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At the endoplasmic reticulum membrane, the prion protein (PrP) can be synthesized in 
several topological forms. The role of these different forms was explored with transgenic 
mice expressing PrP mutations that alter the relative ratios of the topological forms. 
Expression of a particular transmembrane form (termed CimPrP) produced neurodegen- 
erative changes in mice similar to those of some genetic prion diseases. Brains from 
these mice contained CtmPrP but not PrPSc, the PrP isoform responsible for transmission 
of prion diseases. Furthermore, in one heritable prion disease of humans, brain tissue 
contained CtmPrP but not PrPSC. Thus, aberrant regulation of protein biogenesis and 
topology at the endoplasmic reticulum can result in neurodegeneration. 

P ~ P  is a hiehlv conserved, 35-kD brain " ,  
glycoprotein essential for the trans~nission 
and pathogenesis of several neurodegenera- 
tive diseases, such as scrapie, bovine spon- 
gifor~n encephalopathy, Creutzfeldt-Jakob 
disease (CJD), and Gerstmann-Straussler- 
Scheinker (GSS) disease (1). Although the 
norlnal function of PrP remains i~nclear, the 
pathogenesis of prion diseases requires its 
expression (2-4) and is often accompanied 
by the accumulation in the brain of an 
ahnormal isoform of PrP (termed PrP"). 
Considerable evidence from biochemical, 
immunologic, pathologic, and genetic stud- 
ies argues that PrP" is the major, if not 
only, colnponent of the translnissible prion 
particle [reviewed in ( 1  )] .  Furthermore, the 
data suggest that PrPSc is able to propagate 
itself in the host by stimulating the conver- 
sion of norlnal cellular PrP (termed PrP") 
to PrP"', leading to its accumulation (5, 6) .  
Thus, although the exact mechanism of 
PrPC to PrP" conversion remains un- 
known, a foundation has been laid for the 
understanding of prion disease transmission, 
on which subsequent structural, biochemi- 

cal, and cell bioloe~cal studles can be based. " 

More en~g~natic at the present time is 
our understandine of the biocheln~cal and 

u 

cell biological events that form the basis for 
the pathophysiological progression of neu- 
rodegeneration in prion diseases. The role 
of PrP" in the pathologic process leading to 
neuronal death is currently unclear. The 
observat~on of substantial i~eurodegenera- 
tlon in the absence of PrP" accumulat~on 
in some cases of natural and experimental 
prion disease argues against its accumula- 
tion as the sole cause of pathology (7, 8). 
Converselv. the time course of PrPSc deno- , , 
sition in the brains of mice expressing low 
levels of PrPC does not correlate with the 
time course of neurodegeneration (9), rais- 
ing the possibility that PrPSc is not directly 
toxic. This possibility is further supported 
by the demonstration that PrPSc denosition 
fails to cause disease in brain tissue lacking 
PrPC (2) .  Thus, although conversion of 
PrPC to P r P c  appears to be central to trans- 
mission, other aspects of PrP expression, 
folding, and trafficking lnay feature in the 
pathophysiological ~nechanislns that ulti- 
mately cause disease. 
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about PrPC, wh~ch is on the cell surface, 
tethered to the lnelnbrane by a giycolipid 
anchor whose cleavage results In release 
from cells (14). The re~na~nder of the PrP 
made at the ER spans the membrane, with 
regions of the molecule exposed to the cy- 
tosol. However, the relation between these 
multiple topological forms of PrP and neu- 
rodegenerative disease has not been estab- 
lished, nor have transmembrane forms of 
PrP been previously detected in the brain. 

Here, age used transgenic mice that ex- 
Dress various mutations in PrP to examine 
the possible role of PrP topology in neurode- 
generation. Our data ~ndicate that a specific 
trans~nelnbrane form of PrP (termed """PrP, 
see below) can confer severe neurodegenera- 
tion in mice w ~ t h  features typical of prlon 
d~sease. Subseauent analvsis of the human 
neurodegenera;ive disease caused by the 
A1 17V mutation [alanine (A)  to valine (V) 
substitution at position 1171 in PrP suggests 
that its basis l~es 111 increased production of 
C""PrP at the ER membrane. These findings 
identify C""PrP as a key component in the 
pathway of neurodegeneration in a specific 
human disorder (GSS) and may have impor- 
tant implications for a broader range of neu- 
rodeeenerative diseases. " 

PrP topology. The events of secretory 
and membrane proteln biogenesis can be 
faithfully reconstituted and studied ~11th  
cell-free translation systems containing ER- 
derived ~nicrosolnal membranes ( 15). To- ~, 

pology of a protein can be assessed by de- 
termining whether any regions of the mol- 
ecule are accessible to proteases added to 
the outside of the ~nelnbrane vesicles. Full 
protection from exogenous protease indi- 
cates coln~lete trallslocation into the ER 
lumen. Conversely, digestion of certain do- 
mains to yield discrete protease-protected 
fragments indicates a membrane-spanning 
topology, the exact orientation of which 
can be clarif~ed by identification of the 
protected fragments with epitope-specific 
antibodies. This use of proteases as a probe 
of topology is d~stinctly different from the 
use of proteases as probes of protein confor- 
mation (for example, the protease resis- 
tance of PrP"). Because the topology assay 
is carried out in the absence of detergent, 
the protection from protease is due to an 
intact nlelnbrane barrier. In contrast, the 
assay of PrP conformation by use of protein- 
ase K (PK) is carried out in detergent solu- 
tion, where only particular confor~nations 
of PrP, and not a membrane barrier, can 
protect it from digestion (1 6). 

