
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 353 (2007) 195–199
Cellular prion protein in ovine milk
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Abstract

Cellular prion protein, PrPC, is essential for the development of prion diseases where it is considered to be a substrate for the forma-
tion of the disease-associated conformer, PrPSc. In sheep, PrPC is abundant in neuronal tissue and is also found at lower concentrations
in a range of non-neuronal tissues, including mammary gland. Here, we demonstrate the presence of soluble PrPC in the non-cellular,
non-lipid fraction of clarified ovine milk. Compared with brain-derived PrPC, ovine milk PrPC displays an increased electrophoretic
mobility. Ovine milk PrPC is mainly present as three species that differ in the extent of their N-linked glycosylation, with glycoform pro-
files varying among animals. Similar PrPC species are also present in fresh and commercial homogenised/pasteurised bovine milk, with
additional N-terminal PrPC fragments detectable in ruminant milk and commercial milk products.
� 2006 Elsevier Inc. All rights reserved.
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The prion protein (PrP) is a membrane-bound glycopro-
tein that in mammals can exist in at least two distinct struc-
tural conformations. The normal or cellular conformation
(PrPC) is an apparently benign protein whose main func-
tion, despite considerable research effort, remains enigmat-
ic. PrPC is capable of misfolding into a protease-resistant
conformation designated PrPSc that according to the pro-
tein-only hypothesis is the infectious agent of prion diseas-
es, a group of fatal neurodegenerative disorders also
known as transmissible spongiform encephalopathies [1].
Prion diseases have been described in a number of mamma-
lian species and include scrapie in sheep, bovine spongi-
form encephalopathy in cattle, and Creutzfeldt-Jakob
disease in humans. PrPC is a prerequisite for the develop-
ment of prion diseases as demonstrated by PrP0/0 transgen-
ic mice being resistant to scrapie [2].

PrPC, which is conserved in mammalian species, has an
N-terminal basic region, a tandem repeat region near the
N-terminus, a conserved hydrophobic domain, two glyco-
0006-291X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2006.12.006

* Corresponding author. Fax: +44 116 2523330.
E-mail address: kcg3@le.ac.uk (K.C. Gough).
sylation sites, a disulphide bond within the C-terminal
domain, and a C-terminal glycophosphatidylinositol
(GPI)-anchor signal sequence. PrPC is abundant in CNS
tissue but is also found at lower concentrations in non-neu-
ronal tissues including skeletal muscle and mammary gland
[3,4]. PrPC is usually located on the extracellular surface,
attached via a GPI-anchor domain to cholesterol- and
sphingolipid-rich membrane microdomains called lipid
rafts [5]. However, there are reports of soluble PrPC in
human cerebrospinal fluid and serum [6,7], human platelets
[8], and in ovine epididymal fluid and seminal plasma [9].
The mechanism of PrP shedding from the cell surface
remains to be elucidated, although in cell culture systems
PrPC can be shed via both secretase-like proteolytic cleav-
age of the protein and phospholipase cleavage of the GPI
anchor [10]. To date, the only report of exocrine PrPC is
on the surface of ejaculated sperm where it is present as
a C-terminally truncated form which is cleaved at, or
N-terminal of, residue 203. Such PrP is not localised to
lipid rafts but is associated with membranes via an unde-
fined mechanism [9,11]. Here, we demonstrate for the first
time the presence of soluble PrPC and PrPC fragments in
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fresh ovine milk as well as in commercial homogenised/
pasteurised bovine milk. The presence of PrPC in milk
raises a number of questions: can such PrPC species be
converted into PrPSc, can similar secretary pathways result
in the occurrence of exocrine PrPSc and therefore does milk
play a role in TSE transmission?
Fig. 1. Detection of milk PrPC and PrPC fragments with anti-PrP
antibodies. (A) Epitopes of the anti-PrP antibodies used in the study are
illustrated; AG4 binds between residues 31 and 51, and also has a
suggested epitope between residues 147 and 163. However the antibody
does not bind to the latter epitope in our hands in Western blots, as
assessed using PrP with and without the N-terminal epitope domain (data
not shown). SAF32 and SAF15 bind an epitope within the octapeptide
repeat region, P4 binds between residues 89 and 104 and L42 binds
Materials and methods

