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1. ABSTRACT

Prion diseases or transmissible spongiform
encephalopathies are neurodegenerative disorders that are
genetic, sporadic, or infectious. The pathogenetic event
common to al prion disorders is a change in conformation
of the cellular prion protein (PrP°) to the scrapie isoform
(PrP*), which, unlike PrP°, aggregates easily and is
partially resistant to protease digestion. Although PrP* is
believed to be essential for the pathogenesis and
transmission of prion disorders, the mechanism by which
PrP* deposits cause neurodegeneration is unclear. It has
been proposed that in some cases of prion disorders, a
transmembrane form of PrP, termed “™PrP may be the
mediator of neurodegenerative changes rather than PrP™
per se. In order to understand the underlying cellular
processes by which PrP* mediates neurodegeneration, we
have investigated the mechanism of neurotoxicity by a b-
sheet rich peptide of PrP in a cell model. We show that
exposure of human neuronal cell linesNT-2 and M17 to the
prion peptide 106-126 (PrP%1%%) catalyzes the aggregation
of endogenous cellular prion protein (PrP%) to an
amyloidogenic form that shares several characteristics with
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-resistant cells

PrP=. Intracellular accumulation of these PrP>-like forms
upregulates the synthesis of “™PrP, which is proteolytically
cleaved in the endoplasmic reticulum and the truncated C-
termina fragment is transported to the cell surface. In
addition, we have isolated mutant NT-2 and neuroblastoma
cells that are resistant to toxicity by PrP'%'% to facilitate
further characterization of the biochemical pathways of
Prp!%-1% neyrotoxicity. The PrP'*'%.resistant phenotype
of these cells could result from aberrant binding or
internalization of the peptide, or due to an abnormality in
the downstream pathway(s) of neuronal toxicity. Thus, our
data suggest that PrP* aggregation occurs by a process of
‘nucleation’ on a pre-existing ‘seed’ of PrP. Furthermore,
the PrP'®'%_resistant cells reported here will provide a
unique opportunity for identifying the cellular and
biochemical pathways that mediate neurotoxicity by PrP™.

2. INTRODUCTION

Prion disorders occur when a normally expressed
surface glycoprotein, the prion protein (PrP%), changes its
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conformation from a predominantly a-helical to a b-sheet
rich form that is pathogenic (PrP™). This transformation is
caused by an exogenous source of PrP= in infectious disorders,
is triggered by prion protein gene mutations in the inherited
forms, and is believed to be a random, spontaneous event the
case of sporadic disorders. After theinitia conversion, subsequent
converson of additiond PrPC molecules occurs spontaneoudly,
resulting in PrPSc depositsin the brain parenchyma. PrP™ differs
from PrP° in severa biophysica characterigics, such as
increased aggregability and resstance to protease digestion.
Amyloid deposits comprised of PrP* are one of the principa
causes of neurond toxicity in prion disorders (1-4).

Neurodegenerative changes typical of prion
diseases are also seen without detectable PrP¥, suggesting
the presence of aternative mechanisms of neuronal death in
prion disorders in addition to PrP® (5-7). One of these
mechanisms is through “™PrP, a transmembrane form of
PrP that spans the endoplasmic reticulum (ER) membrane
at residues 113-135 with its N-terminus in the cytosol,
instead of the normal glycolipid (GPI)-linked PrP® that is
trandocated co-trandationally into the ER lumen. Mice
carrying the mutant PrP transgene A117V that leads to
increased synthesis of “PrP rather than GPI-linked PrP®
show spontaneous neurodegeneration without detectable
PrP*, and show neurodegeneration earlier and with smaller
amounts of accumulated PrP¥ than the corresponding
animals with a deleted transmembrane domain when
challenged with infectious prions. In these cases the extent
of neurodegeneration co-relates directly with the amount of
CMprp, not the PrP™ load, indicating that ©“™PrP, and not
the accumulated PrP* mediates neurodegeneration in these
cases (8, 9).

In this report, we describe one of the possible
mechanisms of PrP® to PrP™ conversion, and the co-relation
between PrP¥ accumulation and “™PrP generation. For
causing the aggregation of PrP°, an interna peptide of PrP
including residues 106-126 (PrP'®'%) was used to replace the
proteinase K (PK)-resistant fragment of PrP™ that is the
principal constituent of the infectious prion particle. PrP%1%
offers savera advantages over PrP¥. It is similar to PrP¥ in
severa ways, and at the same time is more soluble and easy to
manipulate for cell culture studies. For example, like PrP¥,
PrP'%1% i rich in b-sheet structure, forms aggregates that are
detergent insoluble and PK-resistant, and is toxic to primary
cultures of neurons (10-12). Furthermore, residues 90-141 of
PrP are sufficient for initiating or blocking the transformation
of PrP°, probably because thisis the principal site of PrP~ and
PrP® binding during the conversion process (13-16). This
region can be further narrowed down to residues 112-120,
which are considered particularly important for the binding and
inhibitory effect (12, 15). Using this peptide, severd PrP
binding proteins have been identified on neurona cdlls,
including glid fibrillary acidic protein (GFAP), Bcl-2, a66kDa
membrane protein, and the 37kDa laminin receptor precursor
protein (17, 18). Recently, PrP™®%% has been shown to interact
with a- and b-tubulin, with the suggestion that the toxic
effects of this fragment are mediated by altering
intracellular calcium homeostasis (44).

