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ABSTRACT Results of transgenetic studies argue that the
scrapie isoform of the prion protein (PrPSc) interacts with the
substrate cellular PrP (PrPC) during conversion into nascent
PrPSc. While PrPSc appears to accumulate primarily in lyso-
somes, caveolae-like domains (CLDs) have been suggested to
be the site where PrPC is converted into PrPSc. We report
herein that CLDs isolated from scrapie-infected neuroblas-
toma (ScN2a) cells contain PrPC and PrPSc. After lysis of
ScN2a cells in ice-cold Triton X-100, both PrP isoforms and
an N-terminally truncated form of PrPC (PrPC-II) were found
concentrated in detergent-insoluble complexes resembling
CLDs that were isolated by f lotation in sucrose gradients.
Similar results were obtained when CLDs were purified from
plasmamembranes by sonication and gradient centrifugation;
with this procedure no detergents are used, which minimizes
artifacts that might arise from redistribution of proteins
among subcellular fractions. The caveolar markers ganglio-
side GM1 and H-ras were found concentrated in the CLD
fractions. When plasma membrane proteins were labeled with
the impermeant reagent sulfo-N-hydroxysuccinimide-biotin,
both PrPC and PrPSc were found biotinylated in CLD frac-
tions. Similar results on the colocalization of PrPC and PrPSc
were obtained when CLDs were isolated from Syrian hamster
brains. Our findings demonstrate that both PrPC and PrPSc
are present in CLDs and, thus, support the hypothesis that the
PrPSc formation occurs within this subcellular compartment.

The prion diseases include Creutzfeldt–Jakob disease (CJD) of
humans, scrapie of sheep, and bovine spongiform encepha-
lopathy (1, 2). The posttranslational conversion of cellular
prion protein (PrPC) into the scrapie PrP isoform (PrPSc) is the
fundamental process underlying both the transmission and
pathogenesis of these fatal illnesses (3, 4). While no difference
in the covalent structures of PrPSc and PrPC have been
discerned (5), their conformations differ markedly (6).
PrPC is bound to the external surface of the plasma mem-

brane by a glycosylphosphatidylinositol (GPI)-anchor (7) while
PrPSc accumulates in late endosomes and lysosomes (8, 9).
Studies on the localization of PrPC in mouse neuroblastoma
(N2a) cells indicated that it clustered in caveolae or caveolae-
like domains (CLDs) (10); in accord with these results, PrPC
was found to be insoluble in ice-cold Triton X-100 (11, 12).
Caveolae appear as raft-like membranous domains or as
coated invaginations of plasma membranes; in the presence of
Triton X-100, they form detergent-insoluble complexes that
are enriched for GPI-anchored proteins, cholesterol, and
glycosphingolipids (13). Using silica beads, detergent-
insoluble complexes have been separated into caveolin-rich
fractions resembling invaginated caveolae and GPI-protein
enriched domains (52). The presence of such domains does not

depend on the marker protein caveolin because cells lacking
caveolin, such as N2a cells, also contain detergent-insoluble
domains enriched for GPI-anchored proteins (11, 12), which
we therefore called CLDs. Caveolae are involved in diverse
cellular functions such as folate uptake (14), signal transduc-
tion (13, 15, 16), and down-regulation of blood clotting activity
(17).
The localization of PrPC to CLDs and the finding that PrPSc

formation was inhibited by lovastatin, which diminishes cellu-
lar cholesterol levels, suggested that glycosphingolipid- and
cholesterol-rich CLDs might be the site where prions are
propagated (12). Replacing the GPI-anchor addition signal
sequence of PrP with the CD4 transmembrane C-terminal 62
residues targeted the chimeric PrP molecule to clathrin-coated
pits and prevented PrPSc formation. Furthermore, C-terminal
truncation of PrP that deleted the signal sequence for GPI-
anchor addition substantially reduced PrPSc formation (18).
Recent studies have extended those observations by showing
that squalestatin, a more specific inhibitor of cholesterol
biosynthesis, and three other transmembrane C-terminal seg-
ments inhibit PrPSc formation (K. Kaneko, M. Vey, M. Scott,
S. Pilkahn, S. B. Prusiner, personal communication). Earlier
investigations had shown that PrPSc interacts with PrPC during
the formation of nascent PrPSc (19, 20) and that this process
occurs after PrPC transits to the plasma membrane (21, 22).
On this background, we asked whether CLDs isolated from

