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Ovine plasma prion protein levels show genotypic variation detected by
C-terminal epitopes not exposed in cell-surface PrPC
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Ovine PBMCs (peripheral blood mononuclear cells) express
PrPC [cellular PrP (prion-related protein)] and have the potential
to harbour and release disease-associated forms of PrP during
scrapie in sheep. Cell-surface PrPC expression by PBMCs, to-
gether with plasma PrPC levels, may contribute to the regulatory
mechanisms that determine susceptibility and resistance to natural
scrapie in sheep. Here, we have correlated cell-surface PrPC

expression on normal ovine PBMCs by FACS with the presence
of PrPC in plasma measured by capture–detector immunoassay.
FACS showed similar levels of cell-surface PrPC on homozygous
ARR (Ala136-Arg154-Arg171), ARQ (Ala136-Arg154-Gln171) and
VRQ (Val136-Arg154-Gln171) PBMCs. Cell-surface ovine PrPC

showed modulation of N-terminal epitopes, which was more
evident on homozygous ARR cells. Ovine plasma PrPC levels
showed genotypic variation and the protein displayed C-terminal
epitopes not available in cell-surface PrPC. Homozygous VRQ
sheep showed the highest plasma PrPC level and homozygous

ARR animals the lowest. For comparison, similar analyses were
performed on normal bovine PBMCs and plasma. PrPC levels in
bovine plasma were approx. 4-fold higher than ovine homozygous
ARQ plasma despite similar levels of PBMC cell-surface PrPC

expression. Immunoassays using C-terminal-specific anti-PrP
monoclonal antibodies as capture and detector reagents revealed
the highest level of PrPC in both ovine and bovine plasma, whilst
lower levels were detected using N-terminal-specific monoclonal
antibody FH11 as the capture reagent. This suggested that a pro-
portion of plasma PrPC was N-terminally truncated. Our results
indicate that the increased susceptibility to natural scrapie dis-
played by homozygous VRQ sheep correlates with a higher level
of plasma PrPC.
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cellular prion-related protein (PrPC), transmissible spongiform
encephalopathy (TSE).

INTRODUCTION

Prion diseases, such as scrapie in sheep, BSE (bovine spongiform
encephalopathy) in cattle and CJD (Creutzfeldt–Jakob disease) in
humans, are transmissible chronic neurodegenerative disorders.
These diseases are characterized by the accumulation of PrPSc

[scrapie PrP (prion-related protein)], an abnormal isomer of the
host protein PrPC (cellular PrP). The two isomers of PrP are
covalently identical but differ in secondary structure. PrPC is
predominantly α-helical (42%) with little β-sheet (3%), whereas
PrPSc has considerably more β-sheet content (43%) and a similar
α-helical content (30%) [1–3]. These observations indicate that
during conversion of PrPC into PrPSc, a major refolding event
occurs that results in a more extensive β-sheet conformation. The
protein-only hypothesis postulates that the transmissible prion
agent consists solely of proteinaceous material [4]. Consequently,
it is proposed that PrPSc forms part, or all, of the infectious
prion agent and that this abnormal isomer is responsible for
the modification of the normal cellular form, PrPC. Recombinant
PrP refolded under oxidizing conditions yields predominantly
α-helical protein, whereas refolding under reducing conditions
generates a form with a higher β-sheet content [5,6]. The β-sheet
form of recombinant PrP displays characteristics similar to PrPSc,
which include partial resistance to proteolytic digestion and the
propensity to form insoluble amorphous aggregates [7]. Recently,
a β-rich form of mouse recombinant PrP (amino acid residues
89–230) has been shown to be infectious in mice that overexpress
this protein [8,9].

The major polymorphisms in ovine PrP associated with dif-
ferences in susceptibility to natural scrapie in sheep occur in
the C-terminal portion of the molecule at amino acid residues
136, 171 and, to a lesser extent, 154. VRQ (Val136-Arg154-Gln171)
or ARQ (Ala136-Arg154-Gln171) animals show susceptibility to
scrapie, while those that express ARR (Ala136-Arg154-Arg171)
show resistance [10,11]. All three polymorphic sites are located
within, or close to, that region of PrP that undergoes the major
conformational change associated with conversion of PrPC into
PrPSc during prion disease [12]. Our computational modelling
of ovine PrP shows that A136V results in an increase in the β-
sheet content of PrP [13]. In addition, a hydrogen bond is seen
between Gln171 and Arg167 that is not present in the ARR allele.
The resultant loss of β-strand length and absence of a hydrogen
bond between residues 171 and 167 collectively result in the loss
of stability of the β-sheet region and probably lead to a loss in
the potential for β-sheet formation in the Arg171 allele. This is
also suggested by our recent observations, which show that after
copper treatment of ovine PrP, the VRQ allelic form displays
a greater increase in β-sheet content, while the ARR allelic
form remains relatively structurally unchanged [14]. These results
suggest that polymorphisms in ovine PrP not only affect the
stability of the molecule but also its amyloidogenic potential
[15,16].

The main site of PrPC protein expression occurs in the CNS
(central nervous system) and to a lesser extent the peripheral
lymphoid system. Prion infectivity and PrPSc may accumulate at
both of these sites during the progression of prion disease. In
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natural scrapie of sheep the oral route is believed to be the main
portal of entry of the infectious agent [17]. Following oral ex-
posure to TSE (transmissible spongiform encephalopathy)-in-
fected material, prion infectivity [18,19] and PrPSc [20,21] can be
detected in gastrointestinal lymphoid tissue. However, the rapid
accumulation of PrPSc in other gut and non-gut lymphoid tissues
during scrapie disease has suggested lymphatic and haemato-
genous spread of prions [22]. As a consequence, peripheral
blood is regarded as a possible reservoir of prion infectivity in
scrapie-infected sheep and other TSE-affected individuals. Recent
evidence has shown that prion disease can be transmitted through
transfusion of whole blood, or buffy coat, from natural scrapie-
infected, or BSE-experimentally infected sheep, into recipient
sheep [23,24]. Similarly, prion infectivity has been detected in
whole blood and in buffy coat from mice infected with a human-
derived strain of vCJD (variant CJD) during both the preclinical
and clinical phases of disease [25]. The presence of detectable
infectivity in blood of experimentally infected animals, coupled
with the observations that PrPSc can be detected in peripheral
lymphoid tissue of human patients with vCJD, has reinforced
concerns that human blood supplies may be contaminated with
prion infectivity [26]. As a consequence, there is considerable
interest in determining the biology of blood PrP.