We show that exposure of PrPC-expressing NT-2
and neuroblastoma cells to non-toxic concentrations of

61

Prp'%1% for prolonged periods of time initiates the co-
aggregation of PrP into amyloidogenic PrP¥-like forms
that accumulate in lysosomes. Consequently, there is
increased synthesis of the potentially neurotoxic
transmembrane form of PrP (“"PrP) in these cells. In a
separate set of experiments, we exposed chemically
mutagenized neuroblastoma and NT-2 cells to toxic doses
of PrP'%1% and isolated mutants that are resistant to
toxicity by this peptide. Since the PrP residues 106-126
play an important role in the interaction of PrP> with PrP°,
the mutant cell clones probably represent a disruption in the
binding, or a downstream pathway of cellular toxicity by
PrPi%1% - An analysis of these mutants will help in
identifying PrP-binding receptor(s) and the biochemical
pathways of neurotoxicity by PrP'%1% information that is
critical for the development of inhibitors of PrP>-mediated
neuronal death. Thus, this study provides the first direct
evidence for nucleation-dependent transformation of PrP®
to a PrP*-like form in a cell model, and shows a direct
correlation between intracellular PrP® accumulation and
Cmprp upregulation, confirming the role of “™PrP as an
important mediator of prion-related neuropathology. In
addition, the PrP'%1?_resistant neuronal cells described in
this report will provide an important experimental tool for
identifying the specific biochemical pathways that mediate
toxicity by PrP'®1% and by extrapolation, PrP%.

3. MATERIALSAND METHODS

3.1. Materialsand cell culture conditions

All cell culture supplies were obtained from
Invitrogen. Hygromycin B was from Calbiochem; Hoechst
and lysotracker dye were from Molecular Probes (Eugene,
Oregon). Biotinylated PrP'%'%® and scrambled Prp'%-12
were custom-synthesized (Genemed Corp., San Francisco,
CA). Glutaradehyde, osmium tetroxide, uranyl acetate,
lead citrate, and Epoxy resin were from Polysciences Inc.
(Warrington, PA). Anti-PrP monoclonal antibody 3F4
(specific to PrP residues 109-112) was from Richard
Kascsak (New York State Ingtitute for Basic Research in
Developmental  Disabilities).  Anti-PrP monoclonal
antibody 8H4 that binds to a site between residues 145-180
of PrP was raised in our facility (19). All other chemicals
were purchased from Sigma PrP®-expressing human
neuroblastoma cells were generated as described previously
(20), and cultured in the presence of 500mgy/ml of
hygromycin B. NT-2 cells expressing high levels of PrP
were isolated by repeated sub-cloning of cells obtained
from ATCC.

3.2. Mutagenesis and selection of PrP106-126 resistant
cells

The fdlowing peptides were cusomsynthesized for the
Hedtion of PP ® ™ resigartt odls (Genemed Corp., San Frandisoo,
CA): ' P8 KTNMKHMAGAAAAGAVVGGLG (PrP'®
1% 2 gyambled PP®%: NGAMALMGGHGATKVKVGAAA
(PPTRIE) 3 ppleI® \ith g hictin tag a the N-terminus:
Biotin—PrP'®% 4 Serambled PrP'®% with a biotin tag at the
N-terminus: Biotin--PrP=™%1% Bigtinylated PrP'%' has been
usad for in vitro studiesin neurons, and has been shown to retain
the biochemica properties of the peptide (21). Peptide
stocks were dissolved in DM SO, and kept frozen until use.
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For prolonged culture in the presence of peptide, 5niM
PrP*%1% was used, as opposed to 80mM for selecting
PrP%1%_registant cells.

First, PrPC-expressing neuroblastoma (M17) and
NT-2 cells were immunostained with anti-PrP antibody 3F4
and sorted by FACS analysis to select cells expressing high
levels of PrP. These cells were expanded in culture and
mutagenized by either ethyl-methyl-sulfonate (EMS,
150ng/ml)  or  N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG, 10 ng/ml). After culturing for 24 hours in the
presence of these mutagens, the cells were washed and
cultured in regular medium for 1 week. Cultures showing
~50% cell death after exposure to mutagens were grown in
culture for one week to alow recovery from mutagen-
induced toxicity, and exposed to Prpl%1%, prpScmioe-126
(80mM), or only solvent. The peptide-containing medium
was changed every third day. Cell death was monitored by
lactate dehydrogenase (LDH) assay of the culture medium
every 24 hours. The cytotoxicity assay kit CytoTox96 was
used for measuring LDH activity according to the
manufacturer’s instructions. Every week, the cells were
trypsinized, re-plated, and supplemented with the peptides.
Non-mutagenized M17 and NT-2 cells received a similar
treatment, and were used as controls. Parallel cultures were
exposed to biotin-PrP'%? and biotin-PrP*™%1% and the
cells were stained with Texas-red conjugated Streptavidin
at different time points till the control, non-mutagenized
cells finally died at ~6 weeks. In the initia two weeks of
treatment, the cells treated with PrP'®'% in fact
proliferated. With continued treatment, the intracellular
deposits of PrP%%® pecame larger, and the LDH activity
released in the medium continued to increase. The number
of apoptotic cells in the culture were determined by
Hoechst staining (1 mg/ml dye; Molecular probes) and
Tunnel assay (Oncor, Gaithersburg, MD) performed on a
small aliquot of cells cultured separately on coverdips,
according to the manufacturer’ s instructions. In short, MTT
was added to the wells to a final concentration of 1 mg/ml,
and incubated at 37°C for 3 hours. Cells were lysed with
20% SDS solution of 50% dimethylformamide, pH 4.7,
incubated overnight at 37°C, and MTT reduction was
determined colorimetrically at an OD of 550 nm. After
six weeks of treatment with PrP**®1% almost all of the
non-mutagenized cells treated with PrP%!% died.
Among the mutagenized cells, ~2% of the cells treated
with PrP'%126 gyrvived, which started forming colonies.
There was no effect on control or mutagenized cells
treated with PrP5™9%126 or the solvent alone. In fact
Prpsemi-126 coyld not be detected on the cell surface or
in any intracellular compartment throughout the six
weeks of treatment.

