreign gens in mice [212]. 

pcDNA3.1/Zeo (Invitrogen Karlsruhe, Germany): Vector for expression in mammals cells, 
confers resistance against Zeocin. 

 

 

3.1.2 Primers for PCR 

 

Primers for mutagenetic PCR for all constructs 

Ov-1:  CC GGATCC AAG AAG CGA CCA AAA CC 

Shpter:  GG AAGCTT CTA ACT TGC CCC CCT TTG G 
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For full length constructs 

Goat1:  AACTCGAGATGGTGAAAAGCCAC 

Goat2:  AACTCGAGCTATCCTACTATGAGAAAAATG 

 

The primers used in the first step of mutagenic PCR for each construct are described in the 
table 4. 

 

Table 4: Oligonucleotides used in the first-step of mutagenic PCR 

Construct Primer 

M112T 
For CAAAAACCAAC ACC AAGCATG 
Rev CATGCTT GGT GTTGGTTTTTG 

M137I 
For GAAGTGCC ATC AGCAGGCC 
Rev GGCCTGCT GAT GGCACTTC 

L141F 
For GCAGGCCT TTT ATACATTTTGG 
Rev CCAAAATGTAT AAA AGGCCTGC 

I142M 
Cap 3 (for) AGG CCT CTT ATG CAT TTT GGC 
Cap 4 (rev) GCC AAA ATG CAT AAG AGG CCT 

H143R 
Cap 8 (for) CCT CTT ATA CGT TTT GGC AAT G 
Cap 9 (rev) C AAT GCC AAA ACG TAT AAG AGG 

N146D 
Cap 13(for) CAT TTT GGC GAT GAC TAT GAG 
Cap 14 (rev) CTC ATA GTC ATC GCC AAA ATG 

N146S 
Cap 11 (for) CAT TTT GGC TCT GAC TAT GAG 
Cap 12 (rev) CTC ATA GTC AGA GCC AAA ATG 

R151H 
Cap 15 (for) C TAT GAG GAC CAT TAC TAT CG 
Cap 16 (rev) CG ATA GTA ATG GTC CTC ATA G 

R211Q 
Cap 5 (for) G ATA ATG GAG CAA GTG GTG GAG 
Cap 6 (rev) CTC CAC CAC TTG CTC CAT TAT C 

Q215R 
For GGTGGAG CGA ATGTGCATC 
Rev GATGCACAT TCG CTCCACC 

Q222K Cap7 (rev) GG AAC CTT CTA ACT TGC CCC CCT TTG GTA ATA 
AGCCTG GGA TTC TCT CTT GTA CTG G 

 
Notes: Exchanged codons are depicted in blue and underlined letters represent the nucleotide 
exchange. 
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3.1.3 Enzymes 

 

3.1.3.1 DNA modification enzymes 

Pwo Polymerase   Roche Mannheim, Germany 

T4 Ligase    Roche Mannheim, Germany 

BamHI     New England BioLabs, UK 

HindIII    New England BioLabs, UK 

NotI      New England BioLabs, UK 

XhoI     New England BioLabs, UK 

Shrimp Alkaline Phosphatase (SAP)  Roche Mannheim, Germany 

 

3.1.3.2 Protein modification enzymes 

Proteinase K from Tritirachium album   Sigma, Germany 

Endoglycosidase H      Roche Mannheim, Germany 

N-Glycosidase F      Roche Mannheim, Germany 

Phospholipase C Phosphatidylinositol-specific from Bacillus cereus    Sigma-Aldrich 
Steinheim, Germany 

 

 

3.1.4 Antibodies 

 

Anti His: His tag Epitope RGSHHHHHH (QIAGEN Hilden, Germany). 

mab L42: Supernat from mice hibridom cell. Recognizes the ovine prion peptide 154-173 
[213]. 

mab P4: Supernat from mice hibridom cell. Recognizes the ovine peptide 89-104 [213]. 

pab Ra 10: Recognizes epitope 95-110 from murine PrPC [214]. 
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mab SAF70: Against the hamster peptide GNDWEDRYYRENMNRYPNQ found also in 
bovine, ovine, murine and human prion protein [215] (SPIBIO Montigny-le-Bretonneux, 
France). 

Goat anti Mouse - Peroxidase (GαM-PO): Specific against H+L chains of murine antibody 
conjugate with peroxidase (Dinova Hamburg, Germany). 

Goat anti Mouse – alkaline Phosphatase (GαM-AP): Specific against H+L chains of 
murine antibody conjugate with alkaline Phosphatase (Dinova Hamburg, Germany). 

Goat anti mouse (H+L) – Alexa Fluor 488 (GαM-Alexa): Specific against H+L chains of 
murine antibody conjugate with Alexa Fluor 488 (Invitrogen). Kindly provided by Dr. Bernd 
Köllner (IMED, FLI). 

 

 

3.1.5 Prion strains and isolates 

 

3.1.5.1 Mouse-passaged strains 

Me7: Isolated from the brain of a terminal diseased mouse line C57Bl/6. 

BSE/Bl6: Isolated from the brain of a terminal diseased mouse line C57Bl/6. 

 

3.1.5.2 Isolates 

a) Scrapie Isolates 

PrPSc from sheep 

S14/04: Genotype ARQ/ARQ case of classical scrapie from Nordrhein Wesfallen. Positive in 
Erts-US Prionics and FLI-test. 

S22/04: Genotype ARQ/ARQ case of classical scrapie from Mecklenburg-Vorpommern, 
Germany. Positive in FLI-test and O.I.E. Westerblot 

PrPSc from goat 

Goat (Zyp 13): Genotype INRQ/INRQ, breed Damasco, four-year old female from Ayios 
loannis, Cyprus.  

Goat (Zyp 17): Genotype INRQ/INRQ breed Damasco, four-year old female from Lympia, 
Cyprus. 



 

Materials and methods Page 26 

 

b) BSE isolates 

BSE from cattle 

R7/09: classical BSE-case from Oldenburg, positive in IHC BFAV and SAF-WB BFAV 

BSE from sheep (ovBSE) 

ovBSE: Pool from 3 experimental-infected sheep (ARQ/ARQ) in the INRA, France. The 
inoculums were a result of second passage in sheep from bovines BSE. 

BSE from goat (goatBSE): 

Goat 1: Genotype INRQ/INRQ breed Alpine, Saanen female born at 4.1.07 from Toulouse, 
France. Oral infected with goat passaged cattle BSE. 

 

 

 

3.2  Methods 

 

 

3.2.1 Molecular biological methods 

 

3.2.1.1 Insertion of point mutations by PCR 

The mutations of caprine PRNP were inserted at different positions of the sequence according 
to the corresponding polymorphisms found in goats by a two-step PCR (figure 3), where a 
plasmid containing the sequence of PRNP coding (wild-type denoted INRQ) for the amino 
acids 25 to 234 was used as template in two different PCRs. In one PCR reaction, the primer 
ov-1 (forward primer) and the reverse primer for each construct were used (table 3), in the 
other PCR the forward primer for each construct and the shpter (reverse) were used. The PCR 
was performed under end concentration of 0.2 mM for each primer, 20 mM dNTPs and 2.0 
mM of MgSO4 with one unit Pwo Polymerase. After PCR 35 cycles (95° 30 seg, 55°C 30 seg, 
72°C 2 min and final extension of 10 min at 72°C) the PCR products were visualized and 
purified in an agarose gel 1.2% in TAE (ran at 85V 50 minutes in TAE buffer), the 
corresponding fragments were sliced and purified using the Qiaquick Gel extraction Kit 
(QIAGEN). The two PCR products were used as template in a second PCR step where 
primers ov-1 and shpter were used as forward and reverse primer respectively. The PCR 
product was separated and purified from a 1.2% agarose gel as indicated before.  
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Figure 3: Mutagenic PCR in two steps.  In the first step of PCR two different PCR reactions 
produces two products which correspond, the first to the base pairs before the mutation and the 
alignment site of the primer with the mutation (1), and the second product contains the sequence of the 
forward mutagenic primer and the base pairs after mutation (2). In the second-step PCR both product 
(after purification) were used as templates of the reaction. The final product (3) correspond to the 
whole PCR joined from the templates 1 and 2 trough the shared mutated sequences introduced by the 
mutagenic primer. 

 

3.2.1.2 Digestion of DNA with restriction enzymes 

The digestion of DNA with restriction enzymes was carried out according to the manufacturer 
specification. The PCR products from 4.2.1.1 were digested, in sequential restriction steps, 
with 20 units of HindIII in a final volume of 30 µl at 37°C one hour and purified with the kit 
MinElute Reaction Kit (QIAGEN), followed by a digestion with 10 units of BamHI also at 
37°C one hour in presence of BSA. Finally the DNA was purified as described for HindIII 
digestion and visualized in a 1.2% agarose gel to verify the DNA integrity. 

 

3.2.1.3 Preparation of the vector for ligation 

The vector pQE40 was also digested with HindIII and BamHI at 37°C one hour and purified 
by agarose electrophoresis, as described for the PCR products, obtaining a fragment of 3.5 kb 
(figure 4). After the restriction-enzyme digestion the 5’ phosphate groups of the vector were 
cut by the enzyme SAP (one unit in 30 µl reaction volume) to prevent the recircularization of 
the vector. Finally the digested vector was purified with the Clean up reaction kit (QIAGEN). 
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Figure 4: Vector pQE40. The figure shows the schematic draw of the vector pQE-40 which contains 
the (PT5), the multicloning site (MCS). The position in which the enzymes BamHI and HindIII cut the 
plasmid are signalled (red squares). After digestion with BamHI and HindIII the dihidrofolate 
reductase (DHFR) gene is cut and replaced by PrPC (purple square). 

 

3.2.1.4 Ligation of DNA fragments 

The fragments corresponding to the vector and the PCR product were quantified in agarose 
gel by comparison with the molecular weight marker. The ligation was carried out with 0.5 
units T4 ligase (Roche) overnight at 4°C in a 10 µl reaction mixture with approximately a 
relation 1:4 vector-insert.  

 

3.2.1.5 Production of competent cells 

10 ml of Luria broth Medium (LB) are inoculated with E. coli and incubated ca. 12 hours at 
37°C. 1 ml of E. coli culture in 30 ml of LB medium incubated until the culture reaches O.D. 
0.4. The bacterial culture was pelleted by centrifugation at 150 g 10 min, after the pellet was 
resuspended in 20 ml of cold Calcium-magnesium buffer (Ca/Mg) and 20 min in ice. The 
cells were centrifugated 150 xg 10 min und the pellet was resuspended in 1.5 ml Ca/Mg 
buffer and then 300 µl Glycerin were added. The competent cells were alicuoted in 100 µl and 
freeze in liquid nitrogen. The aliquots were kept in -70°C until their use. 
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3.2.1.6 Transformation of E. coli 

100 µl of competent cells were thawed in ice followed by the addition of the corresponding 
DNA and incubated 30 min in ice. After the cells were heated at 42°C for 40 sec and 
incubated 2 min in ice, 1 ml LB medium was added and the cells were incubated at 37°C one 
hour. Finally the cells were spread in agarose plates with different antibiotics depending of 
the plasmid used in the transformation (for XL1-Blue 100 µg/ml ampicillin, for M15 100 
µg/ml ampicillin plus 25 µg/ml kanamycin) and incubated overnight at 37°C until the 
appearance of transformed colonies. 

 

3.2.1.7 Selection of constructs carrying the DNA of interest (PrPC from goat) 

E. coli XL1-Blue were transformed with the ligation mixture and the obtained clones were 
grown overnight in LB medium with ampicillin, after the cell culture was pelleted, lysed and 
the plasmids were purified by miniprep (QIAGEN). The obtained plasmids were digested 
with HindIII and BamHI at 37°C one hour and visualized in an agarose gel 1.2% in order to 
verify the presence of PRNP. Plasmids containing the PCR product were sequenced with the 
primer pQE (MWG Eurofins). The sequences of positive clones were analysed to code for the 
desired amino acid substitution with help the online program Translate. 

 

3.2.1.8 Preparation of plasmid DNA from a bacterial culture 

Once the constructs were probed to contain desired DNA, E. coli XL1-Blue were transformed 
with approximately 50-100 ng of the plasmids corresponding to the PRNP carrying the 
different caprine polymorphisms. One clone of each construct was grown overnight in LB 
medium with ampicillin, the culture was harvested by centrifugation at 4000 rpm 30 minutes 
and the plasmids were purified by lysis (Midiprep kit QIAGEN) according to manufacturer 
protocol. The desired clone was grown in 20 ml of LB medium. The cells were pelleted and 
resuspended in 4 ml of buffer P1 with the posterior addition of 4 ml buffer P2. After 5 min 
incubation at room temperature, 4 ml of buffer P3 were added and the mixture was transfered 
to a cartridge and incubated 10 min. At that time a column was equilibrated with QBT buffer. 
After the incubation, the lysate was filtered through the cartridge into the column. The DNA 
binded to the column by gravity flow, then the column was washed with buffer QC followed 
to the DNA elution with QF buffer. The eluted DNA was precipitated with 3.5 ml isopropanol 
and centrifugated at 4000 rpm 4°C one hour and washed with 70% ethanol and centrifugated 
as described above. Finally the DNA pellet was dried and resuspended in 100 µl destilated 
water. DNA concentration was measured and the plasmidic DNA was frozen at -20°C until its 
use. 
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3.2.2 Biochemical methods 

 

3.2.2.1 Expression of PrPC in E. coli M15 

Expression of PrPC was carried out in E. coli M15. The M15 bacteria were transformed with 
approximately 50-100 mg of each pQE40-PrPC construct. A colony was cultured in 20 ml of 
LB medium with 100 ampicillin and kanamicin (LB-amp-kan) overnight. 10 ml of overnight 
transformed M15 culture were inoculated in 500 ml LB-amp-kan medium and incubated at 
37°C until a OD=0.5 was reached, at that moment, the protein expression was induced with 
the addition of 500 µl of Isopropyl β-D-galactopyranoside (IPTG) 1M (final concentration 
1mM). The cultured was incubated 4 hours at 37°C and the M15 bacteria were harvested by 
centrifugation at 20817 g for 10 min. 

 

3.2.2.2 Purification of the bacterial PrPC 

The recombinant PrPC was purified by using the histidine tag coded by the pQE40 vector. 
Purification was performed under denaturing conditions, as described by Zahn and 
collaborators [216]. The centrifugation-harvested pellets from 4.2.2.1 were resuspended in 20 
ml lysis buffer containing 6M guanidinium hydrochloride and gently shaken for 1 h. Samples 
were centrifuged at 20817 g (30 minutes at 4°C) and the supernatant was incubated with Ni-
NTA resin (QIAGEN). After 1h shaking the lysate-NiNTA mixture was loaded on to a 
column and subsequently washed at first with the B buffer and after with the buffer B 
supplemented with 50 mM immidazol followed by a 25-minute incubation of the Ni-NTA 
resin with the elution buffer E and posterior elution of the protein. The eluate was dialysed in 
50 mM sodium acetate at pH 5.0 (two times) and H2O (four times). 

 

3.2.2.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

All expressed proteins were mixed 1:1 with the loading buffer (CVL 2X), heat-denatured for 
five minutes at 95°C and loaded into a 16% SDS-Polyacrylamide gel (mini-gels 0.75mm 
thickness). Gels were ran in the electrophoresis chamber with Buffer E at 100V until they 
reach the separating gel and then running at 200V until the blue colour of the sample buffer 
reach the end of the gel. The gel was taken out and used to coomasie staining or immunoblot. 
For the coomasie staining the gel were submerged in a coomasie solution for approximately 
one hour and the excess of coomasie were removed with the buffer hot and chilli. 
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3.2.2.4 Western blot (immunoblot) 

For Western blot, the proteins were separated in a SDS-PAGE gel as described in 4.2.2.3. 
After running, the proteins were transferred to a PVDF membrane at 15V and 0.3mA (pro 
membrane) in a semi-dry blot chamber for 45 minutes. All membranes were blocked with 5 % 
non-fat dry milk powder (mm 5%) in PBS-Tween 0.1% (PBS-T) for one hour and incubated 
with the primary antibody which can be one of the followings: P4 (1:10 in mm 5%), L42 
(1:10 in MM 5%), SAF70 (1:6666 in MM 5%), Ra10 (1:2000 in MM 5%), or antihis (1:2000 
in MM 5%). The non-binded antibody was washed 3 times with PBS-T 10 minutes and 
incubated one hour with the Ab GαM-PO or GαM-AP in a 1:3000 dilution in PBS-T. Finally 
the membranes were washed with PBS-T three times 10 minutes, followed by two washes 
with Assay buffer two minutes, and revealed with ECL (for GαM-PO) or CDP-Star (for 
GαM-AP). The chemiluminiscense signal was detected in the BioRad VersaDOC imager and 
quantification was measured by using Quantity one software (BioRad). For stripping the 
membranes were incubated twice for 15 minutes each time with strip buffer and washed three 
times 5 minutes with PBS-T, followed by blocking one hour with MM 5% and re-incubated 
with the desired antibody following the described protocol above. 

