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Abstract

The cellular compartment and purpose of the proteolytic processing of the prion protein (PrP) are still under debate. We have studied
ovine PrP constructs expressed in four cell lines; murine neuroblastoma cells (N2a), human neuroblastoma cells (SH-SY5Y), dog kidney
epithelial cells (MDCK), and human furin-deficient colon cancer cells (LoVo). Cleavage of PrP in LoVo cells indicates that the process-
ing is furin independent. Neither is it reduced by some inhibitors of lysosomal proteinases, proteasomes or zinc-metalloproteinases, but
incubation with bafilomycin A1, an inhibitor of vacuolar H+/ATPases, increases the amount of uncleaved PrP in the apical medium of
MDCK cells. Mutations affecting the putative cleavage site near amino acid 113 reveal that the cleavage is independent of primary struc-
ture at this site. Absence of glycosylphosphatidylinositol anchor and glycan modifications does not influence the proteolytic processing of
PrP. Our data indicate that PrP is cleaved during transit to the cell membrane.
� 2005 Elsevier Inc. All rights reserved.
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A key molecular event in prion diseases, such as Creutz-
feldt–Jakob disease in human and scrapie in sheep, is the
poorly understood conversion of normal cellular glycosyl-
phosphatidylinositol (GPI)-anchored prion protein (PrPC,
herein referred to as PrP) into a malformed and dysfunc-
tional conformer (PrPSc) that is partly proteinase resistant,
reviewed in [1]. In normal brain and several other tissues,
as well as in cultured cells, PrP is to varying degrees proteo-
lytically processed near amino-acid 113 (numbering
according to ovine PrP), N-terminal to a hydrophobic re-
gion of the protein [2–5]. This highly consistent proteolytic
processing of PrP separates the structurally disordered
Cu2+-binding domain of the protein from the globular
C-terminal two-thirds. The precise cellular site of this
cleavage and its possible role for the cellular function of
PrP are still a matter of controversy. Concerning the cellu-
lar compartment for the cleavage, however, the consensus
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appears to be that PrP is processed during cycling between
the plasma membrane and endosomes, and that there are at
least two possible cleavage sites within the N-terminal por-
tion of PrP [3–6]. For a detailed analysis of the heterogene-
ity of brain PrP, see [7]. The major cleavage, which is the
focus of this work, has been shown to destroy the epitope
for the monoclonal antibody 3F4 [5]. This epitope is natu-
rally present in human and hamster PrP, and has an abso-
lute requirement for the sequence MKHM (109–112)
immediately N-terminal to the hydrophobic stretch of
PrP [8]. Sequence analysis of fragmented PrP derived from
human neuroblastoma cells has indicated that the major
cleavage site resides in the C-terminal portion of the 3F4
epitope [5], which corresponds to amino-acids 112–115 in
the ovine PrP. Cleavage of hamster PrP expressed in N2a
cells was shown to be insensitive to neutralisation of acidic
compartments by NH4Cl treatment, suggesting that this is
an event distinct from the general breakdown of PrP in
lysosomes [9]. However, studies of chicken PrP expressed
in N2a cells indicated that inhibition of lysosomal
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proteases by various agents, including NH4Cl, reduced the
liberation of N-terminal cleavage products into the culture
medium [4]. Since GPI-anchored proteins appear to cluster
into dynamic microdomains, rafts, of the lipid bi-layer, it
has been suggested that the cleavage of PrP could be per-
formed by proteinases specifically localised to such mem-
brane domains [9]. More recently, it has been suggested
that the fibrinolytic serine proteinase plasmin can be in-
volved in the cleavage of PrP [10,11].

The general breakdown of PrP in crude human brain
homogenate was strongly inhibited by metal chelators
such as EDTA and EGTA, an effect that could be
directly reversed by addition of Fe2+ and Cu2+ ions.
Other classes of proteinase inhibitors had minor effects
on the breakdown of PrP [12]. Interestingly, inhibition
of the disintegrins ADAM10 (a disintegrin and metallo-
proteinase) and TACE (tumor necrosis factor a
converting enzyme, ADAM17) reduced the liberation
of the N-terminal portion of PrP to the cell culture
medium of human embryonic kidney cells [13], pointing
to a possible role for these zinc metalloproteinases in the
proteolytic processing of PrP. Another study found that
an a-secretase like activity, possibly raft-associated, can
be involved in phorbol ester-stimulated shedding of
full-length PrP by cleaving the extreme C-terminus of
the PrP [14].

