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Abnormal folding of the cellular prion protein (PrP°)
is a key feature in prion diseases. Here we show that two
pathogenic mutations linked to inherited prion diseases
in humans severely affect folding and maturation of
PrPC in the secretory pathway of neuronal cells. PrP-
T183A and PrP-F198S adopt a misfolded and partially
protease-resistant conformation, lack the glycosylphos-
phatidylinositol anchor, and are not complex glycosy-
lated. These misfolded PrP mutants are not retained in
the endoplasmic reticulum and are not subjected to the
endoplasmic reticulum-associated degradation path-
way. They rather are secreted, moreover, these mutants
can be internalized by heterologous cells. Structural
studies indicated that the side chains of Thr'®® and
Phe'®® contribute to interactions between secondary
structure elements in the C-terminal globular domain of
PrPC. Consequently, we reasoned that a destabilized
tertiary structure of these mutants could account for
the defect in maturation. Indeed, mutations predicted to
interfere selectively with the packing of the hydropho-
bic core of PrP€ prevented the addition of the glyco-
sylphosphatidylinositol anchor. Our study reveals that
formation of the C-terminal globular domain of PrP€
has an impact on membrane anchoring and indicates
that misfolded secreted forms of the prion protein are
linked to inherited prion diseases in humans.

A hallmark of prion diseases in humans and animals is the
conversion of the cellular prion protein (PrP®)! into a patho-
genic conformation termed PrPS¢ (reviewed in Refs. 1-4). Spon-
taneous misfolding of PrPC seems to be extremely rare based on
the low incidence of sporadic prion diseases in humans (about
1 case in 1 million per year). However, inherited forms of the
disease, some of which show a penetrance of nearly 100%,
indicate that mutations within the prion protein gene can favor
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the formation of a pathogenic conformer (5).

Biogenesis of PrPC is characterized by a series of post-trans-
lational modifications (reviewed in Ref. 6). During import into
the endoplasmic reticulum (ER) the N-terminal signal peptide
is cleaved and core glycans are attached to Asn'®® and Asn'%8 of
murine PrP (corresponds to Asn'®! and Asn'®? of human and
Syrian hamster PrP) (7). Shortly after PrPC is fully translo-
cated into the ER lumen, a glycosylphosphatidylinositol (GPI)
anchor is transferred to Ser??° (8). It is known that a single
amino acid substitution in the GPI anchor signal sequence can
significantly interfere with GPI anchor attachment (9), how-
ever, much less is known about the role of the protein confor-
mation in this process. After the addition of the GPI anchor,
both core glycans of PrPC are further processed in the Golgi
compartment to generate a heterogeneous population of at
least 52 different bi-, tri- and tetra-antennary glycans (10, 11).

Structural studies with recombinantly expressed PrP re-
vealed a large flexibly disordered N-terminal region and a
structured C-terminal domain (amino acids 126-226). This
autonomously folding domain contains three a-helical regions
and a short two-stranded B-sheet (12-14). In a refined NMR
analysis the precise structural definition of a large fraction of
side chains was achieved and it became apparent that the
globular domain of PrP€ contains a tightly packed hydrophobic
core (15).

An inherited prion disease in humans is linked to the amino
acid substitution T183A, which destroys the first N-linked gly-
cosylation acceptor site (16), raising the possibility that a de-
fective glycosylation could favor the formation of pathogenic
prion protein. However, structural studies revealed that the
pathogenic mutation T183A (corresponds to T182A in mouse
PrPC) destabilizes the hydrophobic core of the C-terminal glob-
ular domain, because it interferes with the formation of a
hydrogen bond between helix 2 and the B-sheet (15). In the
same study it was proposed that a different pathogenic muta-
tion, F198S (17), could also destabilize the tertiary structure of
the globular domain.

In this study we analyzed the biogenesis and maturation of
PrP-T183A and PrP-F198S in the secretory pathway of neuro-
nal cells and show that these pathogenic mutants spontane-
ously adopt a partially protease-resistant phenotype, lack the
GPI anchor, and are secreted. A mechanistic analysis sug-
gested that the defect in maturation is caused by the destabi-
lization of the hydrophobic core, suggesting that the formation
of the tertiary structure influences the efficiency of the GPI
anchor attachment.

EXPERIMENTAL PROCEDURES

Generation of Wild-type (WT) PrP and PrP Mutants—The coding
region of the mouse PRNP modified to express PrP-L108M/V111M was
inserted into the pcDNA3.1/Zeo vector (Invitrogen), allowing discrimi-
nation by monoclonal antibody 3F4 (18). Amino acid deletions and
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substitutions were introduced by PCR cloning techniques. The follow-
ing amino acid substitutions were created: PrP-N180Q, PrP-T182A,
PrP-F197S, PrP-V160S, and PrP-V160W. The C-terminal deletion in
PrP-V160WAGPI includes amino acids 230-254. For generation of cy-
tosolic PrP (cytoPrP) the ER signal sequence (amino acids 2-22) was
deleted. PrP-M204S was described earlier (19). All amino acid numbers
refer to the mouse PrP sequence (GenBank™ accession number
M18070).

Antibodies—The mouse monoclonal antibody 3F4 was described ear-
lier (20) and purchased from Signet Pathology Systems (Dedham).

Cell Lines, Transfections, Endo H, and Peptide N-Glycosidase F
(PNGase F) Digestion—Mouse N2a and human SH-SY5Y cells were
cultivated as described (19, 21). Cells were transfected by a liposome-
mediated method using Lipofectamine Plus reagent according to the
manufacturer’s instructions (Invitrogen). For Endo H digestion, protein
lysates were adjusted to 0.5% SDS, boiled for 10 min, and then digested
with endoglycosidase H (New England Biolabs) for 1 h at 37 °C, as
specified by the manufacturer. For PNGase F digestion, aliquots of cell
lysates (50 pg of protein) were digested with 1 unit of PNGase F (Roche)
for 24 h at 37 °C. The reactions were stopped by the addition of Laemmli
sample buffer.

