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The pathological conversion of cellular prion protein (PrPC) into the scrapie prion protein (PrPSc) isoform appears to have
a central role in the pathogenesis of transmissible spongiform encephalopathies. However, the identity of the intracellular
compartment where this conversion occurs is unknown. Several lines of evidence indicate that detergent-resistant
membrane domains (DRMs or rafts) could be involved in this process. We have characterized the association of PrPC to
rafts during its biosynthesis. We found that PrPC associates with rafts already as an immature precursor in the
endoplasmic reticulum. Interestingly, compared with the mature protein, the immature diglycosylated form has a
different susceptibility to cholesterol depletion vs. sphingolipid depletion, suggesting that the two forms associate with
different lipid domains. We also found that cholesterol depletion, which affects raft-association of the immature protein,
slows down protein maturation and leads to protein misfolding. On the contrary, sphingolipid depletion does not have
any effect on the kinetics of protein maturation or on the conformation of the protein. These data indicate that the early
association of PrPC with cholesterol-enriched rafts facilitates its correct folding and reinforce the hypothesis that
cholesterol and sphingolipids have different roles in PrP metabolism.

INTRODUCTION
Transmissible spongiform encephalopathies (TSEs) are neurodegenerative diseases characterized by the accumulation
in the brain of the misfolded form of cellular prion protein
(PrPC), a cellular glycosylphosphatidylinositol (GPI)-anchored protein highly conserved among many species (Piccardo et al., 1998; Chabry et al., 1999; Wopfner et al., 1999). It
has been proposed that a direct interaction between the
correctly folded PrPC form and the infectious misfolded
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protein (scrapie prion protein [PrPSc]) is required for the
conformational transition to occur (Kocisko et al., 1994; Harris, 1999; Horiuchi and Caughey, 1999).
This transconformation could occur either at the plasma
membrane (Caughey et al., 1989, 1991; Kaneko et al., 1997),
where the protein is normally localized, or in the endolysosomal compartment (Caughey and Raymond, 1991; Borchelt
et al., 1992; Taraboulos et al., 1995; Jeffrey et al., 2000; Magalhaes et al., 2002). Indeed, after being exported to the plasma
membrane (Borchelt et al., 1990; Harris, 1999) PrPC is internalized (Shyng et al., 1994; Vey et al., 1996) and can recycle
back to the surface (Taraboulos et al., 1992; Harris, 1999;
Prado et al., 2004). Furthermore, in some cases misfolded
PrPSc protein has been found to accumulate in lysosomes
(Laszlo et al., 1992; Jeffrey et al., 2000), suggesting an involvement of the endolysosomal compartment in the transconformational event (Borchelt et al., 1992). However, it has also
been shown that the misfolded prion protein is subject to
proteasomal degradation, being retrotranslocated from the
ER (Ma and Lindquist, 2001). Furthermore PrP cytosolic
variants are present in amorphous aggregates and assume a
PrPSc-like conformation, which are highly neurotoxic in
transgenic mice (Ma et al., 2002; Ma and Lindquist, 2002).
Although the precise compartment where conformational
transition occurs has not yet been identified, it has been
proposed that lipid rafts are involved (Taraboulos et al.,
1995; Vey et al., 1996; Naslavsky et al., 1997, 1999; Prusiner et
al., 1998; Harris, 1999). Lipid rafts are dynamic lipid assemblies enriched in cholesterol and sphingolipids. They are
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able to segregate laterally forming phase domains that are
more liquid-ordered (Simons and Ikonen, 1997; Brown and
London, 1998; van der Goot and Harder, 2001) compared
with adjacent membranes, which are enriched in more unsaturated and short-chained phospholipids (Simons and
Ikonen, 1997; Brown and London, 1998; Kuzchalia and Parton, 1999). Like other GPI-anchored proteins (Brown and
Rose, 1992; Tiveron et al., 1994; Zurzolo et al., 1994; Lipardi et
al., 2000), both PrPC and PrPSc have been found enriched in
rafts and are typically resistant to extraction in cold Triton
X-100 (TX-100; Taraboulos et al., 1992; Naslavsky et al., 1997;
Harris, 1999) and are able to float in the lighter fractions on
sucrose density gradients (Naslavsky et al., 1997; Sarnataro et
al., 2002). Furthermore, Taraboulos et al. (1995) have shown
that cellular cholesterol depletion, which impairs association
of PrPC with rafts, inhibits the formation of the scrapie form
in infected ScN2a neuroblastoma cells. Conversely, the same
group has shown that sphingolipid depletion facilitates the
conversion process (Naslavsky et al., 1999). Moreover, infectious prion rods were found to contain the sphingolipids
Galactosylceramide (Gal/Cer) and Sphingomyelin (SM),
which are characteristic lipid components of rafts (Klein et
al., 1998; Mahfoud et al., 2002). All together these data suggest that raft-enriched lipids may interact with the normal
and/or the pathogenic prion protein and that rafts might be
the site of scrapie formation.
We have previously transfected PrPC from mouse (moPrPC) in polarized epithelial Fischer rat thyroid (FRT) cells
and studied its exocytic trafficking (Sarnataro et al., 2002).
We have demonstrated that in these cells PrPC associates
with DRMs. However, cholesterol depletion does not affect
its transport to the plasma membrane (Sarnataro et al., 2002),
thus excluding a role for rafts in the exocytic transport, as is
typical for other GPI-anchored proteins (Brown et al., 1989;
Lisanti et al., 1989; Brown and Rose, 1992; Brown and London, 1998; Lipardi et al., 2000).
We have further analyzed the properties of PrPC raftassociation in order to define its functional significance. We
found that PrPC associates with DRMs early during its biosynthesis and that its different biosynthetic forms are differently affected by cholesterol and sphingolipid depletion. We
also found that impairment of raft-association by cholesterol
depletion during the early stage of PrP biosynthesis leads to
protein misfolding in the ER. On the contrary, when raftassociation of the mature form is impaired by sphingolipid
depletion, folding of the protein is not affected. These data
strongly suggest a functional role for the early raft-association of PrP in assisting its correct folding in the endoplasmic
reticulum and possibly point to a specific role of cholesterol
in this process.

PrP Construct and Transfection
FRT cells were transfected with a cDNA encoding 3F4 tagged moPrPC, a kind
gift of Dr. Sylvain Lehmann (Institut deGenetique Humaine, UPR CNRS1142,
Montpellier, France), with the calcium phosphate procedure, as previously
described (Zurzolo et al., 1993). Stable clones were selected by G418 resistance.