Most studies of the proteolytic processing of PrP in
cell culture have focused on C-terminal PrP fragments
in cell lysates and N-terminal fragments in conditioned
media. The fate of the N-terminal tail has proven diffi-
cult to study, not least due to its size, which is some-
where between 7 and 9 kDa. To circumvent this
problem we have generated several PrP constructs carry-
ing green fluorescent protein (GFP) within the N-termi-
nal portion of the protein. Similar PrP::GFP chimaeras
have been used by a number of other groups [15–18].
In general, the cellular processing and behaviour of
PrP when fused with GFP in this way appear normal.
Herein, we compare the proteolytic processing of
PrP::GFP fusion proteins in different cell lines and in
the presence of different proteinase inhibitors. Our data
indicate that the processing of PrP::GFP fusion proteins
occurs according to the same pattern as for un-tagged
PrP. Furthermore, this processing appears insensitive to
mutations affecting the proposed major cleavage site
and is independent of GPI anchoring and glycan modifi-
cations of the protein. However, treatment with bafilo-
mycin A1 (Baf A1), an inhibitor of vacuolar H+/
ATPases, allowed more uncleaved PrP to be detected,
particularly in the apical medium of MDCK cells. Inter-
estingly, the processing of amyloid precursor protein
(APP) by b-secretase (BACE 1), which is of major
importance in Alzheimer�s disease, is also reduced by
Baf A1 [19]. Our data suggest that PrP is constitutively
processed, possibly in a slightly acidic compartment dur-
ing transit through the secretory pathway, en route to
the plasma membrane.
Materials and methods

Sheep brain tissue

Crude preparations of PrP-rich microsomal and synaptosomal mem-
branes from sheep brain were produced as described [20]. Briefly, imme-
diately after euthanasia with pentobarbital and exsanguination through
the carotid arteries, 40 g of brain tissue was homogenised in 200 ml ice-
cold buffer containing 0.32 M sucrose, 0.5 mM KCl, 1 mM Mg2Cl, 1 mM
NaHCO3, 1 mM EDTA supplemented with proteinase inhibitor tablets
(Complete, Roche), and 1 mM dithiothreitol (DTE). The homogenate was
centrifuged at 3000g for 10 min at 4 �C. The pellets were rehomogenised in
170 ml of the same buffer and centrifuged at 3000g for 10 min at 4 �C.
Supernatants were centrifuged through a 0.85 M sucrose cushion at
100,000g for 1 h at 4 �C. The pellets were resuspended in lysis buffer (LB)
containing 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5% (v/v) Triton
X-100, 0.5% sodium deoxycholate, and 1 mM EDTA, supplemented with
Complete proteinase inhibitor tablets (Roche).

DNA constructs

The primers used in cloning of the PrP constructs are shown in Table 1.
PrP-pGEM T-Easy. The ovine prion protein was initially cloned into

the pGEM-T Easy vector (Promega) using the Expand Long Template
PCR System (Roche), primer 1 and 2, and genomic DNA as template.

PrP-pcDNA3. The coding region of PrP was amplified from PrP-
pGEM T-easy using primer 3 and 4 containing an EcoRI and a XhoI
restriction site, respectively, and cloned into pGEM-T Easy. PrP was cut
out with the restriction enzymes EcoRI and XhoI, and ligated into the
corresponding restriction sites of the expression vector pcDNA3
(Invitrogen).

PrP::GFP-pcDNA3. A GFP-labelled PrP was constructed by ligating
GFP into the XmaI site of PrP-pGEM-T Easy. GFP was amplified from
pEGFP-C1 (Clontech) using primer 5 and 6 containing XmaI sites, and
cloned into pGEM-T Easy. After XmaI digestion of the plasmid, GFP was
ligated into XmaI digested PrP-pGEM-T Easy. The restriction enzymes
EcoRI and XhoI were used to transfer the PrP-GFP from pGEM T-Easy
to pcDNA3.

PrP::GFPDGPI-pcDNA3. A secretory PrP::GFP was constructed by
introducing a stop codon at the GPI-anchoring site (Ser234Stop) using
PrP::GFP-pcDNA3 as template, and primer 7 and 8 containing an EcoRI
and a XhoI restriction site, respectively. The amplification product was
cloned into pGEM-T Easy. PrP::GFPDGPI was cut out with EcoRI and
XhoI, and ligated into pcDNA3.

