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Abstract

The conversion of the cellular isoform of the prion protein
(PrP®) into the pathologic isoform (PrP%¢) is the key event
in prion diseases. To study the conversion process, an in vitro
system based on varying the concentration of low amounts
of sodium dodecyl sulfate (SDS) has been employed. In the
present study, the conversion of full-length PrP¢ isolated
from Chinese hamster ovary cells (CHO-PrP¢) was exam-
ined. CHO-PrP¢ harbors native, posttranslational modifica-
tions, including the GPI anchor and two N-linked glyco-
sylation sites. The properties of CHO-PrP¢ were compared
with those of full-length and N-terminally truncated recom-
binant PrP. As shown earlier with recombinant PrP (rec-
PrP90-231), transition from a soluble «-helical state as
known for native PrP¢ into an aggregated, [-sheet-rich
PrP5¢-like state could be induced by dilution of SDS. The
aggregated state is partially proteinase K (PK)-resistant,
exhibiting a cleavage site similar to that found with PrP%c,
Compared to recPrP (90-231), fibril formation with CHO-
PrP€ requires lower SDS concentrations (0.0075%), and can
be drastically accelerated by seeding with PrP5¢ purified
from brain homogenates of terminally sick hamsters. Our
results show that recPrP 90-231 and CHO-PrPC behave qual-
itatively similar but quantitatively different. The in vivo sit-
uation can be simulated closer with CHO-PrP€ because the
specific PK cleave site could be shown and the seed-assisted
fibrillization was much more efficient.
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Introduction

Prion diseases are fatal neurodegenerative diseases that include
human Creutzfeldt-Jakob disease (CJD), bovine spongiform
encephalopathy (BSE) and scrapie in sheep. The key molec-
ular event in prion diseases is the conformational change of
the host-encoded prion protein, denoted PrP€, into the dis-
ease-causing isoform PrP5°, This transition can occur in vivo
either spontaneously, originate from mutations in the PrP
sequence, or transmitted by infection with exogenous prions.
Regardless of the origin, the conformational change of PrP¢
into PrP% results in fundamental changes of its biophysical
properties. PrP€ is membrane-bound, rich in a-helical sec-
ondary structure, soluble in mild detergents and non infec-
tious. In contrast, PrP5¢ is B-sheet-rich, insoluble and infec-
tious (for review see Prusiner, 2007). Additionally, proteinase
K (PK) digests PrP completely but truncates PrP5¢ at the
N-terminus up to residue 89 or 90, resulting in a C-terminal
fragment, termed PrP 27-30 that retains its infectious prop-
erties (McKinley et al., 1983; Neary et al., 1991; Pan et al.,
1993; Safar et al., 1993). If PK digestion is carried out in
the presence of detergents, PrP 27-30 assembles into rods,
which have the structural and tinctorial properties of amyloid
(Prusiner et al., 1983).

The assumption that an amyloidic structure of PrP is favor-
ed to confer infectivity led to in vitro-generated synthetic
prions. Purified recombinant prion protein [recMoPrP (89-
230)] was assembled into amyloid fibrils and inoculated into
transgenic (Tg) mice expressing the corresponding, N-ter-
minal truncated or natural full-length PrP sequence; the
brains of these mice harbored infectious prions (Legname et
al., 2004; Colby et al., 2009). Infectivity titers of synthetic
prions in these Tg mice were low, which could be due to
several reasons. First, the structure of the amyloids may not
be optimal for infection. Second, the amyloid may have con-
tained only a small subpopulation of infectious fibrils. Third,
the recPrP amyloid used to generate the synthetic prions
lacked features found in natural prions, such as posttransla-
tional modifications and the polyglucose scaffold, which
may have restricted infectivity (Appel et al., 1999; Dumpitak
et al., 2005).

