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Conversion of PrP€ into PrP5¢ is the central event in the
pathogenesis of transmissible prion diseases. Although the
molecular basis of this event and the intracellular compartment
where it occurs are not yet understood, the association of PrP
with cellular membranes and in particular its presence in deter-
gent-resistant microdomains appears to be of critical impor-
tance. In addition it appears that scrapie conversion requires
membrane-bound glycosylphosphatidylinositol (GPI)-linked
PrP. The GPI anchor may affect either the conformation, the
intracellular localization, or the association of the prion protein
with specific membrane domains. However, how this occurs is
not known. To understand the relevance of the GPI anchor for
the cellular behavior of PrP, we have studied the biosynthesis
and localization of a PrP version which lacks the GPI anchor
attachment signal (PrPAGPI). We found that PrPAGPI is teth-
ered to cell membranes and associates to membrane detergent-
resistant microdomains but does not assume a transmembrane
topology. Differently to PrPS, this protein does not localize at
the cell surface but is mainly released in the culture media in a
fully glycosylated soluble form. The cellular behavior of anchor-
less PrP explains why PrPAGPI Tg mice can be infected but do
not show the classical signs of the disorder, thus indicating that
the plasma membrane localization of PrP€ and/or of the con-
verted scrapie form might be necessary for the development of a
symptomatic disease.

According to the “protein only” hypothesis (1), the infectious
agent of transmissible spongiform encephalopathies is an
abnormally folded B-sheet-enriched conformer of the cellular
prion protein (PrP<),? called PrP scrapie (PrP5°) or prion (1).
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PrP>¢ is able to replicate and propagate itself by transferring its
altered conformation to the endogenous PrP<, a cell surface-en-
riched protein that becomes partially resistant to proteases and
accumulates in plaques in the brain (2). The molecular basis of
PrP<-PrP%¢ conversion, the intracellular compartment where the
conversion occurs, and how the process leads to neurological dys-
function are still very open and debated questions (3).

Several studies indicate that PrP<-PrPS° conversion is a post-
translational event that occurs after the protein reaches the cell
surface (4 —6). Indeed, it is possible to impair PrP*¢ formation in
infected cells either by preventing PrP© transport to the plasma
membrane (7), by exposing PrP© to specific antibodies, or by
releasing it from the cell surface by different methods (4, 5) (for
review, see Ref. 3). However, these data do not distinguish
whether scrapie conversion occurs on the plasma membrane or
later during its internalization. In infected cells PrP¢ accumu-
lates in late endosomes, and inhibition of endocytosis reduces
scrapie production (5, 8), thus indicating that the endolysoso-
mal pathway could be also involved in scrapie formation.

Although the exact nature of the compartment of prion con-
version is still debated, the membrane domains (also called
rafts) with which PrP associates seems to be important in the
conversion process (3, 9-11). Rafts are membrane domains
enriched in cholesterol and sphingolipids that have been pro-
posed to have a central role in many cellular processes (12),
including membrane sorting and trafficking, cell polarization,
and signal transduction (13-15). Like other GPI-anchored pro-
teins, PrP and PrP5 associate with rafts because of the affinity
of their GPI anchor for saturated lipid species (16-19). In
prion-infected N2a cells, perturbation of PrP raft association by
modifying the cellular levels of cholesterol affects PrP> forma-
tion (9—11). Moreover, removal of PrP€ from rafts by the sub-
stitution of its GPI anchor with a transmembrane domain pre-
vents the formation of PrP% (11, 20), thus suggesting a role for
these microdomains in scrapie replication.

From these observations it also seems evident that scrapie
conversion requires membrane-bound GPI-linked PrP. How-
ever, the role of the GPI-anchor in prion conversion is still
debated. In cell-free experiments, PrP lacking the GPI moiety
can be converted to the PrP5¢ form (21, 22), whereas in scrapie-

reticulum; FRT, Fischer rat thyroid; GPI, glycosylphosphatidylinositol; PM,
plasma membrane; PK, proteinase K; TX-100, Triton X-100; PGNaseF, pep-
tide N-glycosidase F; PBS, phosphate-buffered saline; TRITC, tetramethyl-
rhodamine isothiocyanate.
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infected cells the absence of the GPI moiety reduces conversion
(4, 23). Furthermore, it has been recently shown that a PrP
mutant lacking the GPI anchor (anchorless PrP or PrPAGPI)
supports scrapie replication in transgenic mice, although the
infected mice do not show any of the clinical signs of the disease
until death (24). A possible explanation for these differences
between PrP< and PrPAGPI could be that PrPAGPI is per se
able to sustain conversion into PrP%¢but that other factors pres-
ent in specific compartments of the cell are also required for
conversion and for the pathogenesis of the disease. These find-
ings have prompted us to analyze the biosynthesis, intracellular
trafficking, and biological properties of an anchorless version of
PrP (PrPAGPI) in transfected cells to better understand the role
of the GPI anchor in the behavior of the prion protein. Differ-
ently to what was published before, we found that PrPAGPI is
fully glycosylated, but in contrast to the GPI-anchored version,
it does not localize on the plasma membrane and is mainly
secreted. Interestingly, despite the lack of the GPI anchor,
PrPAGPI associates to intracellular membranes but does not
acquire a transmembrane topology. Furthermore, we found
that a significant amount of the protein associates to detergent-
resistant domains (DRMs), supporting previous evidence that
PrP< could associate to lipid rafts in a GPI anchor-independent
manner (25). We propose that the differences in metabolism
and intracellular trafficking compared with PrP< are relevant
for the development of prion diseases and might lead to a better
understanding of their pathogenic mechanisms.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Cell culture reagents were pur-
chased from Invitrogen. The a-PrP antibodies PRI308, SAF32,
and SAF61 were a kind gift of Dr. J. Grassi (Commissariat a
I'Energie Atomique, Saclay, France). The antibodies against
a-calnexin (CNX) and early endosomal antigen 1 were from
StressGen Biotechnologies Corp. (Victoria, BC, Canada). The
antibody against Giantin was from Berkeley Antibody Co., Inc.
(Richmond, CA). Lysotracker Red DND-99 was from Molecu-
lar Probes (Eugene, OR). Endoglycosidase H (EndoH) was from
Roche Diagnostic, and peptide N-glycosidase F (PGNaseF) and
neuraminidase were from Roche Applied Science. GM6001
(Ilomastat) matrix metalloprotease inhibitor was from Chemi-
con International. Protein-A-Sepharose was from GE Health-
care. Sulfo-H-hydroxy-biotin (S-NHS-biotin) was from Pierce.
Methyl-B-cyclodextrin (8CD), mevinolin, fumonisin B1 and all
other reagents were obtained from Sigma.