All DNA constructs were sequenced to confirm correct amplification
and cloning.

Site-directed mutagenesis

Mutations were generated by PCR-mediated mutagenesis in
PrP::GFP-pcDNA3 using QuickChange II Site-directed Mutagenesis Kit
(Stratagene). Mutation V115M introduced the human and hamster epi-
tope 3F4 into the ovine PrP::GFP. The forward (F) and reverse (R)
primers used in the site-directed mutagenesis are shown in Table 1. All
mutations were verified by sequencing.

Cell cultures

Madin–Darby canine kidney (MDCK II) cells were grown in DMEM
(Dulbecco�s modified Eagle�s medium, Cambrex) with addition of 1%
glutamine (Cambrex) and 5% foetal bovine serum (FBS, PAA, Australia).
The neuroblastoma cell lines N2a (murine) and SH-SY5Y (human) were
kindly provided by Dr. Jörg Tatzelt (Max Planck Institute of München,
Germany). N2a cells were grown in minimum essential medium (MEM,
Sigma) added 10% FBS (Euroclone), non-essential amino-acids, and
pyruvate (Cambrex). SH-SY5Y were grown in DMEM with 10% FBS
(Euroclone). Human furin-deficient colon cancer cells (LoVo) transfected



Table 1
Listing of primers used in this study

1 PrP-pGEM T-easy F 50-CACCCTCTTTATTTTGCAGAGAAGT-3 0

2 PrP-pGEM T-easy R 50-AAGATAATGAAAACAGGAAGGTTGC-30

3 PrP-pcDNA3 F 50-ATCGGAATTCTATGGTGAAAAGCCACATAG-3 0

4 PrP-pcDNA3 R 50-ATTAGCTCGAGTACTATCCTACTATGAGAAAAAT-3 0

5 PrP::GFP-pcDNA3 F 50-GCTTAATTAGTCCCGGGAATGGTGAGCAAGGGCGAGGA-30

6 PrP::GFP-pcDNA3 R 50-ATTAGTACTATCCCGGGTACTTGTACAGCTCGTCCAT-30

7 PrP::GFPDGPI-pcDNA3 F 50-ATCGGAATTCTATGGTGAAAAGCCACATAG-3 0

8 PrP::GFPDGPI-pcDNA3 R 50-ATTAGCTCGAGTACTATGCCCCCCTTTGGTAATAA-3 0

9 K113R F 50-GCCAAAAACCAACATGAGGCATGTGGCAGGAGCTGCTGC-30

10 K113R R 50-GCAGCAGCTCCTGCCACATGCCTCATGTTGGTTTTTGGC-3 0

11 K1113A F 50-GCCAAAAACCAACATGGCCCATGTGGCAGGAGCTGCTGC-30

12 K1113A R 50-GCAGCAGCTCCTGCCACATGGGCCATGTTGGTTTTTGGC-3 0

13 KHV113-115AAA F 50-GCCAAAAACCAACATGGCCGCCGCCGCAGGAGCTGCTGC-30

14 KHV113-115AAA R 50-GCAGCAGCTCCTGCGGCGGCGGCCATGTTGGTTTTTGGC-3 0

15 K113D F 50-GCCAAAAACCAACATGGACCATGTGGCAGGAGCTGCTGC-30

16 K113D R 50-GCAGCAGCTCCTGCCACATGGTCCATGTTGGTTTTTGGC-3 0

17 V115M F 50-GCCAAAAACCAACATGAAGCATATGGCAGGAGCTGCTGC-30

18 V115M R 50-GCAGCAGCTCCTGCCATATGCTTCATGTTGGTTTTTGGC-3 0

Forward (F) and reverse (R) primers used in the construction of PrP-expression plasmids (1–8) and in site-directed mutagenesis (9–18). Restriction sites are
indicated in bold. Codons specifying mutated amino acids are presented in bold and italics.
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with the murine furin gene (LoVo/LF36) and with control vector (LoVo/
neo) were indirectly provided by Dr. E. Mekada (Kurume University,
Kurume, Japan). LoVo cells were grown in F-12 media (Cambrex) added
10% FBS (Euroclone). All cells were grown at 37 �C and 5% CO2 with 1%
penicillin/streptomycin.

