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Abstract

A key molecular event in prion diseases is the conversion of the prion protein (PrP) from its normal cellular form (PrP€) to the
disease-specific form (PrP5%). The transition from PrPC to PrP5¢ involves a major conformational change, resulting in amorphous
protein aggregates and fibrillar amyloid deposits with increased B-sheet structure. Using recombinant PrP refolded into a B-sheet-
rich form (B-PrP) we have studied the fibrillization of B-PrP both in solution and in association with raft membranes. In low ionic
strength thick dense fibrils form large networks, which coexist with amorphous aggregates. High ionic strength results in less com-
pact fibrils, that assemble in large sheets packed with globular PrP particles, resembling diffuse aggregates found in ex vivo prep-
arations of PrP5. Here we report on the finding of a B-turn-rich conformation involved in prion fibrillization that is toxic to
neuronal cells in culture. This is the first account of an intermediate in prion fibril formation that is toxic to neuronal cells. We pro-
pose that this unusual B-turn-rich form of PrP may be a precursor of PrP5¢ and a candidate for the neurotoxic molecule in prion

pathogenesis.
© 2005 Elsevier Inc. All rights reserved.
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Deposition of amorphous protein aggregates and
amyloid fibrils in different organs of the human body
and other animals is a common feature of a wide range
of diseases, including systemic amyloidosis, diabetes,
Alzheimer’s, Parkinson’s, and transmissible spongiform
encephalopathies (TSEs) [1]. In these diseases a key pro-
tein undergoes a major conformational change from its
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cellular normal structure to an alternative state, which
forms amorphous and/or fibrillar aggregates. In most
cases this transformation involves a partial unfolding
of the native state and refolding into a [-sheet-rich
conformation.

TSEs include Creutzfeldt-Jacob disease (CJD) in
humans, bovine spongiform encephalopathy (BSE),
scrapie in sheep, and chronic wasting disease (CWD)
in deer and elk, amongst others. Prion is the key protein
associated with the pathogenesis of TSEs and is the
major component of amyloid plaques and amorphous
protein deposits found in the brains of deceased patients
and laboratory animals or in cell culture models. In nor-
mal healthy conditions prion is a harmless plasma mem-
brane protein predominantly expressed in the brain and
implicated in copper binding and cell signaling [2-4].
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Prion is a 209-amino acid long protein, with two N-gly-
cosylation sites at asparagines 147 and 198 (hamster PrP
numbering is used throughout this article) and incorpo-
rated in the outside face of the cell membrane via a gly-
cosylphosphatidylinositol (GPI) lipid anchor coupled to
Ser 231 at the C-terminus [5]. Prion also contains two
cysteine residues (Cys 197 and 214), which form an
intramolecular disulfide bond that provides structural
stability to the C-terminal domain of the protein.

A key molecular event in TSEs is the conversion of the
normal cellular form of the prion protein (PrP) to the
aberrant amyloid form, generally denoted as scrapie iso-
form (PrP%°). The molecular details of this transformation
arenot fully understood, but it appears to involve a partial
unfolding of the monomeric cellular form and subsequent
refolding into an oligomeric aggregated or fibrillar form.
High-resolution NMR structures of different constructs
of PrP€ exist for most prion species [6], showing that PrP¢
isrich in a-helical structure (47%), has a long unstructured
N-terminus comprising nearly half of the amino acid se-
quence, and a small amount of antiparallel B-sheet (3%).
In contrast, a high-resolution structure for PrPS¢ remains
elusive, but low-resolution structure analysis revealed
that PrP% is enriched in p-sheet [7,8] and electron crystal-
lography-derived models support a parallel left-handed B-
helical fold for PrP5¢ in 2D crystals that co-purify with
prion amyloid rods [9,10]. Because of the multiple forms
and lengths of PrP%°, and inherent difficulties of structure
determination on aggregated, sometimes impure PrP>°
extracts, values for the secondary structure content of
PrP5° vary. Reported values for the a-helix content are
found within the range 17-30% and for B-sheet structure
within 43-54% [7,8].

Accumulation in the brain of prion aggregates and
fibrillar assemblies is normally associated with spongi-
form degeneration and neuronal death [11-13]. How-
ever, the mechanism how prions damage cells and the
precise nature of the neurotoxic molecule in prion dis-
eases are not fully understood [14]. Due to the insolubil-
ity of ex vivo preparations of PrP>, only a few studies
have tested directly the neurotoxicity of PrP¢ to neu-
rons in culture [15-17]. However, the results are difficult
to interpret, because of the uncertainties about the phys-
ical state of PrP5¢. Most neurotoxicity studies of PrP
employ synthetic peptides derived from the PrP se-
quence [18], and none have been reported for B-sheet-
rich forms, produced in vitro, of the full-length
PrP(23-231) or the truncated protein PrP(90-231).

In order to decipher the structural details of PrP con-
version, in vitro studies of fibrillization and aggregation
of recombinant prion proteins are very useful. Recombi-
nant PrP can be refolded as an a-helical-rich form
(0-PrP) corresponding to PrP¢ and B-sheet-rich forms
(B-PrP) with properties of PrP5° [19,20]. Studies of fibril
formation with a-PrP have shown that the morphology
of aggregates and fibrils depends on partial unfolding of

PrP, salt concentration, and pH [21-23]. In an earlier
work, we reported that a B-PrP can more readily form
fibrils in raft membranes, compared to a-PrP [24]. Here
we present the characteristics of fibrillization of B-PrP
under partial denaturing conditions and in raft mem-
branes, and reveal unusual structural properties of early
aggregates in the fibrillization of PrP. The potential sig-
nificance of these early states in prion neuropathogenesis
is postulated from their observed cytotoxic effects on
neuronal cells.