PBMCs (peripheral blood mononuclear cells) of sheep [27,28]
and other species [29] express PrPC on their cell surface, which
has the potential for conversion into a disease-associated form
of PrP. These cells therefore have the potential to carry, or har-
bour, and release disease-associated forms of PrP during prion
disease, thereby contributing to the deposition of PrPSc on resi-
dent lymphoid tissue cells such as follicular dendritic cells.
Cell-surface PrPC expression by PBMCs together with plasma
PrPC levels may be regulatory determinants of susceptibility
and resistance to natural scrapie in sheep. We have recently
shown that PrPC expressed on the surface of ovine PBMCs
displays conformational variation between scrapie-susceptible
and -resistant genotypes, and between different susceptible allelic
variants [30]. In our studies reported here, we have correlated
the level of cell-surface PrPC on blood cells from scrapie-free
homozygous ARR, ARQ and VRQ sheep with the level of PrPC

found in plasma of these animals. Our results have shown for
the first time that genotypic differences exist regarding levels
of ovine plasma PrPC. Plasma from homozygous VRQ sheep
was characterized by higher levels of PrPC than plasma from
homozygous ARR and ARQ sheep. Since ovine VRQ PrP has
a high potential to form β-sheet structure, we speculate that the
elevated levels of PrPC seen in plasma from homozygous VRQ
sheep contribute to the greater susceptibility to scrapie seen in
this ovine genotype.

MATERIALS AND METHODS

Generation of ovine and bovine recombinant PrP

Recombinant PrP was purified from BL21(DE3)pLysS bacteria
transformed with the prokaryotic expression vector pET-23b
(Novagen) that contained the open reading frame-coding sequence
of full-length ovine ARR, ARQ or VRQ PrP (amino acid residues
25–232), or bovine PrP (amino acid residues 25–240) in a method
adapted from Hornemann et al. [31]. Briefly, transformed bacteria
were grown at 37 ◦C in Luria–Bertani medium supplemented
with 100 µg/ml ampicillin and 30 µg/ml chloramphenicol, and
induced overnight with 1 mM isopropyl β-D-thiogalactoside.
Bacteria were harvested by centrifugation at 4000 g for 15 min
at 4 ◦C, resuspended in 20 mM Tris/HCl, 50 mM NaCl, 1 mM
EDTA, 0.1 mM PMSF and 200 µg/ml lysozyme and incubated at

37 ◦C for 1 h. DNase was added to 10 µg/ml and incubated for
a further 1 h, deoxycholic acid was then added to 1 mg/ml and
incubation continued for a final 1 h. Samples were centrifuged at
13000 g for 20 min and the inclusion body pellet was resuspended
in a buffer consisting of 8 M urea and 20 mM Tris/HCl (pH 8.0)
supplemented with 2-mercaptoethanol at 14.3 mM. The soluble
fraction collected after centrifugation at 13000 g for 30 min was
applied to a nickel-ion-charged Sepharose column (Chelating
Sepharose Fast Flow; Amersham Biosciences). The column was
washed with 1 column volume of 20 mM Tris/HCl (pH 8.0), 8 M
urea, 200 mM NaCl, 10 mM imidazole and then an excess of
20 mM Tris/HCl (pH 8.0) and 8 M urea. PrP protein was eluted
with 20 mM Tris/HCl and 8 M urea (pH 4.5) and reduced with
10 mM dithiothreitol. PrP was further purified by application to a
cation-exchange column [SP-Sepharose (sulfopropyl-Sephadex)
Fast Flow; Amersham Biosciences] and eluted with 20 mM
Tris/HCl and 9 M urea containing 200 mM NaCl. Eluted PrP was
oxidized using copper sulfate (five times molar concentration of
PrP) and refolded by dialysis into 50 mM sodium acetate buffer
(pH 5.5) containing 10 mM EDTA, followed by extensive dialysis
into the same buffer without EDTA. Recombinant PrP proteins
were verified by MS to confirm the correct protein sequence
and the presence of a disulfide bond. Oxidized and refolded
recombinant PrP was stored at −80 ◦C.

Anti-PrP monoclonal antibodies

The N-terminal-specific monoclonal antibody FH11 [32] was
purchased from the TSE Resource Centre (Institute for Animal
Health, Compton, Berks., U.K.). The N-terminal-specific mono-
clonal antibody SAF32 [33] was purchased from SPI-Bio.
Monoclonal antibody 6H4 [34] was a gift from Prionics. The N-
terminal-specific anti-PrP monoclonal antibody T325 was gene-
rated from Prnp−/− mice immunized with mouse brain homo-
genate [35]. The C-terminal-specific anti-PrP monoclonal
antibodies A516, V24 and V26 were generated from Prnp−/−

mice immunized with ovine recombinant PrP [35]. Monoclonal
antibody 245 was generated from Prnp−/− mice immunized with
copper-refolded full-length murine recombinant PrP (amino acid
residues 23–231) [36]. Biotinylated monoclonal antibodies were
prepared for use as detector antibodies as follows. One milligram
of each purified monoclonal antibody 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 biotinamidocaproate N-hydroxysuccinimide ester (Sigma,
catalogue no. B-2643). Biotinylated antibodies were purified
by adsorption on to the membranes of YM-30 concentrators
and isolated 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 monoclonal antibodies was
tested by direct ELISA using ovine recombinant PrP as antigen,
prior to storage at 4 ◦C.

