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Copper ions (Cu2+) and heparan sulfate (HS) are suspected to act as regulatory agents in the
conversion of cellular prion protein (PrPC) to its infectious isoform. However, the mechanism of
this reaction is still largely unknown. Our previous report suggested multidimensional pathways for
structural alterations of PrP, which may be modulated by high pressure (HP). Here we use HP to
investigate the effects of Cu2+ and HS binding on PrP conformational changes and assembly. In the
presence of Cu2+, amyloid fibrils are formed only under HP. In contrast, in the presence of HS, fib-
rils are formed at atmospheric pressure, but not under HP. Both compounds appear to compete for
the same binding site, since HS-supported fibril formation is quenched by Cu2+. Inversely, Cu2+-
mediated fibril formation under HP is inhibited by HS.
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Introduction

Transmissible Spongiform Encephalopathies (TSEs,
or prion diseases) are characterized by a structural
change from cellular prion protein (PrPC) to its abnor-
mal and pathological form (PrPSc). The latter is iso-
lated from TSE infected brain tissue [1]. Whereas PrPC

is an α-helical soluble monomer, which is sensitive to
proteinase K, PK-insensitive PrPSc is largely made up
of β -sheets and adopts an amyloid fibrillar quaternary
structure [2]. It is yet unknown whether TSE infectivity
is transmitted by PrPSc or by an oligomeric or amyloid
precursor structure [3 – 6].

Many reports have shown that the conversion from
soluble α-helical to amyloid fibrillar proteins can be
induced under protein structure destabilizing condi-
tions. Since then, tremendous efforts have been un-
dertaken to partly unfold prion proteins by means

The abbreviations used are: PrP: prion protein; PrPC:
cellular isoform; PrPSc: pathogenic isoform; mPrP23−230:
murine full-length recombinant prion protein; HP: high
pressure; HS: heparan sulfate; TEM: transmission electron
microscopy; ANS: 8-anilino-1-naphthalene sulfonate; ThT:
thioflavine T; FTIR: Fourier transform infrared; IR: infrared.
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of elevated temperature, moderate concentrations of
chaotropic compounds, or mechanical treatment, in or-
der to reproduce in vitro the PrPC to PrPSc conversion
[7 – 11]. Legname and co-workers [12] succeeded in
transforming PrPC to an amyloid PrPSc-like structure,
capable of transmitting TSE in a particular strain of
transgenic mice. However, it seems now that the suc-
cess of this method is restrained to these mice, as the
application in other animal models has not been re-
ported. As a consequence, other physico-chemical per-
turbation methods are sought to further investigate the
PrP structure conversion reaction.

For some years now, HP has been used as an alter-
native prion structure perturbing tool [13 – 16]. The ad-
vantage of pressure is that it specifically perturbs weak
van der Waals and electrostatic interactions by favor-
ing the hydration of hydrophobic and charged residues.
The origin of these effects is the decreased volume
of the hydrated protein compared to the sum of non-
hydrated protein plus bulk water. Stacking of aromatic
residues is promoted under HP, whereas formation and
breaking of hydrogen bonds is relatively pressure in-
sensitive [17, 18]. Pressure appears thus as a powerful
tool for inducing the conversion of an α-helical pro-
tein to its amyloid fibril structure, since such a reac-
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tion requires opening (hydration) of the native globu-
lar structure and intermolecular stacking of β -sheets,
i. e., two reaction steps which are favored by pressure.
As a result, pressure has been shown to promote the
formation of PrP amyloid fibrils via several intermedi-
ate states [19 – 21]. However, this reaction was found
to depend strongly on other physico-chemical param-
eters. For example, at alkaline pH, incubation at HP
leads to spherical PrP particles of about 20 nm in diam-
eter, whereas HP-incubation at neutral pH and in the
presence of small amounts of chaotropic compounds
results in amyloid fibrils [22].

Another difficulty in the investigation of the PrPC to
PrPSc conversion is the role of co-factors. Very early
in the history of prion research, additional compounds,
termed co-factors, or “compound X” have been sus-
pected to take part in this reaction [23, 24]. Among
the many proposed compounds, copper ions (Cu2+)
and sulfated glycosaminoglycans (or heparan sulfate,
HS) appear particularly promising. Both compounds
have been shown to interact with native PrPC [25 –
31]. However, their respective role remains unclear.
Some reports suggest that they promote [29 – 32], and
others that they inhibit [33, 34] the structural conver-
sion of PrP. Here we used HP as a structure pertur-
bation tool to investigate the structural effects of Cu2+

and HS binding on murine full-length recombinant PrP
(mPrP23−230). We address the question why under cer-
tain conditions these compounds act as inhibitory or as
activating co-factors of the conversion from PrPC to its
amyloid fibril structures.

