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ABSTRACT Efficient formation of scrapie isoform of
prion protein (PrP5) requires targeting PrPS¢ by glycophos-
phatidyl inositol (GPI) anchors to caveolae-like domains
(CLDs). Redirecting the cellular isoform of prion protein
(PrPC) to clathrin-coated pits by creating chimeric PrP mol-
ecules with four different COOH-terminal transmembrane
domains prevented the formation of PrPSc, To determine if
these COOH-terminal transmembrane segments prevented
PrP€ from refolding into PrPS by altering the structure of the
polypeptide, we fused the 28-aa COOH termini from the Qa
protein. Two COOH-terminal Qa segments differing by a
single residue direct the transmembrane protein to clathrin-
coated pits or the GPI form to CLDs; PrP5¢ was formed from
GPI-anchored PrP€ but not from transmembrane PrPC¢. Our
findings argue that PrPS¢ formation is restricted to a specific
subcellular compartment and as such, it is likely to involve
auxiliary macromolecules found within CLDs.

The posttranslational conversion of the cellular isoform of
prion protein (PrPC) into the scrapie isoform of prion protein
(PrPS°) is the fundamental process underlying both the trans-
mission and pathogenesis of the prion disease (1, 2). While no
difference in the covalent structures of PrPS¢ and PrP¢ have
been discerned (3), their conformations differ markedly (4).
After PrPC is synthesized in the endoplasmic reticulum, it
transits through the Golgi to the cell surface where it is bound
by a glycophosphatidyl inositol (GPI)-anchor (5, 6). At or near
the cell surface, PrPC is either metabolized or converted into
PrPS¢ (7). PrP€ seems to reenter cells through caveolae-like
domains (CLDs), a subcellular compartment defined biochem-
ically by membranes rich in cholesterol and glycosphingolipids;
this compartment also contains many GPI-anchored proteins
(7-10). Whether PrPS¢ formation occurs in the CLDs where
PrPC undergoes initial proteolytic cleavage to produce an
NH,-terminally truncated protein designated PrPC-11 (11, 12)
is of considerable interest.

While the results of several studies have established that the
formation of PrPS¢ is a posttranslational process that occurs
after PrPC reaches the plasma membrane (13-15), defining the
subcellular location where PrPS¢ is formed has been formida-
ble. Although PrPC like other GPI-anchored proteins is
thought to reenter cells through caveolae or CLDs (16), some
investigators have argued that PrPC is sorted to clathrin-coated
pits where PrPS¢ formation has been postulated to occur (17).
Metabolic labeling studies indicate that PrPS¢ is formed before
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PrP transits into acidic endosomes where it is NH,-terminally
truncated in cultured cells but not in rodent brain (18-21).

With this background, we sought to determine the role of the
GPI anchor in PrPS¢ formation to gain information about the
subcellular trafficking of PrP€ and to assess the specificity of
PrPS¢ formation. Our findings argue that PrPS¢ formation is
confined to CLDs and although this is a pathologic process, it
occurs within a specific subcellular domain. The apparent
restriction PrPS¢ formation to CLDs would seem to argue that
such a process is likely to involve auxiliary macromolecules
found within this compartment. Such an auxiliary factor has
been implicated in the conversion of PrPC into PrPS¢ based on
the results of transgenetic studies where a chimeric human/
mouse (Hu/Mo) PrP molecule but not Hu PrP rendered mice
susceptible to Hu prions from patients who died of
Creutzfeldt-Jakob disease (22).

MATERIALS AND METHODS

Cultured Cells and Antibodies. Mouse neuroblastoma
(N2a) cells were obtained from American Tissue Culture
Collection. Scrapie-infected mouse neuroblastoma (ScN2a)
cells are the persistently infected clones as described (23).
ScN2a cells expressing the MHM?2 PrP were the same as
described (24). All the cells were grown and maintained at
37°C in MEM or RPMI 1640 medium supplemented with 10%
fetal bovine serum. In some cases, cells were treated with
phosphophatidylinositol phospholipase C (PIPLC). Cells
grown on 60 mm dishes were rinsed with ice-cold PBS, then
incubated with 0.5 unit PIPLC in 1 ml of OptiMEM (GIBCO-
BRL) at 37°C for 4 h with swirling.

a-PrP 3F4 is a mAb raised against Syrian hamster (SHa)
PrP27-30 (25). To distinguish the signals of MHM2-constructs
from endogenous mouse PrPS¢, 3F4 mAb was used since this
antibody exclusively recognizes SHa as well as MHM2 PrP at
Met-109-Met-112 (26). RO73 is an antiserum raised in a
rabbit against SDS/PAGE purified SHaPrP 27-30 that reacts
with SHaPrP, MoPrP, and MHM2 PrP (13, 27).