Cell Culture and Drug Treatment
FRT cells stably expressing moPrPC were grown in F12 Coon’s modified
medium containing 5% FBS. Mevinolin and ␤CD treatments were carried out
as described elsewhere (Keller and Simons, 1998). Briefly, FRT cells were
plated on dishes and mevinolin (10 M for 48 h) was added to the cells 24 h
after plating in F12 supplemented with 5% delipidated calf serum and mevalonate (200 M). FRT cells were allowed to grow for another 48 h. ␤CD (10
mM) was added to the medium containing 20 mM HEPES, pH 7.5, and 0.2%
bovine albumin for 1 h at 37°C to cells pretreated with mevinolin/mevalonate
for 48 h. For sphingolipid depletion FRT cells were grown in the presence of
fumonisin B1 (FB1, 25 g/ml) for 72 h. FB1 was added in fresh F12 medium
4 h after plating cells and changed after 48 h of culture.

Cholesterol Determination
To assay cholesterol levels in the cells before and after treatment with mevinolin/mevalonate and ␤CD, we used two different methods.
1) FRT cells grown in the presence or absence of mevinolin/mevalonate, as
described above, were washed twice with PBS and cholesterol-labeling medium (3.3 Ci [H3]cholesterol in F12 in the absence or presence of mevinolin/
mevalonate) was added for 8 h at 37°C. Cells were then washed in PBS and
incubated in cholesterol-labeling medium with or without mevinolin/mevalonate for an additional 20 h. The cells were then treated for 60 min at 37°C
with 10 mM ␤CD. [H3]cholesterol remaining in the cells was determined by
liquid scintillation counting (model LS60000SC; Beckman Instruments, Fullerton, CA).
2) Alternatively, we used a colorimetric assay. FRT cells grown in the
presence or absence of mevinolin/mevalonate were washed twice with PBS,
lysed with appropriate lysis buffer and Infinity Cholesterol Reagent (Sigma
Chemical Co.; code number 401-25 P) was added to the lysates in the ratio 1:10
for 5 min at 37°C (according to the suggested Sigma protocol number 401).
The samples were then measured in a spectrophotometer at 550 nm.

Assays for DRM Association
Sucrose Density Gradients. Sucrose gradient analysis of TX-100 –insoluble
material was performed using previously published protocols (Brown and
Rose, 1992). Cells were grown to confluence in 100-mm dishes, washed in PBS
C/M, and lysed for 20 min in TNE/TX-100 1% buffer (25 mM Tris-HCl [pH
7.5], 150 mM NaCl, 5 mM EDTA, 1% TX-100) on ice. Lysates were scraped
from dishes, brought to 40% sucrose and then placed at the bottom of a
centrifuge tube. A sucrose gradient (5–35% TNE) was layered on top of the
lysates, and the samples were centrifuged at 39,000 rpm for 18 –20 h in an
ultracentrifuge (model SW41; Beckman Instruments). One-milliliter fractions
were harvested from the top of the gradient. PrPC was revealed by Western
blotting using the SAF 32 antibody.
Sucrose Density Gradient after Pulse-chase and Immunoprecipitation. Cells
plated in 100-mm dishes (3 for each chase time) were pulsed for 20 min with
100 Ci/ml [35S]methionine and chased for various times at 37°C, as indicated in Figures 2 and 4. At the end of the chase times the cells were washed
with cold PBS and lysed for 20 min in TNE/TX-100 1% buffer on ice, brought
to 40% sucrose, and then placed at the bottom of the tube. Flotation on sucrose
gradient (5–35% TNE) was then performed as described before. The fractions
recovered from the top of the gradient were immunoprecipitated for 16 h by
SAF 32 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 phosphorimager scanning.

MATERIALS AND METHODS
Reagents and Antibodies
Cell culture reagents were purchased from Life Technologies Laboratories
(Grand Island, NY). The PRI 308 antibody and SAF 32 antibody were a kind
gift of Dr. J. Grassi (CEA, Service depharmacologie et d’immunologie, Gifsur-Yvette, France). Protein A-Sepharose was from Pharmacia Diagnostics AB
(Uppsala, Sweden). The antibodies against binding protein (BiP), calnexin
(CNX), calreticulin (CLT), protein disulfide isomerase (PDI), and endosomal
marker EEA1 were from StressGen Biotechnologies Corp. (Victoria, British
Columbia, Canada). The antibodies against ribophorin I (RibI) and giantin
were kind gifts from Dr. Stefano Bonatti (Dipartimento di Biologia e Biotecnologie Mediche, Università degli Studi di Napoli “Federico II,” Italy). The
antibody against GM130 was from Santa Cruz Biotechnology (Santa Cruz,
CA). The antibody against caveolin 1 was from BD Transduction Laboratories
(Lexington, KY). Methyl-␤-cyclodextrin (␤CD), mevinolin, and all other reagents were obtained from Sigma Chemical Co. (St. Louis, MO).
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Sucrose Density Gradient on Purified ER Fraction. ER microsomes (⬃1–1.5
mg; prepared as indicated below) were resuspended and lysed for 20 min in
2 ml of TXE/TX-100 1% buffer on ice and floated on sucrose density gradient,
as above. The fractions were TCA precipitated or immunoprecipitated by
using SAF 32 antibody and loaded on 12% polyacrylamide gels. Western blots
were performed using anti-EEA1, -GM130, -CNX, -PDI, -BiP and -RibI antibodies. For the labeled samples, the immunoprecipitated PrP was revealed by
scanning at phosphorimager.

Endoglycosidase-H Digestion
Digestion with endoglycosidase-H (Endo-H) was carried out on immunoprecipitated materials for 16 h at 37°C (Endo-H 5 mU/sample). The immunoprecipitates were first boiled for 3 min in 50 l of 0.1 M sodium citrate, pH 5.5,
containing 0.1% SDS and then treated with Endo-H (Thotakura and Bahl,
1987). The samples were then resuspended in SDS-sample buffer, boiled, and
loaded on 12% polyacrylamide gels and revealed by fluorography.
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GM1 Determination
A drop of 30 l of each sucrose gradient fraction was spotted on nitrocellulose
membrane, applying vacuum for few seconds. The membrane was saturated
for 2 h in 5% milk in PBS/0.1% Tween and then incubated 1 h with cholera
toxin-HRP (Sigma) and revealed by ECL.