Isolation of ovine PBMCs and platelet-free plasma

Peripheral blood from 6-month-old lambs and 3.5–4-year-
old female Cheviot sheep (New Zealand scrapie-free flock;
ADAS, Mepal, Cambs., U.K.) or from 8-year-old normal cat-
tle (ADAS) was collected into EDTA tubes by venepuncture
from live animals, transported on ice and routinely stored at
4 ◦C overnight. A buffy coat was prepared by centrifugation
at 1400 g for 20 min at 4 ◦C and the harvested cells were lay-
ered on to NycoPrepTM Animal (density 1.077 g/ml; osmolarity
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265 mOsmol), and centrifuged at 600 g for 15 min at 20 ◦C. Mono-
nuclear cells were recovered from the density medium interface
and washed three times in FACS buffer (PBS containing 1% heat-
inactivated foetal calf serum plus 0.1% sodium azide) prior to
immunofluorescence staining. Plasma samples were centrifuged
at 1400 g for 15 min at 20 ◦C to remove all cellular debris,
aliquoted and stored at −80 ◦C before use.

Immunofluorescence staining of PBMCs

Cell-surface phenotype was assessed using aliquots of 1 ×
106 cells incubated with anti-PrP monoclonal antibody culture
supernatant, purified anti-PrP monoclonal antibody used at 5 µg/
ml, or normal mouse serum at 1:1000 as control, for 20 min at 4 ◦C
followed by three washes in FACS buffer and incubation with goat
anti-mouse IgG–biotin (Sigma, catalogue no. B-7264) at 1:1000 or
goat anti-mouse IgG1–biotin (Caltag, catalogue no. M32115),
at 1:500, for 20 min at 4 ◦C. Cells were washed three times with
FACS buffer and subsequently incubated with 0.25 µg of strepta-
vidin–phycoerythrin (Pharmingen, catalogue no. 554061) for
20 min at 4 ◦C. Cells were finally washed three times with
FACS buffer and analysed for cell-surface fluorescence using a
FACSCalibur® (Becton Dickinson, Mountain View, CA, U.S.A.).
Ten thousand cells were analysed per sample with dead cells
excluded on the basis of forward and side light scatter.

Western blot analysis of ovine PBMCs and brain material

Cell lysates were prepared by rapid thawing of scrapie-free PBMC
pellets followed by resuspension in either ice-cold PBS or lysis
buffer (10 mM Tris/HCl, pH 8.0, 10 mM EDTA, 100 mM NaCl,
0.5% Nonidet P40 and 0.5% sodium deoxycholate) containing
4 units/ml benzonase (Sigma, catalogue no. E-1014). For Western
blot analysis of ovine PBMCs, cell lysates were subjected to
SDS/PAGE run under reducing conditions (1 × 106 cells/track)
and subsequently transferred on to nitrocellulose membranes by
semi-dry blotting. For Western blot analysis of scrapie-free ovine
brain material, cerebellum tissue was homogenized in ice-cold
PBS (pH 7.4). Then, 20 µg of total protein was resolved by
SDS/PAGE run under reducing conditions and subsequently
transferred to nitrocellulose membranes by semi-dry blotting.
Membranes were blocked overnight at 4 ◦C with TBS-T
(10 mM Tris/HCl, pH 7.8, 100 mM NaCl 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
SAF32 (250 ng/ml) for 2 h at 20 ◦C and then washed five times
with TBS-T. This was followed by incubation with goat anti-
mouse IgG–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. PrP bands were detected by enhanced chemiluminescence
(ECL®; Amersham Biosciences).

Direct ELISA

Recombinant PrP protein was coated on to 96-well flat-bottomed
plates for 16 h at 4 ◦C. Excess protein was removed and wells
were blocked with PBS containing 5 % non-fat milk for 90 min
at 20 ◦C. Plates were washed three times with PBS-T (PBS
containing 0.1% Tween 80). Purified anti-PrP monoclonal
antibodies (FH11, SAF32, A516 or V24) at 1.0 µg/ml (diluted
in PBS) were added to the plates and incubated for 1 h at 20 ◦C
followed by three washes with PBS-T. Goat anti-mouse IgG–
biotin (Sigma, catalogue no. B-7264) at 1:3000 was added for 1 h
at 20 ◦C followed by three washes with PBS-T. Avidin–alkaline
phosphatase (Sigma, catalogue no. A-7294) at 1:3000 dilution was

added for 1 h at 20 ◦C. Plates were washed three times in PBS-
T and once with ELISA buffer (0.05 M glycine, 0.03 M NaOH
and 0.25 mM each of ZnCl2 and MgCl2) before addition of the
substrate p-nitrophenyl phosphate (Sigma, catalogue no. N-2765)
at 0.5 mg/ml in ELISA buffer for up to 1 h at 20 ◦C. ELISA plates
were read at 415 nm on a Bio-Rad 680 microplate reader.

Capture–detector immunoassay

Capture antibody (FH11, A516 or 6H4) was coated routinely
at 1.0 µg/well in 96-well flat-bottomed plates for 16 h at 4 ◦C.
Excess antibody was removed and wells were blocked with PBS
containing 5% non-fat milk for 2 h at 20 ◦C. Plates were washed
three times with PBS-T and appropriate dilutions of either ovine
or bovine plasma, or ovine or bovine recombinant PrP diluted
in a buffer (10 mM Tris/HCl, pH 8.0, 100 mM NaCl, 10 mM
EDTA, 0.5% Nonidet P40 and 0.5% sodium deoxycholate) were
captured for 1 h at 20 ◦C. Plates were washed three times with
PBS-T and captured PrP was detected by biotinylated monoclonal
antibody (245, V24 or V26) at 50 ng/well for 1 h at 20 ◦C. Avidin–
alkaline phosphatase (Sigma, catalogue no. A-7294) at 1:3000
dilution was added for 1 h at 20 ◦C. Plates were washed three times
in PBS-T and once with ELISA buffer (0.05 M glycine, 0.03 M
NaOH and 0.25 mM each of ZnCl2 and MgCl2) before addition
of the substrate p-nitrophenyl phosphate (Sigma, catalogue no.
N-2765) at 0.5 mg/ml in ELISA buffer for up to 90 min at 20 ◦C.
ELISA plates were read at 415 nm on a Bio-Rad 680 microplate
reader.