In aparallel set of dishes, non-mutagenized, NT-
2 cells expressing high amounts of PrP® or PrP°-transfected
neuroblastoma cells were cultured in the presence of non-
toxic concentrations of PrP'®?® (5pM), or the scrambled
peptide for 1-12 months. At the time of sub-culture, biotin-
tagged PrP'%1% or hiotin-tagged PrP*%1% (5npM) was
dissolved in culture medium, centrifuged at 1000g for 10
minutes to eliminate large aggregates, and the supernatant
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was added to the cells. Every three days, the cells were
trypsinized and sub-cultured with fresh peptide solution.
3.3.  Immunofluorescence staining and confocal
micr oscopy

For al immunostaining experiments, anti-PrP
antibody 8H4 was used for detecting cellular PrP. This
antibody is specific to residues 145-180 of PrP, and thus
does not react with PrP*%1% For detecting PrP'%1% or
PrpSri06-126 - grentavidin-conjugated-Texas red was used
due to the specific binding of streptavidin with biotin. For
immunostaining cell surface proteins, permeabilization of
the membrane with Triton X-100 was omitted. NT-2 cells
cultured in norma medium, or 5nM of PrP!%1% or
Prp>1%-126 \were fixed and stained with 8H4 (1:25)-anti-
mouse-FITC (1:25) (Southern Biotechnology Associates),
followed by streptavidin-conjugated-Texas red (1:40)
(Pierce). For intracellular staining, fixed cells were
permeabilized with 0.1% Triton X-100 prior to
immunostaining as above. Stained cells were incubated
with Hoechst 33342 (1ng/ml) (Molecular Probes) for five
minutes to detect apoptotic nuclei, and mounted in gel-
mount (Biomeda Corp., Fostar City, CA). All samples were
observed with a Laser Scanning Confocal Microscope
(BioRad MRC 600). A single 5mm optical section, and a
composite of several sections were evaluated in each case.

3.4. Electron microscopy

For immunoelectron microscopy, control and
Prp'%-1%_tregted cells were fixed in 4% paraformaldehyde
and 0.01% glutaraldehyde, and immunostained with 8H4
(1:20 dilution), followed by peroxidase-conjugated anti-
mouse (1:50) and mouse PAP (1:250). After washing with
PBS, the cells were exposed to 3,3'-diaminobenzidine
(DAB) containing 0.1M imidazole to obtain an electron-
dense reaction product, and fixed again with 2.5%
glutaraldehyde. Subsequently, the cells were post-fixed in
1% osmium tetroxide, dehydrated, embedded in Epon 812,
and processed for electron microscopy. Post-staining with
uranyl acetate and lead citrate was omitted to enhance the
contrast for PrP-specific DAB stain. For intracellular
immunostaining, fixed cells were permeabilized with 0.1%
Triton X-100 before processing as above. For
ultrastructural analysis, cells were fixed directly in the
culture dish with a freshly prepared solution of 2.5%
glutaraldehyde and post-fixed with 1% osmium tetroxide.
Samples were rinsed in distilled water, block-stained in
0.5% urany! acetate, dehydrated, and embedded in Epon as
above. Thin sections were stained with uranyl acetate and
lead citrate before examination with a Zeiss electron
microscope (Zeiss CEM 902; Carl Zeiss Inc., Thornwood,
NY).

3.5. SDS-PAGE and Western Blotting

Control and PrP%'®treated NT-2 cells were
processed for Western blotting as described (22). In short,
cells were lysed, and the precipitated proteins were
electrophoretically transferred to Immobilon-P (Millipore)
for 2.5 hours a 70 volts at 4°C. Membranes containing
transferred proteins were probed with either anti-PrP
antibody 8H4 (1:1000) followed by anti-mouse-HRP
(1:4000), or streptavidin-conjugated HRP (1:40,000).
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Reactive bands were visualized on an autoradiographic film
by ECL (Amersham).

3.6. Metabolic labeling and immunoprecipitation

Control and peptide-treated cells were
radiolabeled with 50nCi/ml of Trans®S-label overnight in
DMEM containing 5% dialyzed serum. The cells were
washed with PBS, and incubated with 1m/ml of PI-PLC
(Oxford Glycosystems) in Opti-MEM for 1 hour at 37°C.
PI-PLC-released proteins in the medium, and cell lysates
were subjected to immunoprecipitation with the anti-PrP
antibody 3F4 or 8H4 as described (22, 23). 3F4 binds to
residues 109 and 112 of PrP that are included in the
truncated “™PrP and the conventional PK-resistant 20kDa
fragment of PrP, and helps to distinguish these fragments
from the 18kDa C-terminal fragment that is a product of
norma PrP processing in the endosomes (24). Anti-PrP
antibodies 8H4 and 2301 bind to both 18 and 20kDa
fragments.

3.7. Assay of detergent insolubility and proteinase-K
resistance

Aggregation, insolubility in non-ionic detergents,
and partial resistance to proteinase K (PK) digestion are the
hallmarks of PrP>. To assay detergent insolubility, control,
or peptide treated cells were lysed in a buffer containing
non-ionic detergents NP-40 (1%) and DOC (0.5%). Large
aggregates and nuclel were pelleted by low speed
centrifugation at 500g, and the low-speed supernatant was
further ultra-centrifuged at 100,000g in a Beckman SW50
rotor for 1 hour at 4°C. The low and high-speed pellet and
supernatant samples were analyzed by Western blotting.
Duplicate sets of samples were electroblotted, and probed
with 8H4 or streptavidin-HRP as above. Only the low
speed fraction is shown here.

For evaluation of PK-resistance, lysates of
control and PrP**1% treated cells were exposed to 3ng/ml
of PK for 0, 2, or 4 minutes at 37°C. The reaction was
stopped with ImM PMSF, and proteins were electroblotted
and probed with 3F4 as described (20).

