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ABSTRACT

A novel thermolysin digestion method for the molecular strain-typing of ruminant
TSEs has been developed which resulted in the clearance of cellular prion protein
(PrP%) from healthy sheep or cattle brain homogenates, while digestion of scrapie or
BSE infected samples resulted in the generation of the full-length disease-related
isoform, PrP*. Using antibodies against the amino terminal region of PrP it was
possible to distinguish ovine scrapie from ovine BSE, permitting the potential
identification of BSE infected sheep within the UK flock.

The identification of a disease-associated, endogenously-generated fragment of PrP
(termed C2) in scrapie infected sheep is also described. Absent in healthy brain
homogenates, the neuroanatomical distribution of both C2 fragments and
thermolysin-resistant Prp> permitted the classification of four groups within a sample
of natural scrapie cases which may be representative of scrapie strain heterogeneity in
the UK.

The retention of ovine scrapie and bovine BSE prion protein during incubation with six
UK lowland soils in soil-packed columns over a period of 18 months was also
monitored. Data was collected on the persistence, the vertical migration, and the
distribution of PrP* in soil component fractions. PrP> bound to all six soils, with
elution being dependent on soil type. The majority of PrP>* bound irreversibly, and no
migration of PrP>° was observed. Differences in Prp> persistence were dependent on
soil type and prion strain.

PrP> persistence on a single soil at defined pH, temperature, or moisture contents
indicated the initial deposition of PrP>° within the column was dependent on soil pH
and persistence was inversely correlated to temperature. Reduced soil moisture
content resulted in increased elution and persistence of PrP*°. Data suggests that the
interaction of PrP>* with soil is a complex phenomenon dependent not only upon soil
type and TSE strain but also environmental factors such as soil temperature, pH, and
moisture content.
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CHAPTER 1

Introduction



1.1. Overview of transmissible spongiform encephalopathies

Transmissible spongiform encephalopathies (TSEs) are a range of fatal,
neurodegenerative diseases affecting mammals of which the only known causative
agent is proposed to be the prion protein (Prusiner, 1982). TSEs are characterised by
the accumulation, particularly within the central nervous system (CNS), of aggregates
of the host-encoded prion protein, referred to as PrP. Unlike other infectious disease
agents the causative pathogen of TSEs has been proposed to consist solely of a mis-
folded version of this host derived protein, designated PrP* (Prusiner, 1982). The
accumulation of PrP> causes neuronal cell death leading to a characteristic spongy
pathology of the CNS tissue. TSEs are characterised by relatively long incubation times,
with pre-clinical incubation times for Creutzfeldt-Jakob Disease in humans possibly
exceeding 30 years (Manuelidis et al., 2009), and the wide range of phenotypic
characteristics displayed by TSE agents has led to the proposition that PrP* itself
carries strain-specific properties encoded within its conformational structure (Bessen

and Marsh, 1994; Peretz et al., 2002).

Examples of TSEs include rare inherited genetic disorders such as Gerstmann-Straussler-
Scheinker syndrome (GSS) and fatal familial insomnia (FFI), spontaneous TSEs such as
sporadic CJD (sCJD), and TSEs which can be acquired as a result of infection with the
disease agent including scrapie in sheep, bovine spongiform encephalopathy (BSE) in
cattle, chronic wasting disease (CWD) in cervids, and the most recently identified

human TSE, variant Creutzfeldt-Jakob disease (vCJD).

Evidence suggests that the TSE scrapie was first documented in the UK sheep flock in

1732 (McGowan, 1922), while a comparison of scrapie cases in France over a 12 year



period found no epidemiological evidence linking scrapie cases to CJD and therefore
supporting the absence of evidence that transmission to humans had occurred in the
following 250 or more years (Chatelain et al., 1981). It has been postulated that a
change in the rendering process in the late 1970s, combined with the practice at the
time of using ovine meat residues (greaves) to increase protein yields in dairy and beef
cattle, resulted in an initial TSE infection event within the UK cattle population arising
from ovine scrapie (Nathanson et al., 1997; Taylor et al., 1998). Whether this was the
case or whether a spontaneous occurrence of cattle TSE (akin to sCJD in humans) in
conjunction with feeding practices at the time gave rise to BSE, is unknown. In either
case, it is probable that the recycling of animal tissues back into the ruminant food
chain resulted in disease transmission, similar to that which had been previously
observed with the human TSE kuru where transmission occurred as a result of
ritualistic cannibalistic practices in the Papua New Guinean Fore tribe (for review see

(Lindenbaum, 2008)).

The concern that the UK population had been exposed to the BSE agent through
consumption of BSE infected meat products was highlighted by Bruce and co-workers
when a possible link was proposed between the occurrence of vCID and BSE through
transmission studies in mice (Bruce et al.,, 1997) and while the vast majority of
individuals who have so far died as a result of infection were found to express
methionine homozygously at codon 129, the report of single vCID occurrence in an
individual heterozygous at codon 129 has raised the possibility of a second wave of

vCID deaths (Kaski et al., 2009).



The direct cost of the BSE crisis has been estimated at £3.7 billion (Beck et al., 2005)
while the subsequent knock-on effects with regards to public trust in food and the
traceability of animals within the farming industry highlight the importance of TSEs,

particularly in the UK.

Although the majority of scientific opinion accepts the concept of the misfolded prion
protein as the causative agent of TSE, alternative proposals have implicated 25nm
virions (Manuelidis, 2007; Manuelidis et al., 2007), Spiroplasma infection (Bastian,
2005; Bastian et al., 2007), an autoimmune response to PrP (Axelrad, 1998),
organophosphate pesticides (Purdey, 1998), and manganese exposure arising from
post-industrial environmental contamination (reviewed by (Brown, 2001)). However,
the generation of misfolded recombinant murine PrP capable of producing the classic
neuropathology of prion disease in mice has provided further evidence in favour of

the prion hypothesis (Wang et al., 2010).
1.2. The pathology of TSEs

While the examination of brains from TSE cases typically show no gross changes upon
necropsy, microscopic examination typically reveals microglia- and astrogliosis, and in
particular neuronal degeneration and vacuolation which are the characteristic
histopathological changes of TSEs (Budka, 2003). Immunohistochemical detection of
PrP> deposits in brain material is further diagnostic evidence of prion disease with the
deposition of amyloid plaques composed of aggregates of PrP a notable feature of
Kuru and GSS, but is less frequently observed with sporadic CJD (Hainfellner et al.,

1995; Hill et al., 2003).



The distribution of PrP* and infectivity are further used for the delineation of prion
diseases into two distinct groupings (Budka, 2003). In the first group (containing
sporadic and iatrogenic CJD, genetic prion diseases in humans, and BSE in cattle) Prp>c
and infectivity is mainly associated with the central nervous system (CNS). In the
second group (containing vCJD, natural and experimental scrapie, experimental ovine
BSE and CWD) infectivity and PrP* is also associated with peripheral tissues, and most
notably the lymphoid system (Hilton et al., 2002; Houston et al., 2008; Schreuder et
al., 1996), although it should be noted that heterozygotic VRQ/ARR and VRQ/ARQ
genotype sheep have been observed to have reduced lymphoreticular PrP* (Jeffrey et
al., 2002). At the clinical stage of disease progression the majority of PrP>° and
infectivity is CNS-associated in both groups, however the role of both species and
disease phenotype giving rise to this differential distribution of infectivity should be
considered as an important factor when considering the potential for disease

transmission.

1.3. The prion protein

The prion protein is encoded by the Prnp gene, and produces a mature protein varying
in size between 30-39kDa dependent on species and the number of repeats of an
octapeptide repeat sequence in the N-terminal region. It is highly conserved in
mammalian species, and in mouse the gene encodes a 254 amino acid sequence,
while in sheep and cattle the genes encode 256 and 264 amino acids respectively
(figure 1.1), however variations in PrP amino acid sequences both between species

and between individuals within a species can greatly affect susceptibility to prion



infection. The presence of a Prnp gene in chicken suggests that the Prnp gene existed

before the speciation of mammals (Gabriel et al., 1992).

The signal peptide region spanning the N-terminal amino acids 1-23 directs the protein
to the endoplasmic reticulum (ER) and is cleaved shortly after translation, while the C-
terminal region spanning amino acids 231 to 254 in mice is also cleaved during
processing prior to the addition of a gycosylphosphatidylinositol (GPI) anchor
responsible for membrane attachment of the mature Prp¢ protein (figure 1.2). N-
linked glycosylation sites at amino acid residues 180 and 196 in the mature protein
mean that PrP can exist in three glycoforms, namely di-, mono-, or unglycosylated
states. Recent work into the role of glycosylation of PrP* in the maintenance of
strain-specific neurotropisms or infectivity is currently inconclusive. Piro and co-
workers failed to identify glycosylation as a contributing factor (Piro et al., 2009),
whilst work by Cancellotti and colleagues and Tuzi and co-workers utilising gene-
targeted transgenic mice expressing different glycosylated forms of PrP not only
identified prion glycosylation as a major factor in determining susceptibility to
peripheral infection, but also as a determinant factor in the presentation of clinical
symptoms and neuroanatomical distribution of PrP>° (Cancellotti et al., 2010; Tuzi et

al., 2008).
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Figure 1.1. Clustal 2.1 pairwise alignment of ovine (EMBL accession number P23907)

and bovine PrP (EMBL accession number P10279) amino acid sequences. The location

of proposed cleavage sites resulting in generation of prion fragment C2 and C1

discussed in this work are indicated by yellow and red highlights respectively (Dron et
al., 2010).



CHO CHO GPI

Figure 1.2. The major features of the primary structure of mouse PrP. Amino acids 1-
23 are cleaved during processing. Areas marked CHO are in vivo glycosylation sites,
and GPI indicates the attachment point of the membrane anchor. The segment
marked “octapeptide repeats” contains four copies of an eight residue repeat
sequence capable of copper binding. Areas marked B correspond to beta sheet
structures and H1-H3 correspond to helical regions. Based on (Laws et al., 2001).



Of note in the primary sequence of PrP is the octapeptide repeat region near the N-
terminal region of the mature protein, consisting of repeats of the amino acids
PHGGGWGQ which has been implicated in copper binding and modulation (Stevens et
al., 2009), as well as protection of cells from oxidative stress (Cui et al., 2003).
Increasing numbers of octapeptide repeats have been demonstrated to result in early
onset of prion disease (Moore et al., 2006) and increased copper binding properties
(Stevens et al., 2009). In contrast, however, deletion of the octapeptide region does
not confer TSE resistance although incubation time was increased and PrP>° levels
were reduced approximately 30 fold (Flechsig et al., 2000). Interestingly, although
Fleschsig and colleagues could not detect histopathological changes to the brains of
terminally ill wild-type mice (including an absence of astrogliosis typically found in
murine scrapie samples), disease pathology and astrogliosis was detected in the CNS
suggesting a role for the octapeptide repeat region in modulating disease presentation

within the host.

The functional role of cellular PrP has not yet been fully elucidated, although since
PrP® is membrane bound it would suggest that direct PrP binding partners are likely to
be transmembrane and secreted proteins. As mentioned, evidence has been put
forward to suggest that Prp° may play a role in protecting cells from oxidative stress,
since cultured neurons from Prnpo/o mice lacking a functional prion gene are more
susceptible to treatment with agents such as hydrogen peroxide that induce oxidative
stress than wild type neurons (Brown et al., 1997b). Consistent with these results is
evidence that brain tissue from Prnpo/o mice exhibit biochemical changes indicative of

oxidative stress such as protein carbonyls and lipid peroxidation products (Wong et al.,



2001b). Indeed, it has been speculated that PrP itself possesses superoxide dismutase
activity (SOD) (Brown et al., 1999), however other investigators have found no
evidence of SOD activity, relegating the role of PrP to a regulator of protective cellular
responses to oxidative stress (Jones et al., 2005b). Another potential role of PrP has
concentrated on the localisation of membrane bound PrPS within lipid rafts,
suggesting a function in transmembrane signalling. It has been hypothesised that PrP®
may become cross-linked in these rafts, inducing a neuroprotective signal transduction

pathway (Westergard et al., 2007)

The most widely accepted observation is that PrP¢is a copper binding protein (e.g.
(Brown et al., 1997a), most notably via the histidine-containing octapeptide repeats
but also at a further two sites at amino acid residues 96 and 111 in mice PrP (Jones et
al., 2005a). Therefore the functional role of PrP® in copper may be as a sink for copper
at the cell surface, or alternatively the protein may serve as a cell surface receptor for
the influx or efflux of copper. However, previously published differences noted in
copper levels between wild-type and Prnpo/o mice brain tissue have been disputed,
suggesting that the role of PrP® in copper regulation is still unclear (for review see
(Westergard et al, 2007)). Other studies have implicated a role for manganese in prion
infection in both animals and humans (Mitteregger et al., 2009; Thackray et al., 2002;
Wong et al., 2001a) and indicated that the binding of manganese to recombinant PrP
resulted in conformational changes such that it was capable of catalysing the
aggregation of metal-free PrP (Brazier et al., 2008) in addition to inducing protease

resistance (Brown et al., 2000).



The prion protein has also been implicated in the regulation of sleep, since loss of
function in Prnpo/o resulted in variation in circadian length compared to wild-type
mice, potentially implicating loss of function of the prion protein with
neurodegeneration associated with FFl (Tobler et al., 1996). However, in the absence
of more conclusive evidence it could be suggested that while expression of the prion
protein is essential for prion infection, the apparent absence of severely deleterious
phenotypes in mice absent a functional prion protein suggests that the prion does not

appear to be an essential protein.

1.4. Secondary structure of PrP

PrP is characterised by a relatively high content of alpha helix structure compared to
PrP>. Pan and co-workers determined the secondary structure of purified hamster
Prp° by Fourier-transform infrared spectroscopy to comprise 42% a-helix content with
virtually no (3%) B-sheet content (Pan et al., 1993). In contrast, B-sheet content of
scrapie infected hamster PrP** was found to comprise 43% and 30% as o-helix.
Subsequent nuclear magnetic resonance (NMR) studies into the autonomously folding
domain comprising residues 121-231 by Riek and colleagues determined that
secondary structure comprises helices from residues 144 to 154, 179 to 193, and 200
to 217, while residues 128 to 131 and 161 to 164 consist of B-strands (figure 1.3). The
authors speculated that the short B-strands could act as nucleation sites for B-sheet

formation upon conversion of PrP® to PrP* (Riek et al., 1996).

Although originally believed to be unstructured as a result of the susceptibility of the
amino terminal region of PrP> to digestion by proteinase K (PK), the N-terminal region

has recently been demonstrated to undergo conformational changes upon conversion
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of PrP¢ to PrP* as evidenced by the detection of conformationally hidden epitopes
during denaturing treatment (Yam et al., 2010). Furthermore, binding of copper to the
amino terminal region of PrPC has been observed to result in the formation of
protease resistant Prp© implicating a conformational change in PrP® (Kuczius et al.,
2004). Interestingly, Kuczius demonstrated that copper binding rendered the entire
PrP® molecule PK resistant; this being in contrast to the PrP>* conformer which displays
only C-terminal resistance to PK, suggesting that the conformation change upon
copper binding was not a simple PrP® to PrP*® conversion but instead a novel

conformer of PrPC.