scrapie-infected cells and brain tissue contain both PrPC and
PrPSc. The studies reported herein show that both PrPC and
PrPSc are found in CLDs and, thus, argue that CLDs are likely
to be the subcellular site where conversion of PrPC into PrPSc
occurs.

METHODS

Isolation of CLDs Using Ice-Cold Triton X-100. CLDs were
isolated from ice-cold Triton X-100 lysates of N2a and ScN2a
cells by flotation into sucrose gradients as described (13, 23).
One-milliliter fractions were collected from the top, and the
pellet was resuspended in 10% SDS. Fifty microliters of each
fraction was subjected to SDSyPAGE and immunoblot anal-
ysis. Aliquots taken from the indicated fractions were adjusted
to 0.5% Triton X-100 and 0.5% deoxycholate, supplemented
with bovine serum albumin to give a final concentration of
total protein of 1000 mgyml, and treated with proteinase K
(PK, 1 mg of PK per 100 mg of protein) for 45 min at 378C prior
to SDSyPAGE. CLDs were collected from pooled gradient
fractions after diluting them 2.5-fold and centrifugation at
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10,000 3 g for 10 min. Five micrograms of CLD and lysate
proteins were subjected to immunoblot analysis; 10 mg was
loaded for silver staining. Five micrograms of CLD proteins
from N2a and ScN2a cells was treated with 0.5 units of
peptide-N-glycosidase F (PNGase F; Boehringer Mannheim)
for 16 h prior to SDSyPAGE.
Detergent-Free Isolation of CLDs. The detergent-free iso-

lation of CLDs was performed as described (24). Lysates of
N2a and ScN2a cells were prepared in buffer A (0.25 M
sucrosey1 mM EDTAy20 mM Tricine, pH 7.8) by homogeni-
zation in a Wheaton tissue grinder. After low-speed centrifu-
gation, postnuclear supernatants were obtained and 8 mg of
total protein was fractionated on 30% Percoll gradients by
centrifugation in Ti60 rotors (Beckman) for 30 min at 29,000
rpm. The plasma membranes appearing as a band '1.5 cm
below the meniscus were isolated, then sonicated in a SW41
tube (Beckman) with a Vibra Cell sonicator (model VC60S,
Sonics & Materials, Danbury, CT), and then adjusted to 4 ml
containing 23% OptiPrep (GIBCOyBRL) in buffer A. A
linear 10–20% OptiPrep gradient was formed on top and
centrifuged at 52,000 3 g for 90 min. The top 5 ml of the
gradients was transferred to a new tube and mixed with 4 ml
of buffer B (50%OptiPrep in 0.04M sucrosey1 mMEDTAy20
mMTricine, pH7.8). One milliliter of 5%OptiPrep was placed
on top and centrifugation was carried out at 52,000 3 g for 90
min. CLDs appeared as an opaque band in the top fraction.
One-milliliter fractions were collected from top to bottom of
the OptiPrep gradients, and proteins were precipitated with
trichloroacetic acid (TCA) and subjected to immunoblot anal-
ysis. Five micrograms of CLD, plasma membrane, postnuclear
supernatant, and cell lysate proteins from N2a and ScN2a cells
was precipitated with TCA, separated on SDS gels, and
transferred to poly(vinylidene difluoride) membranes (Milli-
pore). Membranes were probed with the anti-PrP R073 anti-
serum or with cholera toxin B conjugated to horseradish
peroxidase (HRP) (Transduction Laboratories, Lexington,
KY) to detect ganglioside GM1; a mAb was used for detection
of H-ras (Transduction Laboratories). HRP-conjugated sec-
ondary antibodies (Amersham) and enhanced chemilumines-
cence (Amersham) were used for visualization of bands.
Ultrastructure. CLDs isolated by the detergent-based