3.8. Cell homogenization and PK-treatment

Control and peptide-treated cells were washed
and homogenized on ice in a buffer containing 10mM
HEPES (pH7.9), 1.5mM MgCl,, 10mM KCI, and 0.5mM
DTT by 10 strokes of a Kontes al glass Dounce
homogenizer. The  homogenate  was  checked
microscopically for cell breakage and centrifuged to pellet
nuclei. The resulting supernatant was centrifuged at
20,000g to pellet membrane vesicles. These were re-
suspended in 0.5ml of transport buffer (25mM HEPES
pH7.4, 115mM KoAc, 2.5mM MgCl,, 10mM KCl, 2.5mM
CaCl,, and 1ImM DTT), and treated with 20ng/ml of
proteinase-K on ice for 30 minutes. After adding 5mM of
PMSF to stop the reaction, membrane vesicles were
pelleted, solubilized in lysis buffer, and immunoblotted
with 3F4.

3.9. Staining with Thioflavin S

Untreated control, and cells treated with Prp'%¢-126
for 1 year were fixed and permeabilized as above, and
immunostained with 8H4 (1:25 dilution)-anti-mouse-RITC
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(2:40 dilution). Subsequently, the cells were incubated with a
1% aqueous solution of thioflavin-S for 20 minutes, washed
three times with PBS, followed by one quick wash with 70%
ethanal. Célls stained only with thioflavin S were pre-stained
with the basic dye hematoxylin to reduce the background
binding to nucleic acids, and processed as above.
4.RESULTS
41,  PrPY% induces the and
inter nalization of cell surface PrpP°®

To study the effect of long-term exposure of
cells to PrP%1% NT-2 cells expressing high levels of
PrP° were cultured for 1-12 months in complete medium
containing 5mM of PrP%1% piotinylated at the N-
terminus. The cells were sub-cultured every three-five
days with a fresh solution of the peptide. Cell viability
and cell division was monitored to ensure that the
peptide is not toxic to the cells under these conditions.

aggregation

Interaction of PrP%12 with NT-2 cells was
studied by immunofluorescence staining. Monoclonal
antibody 8H4 was used to detect cellular PrP®, and
Texas-red-conjugated streptavidin to visualize biotin-
tagged PrP'%1%%  Since the epitope for 8H4 is between
residues 145-180 of PrP, it does not bind PrP%1?6 and
provides a convenient method to differentiate between
PrP and PrP%1%6 After 1 month of exposure to PrP%®
126 cells were fixed with paraformaldehyde, and
immunostained for PrP® (green) or PrP%% (red). For
visualizing surface proteins, permeabilization with
detergent was omitted. Small to large aggregates of
PrP%12 are evident on the cell surface (red), most of
which co-localize with PrP® (yellow) (Figure 1, panel
2). Control cells cultured with scrambled PrP*%¢1% show
no staining for the peptide, but a uniform surface
staining for PrP® (Figure 1, panel 1). Permeabilization
of cells before immunostaining shows large intracellular
aggregates of PrP¢ (green), PrPY%% (red), and mixed
aggregates of PrP¢ and PrP%6%¢ (yellow) in Prplo¢-125.
treated cells (Figure 1, panel 4), whereas control cells
show only a small amount of PrP immunoreactivity in
the Golgi area (Figure 1, panel 3).

These  results were  confirmed by
immunoelectron  microscopy. Cells were fixed,
permeabilized, and immunostained with 8H4. The bound
antibody was reacted with appropriate secondary
antibody and diaminobenzidine (DAB) to obtain an
electron-dense deposit. Subsequent staining with uranyl
acetate and lead citrate was omitted to obtain a better
contrast with DAB staining. Cells cultured with
scrambled peptide show a uniform distribution of PrP®
on the cell surface (Figure 1, panel 5), whereas Prp'6-1%
treated cells show large intracellular aggregates of PrP©
enclosed by a membrane (Figure 1, panel 6).

These results show that exogenously added
PrP*%128 i nduces the aggregation and internalization of cell
surface PrP¢ in large membrane-bound vesicles. These
aggregates degrade slowly, and persist even after one week
of chase in normal medium (data not shown).
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Figure 1. PrP%% induces the aggregation and internalization of cell surface PrP°. Surface immunofluorescence analysis of NT-
2 cells treated with biotin-PrP**12% for 1 month with 8H4-FITC to identify PrP° (green), followed by Texas-red-Streptavidin to
detect biotin-PrP'®1% (red) shows co-localization of PrP° and PrP%1?® gggregates on the plasma membrane (panel 2). Similar
immunostaining of control cells treated with biotin-PrP>%12 for a similar period of time with 8H4 shows normal pattern of PrP
immunoreactivity on the cell surface and in the Golgi area (panel 2). Similar analysis following permeabilization with Triton X-
100 shows large intracellular aggregates of PrP° (green), PrP'®1% (red), or mixed aggregates (yellow) in treated cells (panel 4),
whereas control cells show a smal amount of immunoreaction in the Golgi area (panel 3). Bar, panels 1-4: 10mm.
Immunoel ectron microscopy of the above cells following permeabilization with triton X-100 shows a uniform, punctate staining
of PrP° on the surface of control cells treated with biotin-PrP>%12 (panel 5). In contrast, cells treated with biotin-Prp'®12
show large intracellular aggregates of PrP° that are enclosed by a membrane (panel 6). PM: plasma membrane; N: nucleus. Bar:
1Am. There are no obvious signs of cellular toxicity like swollen mitochondria or condensation of nuclear chromatin in treated
cells (panel 6).