The N-terminal region has been speculated to play a role in the modulation of PrP€ to
PrP>* conversion (Cordeiro et al., 2005) and be an initial contact region between PrP®
and PrP* (Sekijima et al., 2003). Nunziante and colleagues identified a role for the N-
terminus in subcellular PrP trafficking, since deletion of the entire N-terminal region of
PrP° resulted in inhibition of PrP® internalisation, a prolonged cellular half-life, and a
delay in the transportation through the secretory pathway to the cell surface
(Nunziante et al., 2003). A similar delay in secretory pathway transportation was
observed in PrP constructs lacking a GPI anchor; the authors also suggested a co-
operative role between C-terminal membrane anchoring and glycosylation (Walmsley

etal., 2001).
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Prp© Prp*

Figure 1.3. Secondary structural features of the two isoforms of the prion protein.
Host encoded PrPC is characterised by high a-helix content (left model) indicated in
green, while the mis-folded isoform PrP> is characterised by a much higher B-sheet
content (right model) indicated in blue.

Image adapted from www.cmpharm.ecsf.edu/cohen/

12



1.5. Prion protein glycosylation

As noted previously, the prion protein possesses two N-linked glycosylation sites
which may or may not be occupied in the mature protein and therefore PrPC can exist
in di-, mono-, and unglycosylated states (Endo et al., 1989; Locht et al., 1986). The
occupation or lack thereof of these glycosylation sites gives rise to the typical triplet

pattern of PrP when analysed by Western blot using PrP specific antibodies.

The effect of glycosylation on PrP* function remains obscure, though many membrane
targeted proteins are subjected to glycosylation (Spiro, 2002). Absence of
glycosylation was found by Taraboulos and co-workers not to prevent PrP> formation
in scrapie-infected mouse neuroblastoma N2a cells (Taraboulos et al., 1990), nor was
an N2a cell line expressing an aglycosyl mutant form of PrP° resistant to TSE infection
(Korth et al., 2000). Similarly, transmission of TSEs from transgenic mice lacking prion
glycosylation was found to occur to wild-type mice by Tuzi and colleagues,
demonstrating that glycosylation is not an essential requirement for maintenance of
infectivity within a host, nor for its subsequent transmission to a host expressing

normal prion glycosylation (Tuzi et al., 2008).

Interestingly, Beringue and co-workers identified differing glycoform ratios in different
brain regions (Beringue et al., 2003), and speculated that this regional variation within
the brain may play a role in the neuropathological and biological phenotype of prion
strains. Furthermore, different prion strains produce different glycosylation profiles
upon serial passage (Collinge et al., 1996) potentially implicating particular subsets of
the total PrP® pool as susceptible to conversion to PrP*° in a strain dependent manner

and, given the regional variation in glycoform ratios within brain regions, a potential
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mechanism for the strain dependent neuropathology which is frequently observed

with prion strains.

1.6. Prion conversion

The conversion of PrP® into PrP>° confers on the product a number of distinct
properties capable of distinguishing the two conformers. These include detergent
insolubility, a tendency to from aggregates, increased resistance to denaturation, and
an increase in resistance to proteolytic digestion compared to Prp¢ (Caughey et al.,
1997; Prusiner, 1998). One notable characteristic of PrP** is a relatively high resistance
to digestion with protease proteinase K compared to PrPS; digestion of PrP>° with PK
results in truncation in the N-terminal region and the formation of a protease-

resistant core termed Prp?’°

(McKinley et al., 1983). To date the presence of PK-
resistant PrP>° remains the only validated molecular marker for TSEs (Lasmezas et al.,

1997; Wille et al., 1996).

It should be noted, however, that not all PrP* molecules are resistant to protease
digestion, as evidenced by Gambetti and co-workers who identified apparently novel
CJD cases (termed protease sensitive prionopathies) characterised by the absence of
proteinase K-resistant PrP>° (Gambetti et al., 2008). Barron and colleagues have also
demonstrated in a transgenic mouse model containing a targeted proline to leucine
(101LL) mutation in the endogenous mouse PrP that levels of human GSS or scrapie
strain 263K protease resistant PrP>° can be extremely low or absent while

simultaneously displaying very high titres of infectivity (Barron et al., 2007)
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The process of conversion from PrP® into PrP>® has been proposed by Prusiner to occur
via an autocatalytic mechanism as a result of direct physical interaction between Prp¢
and PrP* (Prusiner, 1998). Other suggestions for the mechanism for PrP¢ conversion
include a heterodimer mechanism involving an intermediate conformer of PrP, termed
PrP” (Cohen et al., 1994), possibly in conjunction with an unidentified protein (termed
protein X) capable of binding to the C-terminal region of PrP and assisting in the
conversion of PrP® to PrP> (Telling et al., 1994). This hypothesis arose as a result of
transgenic mouse studies expressing both mouse and human PrP (HuPrP); despite high
levels of HUPrP expression resistance to human prion infection but not mouse prion
infection was observed. This potentially indicates the presence of a species specific
macromolecule preferentially binding to mouse PrP® and implicated in the conversion
process. However, it should be noted that protein X has never been isolated. The
autocatalytic and heterodimer models have since been superseded by an alternative
model proposed by Masel which incorporates a linear elongation model of PrpP¢
conversion at the ends of PrP* fibrils with fibril breakage (and hence the generation of
new fibril ends) responsible for the exponential growth in PrP>° accumulation (Masel

et al., 1999).

There is some evidence to suggest a role for cofactors in the conversion of PrP¢ to
PrP>. Deleault and co-workers demonstrated that single stranded RNA was required
for conversion of hamster PrP* in vitro, suggesting a role for host encoded RNA in TSE
pathogenesis (Deleault et al., 2003). However, the same group demonstrated that
these results were not applicable to a mouse model, suggesting a species-dependent

requirement for ribonucleic acid (RNA) as a cofactor (Deleault et al., 2010). Recent
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evidence suggests that synthetic anionic phospholipid as well as RNA is required for
the successful conversion of recombinant PrP (rPrP) into protease-resistant rPrP

capable of causing disease in wild-type mice (Wang et al., 2010).
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Figure 1.4. Two models of prion replication. Upper panel shows a simplistic
autocatalytic replication model (Prusiner, 1998) now believed to be unrepresentative
of prion replication due to the extremely high catalytic activity required of PrP>c,
Lower panel shows alternative model (Masel et al., 1999) with conversion of PrP¢ at
each end of PrP> fibrils and fibril breakage which generates new fibril ends for further
PrP conversion.
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1.7. The species barrier

The species barrier concept arose as a result of the observation that an initial
challenge of a particular species with infectious material from a second species
resulted in a prolonged and variable incubation period before disease symptoms
presented, and a different lesion distribution upon examination of the brain post
mortem (Pattison and Jones, 1967). Subsequent challenges using material from the
new host in the same species resulted in maintenance of the new pathology alongside
shortened and predictable incubation periods. As the primary infectivity event results
in de novo generation of PrP>° molecules with an identical amino acid sequence to the
host, in subsequent passages conversion of PrP® to PrP* is favoured relative to the
primary challenge. Confirmation of the species barrier was described by Scott and co-
workers using mice transgenic for Syrian hamster (SHa) PrP, which showed an absence
of the species barrier effect when inoculated with SHa prions. This was in contrast to
non-transgenic mice, where the presence of native mouse PrP expression resulted in a

species barrier upon inoculation with SHa prions (Scott et al., 1989).

The species barrier is of particular importance in the UK given the BSE epidemic, since
the BSE prion strain has been identified as being highly promiscuous and capable of
infecting a number of mammalian species (Bruce et al., 1994). Furthermore, unlike
classical CJD, vCJD (and BSE) could be transmitted much more easily to wild-type mice
(Hill et al., 1997) suggesting not only a link between vCJD and BSE when comparing
PrP deposition patterns and PrP*° digestion patterns, but also a much reduced species
barrier to BSE and vCJD infection. It has also been noted that BSE in ovine and caprine

hosts is transmitted more readily to mice transgenic for human PrP possessing the
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Met129 allele, suggesting that not only may humans be at least as susceptible to ovine
BSE as bovine BSE, but also that an intermediate passage of BSE in a ruminant host is

capable of markedly increasing transmission efficiency (Padilla et al., 2011).

It has been postulated that BSE arose in cattle as a result of the practice of
supplementing ruminant diets with protein derived from meat and bone meal (MBM)
(Smith and Bradley, 2003; Wilesmith et al., 1991). These supplements were produced
from the offal of cattle, sheep, pigs and chickens in order to boost yields of beef and
milk, with the initial infection possibly as a result of the rendering of a spontaneous
case of bovine prion disease into MBM. Indeed the identification of atypical BSE
strains based on molecular profiling from different geographical regions would suggest
that the spontaneous appearance of BSE is a repeated yet low frequency event
(Beringue et al., 2006). The presence of BSE in the UK sheep flock can also not be
excluded despite an intensive search (Stack et al., 2006). Although the numbers of
human deaths from vCID is relatively modest at 176 between January 1* 1990 and
December 5™ 2011 (source: The National Creutzfeldt-Jakob Disease Research &
Surveillance Unit (NCJDRSU), Western General Hospital, Edinburgh, UK, at
www.cjd.ed.ac.uk), there are considerable uncertainties in predicting the numbers of
pre- or subclinical infections. These uncertainties include the potential for ovine BSE
cases, the effect of human genetic differences on incubation period, the widespread

UK population exposure, and secondary iatrogenic transmission mechanisms.

The absence of BSE in the UK pig population during the cattle BSE epidemic, despite
exposure to the pathogen, is believed to result from a transmission barrier to infection

following oral exposure (Wells et al., 2003). Inclusion levels of MBM are generally
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higher in commercial pig feed than ruminant rations, indicating that the UK pig
population would have been exposed to relatively higher levels of BSE in feed than, for
example, cattle. Notably, transmission studies to mice expressing porcine PrP (PoPrP)
demonstrated complete resistance to ovine scrapie but increased susceptibility to BSE
following a single passage in ARQ sheep, and susceptibility to atypical scrapie
(Espinosa et al., 2009). The authors also noted a shift in strain phenotype of the
atypical scrapie strain analysed (SC-PS152) upon PoPrP transgenic mouse transmission
in that survival times, protease-resistant PrP* molecular profiles, and vacuolation
profiles resembled sheep BSE in the same host, indicating the evolutionary potential
of prions upon transmission to a novel host. Konold and co-workers were unsuccessful
in oral transmission to pigs, although intracerebral inoculation resulted in the majority
of animals testing negatively for PrP>* while displaying neurological symptoms of
infection (Konold et al., 2009). The authors concluded that there is therefore a risk
that BSE may produce prion disease in pigs, but that would remain undetected by

current post-mortem tests.

CWD is a growing problem in the mainland United States following the first report of a
novel TSE in captive deer in the late 1970s (Williams and Young, 1980). Interspecies
CWD transmission is most likely to occur in the field as a result of communal grazing
areas, however both sheep and cattle appear to be poorly susceptible to mule deer
CWD; of 6 sheep intracerebrally inoculated with mule deer brain suspensions
harbouring CWD only 2 were infected (Hamir et al., 2006), while for cattle only 3 of 13
animals inoculated tested positive (Hamir et al., 2001). Human susceptibility to CWD is

unknown, although epidemiological data from the region where CWD was first
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identified (and hence would likely show the first incidences of human transmission)
indicated that human prion disease arising from CWD was rare or non-existent

(Mawhinney et al., 2006).

1.8. Prion strains and strain typing

Although strains of conventional pathogens could be explained relatively easily by
differences in their genomes, the apparent absence of nucleic acid involvement in
preparations of material infectious for TSEs raised difficulties in explaining multiple
disease phenotypes. Early evidence had suggested that preparations of infectious
material exhibited considerable resistance to treatment to remove nucleic acids,
suggesting that differences in disease phenotypes were either due to conformational
or glycosylation differences in the protein (the protein-only hypothesis) (Prusiner,
1991) or by protein in close association with, and protecting, the nucleic acid

component (the Virino hypothesis) e.g. (Dickinson and Outram, 1988).

The concept of prion strains arose as a result of the observation that multiple distinct
strains of scrapie could be propagated in lines of inbred mice with distinct incubation
times and patterns of neuropathology, and these characteristics could be used to
classify, for example, scrapie strains (Fraser and Dickinson, 1968) and BSE (Bruce et
al., 2002). Although at the time Fraser and Dickenson developed this strain
classification system the causative agent was poorly understood, the semi-
guantitative classification of TSE strains using these methods identified a number of
distinct scrapie strains, but was time consuming and required considerable skill in

sample preparation and lesion density scoring.
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Subsequent work identified the prion protein as the most probable causative agent
(Prusiner, 1982, 1991; Safar et al., 1990), and since the strain variations observed by
Fraser, Bruce and other contemporary investigators (in conjunction with the
identification of the prion protein as the probable causative agent of TSE infection)
could not be encoded by differences in host PrP primary structure (since the use of
inbred mice of the same Prnp genotype excluded the possibility of differences in
primary PrP sequence influencing strain phenotypes), this gave rise to the suggestion
that strain information was encoded by the conformation of PrP* itself (Peretz et al.,

2002)

The generation of antibodies specific to PrP also permitted the use of
immunohistochemical (IHC) techniques for the identification and classification of PrP
deposits within the brain (Bruce et al., 1989; DeArmond et al., 1987; Jeffrey et al.,
2006b; Miller et al., 1993). The use of immunohistochemical epitope mapping
techniques has, for example, permitted the differentiation of BSE and scrapie in an
ovine host (Jeffrey et al., 2006a; Jeffrey et al., 2001). More recently the use of ovinised
transgenic mice has also permitted the differentiation of CH1641 and CH1641-like
isolates from BSE; CH1641 and ovine BSE being notable for generating Western blot
molecular profiles of unglycosylated PrP>° with similar apparent molecular mass when
determined by Western blotting (Baron et al., 2010; Bencsik and Baron, 2011).
However IHC methods and vacuolation scoring are not suitable for analysing large
numbers of samples when compared to higher-throughput methods such as Western

blotting.
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Besides more rapid molecular methods for strain discrimination such as Western
blotting in conjunction with the limited proteoloysis of PrP> (see section 1.9) and
protein misfolding cyclic amplification (for example (Taema et al., 2011)), the use of
murine neuroblastoma cell lines has also permitted the rapid discrimination of prion
strains in an in vitro assay termed the “standard scrapie cell assay” far more rapidly

than traditional characterisation in mice (Mahal et al., 2007).

Further evidence that prion strains were attributable to PrP>° conformation was
provided by biochemical differences of PrP> in biologically defined prion strains.
Investigation into the limited proteolysis of two transmissible mink encephalopathy
strains called hyper (HY) and drowsy (DY) with proteinase K indicated the possibility
that PrP heterogeneity could account for strain diversity (Bessen and Marsh, 1994).
Bessen and Marsh discovered differences in protease resistance and changes in the
fragment size of PrP> following digestion that implied the two strains possessed
different conformations when analysed by Western blot using an antibody specific to
PrP. Similarly, distinct PrP> molecular profiles have been observed for human CID
cases when characterised by both fragment size and glycoform ratio profiles, and
these differences were maintained in mice expressing murine PrP (Collinge et al.,
1996), demonstrating the imprinting of biochemical characteristics onto PrP from
another species. Upon over-expression of human PrP in mice, however, Collinge and
co-workers did identify some discrepancy when molecular profiling CIJD with type-1
PrP> from CID cases of 129MM PrP genotype consistently converting to type-2 Prp®

upon passage to these mice expressing 129VV human PrP (Collinge et al., 1996).
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The maintenance of strain-specific glycoform ratio profiles upon transmission
between species is worthy of note, since Prp° glycosylation occurs before conversion
into PrP>*. The maintenance of glycoform ratio profiles may suggest that strain specific
propagation of PrP> occurs within a particular subset of suitably glycosylated Prp¢
from within the total PrP® pool and differences in the kinetics of clearance of the un-,
mono-, and diglyscosylated forms result in the final observed molecular profiles.
Alternatively, aggregation of PrP>° could follow a glycosylation-dependent profile, with
particular Prp>* glycoforms being incorporated into the elongating fibrils in a strain-
specific ratio. Overall, it is probable that strain-specific glycosylation profiles arise as a
result of a complex interaction between PrP>, PrPS, the host cell, and the cellular

compartment in which formation of PrP>° occurs (Vorberg and Priola, 2002).