ER Microsome Purification
ER microsome purification was performed modifying a previously published
protocol (Ying et al., 2000). FRT cells were grown into dishes of 150-mm
diameter and harvested at 80 –90% confluence and eventually labeled for 20
min with 100 Ci/ml [35S]methionine. Then they were washed twice with
ice-cold PBS and pelleted by centrifugation for 10 min at 800 rpm in an
Allegra 6KR centrifuge (Beckman Coulter) at 4°C. The pellet was resuspended
in to 800 l of Buffer F (0.25 M sorbitol, 10 mM HEPES-KOH, pH 7.2, 10 mM
KAc, 1.5 mM MgAc) and homogenized by 10 passages through a 22-gauge
needle. The nuclei and cell debris were sedimented by centrifugation for 5
min at 600 ⫻ g in an Eppendorf centrifuge. The postnuclear supernatant was
quantified and 50, 100, or 300 g of protein was used to test the concentration
of different markers by immunoblotting (total homogenate, see Figure 3).
About 4 –7 mg of total proteins were adjusted to 0.75 M sorbitol and centrifuged 12 min at 16,000 rpm at 4°C in a Ti75i rotor in a Beckman ultracentrifuge. ER microsomes were lysed 20 min in TXE/TX-100 1% buffer on ice and
proteins were quantified. Fifty, 100, or 300 g of protein was used to blot for
different intracellular markers in comparison with total homogenate (see
Figure 3).

performed using first anti-PrP antibody and then anti-RibI and anti-GM130
antibodies.
PK resistance was tested for fractions 1, 2, and 3 (representative of ER) and
5, 6, and 7 (of Golgi apparatus) in control and cholesterol depletion conditions.

RESULTS

Cell Fractionation

Effect of Cholesterol and Sphingolipid Depletion on PrPC
Association with DRMs
We have recently shown that moPrPC transfected in FRT
cells associates with lipid rafts and that this association is
cholesterol dependent (Sarnataro et al., 2002). Indeed, we
demonstrated that cholesterol depletion affects the characteristic insolubility of PrPC in cold extraction buffer containing 1% TX-100. However, we also demonstrated that cholesterol depletion does not affect the delivery of PrPC to the
basolateral domain of the plasma membrane of FRT cells
(where it normally resides), thus excluding a canonical role
for DRMs in TGN sorting and exocytic transport of the
protein.
To better characterize raft-association of PrPC in FRT cells
and to define the functional role of this association, we
purified PrPC on sucrose density gradients in control cells
and in conditions previously shown to perturb raft-association of proteins (Keller and Simons, 1998; Lipardi et al., 2000;
Sarnataro et al., 2002; Figure 1A). We therefore depleted the
cells either of cholesterol, using a combined treatment of
mevinolin and ␤CD (Mev/␤CD) or of sphingolipids, using
fumonisin B1 (FB1; Taraboulos et al., 1995; Keller and Simons, 1998; Naslavsky et al., 1999; Sarnataro et al., 2002). We
found that both cholesterol (Figure 1A, Mev/␤CD) and
sphingolipid depletion (Figure 1A, FB1) affected the rate of
PrPC flotation to the lighter fractions of sucrose gradients
(Figure 1A). However, the effect was quite distinct for the
different isoforms of the protein. Although the mature form
(H) was equally affected by cholesterol and sphingolipid
depletion (going from ⬃58% flotation in control conditions
to ⬃34% and ⬃35% in cholesterol and sphingolipid depletion, respectively; Figure 1B), the immature diglycosylated
isoform (I*), which has been described as the major ER
precursor of the mature protein (Caughey et al., 1989; Petersen et al., 1996; Capellari et al., 1999; Sarnataro et al., 2002),
had a very different behavior in the two conditions. Although its flotation was increased from ⬃30 to ⬃60% in
cholesterol-depleted cells, it was reduced to undetectable
levels by FB1 treatment (Figure 1A). Quantitation of the
effects of cholesterol and sphingolipid depletion on the two
forms are shown in Figure 1B, which represents the results
of four independent experiments. These data could indicate
that the mature and immature forms of PrPC associate with
different lipid domains that are characterized by distinct
susceptibilities to cholesterol and sphingolipid depletion.
It is interesting to note that a typical raft marker, caveolin
1, in FRT cells cotransfected with cav1 and PrPC genes behaves similarly to the PrPC mature isoform and reduces its
flotation in both cholesterol and sphingolipid depletion
(Supplemental Figure 1).

FRT cells (plated in 12 150-mm dishes) were homogenized by 10 strokes in an
isobiotec cell homogenizer with a tungsten-carbide ball (clearance of 12 m)
in 500 l of 20 mM HEPES/KOH, pH 7.3, and 120 mM sucrose. A postnuclear
supernatant fraction was obtained by centrifugation at 600 ⫻ g for 5 min in an
Eppendorf centrifuge. The postnuclear supernatant was loaded on top of a
discontinuous sucrose gradient (0.6 ml each of 15, 20, 25, 30, 35, 40, and 45%
with 0.5 ml of 60% on the bottom) made up in the same buffer. The gradient
was spun in an SW 50.1 rotor for 1 h at 45,000 rpm in a Beckman ultracentrifuge and 14 fractions were collected from the bottom of the tube with a
peristaltic pump. The same fractions of the different gradients were pulled
and 1/20 of each was loaded on 12% polyacrylamide gels. Western blots were

PrPC Associates with DRMs Early in its Secretory
Pathway
Because we and others (Caughey et al., 1989; Petersen et al.,
1996; Capellari et al., 1999) have shown that the immature
diglycosylated form of PrPC (I*) is the major precursor of the
mature form (H) and is found mainly in the ER (Sarnataro et
al., 2002), we sought to better characterize the association of
PrPC with DRMs during its biosynthesis. To assess the tim-

Immunoprecipitation of Molecular Chaperones
Cells grown in 60-mm dishes were washed three times with PBS and lysed in
JS buffer (1% TX-100, 150 mM NaCl, 1% Glycerol, 50 mM HEPES, pH 7.5, 1.5
mM MgCl2, 5 mM EGTA), protease inhibitor cocktail (leupeptin, antipain,
pepstatin, and 1 mM PMSF) for 20 min, scraped from dishes, and put into
microfuge tubes. The lysates were then precleared with protein A-Sepharose
beads (5 mg/sample) for 30 min and incubated overnight at 4°C with BiP,
CNX, CLT, or PDI. 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 appropriate polyacrylamide gels and revealed by Western blotting
against PrP and ECL.