Previous analyses of PrP topology have 
suggested that two distinct forms of PrP can 
be made at the ER: one that is f~llly trans- 
located (""PrP) and one that is transmem- 
brane (10-12). D~gest~on of the transmem- 
brane form n ~ t h  proteases added to the 
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outside of the membrane yielded two frag- 
ments: One is COOH-terminal derived and 
glycosylated, and the other is NH2-terminal 
derived and unglycosylated. These data 
have been interpreted to indicate that 
transmembrane PrP chains span the mem- 
brane twice, with the NH2- and COOH- 
termini of the molecule in the ER lumen, 
protected from proteases added to the cyto- 
solic side (10, 13). However, the findings 
described below suggest that the NH2- and 
COOH-terminal fragments reflect the exis- 
tence of two different transmembrane forms 
of PrP (Fig. 1A). One form, termed C-trans 
transmembrane (C'mPrP), has the COOH- 
terminus in the ER lumen with the NH2- 
terminus accessible to proteases in the cy- 
tosol. The other form, termed N-trans 
transmembrane (N'mPrP), has the NH2-ter- 
minus in the ER lumen with the COOH- 
terminus accessible to proteases in the cy- 
tosol. Both transmembrane forms appear to 
span the membrane at the same hydropho- 
bic stretch in PrP (roughly residues 110 to 
135, previously termed TM1). For this rea- 
son, the proteolytic fragments derived from 
each transmembrane form share a common 
domain of PrP approximately from residues 
105 to 140 (the residues immediately adja- 
cent to the membrane-spanning domain are 
not digested by protease, perhaps because of 
steric hindrance by the membrane itself). 
Thus, both fragments share the epitope for 

the 3F4 monoclonal antibody (mAb) (to 
residues 109 to 112), whereas only the 
COOH-terminal fragment contains the 
epitope to the 13A5 mAb (to residues 138 
to 141). These differences in antibody re- 
activity, glycosylation, and size allow the 
N'mPrP and C'mPrP fragments to be clearly 
distinguished. 

Topology-altering mutations in PrP. 
Synthesis of both transmembrane forms of 
PrP is dependent on discrete sequences 
within the PrP coding region ( I  2, 13, 17). 
Two adjacent domains within PrP (Fig. 
lB), the hydrophobic, potentially mem- 
brane-spanning stretch from amino acids 
Ala113 to Ser135 (termed TM1) and the 
preceding hydrophilic domain [termed STE 
(for stop transfer effector) and presently 
narrowed to residues Lys104 to Met112 (18)], 
appear to act in concert to generate both 
transmembrane forms of PrP. No helical 
structure in this region of PrP has been 
found by nuclear magnetic resonance stud- 
ies of recombinant PrPs derived from Esch- 
erichia coli and studied in an aqueous envi- 
ronment (19-21). Mutations, deletions, or 
insertions within these domains can alter 
the relative amounts of each topological 
form of PrP that is synthesized at the ER 
(12). Given these complex and unusual 
features of PrP biogenesis and structure, it 
seemed plausible to think that its dysregu- 
lation may have dramatic consequences for 

the physiology of an organism. 
To explore this hypothesis, we first iden- 

tified four mutations within STE-TM1 
(shown in Fig. 1C) that greatly alter the 
ratio of the topological forms when assayed 
by cell-free translation. Two of these muta- 
tions (KH+II and ASTE) were engineered 
into Syrian hamster PrP (SHaPrP), and the 
other two (AV3 and G123P) were put into 
MHZMPrP, a mouse-hamster chimera in 
which residues 94 to 188 are from hamster 
PrP (6). We found that the species varia- 
tion between SHaPrP and MH2MPrP (dif- 
fering at eight residues) had little effect on 
topology (Fig. ID). However, a comparison 
of SHaPrP(KH+II) with wild-type SHa- 
PrP showed a marked increase (from - 10 to 
-50%) in the relative amount of C'mPrP 
synthesized, with a concomitant decrease in 
""PrP (Fig. 1E). The amount of N'mPrP 
remained essentially unchanged. Similar re- 
sults were obtained when MHZMPrP(AV3) 
was compared with MH2MPrP (Fig. IF). 
In contrast, both SHaPrP(ASTE) and 
MHZMPrP(G123P) were synthesized ex- 
clusively in the ""PP form (Fig. 1, E and F). 
These results, quantitated and summarized 
(Fig. lG),  provided the basis for our subse- 
quent examination of the effects of aberrant 
C'mPrP synthesis in vivo. To do this, we 
expressed PrP transgenes encoding each of 
these mutations in mice that lacked the PrP 
gene [FVB/Pmp0I0 (4)] .  These mice were 

Fig. 1. Analysis of the to- A ctm S ~ C  ~ t n  18 k0 28 k 0  14 kD 
pology of mutant PrP SHePrP MH2MPrP SHaPrP(KH4I) SHaPrP(dSTE) 

molecules at the ER PK - +  - +  + - +  - +  + 
Det - - - - + - - - - + 

P K - +  - + +  - +  - + +  
membrane wrth cell-free Det - - - - + - - - - + 

AP - - + + +  - - + + +  A p - - + + + - - + + +  
translat~on. (A) Schemat- -731-F- 

IC of the standard prote- 
olysis assay for PrP B C 

topology determination. S~gnal STE TMI I I + c ~ o [ l  
CHO CHO 

The three topologic I- 1 I -CHO-I 
1 71 10A 117 1 %  

forms of PrP are shown 
L. - 

before (left) and after C N- - - - 11 I 105 110 115 120 125 N -  - - - - -14 (nght) digestton with CY- W R P S K P K T N H K H M A G A A ~ A G A V V G G L  

f f i lE  K P S  %------- - --------G A  A  A  A  G  A  V V  G  G  L  
1 2 3 4 5 6 7 8  9 1 0  1 2 3  4 5  6 7 8 9 1 0  

tosollcally d~sposed PK. W Z ~ P K P S K  P .  - N M ~ ~ M , G ~ A A A G A V V V G L  
The approximate slzes of K H - I I K P S K P X T N M I I M A G A A A A G A V V G G L  F 

A V ~ K P S K P K T N I ( ~ ~ ~ V G V A A ~ G A V ~ G G L  MH2MPrP(AV3) MH2MPrP(G123P) 
G 

the fragments generated A ~ ~ N K P S K P K T N I ( K H M A G A A ~ ~ A G A ~ ~ C G L  O m  Ctm B s e c  
from each form are indi- PK: - + - + +  - +  - + +  De(: - - - - + - - - - + 

cated above the diagram. The positions of the epitopes recognized by the 3F4 and AP: - - + + + - - + + + 
13A5 mAbs (37, 40) are indicated by the white and grey boxes, respectively. C, 
COOH terminus; N ,  NH,-terminus. (6) Schematic of the topogenic domains in 
PrP. Topogenic sequences shown are the NH,-terminal signal sequence (signal), +CW[ 

the stop transfer effector sequence (STE), the potential membrane-spanning do- -CHO - 
main (TMI), and glycosylation sites (CHO). Amino acid positions are shown below - the diagram. (C) Mutations used in this study. The amino acid number of hamster c - 
PrP is indicated above the figure. Changes are indicated by shading. Single-letter - - - 
abbreviations for the amino acid residues are as follows: A, Ala; G, Gly; H,  His; I ,  Ile; 5+* $+ $4" 43 "9 