Evidence is emerging that prion strains actually consist of populations of “substrains”
which can be selected for dependent on the host environment. Mahal and colleagues
investigated the competence of 22L prions derived from brain for their ability to infect
distinct R33 and PK1 cell lines, and while brain derived prions infected both cell lines,
repeated propagation in PK1 cells gradually became R33 incompetent (Mahal et al.,
2010). When cloned R33-incompetent infectivity was returned to brain it eventually
reacquired the original 22L strain characteristics. This data suggests that 22L prion
populations are heterogeneous and different cellular environments can select for

distinct prion variants.

1.9. Molecular strain typing of PrP>

Various methods for the molecular differentiation of TSE strains have been described,

including glycoform profiling, differential molecular mass of protease resistant PrpP>

24



species, resistance to chaotropic denaturation, and differential antibody binding to
protease-resistant Prp* (Baron et al., 1999; Collinge et al., 1996; Hill et al., 1998;
Pirisinu et al., 2011; Stack et al., 2006; Stack et al., 2002). Both glycoform profiling and
differential analysis of electrophoretic mobility of the prion protein rely on the
generation of truncated PrP species, usually as a result of limited proteolysis of PrP>
using proteinase K (e.g. (Hill et al., 1997)) combined with the subsequent detection
and analysis of protein profiles by Western blotting using antibodies targeted against
PrP. To date, no strain typing analyses have been performed on full length protease-
resistant PrP* in the absence of contaminating PrP, thereby excluding a region of PrP

which may reveal strain related characteristics.

The ability of glycoform ratio analysis and the differential electrophoretic migration of
protease-resistant PrP>° to reliably differentiate TSE strains has been questioned, with
Baron and colleagues unable to differentiate ovine scrapie, bovine BSE, feline
spongiform encephalopathy (FSE) and mouse passaged BSE and FSE on the basis of
glycoform profiling (Baron et al., 1999). They were also unable to differentiate ovine
scrapie from bovine BSE on the basis of migration of the unglycosylated band when
analysed by Western blot (Baron et al., 1999). Similarly, Lezmi and colleagues
identified ovine scrapie isolates which were incapable of being differentiated from
ovine BSE on the basis of molecular mass of migration profiles (Lezmi et al., 2004).
Over all, multiple studies suggest that there a number of difficulties in reliably
differentiating TSE strains amongst diverse host species, presumably due in part to

differences in preparative and analytical methodology used among different
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laboratories and the limited ability of Western blotting to reliably differentiate small

differences in protein molecular mass.
1.10. Ovine scrapie

Ovine scrapie is the classical TSE disease in ruminants, and evidence from
experimental transmission studies have indicated considerable biological diversity of
the scrapie agents as characterised by distinct distribution of brain legions and
incubation periods following sub passages in mice. Scrapie strains were first identified
by Pattison and co-workers following the experimental transmission of scrapie to
goats which produced dramatically different disease symptoms; clinical signs
consisting of either “drowsy” or “scratching” syndromes were observed (Pattison and

Millson, 1961).

While scrapie strain profiling was originally dependent on classification of incubation
time and lesion profiling, more recent methods have relied on the cheaper and less
time-consuming molecular methods of strain discrimination. The most common
method for strain typing of TSE infected samples relies on limited proteinase K
digestion of CNS homogenates to degrade PrP® and the subsequent analysis of
Western blot profiles of protease resistant Prp> by detection with prion specific
antibodies. Strain differentiation of the resultant profiles relies on the identification of
differences in glycoform ratios (Baron et al., 1999; Collinge et al., 1996), PK cleavage
sites resulting in changes in migration rates by Western blot (Stack et al., 2006; Stack
et al., 2002), and/or differential antibody binding (Stack et al., 2002). However, the
identification of scrapie strains and their discrimination from ovine BSE is complicated

by the occurrence of scrapie strains such as CH1641 which appears “BSE-like” in its
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electrophoretic migration profile and antibody binding status but “ovine-like” in its
glycoform ratio (Stack et al., 2002), and the reduced PK resistance of atypical scrapie
strain Nor98 compared to classical scrapie strains (Benestad et al., 2008). Atypical
scrapie cases have also been detected in elderly ARQ/ARQ sheep at a UK facility
specifically established to house scrapie-free animals imported from New Zealand,
suggesting that spontaneous cases of atypical scrapie occur at a low level but

consistent rate (Simmons et al., 2009).

Furthermore, an examination of atypical scrapie cases from Italy indicated that 69
from 70 cases were identical to the previously described Nor98 scrapie strain,
however one animal (of ARQ/ARQ genotype for PrP) displayed the simultaneous
appearance of both Nor98 and classical scrapie characteristics based on Western blot
profiling of diseased brain regions, potentially indicating multiple infection and the
maintenance of both scrapie strains within the same host (Mazza et al., 2010). More
recent work by Thackray and colleagues has also identified that some scrapie isolates
potentially contain more than one prion strain; the strain selection apparently being
dependent not only on whether the mouse host was wild-type or ovine transgenic,
but also dependent on the individual mouse brain selected for transmission during

prion strain typing (Thackray et al., 2011).

Novel scrapie strains have also been identified in ovine genotypes previously believed
to be resistant to scrapie infection (see table 1.1). Le Dur and co-workers described
evidence of disease transmission of an atypical Nor98-like scrapie from ARR/ARR
genotype sheep to mice over expressing ovine VRQ PrP (Le Dur et al., 2005) and, while

great effort has been undertaken in the UK to breed resistance to classical scrapie
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through the selection of more resistant genotypes as part of the National Scrapie Plan,
evidence published by Groschup and colleagues suggests scrapie infection can occur
infrequently in sheep with ARR/ARR genotypes for PrP which were previously believed

to confer resistance to classical scrapie and BSE (Groschup et al., 2007).

28



Estimates for the number of reported cases of scrapie per year per million sheep of
the 15 most common genotypes in the UK (2002)

Genotype Percentage of sheep Cases per million per year
ARR/ARR 21.3 0
ARR/AHQ 5.6 0.3
ARR/ARQ 28.0 0.4
ARR/ARH 2.1 0
AHQ/AHQ 1.9 5.0
ARQ/AHQ 6.3 8.7
AHQ/ARH 0.3 0
ARH/ARH 1.6 2.0
ARQ/ARH 1.6 5.2
ARQ/ARQ 12.2 36.9
ARR/VRQ 9.6 6.3
AHQ/VRQ 2.5 0.7
ARQ/VRQ 5.9 225.4
ARH/VRQ 0.3 405.0
VRQ/VRQ 0.9 544.5

Table 1.1. Estimates for the number of reported cases of scrapie per year per million
sheep in the UK (1998-2002), and the percentage of UK sheep possessing each
genotype. Reproduced from (Baylis et al., 2004)
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1.11. Bovine BSE

While bovine BSE was originally believed to consist of a single TSE strain, in the last 10
years novel BSE strains have been identified with differentiation based on
electrophoretic migration and glycosylation profiles. The classical or “typical” BSE
strain was believed to be that responsible for the UK BSE epidemic, while two further
atypical BSE strains, termed H-type (Biacabe et al., 2004) and L-type (Casalone et al.,
2004) strains, have subsequently been identified in France and Italy respectively.
Classification of H-type or L-type is based upon the higher and lower molecular masses
of the unglycosylated protease-resistant PrP>° band in Western blots, and in the case
of L-type BSE, in conjunction with the deposition of amyloid plaques of PrP* in the
CNS; this being in contrast to the absence of amyloid plague deposition with classical

BSE.

L-type BSE has also been transmitted to a primate from an asymptomatic cattle
(Comoy et al., 2008), and given the similarities in biochemical and deposition patterns
of L-type BSE to a subset of spontaneous CID cases, there exists the possibility that a
number of apparently spontaneous CJD cases may actually have arisen as a result of
exposure to L-type BSE prions (Capobianco et al., 2007). In contrast to the suggestion
that vCJID originated from the classical BSE strain, phenotypic similarities between L-
type BSE and a bovine passaged transmissible mink encephalopathy (TME) isolate in a
transgenic ovinised mouse host has led to the proposal that TME originated from L-
type BSE as a result of feeding of downer cattle on US mink farms (Baron et al., 2007).

Given that a number of TME outbreaks in the US have preceded the UK BSE crisis, this
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would provide evidence for another example of transmission of a TSE from ruminants

to non-ruminants as a result of farming practices.

In similarity to L-type BSE, H-type BSE appears to arise spontaneously within the cattle
population with an estimated frequency of appearance in the UK of approximately 1
case every 2 years for H-type BSE following testing of approximately 290,000 fallen
cattle aged 8 years or over in the UK between January 2005 and July 2009 (Stack et al.,
2009). This compares to 455 cases of classical BSE identified between 2005 and 2009
as a result of passive and active surveillance in the UK from a total cattle population of
approximately 8.8 million (sources: Veterinary Laboratories Agency at
http://vla.defra.gov.uk/science/sci_tse_stats_intro.htm and Defra “The Cattle Book

2008").

Transmission studies to mice transgenic for bovine PrP indicated that, in primary
passage, longer incubation times were noted for H-type BSE compared to classical
BSE. Furthermore, Western blot profiles demonstrated that the increase in size of
unglycosylated PrP compared to typical BSE was maintained in both ovine PrP and
bovine PrP transgenic mice (Beringue et al., 2006). Together, these results would

suggest that H-type BSE represents a second atypical strain of the BSE prion.

Serial passage of H-BSE in wild type mice was found to result in the emergence of
indicators of classical BSE in some animals during the second passage (Baron et al,
2011); a similar phenomenon to that observed with L-type BSE in mice transgenic for
ovine PrP whereby classical BSE phenotypes emerged (Beringue et al., 2007). It should
be noted, however, that in lines expressing other PrPs (including bovine PrP) the

authors noted that phenotypic traits of L-type BSE were maintained. These results
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underline the relationship between species-barrier crossing and prion strain
diversification with the potential for strain shifting in an unpredictable manner.
Whether these studies highlight a form of strain selection or alternatively a

mechanism for the de novo generation of a novel prion strain is currently unclear.
1.12. PrP peptide markers of TSE infection

The description of a disease-associated fragment of PrP apparently generated as a
result of limited N-terminal trimming of PrP> was first identified by Chen and
colleagues in brain tissue from spontaneous CJD cases, and was labelled the C2
fragment with an apparent molecular weight of approximately 20kDa (Chen et al.,
1995). Another PrP fragment, termed C1, and truncated more C-terminally than C2
was also identified and was associated with a constitutive cleavage process of the
potentially amyloidogenic region of PrPC in healthy samples. The authors speculated
that the location of the cleavage site (either residues His111 or Met112 in human PrP)
was a cellular mechanism to avoid the accumulation of the potentially pathogenic
region corresponding to amino acids 100 to 130. In contrast, the C2 fragment has
been proposed to encompass amino acids 106 to 126 and was noted to be associated
only with the detergent insoluble fraction, suggesting that accumulation occurred

within PrP aggregates.

C2 species have also been detected by Pan and co-workers in scrapie infected mouse
brain infected with three scrapie strains (Pan et al., 2005), described by the author as
being 26kDa and 21kDa in size. A further faint band of 18kDa was also detected in
healthy animals. As truncated forms of PrP* have been described in multiple hosts it is

therefore probable that in vivo generation of truncated C2 species is a potential
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marker of TSE infection. Evidence has also been published suggesting generation of C2
is dependent upon which cell or tissue was supporting prion replication ((Dron et al.,
2010) and for clarity, the positions of C2 and C1 cleavage sites in ovine PrP as
determined by Dron and co-workers have been indicated in figure 1.1) and that
cleavage of C2 and a fragment of 14kDa cleaved C-terminally to the C2 cleavage region

(termed CTF14) may be strain specific (Nicot and Baron, 2010).

However, until a wider range of TSE strain and host combinations have been examined
for the presence of truncated PrP species and more data is obtained into the role of
endogenous in vivo truncation of PrP¢ and PrP* definitive conclusions cannot be

drawn.
1.13. Prion uptake and transmission

Infection of deer and sheep by TSE agents is most likely to occur through the oral
route, although scarified mucosal membranes, conjunctiva and scarified skin are also
suggested as alternative routes of infection (Denkers et al., 2011; Hamir et al., 2008;
Mohan et al., 2004). Uptake of prions across the mucosal membrane is believed to
occur via three potential mechanisms: via M cells present in the follicle-associated
epithelium of the tonsils and gut which specialise in the transport of macromolecules
and particles across the epithelium (Heppner et al., 2001), secondly as a result of
truncation with digestive enzymes and formation of complexes with ferritin and
subsequent endocytosis by a ferritin dependent pathway (Mishra et al., 2004), and
thirdly by dendritic cells through dendritic processes inserted in to the gut lumen for
antigen capture (Rescigno et al, 2001). Following uptake, PrP*® and infectivity

accumulate in the gut-associated lymphoid tissues (GALT) and Peyer’s patches of the
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intestines (Andreoletti et al., 2000; Safar et al., 2008). Following transport to lymph
nodes infectivity is then believed to enter the enteric nervous system, then via the
parasympathetic and sympathetic efferent nerves, to the central nervous system
(Andreoletti et al., 2000; van Keulen et al., 2008). Infectivity subsequently spreads to
other tissues via the peripheral nervous system and secondary sites of prion

replication appear (Jeffrey and Gonzalez, 2007; Lawson et al., 2010).

Contrary to the above broad pattern of prion uptake and dissemination observed with
ovine scrapie, CWD, experimental ovine BSE and vCJD, in bovine BSE there appears to
little involvement of the lymphoid tissue apart from the GALT tissues of the Peyer’s
patches in the ileum and tonsils with infectivity largely restricted to the CNS (Espinosa
et al.,, 2007). Several groups have published data suggesting that infectivity is
associated with blood in vCJD patients (Peden et al., 2004), scrapie and experimental
ovine BSE (Hunter et al., 2002), and CWD (Mathiason et al., 2010), suggesting that
dissemination of infectivity is likely to more likely to occur with these four TSEs than

with bovine BSE.

1.14. Prions in the environment

It is becoming increasingly clear that environmental reservoirs of CWD and scrapie
exist which are capable of initiating TSE infection in susceptible species. Potential
sources of these environmental reservoirs include the disposal of farm animals and
the natural deposition of carcasses of wild animals. CWD prions have been shown to
cause infectivity following reintroduction of mule deer into paddocks previously used
to house orally infected mule deer or CWD infected carcasses, suggesting that CWD

prions can persist in the environment for a period of at least 2 years (Miller et al.,

34



2004), and buried mouse adapted prions have also maintained infectivity in soil for at
least 3 years (Brown and Gajdusek, 1991). Furthermore, some evidence exists to
suggest that scrapie prions may have persisted in an Icelandic farm building for a
period of approximately 16 years (Georgsson et al., 2006). Sources of environmental
contamination, aside from carcasses from fallen animals, include shedding from
infected animals in faeces (Safar et al., 2008), urine (Murayama et al., 2007), milk
(Maddison et al., 2009), blood (Terry et al., 2009), and saliva (Maddison et al., 2010c),
all of which have been demonstrated to contain scrapie PrP*°. Similarly, cervid-
associated infectivity has been reported in faeces (Tamguney et al., 2009), urine
(Haley et al., 2009b), and saliva and blood (Mathiason et al., 2006). To date, no
shedding of the BSE agent into the environment has been reported, suggesting that

horizontal transmission of BSE in cattle may not occur (Doherr, 2003).