Results

Effects of Cu2+ and HP on amyloid formation

Aggregation process

At pH = 7.4 and at 37 ◦C, and in the absence of
chaotropic compounds, PrP stayed soluble under atmo-
spheric pressure as well as under HP, even after several
days of incubation. However, in the presence of 1 mM
CuCl2, the protein aggregated within 2 d, both under
HP and atmospheric pressure. The aggregation process
is illustrated for the HP condition in Fig. 1. The sig-
moidal shape of the time-dependent light scattering in-
tensity shows a two-phase aggregation mechanism: a
24 h lag-time, consisting probably of a nucleation re-
action, is followed by massive protein aggregation. Af-
ter decompression, the aggregates stayed in suspension
(they did not sediment).

Fig. 1. Aggregation of mPrP23−230 at HP (600 MPa) in the
presence of 1 mM CuCl2. The aggregation was followed by
the intensity of light scattering at 340 nm as a function of
time. Solution conditions: protein at 2 mg/mL in Tris HCl
20 mM buffer, pH = 7.4 at 37 ◦C.

Fig. 2. Negatively stained TEM micrographs of mPrP23−230

aggregates formed after 3 days incubation at atmospheric
pressure (A and C) and 600 MPa (B and D) in the presence
of 1 mM CuCl2 (A and B) or 20 µg mL−1 HS (C and D).

Macrostructure

Incubation in the presence of Cu2+ at atmospheric
pressure and HP led to two different types of aggre-
gates. As shown in Fig. 2, the aggregates formed at at-
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Fig. 3. FTIR spectra of aggregates formed after 3 days in-
cubation in the presence of Cu2+. Cu-amorphous aggre-
gates, formed at atmospheric pressure (dotted line), and Cu-
fibrils, formed at HP (dashed line), are compared to the na-
tive protein structure (solid line). The spectra were energy-
normalized. The incubation conditions were those of Fig. 1.

mospheric pressure were amorphous (Fig. 2A). In con-
trast, the aggregates formed after incubation under HP
had fibrillar character (Fig. 2B). The diameter of the
fibrils was shown to be about 10 nm. Below, the two
types of aggregates will be termed Cu-amorphous ag-
gregates and Cu-fibrils.

Secondary structure

The secondary structures of the Cu-amorphous ag-
gregates and Cu-fibrils were analyzed by recording
their FTIR amide I band. As shown in Fig. 3, the solu-
ble native protein was characterized by a broad asym-
metric absorption band, centered at 1656 cm−1, indica-
tive of a predominantly α-helical structure. This is in
good agreement with the reported PrPC structure ob-
tained from NMR studies [35]. The Cu-amorphous ag-
gregates were characterized by an only slight decrease
of the α-helix band, concomitant with a small increase
of the β -sheet content. In contrast, the spectrum of the
Cu-fibrils showed an intense sharp band at 1630 cm−1,
characteristic of a β -sheet structure. In addition, the
FTIR spectrum of the Cu-fibrils showed a minor band
at 1613 cm−1, which can be attributed to intermolecu-
lar β -sheet hydrogen bonding [36].

Tertiary and quaternary structure

Aniline-8-napthalene sulfonate (ANS) was used to
estimate the degree of unfolding of PrP fibrils and
amorphous aggregates. Upon partial protein unfolding,
ANS binds to water-exposed large hydrophobic pro-
tein domains. Its binding results in a large increase of

Fig. 4. Fluorescence emission spectra of ANS (A) and ThT
(B) of aggregates formed in the presence of 1 mM CuCl2
at atmospheric pressure and HP: Cu-amorphous aggregates
(dotted line) and Cu-fibrils (dashed line). For comparison,
the native protein is shown as a solid line. The incubation
conditions were those of Fig. 1. For fluorescence measure-
ments, aliquots of soluble and aggregated PrP (2 mg mL−1)
were diluted 29 times with 50 mM Tris-HCL, pH = 8.5, and
incubated with either 10 µM ThT for 1 min or 50 µM ANS
for 10 min at r. t. before monitoring fluorescence.

fluorescence when compared to the emission of free
ANS in aqueous solution. Fig. 4A shows that ANS has
bound strongly to Cu-amorphous aggregates. Accord-
ingly, the Cu-amorphous aggregates appear to consist
of partially unfolded protein. In contrast, the Cu-fibrils
exhibited only weak binding to ANS. This indicates
that either these aggregates were not made up of par-
tially unfolded proteins, or the ANS binding sites were
occluded due to intermolecular collapse of hydropho-
bic domains in large highly structured aggregates.

The interaction of Thioflavin T (ThT) with the
crossed-β -pleated sheet protein structure is common
to a variety of oligomers and specifically to amyloid
fibrils [37, 38]. As shown in Fig. 4B, ThT fluores-
cence was strongly increased in the presence of PrP
Cu-fibrils. In contrast, the fluorescence intensity of Cu-
amorphous aggregates was very similar to that of na-
tive PrP.