1 2 3  4 5  6 7 8 9 1 0  + + 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; S, Ser; T, Thr; and V, Val. (D to F) Topology 
of wild-type and mutant PrP molecules at the ER (39). In vitro-synthesized transcript coding for each PrP construct (indicated above the gels) was used to 
program a rabbit reticulocyte lysate cell-free translation reaction containing ER-derived microsomal membranes. Where indicated, a competitive peptide 
inhibitor of glycosylation (AP) was included in the reaction. After translation, samples were either left untreated or digested with PK in the absence or presence 
of 0.5% Triton X-100 (Det) as indicated above the gel. The positions of ungiycosylated (-CHO) and glycosylated (+CHO) PrP species are indicated to the left, 
and molecular weight markers are indicated to the right. The positions of the NH,- and COOH-terminal fragments generated by PK digestion of the NtmPrP 
and CtmPrP forms are indicated at the left of each gel. (G) Quantitative representation (41) of the relative amounts of S"PrP (black bars). CtmPrP (gray bars), 
and MmPrP (white bars) for each PrP construct analyzed in (D) to (F). 
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then observed for clinical signs and symp- 
toms and examined for histopathology, and 
the PrP molecules in their brains were 
analyzed biochemically for transmembrane 
topology. 

C""PrP and the development of neuro- 
degeneration. Mice expressing the SHaPrP- 
(KH+II) transgene {designated Tg[SHa- 
PrP(KH+II),], line F1198) developed signs 
of neurodegeneration. All 29 transgenic 
mice spanning three generations developed 
clinical signs of prion disease, including 
ataxia and paresis (Fig. 2A). In the F2 gen- 
eration harboring the transgene (n = 24), 
the average age of onset was 58 2 11 days, 
with the earliest development of symptoms 
at 41 days (Fig. 2B). In contrast, none of the 
nontransgenic littermates exhibited any 
signs of illness. Neither the FVB/Pmp0I0 
mice nor FVB/PmpO1O mice expressing the 
wild-type SHaPrP transgene [designated Tg- 
(SHaPrP), line A39221 developed any signs 
of neurologic dysfunction. Careful quantita- 
tion of PrP expression levels demonstrated 
that Tg[SHaPrP(KH+II),] expressed PrP 
at about half the level seen in the Tg(SHa- 
PrP) mice, indicating that disease was not a 
trivial consequence of massive overexpres- 
sion [which has been shown to cause a neu- 
romyopathy at ages of 1 year or more (22)l. 

Transgenic mice expressing MH2MPrP- 
(AV3) at high levels also showed neurolog- 
ical signs of illness and death within 2 
months (23). Biochemical analyses of mu- 
tant PrP in selected ill founder animals (Fig. 
3) revealed the expression level to be equal 
to or lower than that in the brains of Tg- 
(SHaPrP) mice, again militating against the 
explanation of overexpression. Thus, similar 

Fig. 2. Production and A 
histological characteriza- 
tion of a transgenic mouse R' 

Table 1. Mutational analysis of PrP in vitro and in vivo. NA, not applicable 

OmPrP cell Level of Detection of 
free expression ctmprp Clinical Neuro- PrPSC 

pathology detection (relative to (relative to in brain symptoms in brain 
wild type) SHa) in brain 

Wild type - - 4 x - - - - 
ASTE < 2.5-3X - - - - 
GI 23P < 2 x  - - - - 
(KH+ II), > 2 x  + + + - 
(KH+ II),  > 0.25-0.5x - - - - 
AV3 > 2-4X + + + - 
A1 17V' > N A + + + - 

'The A1 17V mutation is in human PrP, and the data for this mutant derive from analysis in vitro (Fig. 4) or from human 
brain tissue (Fig. 6B) (26). The data for the other mutants derive from analysis of transgenic mice presented in this paper 
(Figs. 1 to 3). 

to the KH+=I I  mutation, expression of the 
AV3 mutation caused a neurodegeneration 
in mice. 

Histopathological examination of brains 
from ill Tg[SHaPrP(KH+II),] mice re- 
vealed some neuropathological changes 
that were similar to those found in scrapie 
caused by inoculation of animals with pri- 
ons. These changes included focal vacuolar - 
degeneration of the gray matter neuropil 
(most pronounced in the hippocampus and 
piriform cortex; Fig. 2D) and an associated 
astrocytic gliosis (Fig. 2E). Such pathology 
was seen in each of the multiple Tg- 
[SHaPrP(KH+II),] mice analyzed but 
was not observed in the brains of normal 
mice, FVB/Pmpo10 mice, or Tg(SHaPrP) 
mice. Analysis of ill mice expressing the 
MH2MPrP(AV3) transgene also revealed 
neurodegeneration with marked astrocytic 
gliosis (23). However, unlike with Tg- 
[SHaPrP(KH+=II),] mice, vacuolar degen- 

eration was not consistently observed. 
Whether this variance in the neuropathol- 
ogy between Tg[SHaPrP(KH+II),] and 
Tg[MH2MPrP(AV3)] mice is due to differ- 
ences in the level of expression, the age at 
examination, the species of PrP gene used 
(SHaPrP versus MHZMPrP), or the loca- 
tion or nature of the mutation itself remains 
to be determined. 

Transgenic mice expressing SHaPrP- 
(ASTE) and MH2MPrP(G123P) were also 
constructed, and a line with high levels of 
expression of each {designated Tg[SHaPrP- 
(ASTE)], line F1788, and Tg[MH2MPrP- 
(G123P)], line Dl36381 was selected for 
further study (Table 1). In contrast to mice 
canying the KH+II or AV3 mutation in 
PrP, neither Tg[SHaPrP(ASTE)] nor Tg- 
[MH2MPrP(G123P)] mice showed any 
signs of illness. Furthermore, even at ages 
substantially beyond the life-span of the 
Tg[SHaPrP(KH+II),] mice, histological 

2 l~ne expresstng SHaPrP- 0 
(KH-tll) (A) Genealogy of 
the Tg[SHaPrP(KH-II),] I 
transgen~c l~ne (42) Indl- I 
v~duals canylng the trans- n L A A A A A A A A A  ..- - 

4 3 gene are ~nd~cated by sol- 
~d symbols (each of whlch 
succumbed to neurode- 25 