Cumulatively the evidence suggests that horizontal transmission of ovine scrapie and
cervid CWD occurs as a result of shedding of infectivity from infected animals to form
a reservoir of infectivity within the environment, and that this reservoir of infectivity
can persist for long periods while remaining viable. A likely candidate for the reservoir
of infectivity is soil. Grazing animals are known to ingest soil both deliberately to
acquire nutrients such as calcium or sodium and incidentally (Hui, 2004). The
guantities ingested by cattle may be in the order of several hundred grams per day
(Mayland et al., 1977), thus presenting a potential pathway for TSE infectivity uptake

into new hosts.
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1.15. Binding of prions to soil minerals

Given the evidence for environmental reservoirs of infectivity detailed above the
binding, persistence and elution of prions from soil and soil minerals has received
considerable study. However the majority of publications have studied rodent

adapted prion or recombinant PrP.

Various studies have demonstrated that recombinant PrP and rodent adapted prions
can adhere to soil and soil minerals and that infectivity can be maintained over
extended periods (Cooke et al., 2007; Jacobson et al., 2010; Johnson et al., 2007;
Johnson et al., 2006; Saunders et al., 2009a; Seidel et al., 2007). Seidel and co-workers
established that PK-resistant PrP was recoverable from soil samples following 29
months co-incubation on soil. A similar period of persistence of infectivity was
obtained by Brown and Gajdusek following the internment of TSE infected hamster

brain material in garden soil for 36 months (Brown and Gajdusek, 1991).

Studies investigating the interaction between soil and PrP>° have established that
binding is effectively irreversible and relatively harsh conditions, such as anionic
surfactants, are required to elute PrP>“ and even these are not fully effective (Cooke et
al., 2007; Johnson et al., 2006). No elution of PrP* was observed by Jacobson and co-
workers using simulated rainwater as an eluent to elute hamster-adapted TME Prp*
bound in soil columns, suggesting that in an environmental setting extended washing
of soils with rainwater alone may be insufficient to induce the migration of infectivity
to soil levels below those accessible to grazing animals (Jacobson et al., 2010). A
recent study has investigated the potential for enzymatic treatment of CWD bound

soil which, although impractical for the treatment of large areas of soil, may be
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relevant as a means for the elimination of “hot spots” of infectivity (Saunders et al.,

2010).

Importantly, Johnson and co-workers discovered that not only did prions retain oral
infectivity when bound to soil particles, but also that the oral infectivity of hamster
scrapie prions was enhanced upon binding to soil, suggesting either a conformational
change resulting in an increase in infectivity, or more likely the formation of soil/prion
complexes were more suited for intestinal uptake compared to prion alone (Johnson
et al., 2007). Furthermore, truncation of PrP through the loss of an N-terminal region
was observed upon elution of PrP>* from montmorillonite (hydrated sodium calcium
aluminium magnesium silicate hydroxide) using a hot detergent treatment. The
authors did not determine the fate of the N-terminal region, which presumably
remained adhered to the soil, however binding of PK-truncated PrP to soil was not
inhibited suggesting that the N-terminal region is not a necessary requirement for PrP

binding to soil.

Work by Seidel and co-workers established that agueous washes prepared from
scrapie infected soil also retained infectivity (Seidel et al., 2007), although most
reports demonstrate an absence of recoverable PrP> from soil washes (Jacobson et
al., 2010; Maddison et al., 2010b). Similarly, Saunders and co-workers detected TME
PrP> in the aqueous fraction (representing some 40% of the initial dose after 60 days)
following binding in buffered soil suspensions (Saunders et al., 2009b). It should be
noted however that binding of TME PrP to the soil fraction was also notably slower
than data published by other workers who established that the interaction between

soil minerals and PrP is both rapid and efficient (Jacobson et al., 2010; Johnson et al.,
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2006; Maddison et al., 2010b). Overall this data would suggest that binding of PrP*
and infectivity to soil is a high affinity process and may result in infectivity remaining
at or near the site of deposition, although this is subject to the caveat that matrix
effects associated with environmental relevant sources of infectivity may not replicate
the use of brain homogenates, rPrP or purified PrP> typically employed

experimentally.

Evidence suggests that elevated levels of clay minerals may result in an increase in the
probability of CWD infection in affected areas (David Walter et al., 2011), implicating
soil type in the persistence of infectivity of prions in soil. Interestingly, Cooke and co-
workers noted increased elution of murine PrP* from sandy soils and low level elution
from clay soils along with N-terminal truncation of PrP* from this soil type (Cooke et

al., 2007).

Overall, published data indicates that soil is likely to be an important environmental
reservoir of TSE infectivity and is likely to play a role in the horizontal transmission of
ovine scrapie and cervid CWD. The limited mobility of PrP* upon application to soil
would further suggest that infectivity will probably remain biologically accessible
within the upper soil layers, and that the persistent exposure of soil to low levels of
infectivity from excretions and secretions such as urine, faeces, blood, placenta and
saliva from TSE infected ruminants may represent a source of environmental

infectivity for an extended period of time.

38



1.16. Aims

The aims of this work were two fold. Firstly to develop a novel molecular strain typing
assay capable of distinguishing prion strains within ruminant hosts and secondly to

investigate the factors affecting the persistence of TSE strains in soils.

In order to develop a novel strain typing assay a range of proteases were screened for
proteolytic activity against PrP¢ and PrP*. Digestion conditions for those selected for
further study would be optimised for their ability to generate peptide fragments from
PrP>° which were capable of distinguishing ovine scrapie from bovine BSE/ovine BSE
when analysed by Western blotting using a range of antibodies targeted to the N-

terminal and core regions of PrP.

To investigate factors affecting the persistence of TSE strains in soils: a range of six UK
soils would be packed into columns and maintained at a constant temperature and
moisture content. A single soil from the six which demonstrated relatively high Prp>*
persistence over an initial test period would also be analysed at various temperature
conditions (which could typically be expected to occur in the UK during spring,
summer and autumn/winter periods), soil moisture contents, and soil pH values. For
each of these soils and environmental conditions both elution and persistence of Prp>c
would be monitored. Furthermore, the migration of Prp> through the column would

be monitored over the time period, along with the distribution of prion into two soil

fractions; namely sand and silt/clay fractions.

Overall, this work was therefore intended to investigate TSE strain identification as

well as factors influencing prion persistence in the environment. These factors are of
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considerable importance to the farming community; firstly, given the considerable
longevity of prions in the environment and the resulting implications for disease
control on affected farms, and secondly given the potential economic cost to the
farming industry should ovine BSE or novel zoonotic TSEs be identified (or

misidentified) in the UK flock.
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CHAPTER 2

Materials and Methods



2.1. Materials

2.1.1. Handling of TSE material

All TSE work was carried out in accordance with local and national regulations
regarding the handling of potentially contaminated tissue. TSE work was carried out in
a Class | or Class Il microbiological safety cabinet within a derogated Containment
Level 3 laboratory. Decontamination and disposal of infected material was carried out

in accordance with University guidelines.

2.1.2. Sourcing of CNS material

CNS material (tables 2.1 and 2.2) from healthy and TSE-infected ruminants was
obtained from the Veterinary Laboratories Agency TSE-Archive (VLA, Addlestone UK).
There is no evidence that bovine prion genotype affects susceptibility to BSE infection,
therefore these data were not determined and are indicated as “not applicable” in
tables 2.1 and 2.2 (Hunter et al., 1994). Experimental material was derived following
oral dosing of sheep as described by Bellworthy and co-workers (Bellworthy et al.,
2005), or were from sheep identified as part of the National Surveillance Program in
the case of naturally-occuring scrapie cases. BSE infected cattle were natural cases,
and sheep were primary passages of experimentally infected animals. Scrapie strains
CH1641 and SSBP/1 were donated by N. Hunter of the Institute of Animal Health (IAH),
Neuropathogenesis Unit, Edinburgh, UK. CH1641 was passaged into sheep with an
AHQ/AHQ genotype by the VLA by intracerebral inoculation, following 3 previous
passages in Cheviot sheep by the IAH. SSBP/1 was passaged at least 24 times through

Cheviot and Cheviot cross sheep, including a final passage in VRQ/VRQ genotype
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Cheviot sheep by the VLA by subcutaneous injection. Spinal cord material was

obtained from the C1-C2 region.

Scrapie infected 22A mice were obtained by serial passage of experimental sheep
scrapie source SSBP/1 through VM/Dk (Sinc®”®” ) mice (corresponding to PrP encoding
phenylalanine at codon 108 and threonine at codon 189); (Carlson et al., 1986), and
301V infected mice were obtained by passage of BSE through VM (Sinc®”®’) mice

(Bruce et al., 1994). Animals were inoculated by intracerebral injection.

All TSE-affected animals were euthanized following onset of symptoms, and brain
pathology was confirmed by IHC, histology, and Western blot analysis unless
otherwise indicated. Natural scrapie cases and healthy animal tissue were sampled
during a 12 hour autopsy and snap frozen at -80°C unless otherwise stated.
Experimentally infected animals were sampled within 60 minutes of euthanasia and

samples snap frozen at -80°C.

42



CNS region

TSE host natural or Breed genotype sample M c™M CR SC
experimental ID
case
scrapie  ovine natural Cambridge ARQ/ARQ 0575/00 +
scrapie  ovine natural Warborough ARQ/ARQ 0210/03
scrapie  ovine natural Charollais cross ARQ/ARQ 0635/03 + +
scrapie  ovine natural Suffolk cross ARQ/ARQ 0678/03 + +
scrapie  ovine natural Welsh Hill Speckled VRQ/VRQ 1776/02 unknown
scrapie  ovine natural Swaledale VRQ/VRQ 0455/03 + + +
scrapie  ovine natural Swaledale ARQ/VRQ 0226/03 + + +
scrapie  ovine natural Swaledale ARQ/VRQ 0456/03 + + +
scrapie  ovine natural Finn Dorset AHQ/AHQ  0284/97 + + +
scrapie  ovine natural Swaledale ARQ/ARQ 0615/03 + + +
scrapie  ovine natural Welsh Hill Speckled VRQ/VRQ 0923/03 + + +
scrapie  ovine natural Welsh Hill Speckled VRQ/VRQ 0925/03 + + +
scrapie  ovine natural Mule ARQ/VRQ 0836/03 + + +
scrapie  ovine natural Welsh Mountain VRQ/VRQ 1276/02 + + +
scrapie  ovine natural Bleu De Maine VRQ/VRQ 1563/02 + + +
scrapie  ovine natural Welsh Mountain VRQ/VRQ 1275/02 + + +
BSE ovine experimental Romney ARQ/ARQ 0394/04 +
BSE ovine experimental Romney ARQ/ARQ 0392/04 + +
BSE ovine experimental Romney ARQ/ARQ 1693/03 + +
BSE ovine experimental Romney ARQ/ARQ 0654/04 + +
BSE bovine natural cases Multiple (pool) N/A VLA+B hindbrain including
cerebellum
healthy  ovine N/A Suffolk N/D 0893/01° +
healthy  ovine N/A Suffolk ARQ/ARQ 0895/01° +
healthy  ovine N/A Suffolk ARQ/ARQ 0877/03
healthy  ovine N/A Dorset Horn ARQ/ARQ 1035/03 + +
healthy  ovine N/A Dorset Horn ARQ/ARQ 1037/03
healthy  bovine N/A Fresian x Holstein N/A 2977/98°  unknown
healthy  bovine N/A Fresian N/A 3877/98°  unknown
healthy  bovine N/A Fresian N/A 0431/99°  unknown
scrapie  ovine experimental Cheviot AHQ/AHQ CH1641 +
scrapie  ovine experimental Cheviot VRQ/VRQ SSBP/1 +

*samples were pooled, referred to as VLA-S after pooling

®*samples were pooled, referred to as VLA-B after pooling

N/D not determined

N/A not applicable

M medulla

CM caudal medulla

CR cerebellum

SC spinal cord

unknown — indicates brain region information for that animal was not available from the VLA
+ indicates that medulla, caudal medulla, cerebellum or spinal cord tissue was available for analysis and,
for clarification, does not indicate TSE status.

Table 2.1. List of CNS material used for the development of the molecular strain
profiling assay. Tissue obtained from the Veterinary Laboratory Agency (VLA) or
Institute of Animal Health (IAH) consisted of a range of genotypes and breeds from
healthy, natural scrapie cases and experimentally infected BSE along with
experimentally defined scrapie cases CH1641 and SSBP/1. Tissue for each particular
CNS region consisting of medulla (M), caudal medulla (CM), cerebellum (CR), or spinal
cord (SC) is indicated with a + where material was available for analysis and, for
clarification, does not signify TSE status.
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CNS region

TSE host natural or Breed genotype  sample Brainstem cerebellum midbrain
experimental ID and
case brainstem

BSE bovine natural Fresian N/A 0354/03 +

BSE bovine natural Fresian N/A 0365/03  +

BSE bovine natural Fresian N/A 0449/03  +

BSE bovine natural Holstein N/A 0487/03  +

BSE bovine natural Fresian N/A 0572/03  +

BSE bovine natural Fresian N/A 0091/04 +

BSE bovine natural Aberdeen Angus x N/A 0034/04 +

BSE bovine natural Limousin N/A 1184/02  +

BSE bovine natural Belgium Blue x N/A 1257/02 +

BSE bovine natural Fresian N/A 1412/02  +

healthy  bovine N/A Galloway x N/A 0304/06  + +

healthy  bovine N/A Limousin x N/A 0339/06  + +

healthy  bovine N/A Hereford x N/A 0540/06  + +

healthy  bovine N/A Simmental x N/A 0588/06  + +

healthy  bovine N/A Jersey N/A 0670/04  + +

healthy  bovine N/A Hereford N/A 0697/06  + +

healthy  bovine N/A Fresian x Holstein N/A 0916/06  + +

healthy  bovine N/A Fresian N/A 1019/06  + +

healthy  bovine N/A Charolais N/A 1059/06  + +

healthy  bovine N/A Blonde D’Aquitaine N/A 1687/05  + +

X

scrapie  ovine natural British Friesland VRQ/VRQ 0333/01 + +

scrapie  ovine natural Mule VRQ/VRQ  0954/01 + +

scrapie  ovine natural Suffolk VRQ/VRQ  1517/01 + +

scrapie  ovine natural North Country VRQ/VRQ  1208/03 + +

cheviot

scrapie  ovine natural Romney VRQ/VRQ  1209/03 + +

scrapie  ovine natural Romney VRQ/VRQ  1210/03 + +

scrapie  ovine natural Romney VRQ/VRQ  1212/03 + +

scrapie  ovine natural Texel Cross VRQ/VRQ  1207/03 + +

scrapie  ovine natural Swaledale VRQ/VRQ  1277/09 + +

healthy  ovine N/A Cheviot VRQ/VRQ  0949/06 + +

healthy  ovine N/A Cheviot VRQ/VRQ  0948/06 + +

healthy  ovine N/A Suffolk VRQ/VRQ 0765/06 + +

healthy  ovine N/A Dorset VRQ/VRQ 0618/06 + +

healthy  ovine N/A Dorset VRQ/VRQ  0503/06 + +

healthy  ovine N/A Cheviot VRQ/VRQ  0448/06 + +

healthy  ovine N/A Cheviot VRQ/VRQ  0398/06 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1700/05 +

healthy  ovine N/A Dorset VRQ/VRQ  1699/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1308/05 +

healthy  ovine N/A Dorset VRQ/VRQ  1301/05 +

healthy  ovine N/A Cheviot VRQ/VRQ  1297/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1296/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1229/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1230/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1228/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1222/05 + +

healthy  ovine N/A Cheviot VRQ/VRQ  1225/05 +

healthy  ovine N/A Cheviot VRQ/VRQ  1223/05 + +

healthy  ovine N/A Dorset Horn ARQ/ARQ  0417/03 + +

+ indicates that medulla, caudal medulla, cerebellum or spinal cord tissue was available for analysis and,
for clarification, does not indicate TSE status.