In order to study the sorting of PrP in polarised epithelial cells,
MDCK II cells transfected with PrP::GFP or PrP::GFPDGPI were grown
for 3 days on 4.7 cm2 polycarbonate filters (Costar 3412), to establish
confluent monolayers, before incubation for 16 h in serum-free medium.
The apical and basolateral media and cell fractions were then harvested.

Transfection and drug treatment

MDCK II cells were transfected with FUGENE 6 (Roche). Lipofect-
amine and Plus reagents (Invitrogen) were used to transfect the other cell
lines according to the manufacturer�s instructions. Stably transfected cells
were selected with G-418-sulphate (Duchefa, NL and PAA Laboratories)
at a concentration of 0.5 mg/ml (SH-SY5Y) and 1 mg/ml (MDCK II and
N2a). For the N2a cells the concentration was gradually reduced to
0.35 mg/ml after some weeks. Several colonies were initially selected from
each cell line. After screening for fluorescence intensity (Olympus IX81
fluorescence microscope) and PrP signals on Western blots, one clone was
selected from each cell line for further studies. Transiently transfected cells
were harvested 24 h after transfection.

Exposure of cells to drugs was performed in OPTI-MEM (Gibco-BRL
Life Technologies) for different time intervals as indicated in the figure
legends. The cells were exposed to the following chemicals; leupeptin,
NH4Cl, and galardin from Sigma–Aldrich, aprotinin (Roche), lactacystin
(Calbiochem), and Baf A1 (a gift from Astra Zeneca). Cells grown on
filters were exposed to the same concentration of drugs in apical and
basolateral media. After collection of conditioned media, cells were lysed
in LB for 1 h on ice.

Antibodies

The monoclonal antibodies (MAbs) SAF32 (Cayman), P4 and L42
(Food Diagnostics), 6H4 and 34C9 (Prionics), and 3F4 (Sigma–Aldrich)
were used in this study. Figs. 1A and 2A show a schematic representation
of the binding sites to PrP. In Western blots, primary antibodies were used
in 0.05–0.2 lg/ml concentrations. Secondary antibodies, goat-anti-mouse,
conjugated with horseradish peroxidase (HRP, Bio-Rad and Molecular
Probes), alkaline phosphatase (ALP, Molecular Probes) or Alexa-594
(Molecular Probes) were used in 0.05–0.3 lg/ml concentrations for
detection with enhanced chemiluminescence (HRP) or fluorescence (ALP
and Alexa-594).

Enzymatic deglycosylation, Western blot, and quantification analysis

Post-nuclear supernatants were produced by centrifugation of cell ly-
sates for 5 min at 1000g. Conditioned culture media were analysed without
prior concentration of proteins. For enzymatic deglycosylation samples
were treated with N-glycosidase F (PNGase F, New England Biolabs) for
1 h at 37 �C, as recommended by the manufacturer. Prior to electropho-
resis, proteins were boiled for 5 min in SDS sample buffer (NuPAGE,
Invitrogen) in the presence of a reducing agent (Invitrogen). Proteins were
separated by electrophoresis on precast 12% Bis-Tris polacrylamide gels
(XT-Criterion, Bio-Rad), with XT-MOPS (Bio-Rad) as the running
buffer. The proteins were electro-blotted at 25 V for 45 min with Tris/
CAPS transfer buffer as recommended by the supplier (Trans Blot Semi-
Dry, Bio-Rad) onto polyvinylidene difluoride membranes (Hybond-P,
Amersham Biosciences). To reduce unspecific binding of antibodies,
membranes were blocked by incubation with 5% (w/v) fat-free dried milk
(Bio-Rad) in TBS for 1 h at room temperature (RT). Incubations with
antibodies were performed in TBS with 0.1% Tween 20 and 1% (w/v) fat-
free dried milk overnight at 4 �C for primary antibodies and for 1 h at RT
for secondary antibodies. Visualisation of bands was achieved with en-
hanced chemiluminescence (ECL Plus, Amersham Biosciences), captured
by ECL Hyperfilm (Amersham Biosciences) or by fluorescence scanning
with a variable mode imager (Typhoon 9200, Amersham Biosciences)
when secondary antibodies labelled with ALP or fluorochromes were used.
The Image Quant software (Amersham Biosciences) was used for quan-
titative analysis of bands.