Protein quantification

Total protein concentration in plasma was measured using the
BCA (bicinchoninic acid) assay (Pierce). Samples were initially
diluted in PBS (pH 7.4), at 1:50, 1:100 and 1:200 dilutions plus
a diluent-only blank. A 2-fold dilution series of BSA was prepared
ranging from 800 µg/ml down to 0 µg/ml to act as a standard.
Each dilution was dispensed into triplicate wells in a 96-well flat-
bottomed plate (5 µl/well). An aliquot of 95 µl of BCA working
reagent (prepared by mixing 1 part solution A and 49 parts solution
B) was added to each well and the plates were incubated for
90 min 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).

Statistical analysis

Statistical analysis of the data was performed by one-way ANOVA
together with Tukey HSD (honestly significant difference) for
post hoc analysis. Analyses were conducted using the SPSS v.13
package.

Nomenclature

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

RESULTS

Reactivity of anti-PrP monoclonal antibodies with ovine
and bovine PrP

We have utilized a panel of N-terminal- and C-terminal-specific
anti-PrP monoclonal antibodies in order to investigate the expres-
sion of PrPC on ovine and bovine blood cells, and the level of this
protein in plasma. ELISA using ovine and bovine recombinant
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Figure 1 Immunological detection of recombinant PrP by direct ELISA

Full-length ovine recombinant ARR (�), ARQ (�), VRQ (�) or bovine (�) recombinant
PrP was coated directly on to ELISA plates as described in the Materials and methods
section. Recombinant PrP was detected by 1.0 µg/ml purified monoclonal antibody (a) FH11,
(b) SAF32, (c) A516 and (d) V24. Results shown are means +− S.D. for triplicate wells.

PrP attached directly to plastic plates was carried out in order to
show the reactivity of the anti-PrP monoclonal antibodies with
the two species forms of prion protein. Figure 1 shows that the
N-terminal-specific monoclonal antibodies FH11 and SAF32, to-
gether with C-terminal-specific monoclonal antibodies A516 and
V24, all reacted efficiently with ovine recombinant ARR, ARQ
and VRQ, and also bovine recombinant PrP. Ovine recombinant
VRQ protein was least well recognized by the C-terminal-specific
monoclonal antibodies and this may reflect the compact nature of
the C-terminal domain of this protein and a relative inaccessibility
of epitopes within this region of the molecule [13]. Bovine
recombinant PrP was recognized less efficiently than ovine PrP by
the C-terminal-specific monoclonal antibody A516, which may
reflect a conformational or genotypic difference between the two
ruminant forms of prion protein in the binding region of this
antibody [35].

The predominant form of ovine blood cell PrPC is di-glycosylated

In order to investigate the level of PrPC associated with ovine
blood cells we first performed a Western blot analysis of
PBMCs from homozygous ARR, ARQ and VRQ sheep using
the N-terminal-specific anti-PrP monoclonal antibody SAF32.
Figure 2(a) shows that blood cells from all three PrP genotypes
of sheep expressed similar levels of total PrPC. In addition, in all
cases the predominant form of the protein was the di-glycosylated
moiety. Normal brain homogenate from an ARQ homozygous
sheep was used to compare the relative levels of each of the
glycoform types of PrPC. Comparison of the PrPC glycoform
band patterns showed that the un-glycosylated form of PrPC was
less evident in blood cells than in CNS material. However, these
results show that blood cells from sheep do express significant
levels of PrPC protein, which is a potential source of plasma PrPC.
In addition, there does not appear to be any significant genotypic
difference in the level of total PrPC protein expression by ovine

Figure 2 Western blot detection of ovine PrPC

(a) PBMCs (including homozygous ARQ brain material as a positive control) or (b) brain tissue
from homozygous ARR, ARQ or VRQ sheep were prepared as described in the Materials and
methods section and analysed by SDS/PAGE and Western blotting using monoclonal antibody
SAF32. Molecular-mass marker (kDa) is shown on the left-hand side.

blood cells. Figure 2(b) shows that there does not appear to be any
significant genotypic difference in the level of total PrPC protein
expression by ovine brain tissue.

Reactivity of N-terminal anti-PrP monoclonal antibodies with
cell-surface ovine PrPC

In order to correlate prion protein expression on ovine blood cells
with that present in plasma we first investigated the expression
of PrPC on PBMCs from scrapie-free sheep by FACS. We
investigated PrPC expression with N-terminal-specific anti-PrP
monoclonal antibodies since there is genotypic heterogeneity
in the C-terminal region of cell-surface ovine PrPC. Figure 3
shows representative FACS profiles for PBMCs from homozygous
ARR, ARQ or VRQ sheep reacted with the N-terminal-specific
monoclonal antibodies FH11, SAF32 and T325. Cells from all
three genotypes of sheep tested typically showed a monophasic
FACS profile, although occasionally a biphasic profile was seen
with some of the N-terminal-specific monoclonal antibodies.
Figure 3 also shows that bovine PBMCs displayed monophasic
FACS profiles with monoclonal antibodies FH11, SAF32 and
T325. The most noticeable difference between the ruminant
PBMCs was the low reactivity of bovine PBMCs with monoclonal
antibody FH11 compared with that seen by ovine cells.

