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Proteinase K-sensitive disease-associated ovine prion protein revealed by

conformation-dependent immunoassay
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PrPSc [abnormal disease-specific conformation of PrP (prion-
related protein)] accumulates in prion-affected individuals in the
form of amorphous aggregates. Limited proteolysis of PrPSc
results in a protease-resistant core of PrPSc of molecular mass
of 27-30 kDa (PrP27-30). Aggregated forms of PrP co-purify
with prion infectivity, although infectivity does not always cor-
relate with the presence of PrP27-30. This suggests that dis-
crimination between PrPC (normal cellular PrP) and PrPSc by
proteolysis may underestimate the repertoire and quantity of
PrPSc subtypes. We have developed a CDI (conformation-de-
pendent immunoassay) utilizing time-resolved fluorescence to
study the conformers of disease-associated PrP in natural cases
of sheep scrapie, without using PK (proteinase K) treatment to
discriminate between PrPC and PrPSc. The capture-detector CDI
utilizes N-terminal- and C-terminal-specific anti-PrP monoclonal
antibodies that recognize regions of the prion protein differentially
buried or exposed depending on the extent of denaturation of

the molecule. PrPSc was precipitated from scrapie-infected brain
stem and cerebellum tissue following sarkosyl extraction, with or
without the use of sodium phosphotungstic acid, and native and
denatured PrPSc detected by CDI. PrPSc was detectable in brain
tissue from homozygous VRQ (V136 R154 Q171) and ARQ
(A136 R154 Q171) scrapie-infected sheep brains. The highest
levels of PrPSc were found in homozygous VRQ scrapie-infected
brains. The quantity of PrPSc was significantly reduced, up to
90 % in some cases, when samples were treated with PK prior to
the CDI. Collectively, our results show that the level of PrPSc in
brain samples from cases of natural scrapie display genotypic
differences and that a significant amount of this material is PK-
sensitive.

Key words: conformation-dependent immunoassay, epitope,
prion protein, proteinase K, proteolysis, transmissible spongiform
encephalopathy.

INTRODUCTION

Prion diseases, or TSEs (transmissible spongiform encephalo-
pathies), are chronic neurodegenerative CNS (central nervous
system) disorders of mammals. This group of invariably fatal
conditions includes scrapie of sheep, BSE (bovine spongiform en-
cephalopathy) of cattle, CWD (chronic wasting disease) of cervids
and CJD (Creutzfeldt-Jakob disease) of humans. These diseases
are characterized by the accumulation of PrPSc [abnormal
disease-specific conformation of PrP (prion-related protein)], an
abnormal isomer of the host protein PrPC (normal cellular PrP),
in the brains, and in some cases peripheral tissues of affected in-
dividuals [1]. PrPC is a GPI (glycosylphosphatidylinositol) mem-
brane-linked protein of molecular mass of 32-35kDa [2]. Al-
though the covalent structure of PrPC and that of PrPSc appear
identical, the two isomers of PrP have significantly different
biophysical properties. PrPC is soluble in detergent and readily
digested by proteases, whereas PrPSc is insoluble in detergent
and relatively resistant to proteolytic digestion, at least within
the C-terminal region of the molecule [3]. Fourier-transform
infrared spectroscopy has shown that PrPC is predominantly o-
helical (42 %) with little 8-sheet (3 %), whereas PrPSc has consi-
derably more S-sheet content (43 %) and a similar a-helical
content (30 %) [4,5]. These observations indicate that during
conversion of PrPC into PrPSc, a major refolding event occurs
that results in a more extensive -sheet conformation. This con-
formational change would appear to be fundamental to prion

propagation, and substantial evidence suggests that the infectious
prion agent comprises solely proteinaceous material in the form
of an abnormal isomer of PrP [6-8]. Different prion inocula, or
strains, may be characterized by several criteria, including their
biological properties, histopathology, and variations in the pattern
of PrPSc deposition and the length of the disease incubation period
following experimental inoculation [9].

PrPSc accumulates principally in the brain of prion-affected
individuals in the form of amorphous aggregates. Detergent
extraction and limited proteolysis of PrPSc result in fibrillar aggre-
gates of a protease-resistant core that polymerize spontaneously
into amyloid [10]. The protease-resistant core of PrPSc has a
molecular mass of 27-30 kDa (PrP27-30) and typically lacks
the N-terminal 67—70 amino acids of the normal prion protein
[11]. Aggregated forms of PrP co-purify with prion infectivity,
although infectivity does not always correlate with the presence of
PrP27-30 [12-15]. This has led to concerns that limited digestion
with proteases to discriminate between PrPC and PrPSc may
lead to an underestimate of the repertoire of conformations of
disease-associated PrP and their quantity within prion-infected
tissues. Typically, the conformations of multimeric disease-asso-
ciated PrP isoforms have been studied through the use of immuno-
assays that recognize regions of the protein that are differentially
buried or exposed depending on the extent of denaturation of the
molecule. Peretz et al. [16] showed that regions of PrP were buried
in native PrPSc but solvent-exposed in PrPC. Epitopes buried in
PrPSc showed a substantial increase in immunoreactivity after
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mAb, monoclonal antibody; PK, proteinase K; PrP, prion-related protein; PrPC, normal cellular PrP; PrPSc, abnormal disease-specific conformation of PrP;
TRF, time-resolved fluorescence; TSE, transmissible spongiform encephalopathy; VRQ, V136 R154 Q171.
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denaturation of the PrP molecule, whereas those that were sol-
vent-exposed did not change in their reactivity. This approach
has led to the development of the CDI (conformation-dependent
immunoassay), which is capable of quantifying the concentration
of PrPSc without the use of PK (Proteinase K) to discriminate
between PrPC and the abnormal isomer of PrP [17]. The CDI
revealed that PrPSc adopts both protease-resistant and -sensitive
conformations. In addition, prion strains were found to differ
from each other by the extent to which those epitopes that
were buried under native conditions were increased upon partial
denaturation of disease-associated PrP. In an alternative approach,
Paramithiotis et al. [18] have shown that regions of PrPC that are
not solvent-exposed are accessible to certain anti-PrP antibodies
in PrPSc. These approaches have highlighted the utility of mAbs
(monoclonal antibodies) to probe conformations of disease-
associated PrP through the analysis of the accessibility of distinct
PrP epitopes.