Table 2.2. List of brain tissue type, genotype, and breed used to experimentally
analyse the persistence of PrP>“ in 6 UK soils. As described elsewhere, the absence of
detectable PrP*® from bovine BSE cerebellum precluded its use in the analysis. All
ovine scrapie samples were pooled to produce a 20% (w/v) homgenate, as were either
healthy ovine, bovine BSE, or healthy bovine samples.
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2.1.3. Enzymes

All proteases were obtained from Sigma-Aldrich (Poole, UK). Stock solutions were
prepared at either 10x, 100x or 1000x final concentration in 1x phosphate buffered
saline (PBS) and stored as aliquots at -20°C. PNGase F was obtained from New England

Biolabs (Ipswich, USA).

2.1.4. Brain homogenate lysis buffer (BHLB)

Sodium deoxycholate and Nonidet type NP40 were obtained from Sigma-Aldrich.
Potassium dihydrogen phosphate, disodium hydrogen phosphate, and sodium
chloride and potassium chloride were obtained from Fisher Scientific (Loughborough,
UK). Brain homogenate lysis buffer consisted of phosphate buffered saline at pH 7.4
(containing 1.5mM potassium dihydrogen phosphate, 8mM disodium hydrogen
orthophosphate, 137mM sodium chloride, and 3mM potassium chloride) prepared in
distilled water, supplemented with 0.5% (w/v) sodium deoxycholate and 0.5% (v/v)
Nonidet NP40. 10X phosphate brain homogenate lysis buffer at pH 7.4 (10XP BHLB)
consisted of PBS containing 10X the concentrations of potassium dihydrogen
phosphate and disodium hydrogen orthophosphate i.e. 15mM and 81mM
respectively, again supplemented with 0.5% (w/v) sodium deoxycholate and 0.5%

(v/v) Nonidet NP40.

2.1.5. Western blot analysis

Methanol, hydrochloric acid, and sodium chloride were purchased from Fisher. Trizma

base, glycine, and polyoxyethylenesorbitan monolaurate (Tween-20) were obtained
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from Sigma-Aldrich. Polyviny! difluoride (PVDF) transfer membrane was obtained from
Roche (Burgess Hill, UK). NUPAGE Novex protein gels, LDS sample buffer, western
blotting transfer buffer, and 3-(N-morpholino) propane sulfonic acid (MOPS) gel
running buffer were obtained from Invitrogen (Paisley, UK). 3MM filter paper was
from Whatman International Limited (Maidstone, UK). Nonfat milk powders Marvel
and SMA were purchased locally. Antibody binding and washing steps were performed
in tris-buffered saline supplemented with 0.05% (v/v) Tween 20. Tris-buffered saline
(1x) consisted of 25mM tris, 150mM sodium chloride, and 2mM potassium chloride,

adjusted to pH 7.4 using hydrochloric acid when prepared as a 10x stock solution.

2.1.6. PrP specific antibodies

Mouse monoclonal antibody 6H4 was purchased from PRIONICS AG (Schlieren,
Switzerland). Anti-PrP antibodies 8G8 and SHA31 were obtained from SPl-bio
(Montigny-le-Bretonneux, France). Anti-PrP antibody P4 was originally obtained from
Martin Groschup (Friedrich-Loeffler-Institute, Insel Riems, Germany) and subsequently
purchased from R-Biopharm (Darmstadt, Germany). Anti-PrP antibody L42 was a gift
from Martin Groschup. SAF antibodies (SAF32, SAF34, SAF84 and SAF70) were
obtained from Jacques Grassi (Centro de Investigacion en Sanidad Animal, Madrid,
Spain). Anti-PrP antibody AG4 was obtained from the TSE Resource Centre at the
Institute for Animal Health (Edinburgh, UK). Dilutions used for ELISA and Western

blotting were determined by titration.

Antibody binding motifs in relation to the primary amino acid sequence of ovine PrP

are given in figure 2.1.

46



MVKSHIGSWILVLEVAMWSDVGLCKKRPKPGGGWNTGGSRYPGQGSPGGNRYPPQGGGGW 60
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Figure 2.1. Anti-prion antibody epitope recognition sequences of antibodies AG4,
SAF32, SAF34, P4, 8G8, 6H4, SAF84, L42, SAF70, and SHA31 in relation to the primary
amino acid sequence of ovine prion protein (EMBL accession number P23907).
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2.1.7. Anti-mouse conjugated antibodies

Goat anti-mouse horseradish peroxidase (HRP) conjugated antibody was obtained
from Dako (Ely, UK). Rabbit anti-mouse alkaline phosphatase (AP) conjugated antibody
was obtained from Invitrogen, along with Zymed branded rabbit anti-mouse IgG1

specific AP conjugated antibody.

2.1.8. Chemiluminescent and colorimetric substrates

BM chemiluminescence blotting substrate was obtained from Roche (Lewes, UK) and
prepared according to the manufacturer’s instructions. AP chemiluminescent western
blotting substrate (Western Breeze) was obtained from Invitrogen. p-Nitrophenyl
phosphate tablets (PNPP) for colorimetric determination were purchased from Sigma-

Aldrich (Gillingham, UK) and prepared according to the manufacturer’s instructions.

2.1.9. Enzyme-linked immunosorbent assay (ELISA) detection and quantification of

PrP

Nunc Maxisorp 96-well flat bottomed ELISA plates were purchased from Scientific
Laboratory Supplies Ltd (Nottingham, UK). Ovalbumin and Tween-20 were purchased
from Sigma-Aldrich. Sodium dodecyl sulphate (SDS) was purchased from Fisher. 1X
PBS was prepared as described previously. PBST consisted of 1X PBS supplemented

with 0.05% Tween 20.

2.1.10. Molecular weight markers

A number of different molecular weight markers were used during the course of this
work, and are indicated on each figure. Molecular weight markers included

Kaleidoscope prestained protein standards and Kaledioscope prestained polypeptide
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standards from Bio-Rad (Hemel Hempstead, UK), SeeBlue Plus2 protein markers and
Magicmark XP protein markers from Invitrogen, and Amersham High and Low

molecular weight calibration markers (GE Healthcare, Little Chalfont, UK).

2.1.11. Coomassie staining of protein gels

Gels were stained with 0.5% (w/v) Coomassie brilliant blue R250 in methanol:distilled
water:glacial acetic acid 5:4:1 for 1 hour then destained with methanol:water:glacial

acetic acid 7:4:1 for 3-4 hours with 4 changes of destain solution.

2.1.12. Azocoll protease activity assay

Azo dye impregnated collagen for monitoring protease activity colorimetrically and
EDTA, EGTA, and N-[a-rhamnopyranosylohydroxy-phosphinyl]-Leu-Trp

(phosphoramidon) for thermolysin inhibition were purchased from Sigma-Aldrich.

2.1.13. Visualisation of Western blots

Autoradiography was performed using Kodak Biomax MR film which was purchased
from Sigma-Aldrich and developed using an automatic film developer using standard
photographic techniques. Alternatively, chemiluminsecent western blots were
visualised using an ICCD225 camera system from Photek Ltd., (St Leonards on Sea,

UK).

2.2. Methods

2.2.1. Preparation of CNS homogenates

Initially, brain homogenates were prepared by a modified method of Collinge and co-
workers (Collinge et al., 1996). Typically 0.5 — 2g of brain material was crudely
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chopped on a standard glass microscope slide using a single sided razor blade until a
fine consistency had been obtained. This was transferred to a 20ml universal tube and
10 volumes of brain homogenate lysis buffer (BHLB, pH 7.4) added and the resulting
suspension homogenised by passing through the body of a 2ml syringe by aspiration.
This was followed by further passing through 19G, 21G, and 23G blunt-ended
hypodermic needles attached to the syringe body; any connective tissue that clogged
the needles was discarded. Crude cellular debris was removed by centrifugation at
500xg for 5 minutes, and the supernatant collected and stored at -20°C. Following the
publication of work by Notari and co-workers (Notari et al., 2004) concerning the
effect of pH variation effecting proteolytic digestion of PrP>, homogenates were
prepared using the above method in 10XP BHLB at pH 7.4 containing 10X the standard
phosphate concentration i.e 15mM potassium dihydrogen phosphate and 81mM

disodium hydrogen phosphate.

2.2.2. Enzymatic digestion of CNS homogenate

Proteases were typically used at 50ug/ml unless indicated otherwise. In cases where
activity of the supplied protease was lower than that for Proteinase K (1.6U/ml) the
protease was resuspended in PBS such that the minimum activity upon addition to
brain homogenate was 1.6U/ml. A complete list of proteases used to screen for
proteolytic activity against PrP¢ and PrP> is given in table 2.3. The stated activity for

each protease was based on the manufacturer’s data.

Protease digestions were performed in a temperature controlled water bath (Grant
Instruments Ltd., Cambridge, UK) at 37°C for all proteases with the exception of

thermolysin, for which digestions were performed at both 37°C and 70°C. Reactions

50



were stopped by heating digestion reactions to 100°C for 5 minutes in SDS-PAGE
sample loading buffer or, for thermolysin, by the addition of EDTA to a final
concentration of 1ImM or greater, followed by heating to 100°C for 5 minutes in SDS-
PAGE sample loading buffer. Typically 25-50ul aliquots of 10% (w/v) brain homogenate

were digested unless otherwise indicated.

For experiments where sequential additions of thermolysin were performed, samples
were removed from the water bath after 1 hour and returned to the Class | or Class Il
microbiological safety cabinet. A further aliquot of thermolysin was added (typically as
a 50x or 100x stock solution to avoid excessive dilution of the CNS homogenate), and
the sample mixed by pipetting prior to being returned to the 70°C water bath. This
procedure was repeated hourly for up to 12 hours, then digestion was stopped using
EDTA and analysed by Western blot as detailed above. Where a non-metalloprotease
was used for a secondary digestion following an initial thermolysin digestion, samples
were treated with EDTA as described above following the initial 1 hour thermolysin
digestion at 70°C. Either bromelain or protease type XIV was then added to the sample
to the appropriate final concentration and incubation performed at 37°C. Samples

were subsequently heated to 100°C for 5 minutes in SDS-PAGE sample loading buffer.

Deglycosylation of PrP was performed with PNGaseF using the manufacturer’s
protocol. Briefly, 50ul of 10% (w/v) brain homogenate was heated to 95°C for 30
minutes in the presence of 0.1 volumes of 10x PNGase F denaturing solution
containing 2% w/v SDS. After cooling to room temperature 0.1 volumes of 10x G7
buffer (consisting of 250mM sodium phosphate pH 7.5) and 0.1 volumes of 10% (v/v)

NP-40 were added to give final concentrations of 25mM sodium phosphate and 1%
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(v/v) NP-40. 3ul (corresponding to 500 units) of PNGase F was added to the reaction
mix and incubated at 37°C for 24 hours. Following deglycosylation, samples were

separated by SDS-PAGE as described in section 2.2.4.
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Protease

Activity (U/mg)

Concentration used

Proteinase K
Thermolysin

Pepsin A

Trypsin
Aminopeptidase
Chymotrypsin
Kallikrein
Carboxypeptidase A
Protease type XIV
Protease Subtilisin carlsberg
Bromelain
Proteinase A
Elastase

Ficin

Table 2.3. List of proteases screened for proteolytic activity against PrP® and PrP* in
10% (w/v) ovine and bovine brain homogenates. Proteolytic activity was monitored by
when detected by Western blotting and
chemiluminescence, as described elsewhere. Where possible, proteases were used at
an identical final concentration, however those supplied at a low activity were used at
the same activity as proteinase K. Activity for each protease was based on the

loss of antibody reactive signal

32
36
3460
11470
49
40
48
50
4.9
11.7
3.5
20.7
4.9
2.2

manufacturer’s supplied figures.
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50 pg/ml (1.6 U/ml)
50 pg/ml (1.8 U/ml)
50 pg/ml (173 U/ml)
50 ug/ml (574 U/ml)
50 pg/ml (2.5U/ml)
50 pug/ml (2.0 U/ml)
50 ug/ml (2.4U/ml)
50 ug/ml (2.5 U/ml)
320 pg/ml (1.6 U/ml)
136 pg/ml (1.6 U/ml)
450 pg/ml (1.6 U/ml)
77ug/ml (1.6 U/ml)
326 pg/ml (1.6 U/ml)
720 pg/ml (1.6 U/ml)



2.2.3. Thermolysin digestion of azo dye impregnated collagen

For monitoring the activity and inhibition of thermolysin, 1.8ml volumes of protease
substrate were prepared by dissolving azo dye impregnated collagen (Azocoll) in PBS
to give a final concentration of 0.5% (w/v). To these were added either 200ul PBS or
200ul  of metalloprotease inhibitors consisting of EDTA, EGTA, or N-[a-
rhamnopyranosylohydroxy-phosphinyl]-Leu-Trp (phosphoramidon) prepared in PBS,
and incubated at room temperature for 30 minutes. Thermolysin was added to a final
concentration of 50ug/ml and samples incubated at 37°C for 15 minutes with
occasional shaking. Reactions were stopped on ice for 5 minutes and samples filtered
through a 0.45uM acrodisc filter (Pall Corp., Portsmouth, UK). Optical densities of
filtrates were recorded at 520nm on an Ultraspec 4300 Pro spectrophotometer (GE
Healthcare). For analysis of the effect of inhibitors on the sequential digestion of
Azocoll with thermolysin followed by protease type XIV, samples prepared as above
containing inhibitor and/or thermolysin were placed on ice following the 15 minute
initial incubation, protease type XIV added to a final concentration of 1.6U/ml and
samples incubated for a further 15 minutes at 37°C. Reactions were subsequently

placed on ice, filtered as described previously, and ODs,9 measured.

2.2.4. SDS-PAGE

A number of different SDS-PAGE gel systems were used during the course of this work
including hand-cast 16% BIO-RAD mini-protean Il gels, and 12% (w/v) Invitrogen
NuPAGE precast gels. For BIO-RAD mini-protean Il (8x10x0.07cm) gels a 16% (w/v)
acrylamide: bisascrylamide (3% (w/v) bisacrylamide) gel was used, containing final

concentrations of 375mM Tris-HCI pH 8.0, and 0.1% (w/v) SDS. Gels were polymerised
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with 100 ul of 10% ammonium persulphate and 4 pl TEMED. The gels were overlain
with a 5% (w/v) acrylamide:bisacrylamide (3% (w/v) bisacrylamide) stacking gel
containing 125 mM Tris-HCI pH 6.8 and 0.1% (w/v) SDS. SDS-PAGE sample loading
buffer was added to samples and heated to 100°C for 10 minutes prior to loading on
to gels. SDS-PAGE sample buffer consisted of 62.5mM Tris-HCl pH 6.8, 25% (v/v)
glycerol, 0.5% (w/v) SDS, 0.01% (w/v) bromophenol blue, and 5% (v/v) B-
mercaptoethanol. Samples were electrophoresed in a buffer containing 25mM Tris

base, 192mM glycine, and 0.1% (w/v) at 200V (constant voltage) for 40-60 minutes.