750 D. El Moustaine et al. · Prion Protein Aggregation Under High-pressure Conditions

Fig. 5. Birefringence of polarized light
after Congo-red staining of pressure-
induced PrP Cu-fibrils in the presence of
1 mM CuCl2: (A) under bright field and
(B) under polarized light.

Congo-red staining was used to further characterize
the amyloid nature of the aggregates. This dye is be-
lieved to interact with the β -sheet structure of amyloids
by a molecular alignment in a very regular manner, re-
sulting in a characteristic green birefringence. Consis-
tent with the presence of amyloid-like structures, Cu-
fibrils showed green birefringence when viewed under
polarized light (Fig. 5).

Effects of HS and HP on amyloid formation

Macrostructure of aggregates

Upon addition of 20 µg/mL HS, PrP aggregated im-
mediately. At atmospheric pressure the aggregates re-
mained as a stable suspension in buffer for up to 3 d.
However, at HP they sedimented on the bottom of the
cuvette and formed a big cluster. The macrostructure
of these aggregates was assessed by transmission elec-
tron microscopy (TEM), as shown in Figs. 2C and 2D.
Incubation for 3 d at atmospheric pressure led to PrP
fibrils. In contrast, incubating the protein for the same
time interval at HP (600 MPa) resulted in amorphous
aggregates. Below, the two types of aggregates will
be termed HS-amorphous aggregates and HS-fibrils.
The effect of HS was therefore the opposite of that of
Cu2+. In the presence of Cu2+, fibrils were formed un-
der HP and amorphous aggregates under atmospheric
pressure.

Secondary structure

The secondary structures of HS-amorphous aggre-
gates and HS-fibrils, formed after incubation with HS
at HP and atmospheric pressure, respectively, were an-
alyzed by their FTIR amide I band (Fig. 6). The HS-
amorphous aggregates were characterized by a moder-
ate decrease of their α-helix band, concomitant with
a moderate increase of the β -sheet content. However,

Fig. 6. FTIR spectra of aggregates formed after 3 days in-
cubation in the presence of 20 µg mL−1 HS at atmospheric
pressure and HP: HS-fibrils, formed at atmospheric pressure
(short dashed line), and HS-amorphous aggregates, gener-
ated at HP (600 MPa) (long dashed line). Incubation in the
presence of both co-factors together, Cu2+ and HS, yielded
amorphous aggregates at atmospheric pressure (dashed and
dotted line) and oligomeric structures at HP (dotted line).The
native protein is presented as a solid line.

the spectrum of HS-fibrils showed a strong, sharp band
at 1630 cm−1 and a strongly decreased intensity at
1656 cm−1, indicative of greatly enhanced β -sheet
content, at the expense of the α-helix structure.

Tertiary and quaternary structure

Similarly to the experiments in the presence of
Cu2+, the aggregates formed in the presence of HS
were assessed for their capacity of binding ANS and
ThT. As shown in Fig. 7A, HS-fibrils strongly bind
ANS, indicating the exposure of large hydrophobic do-
mains of a partly unfolded protein. In contrast, HS-
amorphous aggregates showed only a weak fluores-
cence increase. Again, it should be recalled that oppo-
site ANS binding properties were observed with Cu2+-
induced aggregates: Cu-amorphous aggregates showed
strong and Cu-fibrils only very weak ANS binding,
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Fig. 7. Fluorescence emission spectra of ANS (A) and ThT
(B) of aggregates formed after 3 days incubation in the pres-
ence of 20 µg mL−1 HS at atmospheric and at HP. HS-
amorphous aggregates were formed at HP (dots) and HS-
fibrils at atmospheric pressure (dashes). For comparison, the
native protein is shown as a solid line. The experimental con-
ditions were those of Fig. 4.

cf. Fig. 4A. This suggests that the tertiary structure of
amorphous aggregates and fibrils depends on whether
they are formed in the presence of Cu2+ or HS. The
quaternary structure of the aggregates seems, however,
not to depend on the nature of the co-factors. This is
illustrated in Fig. 7B, reflecting the binding of HS-in-
duced aggregates with ThT. HS-fibrils showed a strong
and HS-amorphous aggregates a weak interaction with
this fluorophore. A very similar result was observed for
Cu2+-induced aggregates (cf. Fig. 4B).

Competition of Cu2+ and HS for binding to
mPrP23−230

Previous studies have shown that Cu2+ and HS in-
teract with the N-terminal domain of PrP. Their respec-
tive binding sites are shown in Fig. 8. In order to inves-
tigate whether this competition interferes with the con-
version of PrP to amyloid fibrils, PrP was incubated in
the presence of both 1 mM CuCl2 and 20 µg mL−1 HS
for 3 d at atmospheric pressure or under HP (600 MPa).