Scrapie in sheep is the archetypal prion disease, and polymor-
phisms in ovine PrP at amino acid residues 136, 154 and 171
are associated with variation in susceptibility to natural or typical
scrapie. VRQ (V136 R154 Q171) or ARQ (A136 R154 Q171)
animals show susceptibility to scrapie, whereas those that express
ARR (A136 R154R171) or AHQ (A136 H154 Q171) show resis-
tance [19-22]. All three polymorphic sites are located within, or
close to, that region of PrP that undergoes the major conform-
ational change associated with conversion of PrPC into PrPSc
during prion disease [23]. Polymorphisms in ovine PrP appear
to affect the stability of the molecule and also its amyloidogenic
potential [24-26]. These biophysical properties of ovine VRQ PrP
correlate with the observation that homozygous VRQ sheep show
the shortest incubation time for the development of experimental
and natural forms of typical scrapie. Collectively, these observ-
ations have led to the hypothesis that differences in the metabolism
of allelic variants of ovine PrP contribute to the mechanism(s) that
determine susceptibility and resistance of sheep to natural scrapie
[24,25]. These differences in metabolism may lead to a variation
in accumulation of PrPSc and its subtypes in scrapie-infected
sheep of different genotypes.

In the present study, we have developed a CDI based on the
use of N-terminal- and C-terminal-specific anti-PrP mAbs, and
TRF (time-resolved fluorescence), to investigate ovine PrPSc in
scrapie-infected sheep brain samples. PrPSc is typically found
at high levels in the brain stem and cerebellum of sheep infected
with classical scrapie, and brain stem is the primary tissue used for
routine diagnosis of scrapie. However, it has been reported that in
cases of atypical scrapie the brain stem has limited PrPSc burden,
while high levels may be found in the cerebellum [27]. Accord-
ingly, in the study presented here both brain stem and cerebellum
were investigated to ensure the utility of both tissues for im-
munodetection of ovine PrPSc by CDI. For the first time, we show
that PrPSc from natural isolates of homozygous VRQ scrapie-
infected sheep contain more PrPSc at terminal disease than homo-
zygous ARQ sheep. Furthermore, we have shown that ovine dis-
ease-associated PrP comprises PK-sensitive and -resistant forms
of PrPSc. Most of the PrPSc in both homozygous VRQ and ARQ
scrapie-infected sheep brains was found to be PK-sensitive. These
observations provide new and novel insights into the molecular
characteristics of ovine PrPSc.

MATERIALS AND METHODS
Generation of ovine recombinant PrP

Full-length ovine recombinant ARQ and VRQ (amino acid resi-
dues 25-232) were generated as described previously [28]. PrP
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proteins were verified by MS to confirm the correct protein se-
quence and the presence of a disulphide bond. Oxidized and
refolded recombinant PrP was stored at — 80°C.

Anti-PrP mAbs

The N-terminal-specific mAb FH11 [29,30] was purchased
from the TSE Resource Centre (Compton, Berks., U.K.). The
C-terminal-specific anti-PrP mAbs A516, V24 and V26 were
generated from Prnp®° mice immunized with ovine recombinant
PrP [28]. Anti-PrP mAb 245 was generated from Prnp®° mice
immunized with copper-refolded full-length murine recombinant
PrP (amino acid residues 23-231) [31]. Anti-PrP mAb 683 was
generated from Prnp®° mice immunized with a peptide of murine
recombinant PrP (amino acid residues 161-231) [28]. Biotinyl-
ated mAbs were prepared for use as detector antibodies as follows.
One milligram of each purified mAb was washed four times
with 50 mM sodium bicarbonate buffer (pH 9.3) using YM-30
concentrators (Fisher UK, catalogue no. FDR-563-020L). The
non-diffusible material was then labelled overnight at 4 °C using
N,N-dimethylformamide (Sigma, catalogue no. D-4551) and bio-
tinamidocaproate N-hydroxysuccinimide ester (Sigma, catalogue
no. B-2643). Biotinylated antibodies were purified by adsorp-
tion on to YM-30 concentrator membranes followed by isolation
using elution buffer (50 mM Tris/HCL, pH 7.8, 0.9 % sodium
chloride and 0.1 % sodium azide, pH 7.8). The immunoreactivity
of biotinylated mAbs was verified by direct ELISA using
ovine recombinant PrP as antigen and the concentration of
antibody was determined by BCA (bicinchoninic acid) assay
(Pierce, Perbio Science, catalogue no. 23225) prior to storage
at4°C.

Preparation of sheep brain tissues

Various ovine brain regions were prepared by two cycles of
homogenization in PBS (pH 7.4) in a Bio-Rad TeSeE Precess
24 homogenizer and individual samples were diluted to 10 % in
PBS prior to being tested.

Protein quantification

Total protein concentration in ovine brain material, ovine recom-
binant PrP or anti-PrP mAb samples was measured using the
BCA assay. Samples were initially diluted in PBS (pH 7.4), at
1:50, 1:100 and 1:200 dilutions plus a diluent-only control. A
2-fold dilution series of BSA (Sigma, catalogue no. A-3059) was
prepared ranging from 800 pg/ml down to 0 pug/ml to act as a
standard. Each dilution was dispensed into triplicate wells in a 96-
well flat-bottomed plate (5 nl/well). An aliquot of 95 ul of
BCA working reagent was added to each well and the plates
were incubated for up to 30min at 20°C. Absorbance was
read at 570 nm using a Bio-Rad 680 microplate reader. Protein
concentration was estimated by calculation from the standard
curve using Microplate Manager software (Bio-Rad).