2.2.5. Western blotting and immunodetection

Western blotting of samples prepared for analysis by molecular strain profiling were
performed using both the Invitrogen transfer system described below and the Bio-Rad
semi-dry Trans-Blot system utilising Towbin buffer. Towbin buffer consisted of 25mM
Tris, 192mM glycine, and 20% (v/v) methanol. Briefly, a stack consisting of 2 sheets of
Whatman paper soaked in Towbin buffer was placed on the anode, the SDS-PAGE gel
placed on top (following 10 minutes equilibration in Towbin buffer) and a sheet of
PVDF pre-wetted in methanol followed by Towbin buffer placed on top of the gel. Two
further sheets of buffer-wetted Whatman paper were placed on top of the PVDF
membrane and the cathode fitted in place. Blotting was performed at 25V for 1 hour
and blots rinsed briefly with TBS. Membranes were subsequently blocked for 12-16
hours at 4°C with 5% (w/v) SMA milk powder in TBS and probed with antibodies as

described below.

All soil samples were analysed by electrophoresis on Invitrogen NUPAGE Novex 12%

(w/v) Bis-Tris gels. Electrophoresis was performed for 1 hour at 200V constant voltage,
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then the gel was removed from the gel cassette according to the manufacturer’s
instructions. A pre-cut sheet of PVDF (wetted with methanol then rinsed in Invitrogen
NuPAGE transfer buffer) was overlaid on the gel and pre-cut sheets of Whatmann 3M
filter paper overlaid on the PVDF and underneath the gel. This blotting stack was
immersed in an Invitrogen NuPAGE blotting module and blotting performed for 75
minutes at 30V constant voltage. Subsequently, the PVDF membrane was rinsed
briefly in 1X TBS and blocked for 12-16 hours at 4°C in 1X TBS supplemented with 5%
(w/v) SMA milk powder. Anti-PrP specific antibody was diluted in TBST supplemented
with 0.5% (w/v) SMA milk powder and incubated with the blots in sealed bags for 2
hours. The blots were subsequently washed 3 times (10 minutes each) in trays
containing 50 ml TBST supplemented with 0.5% (w/v) SMA. Anti-mouse antibody
(either alkaline phosphatase or horse-radish peroxidase conjugated) was incubated
with the blots for 75 minutes, after which the blots were washed as described
previously. Blots were visualised by the addition of AP substrate obtained from
Invitrogen or HRP chemiluminescent substrate obtained from Boehringer Ingelheim
Ltd. (Bracknell, UK) and images captured using a Photek ICCD225 camera system or

Kodak Biomax MR film.

Denistometric analysis was performed using Quantiscan image analysis software from
Biosoft Ltd., (Cambridge UK). Sample lanes on Westen blot autoradiographs were
digitally scanned, and were used to determine signal intensity. Care was taken to
ensure regions on scanned autoradiograph blots used for densitometric analysis were

below the saturation level of the Biomax MR film.
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2.2.6. Sourcing and location of soils from ADAS sites

Soils from 6 UK sites owned or managed by ADAS UK were obtained representing a
diverse range of soil types. None of the sites had a recorded history of production
animal occupation and were located in Cambridgeshire (n=3), Nottinghamshire (n=2),
and Herefordshire. Precise geographic locations of the soil sampling sites are given in

table 2.4.

All soils were supplied at field moisture content, and were stored at 4°C in sealed bags
prior to the preparation of soil columns for the analysis of Prp>* persistence. Soil
classification was based on the inorganic fraction only, and did not take into account
the wide variation in organic material present in the soil, e.g. Cambs2 soil was a typical
fenland peat soil from the Cambridgeshire area comprising approximately 39% (w/w)

organic matter.

Soil sampling location name OSGB Grid Reference soil classification
Cambs1 TL43125 81979 clay loam / clay
Cambs2 TL44156 82346 clay
Cambs3 TL34211 63270 clay
Nottsl SK59061 70030 sandy loam
Notts2 SK59563 69481 loamy sand
Hereford SO56572 48168 silt loam / silty clay loam

Table 2.4. OSGB grid references and soil classification (based on inorganic soil fraction
only) of six ADAS farm sites sampled for soils used in the analysis of persistence of
ovine scrapie and bovine BSE Prp™.

2.2.7. Preparation and inoculation of soil columns

Soils were passed through a 1cm sieve on-site to remove stones and larger organic

material. Prior to packing soil columns the soils were passed through a 3mm sieve to
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remove finer stones and debris. Columns with a 13mm internal diameter were created
by sectioning a 25ml plastic pipette plugged at the base with cotton wool to permit a
11cm soil depth with a further 2cm headspace (figure 2.1, left hand image). Soil was
packed to a constant volume by the addition of pre-weighed soil in portions with
tapping to settle the soil between additions, corresponding to a 14.6 cm?® volume at
bulk densities of 1.26 for Notts1, 1.36 for Notts2, 1.14 for Cambs1, 0.57 for Cambs2,
1.05 for Cambs3, and 1.42 for Hereford (g/cm? dry weight). No fractionation of the
soils was observed during the packing procedure. Columns were seeded with 6 rye-

grass seeds per column after inoculation to further mimic pasture conditions.
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Figure 2.2. Individual soil column (panel A) and column bundles (panel B) for the
analysis of PrP persistence on soil. Columns were prepared as described in section
2.2.7, inoculated with healthy ovine, scrapie ovine, healthy bovine, and BSE bovine
brain homogenates and surrounded with aluminium foil. Further columns containing
soil prepared in the absence of brain homogenate were used to surround the brain
homogenate spiked columns and form a column bundle. Column bundles were placed
in 2 litre plastic beakers and were maintained at the appropriate temperature in
temperature controlled cabinets under constant illumination.
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Soil columns prepared with the 6 UK soils to analyse inter-soil PrP>® persistence were
incubated at 37°C prior to the addition of brain homogenate to reduce the moisture
content of the soil such that addition of the spike material would return the moisture
content to field moisture content. The total mass of each bundle of soil columns was
determined daily and when the appropriate moisture content had been achieved, the

columns were covered at the top with Parafilm and then clingfilm and stored at 4°C.

For the investigation into the persistence of PrP> in Notts1 soil over a range of
environmental conditions the requirement to reduce the soil moisture content of
some columns to levels of 30% and 60% below field moisture content (FMC) limited
the ability to further reduce moisture content to allow for the addition of brain
homogenate. Therefore, for those columns which were to be maintained at FMC over
the course of the experiment brain homogenate was added when the columns were at
FMC. For those columns to be maintained at either -30% or -60% below FMC
(calculated as a percentage of dry soil weight), brain homogenate was applied to
columns pre-dried to these levels as described previously. Initial sampling occurred
within 7 days of spiking and ELISA data adjusted at this time point to reflect the
differences in moisture of the soils caused by the brain homogenate. The total mass of
each column bundle was monitored for evaporative losses and subsequent samples
taken when all columns had returned to pre-inoculation mass. ELISA data for soil
columns maintained at -30% and -60% below field moisture content were further
adjusted to equalise all readings to field moisture content in order to account for the

greater soil:water ratio in these particular samples.
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2.2.8. Maintenance of soil columns

Column bundles, initially consisting of 14-16 inoculated soil columns, were wrapped in
aluminium foil to prevent algal growth between the soil and the column body, and
surrounded with further soil-filled columns to limit temperature fluctuations. This
bundle was placed in a 2 litre plastic beaker to collect any flow-through generated
during column spiking or watering. Soil columns were inoculated at room temperature
and incubated post-inoculation at their appropriate experimental temperatures prior
to sampling. Soil columns were incubated in Snyjders temperature controlled growth
cabinets (Tilburg, Netherlands) fitted with fluorescent tubes and maintained under
conditions of constant illumination. For the analysis of PrP> persistence on 6 UK soils
the columns were maintained at 16-20°C for the course of the experiment. For the
analysis of PrP>° persistence over a range of environmental conditions columns were
maintained at 25-30°C, 8-12°C, and finally 4°C with a further incubation at -5°C for 24
hours once per month. Over the course of both experiments the total mass of each
soil column bundle was determined every 7-14 days and water losses due to

evaporation replaced with distilled water applied at the top of the column.

2.2.9. Adjustment of Notts1 soil pH

Soil pH was adjusted prior to column packing by the addition of ammonium sulphate
(to lower soil pH) or calcium carbonate (to raise soil pH) to 1kg aliquots of sieved soil.
Typically 0.385g/kg ammonium sulphate or 2.69g/kg calcium carbonate were required
to adjust soil pH by 1 pH unit. Soil pH was measured 24 hours after soil pH adjustment
by mixing 2g of pH adjusted soil with 10ml of distilled water for 10 minutes. Following

settling of soil particles, the soil supernatant pH was determined. Soil pH values used

61



when preparing columns were pH 4.5, 6.2, and 7.6 for low, standard (i.e. in-the-field

pH), and high pH respectively.

2.2.10. Spiking of soil columns with CNS homogenate

Homogenates from all heathy ovine animals (n=20, consisting of brain stem and
cerebellum), healthy bovine animals (n=10, consisting of brain stem and cerebellum),
scrapie infected ovine animals (n=9, consisting of brain stem and cerebellum), and BSE
infected bovine animals (n=10, consisting of brain stem only) were pooled to provide
sufficient inoculum for the addition of 10ul of 20% (w/v) CNS homogenate per 100mg
soil for the 6 UK soils under analysis, and 9.7ul 20% (w/v) CNS homogenate per 100mg
for Nottsl soil maintained under varying environmental conditions. No cerebellum
tissue was used from BSE infected bovine animals as PrP** was undetectable by
Western blotting following proteinase K digestion and probing with anti-PrP
monoclonal antibody (data not shown). CNS homogenates were stored at -80°C

between preparation of the homogenates and inoculation of the soil columns.

20% (w/v) CNS homogenate prepared as described in section 2.2.1 in distilled water
containing 0.5% (w/v) DOC and 0.5% (v/v) NP40 was applied to the soil surface of the
soil-packed columns. For those soil types capable of absorbing the entire spike volume
the 20% (w/v) brain homogenate was applied over an approximately 1 hour period.
For the two soils composed of a relatively high proportion of clay minerals (Hereford
and Cambs1), saturation of the upper layer occurred slowing the absorption of the
spike into the column, and as a result CNS homogenate was added until saturation
occurred and the remaining spike was applied 24 hours later when the initial spike had

soaked into the soil. Initial sampling from columns consisting of the 6 UK soils
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occurred 24 hours after the final addition of brain homogenate to each particular soil
type. Subsequent sampling (from 1 month post-spiking) was synchronised. For Notts1
soil maintained under varying environmental conditions the initial sampling occurred
within 7 days of the final application of brain homogenate. Subsequent samples were
taken synchronously when all soil columns had returned to their original pre-spike

masses.

2.2.11. Sampling and storage of CNS homogenates bound to soil

Soil columns were initially sampled within 7 days post-spiking, with further samples
taken after approximately 1, 3, 6, 12, 15, and 18 months post-spiking. Prior to
sampling, all soils were returned to their original field moisture content (or to 30%
below or 60% below field moisture content where applicable) by the addition of water
as described previously. Soil columns were cross-sectioned into 3 equal portions
representing the top third, middle third, and bottom third of each column using a
heated blade to score the outside of the plastic columns. Each fraction was ejected
from the column section into a 9cm plastic Petri dish and homogenised using a spatula
and aliquots from these three fractions were stored at -80°C. The remaining soil from
the three Petri dishes was pooled and homogenised corresponding to soil from the

whole of the column, and aliquots of this stored at -80°C.

2.2.12. Fractionation of soil samples into <63 um and >63 um fractions

1g of soil taken from the entire column depth was resuspended to a 20% (w/v) slurry
in 5mM sodium hexametaphosphate and 4mM anhydrous sodium carbonate for 10

minutes on a benchtop rotator. Following centrifugation at 800xg for 10 minutes the
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soil was resuspended in 5ml of 5mM calcium chloride to give a 20% (w/v) soil slurry
and mixed for a further 3 hours. This slurry was poured on to a 63um stainless steel
sieve (Fisher, UK) and washed through with 45ml of deionised water. The flow through
was collected in a 50ml centrifuge tube and represented the <63um fraction. The
sieve was inverted and the remaining fraction (>63um) which had not passed through
the sieve collected into a fresh 50ml centrifuge tube using 50ml of deionised water to
wash the soil particles from the sieve. Both fractions were pelleted by centrifugation
at 800xg for 10 minutes, and the supernatant discarded. PrP was eluted from the soil

as described in section 2.2.13.

2.2.13. Extraction of soil samples for Western blotting and ELISA

PrP was eluted from soil for Western blotting using a modified protocol of Johnson
and co-workers (Johnson et al., 2006). 500mg soil was resuspended to a 20% (w/v)
slurry in 2.5ml 5mM calcium chloride for 5 minutes on a benchtop rotator, then
pelleted by centrifugation in a Beckman swing-out centrifuge at 800xg for 10 minutes.
The supernatant was analysed for un-bound PrP>® or discarded where indicated. The
pellet was resuspended in a further 2.5ml 5mM calcium chloride for 1 hour, rotating
as before. The slurry was overlaid on a 10ml 750mM sucrose cushion prepared in
5mM calcium chloride in a 15ml polypropylene centrifuge tube. This was pelleted by
centrifugation at 800xg as before to separate residual unbound PrP* from soil-bound
PrP>. The supernatant was discarded and for Western blotting the pellet was
resuspended in either 250ul of 50pg/ml proteinase K in 5mM calcium chloride for
subsequent detection of the PrP> core region, or 250ul of 100ug/ml thermolysin in

5mM calcium chloride for detection of full length or total Prp* by ELISA. Resuspended
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pellets were incubated for 1h at either 37°C for PK or 70°C for thermolysin, then an
equal volume of 20% (w/v) SDS in 5mM calcium chloride was added and heated to
100°C for 10 minutes with samples subjected to 5 seconds vortexing prior to heat
treatment, after 5 minutes and finally after 10 minutes. Samples were centrifuged for
10 minutes at 800xg in a Beckmann swing out centrifuge and the resultant
supernatant collected in 7ml bijou tubes. The clarified supernatant was diluted 5 fold
with 2.5ml ice cold methanol and precipitated by incubation at -20°C for 16 hours.
Precipitated PrP> was pelleted by centrifugation for 30 minutes at 12100xg and
pellets washed with 1ml ice-cold methanol for 30 minutes by centrifugation at
12100xg. The methanol was discarded and protein pellets air dried, prior to being
resuspended in 50ul 2X Invitrogen NuPAGE sample loading buffer containing 5% (v/v)
B-mercaptoethanol for Western blotting or 100ul 4% (w/v) SDS in PBS for ELISA.
Samples were heated to 95°C for 10 minutes and typically 20ul was loaded per well for
Western blotting (equivalent to extract from 200mg of the original spiked-soil
material) and 20ul was loaded per ELISA well (equivalent to 100mg of the original

spiked-soil material).
2.2.14. ELISA determination of soil-eluted full-length Prp*

Standards for ELISA consisted of the 20% (w/v) CNS homogenates used for soil spiking
diluted to 10% (w/v) with 10mM calcium chloride containing 0.5% (w/v) sodium
deoxycholate and 0.5% (v/v) Nonidet NP40. Aliquots of 50pul, 25ul, 10ul, 5ul, 1ul and
Oul of this 10% (w/v) CNS homogenate were made up to 50ul with the same buffer.
Thermolysin was added to a final concentration of 100ug/ml and incubated at 70°C for

1 hour. EDTA was added following digestion to a final concentration of 10mM and the
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samples boiled for 10 minutes in a water bath following the addition of 50ul of 20%
(w/v) SDS in 5mM calcium chloride. 25ul aliquots of these digests were added to
thermolysin digested, SDS eluted soil extracts from soil not previously inoculated with
CNS homogenate. These standard-spiked soil extracts were precipitated with
methanol as described previously and the subsequent air-dried pellet resuspended
with 100l 4% (w/v) SDS by boiling for 10 minutes and any non-solubilised material

removed by centrifugation at 12100xg for 5 minutes.