Although amyloid structure is a non-obligatory feature of
prion diseases, amyloid formation recapitulates several impor-
tant features of prion diseases, including spontaneous deve-
lopment, a seeding capacity that mimics infection and
fidelity of strain replication (Baskakov et al., 2002; Baska-
kov, 2004; Atarashi et al., 2007; Stohr et al., 2008). Various
in vitro systems have been employed to study amyloid for-
mation and generate prion infectivity. In a sonication-driven
cyclic amplification procedure, PrPS° was amplified in
extractions from infected and uninfected brain tissue (Sabo-
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rio et al., 2001; Castilla et al., 2005). A very similar tech-
nique led to the spontaneous generation of infectivity with
partially purified eukaryotic PrP¢ (Deleault et al., 2007). In
the in-vitro conversion system used in an earlier (Leffers et
al., 2005; Stohr et al., 2008) as well as the present study, the
formation of insoluble (3-sheet-rich aggregates or amyloid
fibrils was induced by a combination of NaCl and low con-
centrations (<0.03%) of sodium dodecyl sulfate (SDS). We
report that PrP¢ purified from CHO cells (CHO-PrP€) can
be converted into insoluble aggregates below SDS-concen-
trations of 0.01% SDS. These aggregates are partially PK-
resistant, exhibiting the cleavage site about amino acid 90.
This conversion system could be extended to fibril formation
of CHO-PrP€ by the addition of NaCl at a specific SDS
concentration. Furthermore, fibril formation seeded by PrP5¢
increased three-fold and occurred five-fold faster with CHO-
PrP€ as the substrate compared to similar formation reactions
using recPrP (Leffers et al., 2005; Stohr et al., 2008).

Results

SDS induced aggregation and protease-resistance
of CHO-PrP

The influence of low SDS concentrations (between 0.03%
and 0.01%) on the structural transition of recPrP has been
described in detail elsewhere (Jansen et al., 2001; Atarashi
et al., 2007; Stohr et al., 2008). Here we tested the influence
of 0.05-0.002% SDS on the solubility and secondary struc-
ture of CHO-PrPS; solubility was analyzed by differential
centrifugation (Figure 1B) and secondary structure by CD
spectroscopy (Figure 1C). After incubation with 0.05% SDS
(and 10 mMm NaPi buffer, pH 7.4), CHO-PrP was completely
soluble (Figure 1B) and appeared to be mostly in an a-hel-
ical state with slight influence of denaturation (Figure 1C).
Decreasing the SDS concentrations to 0.03%, 0.01% and
0.005% resulted in a distribution of soluble and insoluble
CHO-PrP€ with increasing portion of insoluble, respectively
(Figure 1B). Still lower SDS concentrations (0.002%) led to
complete precipitation of the protein (Figure 1B). The signal
of the CD-spectrum of CHO-PrP was lowered in lower SDS
concentration. Because of the precipitation the CD-spectrum
at 0.002% (Figure 1C) could not be clearly interpreted
whereas the spectrum in 0.01% showed mostly the features
of a B-sheet rich structure. Under storage conditions CHO-
PrP was kept without any detergent soluble in 1 mM sodium
acetate, pH 4 (Figure 1B) and appeared to be mostly in an
a-helical state (data not shown).

To determine if the induction of insoluble CHO-PrP aggre-
gates resulting from incubation with 0.002% SDS was
accompanied by the formation of protease-resistance, we
digested the samples with PK (1:4 molar ratio, PK:protein)
for 3 or 15 min, followed by SDS-PAGE and Western immu-
noblotting with the R1 antibody. R1 recognizes an epitope
at the very C-terminal end of PrP (residues 225-231). There-
fore, low-molecular-weight fragments of CHO-PrP recog-
nized by RI lack N-terminal regions. Soluble CHO-PrP¢
(incubated with 0.05% SDS) was also analyzed as a control.