Enrichment for disease-associated PrP

The 10 % tissue homogenates were treated with or without pro-
tease inhibitors at final concentrations of 0.5 mM PMSF diluted
in 100 % ethanol, 2 pg/ml leupeptin diluted in distilled water
and 2 pg/ml aprotinin diluted in distilled water. Some samples
were treated with or without 1 mM AEBSF [4-(2-aminoethyl)-
benzenesulfonyl fluoride; Sigma, catalogue no. A-8456] diluted
in distilled water instead of the other protease inhibitors listed
above. Samples were centrifuged at 100 g for 1 min at 20°C to
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remove gross debris and the supernatants were retained. A final
concentration of 2% (v/v) sarkosyl in PBS (pH 7.4) was added
to all samples and incubated for 10 min at 37°C with shaking
prior to the addition of MgCl, at a final concentration of 1.15 mM
and incubation for 30 min at 37 °C with constant shaking. In some
cases, samples were treated with or without PK (Roche, catalogue
no. 1000 144) at a final concentration of 16 pg/mlin PBS (pH 7.4)
for 30 min at 37 °C with constant shaking (prior to the addition
of any protease inhibitors). The enzymatic reactions were stopped
by the addition of a final concentration of 1 mM AEBSF diluted
in distilled water and samples were then treated with or without
sodium phosphotungstic acid at a final concentration of 0.4 %
containing 17 mM MgCl, diluted in PBS (pH 7.4) for 2 or 20 h
at 37°C with shaking. Samples were centrifuged at 21000 g
for 30 min at 10°C, the supernatants were discarded and the
pellets were resuspended in 200 ul of 0.1 % (v/v) sarkosyl in
PBS (pH 7.4) and 200 1 of 250 mM EDTA in water (pH 8.0)
to solubilize the magnesium salts. Samples were thoroughly
mixed and either stored at 4°C overnight and then centrifuged
or centrifuged immediately at 21 000 g for 15 min at 10°C. The
supernatants were discarded and the pellets were resuspended in
0 or 6 M GdnHCI (guanidine hydrochloride). All 6 M GdnHCI-
treated samples were then heated to 80°C for 5 min, cooled to
20°C and then diluted as required.

CDI

For CDI, capture antibody (FH11 or A516) was routinely coated at
0.5 pg/well in triplicate in Nunc Maxisorp 96-well flat-bottomed
plates overnight at 4 °C. Capture antibodies were diluted in coating
buffer (0.01 M PBS, pH 7.4, containing 0.1 % sodium azide).
Excess antibody was removed and plates were washed four times
with wash buffer (25x concentrated stock prepared as 500 mM
Tris/HCI pH 7.7, 154 mM NaCl, 0.5% Tween 20 and 0.1 %
sodium azide diluted to 1x working concentration with dis-
tilled water just prior to use) and wells were blocked with block
buffer consisting of 2% (w/v) BSA, and 0.05 % sodium azide
in PBS for 1.5 h at 20°C with shaking. Plates were washed four
times with wash buffer and the appropriate dilutions of ovine
recombinant PrP protein or ovine tissue samples were diluted as
required in assay buffer [5S0 mM Tris/HCI, pH 7.7, 154 mM NaCl,
0.02 mM diethylenetriaminepenta-acetic acid (Sigma, catalogue
no. D-6518), 0.5 % BSA, 0.1 % sodium azide and 0.01 % Tween
20]. Samples were incubated for 1h at 20°C with shaking.
Plates were washed four times with wash buffer and the relevant
biotinylated anti-PrP detector mAb was added at 50 ng/well
diluted in assay buffer and incubated for 1 h at 20°C with shak-
ing. Plates were washed four times with wash buffer followed
by incubation with Europium-labelled streptavidin (PerkinElmer,
catalogue no. 1244-360) at 50 ng/well for 1h at 20°C with
shaking. Plates were washed eight times with wash buffer
followed by the addition of enhancement solution (PerkinElmer,
catalogue no. 1244-105). Plates were incubated for 5 min at 20°C
with shaking and the fluorescence, measured as cps (counts per
second), was determined in a time-resolved fluorimeter (Victor™;
PerkinElmer).

Western-blot analysis of ovine brain material

Ovine cerebellum was prepared in Check homogenization buffer
(Prionics AG) prior to treatment with PK at a final concentration
ranging from 0 to 32 pg/ml for 30 min at 37 °C. Digestion was ter-
minated with 100 mM PMSF (Sigma, catalogue no. P-7626) and
samples were subjected to SDS/PAGE run under reducing
conditions (600 ug wet tissue equivalent per track) and subse-

FH11 A516 245/ V24
25 50 70 9 110 130 150 170 190 210 232
Octarepeats B-1 H1 p-2 H2 H3
Figure 1 Epitope location of N- and C-terminal-specific anti-PrP mAbs

B represents a B-strand and H represents a helix. Numbers represent amino acid residues
25-232.

quently transferred on to nitrocellulose membranes by semi-dry
blotting. Membranes were blocked overnight at 4 °C with TBS-T
(10 mM Tris/HCI, pH 7.8, 100 mM NacCl and 0.05 % Tween 20)
containing 5 % (w/v) non-fat milk and subsequently washed three
times with TBS-T. Membranes were incubated with purified anti-
PrP mAb 683 (5 ng/ml) for 2h at 20°C and then washed five
times with TBS-T. This was followed by incubation with goat
anti-mouse IgG-HRP (horseradish peroxidase) (Sigma, catalogue
no. A-3673) at 1:2000 for 2 h at 20°C and five washes with TBS-
T. All the antibody dilutions were prepared in 1 % non-fat milk
in TBS-T and the duration of each wash step was 5 min. PrP
bands were detected by enhanced chemiluminescence (ECL®;
Amersham Biosciences).