method and the detergent-free method were applied to Form-
var-coated electron microscopy grids (Ted Pella, Redding,
CA) and negatively stained with uranyl acetate. Specimens
were viewed in a Jeol 100CX electron microscope at 80 keV.
Biotinylation of Membrane Proteins. Plasma membrane

proteins of N2a and ScN2a cells were biotinylated with sulfo-
N-hydroxysuccinimide-biotin (Pierce) (25) prior to detergent-
free isolation of CLDs. After isolation of biotinylated and
nonbiotinylated CLDs, proteins were denatured in 3 M gua-
nidinium hydrochloride and precipitated with methanol. Pel-
lets were solubilized in DLPC buffer (2% Sarkosyly0.4%
L-a-lecithiny0.15 M NaCly20 mM TriszHCl, pH 7.5) and
biotinylated proteins were precipitated with streptavidin-
agarose (GIBCOyBRL). Streptavidin-precipitated proteins
and unbound methanol-precipitated proteins of the superna-
tants were subjected to immunoblot analysis. To 5 mg of CLD
proteins, 100 mg of BSA was added and the samples were
treated with PK (1 mg of PK per 100 mg of protein) for 60 min
at 378C. After inactivation of PK with phenylmethylsulfonyl
f luoride (Sigma), samples were processed for analyses as
described above.

RESULTS

Ice-Cold Triton X-100 Isolation of CLDs. ScN2a cells were
lysed in buffer containing ice-cold Triton X-100 and the
detergent-insoluble complexes were separated by flotation in
sucrose gradients (Fig. 1) (13, 23). After ultracentrifugation,
most PrP molecules were detected in the fractions of the

sucrose gradients that contained the CLDs (Fig. 1A, lanes
3–6), whereas no PrP was found in the lysate fractions (Fig. 1A,
lanes 8–11) and only minor amounts were recovered from the
pellets that were formed by incompletely solubilized cell debris
(Fig. 1A, lane P). The CLD fractions contained less than 1%
of the total proteins, showing that PrP had been separated
from the lysates (data not shown). There were no consistent
differences in PrP distribution in the gradients of N2a and
ScN2a cells, indicating that prion infection did not interfere
with formation of CLDs and trafficking of PrP. Furthermore,
the presence of protease-resistant PrP in the CLD fractions of
ScN2a cells (Fig. 1B, lanes 8, 10, and 12) revealed that, in
addition to PrPC, PrPSc was also associated with these mem-
branous subdomains.

FIG. 1. PrPC and PrPSc are concentrated in CLDs isolated from
neuroblastoma cells using the ice-cold Triton X-100 detergent method.
(A) Distribution of PrP after lysis of N2a and ScN2a cells in ice-cold
Triton X-100 and separation of CLDs by flotation into sucrose
gradients. Aliquots of gradient fractions were subjected to immuno-
blot analysis with the anti-PrP polyclonal R073 rabbit antiserum (26).
Lanes: 1–7, fractions of the sucrose gradients; 8–11, lysate fractions;
P, pellets. (B) Detection of PrPSc in gradient fractions. Immunoblot of
gradient fractions from before (2) and after (1) treatment with PK.
(C) Concentration of PrP and other proteins in CLDs. Immunoblot
(Right) and silver stain (Left) of CLD proteins and cell lysate proteins
from N2a and ScN2a cells. (D) Detection of PrPC degradation
products in CLDs from N2a and ScN2a cells. Immunoblot of CLD
proteins before (2) and after (1) treatment with PNGase F (27).
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To collect additional evidence for a physical association of
PrP with CLDs, we concentrated the CLDs from the sucrose
gradients and found that isolated CLDs (Fig. 1C, lanes 5 and
6) are highly enriched for PrP when compared with cell lysates
(Fig. 1C, lanes 7 and 8). We then analyzed the proteins present
in CLDs and found identical protein patterns in CLDs from
N2a and ScN2a cells (Fig. 1C, lanes 1 and 2) but when
compared with the respective cell lysates (Fig. 1C, lanes 3 and
4), several proteins were found to be concentrated in CLDs.
We next asked whether CLDs might play a role in the