C E 
Hamster WT (KHjII), 

generattve dlsease) Open - 
1 0 8  6 4 2 1 symbols ~nd~cate non- 

1 , i' , 
transgen~c l~ttermates - 7  

E E '0 rn --. 
Males are tndlcated wth a 
square and females w~th a I ?', v *  

L. 2 
c~rcle Numerals below 1 2 3 1 5 6  7 8 9 1 0 1 1 1 2  

7 ,  

some symbols ~nd~cate o 20 40 60 80 loo 7. -d . +, 
multiple individuals repre- Age (days) 
sented by that symbol. FP 
indicates the founding parents, and 0, I and I I  indicate the founder, F1, and F2 lane) from either normal Syrian hamster, Tg(SHaPrP) mouse (WT), or Tg- 
generations, respectively. (B)The F2 transgenic animals (n = 24) were observed [SHaPrP(KH-tll),] mouse was detected by immunoblotting with the 13A5 
for signs of neurodegenerative disease, including ataxia and paresis. Plotted mAb. (D) Hemotoxylin and eosin stain of immersion-fixed brain sections (38) 
on the ordinate axis are the number of asymptomatic animals in the group at from Tg[SHaPrP(KH+II),] mice showing mild to moderate vacuolation. (E) 
any given age (in days). (C) Assessment of the level of expression of Analysis of Tg[SHaPrP(KH+II),] mice by immunohistochemical staining of 
Tg[SHaPrP(KH+II),] and Tg(SHaPrP). PrP in varying amounts of brain ho- immersion-fixed brain section with antibodies to glial fibrillary acidic protein 
mogenate (amount of total protein in micrograms is indicated above each (38), demonstrating reactive astrocytic gliosis. Scale bar, 50 pm. 
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analysis of Tg[SHaPrP(ASTE)] and Tg- 
[MH2MPrP(G123P)] mice revealed no 
neuropathological changes. Taken together 
with the above findings, these results are 
suggestive of the notion that favored syn- 
thesis in the C'mPrP form, as judged by the 
cell-free translocation assay, is indicative of 
the pathogenicity of the PrP mutation in 
vivo. 

The topology of PrP in the brains of 
these transgenic mice was examined next. 
For these studies, brains were removed from 
animals, and intact microsomal membranes, 
containing PrP among other proteins, were 
prepared. These intact vesicles were then 
subjected to protease digestion, and the ac- 
cessibility of PrP to protease was assessed by 
immunoblotting. Generation of a proteolyt- 
ic fragment encompassing the COOH-ter- 
minus of PrP argues that these molecules 
are in the CtmPrP orientation, whereas full 
protection from protease digestion indicates 
that the PrP is in the ""PrP orientation. 
Analysis of the proteolytic fragments was 
simplified by the removal, just before SDS- 
polyacrylamide gel electrophoresis (PAGE), 
of the highly heterogeneous carbohydrate 
trees with the enzyme PNGase F. This re- 
moval allowed us to look for the 18-kD 
COOH-terminal fragment characteristic of 
the ''"PrP form, without the complications 
of heterogeneous electrophoretic migration 
of variably glycosylated PrP molecules. To 

ensure that vesicle integrity was maintained 
during the proteolysis reaction, we also 
evaluated the accessibility to protease of 
GRP94, an ER lumenal protein (24). 

Only the Tg[SHaPrP(KH+II),] and 
Tg[MH2MPrP(AV3)] brain samples con- 
tained PrP molecules spanning the mem- 
brane, which, after protease digestion in the 
absence of detergent, produced an 18-kD 
fragment (Fig. 3A). This fragment produced 
by protease digestion was determined to be a 
COOH-terminal fragment of PrP on the ba- 
sis of its detection with the 13A5 mAb and 
its observed slower migration on SDS-PAGE 
as a heterogeneous set of bands if poly- 
saccharides were not removed from PrP be- 
fore analysis (18). Thus, brains from Tg- 
[SHaPrP(KH+II)H] and Tg[MH2MPrP- 
(AV3)] mice contained CtmPrP (accounting 
for -20 to 30% of the PrP in the mi- 
crosomes). Similar results were obtained 
from multiple Tg[SHaPrP(KH+II)H] and 
Tg[MH2MPrP(AV3)] animals, whereas in 
no instance was any C'mPrP detected 
in Tg(SHaPrP), Tg[SHaPrP(ASTE)], or Tg- 
[MH2MPrP(G123P)] animals. Taken to- 
gether, these data indicate that the presence 
of the CtmPrP form of PrP in the brains of 
transgenic mice correlates well with observa- 
tions made with the cell-free translocation 
system, although the absolute amount of 
''"PrP in brain was consistently less than 
that observed in cell-free assays (see below). 

These findings suggest that C'mPrP is in- 
volved in the development of spontaneous 
neurodegenerative disease. 

To determine whether the C'mPrP ob- 
served in transgenic mice brains had exited 
the ER, we analyzed the state of maturation 
of the carbohydrate trees present on PrP. 
While still in the ER, carbohydrates can be 
removed efficiently with the enzyme en- 
doglycosidase H (endo H) (25). However, 
upon transit of proteins to the Golgi appa- 
ratus, the sugar trees are trimmed and ren- 
dered resistant to endo H and can only be 
removed with the enzyme PNGase F. We 
thus determined whether the PrP molecules 
in brain microsomes (-20 to 30% of which 
are in the C'mPrP form for Tg[SHaPrP- 
(KH+II),] and Tg[MH2MPrP(AV3)]} had 
acquired resistance to endo H digestion. As a 
control, the resident ER protein GRP94 
(24), which would not be expected to ac- 
quire endo H resistance, was also examined. 
We found that very little (<2%) of the 
PrP was digested with endo H, whereas 
- 100% of the GRP94 in the same sample 
was digested {Fig. 3B shows that analysis 
for Tg[SHaPrP(KH+II),]; identical re- 
sults were obtained with each of the other 
transgenic lines (18)). By contrast, both 
PrP and GRP94 were digested completely 
with PNGase F. Thus, nearly all of the 
PrP, including C'mPrP seen in Tg[SHaPrP- 
(KH-II),] and Tg[MH2MPrP(AV3)] 

Fig. 3. Biochemical characterization of mice ex- A WT (KH+II)H AV3 ASTE G123P B (KH+II)H 
pressing mutant PrP transgenes. (A) Intact micro- 

1, 2 3 4 5 6  7 8 9 10 11 12 13 14 15 somal membranes isolated from the brain tissue ,+CHO 