Insoluble CHO-PrP€ was partially protease-resistant, with a
fragment of 28-32 kDa (Figure 1D). Soluble CHO-PrP“
showed a protease-resistant fragment migrating to 18-21
kDa, which disappeared after PK digestion for 15 min.
Deglycosylated, protease-resistant fragments of insoluble
CHO-PrP showed a prominent band at ~15 kDa (Figure
1D); this fragment size is in good accordance with the molec-
ular weight of 16 kDa for PrP (90-231), which also correlates
to the amino acid sequence of PrP 27-30. The 1-kDa differ-
ence in molecular mass is most likely due to the presence of
the GPI anchor in CHO-PrP€, which is known to increase
SDS-PAGE mobility by ~1 kDa (Narwa and Harris, 1999).
Taken together, these observations indicate that aggregated
CHO-PrP is partially protease-resistant and is truncated at a
similar site (residue 89/90) as PrP 27-30.

Fibrils formed from CHO-PrP€

In earlier studies, SDS and NaCl were used to form fibrils
as well as from recPrP, from denatured and from gel-eluted
PrP 27-30, and full-length PrP€ purified from brain homo-
genates of non-infected hamsters (Leffers et al. 2005; Stoehr
et al. 2008). Those studies had shown that we can induce
fibril formation by the addition of 250 mm NaCl to the SDS
based conversion system. In the absence of NaCl however,
recombinant PrP was in a partially soluble state (50% soluble
and 50% insoluble after a spin at 100 000 g for 1 h and did
not form fibrils. That state of recombinant PrP would com-
pare to CHO-PrP€ at 0.01% SDS (Figure 1B). Therefore, we
determined whether fibrils could be formed from CHO-PrP©
by addition of NaCl. A sample of 30 ng/pl CHO-PrP€ in
0.0075% and 0.01% SDS, 250 mm NaCl in 10 mm HEPES
buffer, pH 7.2, was incubated for 49 days at 37°C under
continuous agitation. In case of the use of 0.01% SDS we
observed that CHO-PrP¢ was not fully insoluble after the
long incubation time (Figure 2A) and did not show fibrillar
structures as judged from electron microscopy studies (data
not shown). Therefore we concentrated on the experimental
condition using 0.0075% SDS. Under these conditions the
CHO-PrP was completely insoluble after seven weeks of
incubation at 37°C (Figure 2A) and formed insoluble fibrils
with at least two different ultrastructures, as analyzed by
electron microscopy (Figure 2B—D). The majority of these
structures appeared as fuzzy and relatively short fibrils, but
straighter and longer structures also could be observed (Fig-
ure 2C and D, arrows). The long and more rigid fibrils
appeared in a higher order assembly, i.e., smaller fibrils built
up those longer structures by lateral association.

To elucidate whether the fibrils were composed of PrP<,
we performed immunogold labeling with two different anti-
bodies: EST123 that recognizes an N-terminal epitope
between residues 30-37 (Leclerc et al., 2006) and R2 that
recognizes a C-terminal epitope spanning residues 225-231.
Both antibodies labeled the fibrils (Figure 3), with R2 show-
ing more efficient labeling than EST123. Thus, full-length
CHO-PrP¢ appeared to be incorporated into these fibrils.
Subsequent bioassays with the in vitro formed fibrils did not
reveal any infectious confomers in these samples (data not
shown).
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Figure 1 Insoluble, aggregated, and partially protease-resistant PrP formed in the presence of SDS.

(A) CHO-PrP€ was purified as described in Elfrink et al. (2008). The purified fraction was analyzed by SDS-PAGE and silver staining.
(B) Samples were adjusted to different SDS concentrations, as indicated in phosphate buffer pH 7.2, and incubated for 20 h at 25°C. In
contrast for the sample indicated with 0% acate buffer pH 4 was used. Soluble (S) and insoluble (P) samples were separated by centrifugation
at 100 000 g for 1 h at 25°C, then dot blotted with 3F4 antibody. (C) CD spectra recorded prior to solubility analysis. (D) Western
immunoblotting before and after deglycosylation using PNGase F show that partially protease-resistant PrP was formed. Insoluble CHO-
PrP€ was induced by 0.002% SDS and soluble CHO-PrP“ with 0.05% SDS, incubated at 37°C for 20 h. PK digestion was performed in a
molar ratio of 1:4 (PK:PrP) at 25°C for 3 or 15 min, as indicated. For comparison, recPrP (90-231) is shown. Blots were probed with R1
antibody. Apparent molecular masses based on the migration of protein standards are shown in kilodaltons.