PrP Constructs and Transfection—Fischer rat thyroid (FRT)
cells were transfected with a ¢cDNA encoding 3F4-tagged
PrPAGPI (a kind gift of Dr. Sylvain Lehmann, UPR CNRS1142,
Montpellier, France) with the calcium phosphate procedure as
previously described (26), and single stable clones were selected
by G418 resistance and used for the following experiments.

Cell Culture and Drug Treatments—FRT cells stably express-
ing PrPAGPI were grown in F-12 Coon’s modified medium
containing 5% fetal bovine serum. Tunicamycin (10 pug/ml) was
added to the cell culture medium for 16 h. Mevinolin/BCD and
fumonisin B1 treatments were carried out as described else-
where (16, 17). Cellular cholesterol levels before and after
depletion were determined by a colorimetric assay (Infinity
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Cholesterol reagent; Sigma) according to the suggested Sigma
protocol number 401, as previously described (17). The samples
were then read in a spectrophotometer at 550 nm. Phorbol
12-myristate 13-acetate (1 um), GM6001 (25 um), and BCD (5
mwm) were added to the culture medium for 7 h before collecting
cell-free media.

Immunoprecipitation—Cells grown in 60- or 100-mm dishes
were washed 3 times with and lysed in Triton/DOC buffer (0.5%
Triton X-100, 0.5% DOC, 150 mMm NaCl, 50 mm Tris-HCI, pH
7.5) with protease inhibitor mixture (leupeptin, antipain, pep-
statin, and 1 mm phenylmethylsulfonyl fluoride) for 20 min.
Lysates were then precleared with protein-A-Sepharose beads
(5 mg/sample) for 30 min and incubated overnight at 4 °C with
a-PrP antibody coupled with protein-A-Sepharose beads (10
mg/sample). For media analysis cell media were collected at 7 h
or after overnight incubation and immunoprecipitated. The
pellets were washed twice with cold lysis buffer and three times
with PBS. The samples were then boiled with SDS sample
buffer, loaded on polyacrylamide gels, and revealed by Western
blotting against PrP and ECL. For direct coupling of antibody to
protein A-Sepharose beads, 10 mg/sample of protein A-Sepha-
rose beads was incubated with the antibody for 1 h at room
temperature with gentle rocking. The beads were then washed
and incubated in 20 mm methyl pimelimidate in 0.2 M sodium
borate, pH 9.0, for 30 min at room temperature. The reaction
was stopped with 0.2 M ethanolamine.

Peptide N-glycosidase F, Endoglycosidase H, and Neuramini-
dase Treatment—PGNaseF, EndoH, and neuraminidase diges-
tions were performed on immunoprecipitated samples. For
PGNaseF treatment the immunoprecipitated samples were
resuspended and boiled for 5 min in 10 mm EDTA, 1% Triton
X-100, 0.1% SDS, 1% B-mercaptoethanol and incubated with
PGNaseF (5 units/sample) for 16 h at 37 °C.

For EndoH and neuraminidase (5 milliunits/sample) diges-
tion, the immunoprecipitated samples were first boiled for 3
min in 50 ul of 0.1 M sodium citrate, pH 5.5, containing 0.1%
SDS and then treated with the specific enzyme for 16 h at 37 °C.
The samples were then analyzed by SDS-PAGE and Western
blotting.

Pulise-Chase Analysis—FRT cells expressing PrPAGPI and
grown on 100-mm dishes were pulsed for 20 min with 100
wCi/ml [**S]methionine and chased for various times at 37 °C,
as indicated in Fig. 1C. At the end of the chase times cells were
washed with cold PBS and lysed for 20 min on ice in Triton/
DOC buffer. PrPAGPI immunoprecipitation was performed
overnight using the a-PrP SAF32 antibody coupled to protein-
A-Sepharose beads. The pellets were washed twice with cold
lysis buffer and three times with PBS. The samples were then
boiled with SDS sample buffer, loaded on 12% polyacrylamide
gels, and revealed by phosphorimaging scanning.

Assays for Scrapie-like Properties—Proteinase K (PK) diges-
tion and Triton/DOC insolubility assays were performed as
previously described (16, 27).

Fluorescence Microscopy—FRT cells stably expressing
PrPAGPI were grown for 4-5 days both on coverslips and on
Transwell filters (not shown), washed with PBS, fixed in 2%
paraformaldehyde, permeabilized with 0.075% saponin, and
processed for indirect immunofluorescence using specific anti-
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bodies. PrPAGPI was visualized with a fluorescein isothiocya-
nate-conjugated secondary antibody, whereas CNX, giantin,
and early endosomal antigen 1 were revealed by TRITC-conju-
gated secondary antibodies using a Zeiss laser scanning confo-
cal microscope (LSCM 510). For lysosome staining, cells were
incubated for 1 h with Lysotracker (1:10,000) in complete
medium before fixing.

Biotinylation Assays—Confluent monolayers on Transwells
were biotinylated and processed for immunoprecipitation as
previously described (26). To recover the immunoprecipitated
PrP, the samples were boiled for 10 min and then loaded on 12%
gels and revealed by Western blotting with horseradish perox-
idase-conjugated streptavidin.

Triton X-114 Phase Separation—Cells were lysed in Tris-
buffered saline 1% Triton X-114 (10 mm Tris-HCI, pH 7.4, 150
mM NaCl. and 1 mm EDTA) for 1 h at 4 °C. Post-nuclear super-
natants were incubated for 3 min at 37 °C and centrifuged for 1
min at room temperature for phase separation. An aqueous and
a detergent phase were collected and trichloroacetic acid-pre-
cipitated. PrPs were revealed by Western blotting.