Nomenclature

Amino acid residue numbers refer to the ovine PrP sequence
unless otherwise stated.

RESULTS
Development of a CDI

We have used a panel of anti-PrP mAbs to develop a novel CDI to
characterize ovine PrPSc in brain samples from scrapie-infected
sheep. N-terminal- and C-terminal-specific anti-PrP mAbs were
tested in combination by capture-detector TRF-based immuno-
assay in order to establish pairs of reagents capable of efficient
recognition of ovine PrP. Figure 1 shows the predicted epitope
location of the N- and C-terminal-specific anti-PrP mAbs used
in the present study. The N-terminal-specific capture mAb FH11
and the C-terminal-specific capture mAb A516 reacted well in
combination with biotinylated C-terminal-specific mAb 245, V24
or V26 as detector reagent. These mAb pairs efficiently recog-
nized both ARQ and VRQ allelic forms of ovine recombinant
PrP protein. A representative standard curve for FH11 or A516 as
capture anti-PrP mAbs and anti-PrP mAb 245 as detector is shown
in Figure 2. The dose-response curves of the anti-PrP mAb pair
FH11 and 245 were found to lie consistently to the left of those
obtained for the mAb pair A516 and 245, which indicated an
increased sensitivity of mAb pair FH11 and 245 for PrP. This
may reflect the fact that FH11 binds within the N-terminal region
of PrP, which is considered to be more solvent-exposed than
the C-terminal region in which the epitope for A516 is located.
Similar results were seen when the C-terminal-specific mAb V24
or V26 was used as the capture reagent (results not shown).
Ovine recombinant ARQ protein was routinely recognized more
efficiently than recombinant VRQ protein. Ovine recombinant
VRQ protein appears to be a more compact molecule than the
ARQ genotypic form and as a consequence specific epitopes are
likely to be less accessible to antibody binding, in particular those
in the C-terminal region of the protein. The overall sensitivity of
the capture-detector immunoassays was in the region of 50 pg/ml
of ovine recombinant PrP.
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Figure 2 Detection of ovine recombinant PrP by time-resolved capture-
detector immunoassay

Various concentrations of full-length ovine recombinant ARQ (filled symbols) or VRQ (open
symbols) PrP protein was captured by anti-PrP mAb FH11-coated (circles) or A516-coated
(squares) ELISA plates as described in the the Materials and methods section. Recombinant PrP
was detected by 0.25 p.g/ml purified anti-PrP mAb 245. Results shown are TRF cps + S.D. for
triplicate wells.
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Figure 3 Conformation-dependent immunodetection of ovine PrP

(a) Scrapie-free and scrapie-infected homozygous VRQ brain homogenates were prepared as
described in the Materials and methods section. Brain homogenates, treated with or without 6 M
GdnHCI, were subjected to CDI using anti-PrP mAb FH11 as capture and anti-PrP mAb V24 as
detector. (b) PrPSc was isolated from scrapie-infected homozygous VRQ brain homogenate by
sarkosy! extraction and subjected to CDI following denaturation with increasing concentrations
of GdnHCI. Results shown are TRF ¢ps + S.D. for triplicate wells.

PrPC and PrPSc were detected by the capture-detector CDI
following discrimination of the two prion protein isomers by
denaturation-induced conformational changes in PrP epitope
exposure. Figure 3(a) shows that significant levels of PrPC were
detected in scrapie-free brain homogenate by the capture-detector
immunoassay in the absence of any prior treatment of the tissue
sample. This reflects the presence of N-terminal and C-terminal
surface-exposed PrP epitopes in the normal isomer of PrP. This
reactivity was lost when the scrapie-free brain homogenate was
pretreated with 6 M GdnHCI. This reflects the loss of surface-
exposed PrP epitopes within PrPC as a consequence of chaotropic-
induced denaturation. In contrast, the level of fluorescence counts
for scrapie-infected sheep brain homogenate treated with or
without 6 M GdnHCI prior to the CDI was similar. The increase
in fluorescence counts within the 6 M GdnHCl-treated scrapie-
infected brain tissue sample compared with scrapie-free tissue
reflects the exposure of previously buried epitopes within PrPSc,
since either the FH11 or V24 epitope was no longer accessible in
denatured PrPC.

In order to confirm the selective recognition of ovine disease-
associated PrP by denaturation-induced conformational changes,
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Figure 4 Low CDI values for scrapie-negative ovine brain tissue

Scrapie-free brain homogenates were prepared from brain stem (BS) and cerebellum (Cer)
of homozygous ARQ and VRQ sheep, and from brain stem of Bio-Rad TeSeE-negative sheep of
unknown PrP genotypes, as described in the Materials and methods section. Brain homogenates,
treated with or without 6 M GdnHC, were subjected to CDI using mAb FH11 as capture and mAb
V24 as detector. The results shown are CDI ratios (denatured/native fluorescence cps) + S.D.
for scrapie-free brain stem and cerebellum brain tissue.

we performed the CDI on PrPSc isolated from scrapie-infected
brain tissue. In order to do so, we made use of the fact that
PrPC is soluble in detergent, whereas PrPSc is insoluble [32,33].
Accordingly, scrapie-infected brain homogenate was extracted
with sarkosyl and aggregated, insoluble PrPSc was harvested
by centrifugation at 21000 g. Native and denatured PrPSc were
subjected to measurement by the CDI using anti-PrP mAbs FH11
and V24. Figure 3(b) shows that the immunoreactivity of sarkosyl-
precipitated PrP was enhanced with increasing concentrations
of GdnHCI. The maximum number of fluorescence counts was
routinely achieved after treatment of PrPSc with 6 M GdnHCI. At
this concentration of denaturant the CDI ratio (ratio of denatured/
native cps) was also maximum. In combination with the absolute
number of fluorescence counts measured, the CDI ratio provides
a measure of total PrPSc and the relative level of PrPSc and PrPC
within different preparations of tissue sample. Collectively, these
observations show the utility of sarkosyl precipitation to isolate
ovine PrPSc for analysis by CDI.