Materials and methods

Expression, purification, and refolding of PrP. Syrian hamster re-
combinant prion protein SHaPrP(90-231) was expressed using an
alkaline phosphatase promoter in a protease-deficient strain of Esche-
richia coli (27C7) as described previously [25]. The prion protein accu-
mulates as insoluble aggregates in the periplasmic space. From these
inclusion bodies PrP can be refolded to a predominantly a-helical con-
formation (o-PrP) or to a state with a higher content of -sheet structure
(B-PrP), depending on whether refolding is carried out under oxidizing
or reducing conditions, respectively [25,26]. Purification of a-PrP was
carried out as described in Sanghera and Pinheiro [27], and B-PrP was
prepared according to the method mentioned in Kazlauskaite et al. [24].
Purified PrP was dialyzed against 5 mM Mes, pH 5.5, for a-PrP and, pH
6.5, for B-PrP and stored in small aliquots. Protein samples were thawed
prior to measurements and used on the same day, unless stated other-
wise. PrP concentration was determined spectrophotometrically using a
molar extinction coefficient &,go of 24,420 M~ 'em ™! [28].

Lipid vesicles. Cholesterol and sphingomyelin were purchased from
Avanti Polar Lipids (Alabaster, AL). DPPC was from Sigma-Aldrich
(Dorset, UK). Small unilamellar lipid vesicles were prepared as re-
ported previously [24]. Briefly, for the preparation of mixed lipid
membranes the required amounts of lipids were co-dissolved in chlo-
roform and dried in a rotary evaporator. The resulting lipid film was
left under vacuum overnight to remove all traces of organic solvent.
The dried lipid was hydrated with the required buffer: 2 mM Mes, pH 5
or 7. Buffers were deoxygenated with nitrogen gas and hydrated lipids
were stored under nitrogen atmosphere. After lipid hydration the
resulting multilamellar suspension was sonicated in a bath sonicator
until a clear suspension of small unilamellar vesicles was obtained
(typically six 1/2 h periods).

Infrared spectroscopy. Attenuated total reflection (ATR) Fourier
transform infrared (FTIR) spectra were recorded at room temperature
on a Bruker Vector 22 infrared spectrometer equipped with a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector at a nom-
inal resolution of 4 cm ™ in the range 1000-4000 cm ™. The spectrometer
was continuously purged with dried air (Jun-Air 600; Kent, UK) to
minimize the spectral contribution from atmospheric water. Residual
water vapor peaks were subtracted using reference spectra and baseline
correction was applied when necessary. The internal reflection element
was a germanium ATR plate (50 x 20 x 2 mm) with an aperture angle of
45° yielding 25 internal reflections.

Typically, an aliquot of 20-50 ul of samples containing 4.5 to
27 uM protein in buffer solution was deposited on the ATR plate and a
thin hydrated protein film was obtained by slowly evaporating the
excess water under a stream of N, gas. High molecular weight aggre-
gates of B-PrP were separated from smaller oligomers by ultracentri-
fugation at 391,000g at 4 °C for 1h. Lipid-protein samples were
prepared by the addition of an aliquot of a stock solution of B-PrP in
5SmM Mes buffer, pH 5.5, to preformed lipid vesicles in 2 mM Mes
buffer, pH 5. Samples normally contained 10 uM PrP and 0.1-10 mM
lipid, and an aliquot of 40 ul deposited on the ATR plate. Thin films of
hydrated multibilayers of lipid containing PrP are formed by slowly
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evaporating the excess water under a stream of N, gas. This procedure
results in stacks of orientated bilayers with the lipid acyl chains
approximately perpendicular to the surface of the plate [29]. Typically,
the final spectrum is an average of 256 scans, corrected for the back-
ground using a clean germanium plate.

All ATR FTIR spectra were collected after a short period of H,O/
D,O exchange in order to aid the analysis of protein secondary
structure [30,31]. Deposited films on the ATR plate, prepared from
samples in H,O, were subjected to a stream of D,O-saturated N, gas
for 30 min at room temperature. Peak fitting of the amide I band
(1600—1700 cm ') was performed on non-deconvoluted spectra using
GRAMS 32/Al software (Thermogalactic, USA). Best fits to the
experimental spectra were obtained with a Lorentzian lineshape with a
full width at half height 56 cm™!. Band assignments were made
according to Cabiaux et al. [32], helped by second derivative analysis of
the FTIR spectra when necessary.

Circular dichroism. Far-UV (185-260 nm) CD spectra were mea-
sured on a JASCO J-715 spectropolarimeter using 1-mm-pathlength
quartz cells. Typically, a scanning rate of 100 nmmin~', a time con-
stant of 1s, a bandwidth of 1.0 nm, and a resolution of 1 nm were
used. Spectra were measured at 20 4 0.2 °C on samples containing 4.5
(supernatant), 27 (pellet), and 21 uM (total sample) protein in 2 mM
Mes buffer, pH 6.5. Typically 16 scans were averaged per spectrum and
the background buffer was subtracted from the final spectra.

Cell culture. PC12 neuroblastoma cells (rat pheochromocytoma,
American Type Culture Collection) were cultured in RPMI medium
(Gibco-BRL) supplemented with 5% fetal bovine serum, 3 mM glu-
tamine, 100 Uml™" penicillin, and 100 pgml™"' streptomycin in a 5%
CO,-humidified atmosphere at 37 °C. Cells were plated at a density of
8000 cells per well on 96-well plates in 80 ul of fresh medium. After
24 h, 20 ul PrP (0.01-0.1 uM) was added to the wells. Cell viability was
evaluated 1-4 days later through the reduction assay of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Produc-
tion of blue formazan upon reduction of MTT by mitochondrial
succinate dehydrogenase was measured by recording the absorbance
values at 590 nm with an automatic plate reader.