4.2. Aggregates of PrPC® are insoluble in non-ionic from peptide-treated cells partitions in this fraction. PrP° is
deter gents soluble in non-ionic detergents, and is therefore aso

Insolubility in non-ionic detergents is one of the detected in the low speed fraction (Figure 2, lanes 3 and 4).
earliest changes observed during the transition of PrP° to In contrast, most of the PrP'*'% and aggregated PrP from
PrP*. Conventionally, this is determined by preparing cell peptide treated cells is detected in the stacking gel of this
lysates in a buffer containing NP40 (1%) and DOC (0.5%), fraction (Figure 2, lanes 2 and 4, top arrows). PrP-reactive
and subjecting lysates clarified at low speed to protein aggregates in peptide-treated cells are too large to
ultracentrifugation at 100,000g. Aggregated PrP is detected be resolved by the stacking or the separating gel, and cross-
in the pellet fraction of ultracentrifuged samples. To check react with streptavidin, indicating that these are complex
if the PrP° deposits observed in Figure 1 are aggregated, aggregates of PrP® and PrP'®'% (Figure 2, lanes 2 and 4,
control and treated cells cultured in the presence of PrP*% top arrows). A significant amount of monomeric, detergent-
126 for 1-12 months were subjected to the above treatment, soluble PrP'%1% s detected at ~3kDa in peptide-treated
and the pellet and supernatant fractions from low and high- lysates, confirming that the PrP**1% added to the culture
speed centrifugation were immunoblotted with streptavidin medium is not pre-assembled into large aggregates (Figure
or 8H4 to detect PrP®%® or PrP° respectively. Only the 2, lane 2, bottom arrow). Thus, most of the PrP° aggregates
low speed lysate obtained after centrifugation at 500g is in peptide-treated cells are large and insoluble in non-ionic
shown in Figure 2, since amost all of the aggregated PrP detergents and SDS.
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Figure 2. Aggregates of PrP° are insoluble in non-ionic
detergents. Lysates prepared from M17 cells treated with
biotin-PrP>"%12 (control) or biotin-PrP'® % (treated) for
4-12 months were centrifuged at low speed (500g), and
immunoblotted with streptavidin (lanes 1 and 2), or 8H4
(lanes 3 and 4). Biotin-PrP®'®.tregted samples show
protein aggregates in the stacking gel and at the top of
separating gel that immunoreact with streptavidin (lane 2),
and with 8H4 (lane 4). These aggregates are notably absent
in control lysates (lanes 1 and 3). A 3kDa band of
monomeric PrP%% can be detected by streptavidin in
treated cells (lane 2) which, as expected, immunoreacts
only with streptavidin. (Reproduced from Ref. 25)

Figure 3. Intracellular PrP'*'% and PrP° aggregates bind
Thioflavin-S. M17 cells treated with biotin-PrP'®*% were
fixed, permeabilized with Triton X-100, and stained with
Thioflavin-S to detect amyloid. Green fluorescence of
Thioflavin-S positive aggregates of different sizesisseenin
vesicular structures, some more intense than others (panels
1 and 2). Bar: 25mm. (Reproduced from Ref. 25).
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4.3. Internalized PrP%'% and PrP® aggregates bind
the amyloid-specific dye Thioflavin-S

To evaluate if intracellular aggregates of PrP%
126 and PrP° acquire the characteristics of amyloid, M17
and NT-2 cells treated with PrP*®? for 1 year were fixed
with paraformaldehyde, permeabilized with detergent, and
stained with the basic dye hematoxylin, followed by the
amyloid binding dye thioflavin-S. Green fluorescence of
thioflavin-stained aggregates can be seen in intracellular
structures (Figure 3, panels 1 and 2), similar to the large
endocytic vesicles observed in Figure 1 above. Co-
immunostaining with 8H4 followed by RITC-conjugated
secondary antibody shows that most of the thioflavin-
positive aggregates co-immunostain for PrP® (data not
shown, 25). Thus, intracellular aggregates of PrP° and
Prp!%-126 acquire some of the characteristics of amyloid.

44. A C-terminal 20kDa fragment of C™Prp
accumulates on the surface of peptide-treated cells

To investigate the metabolism of aggregated PrP®
in peptide treated cells, equal number of control, NT-2, and
neuroblastoma cells treated with PrP'%?® for 4-12 months
were radiolabeled with *S-methionine overnight, and
treated with PI-PLC to cleave cell surface GPl-linked
proteins. Both the lysate and PI-PLC released samples were
subjected to immunoprecipitation with anti-PrP antibody
3F4. Results obtained in neuroblastoma cells are shown in
Figure 4 since these cells express considerably more PrP©
than NT-2 cells and the immunoprecipitation anaysis is
clearer in these cells. Analysis by SDS-PAGE fluorography
shows significantly more PrP in the lysate sample of
peptide-treated cells compared to controls, indicating that
some of the intracellular accumulated PrP° is soluble and
immunoprecipitable before it aggregates and forms amyloid
deposits (Figure 4, lanes 1 and 2). The amount of PrP®
released from the cell surface is similar in control and
treated cells, except for a significant increase in the 20kDa
fragment of PrP in peptide treated cells (Figure 4, lanes 3
and 4). Similar results on neuroblastoma cells treated with
Prp'%-1%6 pentide were reported by us in a previous study
(25).