Figure 4(a) shows the percentages of lamb PBMCs that were
detected by the N-terminal-specific monoclonal antibodies FH11,
SAF32 and T325. All three N-terminal antibodies tested were
able to detect some differences between the three allelic variants
of cell-surface ovine PrPC. Monoclonal antibody FH11 showed
the least reactivity with PBMCs from young lambs from all three
ovine PrP genotypes, while SAF32 and T325 showed similar
percentages (Figure 4a). FH11 did demonstrate a significant
difference between the ARR samples in comparison with the
ARQ and VRQ samples (P < 0.05) and there were significant
differences between the ARR and the VRQ data (P < 0.05) using
both SAF32 and T325 when PBMCs were tested from young
lambs. Figure 4(b) shows that the N-terminal-specific monoclonal
antibodies reacted with similar percentages of cells from all the
genotypes of ovine PBMCs from adult sheep. The level of cellular
reactivity on bovine PBMCs using FH11 was significantly less
(P < 0.001) than the reactivity shown with SAF32 and T325
(Figure 4b). The epitope recognized by monoclonal antibody
FH11 is sited around residues 54–58 [37], while SAF32 binds
the sequence QPHGGW located between residues 59 and 89
[33] and monoclonal antibody T325 binds around residues 47–
90 [30]. One reason for the decreased reactivity of monoclonal
antibody FH11 with both ovine and bovine PBMCs is that
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Figure 3 Reactivity of N-terminal-specific anti-PrP monoclonal antibodies with ovine and bovine PBMCs

Cell-surface PrPC expression was analysed by FACS with N-terminal-specific anti-PrP monoclonal antibodies as described in the Materials and methods section. Profiles shown are representative
of five out of five sheep. Shaded peak represents control fluorescence; black line represents FH11, SAF32 or T325 fluorescence.

truncation of cell-surface PrP may occur with the subsequent
loss of the epitope for this particular antibody. Collectively, these
results show that scrapie-susceptible and -resistant genotypes of
ovine PBMCs and bovine PBMCs express cell-surface PrPC with
freely accessible epitopes within the flexible N-terminal region of
the protein. There was no significant difference in fluorescence
intensity between the three ovine allelic variants using monoclonal
antibodies FH11, SAF32 and T325 when tested on PBMCs from
lambs (Figure 4c) or adult sheep and bovine PBMCs (Figure 4d).
However, adult ARR sheep PBMCs gave significantly less
fluorescence (P < 0.05) in comparison with ARQ and VRQ when
tested with SAF32 (Figure 4d).

Buried epitopes in the C-terminal region of ovine and bovine
cell-surface PrPC

The structure of the C-terminal globular domain of ovine and
bovine PrP is predicted to comprise three α-helices, inter-
dispersed by a short antiparallel β-sheet region similar to that
described for other species forms of PrP [13,16,38–40]. There is a
close association between helix-1, the C-terminal region of helix-2
and the N-terminal region of helix-3, and this central core is bound
by an intra-molecular disulfide bond. The ordered structure of the
C-terminal region of PrPC may lead to epitopes being buried
or obscured in the native cell-surface form of the protein. This
was investigated by FACS analysis with the C-terminal-specific
monoclonal antibodies A516, V24 and V26.

The data in Figure 5 show that monoclonal antibody A516,
which binds in the region of helix-1 [35], reacted efficiently

with ovine cell-surface PrPC. However, despite the fact that
ovine PBMCs expressed significant levels of cell-surface PrPC,
monoclonal antibody V24 failed to react with cells from homo-
zygous ARR, ARQ or VRQ sheep. Monoclonal antibody V26 also
failed to react with ovine PBMCs (results not shown). Monoclonal
antibodies A516 and V24 both failed to bind to bovine cell-surface
PrPC (Figure 5) as did monoclonal antibody V26 (results not
shown). The failure of monoclonal antibodies V24 and V26 to
bind to cell-surface PrPC supports the view that specific epitopes in
the C-terminal region of cell-surface PrPC are buried or obscured,
which may be a consequence of homodimeric or heterodimeric
structures of PrP with other molecules [41]. The epitope for
monoclonal antibody V26 is located in the C-terminal region
of ovine PrP around residues 217–232 [30]. The failure of this
antibody to react with cell-surface PrPC may be due to steric
hindrance by the GPI (glycosylphosphatidylinositol) anchor.

Quantification of ruminant plasma PrPC levels

In order to quantify the level of PrPC present in the plasma
of sheep and cattle we developed a sensitive capture–detector
immunoassay that utilized different pairs of anti-PrP monoclonal
antibodies. The monoclonal antibodies were reactive with either
the N-terminal or C-terminal regions of the ovine or bovine prion
protein, which would allow detection of N-terminal intact and
truncated PrPC. Figure 6 shows that the combination of the N-
terminal-specific monoclonal antibody FH11 and the C-terminal-
specific antibody 245 (Figure 6a) or V24 (Figure 6b) efficiently
recognized ovine recombinant ARR, ARQ and VRQ PrP, and
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Figure 4 Quantification of N-terminal PrPC FACS analysis

(a, b) Percentage of positive cells (means +− S.D.) and (c, d) mean channel number
(means +− S.D.) are shown for PBMCs from homozygous ARR (white bar) (n = 5); ARQ (light
grey bar) (n = 5) and VRQ (dark grey bar) (n = 5) lambs (a, c) or PBMCs from homozygous
ARR (white bar) (n = 3); ARQ (light grey bar) (n = 5) and VRQ (dark grey bar) (n = 4) adult
sheep (b, d) or bovine PBMCs (black bar) (n = 8) (b, d) stained with N-terminal-specific
anti-PrP monoclonal antibodies FH11, SAF32 or T325. *P < 0.05 (comparison with ARQ and
VRQ); †P < 0.05 (comparison with VRQ); ‡P < 0.05 (comparison with VRQ); **P < 0.001
(comparison with SAF32 and T325); §P < 0.05 (comparison with ARQ and VRQ).