Fresh ovine milk and colostrum were obtained from individual sheep
of AA136RR154RR171 or AA136RR154QQ171 PrP genotype (ADAS, Cam-
bs., UK). A pool of fresh bovine milk was obtained from a Leicestershire
herd of Holstein cattle. Commercially obtained milk was purchased from a
local supermarket. Milk or colostrum was made up to 50 mM EDTA,
0.5% v/v Nonidet P-40, and 0.5% w/v sodium deoxycholate. Protease
inhibitors were added (Roche) and samples (1 ml) centrifuged for 5 min at
16,000g. After cooling on ice for 5 min, clarified milk was withdrawn from
under the solidified fat layer.

Ovine brain material (medulla) from a Suffolk genotype
AA136RR154QR171 was obtained from the Veterinary Laboratories
Agency (Addlestone, Surrey, UK). Homogenates (10% w/v) were pre-
pared in lysis buffer (0.5% v/v Nonidet P-40 and 0.5% w/v sodium
deoxycholate in PBS) by passing through needles of decreasing diameter
(19G, 21G, and then 23G). Samples were centrifuged for 5 min at 2300g

and aliquots of the supernatant stored at �20 �C.
For immunoprecipitation of PrP, antibodies were bound to protein A–

Sepharose 4B beads (Sigma) and covalently coupled using dimethylpim-
elimidate (Sigma). Bead suspension (20 ll) was mixed with 1 ml of sample
for 6 h at 4 �C. Immunoprecipitate was recovered by centrifugation for
5 min at 2300g and the beads washed three times in RIPA buffer (1 ml).
Immunoprecipitates were eluted from the beads by boiling in 1· LDS
loading buffer before analysis. Where indicated, immunoprecipitations
and sample processing were carried out in the presence of 50 mM EDTA
or 100 mM CuSO4.

For Western blot analysis, samples were boiled in 1· LDS loading dye,
5% mercaptoethanol for 5 min and electrophoresed on 16% SDS–PAGE
gels. Proteins were transferred to PVDF membrane (Roche) and blocked
in 3% (w/v) powdered infant formula milk. Membranes were probed with
antibodies AG4 (TSE resource centre-UK) at 1/2000, SAF32, SAF15
(provided by J. Grassi) both at 1/40,000, L42 and P4 (R-Biopharm Rhone
LTD) at 1/10,000, and control 9E10 anti-C-myc antibody used at 1/2000.
Bound primary antibody was detected with a 1/2000 dilution of anti-
mouse antibody Fc fragment HRP conjugate (Sigma) and then visualised
using POD HRP substrate (Roche) and Kodak Biomax MR film.

For de-glycosylation, samples were suspended in 20 mM phosphate
buffer, pH 7.0, and 1% (w/v) SDS, heated at 100 �C for 5 min, and cooled
to room temperature. NP-40 was added to 1% (v/v) along with PNGase F
(Roche) to a final concentration of 50 U/ml. Samples were incubated at
37 �C for 24 h.

For protease treatments, milk was buffered by the addition of 1 M Tris
to 30 mM, pH 7.0, and thermolysin or Proteinase K (Sigma) added to a
final concentration of 100 lg/ml. Samples were incubated at either 70 or
37 �C, respectively, for 1 h. Digestions were stopped by the addition of
EDTA to 10 mM (thermolysin digests) or PMSF to 3 mM (proteinase K
digests).

Sedimentation of clarified milk or brain homogenates, prepared as
described above but without detergents, followed the method described by
Chen et al. [12]. Phase partitioning of milk PrP was carried out as
described by Duade et al. [13].
between residues 145 and 163. (B and C) PrPC from 1 ml of clarified ovine
milk (M) was immunoprecipitated with antibody SAF15 and the entire
eluate analysed by Western blot. Brain homogenates (B), 2.5 ll of 10% (w/
v), was analysed directly. PrP was detected with anti-PrP antibodies
SAF32 (B), AG4, P4, and L42 (C) as well as a control antibody with
irrelevant specificity, 9E10. In (B) the three main N-terminal fragments of
PrPC are labeled with an asterisk.
Results