Isolation of Triton-Insoluble Complexes. To test solubility
of the Qa-constructs in cold Triton X-100, we used the
procedure for the isolation of detergent-insoluble, glycosphin-
golipid-enriched complexes previously described (28). Briefly,
cells grown on 150-mm culture dishes (Corning) were lysed and
homogenized in 2 ml of ice-cold Mes-buffered saline (25 mM
Mes, pH 6.5/0.15 M NaCl) containing 1% Triton X-100.

Abbreviations: PrP, prion protein; CJD, Creutzfeldt-Jakob disease;
PrPC, cellular isoform of PrP; PrPS¢, scrapie isoform of PrP; N2a,
mouse neuroblastoma; ScN2a, scrapie-infected mouse neuroblastoma;
SHa, Syrian hamster; Mo, mouse; Hu, human; Chk, chicken; GPI,
glycophosphatidyl inositol; CLDs, caveolae-like domains; Ph, phosphory-
lated; UPh, unphosphorylated.

ITo whom reprint requests should be addressed at: Department of
Neurology, HSE 781, University of California, San Francisco, CA
94143-0518.
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Homogenates were adjusted to 40% sucrose, then centrifuga-
tion was carried out at 39,000 rpm for 16 h at 4°C, and a 5-30%
linear sucrose gradient was formed above them. After centrif-
ugation, gradients were fractionated by collecting 1 ml fraction
starting from the top of the gradients.