Previous reports have documented that PrP©
exists in different topological forms at the endoplasmic
reticulum (ER). Increased synthesis of one of the
transmembrane forms, ©™PrP, is believed to mediate the
neurodegeneration observed in some inherited and
infectious prion disorders (8, 9). As opposed to PrPc,
CMprp js inserted in the ER membrane through its
hydrophobic domain consisting of residues 113-135, with
its N-terminus in the cytosol and C-terminus in the ER
lumen. Thus, proteinase K (PK) treatment of microsomes
spares ~19kDa C-terminal fragment, which is significantly
increased in brain tissue obtained from diseased animals
(8). To determine whether the 20kDa fragment observed in
peptide treated cells is the proteolytically cleaved “™Prp,
microsomes prepared from peptide-treated neuroblastoma
cells were treated with 20ng/ml of PK on ice for 30
minutes. The reaction was stopped with PMSF, and the
microsomes were solubilized in detergent and subjected to
immunoblotting with 3F4. As expected, full-length GPI-
linked forms of PrP° are protected from the protease
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Figure 4. A C-termina 20kDa fragment of “™PrP
accumulates on the surface of PrP*®'®.treated cells.
Neuroblastoma cells treated with biotin-Prp>ri06-126
(control) or biotin-PrP%%1% (treated) for 4-12 months were
radiolabeled overnight with 3S-methionine, and treated
with PI-PLC to cleave surface-expressed PrP. Lysate and
PI-PLC-released samples were immunoprecipitated with
3F4, and analyzed by SDS-PAGE-fluorography. The
amount of PrP® immunoprecipitated from treated cells is
significantly more compared to control cells (lanes 1 vs 2).
The 20kDa fragment of PrP is detected mainly in treated
cells (lane 2), but is significantly more in PI-PLC released
sample compared to cell-associated proteins (lanes 2 vs 4).
Cells treated with biotin-PrP*®'% for 4-12 months were
homogenized, and resulting microsomes were treated with
20ng/ml of PK for 30 minutes on ice. After inactivating
PK, microsomes were solubilized with detergent, and
immunoblotted with 3F4. As expected, full-length PrP® is
protected from PK-digestion, but the amount of 20kDa
fragment increases in amount after PK treatment (lanes 5
and 6). (Reproduced From Ref. 25)

(Figure 4, lanes 5 and 6). In contrast, there is a small but
significant increase in the 20kDa fragment after PK
treatment of peptide-treated cells (Figure 4, lanes 5 and 6),
indicating that the 20kDa fragment is generated by limited
proteolysis of “™PrP. Similar results were obtained with
NT-2 cells.

The above results show that the synthesis of
Cmprp s upregulated in peptide treated cells. Furthermore,
“Mprp js spontaneously cleaved on the cytosolic face of the
ER membrane to release the C-terminal 20kDa fragment,
which is transported to the plasma membrane.

4.5. Isolation of PrP®'%_resistant mutants

To dissect the biochemical pathways of
neurotoxicity by PrP'®%® mutant cells that are resistant to
toxicity by this peptide were isolated. Neuroblastoma and
NT-2 cells were chosen for these experiments.
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Neuroblastoma cells express high amounts of PrP and are
easy to expand and maintain in culture, and NT-2 cells, a
human teratocarcinoma cell line has the advantage that it
can be differentiated into mature human neurons (NT-2N)
by a series of treatments with retinoic acid, and mimics
primary human neuronal cultures closely (42). After full
differentiation, NT-2N cells dtill express detectable
amounts of PrP, and ~95% of the cells stain positive for the
neuronal marker NF68. Before proceeding with the
selection of resistant cells, we confirmed that the
differentiasted NT-2N cells are as sensitive to Prp'%1%
treatment as undifferentiated NT-2 cells.

To isolate resistant cells, neuroblastoma and NT-
2 cells were exposed to the mutagens MNNG or EMS, and
the dose that killed ~50% of the cells were chosen for
further selection. Cells exposed to the mutagens were
cultured in regular medium for one week to obtain healthy
cultures. Subsequently, mutagenized, and non-mutagenized
control cells were exposed to the constant presence of
80mM of PrP'%1% or prpSemite-i26 in complete medium for
a period of 3-4 weeks. Cell-death was monitored by
checking lactate-dehydrogenase (LDH) activity released
into the medium. During the first week of treatment, LDH
released into the medium continued to rise in control (NT-
2), and NT-2 mutagenized with  MNNG or EMS.
Subsequently, LDH values continued to rise in NT-2 cells
till al the cells died after 5-6 weeks. In mutagenized cells,
the LDH values started to decrease after one week, and
were virtually similar to untreated samples at the end of six
weeks. The mutant cells that survived PrP'%*% treatment
were expanded in the constant presence of the peptide.
Prp'%-1%_registant neuroblastoma cells were selected in a
similar fashion, and checked by re-exposing to toxic doses
of the peptide. As shown in Figure 5, although the cells are
engorged with large aggregates of PrP'%, the cell
viability is not compromised, as assessed by nuclear
staining with the chromatin binding dye Hoechst (Figure 5,
panels 2 and 3).

4.6. Preliminary characterization of PrP%%._registant
cells

To check for differences in the expression of any
major cellular proteins in the resistant cells, control and
resistant cells were labeled with 3S-methionine/cysteine
for 2 hours, lysed with detergent, and the radiolabeled
proteins precipitated by cold methanol were analyzed by
SDS-PAGE-fluorography. Only a minor quantitative
difference in the protein band migrating at ~18kDa is
detected between the control and PrP'%%.resistant NT-2
cells mutagenized with EMS (NT-2ER) or MNNG (NT-
2MR) (Figure 6, lanes 1-3). No detectable differences were
noticed in resistant neuroblastoma cells (data not shown).
An analysis of the difference in mMRNA pattern between the
control and mutant cells by differential display analysis is
under way.