 

3.2.2.5 Protein quantification (method by Roth)  

In order to quantify the concentration of protein the Roth method, based in the Bradford 
reaction, was used according to the manufacturer instructions. Different concentrations of 
BSA (0.025, 0.05, 0.1 and 0.2 mg/ml) were used to determine the calibration line of the 
protein amount. 150 µl of each BSA dilution or the protein sample were mixed with 600 µl of 
Roti-Nanoquant working solution, as reference was used H2O. The OD at 590 nm and OD at 
450 nm were measured for each sample. For the calibration curve the quotient OD590/OD450 
were plotted. The protein amount of the samples corresponded to a certain value of the 
calibration curve. 

 

3.2.2.6 CD-Spectra 

The CD-Spectra were obtained in a Jasco J810 spectrometer in the “Institut für Biochemie der 
Universität Greifswald” (by W. Heinrichs). The samples were diluted in water in a 
concentration of 0.1 mg/ml. From this solution 0.5 ml were taken in a 2mm quarz cuvette. 
The spectra were obtained by measures in the long wave from 185 to 250 nm. For each 
sample 10 spectra were measured in order to obtain the corrected buffer spectra [217]. 
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3.2.3 Cell culture 

 

3.2.3.1 N2a cell culture 

The cells were growing with medium M5 (MEM “H” + MEM “E” supplemented with 10% 
Foetal calf serum (FCS) in T75er flasks and incubated at 37°C inside a CO2 atmosphere. 
When the cells grown at 100% confluence, they were split by using trypsin-versen and 
resuspended in 15 ml of M5. 

The transfected cells were grown and split in the same way as described before, but the 
medium was supplemented with 300 mg/ml Zeocin. 

 

3.2.3.2 Freezing and thawing cells 

The cells from a confluent T-75 or T-75 flask were harvested using trypsin-versen and 
pelleted at 2000 rpm for 10 minutes and then the cells were resuspended in one ml medium 
M5 added with 10% Dimethylsulphoxide. The cells were maintained at -70°C one day and 
after collocated in liquid nitrogen until their use. To defrost, the cells were thawed and 
collocated in a T25 flask with medium M5 and incubated at 37°C, after 24 hours the medium 
was changed and the cells were incubated until the 100% confluence. 

 

3.2.3.3 Transfection of N2a cells 

The neuroblastoma cells N2A were transfected with lipofectamine (Invitrogen) according to 
the following protocol: 1x105 N2a cells were grown up in six-well plate until 80% 
confluence. The cells were washed and 2 ml of fresh medium M5 pro well was added. In a 
eppendorf tube 4µg DNA were diluted in 250 µl medium 30d. In another tube 12 µl of 
lipofectamine were also mixed with 250 µl medium 30d, both solutions were incubated 5 
minutes at room temperature and then mixed carefully with the pipette. After 20 minutes 
incubation at room temperature, the mixture DNA-lipofectamine was added to the cell 
monolayer drop by drop. As controls, N2a cells were treated in the same way but without 
plasmid (N2a control) and N2a cells were transfected with pcDNA3.1/Zeo (pcDNA control). 
After transfection cells were selected with Zeocin 1mg/ml in the M5 medium until the N2a 
control cells died. The stable transfected cells were grown in M5 medium supplemented with 
300 µg/ml Zeocin. 
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3.2.4 Fluorescent activated cell sorting (FACS)  

 

Cells were grown in 24 well plates until they were 60-80% confluent, and then the cells were 
washed with PBS and incubated at 37°C one hour with mab P4 1:10 in medium without 
serum (M5d). After incubation, the antibody was retired and the second antibody GαM-Alexa 
is added and incubated 37°C one hour. Finally, the cells were washed with PBS and observed 
under the fluorescent microscope to verify the conjugate binding. The cells were resuspended 
in 100 µl ice-cold EDTA and then 100,000 cells were analysed by BD FACSCalibur (BD 
Biosciences). The signal of Alexa fluor 488 was measured at 519 nm. Calculations were made 
with the software CellQuestPro (DB Biosciences). As control, cells were FACS analysed by 
adding a conjugate only. 

 

 

3.2.5 Deglycosylation of glycoproteins 

 

3.2.5.1 Cell homogenates 

Cells from a T75 flask were washed with cold PBS, harvested and pelleted at 800 rpm in a 
table centrifuge for 10 minutes. The pellet was resuspended in sucrose-DOC-lysis buffer 
added with 1 mg/ml RNAse, the mixture was incubated 30 minutes at 37°C and finally 
centrifugated at 9000 rpm for two minutes in order to separate the DNA from the protein 
lysate [218]. The obtained 10% cell homogenates were mixed with CVL buffer and heated 
95°C for five minutes and ran in a 16% SDS-PAGE. After, the homogenates were transferred 
into a PVD membrane in order to detect the PrPC with the mab P4 as described before. The 
homogenates were also used for the deglycosilation of PrPC. 

 

3.2.5.2 Deglycosylation of PrPC 

N-Glycosidase F (PNGase F) is an amidase that cleaves asparagine-linked high mannose 
sugars as well as complex oligosaccharides from glycoproteins. For the reaction 27µl of 10% 
cell homogenate were mixed with 3 µl denaturation buffer and heated at 95°C for ten minutes. 
After cooling, 4 µl of PNGase F buffer, 4 µl of NP40 and 2 µl of PNGase (0.4 units) were 
added. The mixture was incubated overnight at 37°C. The proteins were precipitated with four 
volumes methanol one hour at -20°C and finally detected by Western blot with mab P4. As 
control were used cell homogenates treated in the same way but without PNGase as well as 
homogenates from N2a cells transfected with the vector [218]. 
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The use of Endoglycosidase H (Endo H) allows differentiating proteins which were processed 
in the Golgi apparatus since clears asparagine linked mannose rich oligosaccharides, but not 
highly processed complex oligosacharides. For the EndoH treatment, 22.5 µl of 10% cell 
homogenate were mixed with 2.5 µl of denaturation buffer, denatured at 95°C for ten minutes 
and cooled. Then, 3 µl of EndoH buffer and 2 µl of Endo H (10 mU) were added to the 
mixture. Cell homogenates were processed in the same way but without Endo H, pcDNA cell 
homogenates were used also as controls. The reaction mixtures were incubated at 37°C 
overnight and the proteins were precipitated with four volumes methanol and detected by 
Western blot with the mab P4. 

 

3.2.5.3  Phospatidyl-inositol Phospholipase C release 

Phospatidyl-inositol Phospholipase C (PI-PLC) cut the phosphatidyl inositol bonded to some 
cell membrane proteins. The cells were grown in a 75cm2 until they were 80% confluent, the 
medium was removed and the cells were washed three times with medium without serum 
(5d). After washing, 4 ml of medium 5d and 0.4 units of PI-PLC (5.8 µl) were added to the 
cells and incubated for 4 hours at 37°C, after incubation the medium was removed and 
centrifugated 5 minutes at in a table centrifuge in order to separate cells or cellular rests. The 
proteins present in the medium were precipitated with methanol. The cells from the PI-PLC-
treated monolayer were homogenized as described in 4.2.8.2. The proteins precipitated from 
the medium as well as the homogenates obtained from the monolayer were analysed for the 
presence of PrPC in a Western blot with the mab P4. The control for this enzymatic reaction 
were transfected cells treated in the same way as described but in absence of PI-PLC as well 
as pcDNA control cells. 

 

 

3.2.6 Experimental part of the work  

 

3.2.6.1 Biotinylation of recombinant PrPC 

The recombinant PrPC (1.0 mg/ml) was tagged with biotin according to the manufacturer 
(Roche) by addition of D biotinoyl-ε-aminocaproic acid-N-hydroxysuccinimide ester (biotin-
7-NHS) in a final concentration of 134 mg/ml in 0.1X PBS. The biotin-7-NHS builds a stable 
amide bond with free amino groups of lysine in the protein. The biotin-tagged PrPC was 
separated from the non reactive biotin-7-NHS by size via Sephadex-G25 columns. Labelling 
was analysed by SDS-PAGE and the biotin-tagged PrPC were detected in Western blot with 
Streptavidin- peroxidase (SPO) [217]. 
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3.2.6.2 Isolation of PrPSc from different sources 

Purification was performed according to an established protocol [192, 219]. PrPSc infected 
brain from mouse, sheep, goat and cattle (1-4g) were homogenized on ice in 12 ml TEND 
buffer (10mM Tris pH 8.3, 1mM EDTA, 130mM NaCl) supplemented with 10% N-
lauroylsarcosine sodium salt as well as protease inhibitors. The homogenate were collocated 
in Ultracentrifuge tubes and centrifuged at 28 000 g in a TLA 100.4 rotor (Beckman) for 30 
minutes at 4°C. The supernatant were collected and recentrifuged for 2.5 hours at 180 000g 
(in the same TLA rotor). The resulting pellet was resuspended in 12ml TEND buffer added 
with 10% NaCl and 1% Sulfobetaine 14 (SB-14) and centrifuged at 250 000g for 1.5 hours at 
4°C. The supernatant was decanted and the pellet was resuspended in 8-10 ml TMS buffer 
(with 10% NaCl and 0.5% SB-14), homogenized and carefully loaded in a sucrose cushion 
(SNSB Solution) and centrifuged at 250 000g at 4°C for 1.5 hours. The obtained pellet was 
carefully washed in PBS containing 0.5% SB14 and resuspended in 200 µl of the same buffer. 
Finally the PrPSc solution was sonicated 2 minutes and homogenized with a Teflon glass 
dounce homogenizer. Aliquots were stored at -20°C until their use. 

 

3.2.6.3 Cell-free conversion of PrPC into PrPSc with different strains 

Analysed proteins were subjected to cell-free conversion. 400ng of PrPC were incubated with 
400-800 ng PrPSc isolated from different sources at 37°C for 3 or 5 days (for the biotin-tagged 
proteins) in the in vitro conversion buffer (50mM citrate pH 6.0, 200mM KCl, 5mM MgCl2, 
1.5% N-lauroylsarcosine, 1 µg/µl suramin sodium salt). An exact concentration of PrPSc was 
impossible to measure due to its fibrillar properties. At the end of the incubation, the reaction 
mixture was frozen (-20°C at least one hour) and digested with PK 50µg/ml (final 
concentration) for one hour at 37°C. The PK digestion was stopped with 10 mM phenyl 
methansulfonyl fluoride (PMSF) and the proteins precipitated with four volumes of methanol 
and 20µg Thyreoglobulin as protein carrier. After one hour at -20°C, the precipitated proteins 
were pelleted by centrifugation at 13000 rpm in a table centrifuge for 30 minutes. For the in 
vitro conversion some controls were tested, 1) PrPC without PrPSc or PK, undigested control, 
2) PrPC without PrPSc but digested with PK, 3) PrPC with PrPSc and digested with PK but 
immediately frozen after PrPSc addition (t0). 

Two different antibodies were used to discriminate between newly formed PrPres and the used 
PrPSc seeds [192]. In the case of the IVC with Me7 and BSE/Bl6, the mab P4 or mab L42 
which recognize the recombinant PrPC from goat as well as the goat-derived PrPres and the 
pAb Ra10 which only recognizes the murine PrPSc (figure 5). In the IVC with scrapie and 
BSE isolates the substrate used in the cell-free conversion were the biotin-tagged PrPC and the 
detection of PrPres was carried out with SPO. 
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Figure 5: Immunological detection in the cell-free conversion.  After incubation (37°C 3-days) with 
Me7 or BSE/BL6 and PK digestion, the mabs L42 and P4 are able to recognize the PrPC of goat and 
the PrPres generated from it, whereas the pAb Ra10 is only able to recognize PrPSc from mouse. 

 

 

3.2.6.4 Generation of plasmids MoPrP.Xho N146S and N146D 

The production of transgenic mice expressing big amounts of PrPC had been already 
described [220]. Essentially, the vector MoPrP.Xho was derived from re-engineered murine 
PrP genomic fragment (phgPrP), and contains the murine PrP promoter, exon 1, intron 1, 
exon 2 and 3`untranslate sequences [212]. 

The mutations were introduced into the full length PRNP by using a double step PCR. The 
template used was caprine PRNP obtained by PCR from goat-brain homogenates. In the first-
step PCR two PCR reactions were run, one using the primers goat1 and cap14 (for N146D) or 
cap12 (for N146S) and the second PCR reaction was carried out using the forward primers 
cap13 (N146D) or cap 11 (N146S) and the primer goat2. After 35 cycles of 95°C one min, 
55°C 30 sec, 72°C 2 min followed by a extension of 72°C 10 min, the PCR products were 
purified in a 1.2% agarose gel electrophoresis. After purification both PCR products were 
used as templates in the second-step PCR where the amplification primers were goat1 and 
goat2 and the obtained products as templates. 

The PRNP obtained by PCR was purified by electrophoresis as described before and digested 
with XhoI at 37°C one hour. The digestion was stopped with ECR buffer (QIAGEN) and 
purified with the MinElute Reaction Cleanup kit (QIAGEN). The caprine PRNP was cloned 
into the vector pBluescript (figure 6a), previous digested with Xho1, in a molar relation 1:2 
vector-insert and 0.5 units of T4 Ligase. E. coli XL1-Blue were transformed with the ligation 
mixture and transformed clones were selected in agar LB ampicillin. The plasmids from those 
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clones were purified by minipreps, and tested to harbour the insert by restriction analysis with 
XhoI. Positive clones were sequenced to probe the presence of the desired mutation. 

The plasmids harbouring the desired mutations were amplified in XL1-Blue and purified by 
midiprep. After the plasmids were digested with XhoI at 37°C for one hour, the liberated 
insert was purified by electrophoresis in a 1.2% agarose. In the same manner, the vector 
MoPrP.Xho (figure 6b) was also digested with XhoI and purified. Both DNA fragments were 
quantified in an agarose gel and mixed in relation 1:5 molar in a ligation mixture with T4 
Ligase. After overnight incubation at 4°C the ligation mixtures were used to transform XL1-
Blue cells in order to select the ampicillin resistant clones from the plasmids were purified by 
minipreps and analysed by restriction with XhoI to harbour the insert. Positive clones were 
sequenced to verify the correct insertion of the mutated PRNP gen.  

 

 

Figure 6: Obtaining of MoPrP.Xho-INRQ and N146D. a) Schema of the plasmid pBluescript-PrPC 
containing the different mutated PrPCs integrated in the MCS trough the XhoI restriction site. b) 
Schema of plasmid MoPrPXhoI [212]. Red arrows show the restriction sites for XhoI. 

 

 

3.2.6.5 Construction of pcDNA3.1Zeo-PrPC plasmids for expression of caprine PrPC 
in N2a cells 

 

In order to construct a plasmid able to express PrPC into mammal cells, advantage was 
taken of the already cloned mutants into pBluescript plasmid used in the part 4.2.6.4 for 
production of transgenic mice. The positive pBluescript constructs, pBluescript-INRQ and 
pBluescript-N146D, were digested with XhoI, and the PRNP gene with the desired 
mutation were separated from pBluescript by electrophoresis in a 1.2% agarose. The 
vector pcDNA3.1/Zeo (figure 7) was also digested with XhoI as the same manner as the 
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pBluescript constructs and purified with help the MinElute Cleanup kit, after the vector 
was treated with the enzyme 1U of SAP and cleaned again. The resulting DNA fragments 
from XhoI digestion were ligated with 0.5U of T4 Ligase in a relation 1:3 vector - insert. 
The ligation mixture was used to transform XL1-Blue cells and the clones grown up in the 
ampicillin agar plate were lysed for obtain the plasmids. Positive plasmid was analysed by 
restriction with XhoI and sequenced in order to verify the presence of the different 
mutations in PRNP as well as the right position of the gene with respect of the 
transcription signals.  

 

 

Figure 7: pcDNA3.1/Zeo (+) vector. The schema of pcDNA3.1/Zeo (+) shows the presence of the 
origins SV40 and pUC, the Cytomegalovirus promoter (PCMV from 209-863 bp) for the expression of 
the desired gen as well as the polyadenylation signal for bovine growth hormone (BGH pA, 1021 to 
1235) located immediately before the multiclonal site (signalled by the restriction sites found inside). 
The vector confers the cells resistance against zeocin. The restriction site for XhoI is signalled by the 
red arrow. 
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4. Results 
 

 

4.1  Prokaryotic expression of recombinant PrPC 

 

In order to analyse the influence of caprine PrP polymorphisms on the conversion of PrPC into 
PrPres in vitro, different mutations were introduced into the caprine PRNP gene. Starting from 
the wild-type haplotype denoted as INRQ, single or double amino acid substitution were 
generated between position 112 and 222 (Table 5). 