Recombinant Gene Construction and Transfection. MHM?2
PrP with a wild-type GPI anchor was constructed as described
(24). Pvul and Xhol restriction sites were introduced in the
CD4 by using the mismatched (underlined) CD1 (5'-A GGG
GTG AACCGAT*CG GTG TTC CTG GCT) resulting in the
mutations GIn-367 — Arg and Thr-368 — Ser, and CD2
(§'-CTC ATC TGA GGC CTC GAG CCA CCT GCA).
BamHI and Sall sites were introduced in the low density
lipoprotein receptor (LDLR) by using the mismatched LDL1
(5'-AG AAG CCC GGA TCC GTG AGG GC), resulting in
the mutation Ser-704 — Gly, and LDL2 (5'-GGC AGG GGG
TCG ACT CCA GGC A). BamHI and Xhol sites were
introduced in the polymeric immunoglobulin receptor (PIGR)
by using the mismatched PIG1 (5'-AA AGC GGG GGA TCC
AAA GTA CT), resulting in the mutations Ser-627 — Gly and
Ala-628 — Ser, and PIG2 (5'-GGC GGT GGC TCG AGG
TGC CTA G). After the PCR, amplified fragments were
digested with restriction enzymes as described above, then
ligated into the MHM?2 PrP (deletions 231-254) (29), yielding
MHM2-CD4, MHM2-LDLR, and MHM2-PIGR (Fig. 1),
which were then introduced into the expression plasmid
pSPOX (24). The phosphorylated (Ph) Q1 (5'-CG TCT GCC
ACC ATC GCT GTC GTG GAT CTT GGA GCC GTC) and
unphosphorylated (UPh) Q2 (5’-T CGC GAC GGC TCC
AAG AAC CAC GAC AGC GAT GGT GGC AGA CGAT)
were ligated into Pvul-digested MHM2 PrP (deletions 231-
254), then digested with Bg/II. The Q1 and Q2 contained a
mismatch (underlined) that segregated into two different
mutations, MHM2-Qa(—) carrying Val-295 and MHM2-
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Fic. 1. Map of recombinant DNA constructs expressed in ScN2a
cells using the pSPOX vector. Filled bars, GPI attachment sequences
from wild-type MoPrP or Mo Qa(+). Hatched bars: Transmembrane
and cytoplasmic sequences from either Mo CD4, rabbit LDLR, human
PIGR, or Mo Qa(—). Dotted bar, FLAG sequence of Asp-Tyr-Lys-
Asp-Asp-Asp-Asp-Lys. Bold horizontal lines represent spacer se-
quence of Ser-Ala-Gly-Ser-Ala. CHO, N-glycosylation sites. M, Met at
codon 109 and 112 of SHaPrP.
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Qa(+) carrying Asp-295. The Ph Q4 (5'-TC GAG CTA GCG
GCG ATT CAT GAC GAA GGC GAC AAC AGC TCC
GAT GA) and UPh Q3 (5'-GCG ATC ATC GGA GCT GTT
GTC GCC TTC GTC ATG AAT CGC CGC TAG C) were
ligated into Xhol-cleaved MHM2 PrP, digested with Bg/II, then
ligated to produce a MHM2-Qa(—) or MHM2-Qa(+) (Fig. 1).
The Ph Qa-mod12 (5'-CT TCT GCC ACC ATC GCT GTC
GTG GAT CTT GGA GCC GTC) and UPh Qa-mod22 (5'-T
CGC GAC GGC TCC AAG ATC CAC GAC AGC GAT
GGT GGC AGA AGA T) were ligated into Pvul-digested
MHM?2 PrP (deletions 231-254), then digested with HindIII.
The Ph Q4 and UPh Q3 were ligated into Xhol-cleaved MHM?2
PrP, digested with HindIll, then ligated together to produce a
MHM2-Qa(—)*. The Ph Qa-C12 (5'-CG ATC ATC GGA
GCT GTT GTC GCCTTC GTC ATG AAT CGC CGC TAG
AT) and UPh Qa-C22 (5'-CTA GCG GCG ATT CAT GAC
GAA GGC GAC AAC AGC TCC GAT GAT CG) were
ligated into Nrul-digested MHM2-Qa(—)*, digested with Pvul,
then ligated into Pvul-digested MHM2 Qa(+) or MHM2-
Qa(—) to produce a MHM2-Qa(—)-Qa(+) or MHM2-Qa(—)-
Qa(—) (Fig. 1).

The Ph Qa-C32 (5'-CT ATC ATC GGA GCT GTT GTC
GCCTTCGTCATG AATTCG GCC GGG TCG GCC CGC
AGAT) and UPh Qa-C42 (5'-CT GCG GGC CGA CCC GGC
CGA ATT CAT GAC GAA GGC GAC AAC AGC TCC
GAT GAT AG) were ligated into Nrul-digested MHM2-
Qa(—)*, digested with Pvul, then ligated with Pvul-cleaved
MHM2-Qa(—) to produce a MHM2-Qa(—)-spacer-Qa(—)
(Fig. 1). Again, the phosphorylated Qa-C32 and unphosphor-
ylated Qa-C42 were ligated into Nrul-digested MHM2-Qa(—)-
spacer-Qa(—), digested with Pvul, then ligated with Pvul-
cleaved MHM2-Qa(—) or MHM2-Qa(+) to produce a
MHM2-Qa(—)-spacer-Qa(—)-spacer-Qa(+) or MHM2-
Qa(—)-spacer-Qa (—)-spacer-Qa(—) (Fig. 1).

The Ph Qa-MODSFL (5'-CG GAC TAC AAG GAC GAT
GAC GAT AAG TCG TCT GCC ACC ATC GCT GTC GTC
GTG GAT CTT GGA GCC GTC) and Uph Qa-MODG6FL
(5'-T CGC GAC GGC TCC AAG ATC CAC GAC GAC
AGC GAT GGT GGCAGA CGA CTT ATC GTCATC GTC
CTT GTA GTC CGA T) were ligated into Pvul-cleaved
MHM?2 PrP, digested with HindIIl. The Ph Q4 and UPh Q3
were ligated into Xhol-cleaved MHM2 PrP, digested with
HindlIll, then ligated together to produce a MHM2-FLAG-
Qa(+) (Fig. 1).