Topology Assays; Digitonin Permeabilization—FRT cells
grown for 4-5 days on coverslips were washed twice with
Buffer 1 (20 mm Hepes-KOH, pH 7.2, 110 mM potassium ace-
tate, 2 mM magnesium acetate) and then incubated on ice for 5
min with digitonin (20 ug/ml) in Buffer 1. After washing, cov-
erslips were fixed in 2% paraformaldehyde and, where indi-
cated, permeabilized with 0.075% saponin, processed for indi-
rect immunofluorescence, and analyzed by a Zeiss laser
scanning confocal microscope (LSCM 510) as described above.

PK Protection Assay—Membrane topology of PrPAGPI was
determined as previously described (28, 29). Cells were lysed in
0.25 M sucrose, 10 mm HEPES, pH 7.4, by 10 passages through
26-gauge needles. The post-nuclear supernatant was divided
into three samples; one untreated, the second digested with 250
pg/ml PK for 30 min at 22 °C in 50 mm Tris-HCI, pH 7.5, and
the third digested with PK at the same concentration in the
presence of 0.5% Triton X-100 (TX-100). Samples were immu-
noprecipitated both with SAF32 or SAF61 antibodies, divided
in two aliquots digested (+) or not (—) with PGNaseF, and
analyzed by Western blotting.

Sodium Carbonate Extraction—Cells were homogenized in
0.25 M sucrose with either 0.1 m Tris-HCI, pH 7.5, or 0.2 M
sodium carbonate, pH 11, for 30 min on ice by 10 passages
through 26-gauge needles and centrifuged for 30 min at 4 °C at
61,000 rpm (in a MLA 130 rotor from TLA 100, Beckman
Instruments, Fullerton, CA). Soluble and insoluble phases were
collected and trichloroacetic acid-precipitated, and PrPs were
revealed by Western blotting.

DRM Analysis by Sucrose Density Gradients—Control and
mevinolin/BCD- and fumonisin B1-treated cells grown to con-
fluence in 150-mm dishes were harvested in cold PBS and
resuspended in 1 ml of lysis buffer (1% TX-100, 10 mm Tris-
HCI, pH 7.5, 150 mMm NaCl, 5 mm EDTA), left in ice for 20 min,
and passaged 10 times through 22-gauge needles. Lysates were
mixed with an equal volume of 85% sucrose (w/v) in 10 mm
Tris-HCl, pH 7.5, 150 mm NaCl, 5 mm EDTA, placed at the
bottom of a discontinuous sucrose gradient (30-5%) in the
same buffer, and ultracentrifuged at 200,000 X gfor 17 hat4 °C
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in an ultracentrifuge (SW41 rotor from Beckman Instruments).
Twelve fractions were harvested from the top of the gradient. A
white light-scattering band, identified in fraction 5 at the inter-
face between 5 and 30% sucrose, contained DRM domains.
Samples were trichloroacetic acid-precipitated, and proteins
were analyzed by Western blotting.

Lipid Analysis—Aliquots of fraction 5 (800 ul) of sucrose
density gradients diluted with 200 ul of lysis buffer were pre-
cleared twice with Dynabeads for 2 h and incubated overnight
at 4°C with an «-PrP antibody. Immunoprecipitates were
recovered using protein A-coupled magnetic beads (30). %5 of
the samples were analyzed by SDS-PAGE. Lipids were
extracted from the immunoprecipitates and analyzed as
described below. Cholesterol was quantified after separation on
high performance TLC by visualization with 15% concentrated
sulfuric acid in 1-butanol (30). Phospholipids and sphingomy-
elin were separated by a two-run mono-dimensional high per-
formance TLC using the solvent system chloroform/methanol
9:1 (v/v) followed by the solvent system chloroform/methanol/
acetic acid/water 30:20:2:1 (v/v/v/v) and quantified after sepa-
ration on a high performance TLC followed by specific detec-
tion with a molybdate reagent. Lipids were quantified by
densitometry and compared with known amounts of standard
lipids (Molecular Analyst program, Bio-Rad).

Preparation of Detergent-free Lipid Rafts—Detergent-free
extraction and gradients were performed as previously pub-
lished (31). Four 150-mm plates of cells were washed and
scraped into 20 mm Tris-HCI, pH 7.8, 250 mm sucrose to which
had been added 1 mm CaCl, and 1 mm MgCl,. Cells were pel-
leted by centrifugation for 2 min at 250 X gand resuspended in
1 ml of 20 mm Tris-HCI, pH 7.8, 250 mM sucrose containing 1
mMm CaCl,, 1 mm MgCl,, and protease inhibitors at final con-
centrations of 0.2 mM aminoethylbenzenesulfonyl fluoride, 1
pg/ml aprotinin, 10 um bestatin, 3 um E-64, 10 ug/ml leupep-
tin, 2 uM pepstatin, and 50 ug/ml calpain inhibitor I. The cells
were then lysed by passage through a 22-gauge needle 20 times.
Lysates were centrifuged at 1000 X g for 10 min. The resulting
post-nuclear supernatant was collected and transferred to a
separate tube. The pellet was again lysed by the addition of 1 ml
of base buffer plus divalent cations and protease inhibitors fol-
lowed by sheering 20 times through a needle and syringe. After
centrifugation at 1000 X g for 10 min, the second post-nuclear
supernatant was combined with the first. An equal volume (2
ml) of 20 mm Tris-HCIl, pH 7.8, 250 mum sucrose containing 50%
OptiPrep was added to the combined post-nuclear superna-
tants and placed in the bottom of a 12-ml centrifuge tube. An
8-ml gradient of 0-20% OptiPrep in base buffer was poured on
top of the lysate, which was now 25% in OptiPrep. Gradients
were centrifuged for 90 min at 52,000 X gusingan SW-41 rotor
in a Beckman ultracentrifuge. Gradients were fractionated into
0.67-ml fractions, and the distribution of various proteins was
assessed by Western blotting.