Proteasomal and Lysosomal Degradation Experiments—For inhibi-
tion of proteasomal degradation cells were incubated with MG 132
(Calbiochem, dissolved in Me,SO) at the concentration and the time
indicated. To inhibit lysosomal degradation, cells were incubated with
bafilomycin Al (Calbiochem, 1 uM, dissolved in Me,SO) for 16 h as
described earlier (22).

Assay for Uptake of Heterologous PrP—Cell culture medium collected
from transiently transfected N2a cells was filtered to remove possibly
detached cells and then added to untransfected cells. After 48 h at
37 °C, these cells were lysed and heterologous PrP was detected by
Western blotting using the monoclonal antibody 3F4. In parallel, cells
were analyzed by indirect immunofluorescence.

Detergent Solubility Assay, Secretion Analysis, and Proteolysis Ex-
periments—As described previously (23), cells were washed twice with
cold PBS, scraped off the plate, pelleted by centrifugation, and lysed in
cold buffer A (0.5% Triton X-100 and 0.5% sodium deoxycholate in PBS).
The lysate was centrifuged at 15,000 X g for 20 min at 4 °C. After
boiling in Laemmli sample buffer, supernatants and pellets were ana-
lyzed by immunoblotting. To examine the secretion of PrP into the cell
culture supernatant, cells were cultivated in serum-free medium for 3 h
at 37 °C. The medium was collected, PrP was precipitated with trichlo-
roacetic acid and analyzed by Western blotting. For proteolysis exper-
iments, cells were lysed in cold buffer A and incubated for 30 min at
4 °C with proteinase K (PK) (Roche) at the concentrations indicated.
The reaction was terminated by addition of Pefabloc SC (Roche) and
boiling in Laemmli sample buffer. Residual PrP was detected by West-
ern blotting.

Phospholipase C and Trypsin Treatment—Cells were washed twice
with ice-cold PBS and then maintained on ice. Phosphatidylinositol-
phospholipase C (PI-PLC) (Roche) in PBS was added to the cells for 3 h
at 4 °C (0.5 units/ml). Medium was collected, the cells were washed
extensively with PBS and lysed in cold buffer A. Cellular PrP was
analyzed by the detergent solubility assay. PrP present in the cell
culture medium was precipitated by trichloroacetic acid and analyzed
by Western blotting. For trypsin treatment, intact cells were washed
twice with cold PBS and incubated at 4 °C in trypsin (0.25%, w/v) for 5
min. The reaction was terminated by the addition of soybean trypsin
inhibitor (Invitrogen). The cells were collected by a brief centrifugation,
washed with trypsin inhibitor, and analyzed with the detergent solu-
bility assay.

Western Blot Analysis—Detergent-fractionated cell lysates were size
fractionated by SDS-PAGE, and proteins were transferred to nitrocel-
lulose (Protran BA 85, Schleicher & Schiill) by electroblotting as de-
scribed earlier (24).

Metabolic Labeling and Immunoprecipitation—Cells were starved
for 30 min in methionine-free modified Eagle’s medium (Invitrogen) and
subsequently labeled for 30 min with 300 uCi/ml Pro-mix L-[**S] in vitro
cell label mixture (Amersham; >37 TBg/mmol) in methionine-free mod-
ified Eagle’s medium. For the chase, the labeling medium was removed,
the cells were washed twice and then incubated in complete medium for
the times indicated. For Endo H digestion, immunoprecipitation prod-
ucts were adjusted to 0.5% SDS, boiled for 10 min, and digested with
endoglycosidase H (New England Biolabs) for 1 h at 37 °C. Immuno-
precipitation of PrP was performed as described previously (21) using
the monoclonal antibody 3F4. Immunoprecipitation products were an-
alyzed by SDS-PAGE. Gels were impregnated with Amplify (Amersham
Biosciences) and exposed to film.
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Surface Biotinylation—As described earlier (22), N2a cells grown in
poly-D-lysine-coated (Sigma, 0.1 mg/ml) dishes were transiently trans-
fected, washed twice with cold PBS, and labeled with impermeant
LC-sulfo-NHS-(+)-biotin (Molecular BioSciences, 0.5 mg/ml) at 4 °C for
1 h. The cells were washed three times with cold PBS, incubated in
ice-cold glycine (10 mm) at 4 °C for 30 min, and lysed in cold buffer A.
PrP present in the detergent-soluble or -insoluble fraction was immu-
noprecipitated using monoclonal antibody 3F4. The immunoprecipita-
tion products were analyzed by Western blotting using a streptavidin-
horseradish peroxidase conjugate (Amersham Biosciences).

Indirect Immunofluorescence—N2a and SH-SY5Y cells grown on
glass coverslips were rinsed two times in PBS, fixed in ice-cold metha-
nol (permeabilized cells) for 10 min or in 3% paraformaldehyde (non-
permeabilized cells) for 30 min, and incubated with monoclonal anti-
body 3F4 (dilution 1:200) in PBS containing 1% bovine serum albumin
for 45 min at 37 °C. After extensive washing with cold PBS, an incu-
bation with Cy3-conjugated anti-mouse antibody (Dianova) (dilution
1:200) followed at 37 °C for 30 min. The washed coverslips were
mounted onto glass slides and examined by fluorescence microscopy
(Axiovert 200 M, Zeiss) using the AxioVision 3.0 software.