ScN2a cells were either transiently or stably transfected with
each construct using a DNA transfection kit (DOTAP, Boehr-
inger Mannheim). In the case of stable transfection, they were
then selected and maintained with 1 mg/ml of G418. Cell lysis
and Western blot analysis were performed as described (24).

Immunofluorescence. Immunofluorescence was done ac-
cording to the methods described, with some modifications (7).
Briefly, cells growing on a glass coverslip were incubated with
the a-PrP 3F4 mAb (1: 50 of ascitic fluid) for 1 h at 4°Cin 1%
BSA in PBS. In some cases, cells were chased at 37°C for 45
min to examine whether they were efficiently internalized into
a deep compartment. The cells were then examined with a
fluorescence microscope (Leitz, Leica) or a Zeiss LSM410
inverse laser scan microscope.

RESULTS

Transmembrane Anchorage Inhibits the PrPS¢ Formation.
Under conditions where MHM2 PrP permitted maximal levels
of MoPrPS¢ and MHM2 PrP% to be produced (see Fig. 3 B and
C, lane 1), we transfected pSPOX vectors encoding MHM2-
CD4, MHM2-LDLR, MHM2-PIGR, and MHM2-Qa(—) (Fig.
1). The CD4, LDLR, PIGR, and Qa(—) COOH termini
consisting of 62, 75, 127, and 28 aa, respectively, were fused to
residue 231 of MHM2 PrP. All of these constructs produced
transmembrane-anchored MHM?2 PrP molecules, none of



Cell Biology: Kaneko et al.

A. D.

|
|
1
}
|
’

— — — - — —

Proc. Natl. Acad. Sci. USA 94 (1997) 2335

PN
F£ G
S O
£ &8
B B 3 3
A e A &
N SSEES oo S
A AN A A L s
S8 SSE gL &
FEFFE F&FES
AR R FIFE

_-;..'! - -PK

—aas 3F4

u
1id
"
'.

— +PK
3F4

|
In

333 — — - . - ,
285 — - _ = - +RK
: 88asasg 2328288  -g:-8

Lanes: 1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18

FIG. 2. GPl-anchored MHM2 PrP is converted into PrPS¢ but the transmembrane form is not. Western blotting of each MHM2-chimeric
construct expressed in ScN2a cells is shown. (A-C) lane 1, MHM2 PrP; lane 2, MHM2-CD4; lane 3, MHM2-LDLR; lane 4, MHM2-PIGR; lane
5, MHM2-Qa(—); lane 6, MHM2-Qa(+); and lane 7, untransfected control ScN2a cells. (D-F) demonstrate that the Qa(—) transmembrane signal
predominates in the chimeric constructs with Qa(+) GPI-anchor addition signal. Lane 8§, MHM2 -Qa(+); lane 9, MHM2-Qa(—); lane 10,
MHM2-Qa(—)-Qa(+); lane 11, MHM2-Qa(—)-Qa(—); lane 12, MHM2-Qa(—)-spacer-Qa(—)-spacer-Qa(+); lane 13, MHM2-Qa(—)-spacer-
Qa(—)-spacer-Qa(—); and lane 14, untransfected control ScN2a cells. (G-I) lane 15, MHM2-Qa(+); lane 16, MHM2-Qa(—); lane 17,
MHM2-FLAG-Qa(+); lane 18, untransfected control ScN2a cells. A, D, and G demonstrate the expression of each chimeric MHM2 PrP construct:
Forty microliters of undigested cell lysates were applied to each lane and MHM?2 PrP was detected by staining with o-PrP 3F4 mAb. B, E, and H
demonstrate the conversion of MHM2 PrPC into MHM2 PrPS¢ and were stained with a-PrP 3F4 mAb. C, F, and I show endogenous MoPrPS¢
detected with RO73 antiserum. In B and C, E and F, and H and I, 500 ul of cell lysate were digested with proteinase K (20 ul/ml) at 37°C for
1 h followed by centrifugation at 100,000 X g for 1 h at 4°C and the resuspended pellet loaded onto the gels.

which were transformed into MHM?2 PrPS¢ (Fig. 2 A and B,
lanes 2-5). After prolonged exposure with the enhanced
chemiluminescence (Amersham) method, faint bands corre-
sponding to the protease-resistant MHM2 PrP were found
(data not shown). Since ScN2a cells still formed MoPrPS¢ after
transfection with pSPOX vectors encoding MHM2-CD4,
MHM2-LDLR, MHM2-PIGR, and MHM2-Qa(—), we con-
clude that these chimeric PrP molecules did not inhibit Prpse
formation (Fig. 2C, lanes 2-5).