Measurement of ovine PrPSc by CDI

In order to investigate the level of aggregated PrP in brain tissue
from sheep of different PrP genotypes, we first determined the CDI
ratio of scrapie-negative samples. Brain stem and cerebellum were
investigated to compare the CDI assay with standard diagnostic
techniques utilizing only the brain stem. Results generated with
cerebellar tissue would enable comparison with brain stem data
to allow the potential to investigate various brain regions that may
be targeted by different scrapie strains. Tissue from homozygous
ARQ and VRQ scrapie-free sheep was extracted with sarkosyl,
and precipitated material was subjected to the CDI using anti-PrP
mADb FH11 as capture antibody and V24 as detector antibody. Low
levels of fluorescence counts were obtained in both native and
denatured samples of sarkosyl-precipitated PrP from brain stem
and cerebellum of homozygous ARQ and VRQ New-Zealand-
derived scrapie-free sheep, and from 44 unknown genotype
abattoir brain stem samples that had all tested negative by the
commercial Bio-Rad TeSeE test (results not shown). Figure 4
shows the CDI ratios for these scrapie-negative ovine brain
samples. The mean CDI ratios for the scrapie-free homozygous
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Figure 5 Detection of ovine PrPSc in (a) brain stem and (b) cerebellum by
CDI

Scrapie-free (control) and scrapie-infected (infected) homozygous VRQ brain stem and
cerebellum homogenates were prepared as described in the Materials and methods section.
PrPSc was isolated by sarkosyl extraction, with or without the use of sodium phosphotungstic
acid (NaPTA) precipitation, and subjected to CDI using anti-PrP mAb FH11 as capture and
anti-PrP mAb V24 as detector. Open bars: 0 M GdnHCI-treated samples; filled bars: 6 M
GdnHCI-treated samples. Results shown are TRF cps + S.D. for triplicate wells.

ARQ and VRQ New-Zealand-derived samples were in the range
1.22-1.62 (Figure 4). Similar fluorescence counts and CDI values
were obtained when anti-PrP mAb FH11 or A516 was used as
capture in combination with either 245 or V24 as detector (results
not shown). Collectively, these results indicate that little, if any,
PrPC or aggregated PrP was precipitated from scrapie-free ovine
brain material following sarkosyl extraction.

We subsequently examined the level of PrPSc in scrapie-
infected brain stem and cerebellum from homozygous ARQ and
VRQ scrapie-infected sheep by CDI. Figure 5 shows that signific-
ant levels of PrPSc were precipitated by sarkosyl treatment from
both brain stem and cerebellum scrapie-infected homozygous
VRQ sheep brain samples when measured by CDI using anti-PrP
mAb FH11 as capture and V24 as detector. This was indicated
by the increase in fluorescence counts for these different samples
when treated with 6 M GdnHCI compared with that obtained in
the absence of denaturant. In contrast, the level of fluorescence
counts for both denatured and native samples obtained from
scrapie-free brain samples was similar to background level. Simi-
lar fluorescence counts and CDI values were obtained when anti-
PrP mAb FH11 or A516 was used as capture in combination with
either 245 or V24 as detector (results not shown). These results
indicate that significant levels of aggregated PrP are precipitated
from scrapie-infected ovine brains following sarkosyl extraction.

In order to increase the sensitivity of the CDI we incorpor-
ated sodium phosphotungstic acid precipitation as a means to
further enhance precipitation of disease-associated PrP. Sodium
phosphotungstic acid precipitation has been reported to select-
ively precipitate PrPSc from a mixture of normal and abnormal
isomers of PrP [17,34]. Figure 5 shows that when sodium phos-
photungstic acid precipitation was used in conjunction with sar-
kosyl precipitation there was a significant increase in fluorescence
counts within the 6 M GdnHCl-treated PrPSc isolated from both
brain stem (Figure 5a) and cerebellum (Figure 5b). However, so-
dium phosphotungstic acid precipitation also increased the fluor-
escence counts in the O M fraction of scrapie-negative brain
material, suggesting that this reagent does not selectively bind
to PrPSc and may precipitate PrPC.

In order to address this further, homozygous ARR, ARQ and
VRQ scrapie-free brain material was subjected to sarkosyl extrac-
tion, followed by sodium phosphotungstic acid precipitation, and
the resultant PrP pellet was quantified by CDI. It was found that
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Figure 6 CDI ratios for homozygous ARQ and VRQ scrapie-infected brain
stems from natural cases of typical scrapie

Homogenates were prepared from brain stem of known cases of homozygous ARQ (left-hand
panel) and VRQ (right-hand panel) scrapie-infected sheep as described in the Materials and
methods section. PrPSc was isolated by sarkosy! extraction and subjected to CDI using anti-PrP
mAb FH11 as capture and anti-PrP mAb V24 as detector. The results shown are individual CDI
ratios (denatured/native fluorescence cps) for each tissue sample. The broken line is the mean
CDl value for scrapie-free tissue of the same genotype (n=10 for each genotype).

there was an increased CDI ratio for all three genotypes of ovine
PrP brain material when sodium phosphotungstic acid precipi-
tation was included as a procedure to extract PrP (results not
shown). Interestingly, the highest CDI ratio was seen with homo-
zygous VRQ brain material when sodium phosphotungstic acid
precipitation was incorporated in the isolation of PrP, whereas
in its absence the CDI ratios were similar between the three
PrP genotypes. Since sodium phosphotungstic acid is believed
to selectively precipitate abnormal isomers of PrP, this may indi-
cate that VRQ PrP present in homozygous VRQ scrapie-free brain
material is more likely to adopt such conformers. Because of these
observations the use of sodium phosphotungstic acid was not
routinely included in the isolation of PrPSc from non-PK-digested
scrapie-infected brain samples.