RESULTS

The Pathogenic PrP Mutant T182A Is Not Complex Glyco-
sylated and Adopts a Partially Protease-resistant Conforma-
tion—To analyze the biogenesis of pathogenic human PrP mu-
tants in mouse neuroblastoma (N2a) cells, we cloned the mouse
PrP equivalents. It should be noted that all residues affected by
pathogenic mutations are conserved between human and
mouse PrP. In mouse PrP, the numbering of the amino acids is
changed by —1 in comparison to human PrP¢; for example, the
pathogenic human mutant T183A corresponds to T182A in
mouse PrP. All PrP constructs analyzed in this study contain
the epitope for monoclonal antibody 3F4, which does not react
with endogenous mouse PrP (20).

We first addressed the question whether the lack of the first
glycosylation site might change the biogenesis and cellular
trafficking of PrPC. We therefore conducted a comparative
study between T182A and N180Q, two mutants characterized
by a defective consensus site for the first N-linked glycosyla-
tion. In addition, we included the N196Q mutant, in which the
second glycosylation site is inactivated. After transient expres-
sion of these mutants in N2a cells, detergent lysates were
prepared and fractionated by centrifugation. The Western blot
analysis revealed that in contrast to wild type (WT) PrP,
N180Q, and N196Q, the pathogenic mutant T182A was mainly
found in the detergent-insoluble fraction (Fig. 1A). To analyze
the glycosylation status of the PrP mutants, protein extracts
were digested either with Endo H or PNGase F prior to the
Western blot analysis. Whereas Endo H only cleaves high man-
nose or hybrid structures and is not active on glycans of com-
plex structure, PNGase F can also deglycosylate fully matured
PrPC. Consequently, WT PrP was not affected by Endo H
digestion (Fig. 1B), but was deglycosylated by PNGase F (Fig.
1C). Similarly, N180Q and N196Q were resistant to Endo H,
indicating that the remaining glycan was converted into a
complex structure. In contrast, the glycan attached to T182A
was sensitive to Endo H digestion, revealing that this mutant
was not complex glycosylated (Fig. 1B). To investigate glycosy-
lation of these PrP mutants in more detail, we performed
metabolic labeling experiments and analyzed PrP by immuno-
precipitation. During the chase, N180Q acquired an Endo H-
resistant phenotype, whereas the glycan of the pathogenic mu-
tant T182A remained fully sensitive to Endo H digestion, i.e.
was not converted into a complex structure (Fig. 1D).

The finding that T182A was mainly present in the detergent-
insoluble fraction (Fig. 1A) might indicate a misfolded confor-
mation of this pathogenic mutant. To test this possibility, we
performed limited proteolysis experiments. Protein extracts
from transiently transfected cells were incubated with increas-
ing amounts of PK and the remaining PrP was detected by
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Fic.1. The pathogenic mutant A B
T182A adopts a misfolded conforma-
tion, is not complex-glycosylated, and wt N180Q N196Q T182A wt N180Q N196Q T182A

is partially protease-resistant. N2a
cells were transiently transfected with wild
type PrP (w¢) or PrP mutants lacking the
first (N180Q and T182A) or the second
(N196Q) glycosylation site, respectively. A,
the pathogenic mutant T182A adopts a
misfolded conformation. After cell lysis and
centrifugation, PrP present in the deter-
gent-soluble (S) and -insoluble (P) fraction
was detected by Western blotting using Cc
monoclonal antibody 3F4. B-D, T182A is

not complex glycosylated. B and C, the cell

lysate was split into two aliquots. One ali- wt
quot was incubated with Endo H (B) or
PNGase F (0), respectively, the other was
mock-treated. PrP expression was then an-
alyzed by Western blotting. D, transiently
transfected N2a cells were metabolically
labeled with [**S]methionine for 30 min
and either analyzed directly (pulse) or in-
cubated in fresh medium for 1 h (chase).
Immunoprecipitation products were sepa-
rated into two aliquots and incubated with E
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tially protease-resistant conformation. Pro-
tein extracts from transiently transfected
N2a cells were subjected to increasing con-
centrations of PK as indicated. The re-
maining PrP was detected by Western blot-
ting. Molecular size markers are indicated
as bars on the left side of the panels and
represent 36 and 22 kDa.

Western blotting. WT PrP and the monoglycosylated mutant
N180Q were sensitive to PK digestion in a similar manner,
however, the pathogenic mutant T182A was stable at a PK
concentration sufficient to completely degrade WT PrP and
N180Q (Fig. 1E).

The initial analysis revealed that two PrP mutants, which
both lack the first glycosylation site, display distinct bio-
chemical properties. Whereas the remaining glycan of N180Q
is converted into a complex structure, the core glycan of
T182A is not terminally processed. In addition, the patho-
genic mutant T182A adopts a misfolded, partially PK-resist-
ant conformation.

T182A Is Not Present at the Plasma Membrane—In a next
step we analyzed the cellular localization of the PrP mutants.
Intact cells were incubated either with trypsin to remove all
cell surface proteins (Fig. 24), or with PI-PLC to specifically
liberate GPI-anchored proteins (Fig. 2B). Both assays were
performed at 4 °C to prevent possible secretion. After trypsin
treatment lysates prepared from WT PrP- or N180Q-express-
ing cells had lost most of their PrP, indicating that it was
localized at the cell surface (Fig. 2A, Trypsin +). Similarly,
after PI-PLC treatment WT PrP and N180Q were found almost
quantitatively in the cell culture supernatant (Fig. 2B, PIPLC
+, Medium). In contrast, the relative amount of T182A present
in extracts prepared from trypsin- or PI-PLC-treated cells was
not reduced when compared with the mock-treated control, nor
was the cell culture supernatant of PI-PLC-treated cells ex-
pressing T182A enriched in PrP. Notably, in both assays the
phenotype of T182A was similar to M204S, a PrP mutant
generated and characterized in a previous study from our
group (19). The single amino acid substitution in M204S desta-
bilizes an interaction of helix 3 with helix 1. As a consequence,
M204S does not receive a GPI anchor, the core glycans are not
converted into complex structures, and the mutant protein is
secreted into the cell culture medium (19).