Each of the four transmembrane MHM?2 PrP molecules has
a different COOH-terminal sequence varying in length from
28-127 residues and is joined to a flexible portion of the PrP
molecule containing residues 220-231 that recent nuclear
magnetic resonance studies document is devoid of organized
structure (30). Furthermore, these diverse sequences are un-
likely to inhibit PrPSc¢ formation by functionally relevant
changes in the structure of these PrP fusion proteins. Instead,
it seems more likely that these PrP fusion proteins inhibit PrPS
formation because of their transmembrane anchoring, which
targets them to clathrin-coated pits.

GPI-Anchored MHM2-Qa(+) Forms PrPS., Mutating
codon 295 of the GPI-anchored form of the Qa protein
designated Qa(+) produced a transmembrane form of the

protein designated Qa(—). In the Qa(+) form of the protein,
position 295 encodes an aspartic acid while the Qa(—) form
encodes a valine. Although fusion of a 28-aa segment from the
COOH terminus of Qa(—) containing a valine prevented PrPS°
formation, fusion of the same segment from Qa(+) rendered
MHM2-Qa(+) eligible for conversion into PrPSc. While
MHM2-Qa(—) is targeted to clathrin-coated pits by its
COOH-terminal transmembrane sequence, MHM2-Qa(+) is
targeted to CLDs by its GPI anchor addition sequence. Prior
to cleavage of the 28 aa fused to the flexible COOH terminus
of MHM2-Qa(+) upon addition of the GPI anchor, the
MHM2-Qa(+) and MHM2-Qa(—) proteins differ by a single
amino acid. Since the COOH-terminal sequences of MHM2-
Qa(+) and PrP are different yet both support PrPS¢ formation,
it seems likely that the topology of GPI-anchored PrP mole-
cules is critical for the conversion into PrPS¢ (Fig. 2B, lanes 1
and 6).

Because the GPI-anchor signal peptide was cleaved and
replaced with GPI-anchor moiety, whereas the transmem-
brane sequence remained fused to the COOH terminus of PrP,
we investigated a possibility that the Qa(—) transmembrane
sequence itself inhibited PrPS¢ formation. We examined the
behavior of a variety of Qa(—) derivative constructs including
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MHM2-Qa(—)-Qa(+) and MHM2-Qa(—)-spacer-Qa(—)-
spacer-Qa(+) (Fig. 1). The conformationally flexible spacer
consisted of 5 aa (Ser-Ala-Gly-Ser-Ala). The MHM2-Qa(—)-
spacer-Qa(—)-spacer-Qa(+) construct was designed to place
the GPI anchor on the outer surface of the cell like MHM2-
Qa(+) and MHM2 PrP even if the Qa(—) transmembrane
segments spanned the plasma membrane. None of the con-
structs containing a Qa(—) segment was converted into PrPS°
as judged by the acquisition of resistance to digestion by
proteinase K (Fig. 2E). When the Qa(—) sequence was
replaced by hydrophilic FLAG sequence, the formation of
PrPSc was restored (Fig. 2H) (31). We chose the FLAG
sequence as a control since earlier studies had shown that
FLAG fused to the NH, terminus of PrP€ could be converted
into PrPS¢ both in ScN2a cells and Tg mice (G. C. Telling and
S.B.P., unpublished work). The eight-residue FLAG sequence
does not form a transmembrane segment and thus, does not
function as a sorting signal for the clathrin-coated pits. Our
data demonstrate that the peptide sequence fused to the
COOH terminus of PrP determines whether or not the re-
combinant PrPC is converted into PrPSe.