Results

We have conducted comparative studies of the proteo-
lytic processing of PrP in various cell lines by taking advan-
tage of GFP as a protein marker. Ovine PrP and different
PrP::GFP fusion proteins are illustrated in Fig. 1A. The
N-terminal PrP fragment, which in native PrP is 7–
9 kDa, appears with a molecular mass of approximately
36 kDa in the PrP::GFP fusion protein. See Table 2 for
an overview of molecular masses of PrP and PrP::GFP pro-
teins and fragments. As evident from Fig. 1B, PrP::GFP is
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Fig. 1. Ovine PrP and PrP::GFP constructs. (A) Features and binding sites of antibodies on both sides of the putative major cleavage site. (B) Patterns of
PrP cleavage in sheep brain (lanes 1–4) and different cell lines transfected with PrP::GFP (lanes 5–8, and 11 and 12) and PrP::GFPDGPI (lanes 9 and 10).
Samples from sheep brain and cell lysates were treated with Pngase-F as indicated. The absence or presence of furin in the LoVo cells is indicated in lanes
11 and 12.
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similarly processed in all four cell lines used in this study.
The proteolytic processing of PrP::GFP appears unrelated
to the proteinase furin as the furin-deficient LoVo cell line
processed PrP::GFP with the same efficiency as LoVo cells
stably transfected with furin (Fig. 1B, lanes 11 and 12).
Analysis of the proteolytic maturation of PrP constructs
devoid of GPI anchor (PrP::GFPDGPI) revealed that their
processing is indistinguishable from GPI-anchored PrPs
(Fig. 1B, lanes 9 and 10). Notably, PrP::GFPDGPI pro-
teins were unglycosylated.

To explore the effect of primary structure on the prote-
olytic processing of PrP, we have performed a number of
substitutions of amino-acids affecting the putative cleavage
site (Figs. 2A and B). Analyses of clones carrying these
substitutions reveal that the pattern and apparent efficiency
of PrP processing are unaffected by the mutations, even
after replacing amino-acids KHV (113–115) with three ala-
nines (Fig. 2C, lanes 9 and 10).

In order to utilise the 3F4 antibody in our studies of the
processing of PrP, we generated an ovine PrP::GFP con-
struct carrying the 3F4 epitope by substituting V115M
(Figs. 2A and B). As shown in Fig. 2C, lanes 11 and 12,
the processing of PrP::GFP V115M, as revealed by the
P4 antibody, is unaffected by the mutation. However, when
probed with the 3F4 antibody it is clearly illustrated that
this epitope is severely affected by the processing event,
as immunoreactivity is largely confined to full-length mol-
ecules (Fig. 2C, lanes 13 and 14).

MDCK cells and the other cell lines were exposed to
various proteinase inhibitors in attempts to inhibit the
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Fig. 2. Site-directed mutagenesis. (A) Schematic organisation of PrP::GFP, highlighting the major cleavage site (arrow) and binding sites for the
monoclonal antibodies 3F4 and P4. (B) Mutations introduced in the PrP::GFP construct at the putative cleavage site of PrP are given in bold letters. The
insertion of the 3F4 epitope (V115M) is indicated. (C) Western blot analysis of N2a cells transiently transfected with mutated PrP::GFP, analysed with the
P4 (lanes 1–12) or 3F4 (lanes 13 and 14) antibodies.

Table 2
Estimated and observed molecular masses of PrP and PrP::GFP fusion proteins and fragments

PrP fragment Estimated molecular mass in kDaa Molecular mass in SDS electrophoresis

Amino acids Peptide mass N-glycan N-glycan GPI anchor Without PNGase F With PNGase F PrP::GFP chimaera

25–233 22.7 4.5 4.5 4.5 27–37 27.2 52–63
113–233 13.9 4.5 4.5 4.5 25–27b 18.4 25–27
25–112 8.9 — — — 8.9 8.9 35.9

a Peptide masses were calculated by use of the computer program Vector-NTI (Informax, USA). Masses given for N-glycans and GPI anchor are
estimates based upon molecular masses observed in SDS electrophoresis in this paper and elsewhere, e.g., full-length deglycosylated PrP with its GPI
anchor intact runs at about 27.2 kDa in SDS electrophoresis.
b The presence of this C-terminal fragment is often obscured by less glycosylated full-length PrP molecules when analysed with intact N-glycans,