(43) of various transgenic mice (as indicated GAP94 .-. GRW4 - ' -CHO 

above each gel) were subjected to digestion with I + CHO 
PK in the absence or presence of 0.5% Triton 
X-100 (Det). After completion of the proteolysis PrP mm PrP - -CHO 
reactions, all samples were digested with PNGase 
F and analyzed by SDS-PAGE and immunoblot- 
ting with the 3F4 mAb (lanes 1 to 3 ,7  to 9, and 13 PK: - + + - * +  - - +  - + +  - + +  EH: - + - 
to 15) or the 13A5 mAb (lanes 4 to 6 and 10 to 12). Det:- - +  - - +  - - +  - - +  - - + PF: - - + 

The arrowheads in lanes 5 and 8 point to the 
COOH-terminal proteolytic fragment indicative of C 1 2  3 4  5 6  D 
the amprp form. In parallel, the blots were also GRPW & -LI Normal Scrapie 

hamster hamster (KH+IIIH AV3 
probed with the 9G10 mAb (Stressgen Biotech- - - - -  
nologies, Victoria, Canada) to detect GRP94, an I J 1 5 6 7  

ER lumenal protein (24). Complete protection of 
GRP94 in the absence of detergent in each in- P ~ P  a 

LI- 

stance indicates that the PK had access to only 
the outside of the vesicles. (B) Microsomal mem- 
brane proteins isolated from brain tissue of a , $  PK: - + - + PK: - + - + - + - +  - +  
Tg[SHaPrP(KH+ II),] transgenic mouse were ++ ++7 ( K H + I I ) ~  I K H + I I ) ~  

denatured in 1% SDS and digested with either 
endo H (EH) or PNGase F (PF), and the samples were analyzed by immuno- normalized by adjusting the exposure time to the film. Identical resuits were 
blotting with 13A5 or 9G10 mAbs to detect PrP and GRP94, respectively. The obtained when the amount of visualized PrP was normalized by adjusting the 
positions of glycosylated (+CHO) and deglycosylated (-CHO) PrP and amount of sample analyzed (78). (D) Analysis of transgenic mice for PrPSC. Ten 
GRP94 are indicated. (C) Equal amounts of total brain homogenate from percent brain homogenates from normal hamster, a hamster sick with exper- 
Tg[SHaPrP(KH+II),] (lane 1) and Tg[SHaPrP(KH+II)J (lane 2) mice were imental scrapie, Tg(SHaPrP) mouse (WT), Tg[SHaPrP(KH+II),] mouse, or 
analyzed by protein immunoblotting for PrP (with the 13A5 mAb) and GRP94. Tg[MH2MPrP(AV3)] mouse were prepared in PBS containing 1 % NP-40 and 
Serial dilutions of the Tg[SHaPrP(KH+II),] sample showed it to contain about 1 % deoxycholate. The samples were either left untreated (odd numbered 
fourfold to eightfold more than the Tg[SHaPrP(KH+II)J sample (44). The lanes) or digested with PK (1 00 m/ml) for 60 min at 37" (even numbered lanes) 
topology of Tg[SHaPrP(KH+II),] (lanes 3 to 4) and Tg[SHaPrP(KH+II)J (lanes as described previously (45). After termination of the PK reaction with PMSF, 
5 to 6) mice was analyzed as in (A). The amount of PrP that was visualized was samples were analyzed by immunoblotting with the 13A5 mAb. 
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samples, had exited the ER and resided in 
a post-ER compartment. 

Level of expression modulates CtmPrP 
and disease. That the percentage of PrP 
molecules found in the C'mPrP topology in 
vivo was consistently lower than that found 
in vitro (compare Fig. 1 with Fig. 3) sug- 
gests that cells normally have mechanisms 
to prevent the accumulation of this poten- 
tially pathogenic protein. Thus, the basis 
for the modest C'mPrP accumulation in 
brain in the KH+II or AV3 mutant may be 
a combination of overexpression and the 
severe skew toward CtmPrP synthesis, which 
together exceed the cell's ability to elimi- 
nate or prevent synthesis of C'mPrP. As a 
result, '""PrP would accumulate, exit the 
ER, and trigger disease. If this scenario were 
the case, then one would predict that lower 
levels of expression of a CtmPrP-favoring 
mutant should fall below such a threshold 
and thus produce only ""PrP. Such mice 
would be predicted not to get sick despite 
the mutation in the PrP gene, owing to the 
absence of C'mPrP. 

We explored this idea by first identifying 
a transgenic line of mice {designated 
Tg[SHaPrP(KH+II)L], line El24851 ex- 
pressing the KH+II mutation at low levels. 
This line contained about one-fourth to 
one-half the level of PrP found in normal 
Syrian hamster, corresponding to levels 
-fivefold lower than in the Tg[SHaPrP- 
(KH-II),] mice (Fig. 3C). Upon bio- 
chemical examination of the brain, C'mPrP 
was not detected in Tg[SHaPrP(KH+II)L] 
mice, with all of the PrP being in the ""PrP 
form (Fig. 3C). Thus, by decreasing the 
level of transgene expression by a factor of 
-five, the percentage of PrP in the CtmPrP 
form was reduced from -30% to undetect- 
able levels, even upon overexposure of the 
blots, under conditions at which ""PrP was 
readily detectable. Corresponding to this 
lack of "'"PrP generation, observations 

of the animals from the Tg[SHaPrP- 
(KH+II)J line have thus far revealed no 
signs of illness at ages greater than 400 days. 
This observation is in sharp contrast to the 
Tg[SHaPrP(KH+II),] line, which showed 
both Ct"PrP and signs of disease at -60 
days of age (Fig. 2B). These data support 
the hypothesis that generation of C'mPrP 
leads to neurodegeneration in mice, with 
the role of the mutation being limited to 
one of favoring synthesis of CtmPrP. 

Spontaneous disease without PrPSc ac- 
cumulation. The data thus far suggest that 
the basis of disease pathogenesis for the 
KH+II and AV3 mutants of PrP is an 
increase in C'mPrP production. However, 
given the association of protease-resistant 
PrPSc and various prion diseases, one might 
wonder whether the mutations described 
predispose toward spontaneous conversion 
to PrPSc and whether accumulation of this 
isoform is the cause of the disease observed. 
Although further studies will be required to 
determine whether the spontaneous disease 
caused by the KH+II and AV3 mutations 
is transmissible, we analyzed brains of the ill 
transgenic mice for the presence of pro- 
tease-resistant PrPSc. We were unable to 
detect protease-resistant PrPSc in either the 
Tg[SHaPrP(KH+II),] or Tg[MH2MPrP- 
(AV3)] mice (Fig. 3D) even after overload- 
ing the gels. Consistent with these findings, 
immunohistochemistry of brain sections 
(after hydrolytic autoclaving) from Tg- 
[SHaPrP(KH+II),] and Tg[MH2MPrP- 
(AV3)] failed to detect PrPSc (18). These 
data further support the notion that CtmPrP 
overexpression, and not the accumulation 
of protease-resistant PrPSc, causes the neu- 
rodegeneration observed in transgenic mice 
expressing the KH+II and AV3 mutations. 