To provide further evidence that T182A was not present at
the plasma membrane, we incubated the cells with the plasma
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PK
0 015 03 06 12 0 015 03 06 1.2 [ug/ml]

— —
— —

membrane impermeant reagent LC-sulfo-NHS-(+)-biotin to
specifically label cell surface PrP. After biotinylation, the cells
were lysed in detergent buffer and PrP present in the deter-
gent-soluble and -insoluble fraction was purified by immuno-
precipitation with the anti-PrP antibody 3F4. Biotinylated PrP
was then detected by Western blotting using streptavidin cou-
pled to horseradish peroxidase. As shown in the left panel of
Fig. 2C, only WT PrP and N180Q were biotinylated, indicating
localization at the cell surface. To control expression of T182A,
we analyzed a small fraction of the lysates prior to immuno-
precipitation by Western blotting using the anti-PrP antibody
3F4 (Fig. 2C, right panel).

Finally, we examined the cellular localization of the different
PrP mutants by indirect immunofluorescence experiments. For
this approach we used mouse N2a cells as well as the human
neuroblastoma cell line SH-SY5Y, which does not express de-
tectable amounts of endogenous PrP€ (data not shown). To
prove the cell surface localization of PrP, we first performed
immunofluorescence experiments in non-permeabilized cells.
Supporting the biochemical data, only WT PrP and N180Q
were detectable with this approach (Fig. 3A). After permeabi-
lization of the cells, T182A was visualized, indicating the in-
tracellular localization of the pathogenic mutant (Fig. 3B).

T182A Is Secreted into the Cell Culture Medium and Can Be
Internalized by Heterologous Cells—The analysis described
above revealed that the remaining glycan of the pathogenic
mutant T182A was not converted into a complex structure and
that the mutant protein was not present at the plasma mem-
brane. These results mainly corroborate earlier reports that
were interpreted such that T182A was not transported through
the secretory pathway but retained in the ER (25, 26). Indeed,
Endo H-sensitive glycans are often used as a diagnostic marker
for proteins residing in the ER, however, numerous examples
indicate that complex glycosylation is dispensable for traffick-
ing of PrP. A PrP mutant devoid of the GPI anchor signal
sequence (PrPAGPI) is mainly unglycosylated, yet efficiently
secreted into the cell culture medium (19, 27, 28). Similarly,
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Fic. 2. T182A is not present at the plasma membrane. N2a cells were transiently transfected either with wild type PrP (wt), with PrP
mutants lacking the first glycosylation site (N180Q and T182A), or with PrP-M204S, a mutant with a disrupted hydrophobic interaction between
helix 3 and helix 1 (19). A, intact cells were incubated on ice with trypsin to remove cell surface proteins. As a control, mock-treated cells (Trypsin —)
were analyzed in parallel. After cell lysis and centrifugation, residual PrP present in the detergent-soluble (S) and -insoluble (P) fraction was
detected by Western blotting. B, live cells were incubated at 4 °C with phospholipase C (PI-PLC +) to release GPI-anchored proteins from the cell
surface or mock-treated (PI-PLC —). PrP present in the cell lysate (Lysate) or cell culture supernatant (Medium) was detected by Western blotting.
C, biotinylation of cell surface PrP. Transiently transfected live cells were incubated with a plasma membrane impermeable biotinylation agent.
After biotinylation cells were lysed and PrP present in the detergent-soluble (S) or -insoluble (P) fraction was purified by immunoprecipitation with
anti-PrP antibody 3F4. The immune pellet was analyzed by Western blotting using a streptavidin-horseradish peroxidase conjugate (left panel).
As a control for PrP expression, a small aliquot of the whole lysate was taken prior to immunoprecipitation and analyzed by Western blotting using
the anti-PrP antibody 3F4 (right panel). Molecular size markers are indicated as bars on the left side of the panels and represent 36 and 22 kDa.

A B

non-permeabilized permeabilized

SH-SY5Y SH-SY5Y

Fic. 3. Cellular localization of PrP
in intact cells. SH-SY5Y or N2a cells
grown on glass coverslips were tran-
siently transfected either with wild type
PrP (wt) or N180Q or T182A. Localization
of PrP was visualized by indirect immu-
nofluorescence of non-permeabilized (A)
and permeabilized cells (B) using the
monoclonal antibody 3F4.

T182A

high mannose glycoforms of different PrP mutants, such as glycans. In the presence of geldanamycin or a-mannosidase
M2048S, are efficiently secreted (19). Even trafficking of GPI-  inhibitors, a high mannose isoform of PrPC is present on the
anchored PrPC is not dependent on the formation of complex plasma membrane (29).

/T0Z ‘6T AInC uo 159n6 Aq /610°0q " mamm/:diy woly pspeojumoq


http://www.jbc.org/

9324
A

Misfolding of Mutant Prion Protein

Fic. 4. T182A is secreted into the Lysate Medium S P
cell culture medium and can be inter-
nalized by heterologous cells. A, %00 ,qu” %QG' %‘b" \q,go' q,"bv. ,"Qﬁo \Q,Qo .b"l'v. ,‘9@
T182A is secreted into the cell culture & \l\ PN Q\ aN EORC SR L U g

medium. Transiently transfected cells
were cultivated in serum-free medium for
3 hat 37 °C. PrP present in the cell lysate
(Lysate) or cell culture medium (Medium)
was detected by Western blotting. B and . -
C, secreted T182A can be internalized by

heterologous cells. Cell culture medium

collected from cells transiently trans-

fected with WT PrP, M204S, N180Q, and C

T182A was filtered and added to untrans-
fected N2a cells. After further incubation
at 37 °C for 48 h, these cells were ana-
lyzed as described below. B, secreted
T182A is detectable in the detergent-in-
soluble fraction of heterologous cells. Af-
ter cell lysis, PrP present in the deter-
gent-soluble (S) or -insoluble (P) fraction
was analyzed by immunoblotting using
the 3F4 antibody. C, cellular localization
of internalized T182A in intact heterolo-
gous cells. PrP was analyzed by indirect
immunofluorescence of permeabilized
and non-permeabilized N2a cells as de-
scribed in the legend to Fig. 3. Molecular
size markers are indicated as bars on the
left side of the panels and represent 36
and 22 kDa.