 

Table 5: Constructs generated and expressed in E. coli 

 Name Haplotype 
1 INRQ M112M137L141I142H143N146R151R211Q215Q222 
2 M112T T112M137L141I142H143N146R151R211Q215Q222 
3 137I M112I137L141I142H143N146R151R211Q215Q222 
4 L141F M112M137F141I142H143N146R151R211Q215Q222 
5 I142M M112M137L141M142H143N146R151R211Q215Q222 
6 H143R M112M137L141I142R143N146R151R211Q215Q222 
7 N146S M112M137L141I142H143S146R151R211Q215Q222 
8 N146D M112M137L141I142H143D146R151R211Q215Q222 
9 R151H M112M137L141I142H143N146H151R211Q215Q222 
10 R211Q M112M137L141I142H143N146R151Q211Q215Q222 
11 Q215R M112M137L141I142H143N146R151R211R215Q222 
12 Q222K M112M137L141M142H143N146R151R211Q215K222 
13 M142K222 M112M137L141I142H143N146R151R211Q215K222 
14 R143K222 M112M137L141I142R143N146R151R211Q215K222 
15 Q211K222 M112M137L141I142H143N146R151Q211Q215K222 

Note: Exchanged amino acids are depicted in red 

 

The localization of the different mutations in caprine PrPC used in this work is depicted in 
figure 8. The position 141 (M112T) is located in the unstructured part of PrPC (figure 8a). The 
polymorphism M137I, L141F, I142M, H143R and N146S or N146D are found in goat are 
located in the loop between the β-sheet 1 (S1) and the first α-helix (H1). Positions 211, 215 
and 222 are located in the third α-helix (H3). 
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Figure 8: Position of different polymorphisms of caprine PrPC. a) Schematic drawing of caprine 
PrPC displaying the main structures of its secondary structure. The α-helices (H1, H2 and H3) are 
depicted in pink and the β-sheets (S1 and S2) in green. The signal peptide appears in blue, and the 
repeat region in purple. Position of caprine polymorphisms are indicated with black lines b) 3D-Model 
of the C-terminal globular part of caprine PrPC (genotype INRQ) using the swiss model database and 
generated with the program 3D Molecular viewer. The mutations sites are depicted in red. 

 

 

4.1.1 Cloning of PRNP haplotypes 

 

The ovine PRNP gene (amino acids 25 to 234) was amplified by two-step PCR as described 
in the material and methods. As result of the first step PCR, we obtained two different 
fragments for each construct (figure 9a). The length of both fragments is shown in the table 6.  
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Table 6: Length of DNA products after first-step PCR mutagenesis 

Construct 
PCR Product Size 

Fragment 1 (bp) Fragment 2 (bp) 
M112T 280 390 
M137I 354 315 
L141F 370 301 
I142M 371 299 
H143R 374 296 
N146S 284 388 
N146D 284 388 
R151H 299 373 
R211Q 579 92 
Q215R 591 76 

M142K222 371 299 
R143K222 374 296 
Q211K222 579 92 

 
 

 

The corresponding fragments to each construct were used as template for the second PCR 
round reaction. In all cases the final product of the processed constructs had a length of 650 
bp (figure 9b). For the construct Q222K, only a single PCR step was carried out since the 
mutation is located near to the 3`end. All constructs contained a 5`BamHI and a 3`HindIII 
cleavage sites which were used to clone the corresponding constructs into a bacterial 
expression vector pQE40. After transformation, positive clones were checked via restriction 
analysis with BamHI and HindIII (figure 9b). Positive clones exhibit two fragments of about 
3.5kbp and 650bp which represents the vector pQE40 and the corresponding caprine PRNP 
gene respectably (figure 9c). All constructs were verified by sequencing. 
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Figure 9: Generation of caprine prion variants via two-step PCR mutagenesis. a) PCR fragments 
after the first PCR step. b) DNA fragments after the second PCR round c) Restriction analysis of 
construct I142M in vector pQE40. 

 

 

4.1.2 Expression and purification of recombinant prion proteins 

 

Expression was carried out in M15 cells and purification was carried out via the N-terminal 
histag using a Ni-NTA column under denaturing conditions (see materials and methods). 
Refolding was achieved by dialysis against 50 mM NaAcetate (pH 5.5) and pure H2O. The 
yields were approximately 1-2 mg/ml. After SDS-PAGE on a 16% gel the purified proteins 
were stained with Coomassie blue (figure 10). The molecular masses were approximately 23 
kDa. 

 

Figure 10: Recombinant caprine PrPC after expression in E. coli M15. After expression and 
purification the proteins were run on SDS-PAGE. All constructs displayed a molecular mass of about 
23 kDa. 
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4.2  Characterization of recombinant PrPC 

 

 

4.2.1 Antigenic characterization of PrPC 

 

The expressed proteins variants were analysed by Western blot with antibodies covering 
different epitopes of prion protein. All variants were detected by the monoclonal antibodies 
(mabs) P4 (figure 11a) and L42 (figure 11b), which recognises N-terminal (ovine prion 
sequence numbering 89-104) and C-terminal epitopes, (ovine prion sequence numbering 145-
163) respectively. Both mabs exhibit high reactivity against native sheep and goat PrP [221]. 
The mab RGS-His (Qiagen) is directed to the N-terminal poly-histidine tail of the 
recombinant protein (figure 11c). 

 

Figure 11: Western blot of recombinant PrPCs with different antibodies. The Western blot show 
the detection of different caprine recombinant PrPC with the mabs a) P4, b) L42 and c) anti histidines. 
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4.2.2 CD-Spectra of PrPC 

 

In order to verify the correct folding of the bacterially expressed proteins, secondary 
structures were determined by circular dichroism (CD-) spectroscopy. The constructs showed 
local minima at 208 and 222 nm, which indicates a significant α-helical content and a low 
amount of β-sheet structure (figure 12). 

 

Figure 12: CD-Spectra of different mutants of PrPC. The proteins were analysed by circular 
dichroism spectroscopy. The spectra show two local minima at 211 and 220 nm which correspond to a 
high content in α-helices. 

 

 

 

4.3  Characterization of PrPSc isolates 

 

Several TSE strains were used for cell-free conversion studies including mouse-passaged BSE 
(BSE/Bl6) and scrapie strains (Me7) as well as classical scrapie and BSE isolates. Moreover, 
goat (goatBSE) and sheep-derived BSE strains (ovBSE) were used. 10% (w/v) brain 
homogenates were digested with PK and analysed with different antibodies by Western blot. 
All strains were detected with the mab SAF70 and displayed a characteristic pattern of di- 
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mono- and unglycosylated fragments (figure 13a). BSE and scrapie isolates were further 
analysed by the so-called ‘FLI-test’ [221] which determines the electrophoretic mobility of 
the unglycosylated fragment, the proportion of the diglycosylated fragment and P4/L42 
antibody binding ratio (Table 7) Scrapie isolates were detected with the mab P4 (figure 13b, 
lanes 4 and 5) as well as with mab L42 (figure 13c, lanes 4 and 5), whereas BSE isolates 
(from cattle, sheep and goat) were only recognized by mab L42 (figure 13c, lanes 6 to 8) and 
not or only to minor extent by mab P4, due to a changed PK-cleavage site. Both antibodies 
failed to detect mouse passaged strains Me7 and BSE/Bl6 (figure 13 b and c, lines 2 and 3). 

 

Figure 13: Antigenic characterization of scrapie and BSE isolates. Typical bands were observed 
after PK digestion which correspond to the di-, mono- and unglycosylated PrPSc detected with a) 
SAF70, b) P4 and c) L42. 

 

 

Compared to the scrapie standard, the molecular mass of the goat derived fragment was in 
part similar but BSE, ovBSE as well as goatBSE harboured a decrease of about 0.46, 0.58 and 
0.64 kDa, respectively (Table 7, column 3). The glycoform ratio for the diglycosylated form 
for all BSE strains was above 50% (56.8% for BSE, 58.0% for ovBSE and 67% for goatBSE), 
compared to the scrapie strains, which displayed values of about 46% (ovine scrapie) and 
42.8% (caprine scrapie) (Table 7, column 4). The different values are also displayed in a 
triplot diagram (Figure 14). Finally, the antibody binding ratio P4/L42 of all three BSE strains 
was clearly <0.4 compared to scrapie (Table 7, column 7). Due to the use of a different 
antibody, the SAF70 derived values of the mouse passaged strains were not drawn upon. 
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Table 7: Molecular weight of the unglycosylated PrPSc fragments and the PrPSc 
glycoform proportion 

Strain or 
Isolate 

Molecular 
weight 

∆ 
molecular 

weight 

Percentage of different fragments Relation 
P4/L42 Di-

glycosylated 
Mono-

glycosylated 
Un-

glycosylated 
Me7 18.23 - 22 34.8 43.2 - 

BSE/Bl6 17.43 0.8a 21 32.4 46.6 - 
Scrapie  
sheep 17.46 - 22.2 31.8 46 0.85 

Scrapie 
goat 17.40 0.06b 26.8 30.4 42.8 0.83 

BSE 
cattle 17.04 0.46b 17.7 25.5 56.8 0.13 

OvBSE 16.88 0.58b 18 24 58 0.27 
GoatBSE 16.81 0.65b 10.1 22.9 67 0.26 
a compared to Me7 
b compared to PrPSc from sheep  

 

 

 

Figure 14: Triplot diagram from glycosylation pattern of used TSE strains. Each axis from the 
triplot indicates the percentage of each PrPSc fragment after digestion with PK. 
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4.4  In vitro conversion of PrPC into PrPSc using different strains 

 

4.4.1  Mouse-passaged strains 

 

4.4.1.1  Cell-free conversion with Me7 

Incubation of caprine wild-type PrPC (INRQ) with Me7, generated newly formed PK resistant 
PrPres fragments which were detected by mab P4 (figure 15b, lanes 4-5). Compared to the 
undigested control (figure 15b lane 1), the fragment showed a reduced molecular mass of 
about 16-17 kDa, which was a result of the N-terminal PK cleavage. No PrPres fragments were 
detected in the absence of PrPSc seeds (figure 15b, lane 2), nor without incubation (t0 figure 
15b, lane 3). After striping and re-incubation with pab Ra10 the used PrPSc seeds could be 
detected in t0 (figure 15c, lane 3) as well as in the mixtures corresponding to the INRQ 
incubated with Me7 at 37°C (figure 15c, lanes 4-5). The figure 15a depicts the model of full 
length INRQ obtained by modelling the amino acids sequence from 127 to 234. 

 

 

Figure 15: Cell-free conversion of the prion protein (haplotype INRQ) after incubation with 
Me7. a) 3D model of INRQ and the corresponding polymorphic positions in red. b) Cell-free 
conversion of INRQ into PrPres after the incubation with Me7 and PK digestion. Newly converted 
PrPres fragments could be detected in lanes 4 and 5. No PrPres fragments were detected in control 
samples without PrPSc (lane 2) nor the zero value sample (t0) (lane 3). Undigested INRQ control is 
shown in lane 1. Detection was carried with mab P4. c) Same Western blot after stripping and re-
incubation with pAb Ra10 showed the detection of PrPSc strain Me7 (lanes 3-5). 
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The same experiments were carried out with the constructs carrying the different caprine 
polymorphisms (summarized in table 5). Exchange of the non polar amino acid methionine to 
the polar amino acid threonine at position 112 creates the haplotype M112T. The conversion 
of M112T produced a 18 kDa PrPres fragment (figure 16c lines 4-5), however, the efficiency 
was lower compared to INRQ (figure 15c, lines 4-5).  

 

 

Figure 16: Cell-free conversion of M112T after incubation with Me7. a) Illustration of spatial 
location of methionine and threonine. b) Conversion of M112T into PrPres after incubation with Me7. 
PrPres was detected with mab P4 after the incubation with Me7 and PK digestion (lines 4-5). No PrPres 
was detected in the controls (lines 1-3). Undigested M137I control is shown in lane 1. c) Same 
Western blot after striping and re-incubation with pAb Ra10 showed the detection of PrPSc strain Me7. 

 

The exchange of non-polar methionine to aliphatic isoleucine at position 137 reduced the 
generation of PrPres, but the reduction was not clear (figure 17). Similar results were observed 
when haplotype L141F, which originates from the exchange of aliphatic leucine to the 
aromatic amino acid phenylalanine, was used as substrate of the conversion (figure 18). Both 
polymorphisms are located between domain S1 and H1 (figure 17b and 18b). 
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Figure 17: Conversion of M137I with Me7. a) Illustration of spatial location of methionine and 
isoleucine. b) 3D model of M137I produced with the program 3D molecular viewer. The 
polymorphism is located in the loop between S1 and H1. c) Conversion of M137I after incubation 
with Me7 and PK digestion (lanes 4-5). No PrPres fragments were observed without PrPSc (lane 2) or in 
t0 controls (lane3). d) Same Western blot after stripping and re-incubation with pAb Ra10 showed the 
detection of PrPSc strain Me7 (lanes 3-5). 

 

 

Figure 18: Conversion of L141F with Me7. a) Illustration of spatial location of amino acids leucine 
and phenylalanine. b) 3D model of L141F in 3D molecule viewer, polymorphism is depicted in red. c) 
Formation of PrPres after incubation with Me7 and PK digestion detected by mab P4 (lanes 4 and 5). 
No PrPres was detected in the controls (lanes 1-3). d) Same membrane after stripping and re-incubation 
with pAb Ra10 showed the detection of PrPSc strain Me7 (lanes 3-5). 
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The exchange of isoleucine for methionine at position 142 (I142M) which is located centrally 
in the loop between S1 and H1 (figure 19b), leads to reduced formation of PrPres fragment 
(figure 19c) in comparison to haplotype INRQ. 

 

Figure 19: Cell-free conversion of haplotype I142M after incubation with Me7. a) Illustration of 
spatial location of isoleucine and methionine. b) 3D model of general secondary structure of I142M. 
Methionine at position 142 is depicted in red. c) Formation of PrPres from I142M after incubation with 
Me7 detected by the mab P4 (lanes 4-5). No PrPres fragment was observed in control samples (lane 1-
3). d) Same Western blot showed the detection of PrPSc strain Me7 after stripping and re-incubation 
with pAb Ra10 (lanes 3-5). 

 

The haplotype H143R contains an exchange of the basic histidine to basic arginine, which 
permitted the formation of PrPres fragments (figure 20, lanes 4-5).  

 

Figure 20: Conversion of H143R into PrPres after incubation with Me7. a) Illustration of spatial 
location of histidine and arginine. b) 3D model of H143R. The mutation is located in the loop between 
S1 and H1 and is depicted in red, the R group is directed away the protein core. c) Formation of PrPres 
after conversion with Me7 detected with mab P4 (lanes 4-5). No PrPres fragments were detected in 
control samples (lane 1-3). d) Me7 was detected after striping and reincubation with pAb Ra10 (lanes 
3-4). 



 

Results Page 51 

 

Replacement of asparagine with serine (N146S) or aspartic acid (N146D) at position 146 
inhibited conversion completely (figures 21 and 22). Both polymorphisms are directly 
adjacent to helix 1 and substitute a neutral amino acid (asparagine) by another one (serine, 
N146S) or by an acidic amino acid (aspartic acid, N146D). 

 

Figure 21: Inhibition of cell-free conversion of N146S after incubation with Me7. a) Illustration of 
spatial location of amino acids asparagine and serine b) 3D model of N146S with the mutation 
signalled in red. c) No PrP was detected with mab P4 after incubation with Me7 and PK digestion 
(lanes 4 and 5). d) Detection of Me7 in the same Western blot after stripping and detection with pAb 
Ra10 (lanes 3-5). 

 

 

Figure 22: Inhibition of cell-free conversion of N146D after incubation with Me7. a) Illustration 
of spatial location of asparagine and aspartic acid. b) 3D model of N146D obtained with 3D Molecular 
viewer. Position 146 is depicted in red c) Inhibition of PrPres formation was observed when N146S was 
incubated with Me7 after PK digestion (lanes 4 and 5). d) Me7 was detected in the same Western blot 
after stripping and detection with Ra10 (lanes 3-5). 
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When the haplotype R151H of basic arginine to histidine within helix 1, was tested in the cell 
free conversion with Me7, we observed the formation of PrPres (figures 23). The next amino 
acid replacement was introduced at position 211 and replaced arginine with glutamine in helix 
3. The evolved haplotype Q211R was also capable of being converted and generated PrPres 
fragments (figure 24). 