Having established a robust and reproducible assay to measure
ovine disease-associated PrP in the absence of PK digestion, the
level of PrPSc in natural cases of ovine scrapie was subsequently
quantified by CDI. Homozygous ARQ and homozygous VRQ
brain stem and cerebellum samples from sheep that were con-
firmed scrapie-positive cases were subjected to sarkosyl extraction
and precipitated PrPSc was assessed by CDI using anti-PrP
mAb FHI11 as capture and V24 as detector. Isolated PrPSc
was quantified in its native and denatured configuration and the
CDI ratios for each sample were calculated. Figure 6 shows
the CDI ratios for scrapie-infected brain stem material from
homozygous ARQ (left-hand panel) and homozygous VRQ (right-
hand panel) sheep. All of the known scrapie-positive samples of
both genotypes showed a CDI ratio that was greater than the aver-
age of the genotype-equivalent scrapie-negative tissue. The range
of CDI ratios for the samples from known scrapie-positive sheep
were similar between the two genotypes and both sets of sam-
ples approximated into two clusters: those of low CDI ratios (in
the range 3-30) and those with high CDI ratios (>30). The wide
range of CDI ratios may reflect the variable distribution of PrPSc
throughout the brain stem region as previously reported by Safar
et al. [35]. It was therefore considered that the samples with
high CDI ratios represented those that more accurately reflected
the true level of PrPSc within scrapie-infected brain tissue.
Accordingly, using standard curves of genotype-specific ovine
recombinant PrP, the fluorescence counts obtained for denatured
PrPSc for those samples with high CDI ratios (those >30) were
expressed as nanogram equivalents of ovine recombinant PrP/mg
of wet weight brain tissue. By this method, the amount of PrPSc
in homozygous ARQ brain stem and cerebellum samples was
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Figure 7 Detection of ovine PrP by Western blot

Homozygous VRQ scrapie-free (upper panel) and scrapie-infected (lower panel) brain material
was prepared as described in the Materials and methods section. Brain homogenate was treated
with various concentrations of PK and analysed by SDS/PAGE and Western blot using anti-PrP
mAb 683; 600 1.g wet tissue equivalent was loaded per track. Molecular mass markers (kDa)
are shown on the left-hand side.

calculated to be 120120 and 108 £ 67 ng/mg wet weight of
tissue (n > 4) respectively, whereas for homozygous VRQ brain
stem and cerebellum samples the levels were 450+ 250 and
517 £ 272 ng/mg wet weight of tissue (n > 6) respectively.

Detection of PK-sensitive PrPSc in scrapie-infected brain material

We have isolated PrPSc without the use of PK for quantification
by CDI. This allowed us to investigate whether ovine PrPSc
comprised PK-sensitive and -resistant PrPSc material and if the
relative levels of these different conformers of PrPSc showed
genotypic variation in scrapie-infected ovine brain tissue. In order
to do so, we first analysed the susceptibility of ovine PrP to PK
digestion.

Figure 7 shows the effect of various concentrations of PK
enzyme on scrapie-free (upper panel) and scrapie-infected (lower
panel) homozygous VRQ brain material. All of the PrPC within
the scrapie-free brain material was digested by concentrations
of PK equal to, or greater than, 8 pg/ml. When scrapie-infected
brain material was digested with similar concentrations of the
proteolytic enzyme, PK-resistant PrPSc was evident at concen-
trations of PK equal to, or greater than, 16 pg/ml. Although not
formally quantified, it was clear that the PK-resistant material
constituted a minor component of the brain sample analysed.
Similar results were seen when homozygous ARQ scrapie-free
and scrapie-infected brain material was analysed in a similar
manner (results not shown).

Accordingly, scrapie-infected ovine brain samples were sub-
jected to sarkosyl extraction and precipitated PrPSc was quantified
by CDI, before and after treatment of the samples with PK. Fig-
ure 8 shows that non-PK-digested precipitated PrPSc was effic-
iently recognized when the N-terminal-specific mAb FH11 was
used in combination with the C-terminal-specific mAb V24 for
CDI (Figure 8a). However, the immunoreactivity with this mAb
pair was lost following treatment of PrPSc with PK. When the C-
terminal mAb A516 was used for capture, reactivity with disease-
associated PrP was seen before and after digestion of the sample
with PK. However, the level of PrPSc detected by CDI using
anti-PrP mAb pair A516 and V24 following PK digestion was
approx. 10 % of that seen in the absence of protease digestion
(Figure 8b). These observations indicated that most of the sar-
kosyl-precipitated ovine PrPSc was PK sensitive. The results also
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Figure 8 Detection of PK-sensitive ovine PrPSc by CDI

Scrapie-free (control) and scrapie-infected (infected) homozygous VRQ brain stem homogenates
were prepared as described in the Materials and methods section. PrPSc was isolated by
sarkosyl extraction, treated with (4) or without (=) 16 rg/ml of PK, and subjected to CDI using
(a) anti-PrP mAb FH11 or (b) anti-PrP mAb A516 as capture, and in both cases anti-PrP
mAb V24 as detector. Open bars: 0 M GdnHCI-treated samples; filled bars: 6 M GdnHCI-treated
samples. Results shown are TRF cps + S.D. for triplicate wells.

show that a minor fraction of PrPSc was an N-terminally trunc-
ated C-terminal protease-resistant fragment, consistent with
material designated PrP27-30 that correlates with the PK-resistant
PrPSc shown by Western blot (Figure 7).