Differential Centrifugation and Secreted Vesicle Isolation—
Cell culture media from 20 X 10° FRT cells was submitted to
differential centrifugation in the absence or in the presence of
1% TX-100. Media were centrifuged at 1,000 X g for 5 min and
at 10,000 X g for 30 min and ultracentrifuged at 100,000 X g for
1 h. Pellet and soluble fractions were recovered at each ultra-
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FIGURE 1.PrPAGPIis diglycosylated, has a long half-life, and does not acquire scrapie-like characteristics
in transfected FRT cells. A, FRT cells expressing PrP< and PrPAGPI were lysed in Triton/DOC, and PrP isoforms
were immunoprecipitated by using either an a-N-terminal PrP (SAF32) (lanes 1), an a-3F4 tag (PRI308) (lanes 2),
or an a-C-terminal PrP (SAF61) (lanes 3) antibody, and PrPs were analyzed by SDS-PAGE and Western blot by
using SAF32 antibody. B, cells were grown in the presence (+) or absence (—) of tunicamycin for 16 h and then
lysed in Triton/DOC buffer. The proteins were then trichloroacetic acid-precipitated, separated by SDS-PAGE,
and immunoblotted against a-PrP antibody (left panel). In the right panel, PrPAGPI was either untreated or
digested for 16 h with PGNaseF, EndoH, or neuraminidase. After immunoprecipitation with SAF32, PrPAGPI
was revealed by SDS-PAGE and Western blotting. C, FRT cells expressing either PrP< or PrPAGPI were pulse-
labeled with [**SImethionine for 20 min and then chased in medium containing unlabeled methionine for the
indicated times. Cells were then lysed in Triton/DOC buffer, and PrP was immunoprecipitated. Samples were
analyzed by SDS-PAGE and phosphorimaging scanning. Quantization of three independent experiments is
shown in the graphs. Error bars are given from the different quantization. D, PK digestion assay. After lysis in the
absence of protease inhibitors, cells were treated where indicated (+) with PK (3.3 pg/mg of protein) at 37 °C
for 2 min. The proteins were then trichloroacetic acid-precipitated, separated by SDS-PAGE, and immuno-
blotted against a-PrP antibody SAF61. For the Triton/DOC insolubility assay, after lysis in Triton/DOC buffer,
lysates were ultracentrifuged to separate detergent-soluble (S) and insoluble (P) molecules. The proteins were
trichloroacetic acid-precipitated, and PrPAGPI was separated by SDS-PAGE and analyzed by Western blotting.
H, diglycosylated PrP; M, monoglycosylated PrP; U, unglycosylated PrP; *, immunoglobulin chains.

antibodies used (a-N-terminal
(SAF32,Fig. 1, lane I), a-C-terminal
(SAF61, lane 3), and «-3F4 tag
(PRI308, lane 2)), in the case of
PrPAGPI only SAF32 and SAF61
antibodies recognized all glyco-
forms, whereas PRI308 specifically
recognized only the unglycosylated
form (Fig. 1A). Because the a-3F4
antibody recognizing the same
epitope of PRI308 was previously
used to characterize PrPAGPI (23),
this could explain why it was previ-
ously thought to be unglycosylated
(23, 24).

In support of our findings, inhibi-
tion of N-glycosylation either with
PGNaseF digestion or tunicamycin
treatment reduced PrPAGPI to a
single band corresponding to the
unglycosylated PrP isoform (Fig.
1B) similar to the wild-type protein
as previously shown (28). To char-
acterize the oligosaccharide chains
of PrPAGP]I, we performed a degly-
cosylation assay using either EndoH
or neuraminidase (27) (Fig. 1B). Dif-
ferently from PrP<, which in the
same cells was resistant to EndoH
and sensitive to neuraminidase
digestion (28), PrPAGPI was com-
pletely resistant to both treatments
(Fig. 1B). These data suggest that
PrPAGPI displays different oligo-
saccharide chains compared with
PrP€. Thus, some of the glycan
modification enzymes (as well as the
sialidases) have no access to the
complex N-oligosaccharide chains

centrifugation step and trichloroacetic acid-precipitated. PrPs
were analyzed by Western blotting.

RESULTS

Expression and Characterization of PrPAGPI in Transfected
FRT Cells—Polarized epithelial FRT (Fischer rat thyroid) cells,
previously used to characterize the exocytic pathway of PrP¢
(16, 17) and of an inherited pathological PrP mutant (28), were
stably transfected with a PrP version lacking the GPI anchor
attachment signal (PrPAGPI) (23). Although PrPAGPI was pre-
viously shown to be predominantly unglycosylated in both cells
and animals (23, 24), in our hands it migrated as three major
bands corresponding to unglycosylated (U/), monoglycosylated
(M), and highly diglycosylated isoforms (H), similarly to PrP
(Fig. 1A). This discrepancy could be explained by different con-
formations of the different isoforms of PrPAGPI or by particu-
lar sugar modifications that could mask the epitopes recog-
nized by some antibodies. Indeed, although all isoforms of PrP“
were equally well immunoprecipitated by the three different
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of PrPAGPI either because of its abnormal folding and/or
because of its retention in an intracellular compartment where
these enzymes are not present. Furthermore, pulse-chase
experiments showed that in addition to the three isoforms pres-
ent at the steady state (U, M, and H) PrPAGPI was also synthe-
sized as an immature diglycosylated precursor (/) (Fig. 1C) that
has also been described for PrP< (16). Interestingly, the level of
PrPAGPI does not decrease even after 6 h of chase (Fig. 1C),
indicating that the protein is more stable than the wild type,
which in FRT cells has a half-life of about 2 h (Fig. 1C) (16).
The longer half-life of PrPAGPI could derive from an altered
folding of the protein that would aggregate and then become
resistant to degradation. To test this hypothesis we analyzed the
scrapie-like characteristics of PrPAGPI by PK-resistance and
Triton-DOC insolubility assays (27) (Fig. 1D, right panel). By
treating 1 mg of total protein in cellular lysates with 3.3 ug of PK
for 2 min at 37 °C (16), we found that PrPAGPI is entirely
digested by the enzyme similarly to PrP< (Fig. 1D, left panel).
Moreover, no sedimentation was found after centrifugation of
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FIGURE 2. PrPAGPI is extrinsically linked to cellular membranes and does
not acquire a transmembrane topology. A, FRT cells expressing PrP< and
PrPAGPI were lysed in TX-114 buffer (see “Experimental Procedures”) and the
aqueous (S) and detergent (P) phases were analyzed for the presence of PrPs
by SDS-PAGE and Western blotting. B, FRT cells expressing PrPAGPI were
grown on coverslips and treated with cold digitonin before fixing with 2%
paraformaldehyde and eventually permeabilized with 0.075% saponin. The
cells were then incubated with either a-PrP mAbs (SAF32, SAF61, and PRI308)
or with antibodies against CNX or calreticulin (CLT) and then treated with
a-mouse and a-rabbit secondary antibody conjugated with fluorescein iso-
thiocyanate or TRITC. Bar, 10 um. The samples were then examined by con-
focal microscopy by a Zeiss laser scanning confocal microscope (LSCM 510).
C, PK protection assay. Microsomes were prepared as described under “Exper-
imental Procedures” and either left untreated orincubated with 250 pg/ml PK
in the absence or presence of Triton X-100. After immunoprecipitation using
either SAF32 or SAF61, the samples were splitin two and either left untreated
or incubated for 16 h with 5 units/sample PGNaseF. PrPs were detected by
Western blotting using either SAF32 and SAF61. D, FRT cells expressing PrP®
and PrPAGPI were homogenized in 0.25 m sucrose at pH 7.5 or 11, and after
ultracentrifugation (see “Experimental Procedures”) the recovered aqueous
(S) and detergent (P) phases were analyzed for the presence of PrPs by SDS-
PAGE and Western blotting. ¥, immunoglobulin chains.