Assays for Scrapie-like Properties
Triton/Doc Insolubility Assay. Cells were lysed in Triton/Doc buffer (0.5%
TX-100, 0.5% Na-deoxycholate, 150 mM NaCl, and 100 mM Tris, pH 7.5) for
20 min and cleared lysates were centrifuged at 265,000 ⫻ g for 40 min in a TLA
100.3 rotor using a Beckman Optima TL ultracentrifuge. PrPC was recovered
in the supernatants and pelleted by TCA precipitation. It has been shown that
in these conditions only PrPSc but not PrPC from brain extracts and cell
culture lysates (from CHO, NIH 3T3, or neuroblastoma cells) sediments
(Lehmann and Harris, 1996a, 1996b; Lehmann and Harris, 1997; Priola and
Chesebro, 1998).
Proteinase K Digestion Assay. To measure proteinase K (PK)-resistance,
lysates (without a protease inhibitor cocktail) were digested with (3.3 g/ml)
for different times at 37°C, as indicated. The proteins were TCA precipitated
and then analyzed for PrP by immunoblotting with PRI 308 antibody. The
conditions used for proteinase digestion are identical to those previously
published (Lehmann and Harris, 1996a, 1996b; Lehmann and Harris, 1997;
Priola and Chesebro, 1998).

Fluorescence Microscopy
FRT cells stably expressing PrPC were grown for 4 –5 days on coverslips,
washed with PBS, fixed in 2% paraformaldehyde, permeabilized with 0.075%
saponin, and processed for indirect immunofluorescence using specific antibody. PrPC was visualized by using TRITC-conjugated secondary antibodies,
whereas giantin and CLT were revealed by using FITC-conjugated secondary
antibodies using a Zeiss Laser Scanning Confocal Microscope (LSCM 410 or
510; Thornwood, NY).
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Figure 1. Effect of cholesterol and sphingolipid depletion on PrPC
association with DRMs. (A) FRT cells were grown to confluence on
100-mm dishes and treated or not (control) with mevinolin and
␤-cyclodextrin (Mev/␤CD) or fumonisin B1 (FB1) as previously
described (Taraboulos et al., 1995; Keller and Simons, 1998;
Naslavsky et al., 1999). The cells were lysed for 20 min in cold
TNE/TX-100 buffer and then run through a discontinuous 5– 40%
sucrose gradient. One-milliliter fractions (12 fractions in total) were
collected from the top to bottom of the tube after centrifugation to
equilibrium, and PrPC was TCA precipitated from all fractions,
loaded on 12% gels, and revealed by Western blotting with a specific
antibody and ECL. (B) The data from four independent experiments
were quantified using NIH image for Macintosh and plotted as
shown in the graphs. The amount of PrP present in each fraction of
the gradients is considered as percentage of the total amount of the
protein in all fractions. In the graph is reported only the floating
amount of H and I* PrP isoforms (fractions 1–7 of the gradients).
Error bars are indicated. H, mature, highly glycosylated PrPC isoform; I*, unmodified diglycosylated isoform; I⌬, monoglycosylated
form; U, unglycosylated form (Capellari et al., 1999; Sarnataro et al.,
2002).

ing of this association, we performed sucrose density gradient purification after TX-100 extraction during pulse-chase
experiments (Figure 2). We found that the immature diglycosylated (I*) precursor floated to the lighter fractions of the
gradients already after a 20-min pulse, at chase time 0. By
quantifying three different experiments we calculated that at
0 chase ⬃30% of the I* form was floating (Figure 2, right
panel, time 0). Because at this time the protein was completely sensitive to Endo-H treatment (Figure 2, middle
panel), these data show that the immature I* form associates
with DRMs before the medial Golgi (i.e., between the ER and
the early Golgi). After 15 min of chase the band corresponding to the immature diglycosylated form (I*) began to disappear as the mature form (H) appeared, confirming that
this was the major ER precursor of the mature protein.
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Interestingly at this time, when the protein began to become
Endo-H resistant (indicating its passage into the medial
Golgi), the mature protein (H) began to associate with the
floating fractions (⬃ 30%, as indicated in the right panel). At
this chase time the monoglycosylated form (I⌬) and the
unglycosylated U form also associated with DRMs, and this
association continued to increase with time for all three H,
I⌬, and U forms. These data are consistent with previous
findings showing that these three isoforms are exported to
the plasma membrane in FRT as well as in N2a cells (Borchelt et al., 1990; Harris, 1999; Sarnataro et al., 2002). On the
contrary the immature diglycosylated form (I*) completely
disappeared after 30 min of chase, therefore confirming that
it does not reach the surface and is fully converted into the
mature form (Caughey et al., 1989; Petersen et al., 1996;
Capellari et al., 1999).
As a control for DRM association we used GM1, an extensively characterized raft marker (Parton, 1994; Mayor and
Maxfield, 1995). The flotation profile of GM1 was obtained
by spotting an aliquot of each fraction on nitrocellulose
membranes followed by hybridization with cholera toxinHRP (Figure 2, bottom panel).
Because Endo-H resistance does not permit to discriminate between ER and early Golgi, in order to assess whether
DRM association of PrP in the early secretory pathway
occurred already in the ER, we performed a flotation assay
for PrP after purification of ER membranes (Figure 3; Dhanvantari and Loh, 2000). ER microsomes were prepared from
FRT cells by cellular fractionation (as described in Materials
and Methods) and were characterized by blotting with antibodies against specific markers of different intracellular organelles to evaluate enrichment in the ER membrane and the
grade of contamination by other intracellular membranes.
The same amount of total cell homogenate and of the microsomal preparation (normalized for protein concentration)
was used in the blotting and compared (Figure 3A). We
found that although in the microsomal fraction very little
(between 0 and 5% of total homogenate) of the endosomal
marker EEA1 (Bartlett et al., 2001; Kauppi et al., 2002) was
found, GM130 (cis-Golgi marker; Nakamura et al., 1995;
Taguchi et al., 2003) was totally absent (Figure 3A). On the
contrary, four different ER-specific markers, CNX (Jackson et
al., 1994), PDI (Narindrasorasak et al., 2003), BiP (Paulsson
and Wang, 2003), and RibI (Nigam, 1990) were present in an
amount corresponding respectively to 65, 54, 55, and 50% of
the total homogenate, therefore demonstrating a good grade
of purity of ER membranes in the purified microsomal fractions. In agreement with these results, an amount corresponding to 40% of the total homogenate was found for the
immature PrP I* isoform in a similar preparation of the
microsomal fraction pulse labeled for 20 min and immunoprecipitated with specific anti-PrP antibody (Figure 3A).
To assess whether the PrP I* isoform present in the ER
microsomes associated with DRMs, we labeled the cells
for 20 min before microsomal purification, because the
maximal amount of this transitory form is found in these
conditions, as shown in the pulse chase experiment of
Figure 2. The microsomal membranes were then resuspended and lysed in cold TNE-TX-100 1% buffer and
immediately immunoprecipitated with anti-PrP antibody
(Figure 3A) or subjected to flotation on sucrose density
gradients (Figure 3B).
We found that ⬃20% of the PrP I* isoform floated in the
lighter fractions of the gradients (Figure 3B). The discrepancy between the floating amounts of the I* isoform in
purified ER (20%) and in pulse-chase and flotation derived from total cells (30%, see Figure 2) is probably due
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Figure 2. Association of PrPC with DRMs in
the early secretory pathway. FRT cells grown
on 100-mm dishes (3 dishes for each chase
time) were pulsed for 20 min with [35S]methionine and then chased for the indicated times.
The cells were lysed in TNE/TX-100 1% buffer
and then run through a linear 5– 40% sucrose
gradient. One-milliliter fractions were collected from the top to bottom of the tube after
centrifugation to equilibrium, and PrPC was
immunoprecipitated from all fractions with
SAF 32 antibody and subjected to SDS-PAGE
and phosphorimager scanning (left panel).
The amount of PrPC in each fraction was
quantified by scanning three independent gels
using the NIH image software for Macintosh
and is represented in right panel as percentage
of the total amount of the protein (gray bars
indicate the amount of floating PrPC, fractions
1–7; black bars indicate the amount of soluble
PrPC, fractions 8 –12). Endo-H treatment (Thotakura and Bahl, 1987), performed after every
chase time on an aliquot of the sample before
running the sucrose gradient, is shown in the
middle panel. Error bars are indicated. H, mature, highly glycosylated PrPC isoform; I*, unmodified diglycosylated isoform; I⌬, monoglycosylated form; U, unglycosylated form. Raft fractions are identified by the GM1 profile on sucrose density gradient, shown at the bottom
of the picture.