Based on these findings we investigated possible secretion of
T182A. Transiently transfected cells were cultivated in serum-
free medium for 3 h at 37 °C and then the cell culture super-
natant was analyzed for the presence of PrP. Indeed, the path-
ogenic mutant was efficiently secreted under these conditions,
in contrast to WT PrP and N180Q (Fig. 4A, Medium). What
might be the fate of secreted T182A? To address this question,
we collected cell culture medium from transfected cells, re-
moved possibly detached cells and added this cell-free medium
to untransfected N2a cells. After 48 h at 37 °C, these cells were
extensively washed, lysed, and PrP present in the detergent-
soluble and -insoluble fractions was analyzed by Western blot-
ting using the 3F4 antibody (Fig. 4B). Neither WT PrP nor the
monoglycosylated mutant N180Q was present in the cell ex-
tracts, however, the T182A mutant could be detected in the
detergent-insoluble fraction of the heterologous cells, similarly
to M204S, which is efficiently secreted as well (19). To specif-
ically investigate whether the pathogenic PrP mutant simply
associated with the cell surface of the heterologous cells or was
present within the cells, we performed indirect immunofluores-
cence experiments with permeabilized and non-permeabilized
cells using the 3F4 antibody (Fig. 4C). 3F4-positive cells were
found only in untransfected N2a cells incubated in medium
derived from T182A-expressing cells. Moreover, T182A was
detectable exclusively in permeabilized cells, indicating an in-
tracellular localization.

These experiments revealed that misfolded T182A is not
retained in the ER. This pathogenic mutant is rather efficiently
secreted, moreover, it can be internalized by heterologous cells.

T182A Is Degraded in a Lysosomal Compartment—The fore-
going experiments revealed that T182A adopts a misfolded
conformation in the ER and, at least a fraction thereof, is
secreted. Next we wanted to analyze the degradation pathway
of T182A. It is known that misfolded ER proteins can be de-
graded via a pathway termed ER-associated protein degrada-
tion (ERAD). This pathway includes retrograde transport of the

permeabilized

non-permeabilized

N180Q

T182A

misfolded proteins into the cytosol and subsequent degradation
by the proteasome. To address the possibility that misfolded
T182A is subjected to ERAD, we analyzed the effect of the
proteasomal inhibitor MG132 on the lifetime of mutant PrP
(Fig. 5A). As a control we included a cytosolic version of PrP
into our analysis (cytoPrP), which is devoid of the N-terminal
ER signal peptide and thus is targeted exclusively to the cy-
tosol (30). Transiently transfected N2a cells were metabolically
labeled with [3°S]methionine for 30 min and then PrP was
analyzed by immunoprecipitation either directly (pulse) or af-
ter an additional 2 h in fresh medium (chase). Cytosolically
located PrP was efficiently degraded by the proteasome; in the
presence of the proteasomal inhibitor MG132 cytoPrP was sig-
nificantly stabilized (Fig. 5A, cytoPrP). However, proteasomal
inhibition did not increase the relative amount of T182A pres-
ent after the 2-h chase (Fig. 5A, T182A). Similar results were
obtained in transiently transfected SH-SY5Y cells analyzed
under steady state conditions (Fig. 5B).

Next we analyzed whether T182A is degraded in a lysosomal
compartment. To interfere with lysosomal degradation, we
used bafilomycin Al, an inhibitor of the vacuolar-type H™-
ATPase (31). Indeed, interfering with lysosomal degradation
increased the relative amount of the mutant T182A (Fig. 5C,
T182A). Of note, WT PrP is also degraded in a lysosomal
compartment, whereas cytoPrP is not subjected to lysosomal
degradation (Fig. 5C, wt, cyto). Thus, misfolded T182A seems
not to be subjected to ERAD but is rather degraded in a lyso-
somal compartment.

Destabilization of the Globular Domain of PrPC Prevents GPI
Anchor Attachment and Complex Glycosylation—In both mu-
tants N180Q and T182A the first N-linked glycosylation site is
inactivated, however, the comparative study presented above
revealed distinct phenotypes; only the pathogenic mutant
T182A showed a severe defect in folding and maturation. Based
on these findings we concluded that the phenotype of T182A
cannot be attributed to the lack of the first N-linked glycan.
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Fic. 5. T182A is not degraded by the proteasome, but in lyso-
somal compartments. SH-SY5Y or N2a cells were transiently trans-
fected with wild type PrP (wt), T182A, and a PrP mutant lacking the ER
signal sequence (cytoPrP). A and B, T182A is not degraded by the
proteasome. A, N2a cells were metabolically labeled with [**S]methi-
onine for 30 min and either analyzed directly (pulse) or after an addi-
tional 2 h in fresh medium (chase). To inhibit proteasomal degradation
cells were cultivated during the pulse and the chase in the presence of
the proteasomal inhibitor MG132 (50 uM). B, transiently transfected
SH-SY5Y cells were incubated for 3 h with MG 132 (30 uM) or mock-
treated, and PrP present in the detergent-soluble (S) and -insoluble (P)
fraction was detected by Western blotting. C, T182A was degraded in
lysosomal compartments. Transiently transfected SH-SY5Y cells were
incubated for 16 h in cell culture medium supplemented with bafilomy-
cin (1 um), or mock-treated. PrP present in the detergent-soluble (S) and
-insoluble (P) fraction was detected by Western blotting. Molecular size