Nunc maxisorp plates were coated for 16 hours at room temperature with 100ul of
anti-PrP antibody SAF34 diluted 1:8000 in PBS. This solution was discarded, then wells
were blocked for 1 hour with 400ul of PBST supplemented with 0.5% (w/v) ovalbumin.
Following discarding of this solution, 60ul of soil-eluted PrP in 4% (w/v) SDS was
diluted with 540ul PBST and the resultant 600ul added between triplicate wells and
incubated for 1 hour. This solution was discarded and wells washed 5x with 400ul
PBST. 100ul of SHA31 antibody diluted 1:8000 in PBST containing 0.5% (w/v)
ovalbumin was added to each well and incubated for 1 hour at room temperature,
then discarded, and the wells washed as before. 100ul of alkaline phosphatase
conjugated rabbit anti-mouse IgG1l-specific antibody diluted 1:2000 in PBST
supplemented with 0.5% (w/v) ovalbumin was added and incubated for 1 hour with 5x
400ul PBST washes performed after incubation, followed by 2 further washes using
400yl distilled water. Signals proportional to the amount of bound PrP were generated
by the addition of 100ul PNPP per well with absorbance readings taken after 30
minutes and 60 minutes using a Tecan Genios plate reader (Mannedorf, Switzerland)

at 405nm with a 620nm reference filter.
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2.2.15. Bio-Rad TeSeE ELISA determination of total PrP>

Methanol precipitated soil extracts prepared from 500mg soil as detailed in section
2.2.14 were resuspended in 100ul 4% (w/v) SDS by boiling for 10 minutes and any
non-solubilised material removed by centrifugation at 12100xg for 5 minutes. 20ul
aliquots were added to 180ul TeSeE sample resuspension buffer and applied to the
TeSeE ELISA plate wells. Standards prepared as in section 2.2.14 were similarly
resuspended in TeSeE resuspension buffer and 4% (w/v) SDS and applied to the ELISA
plate. Following incubation at 37°C for 30 minutes sample wells were washed 3 times
with 400ul TeSeE wash buffer and 100ul TeSeE HRP-conjugated secondary antibody
added to the plate and incubated at 4°C for 30 minutes. Following 5 further 400ul
washes, 100ul TMB substrate prepared according to the manufacturer's protocol was
added and the ELISA plate incubated in darkness for 30 minutes. 100ul TeSeE stop
solution was added and plate absorbance measured at 405nm with a 620nm

reference filter.
2.2.16. Preparation of PrP* extracts from soil for mouse bioassay

PrP> for mouse bioassay was extracted from Notts1 soil using a modified method of
Seidel and co-workers (Seidel et al., 2007). Briefly, 100mg of soil was resuspended for
1 hour in 500ul PBS prior to centrifugation at 800xg for 10 minutes. The soil pellet was
resuspended in 200ul of 1% (w/v) SDS in PBS and shaken vigorously for 1 hour. After
centrifugation at 800xg for 10 minutes PrP* in the supernatant was precipitated for 30
minutes at 37°C by the addition of 15ul of 4% (w/v) sodium phosphotungstic acid and
170mM magnesium chloride. PrP>° was pelleted by centrifugation at 12100xg for 30

minutes and the air-dried pellet resuspended in 20ul sterile saline prior to IC
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inoculation of mice. Transgenic mice lines TgShpXI| expressing ovine ARQ PrP (Kupfer
et al., 2007), and Tg338 expressing ovine VRQ PrP (Vilotte et al., 2001) were used to
determine infectivity = with  TSE status subsequently determined by
immunohistochemistry (IHC) and vacuolation scoring of brain tissue by R.Lockey at the
Veterinary Laboratories Agency (VLA). Briefly, brain sections were stained with
haemotoxylin and eosin and examined by bright field light microscopy for vacuolation
scoring. TSE diagnosis was based on the presence of disease-specific neuropil
vacuolation and/or plaques, with all available brain regions assessed. Slides were
diagnosed as positive, negative, or inconclusive; inconclusive diagnosis was on the
basis of incomplete tissues or poor section levels, extensive autolysis, insufficient
vacuolation or equivocal vacuolation that precluded an absolute diagnosis, or when
age-associated vacuoles or autolysis made an absolute diagnosis in the presence of
disease-associated vacuoles difficult. When possible, plaques were observed in the
absence of possible disease specific vacuolation. Legion severity was semi-quantified
by assigning a score of 0-5 for 9 specific neuroanatomical gray matter areas (G1-G9)
and 0-3 for 3 specific white matter areas (W1-W3). Gray matter was scored according
to the description of Beck and co-workers (Beck et al., 2010). Areas scored were G1,
dorsal medulla nuclei; G2, cerebellar cortex of the folia including the granular layer,
adjacent to the fourth ventricle; G3, cortex of the superior colliculus; G4,
hypothalamus; G5, thalamus; G6, hippocampus; G7, septal nuclei of the paraterminal
body; G8, cerebral cortex (at the level of G4 and G5); and G9, cerebral cortex (at the
level of G7). White matter areas scored were W1, cerebellar white matter; W2, white

matter of the mescencephalic tegmentum and W3, cerebral peduncles.
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IHC was performed by labelling samples with anti-PrP rabbit polyclonal antibody
Rb486 which recognises amino acids 221-233 of the bovine prion protein. All available

brain tissues were assessed and a positive, negative, or inconclusive diagnosis made.

2.2.17. Preparation of PrP*° extracts from soil for protein misfolding cyclic

amplification (PMCA)

For PMCA reactions, 100mg soil from each spiked soil was resuspended for 1 hour in
500ul PBS prior to centrifugation at 800xg for 10 minutes. The soil pellet was
resuspended in 200l of 1% (w/v) SDS in PBS and shaken vigorously for 1 hour. After
centrifugation at 800xg for 10 minutes, 10ul (equivalent to 5mg soil) of supernatant
was added to 90ul of 10% (w/v) brain homogenate (either VRQ/VRQ genotype ovine
or bovine) prepared in PBS containing 150mM sodium chloride, 0.1% (v/v) Triton X-
100, 4mM EDTA and 20 Mini complete protease inhibitor tablets (Roche) per litre.
Amplification (performed by C. Baker (ADAS UK)) was performed in a sonicating water
bath at 37°C using a Masonix S-4000 sonicator at 80% power for 40 seconds pulse
time with 29 minutes 20 seconds between pulses. After every 24 hour period 10pul of
sample was aliquoted into 90ul of fresh 10% (w/v) brain homogenate and returned to
the sonicating water bath, and samples were amplified for 7 days in total prior to PK

digestion and Western blot analysis.
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CHAPTER 3

Development of a Western blot assay for the molecular profiling of ruminant TSEs



3.1. Introduction

The chapter describes the development of a novel strain typing assay capable of
differentiating two TSE strains in the same host species. A number of proteases were
screened for their capability to digest PrP® and PrP>, with those showing potential as
the basis of a strain typing assay examined further. Initially the assay was optimised
using ovine scrapie and bovine BSE samples, and subsequently the more challenging
task of differentiating ovine scrapie from ovine BSE was undertaken with re-

optimisation of the assay with these samples performed as necessary.

3.2.1. Screening of a range of proteases to establish susceptibility of PrP¢ to

digestion

The aim of this work was to screen a number of proteases alongside the archetypal
protease for PrP profiling, namely proteinase K, for their capacity to digest PrP¢ and
PrP>° with subsequent detection by Western blot. Suitable candidates for further
analysis would be selected and digestion conditions optimised to enhance the

production of strain-specific differences.

The ability to digest PrP® was determined to be a pre-requisite for the creation of a
strain-typing assay, since residual Prp° peptides would potentially complicate Western
blot banding patterns when comparing TSE strains, and species-specific differences in
the susceptibility of PrP¢ to proteolytic digestion have previously been reported
(Buschmann et al., 1998). An assay incapable of readily distinguishing between healthy
and infected materials would be unlikely to represent an improvement on current

methods.
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An initial screen was performed on 14 out of 15 proteases for their ability to digest
Prp° present in bovine brain homogenate, with those that resulted in digestion of Prp©
subsequently analysed for their ability to digest PrP>° both in BSE infected bovine and
scrapie infected ovine brain homogenates (see table 3.1). Included within these 15
proteases was proteinase K (PK), classically used as the archetypal protease for
clearance of PrP® and the generation of protease resistant PrP>‘. As described
previously within this work (section 2.2.2), where possible a concentration of protease
comparable to that of PK was used, however, in certain cases the activity of protease
was below that described for PK, and in these cases the concentration of protease

used was such that their activity was comparable to that of PK at 50ug/mli.e. 1.6U/ml.

10% (w/v) CNS homogenate from a pool of brain stem material from 3 healthy cattle
consisting of 2 Fresian and 1 Fresian x Holstein, (animals 3877/98, 0431/99, and
2977/98), was prepared in BHLB at pH 7.4 as described previously (section 2.2.1) and
digested at 37°C for 1 hour with the appropriate protease with the persistence of PrP
monitored by Western blot using an antibody specific to the core region of PrP,

namely 6H4 (figure 3.1).

Of the 14 proteases tested healthy brain homogenate samples digested with pepsin A,
proteinase A, aminopeptidase, kallikrein, and carboxypeptidase A appeared to have
little effect on PrP® immunoreactivity as judged by the intense Western blot signals.
Although comparisons of signal intensities with the poorly defined control lanes of
undigested brain homogenate was difficult, elastase and trypsin appeared to exhibit
partial digestion of PrP¢, while the remaining proteases resulted in low levels of Prp¢

remaining as judged by comparing to non-digested control sample. PK has traditionally
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been used in the 10-50 pug/ml concentration range to clear PrPS, so these results were

in agreement with previously published findings e.g. (Collinge et al., 1996).
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Figure 3.1. Screening 14 proteases for their capability to digest bovine PrP®. 10% (w/v)
brain homogenates prepared from a pool of healthy cattle (VLA-B) in BHLB at pH 7.4
were digested for 1 hour at 37°C and loss of immunodetectable PrP® monitored by
Western blot. 3.3ul of 2% (w/v) undigested bovine brain homogenate (corresponding
to 66ug brain material) were loaded in lane C in both blots and 3.3pul of 10% (w/v)
protease digested bovine brain homogenate (corresponding to 330ug brain material)
were loaded in lanes 2-14. Proteases screened in panel A were: proteinase K (lane 1),
pepsin A (lane 2), thermolysin (lane 3), protease type XIV (lane 4), protease Subtilisin
carlsberg (lane 5), proteinase A (lane 6), bromelain (lane 7), elastase (lane 8), ficin
(lane 9), trypsin (lane 10), aminopeptidase (lane 11), chymotrypsin (lane 12), kallikrein
(lane 13), and carboxypeptidase (lane 14). Samples were separated on 16% (w/v) SDS-
PAGE gels, and PrP¢ detected using anti-PrP antibody 6H4 diluted 1:100,000, anti-
mouse immunoglobulin-HRP conjugated antibody, and visualised using BM
chemiluminescence blotting substrate. Protease concentrations used are shown in
table 2.3.
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3.2.2. Screening of proteases for their capability to digest ovine scrapie and bovine

BSE PrP**

Digestion of 10% (w/v) CNS homogenates from scrapie infected sheep (medulla
region from a natural case of scrapie in a Cambridge sheep of genotype ARQ/ARQ
identified as animal number 0575/00) and BSE infected cattle (VLA+B, consisting of
hind brain including cerebellum from a number of natural BSE cases from multiple
breeds and supplied by the VLA as a standardised 100% (w/v) homogenate pool) were
analysed using 11 of the 15 proteases selected and indicated a number of potential
candidates for further analysis (figure 3.2). Digestions of ovine scrapie and ovine BSE
homogenates were not performed for some of those proteases which were incapable
of clearance of PrP¢ from healthy bovine brain homogenate, namely pepsin A,
aminopeptidase, kallikrein, and carboxypeptidase. Of the candidates selected for
further study the most notable was thermolysin, digestion with which resulted in the
clearance of PrP® but appeared not to result in the truncation of PrP>° observed with

PK. A summary of this data is given in table 3.1.
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Figure 3.2. Screening of 11 proteases for their capacity to digest ovine scrapie and
bovine BSE PrP*‘. Brain homogenates (10% (w/v)) from scrapie infected sheep
(0575/00) and BSE infected cattle (VLA+B pool) prepared in BHLB at pH 7.4 were
digested for 1 hour at 37°C and loss of immunodetectable signal monitored by
Western blot. For ovine samples (panel A lanes 1-8 and panel B lanes 1-4), samples
were undigested (panel A lane 1) or digested with proteinase K (panel A lane 2),
thermolysin (lane 3), protease type XIV (lane 4), protease Subtilisin carlsberg (lane 5),
proteinase A (lane 6), bromelain (lane 7), elastase (lane 8), ficin (panel B lane 1),
trypsin (lane 2), chymotrypsin (lane 3), or chymopapain (lane 4). For bovine samples
(panel B lanes 5-8 and panel C lanes 1-8), samples were undigested (panel B lane 5) or
digested with proteinase K (panel B lane 6), thermolysin (lane 7), protease type XIV
(lane 8), protease Subtilisin carlsberg (panel C lane 1), proteinase A (lane 2), bromelain
(lane 3), elastase (lane 4), ficin (lane 5), trypsin (lane 6), chymotrypsin (lane 7), or
chymopapain (lane 8). Undigested samples consisted of 6.6ul of 2% (w/v) brain
homogenate (corresponding to 132ug brain material) and digested samples of 6.6ul of
10% (w/v) bovine brain homogenate (corresponding to 660ug of brain material).
Samples were separated on 16% SDS-PAGE gels and PrP detected using anti-PrP
antibody 6H4 diluted 1:100,000, and anti-mouse immunoglobulin-HRP conjugated
antibody. Signals were visualised using BM chemiluminescence blotting substrate.
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Protease Healthy bovine BSE infected Scrapie infected
brain bovine brain ovine brain
homogenate homogenate homogenate

Proteinase K + + +

Pepsin A - N/D N/D

Thermolysin + - -

Protease type XIV + + +

Protease Subtilisin carlsberg + + +

Proteinase A - - -

Bromelain + + +

Elastase +/- - -

Ficin + + +

Trypsin +/- - -

Aminopeptidase - N/D N/D

Chymotrypsin + + +

Kallikrein - N/D N/D

Carboxypeptidase - N/D N/D

Chymopapain N/D + +

Table 3.1. Screening of 15 proteases for their potential for digestion of PrPS, bovine
BSE PrP*¢, and ovine scrapie PrP*. Ovine and bovine brain homogenates (10% (w/v))
were digested for 1 hour at 37°C and subsequently analysed by Western blot as
described in figure 3.2. Table indicates scoring based on whether digestion occurred
resulting in truncation of full length PrP> to PrP
samples (+), or no apparent truncation or PrP® clearance was observed (-).
Intermediate digestion of PrP® where incomplete clearance of PrP® was observed are

indicated as +/-. N/D = not determined.
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3.2.3. Selection of proteases

From the initial screen of proteases for proteolytic activity against PrP¢ and PrP>,
three were selected for further study; namely thermolysin, bromelain, and protease
type XIV. As previously mentioned, thermolysin was noteworthy since digestion of
healthy bovine homogenate indicated complete clearance of PrP® but no apparent
effect on the apparent molecular weight of PrP>* from either ovine scrapie or bovine
BSE PrP** when analysed by Western blot. It was speculated that the apparent
absence of proteolysis of Prp> compared to PrP¢ when using thermolysin would also
permit the investigation of two-step protease digestions if necessary; initial clearance
of PrP® using thermolysin (inhibited after digestion by the addition of EDTA) could be
followed by use of other, non-metalloproteases, to produce either strain-specific
peptides or differentially digested PrP> dependent on strain; both of which offer the

potential for detection by immunological methods.