to a loss of membranes during the ER purification procedure
and possibly to a different sensitivity of the purified ER
membranes to TX-100 extraction. Differently from the immature PrP, RibI was unable to float on the gradient derived
from the microsomal membrane (Figure 3B). Flotation profiles in the total cellular lysate of the markers for the different
intracellular compartments are also shown (Figure 3C).
These experiments clearly demonstrate that a purified ER
fraction contains the I* PrP precursor in DRMs. This characteristic was specific for this immature form because we
were not able to find other floating proteins among all the
ER markers tested (RibI, Figure 3B; PDI, BiP, and CNX,
unpublished data).

Effect of Cholesterol and Sphingolipid Depletion on PrPC
Maturation
The fact that a major precursor (I*) of the protein not subsequently found at the plasma membrane associated with
DRMs early during its biosynthesis was of major interest
and hinted to a possible role of raft-association in PrPC
maturation. To test this hypothesis, we followed PrPC biosynthesis by pulse-chase experiments in conditions of cholesterol and sphingolipid depletion (Figure 4A). We found
that in cholesterol-depleted cells the I* precursor form was
present at up to 30 min chase and remained Endo-H sensitive. In contrast FB1 treatment did not have any effect,
because the I* immature precursor rapidly disappeared after

Figure 3. Analysis of PrPC in DRMs from purified ER membranes. (A) ER microsomes were
purified from FRT cells grown on 150-mm dishes
as described in Materials and Methods. Fifty or 100
g of proteins in the cell homogenate and in the
microsomal fraction were TCA precipitated, subjected to SDS-PAGE, and blotted using anti-EEA1,
-GM130, -CNX, -PDI, -BiP, and -RibI antibodies.
PrPC was revealed after immunoprecipitation
with SAF 32 antibody by phosphorimager scanning from 300 g of ER microsomes isolated as
above after a 20-min pulse with [35S]methionine.
(B) ER microsomes obtained after pulse-labeling
the cells for 20 min with [35S]methionine were
lysed in cold TNE/TX-100 1% buffer and the run
through a discontinuous 5– 40% sucrose density
gradient. The collected fractions were immunoprecipitated with SAF 32, loaded on 12% gel, and
revealed by phophorimager scanning. The flotation profile of RibI by western blot of TCA-precipitated fractions of a sucrose density gradient of
ER microsomes is shown below. (C) Flotation profile of different intracellular markers, e.g., EEA1,
GM130, RibI, and GM1 from the total cellular lysate in TNE/TX-100 1% is shown for comparison.
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Figure 4. Pulse-chase analysis of PrPC after cholesterol and sphingolipid depletion.
FRT cells grown in control (control), cholesterol depletion (Mev/␤CD), and sphingolipid depletion (FB1) conditions (see Materials and Methods) were subjected to pulsechase analysis by using [35S]methionine for
the indicated times. At the end of each chase
time the cells were lysed in Triton/Doc
buffer and PrPC was immunoprecipitated
with SAF 32 antibody. The immunoprecipitated material was treated (⫹) or not (⫺)
with Endo-H (5 mU/sample for 16 h at
37°C). The protein was revealed by SDSPAGE and phosphorimager scanning.
Quantitation of four independent experiments are shown in the graphs in the right
panels. Error bars are reported from the different quantitations. H, mature, highly glycosylated PrPC isoform; I*, unmodified diglycosylated isoform; I⌬, monoglycosylated
form; U, unglycosylated form.