 

Figure 23: Cell-free conversion of R151H with Me7. a) Illustration of spatial location of amino 
acids arginine and histidine.  b) 3D model of the protein R151H obtained with help the program 3D 
viewer showing the polymorphism (in red) in the first α-helix. c) Conversion of R151H into PrPres 
after incubation with Me7 (lanes 4-5). No PrPres was detected in the control lanes (1-3). d) After 
stripping the detection of Me7 was accomplished by using the serum Ra10. 

 

Figure 24: Conversion of R211Q with Me7.  a) Schematic diagram of arginine and glutamine. b) 3D 
model of R211Q. The mutation is located in the third helix (H3). c) Conversion of R211Q into PrPres 
after incubation with Me7. PrPres was detected with the mab P4 (lanes 4-5) whereas no PrPres was 
observed in the control samples (lanes 1-3). d) Detection of Me7 in the same Western blot after 
stripping and re-incubation with pAb Ra10 (lanes 3-5). 



 

Results Page 53 

 

The amino acid exchange at position 215 (Q215R) completely inhibited the conversion of 
PrPC into PrPres in the Me7 conversion reactions (figure 25c lanes 4-5). The polymorphism, 
which replaces glutamine by arginine, is located in the centre of the helix 3 (figure 25b). 

 

 

Figure 25: Inhibition of conversion of Q215R with Me7. a) Diagram of glutamine and arginine. b) 
3D model of Q215R showing the polymorphism located in the middle of the helix 3 and is depicted in 
red. c) Absence of PrPres after incubation of Q215R with Me7 (lane 4-5). d) Me7 was detected after 
stripping and reincubation of the same Western blot with pAb Ra10 (lanes 3-5). 

 

 

Substitution of glutamine with basic amino acid lysine at position 222 (Q222K) also inhibited 
conversion completely. The polymorphism is located at codon 222 at the C-terminal of the 
third α-helix (figure 26). The lysine substitution inhibited also conversion of double mutants 
harbouring additional amino acid exchanges at codon 142 (M142K222), 143 (R143K222), 
and 211 (Q211K222) (figure 27). 
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Figure 26: Inhibition of cell-free conversion of Q222K after incubation with Me7. a) Illustration 
of spatial location of amino acids glutamine and lysine. b) 3D model of Q222K the lysine 222 is 
depicted in red c) No PrPres fragment was observed when Q222K was incubated with Me7 after PK 
digestion and detection with mab P4 (lanes 4 and 5). d) Same Western blot after stripping and 
detection with pAb Ra10 showed the detection of Me7 (lanes 3-5). 

 

 

Figure 27: Inhibition of cell-free conversion of M142K222, R143K222 and Q211K222 after 
incubation with Me7. Inhibition of PrPres formation from the caprine variants a) M142K222, b) 
R143K222 and c) Q211K222 after incubation with Me7. Lane 1 undigested control, lane 2 PrPC 
digested with PK, lane 3 t0 control. 
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Relative conversion rates were determined by calculating the percentage of PrPres fragments 
of corresponding haplotypes compared to INRQ derived PrPres fragments. Amount of PrPres 
fragments from wild-type INRQ haplotype represents the standard value and were set to 
100%. No conversion products were observed with N146S, N146D, Q215R, and Q222K 
(figure 28a, lanes 2, 7-8 and 11-12). A reduction in the conversion rate exceeding 50% was 
observed with haplotypes M112T and I142M. In the case of R151H and R211Q a significant 
reduction was also determined (figure 28a, lanes 9-10). L141F and H143R showed tendency 
for reduction, however, without significance (fig 28b). The average means of relative 
conversion rate of each recombinant PrPC, as well as the p value from the t-student analysis 
obtained by the software GraphPad Prism 5, are summarised in the table 8. 

 

 

Figure 28: Relative conversion rates of caprine polymorphisms with Me7. a) INRQ (standar) in 
relation to caprine haplotypes I142M, H143R, R151H and R211Q showed conversion while proteins 
N146S, N146D, Q215R and Q222K could not convert into PrPSc. a) Relative conversion rates with 
Me7 of haplotypes compared to INRQ standard. Each asterics displays significant p values (*p<0.05, 
*** p<0.01). 
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Table 8: Effect of different caprine PrPC polymorphisms in the in vitro conversion with 
Me7 

Allele Mean+-SEM P value + Significance 
INRQ 100 + 12.54 - - 
M112T 26.47 + 6.47 0.0001 Yes *** 
M137I 82.07 + 22.62 0.4998 No 
L141F 58.36 + 19.61 0.0953 No 
I142M 34.87 + 8.47 0.0007 Yes *** 
H143R 71.08 + 13.67 0.1414 No 
N146S 0 - Yes 
N146D 0 - Yes 
R151H 56.85 + 11.74 0.0249 Yes * 
R211Q 65.34 + 8.283 0.0369 Yes * 
Q215R 0 - Yes 
Q222K 0 - Yes 

All proteins compared to INRQ by using the sofware GraphPad Prism 5. 
+ student´s unpaired t-test 
* p<0.1 
***p<0.001 
 
 

 

4.4.1.2 Cell-free conversion with BSE/Bl6 

In addition to a mouse-passaged scrapie strain we used a mouse-passaged BSE strain 
(BSE/Bl6), which originated from a British BSE case that was inoculated to C57/Bl6 mouse 
strain. Conversion of INRQ haplotype produced PrPres fragments again, however, the 
molecular mass of the BSE derived fragments is about one kDa lower compared to Me7-
derived fragments (figure 29a, lanes 4-5 compared to 6-7). Moreover, mab P4 failed to detect 
the BSE/Bl6 derived fragments (figure 29b 4-5 and 6-7) due to a shifted N-terminal PK 
cleavage site from position 81 to 89 (scrapie specific cleavage site) to position 96 to 97 (BSE 
specific cleavage site) [221, 222]. These results demonstrate that the BSE strain can transfer 
its specific conformation (figure 29c, lanes 4-5) even to bacterial prion proteins.  
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Figure 29: Conversion of INRQ into PrPres with BSE/Bl6 and Me7. a) Newly formed PrPres 
fragments derived from BSE/Bl6 (lanes 4-5) and Me7 (lanes 6-7) were detected with the mab L42. No 
PrPres was observed in the t0 controls (lanes 3 and 8) or in the control without PrPSc seed. b) After 
stripping and reincubation with mab P4 only PrPres fragments derived from Me7 were detectable (lanes 
6-7) c) Detection of BSE/Bl6 (lanes 3-5) and Me7 (lanes 6-8) with pAb Ra10. 

 

The same experiments were done with all caprine PrPC variants, including M112T (figure 
30b), M137I (figure 30c), L141F (figure 30d), I142M (figure 30e), H143R (figure 30f), 
N146S (figure 30g), N146D (figure 30h), R151H (figure 30i), R211Q (figure 30j), Q215R 
(figure 30k), and Q222K (figure 30l).  

 

Figure 30: Effect of caprine polymorphism in the conversion of PrPC into PrPres with BSE/Bl6. 
Western blots showing the effect of different caprine PrPC variants in the conversion with BSE/Bl6 a) 
INRQ, b) M112T, c) M137I, d) L141F, e) I142M, f) H143R, g) N146S, h) N146D, i) R151H, j) 
R211Q, k) Q215R, and l) Q222K. PrPres fragments were detected with mab L42. 
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The results of the conversion of the IVC with BSE/Bl6 in comparison to Me7 are summarized 
in table 9. In contrast to Me7, the general conversion rate was significantly lower with 
BSE/Bl6 and allowed only a semi-quantitative analysis. This may be attributed to specific 
strain properties. The reduced conversion rate may also originate from the use of a different 
antibody (L42 instead of P4) for PrPres detection. Compared to P4, mab L42 has a lowered 
affinity to PrPres fragments (see figure 29b lanes 6-7 compared to 29a lanes 6-7). Semi-
quantitative analysis revealed similar results with haplotypes N146S, N146D, and Q222K, 
which were resistant to conversion. However, and in contrast to Me7, conversion of Q215R 
with BSE/Bl6 produced only faint fragments (figure 30k). Slight differences were seen with 
M112T and H143R. All other six haplotypes were converted by BSE/Bl6. In summary, the 
results from BSE/Bl6 assay confirmed the cell-free conversion data obtained with Me7 
scrapie. 

 

Table 9: Semi-quantitative analysis of cell-free conversion of caprine polymorphisms 
with BSE/Bl6 and Me7 

Variant IVC with Me7 IVC with BSE/BL6 1 
INRQ ++ ++ 

M112T + ++ 
M137I ++ ++ 
L141F ++ ++ 
I142M + + 
H143R ++ + 
N146S - - 
N146D - - 
R151H + + 
R211Q + + 
Q215R - +/- 
Q222K - - 

Notes: ++ strong conversion, + reduced conversion, +/- weak conversion, – no conversion.  
1 Data from 4 repetitions 
 
 
 

4.4.1.3 Biotinylation of recombinant prion protein 

The aforementioned results were obtained by using antibodies that can discriminate between 
newly formed PrPres fragments and the original PrPSc seeds derived from different species 
(mouse seeds versus goat PrPres fragments). However, no original BSE and scrapie can be 
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used in this assay, because goat derived PrPres fragments and PrPSc seeds cannot be 
distinguished using these antibodies. For that reason, the recombinant PrPCs were tagged with 
biotin which covalently binds to the amino groups (NH2+) in lysines. Figure 31a shows the 
sequence of goat PrPC with the 11 potential biotinylation sites to lysine depicted in red, three 
of which are located in the structured C-terminal region of PrPC (figure 31b). After tagging, 
the biotinylated recombinant proteins were detectable using streptavidin-peroxidase (SPO) 
(figure 31c). 

 

 

Figure 31: Biotin-tagged PrPC. a) Sequence of caprine PrPC. Potential biotin binding sites (lysine) 
are depicted in red. b) Localization of lysine in the globular C-terminal region of PrPC (INRQ). c) 
Detection of different biotin-tagged PrPC mutants with SPO. 

 

 

Cell-free conversion was carried out first with Me7 scrapie and BSE/Bl6 strains. The 
conversion of PrPC (INRQ-bio) with Me7 showed the formation of PK-resistant PrPres 
fragments with a reduced molecular mass (figure 32, lines 4-6) compared to the undigested 
control (figure 32, lane 1). No PrPres was observed in the controls without PrPSc seed and the 
t0 (figure 32, lanes 2-3).  
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Figure 32: Cell-free conversion of biotinylated PrPC (INRQ-bio) after incubation with Me7. a) 
Conversion of INRQ into PrPres after the incubation with Me7 and PK digestion. Newly converted 
PrPres fragments can be detected in lanes 4-6. No PrPres fragments were detected neither in sample 
without PrPSc (lane 2) nor the t0 sample (lane 3). Undigested INRQ control was shown in lane 1. 
Detection was carried out with SPO. b) Same Western blot after stripping and re-incubation with pAb 
Ra10 showed the used PrPSc seed Me7 (lanes 3-5).  

 

 

A total of 8 haplotypes were analysed in the cell-free conversion assay using the Me7 scrapie 
strain as source of the PrPSc seed (summarized in figure 33). Again PRNP polymorphisms 
influenced the IVC (figure 33). PrPres fragments were detected in the case of H143R (figure 
33b), R151H (figure 33e) and R221Q (figure 33f). Haplotypes I142M (figure 33a), N146S 
(figure 33 c) and N146D (figure 33 d) produced none or faint signals only. Q222K displays an 
exception due to the additional biotinylation of lysine on position 222 which abrogated the 
inhibitory effects of this polymorphism (figure 33g). Due to the reduced conversion rate, only 
a semi-quantitative determination from between 4 to 8 repetitions was carried out. 
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Figure 33: Cell-free conversion of biotinylated PrPC harbouring different polymorphisms after 
incubation with Me7. a) I142M, b) H143R, c) N146S, d) N146D, e) R151H, f) R211Q, g) Q222K, 
and h) INRQ. Detection was carried out with SPO. 

 

 

Figure 34: Conversion of biotinylated PrP (INRQ) with BSE/Bl6. a) Conversion of INRQ into 
PrPres after the incubation with BSE/Bl6 and PK digestion. Newly converted PrPres fragments could be 
detected in lanes 4-7. No PrPres fragments were detected in control samples without PrPSc (lane 2) or t0 
sample (lane 3). Undigested INRQ control was showed in lane 1. Detection was carried out with SPO. 
c) Same Western blot after stripping and re-incubation with pAb Ra10 showed the used PrPSc seed 
BSE/Bl6 (lanes 3-5). 
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Incubation of biotinylated PrPC with BSE/Bl6 PrPSc induced the formation of PK-resistant 
fragments (Figure 34a, lanes 4-6). This experiment was also carried out with 7 other 
polymorphisms (figures 35 and 36). Semi-quantitative determinations are summarized in 
figure 35. Incubation of haplotypes I142M, H143R, R151H and R211Q with BSE/Bl6 
showed the formation of PrPres fragments (figure 35, lanes 7-8). Moreover, formation of Me7-
derived fragments (figure 35, lanes 5-6) revealed a size difference of about 1 kDa, which 
reflected the difference in molecular mass of the used PrPSc seeds. No specific PrPres 
fragments were seen in the case of N146D and N146S and Q222K (figure 35). However 
several unspecific signals appeared again. 

 

Figure 35: Cell-free conversion of biotinylated PrP haplotypes with Me7 and BSE/Bl6. a) I142M, 
b) H143R, c) N146S, d) N146D, e) R151H, f) R211Q, g) Q222K and h) INRQ. PrPres was detected 
with SPO. Figures a to d show conversion with Me7 and BSE/Bl6, and figures e to h show only 
conversion with BSE/Bl6. 

 

Table 10 summarizes the results from the cell-free conversion assays which used biotin-
tagged PrPC and mouse-passaged Me7 and / or BSE/Bl6 strains compared to the same results 
when using un-tagged prion protein. In general, similar results were obtained in the 
conversion with tagged and untagged proteins. However the inhibitory effects of N146D and 
N146S polymorphisms of untagged polymorphisms were diminished in the case of the 
corresponding biotinylated protein variants. The same effect was seen in the case of Q222K, 
which was caused by the formation of an additional potential biotinylation site. These 
differences demonstrate the influence of protein biotinylation and possible effects to the 
structure of the protein and subsequently to prion conversion. 
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Table 10: Semi-quantitative determination of the influence of biotinylation of different 
caprine variants in the cell-free conversion of PrPC with Me7 and BSE/Bl6 

Variant IVC with Me7 IVC with BSE/BL6 
 Biotin-tagged a No tag Biotin-tagged b No tag c 

INRQ ++ ++ ++ ++ 
I142M + + + + 
H143R + ++ + + 
N146S -/+ - -/+ - 
N146D -/+ - -/+ - 
R151H ++ + + + 
R211Q + + + + 
Q222K -/+ - -/+ - 

Notes: ++ strong conversion, + conversion, -/+ ambiguous conversion, - no conversion. 
a Results from at least 4-8 repetitions 
b Results from at least 4-6 repetitions 
c Results from 4 repetitions 
 

 

 

 

4.4.2 Scrapie isolates 

In additional cell-free conversion reactions, a scrapie isolate was used as a PrPSc seed source. 
This isolate has been already characterized biochemically, as described in figure 19. Cell-free 
conversion with biotinylated PrP (haplotype INRQ) produced newly converted PrPres 
fragments, detected with SPO (figure 36). Again, a reduced molecular mass, compared to the 
undigested PrP, displayed the N-terminal cleavage of the converted protein. Detection of 
exogenous scrapie seeds was carried out with mab SAF70 and highlights the typical banding 
pattern of un-, mono- and diglycosylated PrPSc fragments. Incubation of haplotypes I142M, 
R151H, R211Q with scrapie seeds induced conversion and subsequent formation of PrPres 
fragments (figure 37). Similar result was gained with haplotype H143R (figure 38). No 
fragments were detected in the case of N146D, conversion of N146S and Q222K showed an 
ambiguous PrPres fragment pattern. 
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Figure 36: Conversion of the biotin tagged PrP (INRQ) with ovine PrPSc. a) A PK-resistant 
fragment of approximately 18 kDa was observed after incubation of INRQ-bio with PrPSc material 
from sheep (lanes 4 and 5). No PrPres fragments were formed neither without PrPSc seed (lane 2) nor in 
the t0 control (lane 3). Detection was carried out with SPO.  No PrPres product was observed in the 
controls (lanes 1-3). b) Detection of ovine PrPSc was carried out after stripping and re-incubation with 
mab SAF70 (lanes 3-5). 