Seeded fibril formation of CHO-PrP° brain tissue as described earlier as seeds to fibril formation
reactions using CHO-PrP€ as substrate. The kinetics of fibril
As shown earlier by our and other groups (Atarashi et al., formation were monitored by the ThT fluorescence assay

2007; Colby et al., 2007; Stohr et al., 2008), naturally occur- (Figure 4). Upon seeding, the lag phase before the sigmoidal
ring PrP5° can seed the formation of fibrils from recPrP. We increase of fibrils formation was 5—6 times shorter if CHO-
added naturally occurring, full-length PrP5¢ purified from PrP¢ was used as substrate as compared to recPrP substrate.
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Figure 2 Solubility and Electron microscopy analysis of CHO-PrPC under fibrillization conditions.

(A) Solubility of CHO-PrP€. CHO-PrP¢ was incubated in 10 mm HEPES (pH 7.2), 250 mm NaCl, 0.0075% and 0.01% SDS for seven
weeks. The samples were centrifuged at 100 000 g for 1 h. Supernatant (S) and pellet (P) were separated and analyzed by SDS-PAGE and
Western blotting. (B—~D) Electron micrographs of fibrillar CHO-PrP€. Samples of CHO-PrP after 49 days of incubation at 37°C with constant
agitation (650 rpm) in the presence of 0.0075% SDS and 250 mm NaCl. The majority of the observed structures appeared as fuzzy fibrils,
while some fibrils appeared to be more long and rigid (arrows). Bars in B—D represent 100 nm.

Furthermore, the fluorescence intensity was ~3X higher with
CHO-PrP¢ compared with equimolar amounts of N-termi-
nally truncated recPrP (Figure 4; Stohr et al., 2008); the com-
parison with full length recPrP is described in a recent
publication of our group (Panza et al., 2010) showing very
similar seeded fibrillization kinetics of N-terminally trunca-
ted and full-length recPrP, respectively. These results show
that the fully posttranslationally modified PrP¢ is a much
more effective substrate for PrP¢-seeded fibrillization under
the applied conditions.

Discussion

In the present study, we analyzed the in vitro conformational
transition of PrP€ isolated from CHO cells, which is post-
translationally modified with N-linked oligosaccharides and
a GPI anchor attached at the C-terminus. The structural con-
version induced by low concentrations of SDS from a sol-
uble, a-helix-dominant structure into insoluble, (3-sheet—rich
fibrils could be achieved with CHO-PrPC. Aggregates of
CHO-PrP€, which were formed under low salt conditions,
showed partial PK resistance similar to PrP 27-30 (Figure

1). Western immunoblotting of the deglycosylated, protease-
resistant CHO-PrP fragment showed a molecular mass that
suggests it was cleaved at residue 89/90, as in PrP 27-30.
The fibrils, which are formed after several weeks incor-
porated intact, CHO-PrP, as demonstrated by immunogold
labeling using two antibodies directed against different
regions of the protein (Figure 3). We found short and coarse
amyloid fibrils, which have been observed also for yeast
prions (Schlumpberger et al., 2000; Baxa et al., 2002) and
B-microglobulin (Kad et al., 2001). Compared to conditions
used previously to form fibrils from full-length PrP¢ purified
from hamster brains (0.01% SDS) (Leffers et al., 2005),
slightly lower concentrations of SDS (0.0075%) were
required to form fibrils from CHO-PrP€. In comparison
0.03% SDS were required to form fibrils from truncated
recPrP (90-231) (Stoehr et al., 2008) as well as full-length
recPrP (23-231) (Panza et al., 2010), respectively. These dif-
ferences correlate to variations in glycosylation: recPrP lacks
glycosylations and its prefibrillar state is stabilized at highest
SDS-conditions (0.03%). In presence of the glyosyl groups
of PrP from hamster brain a lower concentration of SDS
(0.01%) is needed and the even lager glycosilations of CHO-
PrP needs the lowest SDS-concentration (0.0075%) to sta-
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Figure 3 Electron micrographs of immunogold-labeled fibrillar CHO-PrP labeled with HuM-Fab R2 (top row) and with HuM-Fab Est123