15 min of chase with kinetics similar to that in control cells
(Figure 4). Furthermore, compared with control cells the
appearance of the mature form (H) was delayed only in
cholesterol- but not in sphingolipid-depleted cells (Figure 4,
graphs in the right panel). These results have been consistently reproduced several times, and we were able to quantify the effect of cholesterol depletion on the kinetics of PrP
maturation as a delay of ⬃30 min. Because these effects were
specific for cholesterol and not for sphingolipid depletion,
these data indicated that perturbation of DRM association of
the I* precursor, as a result of cholesterol depletion, could
affect the maturation process of the protein.
Role of DRM Association in PrPC Folding
To understand whether association of the precursor form of
PrP with DRMs in the ER was involved in determining the
correct folding of the protein, we sought to check whether in
conditions of perturbation of rafts the protein remained
associated with the ER chaperones. We tested whether PrPC
coimmunoprecipitated with either BiP, PDI, CNX, and CLT
in control and cholesterol- or sphingolipid-depleted FRT
cells (Figure 5). We found that although in control cells and
in cells treated with FB1 the amount of PrPC that coimmunoprecipitated with the ER chaperones was negligible, PrPC

coimmunoprecipitated with all the ER chaperones tested
after cholesterol depletion. By quantification of three different experiments we calculated that in cholesterol-depleted
cells ⬃5–10% of the total protein coimmunoprecipitated
with the different chaperones. Thus, in conditions of cholesterol depletion a portion of the protein was interacting with
the ER chaperones, which might be indicative of incorrect
folding.
To then directly test whether PrPC was correctly folded,
we subjected the cells to PK treatment and to extraction in
Triton/Doc and analyzed the behavior of PrPC in these two
conditions. These two assays are also used to identify the
scrapie-like characteristics of PrP and its mutants because
they reveal an abnormal folding of the protein (Lehmann
and Harris, 1996a, 1996b, 1997; Priola and Chesebro, 1998).
We found that only in conditions of cholesterol depletion
did the protein become partially misfolded (Figure 6A).
Indeed, by quantification of several independent experiments we calculated that ⬃30% of PrPC became resistant to
2 min of PK treatment and a similar amount was recovered
in the pellet after ultracentrifugation of Triton/Doc lysates
in cholesterol-depleted cells (Figure 6B). These data are consistent with the data shown in Figure 5 and indicate that in

Figure 5. Analysis of PrPC interaction with
ER chaperones. FRT cells were plated in
35-mm dishes in control (⫺), cholesterol depletion (Mev/␤CD ⫹), or sphingolipid depletion (FB1 ⫹) conditions. The cells were
then lysed in JS buffer and BiP, PDI, CNX,
and CLT were immunoprecipitated (IP) in
nondenaturing conditions with the specific
antibodies (see Materials and Methods). The
immunoprecipitates and 1/10 of the supernatants (Sup) were loaded on polyacrylamide gels. The gels were revealed for the
presence of PrPC by Western blotting with
the specific antibody (WB:␣-PrP) by ECL.
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Figure 6. Analysis of PrPC misfolding in FRT cells.
FRT cells were grown in 35-mm dishes in control
(control), cholesterol (Mev/␤CD), or sphingolipid
(FB1) depletion conditions. The cells were lysed in
Triton/Doc buffer, in the absence of proteases inhibitors, and where indicated were treated with PK (3.3
g/ml) for 2 or 10 min (A) or centrifuged in a TLA
100.3 rotor at 265,000 ⫻ g and separated into soluble
(S) and insoluble (P) materials (B). In both cases PrPC
was revealed by Western blotting by using specific
antibodies and ECL. The data were also quantified
using the NIH image program for Macintosh and plotted as indicated in the graphs on the right panels.
Error bars are indicated.

cholesterol-depleted cells a portion of the protein is misfolded.
Role of the ER in Misfolding
Because misfolding occurs only after cholesterol depletion
but not after sphingolipid depletion, these data indicate that
association of the protein possibly with specialized DRMs in
the ER might have a predominant role in its maturation and
folding. On the contrary, when the protein has been correctly folded and has reached the Golgi compartment, its
conformation is not affected by DRM dissociation obtained
either by cholesterol or sphingolipid depletion. To test this
hypothesis and to understand whether a relocation of PrP in
the ER compartment could per se be responsible for misfolding, we treated FRT cells with brefeldin A (BFA) and
checked for protein misfolding.
Indeed, it has been widely shown that Golgi resident
proteins (mannosidase II, galactosil-transferase, etc.), Golgi
lipid markers (NBD-ceramide), and secretory proteins (e.g.,
VSV g) all were redistributed into the ER in the presence of
BFA (Lippincott-Schwartz et al., 1989; Reaves and Banting
1992; reviewed in Klausner et al., 1992; Wagner et al., 1994;
Sciaky et al., 1997). We found that also in FRT cells, under
BFA treatment giantin, a Golgi marker, was relocated in the
ER compartment and indeed, it lost the characteristic perinuclear cysternal structures (shown in control cells of Figure 7A), while it displayed a punctate-reticular distribution,
typical of an ER marker. As expected, BFA treatment also
causes a retrograde transport of PrP into the ER, as shown in
the double immunofluorescence experiments (Figure 7A)
using CLT (ER marker) and giantin (Golgi marker) in Figure
7A. Indeed, although in control cells PrPC colocalizes with
the Golgi marker, it loses its Golgi localization and colocalizes with an ER marker after BFA treatment. Note that
although in control conditions a clear plasma membrane
signal of PrP is also present, after BFA treatment PrP cannot
be visualized on the plasma membrane. This result can be
explained because BFA blocks the exocytic transport to the
PM but not endocytosis (Prydz et al., 1992).
Interestingly, after BFA treatment PrPC does not acquire
any resistance to PK (Figure 7B) or Triton/Doc insolubility
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(unpublished data) and does not coimmunoprecipitate with
the ER chaperones CNX, CLT, BiP, and PDI (Figure 7C),
indicating that ER relocation of the mature protein does not
lead to protein misfolding. Thus, it appears that perturbation of the membrane environment by cholesterol depletion
during protein synthesis is the direct cause of misfolding.
To test in which specific cellular compartment PrPC acquires the PK-resistance observed after cholesterol depletion, we separated the ER from the Golgi complex in control
and cholesterol-depleted cells using a cell fractionation protocol previously used in FRT cells (Erra et al., 1999; Figure 8).
The postnuclear supernatants of cellular homogenates
(from control or Mev/␤CD treated cells) were loaded on
discontinuous sucrose gradients and after centrifugation
(see Materials and Methods) collected from the bottom of the
tubes in 14 fractions. The sedimentation of the ER and of the
cis-Golgi derived membranes along these gradients were
followed by Western blots using specific antibodies against
the ER marker RibI and the Golgi marker GM130 in the
different fractions (Figure 8A, top panels). The same fractions were then hybridized with anti-PrP antibody to follow
the distribution of the prion protein in these compartments
(Figure 8A, bottom panels). As expected, in control conditions PrPC was prevalently distributed in the fractions enriched in the Golgi marker GM130. On the contrary, after
cholesterol depletion PrPC was enriched in the heavier fractions of the gradient and cosedimented with the ER marker
RibI.
Fractions enriched in the ER (fractions 1, 2, and 3) or in the
Golgi apparatus (fractions 5, 6, and 7) were pooled and
subjected to PK digestion both in control and cholesteroldepleted cells (Figure 8B). Interestingly, we found a PKresistant band only in the ER-enriched fractions (see Figure
8B), indicating that cholesterol depletion leads to misfolding
in this compartment.
DISCUSSION
In this article we have better characterized PrPC association
with DRMs in order to understand its functional role. We
have previously shown that perturbation of DRM associa-
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Figure 7. Analysis of PrPC localization and folding after BFA treatment. (A) Cells were plated on coverslips, in control condition (control)
or were treated with BFA (1 g/ml for 1 h), and then they were subjected to indirect immunofluorescence analysis with anti-PrP, anti-giantin,
or anti-CLT antibodies. Secondary antibodies against PrP were TRITC-conjugated, whereas secondary antibodies against giantin and CLT
were FITC-conjugated. The images were analyzed by confocal microscopy. (B) Confluent cells on 35-mm dishes were treated for 1 h with
different BFA concentrations (0, 1, 10 g/ml, as indicated) lysed in Triton/Doc and the postnuclear supernatant was treated (⫹) or not (⫺)
with PK (3.3 g/ml, 2 min 37°C). PrPC was revealed by Western blotting with PRI 308 antibody and ECL. (C) Control (0) and BFA (1, 10)
treated cells were lysed in JS buffer and CNX, CLT, BiP, and PDI were immunoprecipitated (IP) in nondenaturing conditions with the specific
antibodies (see Materials and Methods). The immunoprecipitates and 1/10 of the supernatants (Sup) were loaded on polyacrylamide gels. The
gels were revealed for the presence of PrPC in the ER chaperone immunoprecipitated by Western blotting with the antibody against PrP
(WB:␣-PrP) and ECL analysis.