 

Figure 37: Cell-free conversion of biotinylated PrP haplotypes with ovine scrapie seeds. a) 
I142M, b) H143R, c) N146S, d) N146D, e) R151H, f) R211Q, g) Q222K, and h) INRQ.  PrPres 
detection was carried out with SPO. Figure a to d show two repetitions of the conversion reaction 
instead of the three samples that are shown in figures e to h. 

The same experiments were conducted, though using PrPSc from a goat scrapie field isolate. 
Again, incubation of biotinylated PrPC (haplotype INRQ) with caprine scrapie induced 
conversion of PrP and the formation of PrPres fragments (figure 38). The N-terminal cleavage 
of the converted PrP by PK reduces the molecular mass of the PrPres fragment of about 6-7 
kDa. Detection of caprine scrapie seeds was carried out with mab SAF70.  
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Figure 38: Cell-free conversion of biotinylated PrP (INRQ) with caprine PrPSc a) A PK-resistant 
fragment of approximately 18 kDa was observed after incubation of INRQ-bio with PrPSc material 
from sheep and PK digestion (lanes 4 to 6). No PrPres fragments were formed neither without PrPSc 
seed (lane 2) nor in the t0 control (lane 3). Detection was carried out with SPO. b) Detection of ovine 
PrPSc was carried out after stripping and reincubation with mab SAF70 (lanes 3-6). 

 

Incubation of 7 different haplotypes (I142M, H143R, N164S, N146D, R151H, R211Q and 
Q222K) with caprine scrapie seeds are summarized in figure 39. PrPres fragments were 
detected by SPO. 

 

Figure 39: Cell-free conversion of biotinylated PrP haplotypes with caprine scrapie seeds PrPC. 
Western blots showing the amount of PrPres obtained from different PrPC caprine mutants after 
conversion with PrPSc from goat: a) I142M, b) H143R, c) N146S, d) N146D, e) R151H, f) R211Q, g) 
Q222K, and h) INRQ.  
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4.4.3 BSE isolates 

 

Biotinylated caprine PrP variants were next incubated with PrPSc seeds from cattle BSE 
isolates in addition to ovine (ovBSE) and caprine (goatBSE) BSE cases. Incubation of PrP 
(haplotype INRQ) with a BSE from cattle was inefficient and produced only a faint PrPres 
fragment (figure 40a). Incubation with ovine and caprine BSE induced conversion of the 
recombinant PrP (INRQ haplotype) which resulted in the generation of specific PrPres 
fragments (Figure 40 b, lane 3-6). The corresponding ovine and caprine BSE seeds were 
detected by mab SAF70. Ovine PrPSc seeds were subsequently incubated with 7 caprine prion 
variants (I142M, H143R, N164S, N146D, R151H, R211Q and Q222K). The results of the 
cell-free conversion are summarized in figure 41. Specific conversion was carried out with 
N146S (Figure 41c, lanes 5-6), R211Q (Figure 41f, lanes 5-6), and Q222K (Figure 41g, lanes 
5-6) and the wild-type INRQ (Figure 41h, lanes, 5-6). No or ambiguous conversion products 
were detected with the remaining prion variants (Figure 41 a, b, d, and e). Ovine PrP was 
therefore the first TSE strain which induces the conversion of the haplotype N146S, that is 
linked to scrapie resistance. Due to the potential biotinylation of lysine at position 222, the 
conversion of the haplotype Q222K could not be evaluated. 

 

 

Figure 40: Cell-free conversion of INRQ-bio with BSE isolates from cattle and sheep. a) 
Conversion of INRQ-bio into PrPres after incubation with BSE isolated from cattle, b) with BSE from 
sheep (ovBSE) and BSE from goat (goatBSE). 
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Figure 41: Cell-free conversion of caprine polymorphisms after incubation with ovine BSE. 
Western blots of conversion of different biotin-tagged PrPC after incubation with ovine BSE. a) 
I142M, b) H143R, c) N146S, without t0 control, d) N146D, e) R151H, f) R211Q, g) Q222K and h) 
INRQ.  Black lines in H143R and R211Q indicates the blots were cut. In the case of N146S there is no 
t0 control, and in the INRQ blot the t0 control was run in the last lane but the membrane was cut and 
re-formatted as to allow consistency in the order of each sample tested.  

 

 

Figure 42 and table 11 summarize the results from the conversion assays performed using 
biotinylated prion protein variants and different TSE strains. The semi-quantitative 
determinations were based on the evaluation of at least 3 independent reactions for each 
polymorphism but in some cases up to 8 repetitions were conducted for specific strains. The 
wild-type haplotype INRQ could be converted by all strains apart from bovine BSE (figure 
42, lane 8). Methionine at position 142 (I142M) reduced the conversion efficiency with all 
strains (figure 42b). No influence to conversion was seen when haplotypes H143R, R151H 
and R211Q were tested and in the case of N146S and N146D, the conversion was induced 
only by ovine BSE. The Q222K polymorphism was excluded from the analysis due to the 
formation of an additional biotinylation site at position 222. 
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Figure 42: Cell-free conversion of 8 different biotinylated caprine polymorphisms by 6 different 
TSE strains. Detection of PrP and newly converted PrPres fragments is carried out with SPO.  a) 
INRQ, b) I142M, c) R143H, d) R151H, e) N146S, f) N146D, g) R211Q, and h) detection of all PrPSc 
strains and was carried out with the mab SAF70 from blot of INRQ. 

 

Table 11: Semi-quantitative analysis of cell-free conversion of biotinylated PrP 
haplotypes with BSE/Bl6, Me7, ovine scrapie, caprine scrapie, BSE, ovine BSE and 
caprine BSE  

 Mouse-passaged strains * Scrapie isolates BSE isolates  
Me7 BSEBl6 PrPSc sheep PrPSc goat bovBSE ovBSE capBSE 

INRQ ++ ++ ++ ++ -/+ ++ ++ 
M112T + ++ nd nd nd nd nd 
M137I ++ ++ nd nd nd nd nd 
L141F ++ ++ nd nd nd nd nd 
I142M + + + + - + nd 
H143R ++ + ++ ++ - ++ nd 
N146S - -/+ -/+ -/+ - + nd 
N146D - -/+ -/+ -/+ - + nd 
R151H + + ++ ++ -/+ ++ nd 
R221Q + + ++ ++ - ++ nd 
Q215R - - nd nd nd nd nd 
Q222K - - + + -/+ + nd 
Notes: ++ strong conversion, + conversion, +/- weak conversion, -/+ ambiguous conversion, - no 
conversion, nd not done. * PrP without biotin tag 
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4.5  Dominant negative effect 

 

Dominant-negative inhibition can be defined as the ability of prion protein (PrP) expressed 
from an allele, which typically confers resistance, to render conversion of PrP to PrPSc 
inefficient [223]. Since resistant polymorphisms were able to reduce the conversion of 
susceptible PrPC genotypes [122, 224, 225] a possible dominant-negative inhibition was 
analysed by co-incubating the susceptible haplotype INRQ with resistant alleles in 1:1 
mixtures, followed by evaluation using the cell-free conversion assay. This was performed 
with resistant alleles H146D (INRQ/H146D), H146S (INRQ/H146S) and Q222K 
(INRQ/Q222K) as well as with alleles, confering reduced susceptibility, namely I142M 
(INRQ/I142M) and H143R (INRQ/H143R).  INRQ conversion was significantly reduced by 
H146D (Figure 43a, lanes 7-8), H146S (Figure 43a, lanes 9-10), and Q222K (Figure 43a, 
lanes 11-12). The corresponding relative conversion rates were calculated as mean values of 
eight independent reactions, on the basis of INRQ derived PrPres fragments that were set to 
100%. The conversion of INRQ with H146D was reduced to 10.02% compared to INRQ 
alone, 15.11% for INRQ/H146S and 14.76% for INRQ/Q222K (figure 43b). 

 

Figure 43: Dominant negative effect of N146S, N146D and Q222K in the conversion of INRQ. a) 
After incubation with Me7 and PK digestion of 1:1 mixtures of INRQ with different resistant PrPC; 
PrPres was detected with the mab P4. b) Meaning of 8 experiments showed a reduction in the 
conversion of INRQ when incubated with other mutant PrPC. 
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4.6  Generation of transgenic mice carrying N146D and N146S 
polymorphisms 

 

In order to test the effect of caprine polymorphism in the pathogenesis of TSEs, the 
generation of transgenic mice encoding selected resistance-associated mutations was 
proposed. Under this objective, the construction of plasmids for the generation of transgenic 
mice with serine and aspartic acid was carried out as described in the materials and methods 
(chapter 4.2.7). For this purpose, these mutations were introduced in the full length PRNP by 
two-step PCRs. The first of a two-step PCR reaction was carried out yielding PCR products of 
456 bp and 352 bp length respectively. The PCR products were purified and used as template 
for the second-step PCR resulted in a product of 787 bp respectively (figure 44a). The latter 
fragments were digested with XhoI, and cloned in the vector pBluescript (figure 44b). Positive 
clones were sequenced, and the plasmids containing the desired mutation were used to 
subclone the insert into the plasmid MoPrP.Xho by purifying the PRNP gene. The resultant 
plasmid has a length of 12 kb (figure 44c). 

 

Figure 44: Generation of MoPrP.Xho-N146S and MoPrP.Xho-N146D. a) PCR products obtained 
for exchanges at position 146 in the first-step PCR (456 bp for fragment 1 and 352 for fragment 2 in 
first gel) those were used as template for the second PCR where a product of 787 bp was obtained. b) 
Clonation of PRNP obtained from the PCR in pBluescript c) Clonation in MoPrP.Xho of PRNP 
harbouring the mutations purified from pBluescript-PrPC. After the ligation, the selection of positive 
clones was done by restriction with XhoI, positive clones showed two fragments of 11kb and 787bp 
corresponding to the vector plus insert (lanes 1,2,5,6,9,10, 12-15, 17 and 18).  
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Over 843 fertilized oocytes from taken from PrP0/0 mice were microinjected with the plasmid 
MoPrP.Xho-N146S according to standard procedures. From these, 228 oocytes survived and 
were re-implanted into pseudo-pregnant CD1 mice. Two positive animals were obtained. 
Founder animals were mated with PrP0/0 mice and the offspring examined for the PRNP copy 
number by comparing PCR amplification to corresponding standard samples. However, the 
first generation of each positive mouse (33 and 32 animals respectively) were all negative.  

 

 

 

4.7  Expression of PrPC in N2a  

 

4.7.1 Cloning of PRNP in pBluescript 3.1 zeo 

 
The PRNP gene containing the mutations N146S and N146D as well as the ancestral INRQ 
were subcloned into the vector pcDNA3.1Zeo as described in material and methods 
(4.2.8.1).Plasmids containing an insert of 787 bp were sequenced and sequences were 
analysed with the program Translate which verified the presence the mutation as well as the 
position of the PRNP gene in relation to the translational signals. The figure 45 outlines the 
procedure and results of the production of those plasmids. 

 
Figure 45: Generation of pcDNA-N146S and pcDNA-N146D. a) Schematic representation of 
pBluescript-PrPC as donor of PRNP full length. b) Products obtained after digestion of pcDNA3.1/Zeo 
with XhoI and purification of N146S, N146D and INRQ from the donor plasmid before the ligation c) 
Schematic representation of pcDNA-PrPC. d) Analysis with XhoI of the clones obtained from the 
ligation between pcDNA3.1/Zeo and N146S. 
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4.7.2 Expression of PrPC in N2a cells 

 

The neuroblastoma cell line, called N2a, has been used to replicate prions in vitro [181, 182, 
184, 226], therefore, this cells were selected to express caprine PrPC variants. 

After transfection of N2a cells and selection with zeocin, the cell homogenates were tested for 
the presence of PrPC expression. At first, PCR against the ampicillin resistance gene was 
performed using DNA extracts from the transfected cells in order to verify the presence of the 
plasmid sequences in the N2a cells. All transfected cells were positive in the PCR test (figure 
46a). Cell homogenates from the transfected cells were analysed by Western blot in order to 
detect the expression of PrPC. The results showed expression of a protein recognized by the 
mab P4 (figure 46). In the case of N2a transfected with pcDNA-INRQ and pcDNA-D146D, 
three fragments were observed corresponding to the different glycosylation stages of PrPC. 
The cells transfected with the vector pcDNA3.1/Zeo did not express the ovine prion protein 
(figure 46). 

 

Figure 46: Stable expression of PrPC (full length) in N2a cells. a) Presence of different plasmids in 
N2a transfected cells. All DNA extracts from transfected cells showed, after a PCR, a 300 bp DNA 
fragment from the ampicillin-resistance gene of pcDNA3.1/Zeo. A PCR without DNA (negative 
control, C) and a PCR with the plasmid pcDNA-INRQ as template (positive control, lane 6) were 
performed as controls. b) Caprine PrPC was detected in cell homogenates of transfected cells with 
pcDNA-INRQ and pcDNA-D146D by using the mab P4. No PrPC was detected in control cells (N2a 
pcDNA). 

 



 

Results Page 73 

 

4.7.3 Expression of PrPC in cell membranes 

 

Since some mutations in the PRNP gene can modify the expression and intracellular 
trafficking of PrPC, I analysed the membrane association of different goat PrP mutants, which 
were expressed in N2a cells, using immunofluorescence, FACS with the mab P4 which 
detects caprine PrPC. The PrPC was found in the cellular membrane of transfected cells with 
INRQ (figure 47c) as well as the resistance-associated mutant N146D (figure 47d). No PrPC 
was detected in the controls (N2a cells mock, 47a, and N2a-pcDNA cells 47b). The data 
indicate that both, INRQ and the resistant polymorphism N146D are expressed and inserted 
into the cell membrane. 

 

Figure 47: Expression of PrPC in the cellular membrane of transfected N2a cells. a) Detection of 
caprine PrPC in N2a transfected with pcDNA-INRQ and pcDNA-N146D by FACS analysis that 
showed a positive signal after incubation with mab P4 in the case of N2a-INRQ and N2a-N146D. 

 

 

 

4.7.4 Glycosylation of PrPC in cell culture 

 

In order to test, in more detail, some characteristics of the cellular trafficking of different 
mutants of PrPC, we used different glycosidases to identify the posttranscriptional 
modifications during the cellular trafficking of PrPC. The glycosylation pattern of the 
susceptible genotype INRQ is shown in figure 48a, lane 1. The enzyme PNGase cleaves 
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asparagine-linked oligosaccharides which are processed in the endoplasmic reticulum as well 
as in the Golgi apparatus. The molecular shift of PrPC after PNGase treatment shows a typical 
N-glycosylation pattern with a reduced molecular weight (figure 48a, lane 3). To determine 
processing deficits, PrPC variants were also analysed by endoglycosidase H (Endo H) 
treatment. Endo H is unable to cleave complex oligosaccharides that are processed during 
their passage through the Golgi apparatus. Both proteins showed a high resistance to Endo H 
(figure 48a and b, lanes 4-5). PI-PLC cleaves the GPI anchor of membrane glycoproteins. 
Both caprine variants were released to the membrane by PI-PLC, (figure 48a and b, lanes 7 
and 9). No PrPC was detected in the medium from cells without PI-PLC (lane 6). The mutant 
containing the aspartic acid exchange at position 146 (N146D) showed a similar glycosylation 
pattern (figure 48b), compared to INRQ demonstrating the correct cellular trafficking. 

 

Figure 48: Analysis of the PrPC glycosylation. N2a cells transfected with a) INRQ b) N146D and c) 
pcDNA were digested with PNGaseF, Endo H, and PI-PLC. In PI-PLC lines, “sup” means 
supernatant, “C” is the control without enzyme and “PL” the cell treated with enzyme. 

   

 

In summary, the results demonstrated that the overall PrP expression and processing was not 
affected by the genotype. 
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5. Discussion 
 

 

The genetic background of an animal or human plays a key role for TSE diseases, since the 
incubation period and susceptibility are controlled largely by the prion gene PRNP and its 
variations. The mutation V129M predisposes the in humans to develop CJD [115], the D178N 
mutation is associated with FFI and sCJD cases [52, 123],  and the E219K mutation is 
associated to the sCJD resistance [120]. Likewise, PrPC polymorphisms also influence the 
TSE susceptibility in animal species. In the case of scrapie in sheep, the ARQ genotype 
confers increased susceptibility whereas ARR confers resistance [128, 145, 227, 228]. In 
goats, 33 mutants have been described to date and it is still unclear whether there is a link 
between the polymorphisms and the susceptibility against TSEs. To address this issue, the 
objective of my work was to generate different recombinant caprine PrP mutants to analyse 
their convertibility using a cell-free conversion assay. The results found in vitro were finally 
compared to in vivo findings. 