markers are indicated as bars on the left side of the panels and repre-
sent 36 and 22 kDa.
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The refined NMR structure of the recombinant PrP domain
(amino acids 121-231) revealed that the side chain of Thr!®3
(corresponds to mouse Thr'®2) is in hydrogen-bond contact to
the carbonyl group of Cys'”™ and to the amide group of Tyr!%2
(Fig. 6, A and B) (15). This polar contact between a-helix 2 and
B-strand 2 presumably orientates and stabilizes the small
B-sheet in PrP, which shields the hydrophobic core from the
solvent. The pathogenic mutation T183A should weaken this
interaction significantly. Indeed, in vitro experiments with pu-
rified recombinant PrP indicated that the pathogenic mutant
T183A has a significantly decreased thermodynamic stability
(32). It therefore was tempting to speculate that the folding
defect we observed for mouse T182A in the secretory pathway
of neuronal cells was because of a destabilization of the protein
fold. To test this hypothesis experimentally, we left a-helix 2
intact, but destabilized the hydrophobic packing against
B-strand 2 by introducing mutations at position 161. In the
refined NMR structure, the side chain of Val'®! is deeply buried
in the hydrophobic core of the protein at the interface of a-hel-
ices 2 and 3 and B-strand 2 (Fig. 6B) (15). Mutation to Ser

9325

should impair these tight hydrophobic interactions; mutation
to the bulky residue Trp is expected to abolish the interactions
with the helices completely.

The biochemical analysis in transiently transfected N2a cells
supported our hypothesis that a destabilization of the hydro-
phobic core interfered with the maturation of PrP€. The mouse
V160S mutant was predominantly and the V1I60W mutant was
exclusively Endo H-sensitive, indicating immature high man-
nose glycoforms (Fig. 7, A and D). Both mutants were secreted
into the cell culture medium, i.e. they were not GPI-anchored
(Fig. 7B). To specifically analyze whether the C-terminal GPI
anchor signal peptide was cleaved, we generated VI6OWAGPI,
a construct devoid of C-terminal amino acids 230-254. Meta-
bolic labeling experiments revealed that the AGPI construct
was core glycosylated but appeared slightly smaller on SDS-
PAGE, indicating that the GPI anchor signal peptide of V1I60W
was not cleaved (Fig. 7, C and D). These findings present
experimental evidence that formation of the tertiary structure
seems to be a prerequisite for the maturation of PrP® in the
secretory pathway of neuronal cells. Whereas attachment of
the core glycans is not impaired by mutations destabilizing the
globular fold of PrP€, GPI anchoring and the terminal process-
ing of the core glycans do not occur.

Another Pathogenic PrP Mutant, F197S, Spontaneously
Adopts a Misfolded Conformation and Is Secreted—Encour-
aged by these results, we included F198S in our analysis, a
different pathogenic PrP mutant associated with inherited
prion diseases in humans. Previous NMR studies revealed that
the Phe to Ser substitution at position 198 could destabilize the
hydrophobic core. Support for this prediction was obtained in
vitro, indicating a significantly decreased thermodynamic sta-
bility of recombinant F198S (32, 33).

Our expression analysis in N2a cells revealed that F197S
(the mouse equivalent of human F198S) shows a phenotype
similar to T182A. The F197S mutant received core glycans,
however, only a small fraction was converted into complex
structures (Fig. 8A). Moreover, the majority of the mutant
protein did not receive a GPI anchor and was efficiently se-
creted into the cell culture medium (Fig. 8, B and C). Similarly
to the pathogenic mutant T182A, F197S adopted a detergent-
insoluble conformation (data not shown). Consequently, we
performed limited proteolysis experiments. Protein extracts
from transiently transfected cells were incubated with increas-
ing amounts of PK and the remaining PrP was detected by
Western blotting. Indeed, the pathogenic mutant F197S was
stable at a PK concentration sufficient to completely degrade
WT PrP (Fig. 8D). This analysis revealed that F197S, a differ-
ent mutant linked to inherited prion disease in humans, spon-
taneously adopts a misfolded conformation, lacks the GPI an-
chor, and is secreted as a high mannose glycoform.