(bottom row).

Gold particles appear as black dots on the fibrillar structures. Bars represent 100 nm.

Time (h)

Figure 4 Seeded fibril formation of CHO-PrP€ analyzed by ThT
assay.

Seeded fibril formation of CHO-PrP€ (squares, in 0.0075% SDS,
10 mm NaPi, 250 mm NaCl) compared to recPrP (triangles, 0.025%
SDS, 10 mm NaPi, 250 mm NaCl). Protein concentrations were
860 nM upon addition of a PTA-precipitated PrP5 seed (1.6X10*
brain equivalents/l (be/l), filled symbols). For unseeded reac-
tions (open symbols), equal amounts of PTA-precipitation of non-
infected brain homogenate was added. ThT fluorescence was
monitored over 40 h at 37°C under constant agitation.

bilize the pre-fibrillar state. However, we could not take into
account the influence of the GPI-anchor; definitely it might
have a minor but not a major quantitative influence. Electron
micrographs also confirmed morphological differences
between the fibrils formed from recPrP and CHO-PrP€. The
properties found with PrP¢ from CHO-cells partly resemble
those of recombinant PrP but more closely CHO-PrP resem-
bles the in vivo situation. The specific cleavage site around
residue 90 is typical for natural prions, and it is detected in
polymorphic aggregates of PrP€. Consequently it is more an
intrinsic feature of PrP than a unique marker for infectious
particles.

Our seeding experiments showed also closer simulation of
the in vivo prion amplification. CHO-PrP€ as substrate for
PrP5°-seeded fibrillization leads to faster more effective
fibrillization as compared to recombinant PrP. We interpreted
the result, that the recognition between seed and substrate is
better because both represent the natural partners. Similar
seeding reactions and the generation of infectious prions
were also achieved by the protein misfolding cyclic ampli-
fication assay (PMCA) (Castilla et al., 2005; Deleault et al.,
2007) but were carried out in a complete cellular extract and
therefore could not present mechanistic insights of the con-
version process. Here we present a minimal system which
will be capable of mechanistic investigations into the con-
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version process in future studies. Enormous progress was
made in the past by the studies with recombinant PrP, here
we completed our knowledge of PrP¢ which is a relevant
step to work in the future on the even more in vivo-like
situation of PrP¢ anchored in the lipid raft membrane.

Materials and methods

Prion proteins

Expression and purification of PrP€ from eukaryotic CHO cell cul-
tures, denoted CHO-PrP€, were carried out as described previously
(Blochberger et al., 1997; Elfrink et al., 2007, 2008) and the purity
was controlled by gel electrophoresis and silver staining (Figure 1A)
PrP5¢ was partially purified by precipitation with sodium phospho-
tungstate (PTA) from brain homogenates of terminally ill Syrian
hamsters as described previously (Birkmann et al., 2006).

SDS treatment

CHO-PrP¢ was incubated with SDS at 25°C for 20 h in a total
volume of 100 wl. Five different SDS concentrations were
employed: 0.05%, 0.03%, 0.01%, 0.005%, and 0.002%. For com-
plete induction of insoluble PrP, CHO-PrP® was incubated with
0.002% SDS at 37°C for 20 h.