Triton/DOC lysates at 265,000 X g for 40 min (Fig. 1D, right
panel). Taken together, these experiments indicate that despite
its long half-life (12 h (not shown)) PrPAGPI does not display
the major biochemical hallmarks of scrapie PrP (i.e. misfolding
and aggregation).

PrPAGPI Associates with Cellular Membranes but Does Not
Assume a Transmembrane Topology—It is possible that the
protein without the GPI anchor assumes a transmembrane
topology. To test whether PrPAGPI associated to membranes,
Triton X-114 lysates were incubated at 37 °C and separated into
aqueous and detergent phases by centrifugation. PrPAGPI was
recovered almost exclusively in the Triton X-114 detergent
phase (Fig. 24), indicating that it was associated to cellular
membranes.

Then, to understand whether PrPAGPI assumes a trans-
membrane topology, we analyzed the accessibility of specific
antibodies to N- or C-terminal PrP epitopes exposed on cyto-
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solic surfaces of intracellular membranes (Fig. 2, Band C). In a
first approach, we used cold digitonin to allow a limited perme-
abilization of the plasma membrane but not of the intracellular
membranes such that only cytosolic epitopes of proteins were
accessible (Fig. 2B). Under these conditions, as control we could
show an ER staining using an CNX antibody against an epitope
exposed on the cytosolic side of the endoplasmic reticulum
(ER) but not by using an a-calreticulin antibody against an
epitope present in the lumen of this organelle (Fig. 2B). By using
antibodies against the N- or C-terminal PrP sequence or against
the 3F4 tag, which spans amino acids 109-112 of human PrP,
we did not detect any PrP staining (Fig. 2B), suggesting that
PrPAGPI did not span the membranes either with an N- or a
C-terminal orientation. The same result was obtained for PrP©
(supplemental Fig. 1).

To exclude that both C- and N-terminal domains were inac-
cessible in the ER lumen, as is the case of a double-spanning
peptide, we analyzed the topology of the PrP mutant by per-
forming a protease protection assay (see “Experimental Proce-
dures”) on isolated microsomal vesicles, as previously pub-
lished (32) (Fig. 2C). In this assay, full protection from digestion
by exogenous protease indicates complete translocation into
the ER lumen, whereas digestion of specific domains generating
discrete protease-protected fragments indicates a membrane-
spanning topology whose exact orientation can be clarified by
identification of the protected fragments with epitope-specific
antibodies. We also used PGNaseF to reduce the protein to a
single band. After PK treatment, only full-length PrP and no C-
or N-terminal PrP fragments could be detected using both C- or
N-terminal antibodies (Fig. 2C), indicating that PrPAGP]I, sim-
ilar to PrP<, was completely translocated into the ER and does
not assume a transmembrane topology (33). Note that a high
percent of PrP was also digested by PK in absence of detergent.
It is expected that a significant population of PrP will be vulner-
able to PK digestion also in the absence of detergent because
mechanical disruption of cells results in a heterogeneous pop-
ulation of membranes; that is, membrane fragments, “inside-
out” vesicles, and vesicles that have maintained their natural
polarity. Upon PK digestion, only the fully translocated PrP in
the latter vesicles will be protected. The other population of PrP
in the former two types of membranes will be vulnerable to
digestion by PK.

To confirm that PrPAGPI was extrinsically associated to
membranes, we performed a detergent-free extraction at neu-
tral or basic pH (34) (Fig. 2D). In this assay intrinsic membrane
proteins such as transmembrane and GPI-anchored proteins
cannot be extracted with both pH conditions, whereas extrinsic
proteins are extracted only at basic pH. Although PrP< was
recovered in the insoluble phase after both neutral and basic pH
extraction, a fraction of PrPAGPI, in particular the unglyco-
sylated form, was extracted at basic pH (Fig. 2D), suggesting
that it was extrinsically attached to the membranes.

PrPAGPI Association with DRMs— Association to rafts might
have a role in the conversion process (10, 11, 28, 35-37).
Because PrPAGPI associates to membranes and has been
shown to sustain infection, we analyzed whether it associates
with DRMs and the characteristics of this association.
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FIGURE 3. PrPAGPI associates to DRMs independently from choles-
terol and sphingolipids. A, FRT cells expressing PrPAGPI were grown on
150-mm dishes and treated or not (control) with mevinolin and B-cyclo-
dextrin (Mev/B-CD) or fumonisin B1 (FBT) as previously described (17). FRT
cells expressing PrP“ were used as control. After lysis in 1% Triton X-100, 2
mg of total proteins were run through a two-step (5-30%) sucrose density
gradient, as described under “Experimental Procedures.” Twelve fractions
were collected from the top to bottom of the tube after centrifugation to
equilibrium, and PrP and flotillin were revealed by Western blotting.
B, post-nuclear supernatants from FRT cells expressing either PrP< or
PrPAGPI were prepared in absence of detergent, and an OptiPrep two-
step gradient (0-20%) was performed as described under “Experimental
Procedures.” Eighteen fractions were collected from the top to bottom of
the tube after centrifugation to equilibrium, and PrP was revealed by
Western blotting.