Figure 5 Reactivity of C-terminal-specific anti-PrP monoclonal antibodies
with ovine and bovine PBMCs

Cell-surface PrPC expression was analysed by FACS with C-terminal-specific anti-PrP
monoclonal antibodies as described in the Materials and methods section. Profiles shown
are representative of five out of five homozygous VRQ sheep and eight out of eight cattle. Shaded
peak represents control fluorescence; black line represents A516 or V24 fluorescence.

bovine recombinant PrP. With respect to ovine PrP, recombinant
ARR and ARQ were recognized more efficiently than VRQ
recombinant protein. This may reflect the more compact nature of
the ovine PrP VRQ compared with ARQ and ARR protein. Similar
data were obtained when the C-terminal-specific monoclonal
antibody A516 was used as the capture antibody with either anti-
body 245 (Figure 6c) or V24 (Figure 6d) as detector. Furthermore,

Figure 6 Capture–detector immunoassay reactivity of monoclonal
antibodies with recombinant PrP

ELISA plates were coated with capture antibody FH11 (a, b) or A516 (c, d) as described in the
Materials and methods section. Full-length ovine recombinant ARR (�), ARQ (�), VRQ (�) or
bovine (�) recombinant PrP were detected by biotinylated monoclonal antibody 245 (a, c) or
V24 (b, d). Results shown are means +− S.D. for triplicate wells.

monoclonal antibody V26 was effective as the detector antibody
with either FH11 or A516 as the capture antibody (results not
shown). The sensitivity of the capture–detector immunoassay was
in the order of approx. 1 nM of recombinant PrP.

In order to determine the level of PrPC in ovine or bovine
plasma, EDTA-treated blood was collected from New Zealand-
derived scrapie-free sheep or normal cattle. Platelet-free plasma
was prepared by centrifugation and PrPC was measured by cap-
ture–detector immunoassay using the different combinations of
anti-PrP monoclonal antibodies described above. The quantity
of PrPC in plasma was calculated from the absorbance readings
obtained from the immunoassay by reference to the genotype-
specific standard curves as shown in Figure 6.

Tables 1a and 1b show the levels of PrPC detected in the plasma
from adult and young scrapie-free homozygous ARR, ARQ and
VRQ sheep. Homozygous VRQ sheep showed the highest level of
plasma PrPC, which was 61.2 ng/ml for adult sheep (Table 1a) and
63.0 ng/ml for young lambs (Table 1b), when assessed using the
C-terminal-specific monoclonal antibody A516 for capture and
monoclonal antibody V24 as the detector reagent. Lower levels
of plasma PrPC were seen in homozygous ARR and ARQ sheep,
which were less than 50% of that seen in both homozygous VRQ
adult sheep and young lambs. Similar trends were seen when
monoclonal antibody A516 was used for capture with antibody
V26 as the detector reagent (results not shown). The level of
plasma PrPC in homozygous ARR sheep was significantly less
than that detected in homozygous VRQ sheep when assessed
by monoclonal antibody A516 for capture in combination with
monoclonal antibody V24 (Table 1a) or V26 (results not shown)
as detector (P < 0.001 and P = 0.006, respectively). These results
show that the level of ovine plasma prion protein shows genotypic
variation.
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Table 1 Quantification of PrPC in plasma from sheep and lambs

Quantification of ovine plasma PrPC levels by capture–detector ELISA. Plasma PrPC levels
in homozygous ARR, ARQ or VRQ adult sheep (a) or young lambs (b) were determined as
described in the Materials and methods section. Capture monoclonal antibodies were FH11 or
A516 and detector monoclonal antibodies were biotinylated V24 or 245. The results shown are
means +− S.D. for five animals analysed for each genotype and age group.

(a)

Plasma PrPC (ng/ml)

Antibody pair ARR/ARR ARQ/ARQ VRQ/VRQ

FH11/V24 3.0 +− 4.0 6.6 +− 3.4 31.8 +− 6.7*
FH11/245 3.6 +− 0.8 6.4 +− 2.2 5.8 +− 3.0†
A516/V24 13.8 +− 2.6 19.8 +− 13.1 61.2 +− 11.6‡
A516/245 5.4 +− 0.6 16.8 +− 10.0 29.6 +− 11.6†§

(b)

Plasma PrPC (ng/ml)

Antibody pair ARR/ARR ARQ/ARQ VRQ/VRQ

FH11/V24 17.2 +− 3.0 11.4 +− 2.3 39.4 +− 1.4*
FH11/245 0.1 +− 0.2† 0.2 +− 0.4† 5.4 +− 1.2†
A516/V24 38.4 +− 10.7 22.2 +− 10.1 63.0 +− 31.4||
A516/245 <0.1† 0.8 +− 1.3† 9.8 +− 1.3†

* P � 0.003 (comparison with ARR and ARQ).
† P � 0.008 (comparison with monoclonal antibody V24 as detector).
‡ P < 0.001 (comparison with ARR and ARQ).
§ P = 0.005 (comparison with ARR).
|| P = 0.019 (comparison with ARQ).

When the level of ovine plasma PrPC was measured using the
N-terminal-specific antibody FH11 for capture, significantly less
PrPC protein was detected compared with that seen when the
C-terminal-specific monoclonal antibody A516 was used. When
monoclonal antibody FH11 was used for capture and monoclonal
antibody V24 as the detector reagent, the level of VRQ plasma
PrPC was found to be 31.8 ng/ml (Table 1a) and 39.4 ng/ml
(Table 1b) in adult and young sheep respectively. This was
approx. 50% less than that seen when monoclonal antibody A516
was used for capture. Furthermore, PrPC levels were similarly
reduced in plasma from homozygous ARR and ARQ sheep
when monoclonal antibody FH11 was used for capture. These
observations suggest that a substantial portion of plasma PrPC

is truncated in the region of the octapeptide repeat domain in
plasma from all three PrP genotypes of sheep tested. The level
of plasma PrPC in homozygous ARR sheep was significantly less
than that detected in homozygous VRQ sheep when assessed
by monoclonal antibody FH11 for capture in combination with
monoclonal antibody V24 (P = 0.003) (Table 1a). Similar trends
were seen when monoclonal antibody FH11 was used for capture
with monoclonal antibody V26 as the detector reagent (results not
shown).