Release of MHM2-Qa(+) by Phosphatidylinositol Phospho-
lipase C. To determine if GPI-anchor addition to MHM2-
Qa(+) was properly formed in ScN2a cells, we treated cells
expressing either MHM2-Qa(+) or MHM2-Qa(—) with
PIPLC. As expected, the GPI-anchored MHM2-Qa(+) as well
as the MHM2-FLAG-Qa(+) but not the transmembrane
MHM2-Qa(—) was released by PIPLC (Fig. 3, lanes 1-6).
From these results, we conclude that MHM2-Qa(+), like
MHM?2 PrP, is tethered to the external surface of the cell by
a GPI anchor. When the cells expressing MHM2-Qa(—)-
Qa(+), MHM2-Qa(—)-Qa(—), MHM2-Qa(—)-spacer-
Qa(—)-spacer-Qa(+), or MHM2-Qa(—)-spacer-Qa(—)-
spacer-Qa(—) (Fig. 1) were treated with PIPLC, none of these
recombinant molecules were released into the media (data not
shown). Thus, none of the PrP molecules containing Qa(—)
segments could be released from cells by PIPLC digestion,
arguing that none of these molecules were bound to the cell
surface by a GPI anchor, and none were converted into PrPS¢
(Fig. 2 D-F).
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FI1G. 3. GPlI-anchored chimeric MHM?2 PrP€ is released by PIPLC
digestion but the transmembrane form is not. Chimeric PrP molecules
denoted MHM2-Qa(—) for the transmembrane form and MHM2-
Qa(+) for the GPI-anchored form were expressed in ScN2a cells.
Media (lanes 1-6) and cell lysates (lanes 7-9) were collected from
ScN2a cells stably transfected with MHM2-Qa(+) (lanes 1 and 2) or
MHM2-Qa(—) (lanes 3, 4, and 8), or MHM2-FLAG-Qa (+) (lanes 5,
6, and 9). Cells were either digested with PIPLC (0.5 U) at 37°C for
4 h (even lanes), or without PIPLC (odd lanes). Western blot analysis
was performed with a-PrP 3F4 mAb. Only the GPI-anchored MHM2-
Prp was released into the media. Western blot analysis was performed
with a-PrP 3F4 mAb.
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MHM2-Qa(—) Is Internalized Through Clathrin-Coated
Pits. The internalization pattern of GPI-anchored MHM2-
Qa(+) was significantly different from that of the transmem-
brane MHM2-Qa(—). When cells expressing MHM2-Qa(+)
or MHM2-Qa(—) were incubated with a-PrP 3F4 mAb for 1 h
on ice, both cell lines exhibited a punctate staining pattern
confined to the surface (Fig. 4 4 and C).

When the cells were incubated with «-PrP 3F4 mAbD for 45
min at 37°C, the cells transfected with MHM2-Qa(—) cleared
the a-PrP 3F4 mAD from the cell surface and delivered it to
the perinuclear regions of the cytoplasm (Fig. 4D). In contrast,
those cells transfected with MHM2-Qa(+) continued to ex-
hibit a punctate staining pattern on their surface (Fig. 4B). The
internalization pattern of MHM?2-Qa(—) is similar to that of
other transmembrane molecules targeted to the clathrin-
coated pits; whereas the pattern for MHM2-Qa(+) is indis-
tinguishable from that of other GPI-anchored molecules (32,
33).

MHM2-Qa(+) Proteins Fractionate with CLDs. The lysis of
cells in cold Triton X-100 allows separation of GPI-anchored
proteins from most other proteins by flotation in a sucrose
gradient (28, 34). The GPI-anchored proteins in cold Triton
X-100 associate with CLDs which contain high levels of
cholesterol.

Cells expressing either MHM2-Qa(—) or MHM2-Qa(+)
were lysed in cold Triton X-100 and the detergent extracts were
fractionated by flotation through sucrose gradients. Because
of the low buoyant density of the CLDs, they float in these
sucrose gradients. Fractions from these gradients were assayed
for MHM2-Qa by immunoblotting with «-PrP 3F4 mAb.
MHM2-Qa(—) could only be detected in the lysate fractions
(Fig. 5B, lanes 8-11); whereas the majority of the MHM2-
Qa(+) molecules were present in the floating fractions (Fig.
5A, lanes 3-6), indicating their association with CLDs. When
the fractions were assayed for endogenous MoPrP with «a-PrP
polyclonal R073 antiserum, MoPrP was found in the floating
fractions (Fig. 5 C and D, lanes 3-7). These results show that