 

 

5.1  Effect of caprine polymorphisms on the in vitro conversion of PrPC 

 

Several approaches have been taken over the past decade to analyse the molecular 
mechanisms of prion replication in vitro using conversion assays (IVC). IVC recapitulates 
central aspects of the PrPSc amplification such as species barriers [102] or the specific 
propagation of different prion strains [196]. This method allows the kinetic characterization of 
the PrP conversion [192] and the investigation of additional factors that contribute to the 
PrPres formation.  

Initially, radiolabelled PrPC from N2a cells was used as substrate, and guanidine 
hydrochloride (GdnHCl) treated PrPSc from infected brain served as seed source. The 
detection of newly converted PrPres was carried out via autoradiography. Other assays 
replaced GdnHCl with NaCl and / or KCl [191] and bacterially expressed and radiolabelled 
PrPC as substrate [190, 191]. Here, we used a modified cell-free conversion assay on the basis 
of PrPSc from prion infected brain samples and recombinant bacterial PrPC as source. The 
conversion reaction was carried out under semi-native conditions using KCl instead of 
GdnHCl, which avoided PrPSc denaturation and closer mimicked conditions in vivo. The 
detection of newly converted PrPres was achieved by using antibodies that discriminate 
between PrPres and the exogenous PrPSc seeds [192].  
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This cell-free conversion assay was standarized using the caprine wild-type PrP variant 
INRQ. Goats containing this haplotype are known to be susceptible to classical scrapie [167]).  

Fifteen caprine PrPC variants were expressed in E. coli. The cloned PRNP fragments: encoded 
amino acids 23 to 234 of caprine PrPC; lacked the N- and C-terminal signal sequence; had a 
molecular mass of about 23 kDa and were devoid of GPI anchor and sugar side chains. All 
wild-type and variant caprine PrPCs were recognized by the mabs P4 (ovine 89-104) and L42 
(ovine sequence 145-163) (figure 11). The CD-Spectra showed that the proteins exhibited a 
high content of α-helix and only minor areas of β-sheet, which combined, resembled the 
characteristics of physiological PrPC (figure 12). Although isolated under denaturating 
conditions, all recombinant proteins were re-folded after dialysis and suitable for the cell-free 
conversion assay. 

Mouse-passaged strain scrapie Me7 and BSE (strain BSE/Bl6), were used as PrPSc source 
seeds in the conversion assay. The evaluation of newly formed PrPres by Western blot and 
quantification by Versadoc Imaging System indicated that about 5% of bacterial PrP was 
converted into PrPres.  In other IVC assays, the conversion efficiencies reached up to 20%. 
However, it is important to mention that such yields required denaturating conditions. 

 

 

5.1.1 Cell free conversion using mouse adapted Me7 scrapie prions 

 

After establishment of the cell-free conversion of caprine PrPC variant INRQ with Me7, the 
assay was carried out using a total of 14 different caprine PrPC polymorphisms. The results 
are displayed in detail in table 8. Compared to INRQ, a reduced conversion was observed 
with the haplotypes M112T, I142M, R151H and R211Q, whereas exchanges at position 146 
(N146S and N146S), 215 (Q215R) and 222 (Q222K) inhibited the conversion completely 
(figure 28). The inhibitory effects of Q222K were also seen in the double mutants 
M142K222, R143K222 and Q211K222 (figure 27).  

The results from cell free conversion assay with Me7 appeared to be analogous to in vivo data 
(figure 28, table 12). Reduced conversion rate was associated to shortened incubation times 
whereas haplotypes found only in healthy animals completely inhibited the conversion of 
PrPC in vitro.  

In detail, methionine at codon 142 reduced the conversion by more than 50% when compared 
to the INRQ haplotype. This result agrees with the observation that goats experimentally 
infected with BSE or scrapie strains, such as CH1641 and Me7, displayed increased 
incubation times [167]. In sheep, the exchange at position 142 from isoleucine to lysine was 
also related to protection against scrapie [227]. The polymorphism corresponding to tyrosine 
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instead of methionine at position 112 (M112T) was recently described in goats [157]. The 
same mutation in sheep was associated with resistance against BSE [143] and also with low 
disease incidence [229]. Moreover, sheep carrying threonine at position 112 showed longer 
survival times than the animals with methionine suggesting a protective role of threonine 
[230], and reduced the in vitro conversion of ovine PrPC [199]. However, there is no report up 
to now, which correlates this mutation to a changed susceptibility in goat. H143R also showed 
a reduced conversion compared to INRQ (figure 28). In vivo, the number of scrapie affected 
animals that are homozygous for histidine 143 exceeds the percentage of animals 
homozygous for arginine at 143 or heterozygous individuals. In addition, heterozygous 
individuals, that were positive for PrPSc, did not show clinical signs or typical PrPSc 
accumulation patterns [158] suggesting a protective role of this mutation. Glutamine at 
position 211 (R211Q) also showed a reduced conversion. In French goat herds, this mutation 
was related to some degree of resistance to scrapie, i.e. the proportion of affected animals 
with this polymorphism was eight times lower in comparison with healthy goats [165]. The 
exchange of leucine to phenylalanine at position 141 of caprine PrPC gradually reduced the 
conversion in vitro (figure 18) but without significance confirming the observations from 
ovine L141P haplotype [199]. A similar result was observed in the case of methionine-
isoleucine exchange at position 137. Until now there are no reports which suggests a role of 
M137I for scrapie susceptibility in goats, but the homologous polymorphism in ovine PrP 
protects sheep against experimental scrapie infection [227]. 

A dramatic scrapie epidemic has been ongoing in Cyprus over the last years (reviewed in [4]). 
Interestingly, Cyprus goats belonging to the Damascus breed carry two polymorphisms at 
position 146 (N146D and N146S), only 5 heterozygous goats have been positively infected 
with scrapie and no homozygous goat with either one of these polymorphisms has been 
diagnosed with scrapie to date [159]. In our cell-free conversion studies, the protective effects 
of the exchange of asparagine to aspartic acid or serine were confirmed and lead to a complete 
inhibition of the PrPres formation (figures 21 and 22). The exchange of glutamine to lysine at 
position 222 (Q222K) revealed another protective polymorphism in goats [160]. In Italian 
scrapie outbreaks, this polymorphism was found only in healthy animals even when the 
frequency of this allele was sufficiently high in the affected herds [160, 161]. In another study 
in French herds, the proportion of healthy animals carrying lysine at position 222 was 20 
times higher than in scrapie affected individuals [165]. Conversion of recombinant Q222K 
with Me7 was also completely abolished in vitro (figure 26 and 27). Similar effects have been 
found by homologous polymorphisms in human PrPC, the E219K allele polymorphism 
(homologous to Q222K in goat and Q218K in mice) is considered to be protective against 
Creutzfeldt-Jakob-Disease [120]. In addition, the conversion of the Q218K murine variant 
was analysed in vitro, and a significant reduction of the fibrillization kinetics and dominant 
negative effects to murine wild-type prion protein were observed [231]. Exchanges at position 
218 in murine PrPC (Q218K, Q219E, Q219H and Q222L) also inhibited the conversion in cell 
culture when cells were infected with the Chandler strain [232]. Another caprine variant 
which inhibited the conversion of PrPC was Q215R (figure 25). To date, there is no report of 
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Q215R-derived resistance against TSEs [157], being the inhibition of the conversion the first 
evidence which support the role of this polymorphism in the resistance against TSE.  

In general, the cell-free conversion correlated well with in vivo observations (see table 12). 
The results presented here suggest a reduced scrapie susceptibility of goats that is conveyed 
by the polymorphisms M112T, I142M, R151H and R211Q. Resistance to scrapie was 
conferred by N146S, N146D, Q215R and Q222K haplotypes, which exhibited an inhibition of 
the conversion of PrPC into PrPres. These results imply that PrPC polymorphisms modulate 
scrapie susceptibility at molecular level modifying directly PrPSc formation. 

 

Table 12: Correlation of the effect of different caprine PrPC polymorphisms with in vivo 
observations 

Variant IVC with Me7 Correlation with in vivo observations 
INRQ ++ Susceptible 

M112T + Resistance against BSE [143] and scrapie [229, 230] in sheep 
M137I ++ Not reported [157] 
L141F ++ Susceptible 

I142M + Longer incubation times [167] 
H143R ++ Reduced susceptibility [158, 161] 
N146S - Observed only in healthy animals [159] 

N146D - Observed only in healthy animals [159] 
R151H + Reduced susceptibility 
R211Q + Reduced susceptibility [165] 

Q215R - Not reported [157] 
Q222K - Observed only in healthy animals [161, 165] 

 

 

 

5.1.2 Cell-free conversion using mouse-adapted BSE prions 

The cell-free conversion of all caprine PrP variants was carried out using the mouse-passaged 
BSE strain BSE/Bl6. The results gained from the cell-free conversion are summarised in table 
8. In detail, M112T did not reduce the conversion, whereas conversion with H143R was 
reduced. In the case of N146S and N146D some conversion products were observed. 
However, the controls also showed some PrP fragments which made it difficult to identify the 
specific PrP fragments from N146S and N146D as PrPres. A slight enhancement of conversion 



 

Discussion Page 79 

 

was observed for Q215R. Similar to the Me7 conversion, I142M, H143R, R151H and R211Q 
also showed reduced conversion efficiency, while no clear effects were observed for the 
proteins M137I and L141F. Inhibition of the conversion of PrPC into PrPres was observed 
when Q222K was used as a substrate for the conversion reaction.  

It must be noted that the cell-free conversion with Me7 seeds was more efficient than the 
conversion with BSE seeds and gave more reproducible results, i.e. in BSE-seeded conversion 
reactions, a higher level of variation was observed between individual experiments. 

In summary, the results with mouse-passaged strains showed that methionine at position 142 
reduced the conversion of PrP to PrPres. Similar results were observed in case of haplotypes 
R151H and R211Q, however, the reduction of the conversion rates were less pronounced. 
Inhibitory effects on the conversion rates were also observed for the N146S, N146D and 
Q222K variants. 

 

 

5.1.3 Cell-free conversion with biotinylated PrP haplotypes with scrapie and 
BSE isolates 

 

The discrimination of newly formed PrPres from the PrPSc seed by species-specific mabs was 
possible only when mouse-passaged TSE strains were used. Authentic cattle-derived BSE or 
sheep/goat-derived scrapie PrPSc material contain the same epitopes like the PrPC substrate 
and abolish this discrimination. For that reason the recombinant PrPC variants were tagged 
with biotin and the detection was carried out with streptavidin peroxidase (SPO), which 
obviously did not recognize PrPSc from the isolates. The D-biotinoyl-ε-aminocaproic acid-N-
hydroxysuccinimide ester (biotin -7-NHS) covalently binds to free amino-free groups, mainly 
via lysine residues. In the standard procedure, wild type caprine PrPC (INRQ) was incubated 
in the cell-free conversion assay with PrPSc seeds from classical ovine and caprine cases. 
After five days of incubation, a fragment of approximately 18 kDa which corresponded to 
newly formed PrPres was detected with SPO in both cases (figures 36 and 38).  

In a first approach, recombinant caprine PrP was incubated with BSE derived from a 
confirmed classical BSE case, following which only faint or no signals were gained from cell-
free conversion. This correlates with the finding of only two natural BSE cases in goats have 
been identified up to now. Sheep and goats have been experimentally infected with BSE [28, 
233] suggesting a possible but highly unlikely natural infection. In contrast, BSE strains 
passaged in sheep (ovBSE), as well as goat (goatBSE), induced the conversion of 
recombinant PrPC. In this case, the species barrier was already abolished due to the adaptation 
of BSE to the sheep or goat. The cell-free conversion of biotinylated PrPC, therefore, mimics 
the natural species barrier in vitro. The barrier phenomena and the susceptibility due to the 
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use of different strains can be explained according to the model proposed by Collinge and 
Clarke [106], where the BSE isolate can convert the goat PrPC only at a very low efficiency 
since the number of compatible conformations between caprine and bovine PrP are limited. In 
the case of BSE strains originating from sheep and goat, only these compatible conformations 
were selected and replicated, facilitating the conversion of the recombinant caprine PrPC. 
There are no differences between ovine and caprine BSE sources, as both species share the 
same amino acidic sequence of PrP. 

For cell-free conversion of biotinylated caprine PrP we used 8 different caprine constructs and 
incubated them with classical scrapie, cattle BSE, and ovine BSE. With regard to scrapie 
(classical ovine and caprine scrapie), the general results indicated similar effects as obtained 
with untagged caprine PrPC variants. Using classical BSE no conversion was detected. In 
contrast, ovine BSE could induce conversion of several caprine PrPC variants. Interestingly, 
ovine BSE could induce the conversion of the resistance associated polymorphism N146S and 
N146D. 

However, due to a general lowered conversion rate and resulting weak signals obtained with 
scrapie isolates, compared to conversion with Me7, only a semi-quantitive examination was 
possible. Compared to the cell-free conversion with untagged PrPC there was a higher rate of 
nonspecific signals and a higher range of variation. Apparently, the biotinylation induced an 
increased formation of uncleaved PrP-fragments especially in the case of resistance-
associated mutations. In addition, the “protective effect” of the amino acid exchange at 
position 222 was abolished by the biotinylation. This can be explained by the additional 
insertion of a biotin directly to the lysine at position 222, which abrogated the inhibitory 
effects of this residue.  

These results indicate that the biotinylation induces a structural change in PrPC and changes 
its conversion properties, which explains the discrepancies to the untagged counterparts. 
Structural changes of biotinylated proteins have been reported before. For example, biotin 
modified the structural and binding characteristics of C-reactive protein (CRP) suggesting that 
chemical modification altered the structural integrity of CRP [234]. In the case of 
biotinylation of histones, the modification affected histone dimerisation in nucleosomes [235].  

In summary, I demonstrated the conversion of caprine PrPC by ovine and caprine BSE in vitro 
for the first time. However, the specific influence of single amino acid exchanges on the 
conversion could not be clearly substantiated with biotinylated PrP constructs.  
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5.1.4 Dominant negative effect of resistant haplotypes on the conversion of 
PrPC 

 

Dominant-negative inhibition describes the genetic resistance to acquired and hereditary 
transmissible spongiform encephalopathies (TSEs) in heterozygous individuals based on the 
expression of the resistant PrPC allele. The resulting interference of susceptible and resistant 
PrP haplotypes results in an inefficient conversion of PrPC to PrPSc.  