When monoclonal antibody FH11 or A516 was used for capture
with monoclonal antibody 245 as the detector, generally lower
levels of PrPC protein were detected compared with that seen
when monoclonal antibody V24 was used as detector reagent.
Monoclonal antibody 245 recognizes un-glycosylated and mono-
glycosylated PrPC but does not react with di-glycosylated protein
unlike monoclonal antibodies V24 and V26, which react with all
three glycoforms of PrPC ([36]; and A.M. Thackray, L. Hopkins
and R. Bujdoso, unpublished work). These results are therefore
consistent with the Western blot shown in Figure 2 that showed
that the predominant form of PrPC in the PBMCs of sheep is

Table 2 Quantification of PrPC in plasma from ovine and bovine blood

Quantification of bovine plasma PrPC levels by capture–detector immunoassay. Bovine and
homozygous ovine ARQ plasma PrPC levels were determined as described in the Materials
and methods section. Capture monoclonal antibodies were 6H4 or FH11 and detector monoclonal
antibodies were biotinylated V24 or V26. The results are means +− S.D. (n � 5). *P � 0.001
(comparison with ovine homozygous ARQ).

Plasma PrPC (ng/ml)

Antibody pair ARQ/ARQ Bovine

FH11/V24 8.2 +− 7.8 24.3 +− 3.5*
6H4/V24 49.2 +− 25.1 198.0 +− 10.3*
6H4/V26 46.2 +− 21.2 270.6 +− 13.6*

di-glycosylated protein and that un-glycosylated and mono-
glycosylated bands are relatively minor molecular species.

Similar levels of total protein were present in plasma
from homozygous ARR, ARQ and VRQ sheep (96.5 +− 12.1,
88.1 +− 12.6 and 96.2 +− 13.7 ng/ml respectively; n = 5; values are
means +− S.D.). This supports the view that the difference in
plasma PrPC levels between these three ovine genotypes was a
specific feature of prion protein metabolism and not a conse-
quence of genotypic variation in plasma total protein level.

Bovine plasma PrPC levels were assessed using monoclonal
antibody FH11 or 6H4 for capture and monoclonal antibody V24
or V26 as detector, and compared with that seen in plasma from
homozygous ARQ sheep. The data in Table 2 show that the level
of bovine plasma PrPC was approx. 4-fold greater than that seen in
ovine ARQ plasma (P < 0.001). Lower levels of bovine and ovine
plasma PrPC were detected when monoclonal antibody FH11 was
used as capture reagent instead of monoclonal antibody 6H4.
This indicated that in both ovine and bovine plasma, a significant
proportion of PrPC is N-terminally truncated. These results also
show that the C-terminal epitopes recognized by monoclonal
antibodies V24 and V26, which are buried or obscured in both
ovine and bovine cell-surface PrPC, are accessible within PrPC in
plasma.

DISCUSSION

In the present study, we have investigated the level of PrPC

expression by blood cells from sheep of different PrP genotypes
and have correlated this with the level of PrPC in plasma in order
to further our understanding on the biology of ruminant blood
PrP. Similar percentages of PBMCs from scrapie-susceptible and
-resistant sheep expressed cell-surface PrPC and did so with simi-
lar fluorescence intensity when assessed with N-terminal-specific
anti-PrP monoclonal antibodies. Less than 2-fold variations in
cell-surface fluorescence intensity were seen between PBMCs
from homozygous ARR, ARQ and VRQ sheep using a panel
of N-terminal-specific anti-PrP monoclonal antibodies. Some
genotypic variation in young animals was seen when monoclonal
antibody FH11 was used to analyse cell-surface PrPC expression.
In addition, PBMCs from homozygous ARR, ARQ and VRQ
sheep all showed less reactivity with monoclonal antibody FH11
compared with that seen with monoclonal antibodies SAF32 and
T325. This phenomenon is similar to that reported by Halliday
et al. [42]. The epitope for monoclonal antibody FH11 is located
closer to the N-terminus of the PrP molecule compared with
the epitopes recognized by monoclonal antibodies SAF32 and
T325, which are situated within the octapeptide repeat region of
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the molecule. The failure of monoclonal antibody FH11 to react
with similar percentages of cells compared with monoclonal anti-
bodies SAF32 and T325 may be a consequence of truncation of
cell-surface PrPC. Truncated PrP molecules have been described
on the surface of neuroblastoma cells [43]. Alternatively, the
intact N-terminal region of cell-surface PrPC may show genotypic
conformational variation as suggested previously [35]. PBMCs
from young homozygous ARR lambs showed significantly less
reactivity with monoclonal antibody FH11 compared with cells
from homozygous VRQ lambs. This could imply that amino acid
residue 136 of ovine PrPC may influence the folding of the N-
terminal region. For example, on occasions PBMCs from Ala136

genotypes showed a biphasic FACS profile when reacted with N-
terminal-specific anti-PrP monoclonal antibodies, whereas cells
from the Val136 genotype showed a single uniform profile on each
occasion.