CtmPrP and human neurodegenerative 
disease. Given that the distribution of new- 
ly synthesized PrP between transmembrane 
and secretory topologic forms is readily ma- 

A 
HuPrP HuPrP(A117V) 

b 

1 2 3 4 5  6 7 8 9 1 0  

sec Ctm Ntrn  

Fig. 4. The A1 17V mutation in PrP alters the ratio of topological forms synthesized at the ER. (A) HuPrP 
and HuPrP(A117V) topology at the ER membrane was assessed exactly as in Fig. 1. (B) Data from six 
experiments performed as in (A) were quantitated to assess the relative amounts of the three topological 
forms (41) and averaged to obtain a mean 2 SEM (indicated above each bar). The black and white bars 
represent wild-type and mutant (A1 17V) PrP, respectively. 

nipulated with mutations, we reasoned that 
there may exist in nature human mutations 
with similar, but less severe, effects on PrP 
topology. Such mutations would be likely to 
cause disease on a more delayed time scale, 
allowing them to be passed on to the next 
generation, and would be likely to have a 
less extreme skew in favor of CtmPrP, when 
analyzed in cell-free systems. A PrP muta- 
tion causing GSS, in which there is an 
alanine (A) to valine (V) substitution at 
position 117 (A117V) (26), was a likely 
candidate for several reasons. First, this mu- 
tation lies in the hydrophobic domain 
(TM1) that is crucial to the biogenesis of 
the transmembrane forms of PrP (12). Sec- 
ond, the pathological findings in these cases 
of GSS (26) appear to share some features 
with mice that become ill because of C'mPrP 
overexpression. Third, the biochemical ex- 
amination of brain tissue from these cases of 
GSS has revealed little, if any, protease- 
resistant PrP (27, 28). These observations 
raised the possibility that a mechanism oth- 
er than PrPSc accumulation was involved in 
the pathogenesis of these cases of GSS. 

To explore the mechanism by which the 
A117V mutation may cause disease, we 
compared the biogenesis in a cell-free sys- 
tem of this mutant PrP with its wild-type 
counterpart (both of which contained a 
valine at the polymorphic position 129). 
Upon examination of the GSS mutant PrP 
molecule [HuPrP(A117V)], we noticed that 
it consistently contained higher amounts of 
the transmembrane forms of PrP than did 
wild-type HuPrP (Fig. 4A). Quantitative 
analysis of multiple independent transloca- 
tion reactions (Fig. 4B) demonstrated that 
the A117V mutation favored the synthesis 
of both CtmPrP and N'mPrP, with a concor- 
dant decrease of the ""PrP form. Thus, a 
mutation of PrP in the STE-TM1 region 
that is associated with human disease 
showed a relative preference for synthesis of 
the transmembrane forms of PrP upon ex- 
pression in cell-free translation systems, 
consistent with the hypothesis that a trans- 
membrane form of PrP could play a role in 
GSS. 

To explore this idea further, we exam- 
ined brain tissue from a GSS patient to 
determine whether in vivo, increased lev- 
els of transmembrane forms of PrP could 
be detected. Unfortunately, assay of pro- 
tein topology in human brain is problem- 
atic because fresh tissue suitable for sub- 
cellular fractionation is not readily avail- 
able. Moreover, frozen specimens do not 
maintain adequate subcellular architec- 
ture, posing yet another obstacle to isola- 
tion of intact intracellular membranes 
that would be suitable for topologic stud- 
ies. To overcome these obstacles, we de- 
veloped an alternate assay to distinguish 
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the different topological forms of PrP. 
We sought to exploit differences in the 

native conformations that would be expect- 
ed of the different topologic forms of PrP. 
Such differences in conformation may be 
maintained in extracts from frozen brain 
and would be lost completely only upon 
denaturation. Differences in tertiary struc- 
ture are often reflected in the relative ac- 
cessibility of certain domains of a protein to 
macromolecular probes such as antibodies 
or proteases (29). Indeed, an extreme ex- 
ample of this property is the differential 
sensitivity to PK of P r F  and PrPSc, with 
the latter being highly resistant to digestion 
(1 6). To  determine whether a similar assay 
based on differential protease resistance 
could be used to distinguish the different 
topological forms of PrP, we digested cell- 
free translation products of PrP with PK 
under various conditions (Fig. 5A). One or 
more nondenaturing detergents were in- 
cluded to solubilize membranes and allow 
the PK access to all of the PrP molecules in 
the reaction. We found that although harsh 
digestion at increased concentrations of PK 
(at >500 ~ g / m l )  or increased temperature 
(37°C) could digest completely all topolog- 
ical forms of PrP [but not PrPSC (16)], a 
subset of PrP was only partially digested 
under the milder conditions of PK (250 
yg/ml) and O°C (Fig. 5A). The fragment 
generated under these conditions comi- 
grated on SDS-PAGE with the protected 
COOH-terminal domain generated in the 
standard topology assay. 

Digestion of each of the topological mu- 
tants of PrP under the same conditions 
revealed that the generation of the pro- 
tease-resistant fragment correlated well 
with the amount of CtmPrP formed: Muta- 
tions that increased the relative amount of 

PrP in this form (A117V, KH+II, and 
AV3) resulted in increased generation of 
the PK-resistant fragment, whereas muta- 
tions that abolished synthesis of this form 
(ASTE and G123P) did not yield a PK- 
resistant fragment (18). As expected, all of 
the topological forms were completely di- 
gested by the harsher treatment under 
which PrPSc is able to survive. Thus, at least 
in the cell-free system, these conditions 
were able to distinguish ""PrP and NtmPrP 
from CtmPrP, which could be further distin- 
guished from PrPSc (Fig. 5B). 