metabolism of PrPC because recent studies have suggested that
proteolytic cleavage of the N terminus of PrPC, the initial step
in PrPC degradation, might take place in CLDs before the
cleaved PrPC is completely degraded in acidic compartments
of the cells (12). To detect this degradation product, which has
a molecular mass of 17 kDa after removal of Asn-linked
glycans, proteins present in CLDs were treated with PNGase
F prior to immunoblot analysis. The degradation intermediate
of 17 kDa could be detected in CLDs from N2a cells after
deglycosylation (Fig. 1D, lane 2). In addition to PrPC, PrPSc
appeared as a 19-kDa protein in CLDs from ScN2a cells after
treatment with PNGase F (Fig. 1D, lane 3). These data strongly
suggest that CLDs are important sites of PrPC degradation,
which is also supported by earlier studies showing an inhibiting
effect of cholesterol depletion on the production of the 17-kDa
form of PrPC and on the formation of PrPSc (12).
Detergent-Free Isolation of CLDs.Using the ice-cold Triton

X-100 method, it was possible that the isolated CLDs acquired
proteins from other subcellular sites (28). This is a particularly
important consideration since the majority of PrPSc has been
thought to accumulate in lysosomes in ScN2a cells (8, 29), even
though we found most of the PrPSc in fractions where CLDs
fractionate (Fig. 1A). To address this issue, we used a deter-
gent-free method for the isolation of caveolae membranes
(24). Postnuclear supernatants were prepared from N2a and
ScN2a cells and fractionated on Percoll gradients. Those
fractions enriched for plasma membranes were disrupted by
sonication, and the CLDs were separated from nondisrupted
membranes and membranous debris by flotation in linear
OptiPrep gradients (Fig. 2A). PrP was detected near the top of
the OptiPrep gradient (Fig. 2A, lanes 1–5), indicating its
association with CLDs of low density. Determination of the
protein concentrations revealed that less than 2% of the
proteins loaded onto the gradient floated into these fractions
(data not shown). These low-density membranes were con-
centrated in a 5% OptiPrep cushion by using step-gradient
centrifugation (Fig. 2B). Almost all of the PrP molecules
collected from the first gradient were found to be concentrated
in the first fraction of the step gradient, indicating that they
were associated with the CLDs (Fig. 2B, lanes 1). Comparison
of the relative amounts of PrP present in the CLDs with equal
amounts of proteins from cell lysates, postnuclear superna-
tants, and plasma membranes demonstrated that CLDs were
highly enriched for PrP (Fig. 2C, lanes 1 and 5). With ScN2a
cells, CLDs were found to be enriched for both PrPC and PrPSc
(Fig. 2C, lane 9). These findings argue that both PrPC and PrPSc
are constituents of the CLDs that are derived from the plasma
membranes of ScN2a cells.
Ultrastructure and Chemical Markers of CLDs. When we

compared the CLDs isolated by the detergent-free method
(Fig. 3 C and D) with those produced using ice-cold Triton
X-100 (Fig. 3 A and B), the samples were indistinguishable
ultrastructurally. Each contained convoluted vesicle-like struc-
tures and membrane aggregates. The ganglioside GM1, a
caveolar marker (30), was concentrated in CLDs from both cell
lines as determined by binding of peroxidase-conjugated chol-
era toxin B to the ganglioside transferred to poly(vinylidene
difluoride) membranes (Fig. 4, lanes 1 and 5). In addition,
immunoblot analysis showed that the small GTP-binding
protein H-ras, which is involved in signal transduction in

caveolae (31), was also present in CLDs of ScN2a and N2a cells
(Fig. 4, lanes 9 and 13). These results indicate that N2a and
ScN2a cells contain subdomains in their plasma membranes
which closely resemble caveolae.
Biotinylation of PrPC and PrPSc. PrPSc can be detected in the