DRMs were purified by sucrose density gradients from FRT
cells expressing either PrP< or PrPAGPI after lysis in cold
TX-100 (Fig. 3A). The average of four different experiments
showed that the same amount (about 50%) both of PrP¢ and
PrPAGPI floated to the lighter DRM fractions. We then
depleted the cells of cholesterol and sphingolipids, the two
major raft components, and analyzed the effect of these treat-
ments on its flotation rate. Surprisingly, we found that DRM
association of PrPAGPI was not perturbed by any of the treat-
ments (Fig. 34), different from what has been shown for PrP€in
the same cells (17). This suggests that the GPI anchor-indepen-
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TABLE 1

Analysis of the lipid species coimmunoprecipitated with PrP< or
PrPAGPI in the DRM fractions after purification on sucrose density
gradients

Nanomoles from each lipid species were determined and expressed in relative
percentages. Values represent the mean of three independent experiments *
S.D. SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PE,
phosphatidylethanolamine.

Immunoprecipitates SM PC PS PE  Cholesterol
PrP€ 9+t2 18*26 7*11 6*15 60=*55
PrPAGPI 8+15 15*x11 6*18 4=*12 67 £ 5.5

dent raft association of PrPAGPI does not depend on choles-
terol or sphingolipids.

The different effect of either cholesterol and sphingolipid
depletion on PrP¢ and PrPAGPI flotation could be due to a
different lipid composition of the membrane microdomains to
which the two proteins associated. We applied a recent pub-
lished method (38) to analyze the lipid composition of DRMs
associated with PrP< and PrPAGPIL. However, analysis of the
lipids coimmunoprecipitating with PrP< and PrPAGPI in the
raft fractions of sucrose gradients did not reveal any significant
differences in the amount of cholesterol and sphingomyelin
associated to PrP< and PrPAGPI (Table 1). These results sug-
gest that the two proteins associate with a similar membrane
compartment, albeit in different ways.

Because several observations have raised concerns that cell
extraction with detergents may generate non-physiological
clusters of raft lipids and proteins (31), we isolated rafts from
cells fractionated in the absence of detergents (Fig. 3B) accord-
ing to a previously published protocol (31). By using this proce-
dure, both PrPAGPI and PrP€ could be recovered in the raft
fractions (Fig. 3B), thus suggesting that this association is not a
consequence of detergent addition and confirming that it is not
mediated by the GPI anchor.

Analysis of Cellular Distribution of PrPAGPI—W e next ana-
lyzed the intracellular localization of PrPAGPI by indirect
immunofluorescence and confocal analysis of FRT cells co-la-
beled with antibodies directed against PrP and different intra-
cellular compartment markers (Fig. 44). PrPAGPI colocalized
extensively with giantin, a marker of the Golgi apparatus (Fig.
4A), whereas no colocalization was found with markers of ER
such as CNX and of the endo-lysosomal pathway, such as early
endosomal antigen 1 and lysotracker (Fig. 44). This localization
pattern was very similar to the one of PrP< in the same cells (28).
However, differently to PrP< (16, 28), no plasma membrane
(PM) signal of PrPAGPI was found (Fig. 4A4). To rule out the
possibility that the immunofluorescence signal at the PM was
below detection levels, we analyzed the surface localization of
PrPAGPI by a biotinylation assay (Fig. 4B) and by confocal
microscopy (not shown) in cells grown on filters in polarized
conditions where the exocytic transport to the surface is
enhanced compared with cells grown on coverslips (17, 28).
Both of these experiments confirmed that PrPAGPI is not pres-
ent on the cell surface of FRT cells (Fig. 4B).

Analysis of Secretion of PrPAGPI—The data presented above
suggested that PrPAGPI was secreted. To verify this hypothesis,
media from PrP“- and PrPAGPI-expressing FRT cells were col-
lected after overnight culture and analyzed for the presence of
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FIGURE 4. PrPAGPI localizes mainly in the Golgi apparatus and is absent
from the plasma membrane. A, FRT cells expressing PrPAGPI were grown on
coverslips and fixed with 2% paraformaldehyde and permeabilized with
0.075% saponin. They were then incubated with the a-PrP mAb (SAF32) and
with primary polyclonal antibodies against different markers of intracellular
compartments, e.g. CNX, giantin, and early endosomal antigen 1 (EEAT) and
then treated with a-mouse and «-rabbit secondary antibody conjugated
with fluorescein isothiocyanate or TRITC. Lysotracker was used to label lyso-
somes for 1 h in vivo before fixation and confocal imaging. Bar, 10 um. The
samples were then examined in a Zeiss laser scanning confocal microscope
(LSCM 510). B, FRT cells were grown on filters for 5 days. Surface-expressed
PrP< and PrPAGPI were selectively biotinylated from the apical (Ap) or baso-
lateral (BL) side. The cell lysates were collected and immunoprecipitated with
SAF32 antibody, and PrPs were revealed by Western blotting using both
horseradish peroxidase-conjugated streptavidin (left panel) or SAF61 anti-
body (right panel). *, immunoglobulin chains.