Circular dichroism (CD) spectroscopy

CD spectra were recorded with a J-715 spectropolarimeter (Jasco,
Gross-Umstadt, Germany) in a 0.1 cm quartz cuvette at room tem-
perature. The scanning speed was 50 nm/min with a step resolution
of 1 nm. For each sample, 10 spectra were collected between 195
and 260 nm. Buffer spectra were subtracted from the respective
protein spectra.

Protease digestion

To compare the proteolytic stability of different CHO-PrP® con-
formers, PK (Boehringer Mannheim GmbH) was added in a molar
ratio of 1:4 (PK:CHO-PrP®) in 50 mm TrisHCI/100 mm NaCl/
2.5 mm EDTA. Reactions were performed at 25°C for 3 or 15 min,
then stopped by the addition of 7.5 mm phenymethylsulfonyl flu-
oride. Deglycosylation of CHO-PrP® was performed using N-acetyl-
3-glucosaminylasparagine-amidase (PNGaseF), as specified by the
manufacturer (Sigma-Aldrich, St. Louis, USA).

Differential ultracentrifugation

Solubility of CHO-PrP¢ was determined by centrifugation at 25°C
for 1 h at 100 000 g (TLA-45; Beckmann Optima TM TL; Palo
Alto, USA). Samples were then separated into supernatant and pel-
let, then analyzed by dot blot using monoclonal antibody 3F4 for
PrP detection.

Electron microscopy, negative stain and
immunolabeling

The immunogold labeling of PrP was adapted from a previously
published protocol (Leffers et al., 2005). A droplet of 5 W1 contain-
ing the sample was placed on the grid and left to adsorb for 5 min.
After adsorption to the grid surface, the sample was fixed and
washed briefly (in 50 ! of: 0.1 and 0.01 M ammonium acetate; 2%

uranyl acetate; water; Tris-buffered saline [TBS]). The washing step
was followed by a blocking step with 0.3% BSA in TBS for 90 min.
Then the grids were incubated on a droplet (50 ) containing the
primary antibody for 2 h at room temperature. The grids were
washed again (5X1 min) in TBS containing 0.1% BSA (50 wl),
then incubated on a droplet containing the secondary rabbit anti-
human antibody (Jackson Immunoresearch, West Grove, PA, USA)
in 0.1% BSA in TBS for 1 h at room temperature. Again, the grids
were washed 5X1 min in 0.1% BSA in TBS before being placed
onto a droplet of tertiary goat anti-rabbit antibody conjugated to
5-nm gold (Ted Pella, Redding, CA, USA) in 0.1% BSA in TBS at
1:20 concentration for 30 min. The grids were finally washed
(5%0.1% BSA/TBS for 1 min and 1 droplet each of TBS and water)
and stained with 2% ammonium molybdate.

Conventional negative staining was carried out by shortening the
adsorption time from 5 min to ~30 s (-1 min) and stained with 2%
ammonium molybdate. The samples were viewed in a Philips/FEI
Tecnai F20 electron microscope at 80 kV.

SDS-PAGE and Western blotting

SDS-PAGE (15%) followed by Western blotting was carried out as
described previously (Post et al., 2000) using the anti-PrP mono-
clonal antibody R1 (Williamson et al., 1998).

Thioflavin T (ThT) assay

The optimum SDS concentration for spontaneous fibril formation
of the respective substrate was used: 0.03% SDS for recPrP as
described earlier (Stohr et al., 2008) and 0.0075% SDS for CHO-
PrP€. Proteins (860 nm) were loaded onto a 96-well plate and incu-
bated with or without the addition of a PrPS¢ seed; in controls for
the unseeded reaction a PTA treated brain homogenate from healthy,
uninoculated hamsters was added instead of the PrP5° seed. Fluo-
rescence emission spectra of ThT bound to PrP aggregates were
measured with 860 nMm of protein and 5 wM ThT in 200 wl. The
time dependent fluorescence read-out was performed in a Tecan
sapphire plate reader (Tecan Group, Maennedorf, Switzerland) as
described previously (Stohr et al., 2008).
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