To  confirm that we could distinguish 
CrmPrP from both ""PrP and PrPSc in fro- 
zen brain tissue samples, we performed the 
assay on samples from transgenic mice in 
which the distribution of PrP among the 
topologic forms had previously been estab- 
lished. Frozen brain tissue from Tg- 
(SHaPrP), Tg[SHaPrP(KH+II)L], and 
Tg[SHaPrP(KH+II),] mice was analyzed 
and compared with products of the stan- 
dard topology assay performed with intact 
membranes. We further included as a 
marker the PrPSc fragment generated from 
PK digestion of scrapie-infected hamster 
brain homogenate. We found that, similar 
to the results of the standard topology 
assay, the conformational assay generated 
a protease-protected fragment only in the 
Tg[SHaPrP(KH+II),] sample (Fig. 6A). 
Thus, the presence of this COOH-termi- 
nal fragment, generated under the mild 
but not under the harsh digestion condi- 
tions, appeared to be diagnostic for the 
presence of CtmPrP. 

With the ability to analyze frozen brain 
tissue for the presence of CtmPrP (distin- 
guished from either P r F ,  ""PrP, or PrPSc), 
we were able to ask whether GSS caused by 
the A117V mutation was due to increased 

levels of CtmPrP. Frozen brain tissue from a 
neurologically normal patient and a GSS 
patient, taken at autopsy, was analyzed for 
the presence of CtmPrP and PrPSc with the 
appropriate assays. We found comparable 
levels of PrP in both normal and GSS hu- 
man brain (Fig. 6B). However, the GSS 
brain contained increased levels of CtmPrP 
compared with the normal control (Fig. 
6B). By contrast, neither brain had detect- 
able protease-resistant PrPSc under condi- 
tions at which it was readily found in tissue 
from a sporadic CJD patient (Fig. 6B). 
These results were independently con- 
firmed by analysis of multiple samples of 
tissue from the same patient and also with 
brain tissue from a second patient carrying 
the same mutation. The lack of accumula- 
tion of protease-resistant PrPSc was also in- 
dependently confirmed for the second pa- 
tient (28). Thus, consistent with observa- 
tions in vitro, the A1 17V mutation resulted 
in increased generation of CtmPrP in vivo, 
suggesting that CtmPrP accumulation is like- 
ly to be the cause of at least some of the 
neuropathological changes seen in these 
cases of GSS. 

A new paradigm for PrP-induced neu- 
rodegeneration. Our studies were motivated 
by the desire to determine the role in prion 
diseases played by a transmembrane form of 
PrP that was first identified through the use 
of cell-free translation-translocation sys- 
tems (10). The hypothesis that a specific 
topologic form of PrP, namely CrmPrP, is 
involved in the development of neurode- 
generation is supported in several ways 
(summarized in Table 1). First, two inde- 
pendent mutations of PrP (KH-I1 and 
AV3), which were initially identified by 
their ability to favor markedly the synthesis 
of CtmPrP in cell-free systems, caused accel- 

Fig. 5. (A) Characteriza- A 
tion of topologic forms of 1 2  3 4 5 

B 
PrP by limited PK diges- 
tion. SHaPrP, translated Ctm sec Ntm Sc 
as described in Fig. 1B 

-C -30 
(with ER-derived micro- - 
somal membranes and a 
competitive peptide in- 4 

hibitor of glycosylation), -14 

was subjected to pro- N 

teolytic digestion with IPKl: 
500 250 500 PK for 60 min under Det: - - + + ++ 

the conditions indicated T~,,,~: 37 

below each lane. The 
amount of PK is given in micrograms and the temperature (Temp) in degrees Celsius. A plus symbol indicates the 
presence of 1 % NP-40, and two plus symbols indicate the presence of 0.5% NP-40 and 0.5% deoxycholate 

Mild 
250 1% NP-40 pglml 

- - - - - 

Harsh 
PK 

100 pglml 

37"for 60mh 
(DOC) during the digestion. Samples were immunoprecipitated with the 3F4 rnAb and analyzed by SDS-PAGE PK 

and autoradiography. The arrowhead indicates the position of a relatively resistant fragment generated upon PK digestion (lane 3) that comigrates with the 
COOH-terminal fragment derived from CtmPrP (lane 2). The numbers on the right are the molecular weight markers. (B) Schematic of limited PK digestion of 
the various topologicforms of PrP. The three topologic forms of PrP are shown before (left) and after (right) digestion with PK under mild (top) or harsh (bottom) 
conditions. The approximate sizes of the fragments generated from OmPrP (1 8 kD) and PrPSC (1 9 kD) are indicated above the diagram. The positions of the 
epitopes recognized by the 3F4 and 13A5 rnAbs are indicated by the white and grey boxes, respectively. The detergent-solubilized membrane is indicated 
by a dashed line. 
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erated spontaneous neurodegeneration and 
death in transgenic mice. Second, other PrP 
mutations in the STE-TM1 domain that 
abolish expression of CtmPrP in cell-free 
systems (ASTE and G123P) did not cause 
spontaneous disease in transgenic mice. 
Third, biochemical examination of PrP to- 
pology in the brains of transgenic mice 
expressing pathogenic mutations of PrP re- 
vealed the presence of CtmPrP in vivo, 
whereas this form was not seen in mice 
expressing a comparable level of wild-type 
PrP. Fourth, mice expressing the pathogen- 
ic KH+II mutation at lower levels did not 
contain CtmPrP (but did contain ""PrP) in 
brain and, correspondingly, failed to show 
signs of disease. Fifth, examination of the 
brains of ill mice failed to reveal the pres- 
ence or accumulation of protease-resistant 
PrPSc. Finally, a naturally occurring human 
disease-causing mutation in PrP caused in- 
creased CtmPrP formation in vitro and in 
vivo. Taken together, these data strongly 
suggest that expression of CtmPrP can cause 
neurodegeneration. 

Several lines of evidence currently indi- 
cate that the pathologic processes resulting 
in CtmPrP-associated neurodegeneration are 
directly relevant to prion diseases. First, the 
neuropathology observed in the brains of 
Tg[SHaPrP(KH+II)H] and Tg[MHZMPrP- 
(AV3)] is very similar to that observed in 
several prion diseases (27, 30). Second, the 
apparent lack of protease-resistant PrPSc in 
Tg[SHaPrP(KH+II),] and Tg[MHZMPrP- 
(AV3)] mice is not unprecedented in prion 
disease. Rather, in several inherited prion 
diseases, certain mutations cause neuropa- 
thology despite little detectable PrPs (8, 
27, 31). Finally, it does not appear that the 
disease observed in this study is due to 
nonspecific accumulation of misfolded or 
aggregated PrP molecules. This conclusion 
is supported by the observation of nearly all 
of the CtmPrP being located in a post-ER 
compartment, a lack of excessive accumu- 
lation of PrP (that is, no plaques or other 
localized deposition of PrP), and a lack of 
neuropathology characteristic of a storage- 
type disorder (32). Together, these data 
support the hypothesis that expression of 
CtmPrP may be involved in the pathologic 
process occurring in at least a subset of 
heritable prion diseases. 