PrPC was immunoprecipitated from the non-cellular,
non-lipid fraction of clarified ovine milk using anti-PrP
antibodies directed to the octapeptide repeat region of
the protein (Fig. 1B). Western blot analysis of immunopre-
cipitates, with monoclonal antibody SAF32, detected three
PrP species of slightly increased electrophoretic mobility
compared to the three species of PrP found in brain tissue
extracts (Fig. 1B). In addition, milk contains three PrP
fragments between approximately 4 and 10 kDa. The three
higher molecular weight PrP bands were also recognised by
a range of anti-PrP antibodies with specificity for distinct
epitopes: these include AG4, P4, and L42 (Fig. 1C). A pre-
vious report by Everest and co-workers highlighted the
potential for certain secondary antibodies to recognise
milk-derived proteins, a potential problem for the detection
of milk PrP [14]. For this study, we screened several candi-
date secondary antibodies and selected an anti-Fc-HRP
conjugate that does not detectably cross-react with any
milk proteins, that could potentially be present in immuno-
precipitates. Thus, the use of a primary antibody with irrel-
evant binding (antibody 9E10) in Western blots did not
produce any detectable bands (Figs. 1C and 3). Further-
more, immunoprecipitation using beads lacking an anti-
PrP antibody did not isolate any Western blot-positive
bands (Fig. 3). These results demonstrate that the immuno-
precipitation and Western blot detection of bands were
anti-PrP-antibody specific and strongly suggest the pres-
ence of PrPC in milk. The three lower molecular weight
fragments of PrP isolated from milk were recognised by



Fig. 2. Characterization of ovine milk PrPC. Immunoprecipitations of
PrPC used antibody SAF15 and the entire eluate was analysed. All panels
show the Western blot detection of PrP with SAF32. (A) Milk (1 ml) was
undigested, digested with PK or thermolysin (PX) before immunoprecip-
itation as indicated. (B) PrPC immunoprecipitated from ovine milk (M,
1 ml) was analysed after deglycosylated with PNGase F. Brain homog-
enate (B), 2.5 ll of 10% (w/v), was analysed directly or after treatment
with PNGase F (as indicated). (C) PrPC was immunoprecipitated from
brain homogenate (B, 5 ll of 10% w/v within 1 ml PBS buffer) or milk (M,
1 ml) in the presence of either 50 mM EDTA or 100 mM CuSo4 as
indicated. (D) Milk (M) or brain homogenate (B) was prepared in 0.32 M
sucrose without detergents and centrifuged at 100,000g for 1 h as
described previously [12]. Pellets were resuspended and PrPC within the
supernatants immunoprecipitated. Both supernatants (s) and pellets (p)
derived from 1 ml of milk or 10 ll of 10% (w/v) brain homogenate were
analysed along with brain (2.5 ll of 10% w/v) and milk (immunoprecip-
itate from 1 ml) controls (c). The pellet fraction isolated from milk was
distorted during electrophoresis most probably due to the precipitation of
large amounts of milk proteins. (E) Brain homogenate (B), 2.5 ll of 10%
(w/v), was analysed directly, 1 ml of ovine milk (M) was separated into
detergent (de) and aqueous (aq) phases using Triton X-114 phase
partitioning. PrP was immunoprecipitated from each phase using
SAF15. (F) PrPC from 1 ml of ovine milk (M) or colostrum (C) was
immunoprecipitated. M1 and C1 represent PrPC immunoprecipitated
from milk and colostrums, respectively, from an individual animal,
similarly M2 and C2 are from a second animal.
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antibodies directed to the N-terminal octapeptide repeat
region including SAF32 (Fig. 1B). The largest fragment is
immunostained by AG4, SAF32, and P4 indicating that
it spans the entire N-terminal region of the protein; the
next largest band contains only a SAF32 epitope and is
assumed therefore to be truncated after the AG4 epitope
and before the P4 epitope. The smallest fragment contains
both SAF32 and P4 epitopes and therefore contains all or
part of the octapeptide repeat region as well as further C-
terminal residues.

The digestion of clarified ovine milk with either protein-
ase K or thermolysin abolishes the immunoprecipitation of
near full length PrPC species whereas the N-terminal frag-
ments of milk PrP are sensitive to proteinase K treatment
but resistant to thermolysin digestion (Fig. 2A). Thermoly-
sin is predicted to cleave at the hydrophobic amino acid
residues Leu, Ile, Phe, Val, Ala, and Met [15] and the N-
terminal region of PrP lacks thermolysin cleavage sites,
with the most N-terminally located site situated at residue
Met112.