The inhibitory potential of goat PrP variants was confirmed in this study by dominant-
negative effect in vitro, where co-incubation of the susceptible INRQ allele with the mutants 
N146S, N146D and Q222K caused a significant decrease of the conversion rate of INRQ. In 
the case of the proteins I142M and H143R this inhibitory effect was also observed (figure 43). 
The negative inhibition can explain the resistance of heterozygous animals carrying the 
polymorphism 143R/H [158] or 151R/H even when the reduction of the conversion into PrPres 
is still possible (figure 43). Similar protective effects are seen in humans: The sCJD disease 
frequency in PRNP M129V allele carriers is significantly lower as in hemizygous PRNP M 
carriers completely [115], and the E219K genotype (homologous to caprine Q222K) was 
absent in sCJD patients [120]. Heterozygous mice expressing the human allele E219K 
showed the lowest conversion in comparison to homozygous for glutamic acid, or even lysine 
homozygous and hemizygous (219E/0) [225]. Q218K inhibited the formation of wild-type 
PrPC and delayed the prion disease in infected mice. Moreover, a prion infection was cured in 
cell culture after transferring lentiviral vectors carrying Q218K PrPC [224]. During in vitro 
fibril formation, murine Q218K PrP displayed a prolonged lag phase and reduced yield in 
comparison to the wild-type protein. In a mixture of wild-type and Q218K at 1:1 ratio the lag 
phase was increased and the yield of fibrils was also reduced. Resistant Q218K as well as the 
susceptible wild-type PrPC were incorporated into the fibril at the same ratio. The fibrils 
produced from the wild-type protein, the Q218K or the mixture had very similar structures 
[231]. The polymorphisms R154H and Q171R of ovine PrPC, which reduced the conversion 
rate, showed also a strong dominant negative effect in the conversion of the ancestral wild-
type ARQ haplotype (Eiden, et al., 2010 submitted). This phenomenon was explained by 
Kobayashi et al [236] using the nucleated polymerization model. In heterozygous individuals, 
the conversion results in at least two populations of PrPSc molecules with different structures 
which interfere during the fibril formation. The proposed model for PrPSc implies a specific 
interaction between different PrPSc monomers [78], containing distinct structural properties 
that can interfere with the fibril formation. The dominant-negative effect, therefore, proceeded 
by slowing down the polymerization rate rather than blocking the growing fibrillar oligomers. 
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5.2  Molecular mechanisms of PrP conversion and the influence of PrPC 
polymorphisms 

 

The conversion reaction, of PrPC to PrPSc, can be divided into two sequential steps, which first 
include the binding of PrPC to the PrPSc seed and secondly the rearrangement of PrPC into a 
highly β-sheet containing structure. With regard to PrPC-PrPSc interactions, specific regions of 
the prion protein were identified that are essential for the formation of the initial PrPC-PrPSc 
complex as a starting point for the subsequent conversion. Antibodies directed against α-helix 
1 (H1) cured prion infections in cell lines persistently infected with PrPSc suggesting that H1 
is the preferred site for interaction between PrPC and PrPSc [226]. Moreover, transgenic mice 
expressing the corresponding antibodies were resistant to a scrapie infection [237]. 
Antibodies, that specifically bind two regions of mouse PrPC, demonstrate the role of the 
initial PrPC-PrPSc attachment sites: the first encompasses amino acid 89 to 112 and the second 
from position 136 to 158 (corresponding to 92-116 and 140-162 of ovine PrPC). These motif 
grafted antibodies were able to precipitate PrPSc from scrapie infected brains but not PrPC, 
signalizing structural changes between both isoforms [238]. By mapping prion-prion 
interaction sites in peptide array studies, different PrP interaction regions were identified. For 
example, the peptide corresponding to the octarepeats GQPHGGGWGQ (amino acids 61-95) 
inhibited the binding of PrPC with the peptide arrays [239]. In a second study, two peptide 
areas were identified to interact with ovine PrPC. The first encompassed ovine amino acid 45 
to 87 and the second an amino acid sequence located between positions 133 and 173 [240]. 
Interestingly, within the binding area from 133-173 several polymorphisms are located, which 
are strongly associated with the scrapie susceptibility in sheep and goats. This includes 
polymorphisms in sheep (amino acid position 136, 154 and 141) and the caprine 
polymorphisms I142M, N146S and N146D. The global architecture of the PrPC-PrPSc 
interface, however, was not disturbed by single polymorphisms in this region. This was 
shown in a previous study, where the resistant ovine PrPC of the allele ARR bound PrPSc as 
efficiently as conversion prone PrPC variants of the ARQ or VRQ alleles [241]. According to 
this observation, the reduced conversion rate of caprine haplotypes was probably not caused 
by reduced binding affinity to PrPSc but rather by structural changes in the protein itself.  

Mutations in PrPC can modify the thermodynamic properties of PrPC as well as the 
arrangement of secondary structural elements (β1 strands and α-helices) and even those that 
are formed intermittently during the transition to PrPSc. A sequential impact analysis of amino 
acid exchanges on the caprine prion structure and their subsequent propensity to convert is 
discussed below. 

The inhibitory M112T polymorphism is located in the non-structured amyloidogenic region 
around residues 106-126, which is suspected to act as an aggregation promoter [242]. 
Exchange of the non-polar methionine to the polar threonine could, therefore, disturb the 
proposed extended β-strand formation and subsequent oligomerisation of the protein [243]. 
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The polymorphisms at position 137 (M137I), 141 (L141F), 142 (I142M), 143 (H143R), 146 
(N146S/D) are located in the loop between β1 strand and α1 helix. All these substitutions 
reduced the cell-free conversion efficiency, especially I142M with a significant decrease of 
more than 50% and N146S as well as N146D yielding a complete inhibition. NMR studies 
revealed that this region might be the first entry point for the infectious PrPSc conformer to 
convert the cellular protein [244]. According to this model, amino acid exchanges would then 
re-arrange the loop structure and inhibit the formation of pre-aggregation intermediates, 
which evolve from this region. 

Moreover, N146 polymorphisms are adjacent to the α−helix 1 (H1), which is critical for an 
efficient PrPC conversion [245]. Changes in amino acid sequence in H1 at positions 145, 146, 
147 and 151 of murine PrPC (corresponding to positions 149, 150, 151 and 155 in caprine 
PrPC) inhibited the conversion in vitro, suggesting that specifically charged residues of H1 
were critical for the efficient PrP conversion [245], and illustrate the protective effects of the 
R151H polymorphism. The exchange of an aliphatic arginine (strong basic residue) to 
histidine (weak basic residue) which reduced the conversion of PrPC in vitro, by almost 50%, 
may be caused by perturbation of charge interactions in the PrPC molecule. In the same sense, 
replacement of arginine by histidine at position 154 in ovine PrPC (haplotype AHQ) reduced 
the conversion in vitro (Eiden et al., 2010 submitted) and in vivo [246]. 

Finally, polymorphisms R211Q, Q215R and Q222K, which reduced the cell-free conversion 
completely (Q215R and Q222K) or partially (up to 35%, R211Q), were located in the third α-
helix (H3). H3 together with H2 are critical regions for the PrP oligomerisation and 
subsequent fibril formation. According to Chakroun et al. [247], the H2-H3 complex adopts 
during conversion a double β-hairpin structure, which could act as seed for fibre formation. 
Using chromatography and light scattering it was shown that the C-terminal part of H3 
strongly modulates the polymerization kinetics. With regard to this model, the caprine 
mutations at 211, 215 and 222 could induce β-hairpin structures with a lower β-sheet content 
leading to a reduced oligomerisation state. The inhibitory conversion effect of R211Q and 
Q222K was also analysed before. R211Q is homologous to the human polymorphisms R218H 
which is believed to cause CJD by breaking a salt bridge (D144/E146 R208) between H1 
and H3. Molecular dynamics simulations showed that human R208H possess higher 
structured instability in comparison to the wild-type, since the disruption of the salt bridge 
could rearrange H1 and H2 [248]. In caprine PrPC, the exchange to glutamine at position 211 
may also disrupt the salt bridge and delay the conversion into PrPSc.  

The Q218K mutation in murine PrPC (equivalent to caprine Q222K) showed a similar 
structural stability as the wild-type PrPC in temperature denaturalization experiments which 
questions the impact of this substitution on the α-helix formation of PrPC [231]. The fact that 
Q218K significantly decreased the yield and delayed the lag phase of fibrillization suggests 
that the additional positive charge in the C-terminal domain at position 218 (caprine: 222) 
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interfered with the early stages of the transition from the α-helical conformation to a β-sheet-
rich form. 

 

  

 

5.2.1 Characterisation of eucaryotically expressed PrPC 

 

To further analyse the inhibitory effects of caprine polymorphisms, their influence on post-
translational modifications of PrPC was studied. It is known that the N-terminus of PrPC plays 
an important role in its sub-cellular trafficking and half life [249]. Some mutations in PrPC, 
associated with GSS (P101L, F197S/M128V), were able to modify the cellular trafficking. 
The impaired translocation to the cell surface eventually caused an accumulation of these 
protein variants in the endoplasmic reticulum [250]. In other experiments, a murine 
homologue of human PrPC was generated, which contained a sixth additional octapeptide 
repeat, exhibited a typical glycosylation pattern and additionally was expressed on the cell 
membrane, thus mimicked some of key feature of physiological PrPC. However, the enzyme 
phospholipase C failed to release the six octarepeat prion variant from the cell membrane, 
suggesting a modified attachment mechanism of the mutant [251].  

In order to exclude additional protective mechanisms involved in the scrapie susceptibility, I 
analysed whether a mutation at position 146, associated with resistance, disrupts the normal 
trafficking of PrPC. To clarify this question, full length gene of PrPC corresponding to the 
haplotypes INRQ and N146D were expressed in neuroblastoma cells (N2a). Just as was the 
case of INRQ, the N146D variant was still able to reach the outer membrane surface, as 
confirmed by FACS analysis. The protein N146D also showed correct glycosylation, whereas 
fully processed PrPC was resistant to digestion with Endo H, indicating the formation of 
complex oligosaccharides in the Golgi apparatus. The N146D and INRQ PrPC molecules were 
sensitive to PGNase F indicating an N-glycosylation with a high mannose sugar content. Both 
proteins were released in the incubation medium after treatment with PI-PLC indicating that 
they were anchored to the cell membrane through the GPI anchor as expected for correctly 
matured PrPC. It was demonstrated in other studies that resistance associated ovine PrPC 
variants, were expressed in a correct way when expressed in cell culture [252].  

These data suggest that mutations in PRNP modulate the TSE susceptibility by modifying the 
conversion process itself and do not disturb the PrPC trafficking and the membrane binding. 
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5.2.2 Generation of transgenic mice 

 

Further studies of protective polymorphisms were planned to be carried out using transgenic 
animals carrying the corresponding resistance associated mutations. This has been previously 
shown for the murine Q218K and human E219K substitutions [122, 225]. To generate such 
transgenic mice, two transgene constructs were cloned based on the MoPrPXho plasmid 
containing the full length PRNP with serine and aspartic acid at position 146 (corresponding 
to N146D and N146S). This vector is able to drive the over-expression of the PrPC variant of 
interest especially in the brain and the heart of transgenic mice and in also other tissues such 
as skeletal muscle, lung, liver, and kidney [212]. These transgene cassettes were then passed 
on to the transgenic mouse laboratory at the FLI. 

 

 

5.3  Conclusion 

 

A cell-free conversion assay was established to assess the impact of twelve caprine PrPC 
polymorphisms on their convertibility in vitro which were suspected to modulate 
susceptibility against scrapie. In this assay, procaryotically expressed PrPC was incubated 
with mouse-passaged scrapie strain Me7 PrPSc. Detection of converted PrP was carried out by 
discriminatory antibodies. The results found in vitro were in agreement with the in vivo TSE 
susceptibility of goats. The most striking results were:  

- Threonine at position 112 significantly reduced the conversion of PrPC (compared to the 
susceptible wild-type PrPC). This result reconfirms a protective role of this mutation and 
agrees with findings that sheep harbouring this polymorphism exhibit some protection against 
experimental BSE and scrapie infection. 

- The isoleucine-methionine exchange at position 142 (I142M), which was associated with 
increased incubation times in experimentally challenged sheep, significantly reduced the PrPC 
conversion in vitro. I142M also showed a dominant negative effect when co-incubated with 
INRQ, which implies the modulation of the TSE in heterozygous animals at the protein level. 

- Exchanges at position 146 (N146S and N146D), and position 222 (Q222K) inhibited the 
conversion of PrPC completely and also induced a negative dominant effect in vitro. All three 
polymorphisms were mainly found in healthy animals. 
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- Inhibitory effects of the Q215R polymorphism were detected for the first time using the cell-
free conversion assay. Further studies in scrapie affected goat flocks will help to determine 
the significance of this observation in vivo. 

In addition, a modified cell-free conversion assay using biotinylated recombinant PrPC as 
substrate was established in order to analyse original BSE and scrapie strains. The cell-free 
conversion of biotinylated PrPC was shown for the first time using either ovine or caprine 
derived classical scrapie strains as well as sheep and goat-passaged BSE prions. 

In summary, these data help to understand the molecular mechanisms which are involved in 
the prion conversion in goats. The selective breeding of goats carrying conversion resistant 
PrPC genotypes may provide a strategy to develop a TSE resistant animal population in the 
future.  

 

 

5.4  Perspectives 

 

In order to have a better understanding of the role of susceptibility-modulating 
polymorphisms, we can analyse them in transgenic mice which have the corresponding PRNP 
variants. The study presented here also demonstrated that mutations in PRPN did not alter the 
general structure of PrPC. Studies such as NMR spectra could help to determine the detailed 
structure of each variant in order to better understand the mechanism of resistance against 
scrapie. 

A collaborative experimental oral BSE pathogenesis study in goats currently being performed 
at Friedrich-Loeffler-Institut and Institut National de Recherche Agronomique (within the 
framework of an EU funded GoatBSE project). Goats in this study carry caprine PrPC 
belonging to five different genotypes. This experimental infection study tries to assess the 
influence of these PrPC polymorphisms on the BSE susceptibility of the animals. The 
comparison of the results obtained in the in vitro and in the in vivo experiments will help to 
assess the suitability of in vitro for in vivo TSE susceptibility predictions. 
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Prion diseases or transmissible spongiform encephalopathies (TSEs) are fatal 
neurodegenerative disorders which include, among others, scrapie and bovine spongiform 
encephalopathy (BSE). The causative agent is composed mainly, if not entirely, of a 
misfolded isoform of a cellular prion protein (PrPC), denoted prion protein scrapie (PrPSc). 
Genetically determined PrPC polymorphisms can modulate the convertibility of PrPC to PrPSc 
and thus lead to prolonged TSE incubation times or even complete resistance of the animal. In 
sheep, such polymorphisms are located at codons 136, 154 and 171. Several disease-
associated amino acid polymorphisms also exist in caprine PrPC. However, due to their large 
number and the limited number of goats carrying them, it is difficult to assess their specific 
impact on TSE susceptibility in vivo. The susceptibility can be simulated in vitro by a cell-
free conversion assay, in which the conversion efficiency of recombinant PrPC is determined. 
In this study, twelve caprine PrPC variants (M112T, M137I, L141F, I142M, H143R, N146S, 
N146D, R151H, R211Q, Q215R, Q222K and wild-type caprine PrPC (denoted INRQ) were 
produced by using PCR mutagenesis amplification. After the PCR, the DNA products were 
cloned into the vector pQE40 using the cloning sites for BamHI and HindIII, and sequenced. 
Variants were expressed in E. coli M15 cells and purified on Ni-NTA agarose columns. The 
renatured PrPC variants had molecular masses of approx. 23 kDa and the expected 
conformation as determined by CD spectroscopy. These variants were then subjected to a 
cell-free conversion assay using different BSE and scrapie strains. Cross species (mouse and 
goat) cell-free conversion studies were performed and specific monoclonal antibodies were 
used to discriminate the exogenous PrPSc molecules used to seed the reaction and newly 
converted PrPres. 

The studies with the mouse-adapted strain Me7 revealed that polymorphisms M137I, H143R 
and L141F did not influence the conversion of PrPC in a significant manner. However, the 
reduced conversion rate of the variant I142M (harbouring a methionine at position 142 
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instead of isoleucine) correlated with longer scrapie incubation times in goats with this 
polymorphism. The polymorphisms M112T, R151H and Q211R showed also reduced 
conversion rates in comparison to INRQ, an effect that related well to reduced scrapie 
susceptibility of such goats in vivo. Polymorphisms N146S, N146D and Q222K were to date 
extremely rarely found in scrapie affected goats. It was intriguing to see that these amino acid 
substitutions also abolished the in vitro conversion efficiency completely as did the Q215R 
polymorphism, which had not yet been associated with scrapie resistance in vivo.  

Results of cell free conversion studies with mouse adapted BSE prions (BSE/Bl6 strain) 
correlated well with the results obtained with Me7, although the results with BSE/Bl6 showed 
more variation. Again it was possible to observe a reduction in the conversion with I142M, 
R151H and R211Q and no or almost no conversion with N146S, N146D and Q222K and with 
Q215R respectively. 

In subsequent experiments, caprine PrPC variants were directly biotinylated so that goat or 
sheep scrapie as well as cattle, sheep or goat BSE derived PrPSc could be used. In these assays 
I142M, H143R and R211Q clearly reduced the conversion of PrPC with ovine and caprine 
scrapie isolates, whereas R151H did not influence the conversion efficiency of biotin-tagged 
PrPC. Conversion with scrapie isolates showed a marked reduction or no conversion in the 
case of N146S and N146D which correlated again with the Me7 data and the in vivo 
observations. In the case of bovine BSE isolates, the cell-free conversion mimicked the 
species barrier observed in vivo. BSE material from cattle barely converted any caprine PrPC 
variant into PrPres, whereas BSE from sheep converted all variants including the resistance-
associated N146S and N146D, suggesting that the resistance is also prion strain specific. A 
marked reduction in the conversion rate was also observed with I142M and, less pronounced, 
with H143R and R211Q corroborating the protective role of these polymorphisms against 
TSEs. 

When co-incubated, resistance-associated variants N146D, N146S and Q222K produced a 
dominant negative effect on the conversion of the susceptible wild-type PrPC genotype 
(INRQ). In a similar way, the incubation of I142M and H143R also reduced the amount of 
PrPres in a mixture with INRQ. 

In addition the generation of transgenic mice expressing mutants N146D and N146S was 
initiated. For this purpose two transgene cassettes MoPrPXho-N146S and MoPrPXho-N146D 
were cloned and the correct cellular trafficking and glycosylation of the INRQ and N146D 
caprine PrPC variants were verified. 