Electron microscopy. Stock solutions of B-PrP in 2 mM Mes buffer,
pH 6.5, were used for the EM measurements of fibrillization. Dena-
turant or salt was added to the protein as a small aliquot from a high
concentrated stock solution. Samples were diluted to a protein con-
centration ~150 pgml™!, applied to electron microscope grids coated
with carbon film, and stained with 2% uranyl acetate. The preparations
were examined using a Philips CM120 electron microscope with an
accelerated voltage of 100 kV. Electron micrographs were taken at a
magnification of 45,000 under low dose conditions. Lipid—protein
samples were prepared as described before [24].

Atomic force microscopy. Typically, an aliquot of 10 pl of protein
solution (containing 80-150 pgml™' of protein) with or without
denaturant was deposited onto a glass coverslip, allowed to dry
overnight, and then rinsed with water to remove denaturant. Excess
water was removed with a gentle stream of compressed air. AFM
images were acquired on a Digital Instruments Multimode AFM
operated by a Nanoscope Illa controller, using a model E scanner
capable of a maximum scan range of 10x 10 um. Images were re-
corded in tapping mode using a single beam silicon cantilever; nominal
resonant frequency ~300 kHz at scan rates of 1 and 1.5 Hz.

Results
Structural properties of f-PrP
PrP(90-231) can be refolded from E. coli inclusion

bodies either as an a-helical conformation (o-PrP) or a
state with a higher content of B-sheet structure (B-PrP).

Refolding under oxidizing conditions yields the o-PrP iso-
form which shows a characteristic far-UV CD spectrum
with well-defined minima at 208 and 222 nm (data not
shown) [24], and a FTIR spectrum with a predominant
amide I band ~1646 cm ™' (Fig. 1A). In contrast, refold-
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Fig. 1. ATR FTIR spectra of (A) o- and B-isoforms of PrP(90-231)
freshly refolded from E. coli inclusion bodies (solid line, B-PrP; dashed
line, o-PrP) and (B) 1-month-old B-PrP (dotted line, total protein;
dashed line, pellet; and solid line, supernatant). Inset shows the
difference spectrum of B-PrP total minus pellet. (C) Far-UV CD
spectra of total B-PrP (dotted line), clear pellet (dashed line), and
supernatant (solid line). ATR FTIR spectra were collected after a short
period of H,O/D-O exchange (see Materials and methods).
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ing of PrP(90-231) under reducing conditions produces a
B-PrP isoform which shows a far-UV CD spectrum with a
minimum ~217 nm (data not shown) [24] and an intense
amide I band ~1621 cm™' (Fig. 1A), which are spectral
properties of B-sheet structure.

The o-PrP isoform is monomeric and fully degraded
by proteinase K, whereas B-PrP tends to be oligomeric,
forms insoluble amorphous aggregates and fibrils, and is
more resistant to proteinase K digestion (data not
shown). Attempts to identify the oligomeric states of
B-PrP by analytical gel filtration were difficult but infor-
mative. Elution of B-PrP under native conditions, in the
absence of denaturant or high salt concentrations, re-
vealed that only 6-8% of the protein elutes from the col-
umn. Under other conditions, 1i.e., varying
concentrations of NaCl (10-100 mM) and different
pHs (4-6.5) dimeric, tetrameric, and octameric, as well
as higher oligomeric forms of PrP, could be eluted at
recovery yields of around 15% (data not shown). The
low protein recovery from the gel filtration column indi-
cates that B-PrP is highly hydrophobic and/or contains
large aggregates. These experiments show that §-PrP ex-
ists in diverse conformations and oligomeric states, with
the proportion and occurrence of the various states
depending on the experimental conditions, in agreement
with previous reports [20,21,33].

High molecular weight aggregates and oligomers of
B-PrP can be separated from smaller forms by ultracen-
trifugation. Stock solutions of B-PrP at concentration
~80 uM (1.3 mgml~') form clear solutions but after
ultracentrifugation a pellet is separated from the super-
natant. FTIR analysis of an aliquot collected from the
bottom of the tube shows a spectrum with a strong
amide I band ~1622 cm ™! nearly indistinguishable from
the spectrum of total protein (Fig. 1B) and correspond-
ing far-UV CD spectra show a broad negative dichroic
band around 217 nm for both total and pelleted proteins
(Fig. 1C). Both the FTIR and CD spectra indicate a
high content of B-sheet structure in the species pelleted
by ultracentrifugation. In contrast, the species remain-
ing in the supernatant are highly a-helical, as shown
by the typical CD spectrum with two minima at 208
and 222 nm (Fig. 1C). Similarly, the FTIR spectrum
does not show a pronounced peak for B-sheet structure,
but an amide I with intensities at 1639 and 1648 cm ™!,
associated with random coil, and a-helix, respectively,
and a distinct peak at 1674 cm ™' (Fig. 1B) assigned to
solvent-exposed C=0 group of B-turns [34]. In addition,
the spectrum of species in the supernatant has higher
intensity in the region 15901510 cm ™', which is associ-
ated with absorbance of amino acid side chains.

Protein analysis showed that the species remaining in
the supernatant can account for up to ~40% of the total
protein. The difference between the spectrum of total
sample minus that of pellet shows an intense positive
peak for B-turns ~1662 cm ™! and a strong negative peak

for B-sheet ~1615 cm ™' (Fig. 1B, inset), which reflect the
spectral contributions identified for the species in the
supernatant. This observation indicates that the species
separated in the supernatant coexist with larger aggre-
gates in the total sample and are not a result of the ultra-
centrifugation procedure.