C-terminal fragments are, however, easily visualized after treatment with PNGase-F, as illustrated in Fig. 1B, lanes 3 and 4. The molecular masses of full-
length and cleaved PrP::GFP fusion proteins analysed in this paper are also given. The molecular mass of GFP is approximately 27 kDa.
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proteolytic processing of PrP::GFP as shown in Figs. 3A
and B. We did not observe any significant reduction in
the processing activity after inhibition of lysosomal pro-
teinases by increasing concentrations of leupeptin
(Fig. 3A, lanes 2–5) and zinc-metalloproteinases by use of
galardin (Fig. 3A, lanes 6 and 7). Notably, concentrations
of galardin reaching 100 lM were tested without any
apparent effect on the processing of PrP::GFP (not shown).
As shown in Fig. 3B, treatment with NH4Cl (lane 2) and
aprotinin (lane 3) for 16 h failed to affect the processing



Fig. 3. Attempts to inhibit the constitutive cleavage of PrP::GFP in stably transfected (A) MDCK II and (B) N2a cells by use of different classes of
proteinase inhibitors. (A) Cells were untreated (lane 1) or treated overnight (16 h) with leupeptin (lanes 2–5) and galardin (lanes 6 and 7) as indicated.
(B) Cells were untreated (lane 1) or treated overnight with NH4Cl (lane 2) or aprotinin (lane 3) and the proteasome inhibitor lactacystin (lane 4).
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of PrP::GFP, while incubation with the irreversible protea-
some inhibitor lactacystin (lane 4) led to an increase in
unglycosylated full-length PrP::GFP.

As illustrated in Figs. 4A–C, treatment with Baf A1 for
16 h allowed more unprocessed PrP to be recovered, espe-
cially in the apical medium ofMDCK. The average increase
A

B

C

I

II

Fig. 4. Baf A1 increases the amount of full-length PrP. (A, panel I) shows West
II cells stably transfected with PrP::GFPDGPI. Cells were grown on filters and
shows the effect on full-length PrP::GFP molecules of incubation for 16 h w
Quantitative analysis of full-length and cleaved PrP::GFPDGPI in cell lysates
given as means ± SEM of three independent experiments. PrP immunoreacti
omitting the cell lysates to highlight the increased amount of full-length PrP::G
of unprocessed PrP, relative to total PrP, based on three sep-
arate experiments, was from about 16% in the controls to
over 30% after Baf A1 treatment (Fig. 4B). The larger part
of this increase in PrP immunoreactivity was recovered in
the apical medium of MDCK cells, as highlighted in
Fig. 4C. These experiments also provide some information
ern blot of cell lysate (C), apical (A), and basolateral (B) media of MDCK
left untreated (control) or treated with Baf A1 (0.5 lM) for 16 h. Panel II
ith 0.5 lM Baf A1 in N2a and SH-SY5Y cells expressing PrP::GFP. (B)
and cell media of control versus Baf A1-treated MDCK II cells. Data are
vity is given in arbitrary units. (C) The same data as shown in (B), but
FPDGPI in apical but not basolateral media after treatment with Baf A1.
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concerning the sorting of this PrP::GFP protein in MDCK
cells and how Baf A1 exerts an effect on this sorting. In the
absence of Baf A1 the secretion of PrP::GFPDGPI into the
apical and basolateral media is about 2:1, respectively
(Fig. 4A, panel I, lanes 2 and 3), while in the presence of
Baf A1, secretion of PrP::GFPDGPI is greatly increased
and more stringently secreted into the apical medium (lane
5), with no increase in the basolateral medium (lane 6). The
increase in full-length PrP::GFP expressed in N2a and SH-
SY5Y cells after treatment with Baf A1 for 16 h is given in
Fig. 4A, panel II, lanes 1–4.

Discussion

Although the proteolytic processing of PrP was ob-
served in the early 1990s, it is still relatively poorly under-
stood. Notably, the fact that the epitope for the 3F4
monoclonal antibody, the most commonly used antibody
in prion research, is destroyed by the proteolytic processing
of PrP may have led to a somewhat simplified view of the
cellular biology of PrP [7]. This point is also clearly illus-
trated in the PrP::GFP model we have employed. Analysis
of brain or cell culture derived PrP from different species,
including birds, has shown that a considerable fraction of
the total PrP pool has undergone proteolytic processing
[2,3,7]. To what extent truncated PrPs can contribute to
the de novo generation of malformed PrPSc is presently un-
known [7], but an interaction between PrPC and PrPSc