To assess for any differences in the uptake and
intracellular distribution of PrP*®1% by the resistant cells,
PrP%1%_resistant NT-2 cells were exposed to biotinylated
PrPi%1% for 10 days, and stained with texasred-
conjugated streptavidin. The resistant cells show a variety
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Figure 5. Resistant cells accumulate large aggregates of
Prpi%1% without toxicity. Co-staining of Prp'%1%.
resistant NT-2 cells with the nuclear dye hoechst shows
that despite the presence of large intracellular aggregates
(panel 1), there is no nuclear fragmentation (panels 2 and
3).
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Figure 6. Protein expression pattern of control and resistant
cells. Control and PrP'%%.resistant NT-2 cells
mutagenized with EMS (NT-2ER) or MNNG (NT-2MR)
were incubated with *S-methionine/cysteine for 2 hours to
metabolically label al cellular proteins. Radiolabeled
proteins were precipitated with cold methanol, and
analyzed by SDS-PAGE-fluorography. Lower half of the
gel is over-exposed to visualize the protein bands better. As
compared to control cells (lane 1), a protein band ~ 18kDa
isabsent in NT-2MR cells (lane 3).
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of digribution patterns of PrP106-126. Some cells fal to
internalize the peptide, which is seen at the cell surface (Figure
7, pands 1 and 2). Others have large intracellular aggregates of
PrP106-126 without any apparent toxic effects on the cdll
(Figure 7, panels 3 and 4). Although severa cells show large
intracellular aggregates, no nuclear fragmentation was detected
when stained with the chromatin-binding dye Hoechst (data
not shown). These cells are presently being cloned in order to
evd uate the specific biochemical changes that confer PrP106-
126-resistance to these cells.

5. DISCUSSION

This study broadens our understanding of the
possible mechanisms of PrP replication and PrP*-induced
neurotoxicity in significant ways. First, we show that a b-
sheet-rich ‘seed” of PrP can initiate the accumulation of
full-length PrP° into detergent-insoluble  aggregates,
confirming the nucleation hypothesis of PrP> formation.
Second, we demonstrate that intracellular aggregates of PrP
increase the synthesis of ©™PrP, implicating “™PrP as an
important mediator of PrP> pathogenicity. And finally, we
describe the isolation of neuronal cells that are resistant to
toxicity by PrP peptide 106-126, providing a unique
opportunity to dissect the pathways of neurotoxicity by this
peptide, and by extension, PrP*.

By exposing cultured NT-2 and neuroblastoma cdlls
to non-toxic concentrations of PrP106-126, we demonstrate a
change in conformation of endogenous PrPC into a PrPSc-like
form. While the cdlular and biochemica processes that
mediate neurond toxicity by PrPSc are till unclear, substantial
evidence indicates that propagation of PrPSc occurs through
the conversion of host PrPC into its own conformation. Two
hypotheses have been proposed to explain the mechanism of
this conformationa change: 1) template-assisted re-folding of
endogenous PrPC to PrPSc, and 2) the nuclestion or seeding
hypothesis (26, 27). We show that a ? -sheet-rich interna
fragment PrP106-126 seeds the aggregation of PrPC on the
plasma membrane, and catdyzes its accumulation in an
exponential manner. We believe that PrP106-126 incorporates
within the lipid bilayer, where the charged phospholipid
environment induces its aggregation. Subsequently, it actsas a
seed for the deposition of additiona PrPC molecules. Since ? -
sheet rich peptides have an affinity for cholesterol (10, 28),
aggregated PrP106-126 probably concentrates in cholesteral-
rich lipid domains of the plasma membrane, which is aso the
sub cellular location for the conversion of PrPC to PrPSc (29-
31), thus providing an ideal environment for the conversion to
PrPSc.

After the initial conformational change, PrP® and
PrPi%1%  aggregates are  transported to  the
endosomal/lysosomal  compartment, where low pH and
the negatively charged membrane microenvironment
probably plays a maor role in promoting their
transformation to thioflavin-S-binding, ?-sheet rich,
amyloidogenic structures. The accumulation of these
virtually undegradable PrP® and PrP'%'? aggregates
explains the extensive proliferation of |ysosomes
observed in our cell model (25), and the presence of
abundant PrP immunoreactive lysosomes in the neurons of
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Prp106-126 _Resjstant Cells

-resistance in selected
cells. PrP'% 1% resistant NT-2 cells were re-exposed to
Prp'%1% for 10 days, fixed, permeabilized, and stained
with Texasred conjugated streptavidin. Some cells show
surface staining of the peptide (panels 1 and 2, arrows),
whereas others contain large intracellular aggregates
(panels 3 and 4).

Figure 7. Confirmation of PrP™®

scrapie-infected animals and New Variant Creutzfeldt
Jakob Disease patients (29, 32). A similar change in
conformation from an a-helical to a b-sheet structure has
been reported for recombinant PrP°**%! and for certain
other peptides when exposed to an acidic pH (1, 33).

The intracellular aggregates of PrP® generated in
our model display the essential biochemical characteristics
of PrP*, including detergent insolubility, and partial
resistance to digestion by proteinase K (PK) (25). In fact,
most of the aggregated PrP° is insoluble even in SDS, and
cannot be resolved by conventional SDS-PAGE. It is
plausible that these aggregates travel along axons to
neighboring cells by vesicular traffic, or aternately, are
extruded into the extracellular milieu and are subsequently
internalized by other cells. Microglia cultured in the
presence of Ab show similar results (34). Since most of the
PrP* in diseased brains is probably sequestered in plagues,
the propagation of PrP may occur through fragments like
Prp'%-1% that are relatively soluble, resistant to proteases,
and have the potential to fold into b-sheet upon contact
with the membrane micro-environment. The occurrence of
such a phenomenon would explain the exponential spread
of PrP¥ infection in the brain.

This study shows that intracellular
accumulation of PrP* upregulates the synthesis of
Cmprp the proposed mediator of PrP%-induced
neurodegeneration. There is a significant increase in the
surface expression of C-terminal 20kDa fragment of PrP
in peptide-treated cells, similar to the fragment of “"PrP
obtained above after PK treatment (8, 9). We believe
that this fragment is a result of spontaneous truncation
of ©™PrP at the endoplasmic reticulum (ER) membrane.
Consistent with our observations, an increase of “™PrP
expression has been reported in the brains of mice infected
with PrP* by using an indirect method (9). The truncated
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CMprp molecules thus generated are transported to the cell
surface and inserted in the plasma membrane by the GPI
anchor (25).