Quantitative analysis of the amide I band yields the
content of secondary structure for the different species
in the supernatant and pellet, and is compared to freshly
refolded a- and B-PrP isoforms. The a-PrP isoform has
43% a-helix, 25% random coil and 19% B-sheet, in good
agreement with the NMR structure [35]. The B-PrP form
has a lower content of a-helical structure (17%) and a
high content of B-sheet (35%). The secondary structure
content of B-PrP is overall analogous to the secondary
structure of the proteinase K-resistant core of PrP ex-
tracted from tissues of diseased animals [7]. The struc-
ture of B-PrP, kept at —20 °C in Mes buffer, pH 5, at
concentrations ~1 mgml~', changes with time. After
thawing (once) and ultracentrifugation, pelleted aggre-
gates from B-PrP solutions show increasing levels of B-
sheet structure with time, reaching 48% by six months.
In contrast, soluble species remaining in the supernatant
have reduced B-sheet (26%), elevated a-helix (29%), and
an unusually high content of B-turns (45%), relative to
freshly refolded B-PrP.

Fibrillization of p-PrP in solution

Solutions of B-PrP tend to form small aggregates,
particularly at neutral pH, which can be observed by
EM [24]. Initially, these aggregates are globular with a
diameter of ~15-20 nm. Over time, solutions of B-PrP
stored at —20 °C, at protein concentrations ~80 pM,
are found to contain larger aggregates. These aggregates
have the appearance of worm-like curved particles of an
average length of 40 nm and a diameter ~10 nm (Fig.
2A). These particles are typically observed during the
early stages of fibril formation of amyloidogenic pro-
teins and are known as protofibrils [36-38]. The largest
particles can reach 75 nm in length and some smaller,
round oligomers appear to have an annular shape
(Fig. 2A, arrows). Globular particles with a central
channel are associated with the earliest protofibrillar
precursors and have been observed with other amyloid
proteins [37,39,40].

Addition of low concentration of denaturant (0.5 M
GdnHCI) to these protofibrillar solutions of B-PrP al-
lowed us to capture an early stage in the fibrillization
process of PrP, where small globular aggregates appear
to rapidly assemble into long and thin filaments (Fig. 2,
transition from A to B). This remarkable transition oc-
curs in less than 5 min, resulting in early assemblies of
narrow filaments with diameters around 10 nm and
maximum lengths of 3-4 um, which are seen to twist
around each other to form thicker bundles comprising
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Fig. 2. Electron microscopy images of negatively stained B-PrP in (A)
buffer solution, (B) immediately after addition of 0.5 M GdnHCI and
(C) 24-h later. Arrows in (A) highlight annular oligomers.

2-25 filaments. After 24 h the samples are found to con-
tain a mixture of sheet-like structures (suggesting a fu-
sion of filaments), ribbon-like structures, and filaments

Fig. 3. Electron microscopy images of negatively stained B-PrP in the
presence of (A) 50 mM NaCl and (B) 200 mM NaCl and 1 M GdnHCl
after 24 h at room temperature.

that do not appear to form bundles but are rather
loosely associated with each other (Fig. 2C). The width
of the largest bundles comprising sheets, ribbons, and
loosely associated filaments can reach 0.5 um.
Addition of NaCl alone (in the absence of denatur-
ant) to B-PrP solutions results in protofibrillar structures
(Fig. 3A), but addition of NaCl and denaturant results
in rapid formation of ribbons (Fig. 3B) that can loosely
associate with each other to form less packed bundles
than those observed in the absence of NaCl. These rib-
bon structures have a maximum width of 150 nm and
can reach lengths of 8 pym. As with the sheets formed
in the absence of NaCl (Fig. 2C), ribbons appear to be
packed with smaller globular particles (Fig. 3B). The
EM images show that filaments formed in partial dena-
turing condition with GdnHCI are flat assemblies, with a
ribbon- or sheet-like morphology, where small protein
granules appear to pack in a two-dimensional layer.
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Packing of the oligomeric aggregates within the ribbons
and association of ribbons into bundles appears to be-
come weaker in the presence of NaCl.

Using the non-ionic denaturant, urea, in the absence
of NaCl, a different morphology of fibrils and kinetics of
fibrillization were observed. Addition of 1 M urea to B-
PrP solutions first results in the formation of diffuse
aggregates of PrP (Fig. 4A), which persist over hours,
in contrast with the rapid assembly of fibrils in GdnHCI.
With time these aggregates slowly form filaments that
assemble into dense, thick fibrils with gentle twists along
the fiber (Fig. 4B). Fibrils formed in urea develop more
slowly than in GdnHCI and appear to be assembled
from thin filaments of about 10 nm in width into denser,
thicker fibrils reaching 300 nm in width. By 26h a
crowded network of thick, dense fibrils is observed
(Fig. 4B, inset).

v

Fig. 4. Electron microscopy images of negatively stained B-PrP in the
presence of 1 M urea after (A) 2 and (B) 26-h incubation. Inset (B)
shows the dense network of fibrils observed at 26 h.

Atomic force microscopy (AFM) of B-PrP samples re-
vealed a population of needle-like straight aggregates of
average length ~50 nm and width ~10 nm (Fig. 5A),
which remains in the supernatant after ultracentrifuga-
tion. Similar needle-like structures have been reported
for a-synuclein in AFM fibrillization studies and are
also classified as protofibrils [41]. In agreement with

15nmm

0 nm

Fig. 5. Tapping mode atomic force microscopy images of B-PrP in
buffer solution showing (A) needle-like aggregates and (B,C) fibrils
formed in the presence of 1 M urea after one week incubation at room
temperature. Images in amplitude (B) and topographic (C) modes
illustrate a large network of fibrils with aggregates. Height scales are
shown on the left of topographic panels.
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the EM results, fibrils formed in the presence of urea
were also seen under AFM to be assembled from thin
and long filaments that twist around each other (Fig.
5B) and were found to form large networks in associa-
tion with amorphous aggregates (Fig. 5C).