plasma membranes of ScN2a cells using surface biotinylation
of membrane proteins (32, 33). Having found that CLDs
contain PrPSc, we labeled N2a and ScN2a cells with the
membrane-impermeant biotinylating reagent sulfo-N-
hydroxysuccinimide-biotin (Fig. 5). Biotinylated PrPC (Fig. 5,
lanes 3 and 7) and PrPSc (Fig. 5, lane 15) were both detected
by streptavidin-agarose precipitation from the CLD fraction.
These results argue that both PrP isoforms exist on the surface
of cells in association with CLDs.
Isolation of CLDs from Brain. To determine whether our

findings with cultured cells are applicable to rodent brain, we
isolated CLDs from the brains of normal and scrapie-infected

FIG. 2. PrPC and PrPSc are concentrated in CLDs isolated from
N2a and ScN2a cells isolated by a detergent-free method. (A) Distri-
bution of PrP in gradients after disruption of isolated plasma mem-
branes by sonication and separation of CLDs from plasma membrane
debris by flotation into OptiPrep gradients. Proteins precipitated from
gradient fractions were subjected to immunoblot analysis using the
anti-PrP polyclonal R073 rabbit antiserum (26). (B) Distribution of
PrP after concentration of CLDs by step-gradient centrifugation.
Immunoblot of proteins precipitated from step-gradient fractions
probed with the anti-PrP R073 antiserum. (C) Concentration of PrP
in CLDs. Equal amounts of proteins derived from cell lysates, post-
nuclear supernatants, plasma membranes, and CLDs of N2a and
ScN2a cells were subjected to immunoblot analysis with anti-PrP R073
antiserum.
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Syrian hamsters. Brains were lysed in Triton X-100 and the
majority of the prion proteins were found in the CLD fractions
of sucrose gradients (data not shown). In addition to PrPC,
protease-resistant PrPSc was also present in CLDs from scrapie-
infected hamster brains (data not shown). Our results indicate
that PrPC and PrPSc from brain distribute in an OptiSucrose
gradient similar to CLD fractions from cultured cells.

DISCUSSION

The studies reported herein indicate that both PrP isoforms,
like other GPI-anchored proteins, are physically associated
with CLDs. Not only does the first step in PrPC degradation
occur in CLDs but it is also likely that PrPC is converted into
PrPSc within this subcellular compartment (12). These findings
complement those obtained by other methods where redirect-
ing PrPC from CLDs to clathrin-coated pits prevented PrPSc
formation (ref. 12 and K. Kaneko et al., personal communi-
cation). Thus, PrPSc formation seems to be restricted to CLDs,
which is consistent with the conclusions of transgenetic studies
arguing that PrPSc formation requires the participation of
auxiliary proteins (20).
CLDs seem to be the compartment in which PrPC is either

cleaved to form PrPC-II or it is converted into PrPSc (12, 34,
35). In our studies, both full-length PrPC and N-terminally
cleaved PrPC-II were found in CLDs (Fig. 2B). It may prove
important to identify the specific protease(s) mediating the
cleavage of PrPC to PrPC-II since such proteases might be
useful in the therapy of prion infections where lower levels of

the substrate PrPC would be expected to reduce formation of
prions and thus extend the incubation time (19, 36, 37).
GPI-anchored proteolytic enzymes have been described (38,
39) and it might be possible to find the specific protease(s)
cleaving PrPC also in CLDs.
In contrast to our results and earlier localization studies

showing mouse PrP in caveolae-like structures in N2a cells
(10), clathrin-coated pits have been described as potential sites
for PrPSc formation based on the presence of overexpressed
chicken PrP (ChkPrP) in these organelles (40–42). Localiza-
tion of recombinant ChkPrP to clathrin-coated pits may have
resulted from the high-level expression of the ChkPrP in
mouse N2a cells as well as the divergent sequence of this
protein. ChkPrP is only '30% homologous with mammalian
PrP (43); most mammalian species have PrPs that are .90%
homologous with that of other species (44, 45). Biochemical
analyses demonstrated that ChkPrP is highly concentrated in
CLDs and not in clathrin-coated pits (11). In contrast, our
studies have focused on endogenous mouse PrP in ScN2a cells
where the association of both PrPC and PrPSc with CLDs was
found using two procedures (Figs. 1 and 2).
Our findings showing that both PrP isoforms are concentrated