tion does not affect the sorting and the rate of transport of
PrPC to the plasma membrane in polarized epithelial cells,
thus excluding a canonical role for rafts in the exocytic
trafficking of this protein (Sarnataro et al., 2002).
By pulse-chase experiments we have demonstrated that
PrPC is always associated with lipid domains from the beginning of its synthesis (Figure 2). Indeed the immature
diglycosylated precursor (I*) floats on sucrose gradients already at zero chase time when the protein is completely
sensitive to Endo-H treatment, i.e., in a compartment before
the medial Golgi.
By subcellular fractionation and ER purification we confirmed that this same isoform is located within DRMs in the
ER (Figure 3). This is the first time that association of GPIanchored proteins to detergent-resistant membrane domains
has been reported to occur so early in the secretory pathway
of mammalian cells. Indeed, contrary to yeast, where GPI
proteins associate with DRMs in the ER (Muniz et al., 2001),
in mammalian cells this association is believed to occur only
after the protein has become Endo-H resistant (Brown and
Rose, 1992; Simons and Ikonen, 1997; S Paladino and C.
Zurzolo, unpublished data). It was previously shown that
PLAP is in DRM-fractions in the ER of CHO cells (Sevlever
et al., 1999).
Interestingly, the different PrP maturation forms show
different susceptibility to cholesterol and sphingolipid depletion (see Figure 1). Although DRM association of mature

4038

PrPC (H) is equally perturbed by both cholesterol and sphingolipid depletion, the flotation on sucrose gradients of the
immature diglycosylated ER form (I*) is increased by cholesterol depletion, but is decreased by sphingolipid depletion. Consistent with the fact that the major site of sphingolipid synthesis is the Golgi apparatus (Ichikawa and
Hirabayashi, 1998; Ohanian and Ohanian, 2001), we believe
that the effect of FB1 on flotation of the immature form in the
ER might be derived from its effect on the synthesis of
ceramide, which has been described as having a major role
in promoting raft association and DRM formation (Sutterlin
et al., 1997; Cremesti et al., 2002; Sandhoff and Kolter, 2003).
To understand whether DRM association in the ER has a
role in PrPC biosynthesis we performed pulse-chase experiments in conditions of cholesterol and sphingolipid depletion. We found that only in conditions of cholesterol depletion were the kinetics of PrPC synthesis altered and
maturation of the protein slowed down (Figure 4). We also
found that in these conditions, but not in control or in
sphingolipid-depleted cells, PrP coimmunoprecipitates with
ER chaperones (BiP, PDI, CNX, and CLT). These data indicate that in cholesterol-depleted cells PrPC is folded slowly
or could be partially misfolded (see Figure 5).
To directly test for PrPC misfolding, we performed PK
digestion and Triton/Doc insolubility assays, which are also
used to assay for scrapie-like properties of the protein
(Lehmann and Harris, 1996a, 1996b, 1997; Priola and Chesebro,
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Figure 8. Analysis of the intracellular site
of PrPC misfolding after cholesterol depletion. (A) FRT cells transfected with PrPC
were subjected to cell fractionation in control (control) and cholesterol depletion conditions (Mev/␤CD) as described in Materials
and Methods. The distribution of ER and
Golgi markers and PrPC along the gradient
was analyzed. Each fraction was TCA precipitated, run on 12% polyacrylamide gels
and analyzed by Western blot and ECL with
the antibodies against specific ER and Golgi
marker proteins (RibI and GM130) and
against PrP. The sucrose concentration in
the gradient is indicated with open circles.
Gels are shown in the bottom panels,
whereas quantitations (RibI, squares;
GM130, rhombs; and PrP, filled circles) are
shown in top panels. (B) Pooled ER-enriched (1, 2, 3) and Golgi-enriched (5, 6, 7)
fractions of the gradients showed in panel A
were subjected to PK treatment as previously described. Note that PK-resistant
bands are found only in the ER-enriched
fractions after cholesterol depletion.