High concentrations of salt or denaturants interfere
with ATR FTIR measurements. Binding of thioflavin
T (ThT) is commonly used to assess fibril formation,
due to its enhanced fluorescence when bound to amyloid
proteins rich in B-sheet structure. Thus, B-sheet-rich
states during fibrillization of proteins are often identified
from ThT binding measurements. ThT does not bind to
the a-PrP isoform, showing a negligible level of fluores-
cence background at around 480 nm. A 3.5-fold increase
in ThT fluorescence was observed when ThT is added to
B-PrP, consistent with the higher level of B-sheet struc-
ture. Protofibrils formed by the addition of NaCl (Fig.
3A) show a 5.5-fold increase in ThT fluorescence relative
to the background level of ThT fluorescence in the pres-
ence of a-PrP, and fibrils formed with 0.5 GdnHCI show
an 8.5-fold increase in ThT fluorescence (data not
shown). The changes in ThT fluorescence corroborate
the fibrillar nature of the assemblies seen under EM
and AFM, and are consistent with the expected high
content of B-sheet structure in protofibrils and fibrils.

Fibrillization of -PrP in lipid membranes

Binding of B-PrP to model raft membranes composed
of DPPC/chol/SM (50:30:20, molar ratio) induces a par-
tial unfolding of PrP [24] and after 3 weeks protofibrils
are found in these preparations (Fig. 6A), in contrast
to incubations of a-PrP with raft membranes where no
aggregation or fibrillization of PrP was observed. Bind-
ing of B-PrP to raft membranes results in a reduction of
B-sheet and a large increase in random coil, from 4% in
solution to 39%, with no significant change in a-helix
content. These structural changes were observed imme-
diately after binding B-PrP to raft vesicles [24]. Here
we report the structure of B-PrP over the incubation per-
iod leading to the formation of protofibrils in raft mem-
branes. FTIR spectra were collected over the time
course of three weeks and the progress of structural
changes is highlighted in Fig. 6B. Initially, the changes
are very slow. Only by the end of the first week can spec-
tral changes be noticed, including a marked increase of
the band at 1674 cm™! and reduction of the component
~1644 cm™! (Fig. 6B). Peak fitting analysis revealed that
over the 3-week period the main changes are a signifi-
cant reduction in the random coil (spectral intensity
~1644 cm ™) from 39% to 10%, with a parallel increase
in B-turns (band at 1674 cm™") from 18% to 45%. The B-
turn content of protofibrils formed in raft membranes is
similar to that in protofibrils isolated in the supernatant
of B-PrP solutions. In addition, simultaneous to the in-
crease in B-turns there is a prominent gradual appear-
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Fig. 6. (A) Electron microscopy image of negatively stained B-PrP
protofibrils formed in the presence of raft vesicles composed of DPPC/
chol/SM (50:30:20, molar ratio) at pH 5. Circular structures are
vesicles. (B) Representative ATR FTIR spectra of B-PrP with raft
vesicles showing the main structural changes over an incubation period
of 3 weeks leading to the formation of protofibrils shown in (A).
Freshly prepared sample (solid line), 8 (dotted line), 11 (short dash), 14
(dash-dot-dot), and 21 days (long dash).

ance of bands in the region between 1590 and
1510 cm ™' (Fig. 6B), which is associated with absor-
bance of amino acid side chains [42].

Neurotoxicity of -PrP aggregates

Recent studies with amyloidogenic proteins, includ-
ing proteins not associated with disease, revealed that
pre-fibrillar assemblies (protofibrils and small oligo-
mers) have the highest cytotoxicity to cultured cells,
whereas mature fibrils are less toxic or even harmless
[39,40,43,44]. Although oligomers and protofibrils of
PrP have been observed during in vitro fibrillization
studies [19-21,45], it is not known if such aggregates
are neurotoxic. We have tested the cytotoxicity of
B-PrP preparations and found that the B-sheet species
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isolated in the supernatant that are rich in B-turns (Fig.
7A) have the highest cytotoxic effect on neuroblastoma
cells compared to pelleted aggregates (Fig. 7B).

The dependence of cytotoxic effects on protein con-
centration is shown in Fig. 7C. Maximal effects are ob-
served at 0.1 uM PrP. Relative to control measurements,
o-PrP and B-PrP-pelleted aggregates isolated by ultra-
centrifugation have minimal cytotoxic effects on cells
(~5% reduction in cell viability), whereas the B-turn-rich
species of B-PrP that remain in the supernatant induce a
36% reduction in cell viability at 0.1 pM PrP. The cyto-
toxic effect decreases at higher protein concentration
(Fig. 7C), which is consistent with the tendency of B-
sheet forms of PrP to aggregate. The cytotoxicity of
the prion neurotoxic segment PrP(106-126) to non-dif-
ferentiated PC12 cells results in a reduction in cell viabil-
ity of 20-35% at peptide concentrations of 100 uM or
higher [46,47]. Using different cerebellar cell cultures,
neurotoxic effects of PrP(106-126) achieve levels of
50% reduction in cell viability, at optimal concentrations
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of 80 uM peptide [48-50]. In comparison, the cytotoxic-
ity we observe for the B-turn-rich species of B-PrP is a
significant effect, inducing a 36% reduction in cell viabil-
ity at a much lower protein concentration of 0.1 uM.

Discussion
A critical amount of [-sheet accelerates fibril formation

The conversion of the PrP¢ to the PrP* is a remark-
able molecular event, involving a major refolding of
o-helix and random coil in PrP¢ to B-sheet structure in
PrP5¢ [8]. Sporadic cases of prion diseases are associated
with this extremely rare event of erratic folding of PrP€,
whereas in the infectious cases prion conversion appears
to occur via a template-assisted mechanism, in which
PrP€ is refolded by the interaction with PrP5° [51].