At present, the data in this study are 
suggestive of at least three distinct steps in 
the pathogenesis of CtmPrP-associated neu- 
rodegenerative disease (Fig. 7). The first 
step is preferential synthesis of CtmPrP over 
other topological forms at the ER mem- 
brane. Second, newly synthesized CtmPrP, 
which may normally be degraded rapidly, 
exits from the ER. Finally, in a post-ER 
compartment, CtmPrP is proposed to serve 
an as yet unknown function to cause, di- 

Fig. 6. (A) Characterization of limit- A 
ed digestion of PrP in homogenate [PKl: - - - - - 
from frozen brain. Ten percent ho- 
mogenate from the frozen brain of - 
either a Tg(SHaPrP) mouse (WT) 
(lanes 1 to 3), Tg[SHaPrP(KH+II) J 

* 
mouse (lanes 4 to 6), Tg[SHaPrP- mz 
(KH-tll),] mouse (lanes 7 to 9), or 1 2  3 4 5 6 7 8  9 1 0 1 .  1 2 1 3  ----- 
scrapie (Sctinfected hamster \KT (KH-111)~ (KH+II)H (KH+II)H SC. Hamster 
(lanes 12 and 13) was digested un- 
der mild (M) or harsh (H) (or both) ,.@+ 5 
conditions [as defined in Fig. 5B (42)). Additionally, mi- + e5 
crosomal membranes isolated from the freshly re- . . .'LA.z - *+ 
moved brain of a Tg[SHaPrP(KH+II),] mouse were &+55 &+%'*+$$J 
analyzed by the standard topology assay [as in Fig. 3A 4 0  + e \  

3 . 4  5 6 7 8 
(36)] (lanes 10 and 11). The black and white arrowheads 
indicate the position of the CtmPrP-derived fragment - - 4  

< 
from the standard topology assay (lane 8) and the 
PrP=-derived fragment (lane 10). respectively. The [PKl: - - M M H H M H  

amounts of sample analyzed in lanes 1 to 9 were ad- 
justed, before SDS-PAGE, to normalize the different PrP expression levels in the different transgenic 
lines (see Table 1). (B) Analysis of human tissue samples for CfmPrP. Five percent homogenates were 
prepared from frozen brain tissue removed at autopsy from a neurologically normal individual and a GSS 
case containing the A1 17V mutation. Portions were digested with PK under either mild (M) or harsh (H) 
conditions as described in Fig. 55 (46), and the samples were normalized for individual variations in 
starting PrP levels before analysis by SDS-PAGE and protein immunoblotting with the 3F4 mAb. The left 
panel shows a portion of each sample before digestion with PK and the right panel after the digestions. 
As a marker for human PrPSC, homogenate from the brain of a sporadic CJD (lane 5) case was digested 
under the harsh conditions, and a portion was analyzed in parallel. The positions of the C'mPrP- and 
PrPsc-derived fragments are indicated with the black and white arrowheads, respectively. 

rectly or indirectly, neurodegeneration. 
There are three lines of evidence for 

the first stem First. PrP can be made in 
more than one topological form in cell- 
free translation systems [(lo-12), and this 
study]. Second, CtmPrP has now been de- 
tected in vivo (Fig. 3A). Finally, PrP to- 
pology is dependent on both the amino 
acid sequence [(12), and this study] and 
trans-acting factors in the cytosol(13) and 
in the ER membrane (18). Thus, not only 
is PrP able to be made in multi~le t o ~ o -  
logical forms, but this step appears to be 
regulated in a complex manner. One pre- 
diction of this hypothesis is that, just as 
mutations in cis are able to affect both PrP 
topology and development of disease, loss 
or inactivation of specific trans-acting fac- 
tors might also alter PrP topology in favor 
of CtmPrP and potentiate development of 
neurodegeneration. 

Once synthesized at the ER, CtmPrP is 
thought to exit to a post-ER compartment 
on the basis of the acquisition of resistance 
to digestion by endo H (Fig. 3B). We postu- 
late that although exit from the ER can 

occur in some instances. CtmPrP mav nor- 
mally be degraded before exit, a fate ob- 
served for some posttranslationally regulated 
proteins (33). This degradation may explain 
why the expression of any given PrP con- 
struct at the ER in the cell-free system results 
in a higher percentage of transmembrane 
PrP chains than were detectable for that 
construct in brain at steady state. The obser- 
vation of a lack of CtmPrP accumulation in 
Tg[SHaPrP(KH+II)J mice, despite readily 
detectable ""PrP, supports this model. 

At the present time, we do not know 
how CtmPrP, upon exit from the ER, is able 
to cause disease. The correlation of three 
independent PrP mutants that promote 
CtmPrP synthesis in cell-free systems, with 
development of neurodegenerative disease 
in either transgenic mice or humans, and 
the detection of CtmPrP in brain suggest a 
causative role in disease. Whether inappro- 
priately expressed CtmPrP is able to initiate 
specific signaling events to cause cell death 
or accomplishes this end by another mech- 
anism remains to be determined. The path- 
way involving CtmPrP may not be the only 

Fig. 7. A model for the role of 
ctmPrp< 

Rapid degradation? 
CtmPrP in neurodegeneration. Exit to post-ER- Disease 
Nascent PrP is synthesized in the prp< compartment 
SecPrP, NtmPrP, or ctmPrP form. 
The CfmPrP form may subsequent- h s e c p r p +  Function? 

N t r n ~ . ~  
# 0 ,  

ly be rapidly degraded in the ER or, 
in some cases, may be able to escape degradation to a post-ER compartment. Upon exit from the 
ER, CtmPrP is proposed to cause disease. Whether the branch points that determine PrP topology 
and degradation can be regulated by trans-acting factors remains to be determined. 
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pathway of neurodegeneration, although it 
appears to be the one used in GSS(A117V), 
as demonstrated here. Recognition of 
Ctmprp a n c j -ts involvement in some cases of 
GSS should facilitate the biochemical iden
tification of other steps in a putative signal
ing cascade. Proteins undergoing topologi
cal regulation like CtmPrP may be involved 
in neurodegenerative diseases besides those 
currently attributed to prions. 
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