in CLDs may open several new approaches to the study of prion
diseases. (i) Isolation of CLDs may facilitate the identification of
non-PrP proteins that function in the formation of PrPSc, as
suggested from the results of transgenetic studies (20). Such
proteins have been provisionally labeled protein X and suggested
to act as molecular chaperones. If PrPSc formation proves to be
restricted to CLDs, then the notion that PrPSc is formed by the
binding of PrPC to aggregates of PrPSc will be increasingly unlikely
(46, 47). (ii) Isolated CLDs might prove useful in developing a
cell-free system for studies of PrPSc formation. Such a system
might permit the generation of prion infectivity de novo (46–48)
and permit the rapid screening of pharmacotherapeutics for the
effective treatment of prion diseases.
The identification of PrPSc in CLDs derived from plasma

membrane fractions may provide insights into the mode of the
spread of prion infection through the central nervous system
and other organs. The GPI anchor of PrPSc may facilitate its
exchange between surfaces of cells as has been described for
other GPI-anchored proteins (49). Accordingly, PrPSc might
move between plasma membranes of infected and uninfected
neurons or even astrocytes where PrPC is thought to be expressed

FIG. 3. Ultrastructure of isolated CLDs. (A and B) CLDs were
isolated by the ice-cold Triton X-100 detergent method. (C and D)
CLDs isolated by the detergent-free procedure. Samples were pre-
pared from ScN2a (A and C) and N2a cells (B andD). (Bar5 0.5 mm.)

FIG. 4. Concentration of ganglioside GM1 and H-ras in CLDs.
Equal amounts of proteins from CLDs, plasma membranes, post-
nuclear supernatants, and lysates of ScN2a and N2a cells were probed
with cholera toxin B conjugated to horseradish peroxidase (lanes 1–8)
and a mAb against H-ras (lanes 9–16).

FIG. 5. PrPC and PrPSc are concentrated in CLDs on the surface
of ScN2a cells. Detection of streptavidin-agarose-precipitated PrP
from CLDs derived from biotinylated plasma membranes of N2a and
ScN2a cells isolated with the detergent-free method. Immunoblots of
CLD proteins precipitated with streptavidin-agarose (lanes P) and
unbound proteins of the respective supernatants (lanes S) using
anti-PrP R073 antiserum without (2 PK) or with (1 PK) limited
digestion by proteinase K.
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albeit at levels much below that found in neurons (50, 51). PrPSc
might also be delivered to uninfected neurons across membranes
of cells lacking PrP expression but containing CLDs such as
oligodendrocytes that are in close contact with neurons.
In summary, a persuasive body of data is beginning to

emerge that argues that CLDs are the site of PrPSc formation.
CLDs are rich in cholesterol, glycosphingolipids, and GPI-
anchored proteins (15). Both PrPC and PrPSc haveGPI anchors
and both are found in CLDs. Reducing cellular cholesterol
levels by treatment with either lovastatin or squalestatin
blocked the initial proteolytic step in PrPC degradation and
inhibited PrPSc formation (ref. 12 and K. Kaneko et al.,
personal communication). Although substantial amounts of
PrPSc accumulate in lysosomes (8, 9, 29), PrPSc can be labeled
by addition of the membrane impermeant reagent sulfo-N-
hydroxysuccinimide-biotin added to the outside of ScN2a cells,
indicating that some of the PrPSc is bound to the external
surface of plasma membrane (Fig. 5). The biotinylated PrPSc
was subsequently recovered in CLDs isolated by the detergent-
free method; such results contend that PrPSc on the plasma
membrane is concentrated in CLDs. The foregoing findings
with results from other studies showing that PrPSc formation
was abolished by replacing the GPI anchor of PrPC with a
transmembrane segment that targets PrP to clathrin-coated pits
(ref. 12 and K. Kaneko et al., personal communication) build a
substantial case for the formation of PrPSc within CLDs.
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