Previous studies have shown that recombinant PrP
can be refolded as an a-helical conformation (a-PrP),
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Fig. 7. (A) ATR FTIR spectra of 6-month-old B-PrP (dotted line, total protein; dashed line, pellet; and solid line, supernatant). Inset compares the
amide I regions of the FTIR spectrum of supernatant species from 6-month-old B-PrP (dashed line) with that of B-PrP after 21-day incubation with
raft vesicles (solid line). (B) Cytotoxic effects of B-PrP aggregates pelleted by ultracentrifugation (bAgg) and smaller species remaining in the
supernatant (bSup) for 0.1 uM PrP concentration. For comparison the effects on cells treated with a-PrP (aPrP) are also shown at equivalent protein
concentration (0.1 uM). Cell viability is measured as a percentage of MTT reduced by cells treated with PrP relative to MTT reduction by control
cells (Cont) treated with buffer only (see Materials and methods). (C) The dependence of cytotoxic effects of B-PrP pelleted aggregates (circles) and
supernatant species (squares) on PrP concentration. Cytotoxic effects were measured 24 h after addition of PrP and are an average of six wells per

experiment.
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representing PrP“, which under a variety of conditions
can be converted to aggregated and fibrillar forms rich
in B-sheet, with physical properties resembling those of
PrP5¢ [19,20,52]. These studies showed that fibrillization
of a-PrP requires partial unfolding of PrP, provided by
the presence of denaturants, such as GdnHCI or urea.
Fibrillization of o-PrP can occur in hours to weeks,
depending on conditions, including concentration of
denaturant, pH, temperature, and presence of salts
[19,22,23,45]. From these studies, it appears that a par-
tially unfolded a-PrP is refolded into a -sheet-rich state,
which can either form amorphous aggregates or assem-
ble into ordered fibrillar structures.

Recombinant PrP can also be refolded into B-sheet-
rich oligomeric forms, with an intact, oxidized disulfide
bond [20] or reduced cysteines [24,26,53]. The fibrilliza-
tion studies we present here use a reduced, B-sheet-rich
isoform of PrP (B-PrP, Fig. 1A). Although brain-ex-
tracted PrP% has an intact disulfide bond [54], it is un-
clear whether disulfide reduction may play a role in
prion conversion [53,55-57]. We show that B-PrP forms
protofibrillar structures in the absence of any denatur-
ants (Fig. 2A) and that addition of small amounts of
denaturant leads to very rapid fibrillization (Fig. 2B).
This fast assembly of PrP into fibrils has not been ob-
served before in non-seeded fibrillization studies of o-
PrP. The results suggest that prompt formation of PrP
amyloid fibrils requires a loosely packed conformation
of PrP with a critical amount of -sheet.

The formation of amyloid fibrils is best described as a
two-step reaction involving a nucleation step followed
by a molecular assembly or polymerization phase
[58,59]. Formation of a nucleus for polymerization and
fibril growth appears to be the rate-limiting step. The
current study shows that B-PrP forms protofibrils with
characteristic ThT binding properties and high content
of B-sheet (Figs. 1B and C). Similar protofibrillar struc-
tures have been reported for the a-helical form of PrP
under acidic conditions in the presence of GdnHCI after
55-day incubation [45]. Here we show that fibril forma-
tion from B-PrP preparations is much faster (<5 min).
Our results indicate that the nucleus for the polymeriza-
tion of PrP must have a critical amount of B-sheet struc-
ture in order for fibril growth to proceed.

Amorphous aggregates and fibrils in solution and on
membrane surfaces

In vivo, conversion of PrP¢ to the disease-specific
PrP*¢ results in insoluble fibrillar protein deposits, with
the tinctorial and ultrastructural properties of amyloid
[60], that are normally associated with non-fibrillar
amorphous aggregates [61]. Despite a common funda-
mental architecture of amyloid fibrils [36], different
morphologies of amyloid assemblies are observed
under different fibrillization conditions, showing that

variations in the protofibril organization occur under
differing media. In addition, fibrils with different mor-
phologies can be observed in the same preparation,
which reflects the heterogeneity of ex vivo fibril extracts
from tissues with amyloid deposits [62].

In our in vitro fibrillization studies of PrP different
morphologies of fibrillar structures and aggregates are
observed, depending on ionic strength and, possibly,
on the original extent of destabilization of the starting
conformation of PrP. Increasing ionic strength leads to
less compact fibrils (Fig. 3 compared with Fig. 2), result-
ing in large sheets packed with globular protein aggre-
gates. These assemblies closely resemble diffuse
aggregates commonly observed in ex vivo preparations
of PrP%, where granular deposits of PrP are seen to
organize in linear arrays and layers [63,64]. In contrast,
thicker denser fibrils form in the presence of the non-io-
nic denaturant urea (Fig. 4). AFM results show that net-
works of fibrils coexist with amorphous aggregates
(Figs. 5B and C). Association of B-PrP with raft mem-
branes results in the formation of protofibrillar struc-
tures (Fig. 6A), which have been shown to grow into
larger protofilaments from the vesicle surface [24].
Whether amorphous aggregates are recruited in fibril
assembly has not been investigated in the present study;
however, two studies with other proteins have shown
that fibrils can be formed from amorphous aggregates
[65,66].

PrP¢ is associated with the outer surface of the
plasma membrane via its GPI anchor, and like other
GPI-anchored proteins, is segregated into cholesterol
and sphingomyelin-rich domains, also known as lipid
rafts [67]. The subcellular site for the formation of PrP%
is not clearly identified, but experimental evidence sup-
ports the plasma membrane and endocytic organelles
as relevant sites [68-71]. We have shown in previous
studies that the interaction of PrP with lipid membranes
can lead to either amorphous aggregation or fibrilliza-
tion of PrP, depending on the starting conformation of
PrP and the lipid composition of the membrane
[24,72]. The interaction of the a- or B-PrP isoforms with
negatively charged lipid membranes results in increased
B-sheet and the formation of amorphous aggregates. In
contrast, raft membranes protect the a-helical confor-
mation from aggregation, but binding of B-PrP results
in partial unfolding and the formation of protofibrillar
structures [24,27]. The strength of PrP association with
membranes is also found to be pH-dependent, with
B-PrP having in general a greater affinity to lipid mem-
branes at pH 5 [73].