DISCUSSION

The formation of abnormally folded isoforms of the prion
protein is the characteristic feature of prion diseases in hu-
mans and animals. We analyzed folding and maturation of PrP
in the secretory pathway of neuronal cells and show that two
different mutants linked to inherited prion diseases in humans
spontaneously adopt a misfolded and partially protease-resis-
tant conformation. In addition, the pathogenic mutants were
characterized by a severe defect in their maturation. Instead of
being GPI-anchored and complex glycosylated, the mutants
were devoid of a membrane anchor and were secreted as high
mannose glycoforms (Fig. 9). A mechanistic analysis revealed
that mutations predicted to interfere with the formation of the
hydrophobic core are characterized by a similar defect in fold-
ing and maturation. Our study shows that misfolded patho-
genic PrP mutants can be secreted and indicates a link between
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Fic. 6. The side chains of Thr'®® and Phe'®® stabilize the hydrophobic core of the C-terminal globular domain. A, the refined NMR structure
of the C-terminal globular domain as a ribbon diagram in stereo representation. The side chains of residues discussed in the text are labeled and shown in
ball-and-stick representations. Val'®!, Phe'%®, and Met?°® are components of the hydrophobic core. Thr'®® connects a-helix 2 with the g-sheet by a hydrogen
bond. Hydrogen atoms not involved in hydrogen bonding have been omitted for clarity. N181 and N197 are the acceptor sites for the carbohydrate moieties.
Carbon, nitrogen, oxygen, and sulfur atoms are shown in gray, blue, red, and yellow, respectively. Hydrogen bonds are indicated by dashed lines. The chain
termini are labeled. B, close-up of the hydrophobic pocket surrounding the side chain of Val'®’. The residues Met'?*, Val'!, Met?'®, and Cys?* form part
of the hydrophobic core of PrP. Color coding and representation are as in panel A. Panels A and B were created with Protein Data Bank code 1AG2 (15) using
the programs Molscript (46) and Raster3D (47). C, schematic representation of wild type PrP (upper drawing) and the PrP mutants analyzed (lower
drawing): V161W/V161S, T183A, F198S, and M205S. The amino acid numbering refers to human PrP€. ER-SS, ER signal sequence; OR, octarepeat; HD,
hydrophobic domain; aZ-3, helical regions; BI and 2, B-strands; CHO, N-linked glycan attachment sites; S-S, disulfide bond; GPI-SS, GPI signal sequence.
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Fic. 7. Destabilization of the hydrophobic core of the C-termi-
nal globular domain interferes with GPI anchor addition and
complex glycosylation. N2a cells were transiently transfected with
PrP mutants (V160S, V160W, or VI60WAGPI) designed to destabilize
the globular domain of PrP. A and B, destabilization of the hydrophobic
core interferes with complex glycosylation and GPI anchor attachment.
N2a cells were transiently transfected with PrP mutants V160S or
V160W. A, cells were lysed and the extract was split into two aliquots.
One aliquot was incubated with Endo H, the other was mock-treated.
PrP was analyzed by Western blotting. B, the transfected cells were
cultivated in serum-free medium for 3 h at 37 °C. PrP present in the cell
culture medium (Medium) was detected by Western blotting. C and D,
the mutant V160W has an uncleaved GPI anchor signal peptide. N2a
cells were transiently transfected with V160W or V1I60WAGPI, a mu-
tant with a deleted C-terminal GPI anchor signal sequence. Cells were
metabolically labeled with [®**S]methionine for 30 min and analyzed by
immunoprecipitation using the 3F4 antibody. C, cells were either ana-
lyzed directly (pulse) or further incubated in fresh medium for 1 h
(chase). D, immunoprecipitation products were divided into two ali-
quots and incubated with or without Endo H prior to SDS-PAGE anal-
ysis. Molecular size markers are indicated as bars on the left side of the
panels and represent 36 and 22 kDa.

protein folding and GPI anchor addition.

Pathogenic PrP Mutants Are Secreted and Can Be Internal-
ized by Heterologous Cells—With the discovery of monogenic
familial forms of human prion diseases the pivotal role of the
prion protein in the pathogenesis was emphasized; all cases
analyzed so far are linked to mutations in the gene encoding
the prion protein. In this study we show that two pathogenic
missense mutations result in the generation of a misfolded and
secreted form of the prion protein. In comparison to GPI-an-
chored wild type PrPC, the secreted PrP mutants were charac-
terized by distinct biochemical properties. They spontaneously
adopted a detergent-insoluble conformation and showed an
increased resistance to a limited proteinase K digestion. Fur-
thermore, the secreted PrP conformers were core glycosylated,
however, the high mannose glycans were not processed into
complex glycans. Interestingly, high mannose glycoforms of
PrPC are preferred substrates for the conversion into PrPSc
(29).

How can the pathogenic potential of the misfolded PrP mu-
tants be explained? Two scenarios are conceivable. First, mis-
folded PrP in the ER imposes stress on the affected cells.
Second, secreted misfolded PrP interacts with components on
the plasma membrane or along the endocytic pathway. Mis-
folded proteins within the ER can activate the unfolded protein
response and can be degraded via the ERAD pathway (34).
However, we could not detect induction of the unfolded protein
response by misfolded PrP conformers in the secretory pathway
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of neuronal or yeast cells (19, 35). Similarly, we did not observe
that significant fractions of the misfolded mutants T182A or
F197S were degraded by the proteasome. Thus, misfolded PrP
seems not to induce ER stress, at least in dividing cells grown
in culture. On the other hand, it is conceivable that the appar-
ent lack of an efficient quality control contributes to or en-
hances the pathogenic potential of misfolded PrP, because it
allows misfolded PrP to be secreted and to interact with heter-
ologous cells. Such an impairment of cellular quality control
systems to recognize and eliminate misfolded PrP not only
favors the build-up of misfolded mutant PrP. Similarly, mis-
folded isoforms of wild type PrP as well as PrPS¢ would escape
cellular degradation and could accumulate. In this context it is
interesting to note that in scrapie-infected N2a cells the cellu-
lar stress response is impaired (36, 37).

Our results demonstrate that misfolded PrP transits through
the secretory pathway, is long-lived, and can be internalized,
suggesting that the pathogenic conformers could interact with
various cellular components present at the cell surface or
within the endocytic pathway. In this context it is important to
note that T182A is present in a lysosomal compartment where
wild type PrPC€ is also found.