4°C 37°C

MHM2-Qa(+)

MHM2-Qa(-)

F1G. 4. Internalization of MHM2-Qa(—) and MHM2-Qa(+) ex-
pressed in ScN2a cells as measured by indirect immunofluorescence
microscope. (4 and B) ScN2a cells expressing MHM2-Qa(+). (C and
D) ScN2a cells expressing MHM?2-Qa(—). All the ScN2a cells were
incubated with a-PrP 3F4 mAb at 4°C for 1 h; cells shown in B and D
were then chased for 45 min at 37°C. The transmembrane MHM2-
Qa(—) accumulated in the perinuclear region after treatment at 37°C,
whereas MHM2-Qa(+) remained on or near the cell surface.
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Fig. 5. MHM2-Qa(+) associates with CLDs. (4) ScN2a cells
expressing MHM2-Qa(+) were treated with cold Triton X-100 and the
CLDs were separated by flotation into sucrose gradients. Gradients
were fractionated and fractions tested for presence of Qa molecules by
immunoblotting using 3F4 mAb. Lanes 1-7 represent fractions 1-7 of
the gradients (5-30% sucrose), lanes 8-11 represent the lysate frac-
tions (40% sucrose). (B) ScN2a cells expressing MHM2-Qa(—) lysed,
fractionated and stained as described for 4. C and D were equivalent
to A and B, respectively, but were stained with a-PrP polyclonal RO73
antiserum, which recognizes endogenous MoPrP. Although the a-PrP
polyclonal RO73 antiserum recognizes both MoPrP and MHM2 PrP,
only MoPrP is stained in D. Since MHM2-Qa(—) is expressed at levels
lower than MoPrP, the staining reaction was terminated before
MHM2-Qa(—) was stained by the a-PrP polyclonal RO73 antiserum.

the GPI anchor of MHM2-Qa(+) rendered the protein insol-
uble in cold Triton X-100 and caused it to fractionate with the
CLDs. In contrast, MHM2-Qa(—) proteins were completely
soluble in cold Triton X-100 and did not float with the CLDs.

DISCUSSION

Subcellular Trafficking of PrPC and PrPS¢, The results
presented here demonstrate that PrP¢ targeted to CLDs is
converted into PrPS¢ while chimeric PrP¢ molecules with
transmembrane segments fused to the COOH terminus are not
substrates for PrPS¢ formation as postulated from earlier
studies (7). These findings contend that the process of PrPS¢
formation may be highly restricted topologically. Alternatively,
each of the chimeric PrP molecules with different COOH-
terminal sequences might be prevented from forming PrPSe
because each sequence contains a transmembrane segment.
We believe the latter explanation is unlikely because nuclear
magnetic resonance studies of PrP fragments containing res-
idues 121-231 suggest that the COOH-terminal 14 residues
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beyond the helical segment 200-217 provide a flexible tether
(30); additionally, the fusion of the hydrophilic FLAG se-
quence at the COOH terminus of PrP¢ did not prevent
conversion into PrPSe,

The COOH-terminal signal sequence which is cleaved when
a GPI anchor is added has been shown to contain at least three
elements. At the first and third positions of this sequence, the
amino acid residues must have small side chains. Between
these residues and a hydrophobic domain of at least 11 aa at
the COOH terminus is a spacer domain that has no specific
requirements (35, 36). Although no consensus sequence has
been recognized on the NH,-terminal side of the cleavage site
where the GPI anchors are added (37), our data demonstrate
that insertion of the Qa(—) transmembrane segment did
predominate GPI-anchor addition. When the Qa(—) trans-
membrane segment was placed between PrP on the NH,-
terminal side and the Qa(+) segment on the COOH-terminal
side so that the two Qa sequences were expressed tandem, no
release of the recombinant PrP¢ by PIPLC digestion was
found. It is of interest that the mRNAs encoding N-CAM
which can exist as either a transmembrane or GPI-anchor
protein undergo splicing so that both the transmembrane or
GPI anchor addition sequences do not exist in the same mature
protein (38). Even though each of the four constructs con-
taining multiple Qa sequences was translated (Fig. 2D), none
of the resulting proteins were GPI-anchored as evidenced by
a lack of release from the surface of cells by PIPLC digestion
(Fig. 3B).