In the current study, the formation of PrP protofibrils
in rafts was observed to be slower (over 3 weeks) than in
solutions containing low amounts of denaturants (min-
utes to 2-3 days). We have shown previously that fibril-
lization of B-PrP is favored at pH 5 relative to pH 7 [24].
The results support our current view that the acidic
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environment of endosomes and lysosomes not only con-
tributes to a partial unfolding of PrP but also promotes
a stronger association with the lipid membrane. The
resulting membrane-associated altered conformation of
PrP may have two main implications for the cellular cy-
cle of PrP. Protein destined for degradation may become
more resistant to proteolytic digestion and start to accu-
mulate in the cell, forming aggregates. Alternatively, be-
cause PrP is constitutively recycled between endosomes
and the plasma membrane [74], a corrupted conforma-
tion formed in endosomes can appear at the cell surface.
A B-sheet-poised conformation of PrP has high affinity
to rafts [24,73]. The accumulation of altered prion pro-
teins in rafts facilitates protein-protein interactions,
leading to the slow fibrillization of PrP on the membrane
surface [72].

p-turns and exposure of side chains in fibril formation

FTIR analysis reveals that a loosely packed con-
former of PrP with an unusually high level of B-turns
is involved in the early stages of fibrillization of PrP
(Fig. 1B). This B-turn-rich conformation of PrP is asso-
ciated with smaller particles that remain in the superna-
tant after ultracentrifugation, which bind ThT (data not
shown) and under AFM have the appearance of needle-
like protofibrils (Fig. 5SA). Similarly, protofibrils formed
with raft membranes also show a high content of B-turns
(Fig. 6). We propose that PrP protofibrils formed under
solution conditions or in association with raft mem-
branes are loosely packed structures, with high content
of B-turns. In addition these protofibrillar assemblies
have an unusually high absorbance in the FTIR spec-
trum between 1590 and 1510 cm ™' (Fig. 6B), consistent
with exposure of side chains.

Exposure of side chains in PrP has recently been
found to be associated with the pathologically misfolded
prion conformation [75]. Antibodies directed to a repeat
motif Tyr-Tyr-Arg recognize the pathological isoform of
PrP but not the normal cellular form. During the fibril-
lization monitored in raft membranes (Fig. 6B), it is
noteworthy that concurrent with the appearance of the
B-turns band at 1674 cm ™! there is also a parallel devel-
opment of side chain bands between 1590 and
1530 cm ™. These bands have absorbance maxima typi-
cally associated with the side chains of aspartate, argi-
nine, and glutamic acid [42], which in PrP(90-231)
account for a total of 21 residues. In addition, it is very
striking the progressive increase of the band at
1511 ecm™ ! associated with Tyr absorbance [42], which
is in agreement with the exposure of the repeat motif
Tyr-Tyr-Arg identified in the immunoprecipitation
experiments by Paramathiotis et al. [75]. The authors
also reported that the specific antibody binding to Tyr-
Tyr-Arg motif in the pathological form of PrP could
be reproduced in vitro to partially denatured normal

brain prion protein. These findings are supported by
our results with recombinant PrP. Furthermore, our re-
sults indicate that exposure of side chains is likely to be
involved in the mechanism of fibrillization of PrP.

Exposure of side chains requires a partial unfolding
of PrP, which is either provided by low amounts of
denaturant, as in most of the reported fibrillization stud-
ies, or by lipid membranes [24]. This unfolding step in
fibrillization appears to be a slow controlled process
and more extensive unfolding is likely to result in aggre-
gation. The slow unfolding step is a prerequisite to the
slow nucleation step in amyloid formation, which in vi-
tro is facilitated by the presence of destabilizing factors,
such as denaturants, acidic pH, and interaction with li-
pid membranes. Thus, in vivo slow unfolding and for-
mation of a crucial B-turn-rich nucleus could be the
determinants in the observed long incubation times of
prion diseases. Once a critical amount of these unusual
species accumulates, very rapid fibril formation can oc-
cur, which fits the general characteristic of TSEs of very
rapid clinical progression of patients after the onset of
disease.

The finding that non-pathogenic proteins can form
amyloid fibrils has led to the hypothesis that the poten-
tial to form amyloid may be a common property of all
proteins [76]. In contrast to protein folding, which is dri-
ven by tertiary interactions between side chains or be-
tween side chains and backbone atoms, amyloid fibril
formation is driven by backbone interactions, while side
chain interactions work against fibril formation [77].
Our observations of unusual side chain absorbance fit
this general mechanism, where side chain interactions
in the native state must be destabilized and backbone
interactions favored. Furthermore, our results show that
simultaneous to side chain exposure there is a concomi-
tant appearance of B-turn structure (Fig. 6B), which
may serve as a precursor for fibril assembly and growth.
In this scenario, the nucleus for PrP fibrillization would
have a conformation rich in B-turns, which by an un-
known mechanism unwinds and assembles into the -
sheet structure characteristic of amyloid fibrils. This
transition of B-turns into B-sheet has been observed with
synthetic oligopeptides [34], but further work is required
to demonstrate that it can occur with proteins.

A cytotoxic conformation of PrP rich in f-turns

Accumulation of amyloid fibrils and other aggregates
is a common feature of neurodegenecrative diseases. In
TSEs, prion fibrils and aggregates are normally associ-
ated with neuronal loss. A convergence of evidence sup-
ports the view that protein aggregation is neurotoxic
and not a product of cell death [78]. However, the iden-
tity of the neurotoxic molecule and the mechanism by
which it disables and eventually kills neurons are un-
known [14]. Whilst a large fraction of the research on
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prions has been focused in understanding the nature of
the infectious agent, less attention has been given to
the identification of the neurotoxic molecule. Moreover,
it is suggested that the abnormal forms of PrP responsi-
ble for transmission and neuropathogenesis may be dif-
ferent [78].