Protein Folding and GPI Anchor Addition—Our study not
only provides a mechanistic analysis of pathogenic prion mu-
tants, it also indicates an interplay between protein folding and
the addition of a GPI anchor. We observed that mutations that
are predicted to destabilize the globular domain of PrP€ inter-
fere with the addition of the GPI anchor. Notably, cleavage of
the signal peptide and core glycosylation, two modifications
that occur prior to the transfer of the GPI anchor, were not
affected. Cleavage of the N-terminal ER signal peptide and the
addition of the core glycans take place during translocation of
the nascent chain. Recently, it has been shown that the C-
terminal GPI anchor signal sequence does not serve as a trans-
membrane domain, providing experimental evidence that the
protein is fully translocated into the ER lumen prior to GPI
anchor addition (38). Based on in vitro data showing that
folding of the globular domain of PrP€ is extremely fast (39), it
is conceivable that PrP adopts a tertiary structure prior to
addition of the GPI anchor. Mutant PrP might fold into an
alternate tertiary structure, burying the GPI anchor signal
sequence. An impact of protein folding on a different post-
translational modification has been shown in previous studies,
indicating that the structure of the nascent chain determines
the efficiency of N-linked glycosylation (40, 41).

Why do we think that the defective GPI anchor attachment is
linked to an alteration in the tertiary structure of the prion
protein? The main argument is that an impact of the patho-
genic mutations on the secondary structure of PrP does not
seem plausible. In addition, we designed mutations that spe-
cifically destabilized the hydrophobic core of the prion protein.
As predicted, V160S, V160W, and M204S severely affected the
maturation of PrP, similarly to the pathogenic mutations
T182A and F197S. Indirect evidence was obtained from the
analysis of N180Q and N196Q. These mutations seem not to
affect the stability of the hydrophobic core and hence, the
maturation of the mutant proteins is not impaired. Finally, our
results are in line with previous in vitro experiments. Based on
a refined NMR structure, it was predicted that the two patho-
genic mutations T183A and F198S would specifically destabi-
lize the globular domain (15). Indeed, in vitro experiments with
recombinant T183A and F198S provided experimental evi-
dence that both mutations destabilize the mutant protein.
Moreover, it was shown that F198S has an increased propen-
sity to adopt a scrapie-like conformation (32, 33).

In addition to the defective GPI anchor attachment, the
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Fic. 8. The pathogenic mutant F197S lacks the GPI anchor, adopts a partially protease-resistant conformation, and is secreted.
A, the pathogenic PrP mutant F197S interferes with complex glycosylation. Transiently transfected N2a cells were lysed and the extracts split into
two aliquots. One aliquot was incubated with Endo H, the other was mock-treated. PrP was detected by Western blotting. B, F197S is secreted.
Cells expressing wild type PrP (wt) or the F197S mutant were cultivated in serum-free medium for 3 h at 37 °C and PrP present in the cell culture
medium (Medium) was detected by Western blotting. C, the majority of F197S is not present at the cell surface. Intact cells were incubated on ice
with trypsin, lysed, and residual PrP was detected by Western blotting. As a control, mock-treated cells (Trypsin —) were analyzed in parallel. D,
F197S adopts a partially protease-resistant conformation. Protein extracts from transiently transfected N2a cells were subjected to increasing
concentrations of PK as indicated. Remaining PrP was detected by Western blotting. Molecular size markers are indicated as bars on the left side
of the panels and represent 36 and 22 kDa.
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Fic. 9. Two pathogenic mutations interfere with folding and maturation of PrP. A schematic summary of the biogenesis of PrP¢ and
pathogenic mutants linked to inherited prion diseases in humans. Maturation of PrP€ is characterized by four distinct modifications: 1) cleavage
of the N-terminal ER signal sequence; 2) addition of core glycans; 3) transfer of a GPI anchor (simultaneously with the cleavage of the C-terminal
signal sequence); and 4) terminal processing of the glycans. Finally, PrP€ is targeted to the outer surface of the plasma membrane. In contrast,
the pathogenic mutations F197S and T182A severely affect folding and maturation of the prion protein. N-terminal signal sequence cleavage and
core glycosylation occur, however, these mutants spontaneously adopt a misfolded conformation. Neither addition of the GPI anchor nor conversion
of the core glycans into complex structures takes place. As a result, the pathogenic mutants are secreted as high mannose glycoforms.

pathogenic PrP mutants were not complex glycosylated. Based
on previous studies we favor the explanation that the lack of a
membrane anchor is responsible for the immature glycosyla-
tion status of the mutants. It is known that the type of mem-
brane anchorage is not critical for the glycosylation status.
Native GPI-anchored PrPC as well as PrP-CD4, a mutant with
a heterologous C-terminal transmembrane domain, are both
complex glycosylated (19, 42). However, when the GPI anchor
addition is inhibited by mutating the acceptor amino acid
within the GPI anchor signal sequence, the core glycans are not
converted into complex structures (19). We therefore conclude
that a membrane anchor is required for the terminal process-
ing of the two PrP glycans.

Abnormal PrP Conformers and Neurodegeneration—QOur
study provides experimental evidence that two PrP mutants
linked to inherited prion diseases in humans are devoid of a
GPI anchor and are secreted. In view of the fact that PrPSc
contains a GPI anchor similarly to PrP€ (8), the existence of
secreted pathogenic PrP conformers might be unexpected. On

the other hand, a recent study indicated that recombinant PrP,
expressed in bacteria and subsequently misfolded in vitro, can
induce prion diseases in transgenic mice; of note, this recom-
binant PrP did not contain a GPI anchor (43). Other studies in
transgenic mice revealed that even in the absence of infectious
PrP5¢, PrP misfolding at the ER membrane or in the cytosol can
induce neurodegeneration (44, 45). Importantly, some patho-
genic mutations linked to inherited prion diseases in humans
favor the formation of such aberrant ER topologies (44) or
direct PrP into the cytosol (30). Based on these observations it
is difficult to provide a unifying model explaining the neuro-
toxicity of misfolded PrP conformers. Thus, it is conceivable
that pathogenicity is not restricted to a single PrP species;
there might exist different pathogenic PrP conformers, derived
from either infectious PrPS¢ or mutant PrP, which can induce
neuronal death by distinct pathways.
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