Epitopes within the C-terminal domain of cell-surface ovine
and bovine PrPC were also inaccessible to anti-PrP monoclonal
antibody binding. While monoclonal antibody A516, which binds
in the C-terminal region of helix-1, reacted with ovine PBMCs,
monoclonal antibody V24 failed to react with either ovine or
bovine PBMCs. Monoclonal antibody V24 appears to bind in the
C-terminal region of helix-2, although peptide mapping has so
far failed to identify its specific epitope (A. M. Thackray and R.
Bujdoso, unpublished work). In addition, monoclonal antibody
V26, which binds to the C-terminal region of ovine PrP (amino
acid residues 217–232) [30] failed to bind to PrPC expressed on
ovine or bovine PBMCs. PrPC is linked to the plasma membrane
via a GPI anchor attached to the C-terminal end of the molecule.
This may prevent binding of monoclonal antibody V26 to its
epitope in native cell-surface PrPC as a consequence of steric
hindrance. We have previously shown that the region between
β-strand-2 and residue 171 was buried or obscured in cell-surface
PrPC on PBMCs from scrapie-susceptible and -resistant sheep
[35]. Interestingly, the region between β-strand-2 and residue 171,
and the proposed epitope for monoclonal antibody V26 contain
tyrosine dimers, in the form of YYR (amino acid residues 165–
167) and YYQ (amino acid residues 228–230). These motifs are
reportedly buried in native PrPC and more solvent-exposed in
PrPSc [44]. The reactivity of monoclonal antibody A516 with
ovine but not bovine cell-surface PrPC may reflect a distinct
conformation of native bovine PrPC or a genotypic difference
between the two ruminant forms of prion protein. Monoclonal
antibody A516 appears to bind to an epitope located wholly, or
in part, within amino acid residues 150–164 of ovine PrP, which
incorporates helix-1. The only difference between the amino acid
sequence of ovine and bovine PrPC in this particular region of
the PrP protein is a tyrosine→histidine substitution at ovine
PrP residue 148. Since monoclonal antibody A516 does bind
to bovine recombinant PrP, this substitution would appear to have
more influence on conformation in the native form of the mol-
ecule.

Although PBMCs from homozygous ARR, ARQ and VRQ
sheep showed similar levels of total and cell-surface PrPC, geno-
typic differences were seen in the level of PrPC present in plasma.
The highest levels of ovine plasma PrPC were seen in homozyg-
ous VRQ sheep and the lowest level was seen in plasma from
homozygous ARR animals. PrPC levels in bovine plasma were ap-
prox. 4-fold higher than ovine ARQ/ARQ plasma despite similar
levels of PBMC cell-surface PrPC expression. The highest level of
plasma PrPC was detected in all three ovine PrP genotypes and in
bovine plasma by capture–detector immunoassay using C-termi-
nal-specific anti-PrP monoclonal antibodies as both capture and
detector reagent. Interestingly, monoclonal antibodies V24
and V26, which both failed to react with cell-surface PrPC, were

able to react with PrPC in both ovine and bovine plasma. This
suggests that there are significant differences in the epitope re-
pertoire between cell-surface and soluble PrPC, at least in the C-
terminal region of the molecule. Lower levels of plasma PrPC were
detected using monoclonal antibody FH11 as the capture reagent,
which correlated with the reduced reactivity of this monoclonal
antibody with cell-surface PrPC. At least two possibilities exist
for the increased level of plasma PrPC in homozygous VRQ sheep
compared with the Ala136 genotypes, in particular homozygous
ARR animals. Firstly, there may be increased expression of PrPC

protein at one or more tissue sites in homozygous VRQ animals.
This was not found to be the case in ovine brain tissue, which is
a major site of PrPC expression. Secondly, VRQ PrPC could be
more resistant to metabolic breakdown than the ARQ and ARR
forms of protein. Our own data and results obtained by others have
shown that VRQ PrP is more compact than ARQ and ARR pro-
tein [13,15,16]. This suggests that scrapie-susceptible PrPC may
have a longer cellular half-life than disease-resistant PrPC. The
fact that the VRQ allelic variant is predisposed to more β-sheet
formation compared with ARR [14] renders the protein more
susceptible to accumulate in the cell in a disease-associated form.
This would support the view 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
[15,16]. The finding that plasma PrPC levels in homozygous
VRQ and ARQ sheep were of the order VRQ>ARQ, and that
levels in both of these genotypes were elevated above that in
homozygous ARR sheep, supports this hypothesis. In such a
scheme, the thermodynamically less stable ARR allelic variant
would be efficiently metabolized before it was able to accumulate
in any significant amount in a disease-associated form. The level
of bovine plasma PrPC was significantly greater than that of ovine
PrPC. We have not been able to assess tissue expression levels of
bovine compared with ovine PrPC and cannot therefore determine
whether differences in prion protein synthesis or metabolism
account for the different levels of plasma PrPC seen between the
two species.

PrPC is attached to the extracellular surface of the plasma mem-
brane by a GPI anchor, clustered within cholesterol- and sphingo-
lipid-rich lipid rafts [45,46]. It still remains to be established how
PrPC is released from the cell membrane. It has been proposed
that soluble PrPC is produced by cleavage of its GPI anchor by
an endogenous mammalian GPI-specific phospholipase [47,48]
or by proteolytic cleavage mediated by zinc metalloproteases
known as secretases or sheddases [49,50]. In addition, PrPC and
PrPSc have been reported to be released from cells in association
with exosomes, vesicles of endosomal origin released from cells
after the fusion of multivesicular bodies with the cell surface
[51]. Many cell types including lymphocytes, macrophages and
dendritic cells generate exosomes. Transfer of cell membranes
between cells is mediated by exosomes and they are thought
to be responsible for the intercellular transfer of PrPC [52]. In
our studies reported here, plasma PrPC could be detected by
monoclonal antibody V26, which does not react with cell-surface
PrPC expressed by scrapie-free PBMCs. This suggests that a signi-
ficant proportion, if not all, of the ovine plasma PrPC is soluble
with a freely accessible C-terminal region. Our results presented
here show that there is allelic variation in the amount of ovine
plasma PrPC, despite the fact that ovine blood cells appear to
show similar levels of total and cell-surface PrPC. In addition, we
have shown that a significant level of ovine and bovine plasma
PrPC is refractory to detection with N-terminal-specific anti-PrP
monoclonal antibodies. Whether this is a feature of disease-
associated PrP in plasma from prion-infected individuals remains
to be established.
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