the proteins by Western blots. Interestingly, although we found
only a 1-5% of the total PrP< in the cell media (Fig. 54, left
panel, compare the first and third lanes), more than 90% of
PrPAGPI was secreted (Fig. 54, compare and fifth and seventh
lanes). To understand whether the secreted polypeptide corre-
sponded to the full-length protein or to a proteolytic product,
we treated the lysates with PGNaseF. We found that both the
full-length protein and lower molecular weight products were
secreted both for PrP< and PrPAGPI (Fig. 54, fourth and eighth
lanes). The lower bands could represent the shed PrP forms,
recently described (39). Interestingly, by collecting separately
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FIGURE 5. PrPAGPI is secreted in a soluble form in a metalloprotease-
independent and BCD-dependent polarized manner. Cell lysates and
overnight media from PrP<-and PrPAGPI-expressing FRT cells were (A) immu-
noprecipitated with SAF32 antibody, digested (+) or not (=) for 16 h with
5units/sample of PGNaseF and analyzed by Western blots (left panel). Alter-
natively, FRT cells were grown on Transwell filters for 5 days to collect over-
night apical and basolateral media (right panel). Note that in contrast to the
left panel, the lanes of lysates and media in the right panels are not quantita-
tively representative since the ratio cells/media is 1:3 in the case of PrP“ and
3:1in the case of PrPAGPI. Ap, apical; BL, basolateral. B, after submitting over-
night cell culture media to sequential centrifugation steps with increasing
centrifugal forces (7, 1,000 X g; 70, 10,000 X g) as described under “Experi-
mental Procedures” (40), ultracentrifugation at 100,000 X g was performed to
separate soluble (S) and membrane-associated (P) proteins. Ultracentrifuged
cell homogenates were used as controls. Triton X-100 was used to release
membrane-associated proteins in the soluble fraction. All samples were then
trichloroacetic acid-precipitated and analyzed by Western blotting using
SAF32 antibody. C, immunoprecipitation with SAF32 antibody, and Western
blotting analysis was performed on cell culture media from PrP“- and
PrPAGPI-expressing FRT cells collected after 7 h of treatment with either the
zinc metalloprotease hydroxamate-based inhibitor GM6001, phorbol 12-my-
ristate 13-acetate (PMA), or BCD. Quantization of three independent experi-
ments is shown in the graphs. Error bars are shown.

the apical and basolateral media of FRT cells grown on Tran-
swell filters, we found that both PrP and PrPAGPI were selec-
tively secreted from the apical domain of the plasma membrane
(Fig. 5A, right panels) despite the prevalent basolateral localiza-
tion of PrP€ in FRT cells (16).

To investigate whether the fraction of PrP found in the cell
media was released in association with membranes rather than
as a soluble product, overnight cell culture medium was sub-
mitted to sequential centrifugation steps with increasing cen-
trifugal forces as described above (40). Neither PrP< nor
PrPAGPI in the media formed a pellet at 100,000 X g, indicating
that the majority of the protein was released as soluble product
and was not membrane-associated (Fig. 5B).

Because it has been shown that PrP€ is constitutively shed
either by a mechanism involving a secretase-like proteolytic
cleavage of the protein or a phospholipase cleavage of the GPI
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anchor moiety (39), we investigated the mechanism implicated
in the secretion of PrPAGPL. To discriminate between protease-
dependent and -independent secretion, PrP immunoprecipita-
tion and Western blot analysis were performed on media from
cells grown for 7 hin the presence of 1) the zinc metalloprotease
hydroxamate-based inhibitor GM6001, 2) the phorbol 12-my-
ristate 13-acetate, an activator of metalloprotease-mediated
APP and PrP€ shedding (39), or 3) BCD, which has been shown
to stimulate a metalloprotease-independent cell release of PrP¢
(39) (Fig. 5C). Interestingly, in our cell system PrP¢ and
PrPAGPI secretion was not affected by treatment with GM6001
and phorbol 12-myristate 13-acetate but was increased by BCD.
Statistical analysis showed that PrP and PrPAGPI secretion
were increased 10- and 2-fold, respectively, after BCD treat-
ment (Fig. 5C), suggesting that most of the protein was released
by a metalloprotease-independent mechanism. It has been sug-
gested that the BCD-dependent shedding of PrP€ is linked to
cleavage of the GPI anchor by the action of a phospholipase
(39). Because this is not possible for a protein that is not GPI-
anchored, the BCD-dependent PrP secretion is likely due to the
extraction of the protein (with or without GPI anchor) from cell
membranes. However, we cannot exclude that PrPAGPI inter-
acts with another GPI-anchored protein that would be released
into the media upon BCD treatment.

DISCUSSION

Several lines of evidence suggest that prion replication is a
posttranslational event involving many factors. However, the
intracellular site and the mechanisms leading to prion replica-
tion and their cell toxicity are not yet understood. Kinetic stud-
ies of PrP mutants synthesized in Chinese hamster ovary cells
suggest that individual steps in the formation of PrP*¢ may take
place in at least three different cellular locations: the ER, the cell
surface, and the endo-lysosomal compartment (3, 41). Interest-
ingly, it has been recently shown that an anchorless version of
PrP, although able to sustain scrapie replication, does not gen-
erate any characteristic symptoms of the disease in scrapie-
infected transgenic mice, thus implying a role of the GPI anchor
in the pathogenesis of prion diseases. One possibility to explain
these findings is that the lack of the GPI anchor determines
defects in the trafficking and localization of the anchorless pro-
tein, which might in turn affect the pathogenesis of these dis-
orders. To provide the field a better understanding of the bio-
synthesis and cell biology of the anchorless PrP, which thereby
may lead toward a better understanding of the cellular site of
prion pathogenesis, we have studied the metabolism and the
intracellular trafficking of an anchorless version of PrP,
PrPAGP], in transfected FRT cells that we have previously used
to study PrP€ (16, 17, 28).