Digestion of immunoprecipitates of ovine milk with
PNGase F yielded a single band from the near full length
PrP triplet, as seen for similar digestion of brain homoge-
nates (Fig. 2B), indicating that the milk-derived PrP species
differ only in their extent of N-linked glycosylation, with
di-, mono-, and unglycosylated PrP species being present.
The de-glycosylated milk-derived PrPC still displays
increased electrophoretic mobility compared with brain-de-
rived PrPC. This observation suggests heterogeneity in
composition of N-linked glycans cannot fully account for
the differential electrophoretic mobility of PrPC derived
from milk and brain. Treatment of ovine milk and brain
samples with EDTA or CuSO4 did not alter the electropho-
retic mobility of immunoprecipitated unglycosylated PrPC

(Fig. 2C) suggesting that differences in the Cu2+ occupancy
of milk and brain PrPC cannot account for their different
electrophoretic mobilities.

To determine whether an operationally functional GPI-
anchor domain was present on milk-derived PrP, sub-cellu-
lar fractionation and phase partitioning through Triton
X-114 were performed. Following ultracentrifugation, the
majority of milk-derived PrPC and PrP fragments were solu-
ble whilst no detectable PrP from brain extracts was present
in the supernatant fraction (Fig. 2D). However, milk-derived
PrP partitioned into the detergent-rich phase upon Triton
X-114 phase partitioning (Fig. 2D), suggesting that although
the majority of milk-derived PrP is not obviously associated
with either cells or membrane fragments it nevertheless
retains a hydrophobic GPI anchor.

PrP was immunoprecipitated from milk and colostrum
from 10 individual sheep. Resulting immunoblot analysis
demonstrated the presence of the higher molecular weight
triplet as well as N-terminal fragments, in all samples
(Fig. 2F). Interestingly, these samples showed inter-animal
variation in glycoform ratios; for example, mature milk
from animal 1 had an apparent co-dominance of diglycosy-
lated and unglycosylated forms of PrP whilst the glycoform
profile of animal 2 displayed dominance of the unglycosy-
lated form only. Previous reports have highlighted PrPC

glycoform ratio variation between tissues in individual ani-
mals and even between brain regions [16,17]. Colostrum-
derived PrP contained stronger immunostaining for PrP
species co-migrating with the proposed unglycosylated
form (Fig. 2F).

High molecular weight PrPC species were also present in
full fat, semi skimmed and skimmed bovine milk obtained



Fig. 3. Presence of PrPC in commercial milk products. PrPC from 1 ml of
clarified bovine milk (unprocessed, lanes 2, 3, and 8) or commercial full fat
pasteurised milk (lane 4), semi-skimmed pasteurised milk (lane 5),
skimmed pasteurised milk (lane 6), and 1 ml 10 % (w/v) skimmed milk
powder (lane 7) was immunoprecipitated with antibody SAF32 and the
entire eluate analysed. Lane 1 shows the direct analysis of an equivalent
amount of SAF-32 coated beads and lane 2 shows the immunoprecipi-
tation of bovine milk with beads that lack an anti-PrP antibody. PrP was
detected with SAF32 in lanes 1–7 or an antibody with irrelevant binding,
9E10, in lane 8. All samples were analysed on a single Western blot and
represent identical exposure times.
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from a supermarket albeit at reduced levels compared with
unprocessed milk (Fig. 3). This indicates that PrP species
survive the homogenisation and pasteurisation processes.
However, near full length PrPC species were not detected
in powdered bovine milk including baby formula. Milk
processing had little or no effect on the levels of N-terminal
PrP fragments found in milk with the exception of baby
formula, where they were present at considerably lower lev-
els and were often below the limits of detection.
Discussion

Near full length PrPC as well as N-terminal fragments of
PrP were isolated from ovine milk by immunoprecipitation
with anti-PrP antibodies. These PrP species were recogni-
sed by a range of anti-PrP antibodies with distinct epitopes
and displayed protease susceptibilities and interspecies
molecular weight variance consistent with PrPC. Further-
more, the near full length species of milk PrP consists of
di-, mono-, and unglycosylated forms of the protein, con-
sistent with neuronal PrPC.