1998). Although in control and FB1-treated cells the protein
was totally digested by PK, in conditions of cholesterol
depletion PrPC was partially resistant to PK and was insoluble in Triton/Doc (Figure 6). Interestingly, the band corresponding to the mature protein (H) appeared to be completely digested by PK treatment and was soluble in Triton/
Doc, indicating that the portion of the protein that
undergoes incorrect folding was derived mainly from the
immature form. In addition, by cell fractionation we found
that only the PrP fraction cosedimenting with the ER markers acquires an incorrect folding after cholesterol depletion
(see Figure 8B). Interestingly it was recently shown that
stimulation of PrPC retrograde transport toward the ER
increases the accumulation of PrPSc in infected cells (Beranger et al., 2002). However, we found that the simple
accumulation of the wild-type protein in the ER (by BFA
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treatment, see Figure 7) does not cause misfolding. Misfolding therefore appears to be a direct consequence of cholesterol depletion. Thus, our data indicate that the different
maturation forms are associated to membrane domains differently affected by cholesterol and sphingolipid depletion
and that DRM association of the immature PrP precursor in
the ER is required for its correct folding. However, when the
protein is mature and correctly folded, perturbation of raftassociation is not sufficient for misfolding.
The specificity of cholesterol depletion as a cause for
misfolding could be explained by two hypotheses: either 1)
cholesterol alone could be directly involved in the folding of
PrP by acting as a lipochaperone in the ER (Bogdanov and
Dowhan, 1999; Sanders and Nagy, 2000; Nomura et al., 2003)
or 2) cholesterol depletion leads to a perturbation of the
association of the immature form to specific DRMs present
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in the ER. The fact that FB1, although altering flotation of the
precursor (Figure 1A), does not have any effect on folding
led us to postulate that although after FB1 treatment the
protein will be surrounded by a different lipid environment,
the interaction with cholesterol is nonetheless preserved,
and so folding is normal. It will be interesting to investigate
whether there is a direct interaction of the different PrP
forms with cholesterol. Indeed, specific lipids can play a
direct role as chaperones in protein folding (Bogdanov and
Dowhan, 1999; Sanders and Nagy, 2000). In particular it has
been shown that GM1 binding to ␤-amyloid (A␤) results in
a conformational transition to a ␤-sheet structure, supporting the idea that gangliosides may play an important role in
modulating the amyloidogenic properties of A␤ (ChooSmith and Surewicz, 1997).
On the other hand, association with specific membrane
domains might directly promote PrPC folding or indirectly
prevent intra- and/or intermolecular PrP interactions of its
hydrophobic domains. Indeed, it has been shown that the
N-terminal domain of PrP contains a lipid raft targeting
determinant (aa23–90; Walmsley et al., 2003) and that another domain, the helix 1 (aa141–171), is the major determinant of PrP folding (Winklhofer et al., 2003). It is possible
that during PrP biogenesis its N-terminal region associates
directly or indirectly (by protein-protein interactions) with
specific DRMs in the ER and that this association is necessary for the subsequent folding of helix 1. One possible
explanation for the protein misfolding occurring after cholesterol depletion might therefore be the lack of stabilization
of the helix 1 in the absence of DRM association of the
N-terminal domain. Indeed, destabilization of helix 1 induces formation of partially PK-resistant aggregates and its
deletion leads to block of the glycan maturation of the mutated protein (Winklhofer et al., 2003). Both these features are
observed in our experiments after cholesterol depletion (see
Figure 4 and 6).
Our finding could be of great importance not only for the
normal folding and metabolism of PrPC, but also for the
conversion process. Indeed, Taraboulos et al. (1995) have
shown that in infected neuroblastoma cells (ScN2a) cholesterol depletion decreases scrapie formation, whereas sphingolipid depletion increases it (Naslavsky et al., 1999). This
opposite effect of cholesterol and sphingolipid depletion on
scrapie conversion could be explained by the fact that during its life span PrP associates with different types of rafts
and therefore the precursor and mature form are differently
affected by cholesterol or sphingolipid depletion, as we have
shown here.
Our data are only apparently in contrast with the findings
that PrPSc formation is reduced in cholesterol-depleted cells
(Taraboulos et al., 1995). Indeed, cholesterol depletion affects
both the total level of the mature PrPC form and the folding
of the immature precursor. In both cases, the final result
would be a reduction of the substrate for the scrapie conversion reaction. Hence, although the main site of PrPSc
formation might require post-Golgi transport, these and
other data present in the literature suggest that the ER can be
important in the amplification of PrPSc formation (Beranger
et al., 2002).
Our data could also be relevant in the case of hereditary
diseases. Different evidences support the idea that the process of transconformation of PrP with germ-line mutations
might begin in the ER (Daude et al., 1997; Harris, 1999) and
many PrP mutants are indeed retained in the ER (Lehmann
and Harris, 1997; Ivanova et al., 2001). In addition to this, our
data suggest that a specific membrane environment (e.g.,
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cholesterol-enriched rafts) of the ER could be important to
initiate the transconformational process at this level.
The opposite effect of FB1, which increases PrPSc production in ScN2a cells (Naslavsky et al., 1999), could also be
explained in the light of our findings. Indeed, in our hands
FB1 impairs raft-association of the mature form, which could
then be more susceptible to undergoing transitional conformation outside rafts in infected cells.
In conclusion our findings allow us to propose a protective role of detergent-resistant domains from misfolding.
This is also supported by the recent work of Fantini and
colleagues who identified a raft-binding motif (“V3-like domain”) that could be involved in the PrPC to PrPSc conversion and through which PrPC can maintain, by interacting
with lipid rafts, a nonpathological conformation (Mahfoud
et al., 2002). Indeed, binding of PrP to raft-like artificial
membranes induces the formation of an ␣-helical structure
(Sanghera and Pinheiro, 2002).
Further experiments are required to clarify the role of rafts
in prion replication. In one possible scenario different lipids
could act as molecular chaperones to facilitate either the
unfolding of one or more ␣-helices or refolding into
␤-sheets, a role for which the existence of a molecular chaperone (designated until now as protein X) has already been
proposed (Telling et al., 1995). Alternatively, a change in the
local environments (in terms of enrichment in specific lipids
and proteins) may play the major role in the process. An
analytical characterization of the lipid and protein composition of different domains associated with the different PrPC
and PrPSc forms should shed light on this issue.
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