At steady state, PrPAGPI was expressed at lower levels than
PrP€ (Fig. 1, A and B), as previously shown in other cell systems
and animals (23, 24). In contrast with previous findings (23, 24)
we also demonstrated that PrPAGPI was highly glycosylated
and was detected in Western blots as three major bands corre-
sponding to the different glycoforms (U, M, and H) of the prion
protein (Fig. 14), suggesting that previous published results
were probably due to the use of antibodies not recognizing the
glycosylated forms of PrPAGPI (23, 24). We also found that
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PrPAGPI displays different oligosaccharide chains compared
with PrP< (Fig. 1B), thus indicating that some glycan modifica-
tion enzymes (as well as the sialidases) have no access to the
complex N-oligosaccharide chains of PrPAGPI either because
of its abnormal folding and/or because of its retention in an
intracellular compartment where these enzymes are not pres-
ent. This result also indicates that proper PrP glycosylation is
contingent upon the C terminus (and possibly the GPI anchor)
and points to a functional relationship between the maturation
and the trafficking of prions. In addition, PrPAGPI has a longer
half-life than PrP© (Fig. 1C), but this event is not related to the
acquisition of any of the scrapie-like properties (Fig. 1D). Inter-
estingly, in scrapie-infected transgenic mice expressing the
anchorless version of PrP, a marked change in the quality of the
PrP5¢ found in the brain has been demonstrated (24). Indeed,
instead of the usual diffuse and punctate nonamyloid pattern
deriving from the conformational conversion of PrP€, in the
case of PrPAGPI conversion a thioflavin S-positive PrP5 amy-
loid pattern was observed (24). Among the several hypotheses
to explain this event, the authors suggest that amyloid forma-
tion could be favored because this PrP mutant largely lacks
carbohydrates. However, because we show here that the pro-
tein is correctly glycosylated we postulated that the formation
of the biggest aggregates could be promoted either by the long
half-life of PrPAGPI (that would have more time to be con-
verted and to accumulate) or due to a different intracellular
localization of the anchorless protein. To support this latter
hypothesis we analyzed the intracellular pathway of this form.

By confocal microscopy, we found that PrPAGPI extensively
colocalizes with giantin, a marker of the Golgi apparatus (Fig.
4A), whereas it was not found at the plasma membrane (Fig.
4B). The lack of PM localization of PrPAGPI could explain why
the symptoms of the disease in Tg mice for anchorless PrP were
much milder. Indeed, it is conceivable that the PM represents
the place from where prions induce toxicity. This hypothesis is
consistent with the growing body of evidence that PrP€ could
function as a signaling molecule, as do many GPI-anchored
proteins (42), shown by the fact that antibody cross-linking of
PrP€ on the cell surface of hippocampal neurons induces cell
death (43). This is also supported by the recent finding that the
expression of a PrP variant lacking 40 central residues (94 —134)
induces a rapidly progressive, lethal phenotype with extensive
central and peripheral myelin degeneration in mice, suggesting
that PrP€ has a neurotrophic effect (44). Thus, the lack of GPI
anchor of PrPAGPI and the consequent lack of PM localization
from where PrP< probably performs its normal function and
from where PrP%¢ gains a pathological dysfunction could
explain why PrPAGPI does not induce clinical symptoms in
scrapie-infected transgenic mice even though it is convertible
into the scrapie form (24). This hypothesis is also consistent
with the finding that transgenic mice heterozygous for both
wild-type and anchorless PrP died faster than wild-type mice
(24). It is possible that in these mice, anchorless PrP accelerates
scrapie disease because it promotes the spreading of prion
infection by its secretion.

Despite the absence of the lipid anchor PrPAGPI was recov-
ered almost exclusively in the Triton X-114 detergent phase
after aqueous-detergent phase separation (Fig. 2A4), although it
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did not assume a transmembrane topology and was extracted at
basic pH (Fig. 2D). These results indicated that it was extrinsi-
cally attached to the cellular membranes. We also found that
PrPAGPI floats to the lighter DRM fractions of sucrose density
gradients in a cholesterol- and sphingolipid-independent man-
ner (Fig. 3). These findings support previous data that raft-as-
sociation of PrP is independent of the GPI anchor (25) and is in
contrast with recent data showing that in brain extracts from
anchorless PrP-expressing mice, it did not float to DRM frac-
tions (24). These contrasting data could be explained by the
different methods and conditions used for the flotation assay
and might indicate that in more complex systems other factors
could participate in PrP raft association, thus modifying its flo-
tation profile. In addition, our data might indicate that the
nature of the raft environment to which the wild-type or the
anchorless protein associate are different, which could affect
the behavior of the two proteins. Alternatively, if the raft envi-
ronment is the same, as our preliminary analysis supports
(Table 1), it would be the different manner of association to
these membranes that would determine differences in
behavior.

Interestingly, although the protein is membrane-associated,
greater than 90% of PrPAGPI was recovered in the cell media
(Fig. 5A), thus explaining the low cellular levels despite its very
long half-life. Although secretion of this form was reported
before (24), it was never further studied.

It has been shown that PrP€ can be released into the medium
of human neuroblastoma SH-SY5Y cells by either a protease- or
phospholipase-dependent shedding (39). Interestingly, in our
cell system PrP< and PrPAGPI secretion was stimulated by
BCD. However, although secretion of PrP€ was increased
10-fold by BCD, it was increased only 2-fold for PrPAGPI. This
difference is probably due to the different manner of associa-
tion to the cellular membranes of these two PrP variants.
Indeed, it has been suggested that the BCD-dependent shed-
ding of PrP“ was linked to the cleavage of the GPI anchor by the
action of a phospholipase (39). Because this is not an option in
the case of anchorless PrP, we alternatively propose that the
BCD-dependent PrP secretion is due to the extraction of the
protein (with or without GPI anchor) from cell membranes
after raft perturbation. However, we cannot exclude that
PrPAGPI interacts with another GPI-anchored protein, which
would be released by the action of a phospholipase upon BCD
treatment.

We also discovered that PrP secretion is a polarized event
because both PrP< and PrPAGPI were secreted from the apical
domain of the plasma membrane (Fig. 54, right panels) despite
the prevalent basolateral localization of PrP< in FRT cells (16).
This is quite interesting and could be in relation with the fact
that in polarized cells infection seems to be a polarized event
(45). Moreover, this behavior could be very important for the
transfer of infectivity from one cell to another. Indeed, it has
been recently shown that infected Rov cells release PrP< and
PrP5¢ in association with exosomes, membranous vesicles that
are secreted upon fusion of multivesicular endosomes with the
plasma membrane (46). However, despite these findings, our
results indicate that both PrP< and PrPAGPI released in the
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media are not associated to membrane vesicles but are released
in a soluble form (Fig. 5B).

Finally, our findings, e.g. the altered localization of the
PrPAGPI as substrate for the conversion reaction, the lack of
PM localization, and its secretion in the extracellular space,
might explain the lack of development of the disease in infected
Tg mice expressing anchorless PrP. If this is the case, it is pos-
sible that the PM localization of the substrate (PrP€) and of its
misfolded form (PrP5°) are necessary to stimulate the prion
misfunction that leads to symptomatic disease.
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