resulting in disturbances of the normal processing of PrPC

cannot be ruled out. The cleavage of PrP shares a number
of features with proteins that are cleaved in the vicinity of a
transmembrane segment, known as juxtamembrane cleav-
age. Detailed epitope mapping, comparison of size, and
glycosylation patterns of the cleavage products of the
PrP::GFP constructs used in this study clearly show that
they were processed similarly if not identical to wt-PrP.
This model is further strengthened by the extreme affinity
of the monoclonal antibody P4 towards ovine PrP in Wes-
tern blots. The P4 antibody was raised against a synthetic
peptide covering amino-acids 89–104 in the ovine PrP
[21]. It thus binds to the N-terminal fragment produced
by the major cleavage around amino-acid 113.

We find that only a limited amount of N-terminal cleav-
age products are released into the cell culture medium;
rather, these are retained within the cells. If the cleavage
of PrP::GFP took place at the cell surface or during recy-
cling, one would have to expect the bulk of N-terminal
fragments to be released to the culture medium during this
process. Retention of N-terminal fragments within cells is,
however, in agreement with a recent report in which a dou-
ble-labelled fluorescent mouse PrP was studied in N2a cells,
where N-terminal fragments were retained within the cells,
possibly in vesicular structures in association with cytoskel-
eton components [22]. Another feature of the model
employed in this study is that if a cleavage of PrP some
10–20 amino-acids closer to the N-terminus should occur
at a significant frequency [7], this would be expected to
directly affect the P4 epitope. Our data do not support such
a notion because in our system N-terminal cleavage prod-
ucts are detected similarly with MAb SAF32, which binds
in the octa-repeat region, and P4. This appears to rule out
an alternative cleavage of PrP affecting the region covering
amino-acids 80–90 as N-terminal fragments thus derived
cannot be detected by P4. However, if a cleavage occurred
around amino-acid 105 in the ovine PrP, just C-terminal to
the P4 epitope, corresponding to K101 in the human se-
quence, the P4 epitope would be intact in the N-terminal
fragment. We have explored this by substituting V115 with
M115 in the ovine PrP, thus establishing the 3F4 epitope,
reasoning that if a separate cleavage took place around
amino-acid 105, the 3F4 epitope would be intact on the
C-terminal fragment since this epitope probably spans ami-
no-acids 107–115 according to ovine PrP [23]. We have,
however, failed to detect such a C-terminal fragment. Thus,
the exact difference in structure between the two N-termi-
nal fragments, routinely observed with our model, as seen
in Fig. 3B, remains to be determined. Our studies of 3F4
tagged ovine PrP::GFP, however support evidence from
other species showing that this epitope is destroyed as a re-
sult of the proteolytic processing of PrP. This also under-
lines the similarity of the processing of PrP::GFP as
studied here and the previously reported processing of
brain PrP in humans [5]. However, we do detect some
slightly heavier N-terminal fragments also with 3F4, sug-
gesting that a minor portion of the PrP molecules are
cleaved just C-terminal to amino-acid 115, leaving the
3F4 epitope intact on the N-terminal fragment, indicating
a relatively low specificity for the cleavage.

In order to analyse this further and possibly to inhibit
the cleavage, we inserted a number of amino-acid substitu-
tions affecting the putative cleavage site. None of these
mutations affected the processing of PrP::GFP, which sug-
gests that the enzyme(s) performing this cleavage operates
largely independent of the primary structure at the cleavage
site. Thus, it seems likely that other structural domains of
PrP are recognised by the processing enzyme(s). Data from
cells transfected with PrP lacking its GPI anchor
(PrP::GFPDGPI) effectively show that the structural fea-
tures that guide the processing activity are neither N-glycan
modifications nor the GPI anchor itself. Furthermore, effi-
cient cleavage of PrP::GFPDGPI indicates that GPI-direct-
ed raft association of PrP is not a prerequisite for
proteolytic processing, which would probably be expected
to be the case if the cleavage occurred during endocytic
recycling of PrP or by a raft-associated proteolytic activity.