The near full length, soluble PrPC derived from ovine
milk has a slightly increased electrophoretic mobility com-
pared to neuronal PrPC. This molecular weight difference is
not due to differences in sample pH or Cu2+ occupancy of
PrP and is consistent with previous reports that describe
differences between neuronal and non-neuronal PrPC [18].

Milk-derived PrP is immunostained with the AG4 anti-
body, which binds to at an epitope near to the extreme N-
terminus of PrP, indicating that the peptide backbone is
not significantly truncated in this region. Exocrine PrPC

has been reported in mature human and bovine sperm,
where the protein is cleaved towards the C-terminus near
residue 203 and lacks the GPI anchor [11]. A similar study
on ovine samples also reported truncated PrPC associated
with sperm as well as a soluble PrPC within epididymal flu-
id and seminal plasma [9]. Milk-derived PrPC is hydropho-
bic, partitioning to the detergent phase in Triton X-114,
suggesting the presence of the C-terminal GPI moiety.
However, the majority of milk-derived PrPC could not be
pelleted by high speed centrifugation suggesting that it is
not obviously cell- or membrane-associated, perhaps indi-
cating an absence of GPI-anchor function. Loss of the
GPI anchor would not account for the increased electro-
phoretic mobility of the unglycosylated form of milk PrP
as several studies have shown that its removal results in a
decrease in apparent electrophoretic mobility, due to the
extremely hydrophobic nature of the lost anchor [19]. It
seems possible that an alteration of the composition of
the GPI-anchor domain and/or slight truncation of the
protein, N-terminal of the AG4 epitope, could be responsi-
ble for the altered mobility of milk-derived PrPC.

Near full length PrPC species were found in fresh and
commercially processed bovine milk sources, although they
were absent or below the limits of detection in powdered
milk. N-terminal fragments were present in all milk ana-
lysed but were present at much reduced levels, and often
below the limits of detection, in baby formula. It is of inter-
est that powdered skimmed milk is commonly used in
research and analytical laboratories as a blocking agent
in immunological assays. In the light of the results present-
ed here, the use of skimmed milk powder is inappropriate
in prion diagnostics as the presence of N-terminal prion
fragments in the blocking solutions could potentially com-
pete for binding of antibodies directed to the N-terminal
region of PrP.

The source of the near full length species of PrPC found
in milk is of interest. There are several routes through
which proteins are secreted into milk: the exocytotic secre-
tion of proteins produced within mammary gland epithelial
cells, the secretion of proteins associated with milk fat
globules, the vesicular transcytosis of serum- and stromal
cell-derived proteins as well as through a paracellular
transport system that is responsible for the secretion of
plasma components and leukocytes. A recent study by
Didier and co-workers demonstrated that within the
bovine mammary gland, PrPC is selectively localized in
mammary gland epithelial cells and expressed largely at
the basolateral surface of cells that show active secretion
[20]. Therefore, is seems likely that PrPC found in milk is
actively produced within, and secreted from, the epithelial
cells.

The presence of PrPC species in milk raises the question
of whether the disease isoform of PrP can also be secreted
into milk and whether milk can harbor TSE infectivity. A
few studies have investigated BSE infectivity in milk by
challenge of transgenic mice with concentrates of milk from
BSE-affected animals or investigating vertical transmission
of BSE to calves [21–23]. No evidence of BSE transmission
from milk was found. However, bovine BSE-associated
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PrPSc and infectivity is known to be detected almost exclu-
sively within the CNS and not within peripheral lymphore-
ticular tissues [24,25]. In contrast, scrapie PrPSc and
infectivity is far more widely disseminated [26]. To our
knowledge, the study of milk from scrapie affected ewes
for possible TSE infectivity has not been published. How-
ever, one study has demonstrated the presence of PrPSc

within mammary glands of mastitic scrapie infected sheep
and speculates that the coexistence of prion infection and
inflammation in secretary organs may lead to the prion
contamination of secretes [27]. The present study provides
experimental evidence of PrPC in milk, it remains to be
ascertained whether similar secretary pathways can result
in the occurrence of exocrine PrPSc or whether milk PrPC

species can be converted into PrPSc.
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