The mutant cells resistant to toxicity by the
PrP fragment 106-126 reported in this study are a unique
model to understand the biochemical pathways of
neurotoxicity by this fragment, and PrP*. Several lines
of evidence indicate the validity of this model system. A
number of studies have demonstrated that Prp°¢12
causes neuronal death by apoptosis when added to
primary cultures of neurons (35-37). Although the
biochemical events mediating neurotoxicity by this
fragment are not clear, the region encompassing residues
112-126 is believed to be essential for the neurotoxic effect
of this peptide (38). A similar phenomenon of neurotoxicity
is observed when neuronal cells are exposed to PrP™ (39,
40). Moreover, this region of PrP seems to play a centrd
role in the conversion of PrP° to PrP. For example, a PrP
peptide including residues 106-141 can block the
conversion of PrP® to PrP™ in an in vitro conversion
reaction, probably by competitively binding to PrP®, or by
blocking the interaction of PrP and PrP% (15, 41).
Residues 113-120 seem to be especialy critical for this
inhibitory effect, and the inhibition of conversion is
independent of the peptide’s ability to form b-sheets. PrP
peptides including residues 90-145 have been shown to
induce aggregation, high b-sheet content, and PK-
resistance in PrP in vitro (13), and PrP109-122 can induce
the transition from a-helix to b-sheetsin other PrP peptides
(14). Additional evidence for the critical role of this region
of PrP in the conversion of PrP® to PrP¥ is derived from
the fact that mutant mouse PrP lacking residues 114-121 is
not converted to the scrapie form after expression in scrapie
infected mouse neuroblastoma cells (16). Thus, Prp!%-12
closely parallels cellular events that follow the exposure of
PrP* to neuronal cells. By isolating cell clones resistant to
toxicity by this peptide, we will be able to identify specific
biochemical pathways mediating the neurotoxicity of PrP>,
We chose the human neuroblastoma M 17 transfected with
PrP, and NTera-2 (NT-2), a human teratocarcinoma cell
line that can be differentiated into mature human neurons
for isolating PrP*'% resistant cells (42). M17 cells are
easy to maintain in culture and large quantities can be
obtained in a short time, whereas NT-2 cells offer the
opportunity of analyzing a pure population of mature
human neurons. Since primary brain cultures are usually a
mixture of nerve cells and glial populations, this cell
system offers several advantages over existing methods
used to andyze the toxicity of PrP106-126.
Undifferentiated NT-2 cells can be grown in culture with
relative ease, and upon differentiation with retinoic acid,
are a constant source of ~95-100% pure culture of mature
human neurons (42). Therefore, mutagenesis and several of
the preliminary experiments can be performed on NT-2
cells, and then confirmed in differentiated cells (NT-2N).
Biochemical and genetic studies are also more feasible in
NT-2 or NT-2N cells than primary cultures of central
nervous system neurons, which are difficult to obtain in
large quantities, and are heavily contaminated with other
cells. Moreover, NT-2N cells can be engrafted in the brains
of nude mice, where they can survive for severa months
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Figure 8. Proposed model of PrP° propagation and neurotoxicity. (1), micro-aggregates of PrP*®'? bind to the plasma
membrane and initiate the aggregation of PrP. (2), the aggregated proteins are endocytosed in large vesicular structures, and
transported to lysosomes. (3), the intracellular PrP aggregates induce the synthesis of “™PrP through trans-activating factors. (4),
through as yet unknown mechanism, the N-terminal region of “PrP is cleaved by cytosolic enzymes. (5), the C-terminal 20kDa
fragment of ©™PrP is transported to the cell surface through the secretory path. (6), the truncated “™PrP is inserted in the outer
leaflet of the plasma membrane through the GPI anchor. Brown arrows indicate possible biochemical pathways that may be
interrupted in PrP'%1%.resistant cells. PM, plasma membrane; ER, endoplasmic reticulum; L, lysosomes; “™PrP, transmembrane

PIP.

(43). This procedure offers a unique opportunity to engraft
PrP*%1% resistant mutant cells in scrapie-infected nude
mice carrying the human PrP transgene to evaluate if these
cellswill resist infection and toxicity in vivo.

Our results show that PrP*%2% s internalized by
M17 and NT-2 cells in a time and temperature-dependant
fashion. On the cell surface, it does not appear to bind PrP,
confirming earlier studies that the uptake of this peptide is
not affected in PrP-deficient cells (44). However, contrary
to a previous report (21), our results show that Prp*%1%
accumulates in the lysosomes, where it is relatively stable
and forms large aggregates. After a prolonged exposure of
the cells to PrP*%®% it can also be detected in axon-like
processes of both cells lines. Whether this is due to
endocytosis of the peptide by axons or represents transport
of the peptide from one cell to the next is not clear from our
data. Transport of PrP™ through axons in scrapie-infected
brains has been reported in earlier studies (45).

The PrP*®%.resistant cell clones isolated in this
study will help to clarify several outstanding questions,
such as the role of oxidative damage, probably induced by
activated microglia (37), the interaction of a- and b-tubulin
with PrP'%1% (44), and the importance of plasma
membrane microviscosity and intracellular calcium levels
in the toxicity mediated by this peptide (46, 47). Some of
the PrP'%'%_resistant cells do not internalize the peptide,
and may lack the receptor involved in the internalization of
this peptide, whereas others contain large intracellular
aggregates of this peptide with apparently no toxic effect
on the cells. These cells probably differ from Prp*®1%.
sensitive control cells in the biochemical pathway(s)
mediating neurotoxicity by this peptide. We are presently
carrying out complementation studies with different clones
to identify the biochemical abnormalities that confer the
resistant phenotype to these cells. We believe that an
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analysis of these clones will help to characterize the
cellular and biochemical pathways that lead to cell death by
Prp'%1%6 and will provide insight into the mechanism of
neurotoxicity by PrP™.
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