Our attempts to inhibit the processing of PrP::GFP by
means of chemicals were also largely negative, except for
Baf A1 which resulted in a strong increase in recovery in
full-length forms of PrP. An increase in full-length ungly-
cosylated forms of PrP was, however, seen also after treat-
ment with the irreversible proteasome inhibitor lactasystin
(Fig. 3B, lane 4). This finding, which is in accordance with
a comprehensive study of the role of proteasomes in the
turnover of wild-type and mutated PrPs [24], most likely
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reflects that even in cell cultures expressing low to moder-
ate levels of transgenic PrP, as used in this study, a certain
fraction of the newly synthesised proteins will be subjected
to proteasomal degradation. The effects exerted by Baf A1

are interesting in view of the inhibitory effect that Baf A1

has on BACE-1 which is a membrane-bound aspartyl pro-
teinase resident in the endoplasmic reticulum and Golgi,
particularly active in the trans-Golgi network (TGN)
[19,25]. Interestingly, Baf A1 appears not to inhibit a-secre-
tase activities [19]. Since BACE 1 and a large number of
other proteinases are synthesised as zymogens that must
be proteolytically activated by convertases, such as furin
(reviewed by [26]), which is resident in TGN, we analysed
the proteolytic processing of PrP::GFP in the furin-defi-
cient human colon cancer cell line LoVo. We could observe
no difference in PrP::GFP processing between cells with or
without furin. It thus appears that the cleavage of
PrP::GFP as observed in our system is not furin dependent.
Notably, other enzymes in the pro-protein convertase fam-
ily, such as PC7, has been shown to be active and able to
activate both TACE and ADAM 10 in the absence of furin
in LoVo cells [27,28]. Therefore, a role for TACE and
ADAM 10 in the processing of PrP cannot be excluded.

Baf A1 specifically inhibits the V-H+/ATPase which is
localised to compartments of the endocytic and secretory
pathways, and is the major acidification mediator of the lu-
men of these organelle systems. It is interesting to note that
neutralisation with NH4Cl failed to mimic the effects seen
with Baf A1. The lack of inhibition of PrP processing of
other inhibitors of lysosomal proteinases, such as leupeptin
and aprotinin, strongly suggests that the processing is non-
lysosomal and that the effects seen with Baf A1 probably
stems from effects exerted on other acidified vesicles or
organelles. Further, the lack of inhibitory effect even of
very large concentrations of the broad spectrum metallo-
proteinase inhibitor galardin shows that this processing,
if metalloproteinase dependent, is probably not occurring
at the plasma membrane or endocytic compartments acces-
sible to the inhibitor. This, however, does not necessarily
contradict previous observations pointing to a role for
zinc-metalloproteinases in the processing of PrP [13], be-
cause complete inhibition of such activities is notoriously
difficult to achieve. Furthermore, the phorbol ester-stimu-
lated shedding of full-length PrP which has been ascribed
to an a-secretase like activity [14] has not been studied here.

The predominant apical secretion of PrP::GFPDGPI in
stably transfected MDCK cells observed here, particularly
after treatment with Baf A1 (approximately 90% apically),
deserves attention, since neutralisation of the lumen of acidic
organelles is known to increase the apical secretion stringen-
cy [29,30]. A similar medium distribution was observed with
GPI-anchored PrP::GFP (not shown). Although we did not
differentiate with respect to cellular sub-localisation of the
PrP::GFP fusion protein variants, our observations might
complement the current view of polarised transport of PrP
in epithelial MDCK cells. A predominant basolateral local-
isation of PrP has previously been reported [31], but in that
case, neither cellular localisation of cleaved PrP nor the
appearance of PrP in the media was studied. However, it
has recently been shown that the hydrophobic domain of
PrP can function as a dominant signal for basolateral sorting
of PrP in MDCK cells [32]. Interestingly, this domain is not
altered in any of the PrP constructs utilised in this study and
would thus be expected to direct the sorting of PrP::GFP
proteins to the basolateralmembrane ormedium.This, how-
ever, seems not to be the case.

Further studies are needed to get the total picture of PrP
sorting and transport in MDCK cells.

In summary, the data presented here indicate that a con-
siderable sub-population of PrP molecules is proteolytically
cleaved in an amazingly robust process, possibly during pas-
sage through the secretory pathway, by one ormore enzymes
ofwhich somemay have patterns of inhibition similar to that
of BACE 1. This PrP processing is independent of furin and
apparently of the primary sequence at the cleavage site. The
precise cellular compartment for the processing or whether
trapping of PrP in transmembrane conformations is in-
volved in the processing remains to be elucidated.
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