Recently, it is has been found that protofibrils and
small oligomers formed in the early stages of fibrilliza-
tion of various amyloidogenic proteins, including pro-
teins not involved in disease, have the highest
cytotoxicity to cells in culture, whereas their mature fi-
brils are less toxic or harmless [39,40,43,44], but no stud-
ies have been reported as to the possible toxicity of early
intermediates in prion fibril formation. These results
have led to the proposal that the molecular basis of tox-
icity in amyloidosis may be related to the transient
appearance of partially folded pre-fibrillar assemblies
[79]. The accumulation of misfolded proteins inside or
outside cells, due to their overproduction or disruption
of the normal cellular clearance pathways, culminates
in the formation of amorphous aggregates and amyloid
fibrils. During this process precursor intermediates of fi-
brils and/or aggregates are formed that interfere with
normal cellular pathways and incite cell death.

For TSEs there exists a growing perception that PrPS¢
aggregates and amyloid plaques are end products of the
disease process and earlier PrP conformations are
thought to be more relevant to the molecular mecha-
nisms of neuropathogenesis and transmission [80,81].
In our present study, we have identified a soluble form
of PrP involved in the early stages of fibril formation
that is toxic to neuronal cells in culture (Fig. 7). This
early intermediate is rich in B-sheet structure, and has
an unusually high level of B-turns and exposed side
chains. Our results show for the first time that p-sheet-
rich species of PrP involved in the early stages of fibril
formation are cytotoxic to cells. The finding adds the
prion protein to a growing number of amyloid proteins
for which their early pre-fibrillar assemblies (protofibrils
and oligomers) have been shown to be more toxic than
their corresponding mature fibrils. Our finding supports
the suggestions that a precursor or by-product of PrP5
may constitute the neurotoxic molecule in prion diseases
[14,78].

Although accumulation of PrP%¢ is commonly associ-
ated with the development of neuropathology, several
situations have been described where this correlation is
unclear, or where neurodegeneration occurs in the pres-
ence of low or undetectable levels of PrP5 (reviewed in
[14]). In addition, areas of diseased brain with strong
immunostaining for PrP%, but with minimal or no
neuropathological changes, can often be found. The evi-
dence that neuropathology can develop in the absence of
PrP% and that PrP® can accumulate without causing
clinical symptoms argues that PrP*¢ itself might not be
highly neurotoxic and other forms of PrP could be

responsible for the prion-induced neurodegeneration.
A potential candidate to fulfill this role would be an
intermediate conformation of PrP in the conversion
pathway from PrP€ to PrP5¢. Such an intermediate has
been hypothesized and referred to as PrP* [82].

The B-turn-rich conformation, identified in our cur-
rent study, accumulates in preparations of B-sheet-rich
isoform of PrP, in the absence of denaturant (Fig. 1),
and on raft membranes (Fig. 6). This isoform promptly
fibrillizes upon addition of small amounts of denaturant
(Figs. 2-5) and is toxic to neuronal cells in culture (Fig.
7). This B-sheet isoform of PrP, rich in B-turns and with
exposed amino acid side chains, has not previously been
detected during fibrillization studies in vitro, because
most of them employ partially denaturing conditions
in the presence of salt and/or low amounts of denatur-
ants. Under such conditions our B-sheet-rich PrP rapidly
assembles into more compact structures, including dif-
fuse aggregates (Figs. 2 and 3) and mature fibrils (Figs.
4 and 5). These assemblies resemble those observed in ex
vivo preparations of PrP%¢ [63,64]. Moreover, partially
misfolded PrP conformations with exposed side chains,
associated with pathological conditions, have been de-
tected in ex vivo brain extracts [75]. Therefore, it is plau-
sible that the B-turn-rich species of B-PrP, identified in
this study, could accumulate in vivo, especially in
association with rafts at the plasma membrane, where
formation of PrP*¢ is thought to occur.

The cytotoxic effects observed with our soluble
B-turn-rich species of B-PrP are several orders of magni-
tude higher than the effects reported for the neurotoxic
segment PrP(106-126) in similar measurements, as
described in Results. This neurotoxic conformation of
B-PrP involved in the process of aggregation and fibril-
lization of PrP may represent the hypothesized PrP* iso-
form and be a potential candidate for the neurotoxic
molecule in prion pathogenesis. The rapid assembly of
B-sheet isoforms of PrP observed in vitro suggests that
in vivo such speedy response could provide a quick
clearance mechanism of this highly toxic form of PrP.
This process is driven by the physical properties of all
protein sequences to form higher aggregates and amy-
loid fibrils when proteins are partially folded and expose
their hydrophobic side chains. In sporadic TSEs, which
constitute the majority of the cases of prion diseases
(>80% of the total number of cases), aberrant partially
folded forms of PrP may occur due to cellular changes
associated with aging and degeneration of normal cellu-
lar pathways for the clearance of misfolded proteins.

A recent study showed that amyloid fibrils of recom-
binant prion protein, produced in vitro, are infectious to
transgenic mice over-expressing PrPC [83]. The results
have re-ignited the debate on the nature of the infectious
agent of prion diseases [84] and do not exclude the
possibility of other forms of PrP having a role in prion
neuropathogenesis and transmission, especially those
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associated with early stages of aggregation and fibrilliza-
tion of PrP. It remains to be established if other B-sheet-
rich forms of PrP can also act as an infectious agent for
prion diseases, and whether a common intermediate
could be responsible for neuropathogenesis and
transmission.
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