Furthermore, proteinase K digestion results in the loss of the N-terminal region and

the production of the core region of PrP, namely Prp?’3°

, and therefore antibody
detection of PK-digested PrP*" is reliant on the presence of epitopes located within the
core region. The generation of full-length PrP>° in the absence of contaminating Prp°©
would potentially permit not only an increase in sensitivity of PrP detection by using a
combination of N-terminal specific and core-specific antibodies, but would also permit
the potential development of strain typing assays using antibodies targeted against
the N-terminal region since this region is known to be less structured than the

hydrophobic core and therefore accessibility to digestion sites located within this

region could be strain dependent.

77



Bromelain and protease type XIV were also selected for further analysis as they
appeared to demonstrate both clearance of PrP® and the truncation of both ovine
scrapie and bovine BSE Prp> resulting in protein profiles of similar apparent molecular
mass to proteinase K digested samples. This offered the potential for optimisation of
digestion conditions for either the generation of strain-specific peptide fragments or

strain-specific differential susceptibility to digestion.
3.2.4. The use of the protease bromelain as the basis for a strain typing assay

Digestion of ovine scrapie, ovine BSE, and bovine BSE 10% (w/v) brain homogenates
was performed with 1.6U/ml (77ug/ml) bromelain for 1 hour at 37°C following an
initial digestion at 70°C with 50ug/ml thermolysin to remove PrPS. Western blotting
(figure 3.3) of the resulting samples and detection with antibodies targeted to the
protease-resistant core of PrP (SAF84 or 6H4) indicated that the unglycosylated PrP
band from bovine BSE (VLA+B pool) and ovine BSE (animal 1693/03) migrated with a
lower apparent molecular weight than that from ovine scrapie (animal 0575/00). The
difference in apparent molecular weight was small (in the order of 0.5-1 kDa), hence
the identification of differences between the strains proved difficult. Similar Western
blotting migration profiles were obtained using 50ug/ml PK, suggesting that this result
was similar to published strain typing methods that employ PK; for example, that
previously identified by Hill and co-workers (Hill et al., 1998). Therefore while
bromelain was capable of distinguishing ovine scrapie from ovine BSE and bovine BSE
further development of this assay was not carried out due to similarity with other
described assays and the inherent difficulty associated with resolving very small

weight differences in Western blotted prion protein.
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Figure 3.3. Digestion of ovine scrapie (animal 0575/00), bovine BSE (VLA+B pool) and
ovine BSE (animal 1693/03) brain homogenates with bromelain or PK. Brain
homogenates (10% (w/v)) from ovine scrapie, bovine BSE and ovine BSE infected
animals (as indicated) were digested with 50ug/ml thermolysin for 1 hour at 70°C to
remove PrP prior to digestion with 77pg/ml bromelain (Br) or 50ug/ml PK (PK) for 1
hour at 37°C. Samples of 6.6ul 10% (w/v) digests were loaded per lane alongside 3.3pl
2% (w/v) undigested samples (U) on 16% SDS PAGE gels. PrP was detected with anti-
PrP antibody SAF-84 diluted 1:200 and anti-mouse immunoglobulin-HRP conjugated
antibody. Signals were visualised using BM chemiluminescence blotting substrate.
Location of ovine scrapie (*), and bovine BSE and ovine BSE (**) unglycosylated
fragment locations are indicated.
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3.2.5. The use of protease type XIV as the basis for a strain typing assay

Initial experiments were carried out to investigate the potential of protease type XIV
to differentiate ovine scrapie from bovine BSE. Brain homogenates (10% (w/v)) from
ovine scrapie animal 0575/00 and bovine BSE VLA+B pool prepared in BHLB at pH 7.4
were digested with 1.6U/ml (320ug/ml) protease type XIV for 1 hour at 37°C and

analysed by Western blot using antibody 6H4 targeted against the core region of PrP.

Results indicated the presence of a doublet of approximately 18kDa and 17kDa in
bovine BSE samples and a single band of approximately 18kDa apparent molecular
weight for ovine scrapie (figure 3.4). Repeating this analysis using ovine scrapie
0575/00 and ovine BSE 1693/03 brain homogenates did not, however, result in the
production of a corresponding doublet from the ovine BSE sample. A single band of
approximately 18kDa was observed for both ovine scrapie and ovine BSE indicating
that this combination of proteases and antibody was incapable of differentiating ovine

BSE from ovine scrapie (data not shown).

Re-optimisation of the digestion was performed which included varying the specific pH
at which the digestion was carried out (at pH 6.5 and at pH 7.5) using brain
homogenates prepared in BHLB containing 10x standard phosphate levels and
adjusted to the appropriate pH, and increasing the protease type XIV concentration

from 1.6U/ml to 16U/ml (corresponding to an increase from 320ug/ml to 3.2mg/ml).

Digestion of ovine scrapie 0575/00 and ovine BSE 1693/03 10% (w/v) brain
homogenates at the new protease concentration of 16U/ml for 1 hour at 37°C at pH

6.5 with antibody SAF84 (targeted to the core region of PrP) was found to result in the
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production of a diagnostic doublet for ovine BSE of approximately 18kDa and 17kDa,
and a single band of approximately 18kDa apparent molecular weight for ovine scrapie

(figure 3.4).

As was noted for bromelain, the observed differences between the three prion strains
following digestion with protease type XIV were subtle, and while both bromelain and
protease type XIV had potential for further investigation as the basis for a strain typing
assay it was felt that reliably differentiating small differences in molecular weight
between the potentially large number of field- and experimental TSE samples to be
examined upon the development of a reliable strain typing assay would prove difficult.
Therefore further optimisation was not carried out using these two proteases and it
was decided to concentrate on thermolysin as this had indicated that, in contrast to
PK, bromelain and protease type XIV, digestion of CNS tissue resulted in the apparent

generation of full-length PrP*> on Western blot.
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Figure 3.4. Digestion of ovine scrapie, bovine BSE, and ovine BSE brain homogenates
with protease XIV. Upper panel: 10% (w/v) brain homogenates of ovine scrapie animal
0575/00 (Sc) and bovine BSE VLA+B pool (BSE) prepared in BHLB at pH 7.4 were
digested with 1.6U/ml (320ug/ml) protease type XIV for 1 hour at 37°C, and 3.3pl of
10% digested sample analysed per lane. PrP>® was detected with anti-PrP antibody
6H4 diluted 1:25,000. Lower panel: brain homogenates (10% (w/v)) from ovine scrapie
animal 0575/00 (S) and ovine BSE animal 1693/03 (B) prepared in 10XP BHLB at pH 7.4
were digested for 1 hour with 16U/ml protease type XIV at 37°C. 3.3ul of 10% (w/v)
digested sample was loaded per lane, alongside 3.3ul 2% undigested ovine scrapie
(US) and ovine BSE (UB) samples from the same animals on 16% SDS PAGE gels. The
position of diagnostic doublet for bovine BSE (upper panel) and ovine BSE (lower
panel) are indicated (*) corresponding to approximately 18kDa and 17kDa for upper
and lower bands. PrP* was detected with anti-PrP antibody SAF84 diluted 1:200 and
anti-mouse immunoglobulin-HRP conjugated antibody diluted 1:2,000. Signals were
visualised using BM chemiluminescence blotting substrate.
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3.2.6. The use of the protease thermolysin as the basis for a strain typing assay

While both bromelain and protease type XIV had been shown to be capable of
differentiating different prion strains, the subtle differences noted previously were not
thought to be robust enough for strain typing purposes. Therefore further
investigation was made into using thermolysin as the basis of a strain typing assay. To
this end a number of different variables were examined for their effect on the
proteolytic activity of thermolysin on PrP>° with a view to optimising the digestion
conditions such that any strain specific differences could be identified by Western

blotting.

3.3.1. Optimisation of thermolysin digestion temperature and inhibition of

thermolysin using metalloprotease inhibitors

Initial experiments were performed to determine whether thermolysin activity could
be rapidly inhibited using metalloprotease inhibitors and whether this affected
subsequent digestion by non-metalloproteases. Protease XIV was selected as the non-
metalloprotease for this analysis. Azocoll (azo dye bound to collagen) was used as a
marker to  monitor protease activity, with dye-release determined
spectrophotometrically following digestion at 37°C. Thermolysin digestion of azo-dye
impregnated collagen was found to be inhibited with 1mM EDTA as monitored by
Azocoll protease activity assay (figure 3.5 panel A), and similar results were obtained
with EGTA. Inhibition of thermolysin activity with the metalloprotease inhibitor

phosphoramidon was absent at 1um and incomplete at 10um.
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As digestion of Azocoll collagen with protease XIV was observed to occur in the
presence of thermolysin and sufficient EDTA inhibitor to inhibit thermolysin, it
suggested that little, if any, inhibitory action of EDTA on protease type XIV was
occurring (figure 3.5, panel B). Thermolysin digestion of brain homogenate was
subsequently inhibited during experimentation with EDTA concentration in excess of
1mM, and it was expected that EDTA would not have an inhibitory effect on any non-

metalloproteases tested during sequential digestion of brain homogenate samples.

Given the optimum temperature for thermolysin proteolytic activity is 70°C
(manufacturer’s data) an analysis of protein profiles following Coomassie staining of
protein gels loaded with ovine scrapie and bovine BSE brain homogenates digested
with 50ug/ml thermolysin at either 37°C or 70°C for 1 hour was performed and
indicated a reduction in residual protein levels at the elevated temperature (data not
shown). Therefore, subsequent digestions using thermolysin were typically performed

at 70°C.
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Figure 3.5. Inhibition of thermolysin using EDTA, EGTA, or phosphoramidon. Azo dye
impregnated collagen was digested with 50pg/ml thermolysin for 15 minutes at 37°C
and proteolysis monitored spectrophotometrically at 520nm (panel A). Inhibition of
proteolysis was achieved by pre-incubation of collagen substrate using inhibitor
concentrations indicated in panel. Inhibition of thermolysin by pre-incubation of
substrate with 100uM EDTA prior to addition of 50pg/ml (1.8U/ml) thermolysin and
1.6U/ml protease type XIV had no effect on protease type XIV (panel B).
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3.3.2. Optimisation of thermolysin concentration for the digestion of PrP¢

In order to establish that strain typing profiles from TSE infected ovine and bovine
samples were due solely to differences in protease resistant PrP>* and not due to
residual PrPS, it was necessary to establish digestion conditions which resulted in the
complete clearance of PrPC. Therefore brain homogenates prepared from healthy
sheep and cattle were tested against a range of thermolysin and proteinase K
concentrations and incubation periods to determine the concentrations of proteases

necessary to digest PrPc.

Initial experiments to optimise the thermolysin concentration necessary to reduce
PrP® below levels detectable by Western blotting indicated differences in the
thermolysin susceptibility of ovine and bovine PrP (figure 3.6). While incubation for 1
hour at 70°C with 5 pug/ml thermolysin was sufficient to clear PrP® from ovine brain
homogenate, a concentration of 250ug/ml was found necessary to remove bovine
PrPC. It should be noted, however, that much longer exposures of the Western blots
were necessary to visualise bovine PrP® following digestion than would typically be
used to visualise undigested PrP® or thermolysin digested bovine PrP* (figure 3.6,
panel B1), suggesting that residual levels of bovine PrP® following thermolysin
digestion were very low. At typical exposures used to compare strain specific Western
blot banding patterns between ovine scrapie and bovine BSE PrP*° no residual PrP®
could be detected (figure 3.6, panels A and B). Using these conditions, thermolysin-

resistant PrP>® was readily detected in scrapie infected ovine and BSE infected bovine

samples (figure 3.6).

86



12345 6 7 8 910

kDa

39

28

19

28

1 2 3 456 7 8 9 10

39 —»
28 —»

19

28

Figure 3.6. Clearance of PrP® from ovine and bovine brain homogenates using
thermolysin. Brain homogenate from healthy (lanes 1-5, VLA-S pool) or TSE infected
(lanes 6-10, animal 0575/00) sheep (panels A and A1) were digested with 0, 5, 25, 50,
and 100pg/ml thermolysin for 1 hour at 70°C. For undigested samples (lanes 1 and 6),
66ug was loaded per lane (corresponding to 3.3ul of 2% (w/v) brain homogenate). For
digested samples (lanes 2-5 and 6-10), 330ug was loaded per lane (corresponding to
3.3ul of 10% (w/v) homogenate). For bovine samples (panels B and B1, pools VLA-B
and VLA+B) 0, 25, 50, 100, and 250ug/ml was used. Prolonged exposures of lanes 1-5
are shown in panels Al and B1, corresponding to ovine and bovine samples
respectively. Samples were separated on 12% (w/v) Invitrogen NUPAGE Novex gels
and PrP detected with SAF32 diluted 1:2000. Signals were visualised with anti-mouse
HRP conjugated secondary antibody in conjunction with BM chemiluminescence
blotting substrate.
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An analysis of thermolysin digestion of 10% (w/v )healthy ovine and bovine brain
homogenates, along with scrapie infected ovine and BSE infected bovine brain
homogenates was carried out to determine the overall loss of brain proteins when
subsequently analysed by Coomassie staining of SDS-PAGE gels. Data indicated that at
concentrations of 5ug/ml (for ovine samples) or 250ug/ml (for bovine samples)
thermolysin, digestion resulted in the loss of the vast majority of detectable proteins

(figure 3.7).
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Figure 3.7. Coomassie Blue stained protein gel showing clearance of brain proteins
using thermolysin. Ovine (lanes 1-4) or bovine (lanes 5-8) were digested with
thermolysin for 1 hour at 70°C. 3.3ul of 10% (w/v) brain homogenates (corresponding
to 330ug of wet weight brain material) were digested with 5pug/ml thermolysin (lanes
2 and 4) or 250ug/ml thermolysin (lanes 6 and 8). Healthy ovine (lanes 1-2, VLA-S
pool) and scrapie infected ovine (lanes 3-4, animal 0575/00), healthy bovine (lanes 5-
6, VLA-B pool) and BSE infected bovine (lanes 7-8, VLA+B pool) were undigested
(lanes 1,3,5,7) or digested (lanes 2,4,6,8) as indicated. Samples were separated on
12% (w/v) NUPAGE Novex protein gels and visualised by staining with Coomassie Blue
R250.
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3.3.3. Clearance of PrP® from healthy bovine brain homogenates and the generation
of protease resistant core PrP*° from bovine BSE brain homogenates using

Proteinase K

Initial experiments had indicated that digestion of brain homogenates from ovine
scrapie or bovine BSE infected animals with thermolysin resulted in the production of
full-length PrP>° with a similar Western blot profile to that of PrP¢ when detected using
an antibody (SAF32) targeted against the N-terminal region of PrP. Clearance of Prp©
from equivalent healthy brain homogenates suggested that Western blot signals 