In conclusion, the cell-free conversion assay results show that the caprine PrP polymorphisms 
M112T, I142M, R143H, N146S, N146D, R151H, R215Q and Q222K correlated clearly with 
the in vivo susceptibilities of the goats carrying these polymorphisms (as far as these can be 
determined). Apart from practical implications, like the possibility of breeding TSE resistant 
goats, these data indicate that scrapie resistance is modulated by thermodynamic changes 
affecting PrPC-PrPSc interactions and the formation of conversion intermediates.
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8. Appendix 
 

 

8.1  Amino acid alignment of prion proteins from selected mammal 
species 
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8.2  Relative cell free conversion rates of caprine PrPC variants by Me7 
prions 

 

PrPC variant Repetitions Mean 

INRQ 68.28 72.76 88.62 103.45 117.24 132.41 160.69 56.55 100 

M112T 61.38 27.93 20.34 8.96 31.38 27.93 - 33.79 26.47 

M137I 104.48 70.34 18.28 28.96 185.86 131.38 - 117.24 82.07 

L141F 182.41 46.90 48.96 46.90 46.55 15.86 - 79.31 58.36 

I142M 50.69 46.90 58.62 40.34 7.24 6.90 6.896 61.38 34.87 

R143H 82.76 55.86 37.24 69.65 160.69 60.69 51.72 50.0 71.08 

N146S 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N146D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

R151H 102.41 95.86 65.52 61.72 58.62 8.96 17.24 44.48 56.85 

Q211R 117.24 72.76 57.59 39.65 60.69 60.69 47.24 66.90 65.34 

R215Q 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Q222K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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8.3  Relative conversion rates obtained in the dominant negative effect 
experiment 

 

 
INRQ + 

INRQ N146S N146D Q222K I142M H143R 

1 91,2 37,1 34,7 38,6 26,6 26 

2 185,3 27 27,8 33,2 29,7 4,3 

3 77,2 10 16,2 21,6 47,7 27,2 

4 111,9 14,7 10 20,1 29,1 79,3 

5 70,3 19,3 29,3 68,7 50,2 89,2 

6 119,8 9,3 30,9 33,2 64,4 91 

7 81,8 27 37,8 26,3 - - 

8 62,5 34,7 64,1 23,2 - - 

Mean 100 22,3875 31,35 33,1125 41,28333 52,83333 
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8.4  Buffers and fluids used in this studies 

 

8.4.1  Molecular biology solutions 

 

Sample buffer 
 

 

20 mM EDTA pH 8.8  
50% Sucrose  
1 mg/ml Bromphenolblue 
2 mg/ml Xylencyanoblue 
2 mg/ml Orange B 

 

 

TAE buffer 20X 
  
0.8 M Tris  
0.4 M Natriumacetat  
40 mM EDTA  
Adjust the pH to 8.3 with acetic acid 
 

Ethidiumbromide 

1 µg Ethidium bromide pro ml dest H2O 

 
Ca/Mg buffer for competent cells 
 

 

75 mM CaCl2  
25mM MgCl2  
Sterilize by filtration 
 

LB medium 
 For 1 L 
Sodium caseinate 10g 
Yeast extract 5g 
NaCl 10g 
For Platen plus 15g Agar  
Sterilize in autoclave 121°C 20 min  
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8.4.2  Buffers for biochemical methods 

 

 

8.4.2.1 Protein expression and purification 

 

1M IPTG 

IPTG 1g in 4.19 ml H2O. Keep at -20°C 

 
Lysis buffer (G) 
 For 1 L 
6 M Gdn-HCl 573.18 g 
10 mM Tris  10 ml of 1 M Tris-HCl 
0.1 M NaPO4 100 ml of 1M NaH2PO4 
10 mM reduced Gluthation 3.07 g 
Adjust pH 8.0 with 10M NaOH 
 

Wash buffer (B) 
 For 1 L 
10 mM Tris 10 ml of 1 M Tris-HCl 
0.1 M NaPO4 100 ml of 1M NaH2PO4 
Adjust pH 8.0 with 10 M NaOH  
 

Wash buffer B with immidazol 
 For 1 L 
10 mM Tris 10 ml of 1 M Tris-HCl 
0.1 M NaPO4 100 ml of 1M NaH2PO4 
Adjust pH 8.0 with 10 M NaOH 
+ 50 mM Imidazol 3.4 g 
 

Elution buffer (E) 
 For 1 L 
10 mM Tris  10 ml of 1 M Tris-HCl 
0.1 M NaPO4 100 ml of 1M NaH2PO4 
500 mM Imidazol 34 g 
8 M Urea 480.48 g 
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Dialysis buffer 
 For 1 L 
100 mM  69 g 
Adjust pH 5.0 with acetic acid  
Tris-HCl 1M pH 8.0 

For 500 ml 60.7 g in H2O. Adjust the pH with concentrate HCl. 

 

NaH2PO4 1M 

Mix NaHPO4 + NaHPO4 until pH 8.0 is reached. Dilute in water 1:10. 

 

Na2HPO4 1M 

For one liter 170 g in H2O. 

 

NaH2PO4 1M 

For one liter 69 g in H20. 

 

Acetic Acid 0,2M 

For 500 ml 5.88 ml acetic acid in H2O 

 

8.4.3 PrPSc purification 

 

TEND buffer 
 For 1 L 
10 mM Tris pH 8.3 10 ml 1.0 M Tris pH 8.3 
1 mM EDTA 2 ml EDTA 0.5M 
130 mM NaCl 43.3 ml 3.0 M NaCl 
Add protein inhibitors mixture: 
1 mM DTT  
0.1 mM Pefabloc  
0.5 µg/ml Leupeptine  
0.7 µg/ml Pepstatine  
Add 10% N-Lauryl sarcosine, 10% NaCl, 10% SB-14 
 



 

Appendix Page 106 

 

 

TMS buffer 
 For 1 L 
10 mM Tris pH 7.4 10 ml 1.0 Tris-HCl 
5 mM MgCl2 5 ml 1.0 M MgCl2 
100 mM NaCl 33.3 ml 3.0 M NaCl 
Add 10% NaCl, 10% SB-14 
 

SNSB buffer 
 For 100 ml 
1M sucrose 34.2 g 
100 mM NaCl 3.33 ml 3.0 M NaCl 
0.5% SB-14 500 mg 
 

 

8.4.4 IVC buffers and solutions 

 

20 mM Hepes pH 7.4 
 For 100 ml 
HEPES 0.477 g 
Adjust pH with 5M KOH   
 

Conversion buffer 
  
0.2 M KCl  
1.25% N-Laurysarcosil  
5 mM MgCl2  
50 mM Citratbuffer  
Recombinant PrPC   
Suramin  
 

 

3M KCl 

For 100ml KCl 74.56 g 

1M MgCl2 

For 100 ml MgCl 6 H2O 20.33 g 
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Citrat buffer 1M 
 For 100 ml 
Citric acid 19.21 g 
pH 6.0 with 10 M NaOH  
 

Suramin 

200 mg in 1 ml H2O 

 

TN buffer 10X 
 For 100 ml 
1.5 M NaCl 50 ml 3.0 M NaCl 
0.5 M Tris-HCl pH 7.4 50 ml 1.0 M Tris-HCl pH 7.4 
 

PK50 

50 µg/ml PK diluted in TN Buffer 1X 

 
Thyreoglobulin 

For 10 ml, 50 mg Thyreoglobulin in H2O. Keep at -20°C 

 

 

 

8.4.4.1 SDS-PAGE and Western blot buffers 

 

Polycrylamide gel 16% 

 Resolving gel Staking gel 
H2O 3 ml 6 ml 
Tris 3.75 ml (Tris 1.5M pH 8.5) 2.5 ml (Tris 0.5M pH 6.5) 
Acrylamide 30% 8 ml 1.3 ml 
SDS 10% 750 µl 500 µl 
APS 100 µl 200 µl 
TEMED 10 µl 20 µl 
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APS 10% 

For 100 ml 10 g APS. Keep at -20°C 

 
CVL 10X 
 For 20 ml 
10% SDS 2g 
0.25 M Tris/HCl 5 ml 1M Tris pH 6.8 
25% b-mercaptoethanol 5 ml 
15% Sucrose 3 g 
0.05% Bromphenolblue 20 drops from 0.01% Bromphenolblue 
Adjust the pH until 6.8 
 

E buffer 10X 
 For 5 L 
mM Tris 150 g 
192 mM Glycin 720 g 
% SDS 50 g 
 

Coomassie  
 For 1 L 
Methanol 500 ml 
Acetic acid 100 ml 
Coomassie Blue 2,5 g 
 

Hot and chilli buffer 
 For 1 L 
Methanol 400 ml 
Acetic acid 100 ml 
 

Blot buffer 
 For 5 L 
25mM Tris 15,15 g 
192 mM Glycine 72 g 
20% Methanol 1,0 l 
0,2% SDS 10 g 
Adjust pH to 8.3  
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PBS 10X 
 For 1 L 
1.4 M NaCl 80 g 
27 mM KCl 2 g 
65 mM Na2HPO4 X 2 H2O 23 g 
15 mM KH2PO4 2 g 
Adjust pH to 6.9 and sterilize in autoclave 
 
 
PBS-Tween 
 
0.1% Tween in PBS 1X 
 
 
Block buffer 
 
5% mm in PBS-Tween 
 
 
Assay buffer 10X 
 For 1 L 
200mM Tris 24.228 g 
10mM MgCl2 2.033 g 
Adjust pH until 9.8 with HCl and sterilize by filtration 
 
 
Power Strip buffer 
 For 1L 
 mM Glycin 15.014 g 
1% SDS 10 g 
pH 2.0 with concentrate HCl   
 
 

 

8.4.5 Cell culture 

 

8.4.5.1 Cell grow 

 

Medium M 5 

MEM „H“ + MEM „E“ (1:1)  
Hanks+Earle Salts  
Fetal calf serum (FCS) 10%  
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Medium M 5d 

The same as M5 without FCS 

 

TV (10X) 

NaCl 80g 
KCl 2 g 
Na2HPO4 11.5 g 
Trypsin 25 g 
EDTA pH 7.2-7.4 12.5 g 
 

 

 

8.4.5.2 Lysis buffers and glycosidase digestion. 

 

 

Sucrose-DOC-NP40 
 For 100 ml 
Sucrose 0.32M  
DOC 0.5%  5 g 
NP40 0.5% 5 ml 
 

Denature buffer (10X) 
 For 100 ml 
SDS 5% 5 g 
b-mercaptoethanol 10% 10 ml 
 

PNGase incubation buffer 
  
NaPO4 0.5 M  
Adjust the pH by mixing NaH2PO4 0.5 M (pH 4) plus Na2HPO4 (pH 9)  
 

Endo H incubation buffer (10 X) pH 5.5 

0.5 M Natriumzitrat 
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8.5  Instruments and laboratory equipment 

 

 

Bio Photometer Eppendorf, Hamburg, Germany 

Biorad Power Pac 200 Biorad Munich, Germany 

Biorad Power Pac 300 Biorad Hamburg, Germany 

Branson Sonifier Branson Sonic Power, Danbury, USA 

Concentrator 5301 Eppendorf, Hamburg, Germany 

Centrifuge 5417R Eppendorf Hamburg, Germany 

Centrifuge 5415D Eppendorf Hamburg, Germany 

Cabinet Holten Lamin Air W. H. Mahl, Kaarst 

FACSCalibur DB Bioscience 

Fluorencence miscroscope Axiovert 200 Zeiss, Oberkochen 

Homogenisator (Dounce) Roth, Karlsruhe, Germany 

Incucell MMM Medcenter, Schewerte 

Mini gel Electrophoresis chamber Biorad Hamburg, Germany 

Optima L-90K Ultracentrifuge Beckmann Coulter, Stuttgart, Germany 

pH-meter H1221 Calibration Check Hanna Instruments 

Steryl-Cycle CO2 Incubator ThermoForma 

Spectropolarimeter J-810 Jasco, Groß-Umstadt, Germany 

T3 Thermocycler Biometra 

Transblot SD Semi-dry Transfer Cell Biorad Munich, Germany 

Thermomixer confort Eppendorf Hamburg, Germany 

Thermo Spectronic Heλios B 

UV- light AGS, Heidelberg, Germany 
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UV- Camera Hama, Manheim, Germany 

VersaDoc TM Model 5000 Biorad, Munich, Germany 

Weight AND GR-202 AandD Instruments, LTD, Japan 

Weight Navigator OHaus 

Weight Sartorious BL15000  

Weight Scaltec SPB63 Armin Baack, Schwerin, Germany 

 

 

8.6  Reactives 

 

8.6.1  Chemicals 

 

Acrilamide (30%) Bisacrilamide (8%) Roth, Karlsruhe, Germany 

Agar-Agar MP Biomedicals, Eschwege 

Agarose Ultra Pure   Invitrogen Karlsruhe, Germany 

Amonium persulfate Merck, Darmstadt, Germany 

Ampicilin Sigma-Aldrich, Steinheim 

Aprotin Sigma-Aldrich, Steinheim 

Bovine Serum Albumine (BSA) NEB, Frankfurt, Germany 

Bromphenolblue Riedel de Haeun Seelze 

Casein hydrolysate (Acid) Oixiod, Basingstoke, UK 

CDP-Star Tropix, Bredford 

Coomasie brilliant blue R250 Ferak, Berlin, Germany 

Dimethylsulphoxide  

ECL Amersham, Braunschweig Germany 
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EDTA Roth, Karlsruhe, Germany 

Ethanol Roth, Karlsruhe , Germany 

Ethidium bromide Roth, Karlsruhe, Germany 

L-Glutathione reduced Sigma-Aldrich, Germany 

Glycerol Roth, Karlsruhe, Germany 

Glycine Roth, Karlsruhe, Germany 

Guanidinhydroclhorhir Sigma-Aldrich Steinham, Germany 

HCl Merck Darmstadt, Germany 

HEPES Roth, Karlsruhe, Germany 

Isopropyl-b-d-thiogalactopyranoside (IPTG) Obiogene, Illkirch, France 

Isopropanol Roth, Karlsruhe, Germany 

Kanamicyne Sigma-Aldrich Steinheim, Germany 

N-Lauroylsarcosine sodium Sigma-Aldrich, Steinheim, Germany 

Ni-NTA Agarose QIAGEN, Hilden, Germany 

Lipofectamine 2000 Invitrogen Karlsruhe, Germany 

β-Mercaptoethanol Sigma-Aldrich, Steinheim, Germany 

Phenylmethylsulfonylfluoride (PMSF) Sigma-Aldrich, Steinheim, Germany 

Roti-Nanoquant solution Roth Karlsruhe, Germany 

Saccharose Roth Karlsruhe, Germany 

Sodiumdodecylsulfat Roth, Karlsruhe, Germany 

Sulfobetaine (SB-14) AppliChem Darmstadt, Germany 

Suramin, Sodium salt Calbiochem 

TEMED  

Urea Roth Karslruhe, Germany 

Thyreoglobuline Sigma-Aldrich, Steinheim, Germany 

Zeocin Invitrogen Karlsruhe, Germany 
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8.6.2  DNA markers 

 

100 bp DNA Ladder NEB #N32231 New England Biolabs, UK 

100 bp DNA Leiter 25-2010 peQLab 

2-Log DNA Ladder NEB #N3200S New England Biolabs, UK 

L DNA / Eco 471 (AvaII) SM1051 Fermentas 

 

8.6.3  Protein markers 

 

Biotinylated SDS-PAGE Standard Low range Biorad 

FLI marker INEID, FLI 

L42 marker  

Precision Plus Protein Standar Biorad 

 

 

4.4 Kits for DNA purification 

 

MinElute Gel extraction Kit 28606 QIAGEN, Germany 

MinElute Reaction Cleanup Kit 28206 QIAGEN, Germany 

QIAGEN Spin Miniprep Kit 27106 QIAGEN, Germany 

QIAfilter Plasmid Midiprep Kit 12243 QIAGEN, Germany 
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8.7  Safety regulations of PrPSc agent 

 

 

The work with scrapie or BSE contaminated material was carried out in a dedicated suite 
(BSE-Laboratory) in the isolation area of the INEID-FLI. The special security measures 
include the use of special clothes such as coat, gloves and shoes. All the material used inside 
the BSE-Laboratory must be autoclaved at 136°C for four hours in 2bar pressure, in the case 
of fluid waste the disinfection is carried out by addition of NaOH at final concentration 2M. 
Surfaces were decontaminated with Hypochlorid (2% free-Chlor and 13% active Chlor). 
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