Our inability to create a GPI-anchored PrP molecule con-
taining the Qa(—) transmembrane segment demonstrates that
cells regulate the biogenesis of proteins in a manner that
prevents the formation of chimeras with the structures that we
sought. In view of these results, we substituted the hydrophilic
sequence FLAG for Qa(—) and produced the chimeric con-
struct MHM2-FLAG-Qa(+). Unlike the constructs contain-
ing the Qa(—) segment, the MHM2-FLAG-Qa(+) protein
acquired a GPI anchor and was converted into PrPSc. The
results with this construct support our contention that steric
hindrance by foreign COOH-terminal sequences is not respon-
sible for the inhibition of PrPS¢ formation.

Although some investigators found immunostaining of PrP
in caveolae in N2a cells (16), others have reported that the
endocytosis of chicken (Chk)PrP expressed in Mo N2a cells is
mediated by clathrin-coated pits (17). ImmunoGold (Janssen)
labeling of N2a cells showed that the concentration of ChkPrP
within coated pits was 3-5X higher than over other areas of
plasma membrane, and gold particles were also seen within
coated vesicles and deeply invaginated coated pits. Further-
more, internalization of ChkPrP was reduced ~70% after N2a
cells were incubated in hypertonic medium, a treatment that
inhibits endocytosis by disrupting clathrin lattices. These find-
ings are contrary to the data reported here which show that
GPI-anchored PrP¢ does not reenter cells through clathrin-
coated pits. Our results and those reported earlier (7, 9)
indicate that the GPI anchor of PrP¢ directs it to CLDs.
Whether the avian PrP sequence, which is only 30% homol-
ogous with mammalian PrPs (39), or the overexpression of this
protein is responsible for what seem to be aberrant results
remains to be determined.

Implications for Prion Propagation. Our finding that the
conversion of PrPC into PrPS¢ is restricted to a particular
subcellular compartment would seem to imply that auxiliary
factors localized to that compartment participate in the prop-
agation of prions. Presumably, such auxiliary factors are
proteins, but we cannot exclude the possibility that cholesterol,
glycosphingolipids, phospholipids, and the membrane surface
play a role in PrPS¢ formation.

This conclusion is consistent with the results of transgenetic
studies in which PrPS¢ formation was inhibited by MoPrP€ in
mice expressing Hu or chimeric Hu/MoPrP. Such findings
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seem to be explained most readily by a cellular factor(s),
designated protein X, that might function as a molecular
chaperone (22). We proposed that protein X facilitates either
the unfolding of one or more of the a-helices in PrPC, or their
refolding into B-sheets by binding relevant structural interme-
diates. Protein X appears to bind to the COOH-terminal
region of PrPC but not to PrPSc. Whether any of the proteins
known to bind to PrP (40-42) function as proposed for protein
X remains to be established.

Novel Approaches to Central Nervous System Degeneration
Arising From These Studies. Our investigations argue persua-
sively that PrPS¢ formation requires the trafficking of PrP€ to
a specific subcellular compartment. This finding raises the
possibility of designing drugs that divert PrPC away from the
specific compartment where PrPS¢ is formed. If we assume that
PrPC performs some as yet unknown function when it resides
on the external surface of cells, then modifying its sorting
pathway during the degradation phase of its metabolism might
provide an effective therapeutic approach.

At present, there are no effective therapies for prion diseases
despite numerous studies with DEAE dextran, pentosan sul-
fate, Congo red, and amphotercin B (43-48). Although abla-
tion of the PrP gene does prevent prion disease (49, 50), such
a strategy cannot be implemented since systems to deliver
widely PrP antisense polynucleotides to the central nervous
system are not currently available. Identification of drugs that
modify the trafficking of PrP€ might provide a novel approach
to treating not only prion diseases but also the more common
neurodegenerative illnesses such as Alzheimer disease, Par-
kinson disease, and amyotrophic lateral sclerosis, which may
also prove to be disorders of protein conformation.
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