Having established the presence of PK-sensitive and PK-
resistant PrPSc in brain material from scrapie-infected sheep, we
subsequently investigated whether there were any differences in
the level of these different conformers in natural scrapie samples
from sheep of different genotypes. PrPSc isolated from homozyg-
ous ARQ and VRQ scrapie-infected brain samples by sarkosyl
precipitation was treated with or without PK digestion followed by
CDI measurement, as shown in Figure 8. The level of PK-resistant
PrPSc in homozygous ARQ scrapie-infected brain samples was
56 + 34 % for brain stem and 41 4 12 % for cerebellum (n=4 in
both cases). The level of PK-resistant PrPSc in homozygous VRQ
scrapie-infected brain samples was 35 & 28 % for brain stem and
27127 % for cerebellum (n=4 in both cases). The remainder
of the PrPSc detected was PK-sensitive material. Therefore, by
subtraction, the mean levels of PK-sensitive material in the brain
stem of homozygous ARQ and VRQ animals were approx. 44 and
65 % respectively. Similarly, in the cerebellum, the mean levels
of PK-sensitive material were approx. 59 and 73 % for homozyg-
ous ARQ and VRQ animals respectively. The standard deviations
within these data were high, in some cases as wide as the absolute
reading of PK-resistant PrPSc, presumably due to a high level
of animal-to-animal variation in the PrPSc fractions measured.
Despite this variation in the level of PrPSc detected within samples
from the same genotype, these data do indicate a trend for higher
levels of PK-sensitive PrPSc in homozygous VRQ naturally
scrapie-infected sheep brains. However, there would appear to
be higher absolute levels of both PK-sensitive and PK-resistant
PrPSc conformers in homozygous VRQ scrapie-infected ovine
brain material since the level of total PrPSc in these animals was
found to be approximately twice that in homozygous ARQ sheep.

DISCUSSION

A feature of scrapie disease is that phenotypically distinct prion
strains can be identified that show unique biological properties.
According to the protein-only hypothesis, strain variation is
attributed to the existence of conformational subtypes of disease-
associated PrP [17,36-38]. Accordingly, biochemical and im-
munological approaches have been developed to aid the distinc-
tion of prion subtypes through the molecular analysis of PrPSc.



Protease-sensitive ovine PrPSc 481

These approaches include assessment of relative resistance to PK,
molecular mass of the PK-resistant core, thermodynamic stability
and epitope accessibility [16—18,36,37,39]. Conformations of PrP
have been studied through the use of anti-PrP mAbs to analyse
variation in epitope presentation during denaturation or limited
PK digestion of the prion protein. Here, we have developed a CDI
to study the various conformers of different genotypes of ovine
PrPSc as a prelude to biochemical and molecular strain typing of
ovine scrapie. We have tested tissues routinely used for scrapie
diagnosis that are expected to harbour reasonable levels of PrPSc
found in sheep infected with either typical or atypical scrapie
strains. The CDI developed here has utilized two features of
PrPSc: first, its susceptibility to be precipitated from brain homo-
genates by detergent, whereas PrPC is solubilized; secondly, that
surface-exposed epitopes are buried in native or aggregated PrPSc
but are made accessible following denaturation of the molecule.
Detergent extraction has proved to be a simple and effective
procedure for the isolation of PrPSc from ovine scrapie-infected
brain tissue. The procedure was selective for disease-associated
PrP since very little, if any, aggregated detergent-insoluble PrP
was precipitated from scrapie-free ovine brain material. Using this
technique coupled with immunodetection by CDI, we have shown
here that brain material from homozygous VRQ sheep with ter-
minal natural scrapie was characterized by higher levels of PrPSc
than their counterpart homozygous ARQ samples. A similar phe-
nomenon has been reported for these genotypes of sheep infected
with experimental scrapie [40]. The occurrence of higher levels
of PrPSc in homozygous VRQ sheep occurs despite the fact
that these animals succumb to natural and experimental scrapie
with a shorter incubation time compared with homozygous ARQ
animals. Several possibilities exist for the increased level of PrPSc
in homozygous VRQ scrapie-infected brains. First, increased
CNS expression of PrPC protein in homozygous VRQ sheep
could provide more substrate for the conversion of normal PrP into
PrPSc. However, our own Western-blot analysis of scrapie-free
sheep brain samples has shown similar levels of PrPC in homo-
zygous VRQ sheep brain samples compared with homozygous
ARQ and ARR genotypes [41]. Secondly, VRQ PrPC could be
more resistant to metabolic breakdown compared with ARQ PrPC
and consequently may be associated with a longer cellular half-
life. This is supported by our own observations and those of others
that have shown that ovine VRQ PrP is more compact than A136
ovine PrP [24-26]. The fact that the VRQ allelic variant has a high
propensity for S-sheet formation [42] could consequently render
the protein more susceptible to accumulate in the cell in a disease-
associated form. Thirdly, the increased stability of the VRQ allelic
variant may also be evident in the PrPSc form of this protein. If
this is the case, higher levels of VRQ PrPSc may accumulate as
a consequence of a lower rate of clearance compared with other
allelic forms of ovine PrPSc. These possibilities are not mutually
exclusive and concur with the view that differences in the meta-
bolism of allelic variants of ovine PrP contribute to the mechan-
ism(s) that determine susceptibility and resistance of sheep to
natural scrapie [24,25] and that the levels of brain PrPSc are
determined by both the rates of formation and clearance [43].
PrPSc is typically distinguished in a mixture with PrPC as
a relative-protease-resistant moiety following proteolysis of the
normal PrP isomer with PK. Here, we excluded the use of PK in
order to identify those conformations of ovine disease-associated
PrP in natural cases of scrapie that may be more sensitive to pro-
teolytic digestion than other forms. Our results show that ovine
PrPSc from natural cases of typical scrapie consisted of both PK-
sensitive and PK-resistant material. PrPSc comprised up to 90 %
PK-sensitive material in some cases. The relative contribution
of PK-sensitive and PK-resistant PrPSc conformers appeared

to differ between scrapie-infected sheep of different genotypes,
since homozygous VRQ samples appeared to be characterized by
a higher percentage of PK-sensitive material than homozygous
ARQ samples. This would be consistent with the view that V136
PrP has a longer cellular half-life than A136 allelic forms of ovine
PrP [24-26,41]. There has been considerable debate in recent
years on whether mature amyloid fibrils and/or soluble oligomers
of PrPSc represent the infectious prion agent and the molecule
responsible for neurotoxicity seen during the progression of
prion disease [7,44,45]. A prevailing view is that the deposition
of mature fibrillar amyloid aggregates of PrPSc is a protective
mechanism that exists to avoid the high intrinsic toxicity of soluble
oligomers [44,46,47]. According to such a scheme, the more rapid
progression of typical scrapie disease in homozygous VRQ sheep
should correlate with the presence of soluble infectious and toxic
PrP oligomers in the PK-sensitive fraction of ovine PrPSc. This
remains to be determined.

The necessity to detect PK-sensitive forms of PrPSc has been
highlighted through the emergence of atypical scrapie in PrP geno-
types of sheep that have shown resistance to classical or typical
scrapie, including homozygous ARR sheep [48-51]. A distingu-
ishing feature of atypical sheep scrapie is that the associated PrPSc
shows a significantly lower level of resistance to digestion with PK
than does PrPSc from typical sheep scrapie cases [52]. The relative
PK-sensitive atypical PrPSc does transmit to ovine PrP transgenic
mice, indicating that this material is indeed infectious [52]. This
suggests that the use of PK to identify disease-associated PrPSc
may only uncover a limited part of the spectrum of infectious
prion conformers in scrapie disease of sheep. In support of this
view, other forms of TSE disease have shown variation in PK
resistance between strains, such as ‘drowsy’ and ‘hyper’ in prions
in transmissible mink encephalopathy [53]. Accordingly, distinct
prion strains of sheep scrapie, which according to the protein-only
hypothesis are synonymous with distinct conformers of PrPSc,
may exist that are characterized by an even greater sensitivity to
proteolytic digestion than is PrPSc from the presently identified
atypical sheep scrapie cases. These prion strains will clearly not be
identified by those current rapid tests that all utilize digestion with
PK to identify disease-associated PrP in scrapie-infected sheep.

We have investigated the use of sodium phosphotungstic acid
precipitation in an attempt to increase the yield of PrPSc extracted
from scrapie-infected sheep brain tissue for measurement by CDI.
Sodium phosphotungstic acid precipitation did increase the level
of fluorescence counts in the 6 M GdnHCI fraction of sarkosyl-
precipitated scrapie-infected brain homogenates but this was
also seen with scrapie-free brain material. In addition, sodium
phosphotungstic acid precipitation also increased fluorescence
counts of the 0 M GdnHCl fraction of sarkosyl-extracted scrapie-
free sheep brain homogenates. Collectively, these results suggest
that under the conditions used here, sodium phosphotungstic acid
precipitated PrPC as well as PrPSc from sheep brain homogenates.
This may have been due to the presence of Mg** ions, which have
been reported to reduce the selectivity of PrPSc isolation [54].
However, despite this, higher levels of PrP were precipitated by
the use of sodium phosphotungstic acid from homozygous VRQ
scrapie-free brain tissue compared with homozygous ARQ and
ARR brain samples. This difference could reflect the presence of
distinct PrP conformers in homozygous VRQ scrapie-free brains
compared with those in brain tissue from A136 genotypes. It
has been shown that low concentrations of sarkosyl, and other
anionic detergents, are capable of inducing aggregation and
increased B-sheet content of normal PrPC, without the acquisition
of PK-resistance or infectious potential [55,56]. However, the
concentrations of sarkosyl used to induce aggregation and -sheet
formation in PrPC were significantly less than those used to extract
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PrPSc from ovine brain tissue [33,56]. It is envisaged that at low
concentrations of sarkosyl there is a partial denaturation of PrPC,
while at higher concentrations there is more complete disruption
of the hydrophobic core accompanied by burial of the hydrophobic
surface in the detergent micelles, aiding solubilization of the
protein. The fact that some PrP was precipitated from scrapie-free
sheep brains may suggest that aggregates of normal PrPC do exist
in normal brain tissue. This material did not appear to be protease-
resistant as there was no difference in fluorescence counts before
and after its digestion with PK when detected by the C-terminal
anti-PrP mAb pair A516 and V24. However, the fact that more
material was precipitated from homozygous VRQ brain material
compared with A136 allelic variant tissue correlates with our ob-
servation that ovine recombinant VRQ PrP has a greater potential
to form S-sheet structure [42].

The development of a CDI that discriminates different con-
formers of ovine PrPSc allows the quantification of different
PrPSc subtypes and their correlation with different properties of
the protein such as prion infectivity. This is a highly relevant issue
since it has been shown in other systems that prion infectivity and
the level of PK-resistant PrPSc do not show absolute correlation
[12—-15]. Furthermore, the incubation period of different strains
of hamster prions were found to correlate with the level of PK-
sensitive rather than PK-resistant PrPSc. Whether ovine prion
strains can be defined in a similar manner by their level of PK-
resistant and PK-sensitive PrPSc remains to be established. In our
attempts to address this, we have measured the level of PrPSc in
homozygous ARQ and VRQ scrapie-infected brain homogenates
that have previously been designated ‘good’ or ‘poor’ transmitters
following inoculation into wild-type mice. Quantification of
PrPSc by CDI has shown that both ‘good’ and ‘poor’ transmitters
contained similar levels of total PrPSc, whereas only the ‘good’
transmitters contained significant levels of PK-resistant PrPSc as
indicated by Western blot (A. M. Thackray, L. Hopkins and R.
Bujdoso, unpublished work). Collectively, these results suggest
that the incubation time for scrapie correlates with the level of
distinct conformations of PrPSc. This type of analysis provides a
basis to investigate the role of different PrP conformations in the
biochemical description of different ovine scrapie strains.
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