Fig. 8. Amino acid sequence of mPrP23−230 showing the
binding sites of Cu2+ and HS. The binding sites of HS are
shown as boxes, and the binding sites of Cu2+ as boxes with
amino acids marked in bold.

Fig. 9. Effect of the presence of both Cu2+ and HS on
the ThT fluorescence intensity. mPrP23−230 was incubated 3
days in the presence of 1 mM CuCl2 and 20 µg mL−1 HS at
atmospheric pressure (long dashes) or HP (600 MPa, dashes
plus dots). The solid line shows the spectrum in the presence
of the native protein, and the short dashed line the spectrum
in the presence of HS-fibrils (obtained in the presence of HS
in the absence of Cu2+).

The morphology of the generated aggregates was as-
sessed by TEM (results not shown). In the presence of
both co-factors, no fibrils were formed, regardless of
the incubation pressure.

The effects of incubation in the presence of both co-
factors together on protein secondary structural fea-
tures were then investigated by FTIR. As shown in
Fig. 6, the aggregates formed at atmospheric pressure
were rather similar to the native structure, with only
a small decrease of the α-helix content, concomitant
with a small increase of the β -sheet structure. In con-
trast, after incubation under HP, the β -sheet content
rose significantly, although not to the extent of that
of HS-fibrils. A similar behavior was observed when
ThT binding was assessed. As shown in Fig. 9, incu-
bation under HP in the presence of both Cu2+ and HS
increased the fluorescence due to ThT binding, without
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attaining the intensity observed with HS-fibrils, sug-
gesting some oligomeric quaternary structure. In con-
trast, the tertiary structure, assessed via ANS binding,
was not affected by pressure (results not shown).

Discussion

The possible dependence on co-factors, such as
Cu2+ or HS, of the PrPC to PrPSc conversion is of
increasing importance in recent prion research. Two
questions are generally addressed: i) does the structural
conversion of PrP require the presence of a co-factor,
and, if yes, by which mechanism does the co-factor in-
teract? ii) Would it be possible to block this structural
conversion by the presence of a co-factor, binding to
PrPC? The conflicting literature data on the binding ef-
fects of Cu2+ and HS to PrP prompted us to investigate
different scenarios by which these compounds cause
PrP conformational changes.

Copper ions

Under atmospheric pressure binding of Cu2+ re-
sulted in a partial unfolding of PrP, without major
changes of its secondary structure. Only a slightly in-
creased β -sheet character at the expense of the α-
helix was observed. No sign of an ordered oligomeric
structure was detected, and the protein formed amor-
phous aggregates. Although it is evident that Cu2+ af-
fects the conformation of PrP, there are several dif-
fering views about the structural effects of Cu2+-
binding to PrP. Our results are in line with previous
reports about Cu2+-dependent PrP aggregation with
enhanced β -sheet structure [39] or with proteinase-K
resistance [32]. Formation of amorphous aggregates
is also consistent with the work of Baskakov and co-
workers who found that Cu2+ inhibits the formation
of amyloid fibrils by stabilizing a nonamyloidogenic
PK-resistant form of PrP [40]. In fact, multiple Cu2+

binding sites have been identified. They are all within
the unstructured N-terminal part of the protein. The
strongest ones are situated in the octapeptide repeat
region [41], which, depending upon the species, com-
prises 4 – 5 tandem repeats of the sequence PHGGGW-
GQ. Other binding sites are situated close to the amino
acid residues His 96 and His 111. At maximum copper
occupancy, PrP can bind up to six Cu2+, each coordi-
nated by a single His imidazole group and two deproto-
nated backbone amide nitrogen atoms [42, 43]. In this
coordination mode, each of the octapeptide repeats, as
well as His96 and His111 bind a single Cu2+.

In contrast, Cu2+ binding under HP induced a very
different structural conversion. The secondary struc-
ture of the protein changed radically from an α-helix
to a β -sheet. The protein polymerized then to form
well ordered amyloid fibrils, as attested by ThT flu-
orescence, electron microscopy and Congo-red bire-
fringence. The pressure dependence of the copper ef-
fects may be explained in two ways. Under HP, either
the protein-Cu2+ interaction mechanism is different, or
Cu2+ binds to different sites than at atmospheric pres-
sure. Support for the first possibility comes from recent
reports showing that Cu2+ is capable of binding by
different mechanisms, leading to either intramolecular
or intermolecular binding to adjacent sites [44, 45]. In-
deed, under conditions of low copper occupancy, sin-
gle Cu2+ ions can bind simultaneously to two His. This
explains the tendency of PrP-Cu2+ to form oligomers
as a consequence of Cu2+ coordination to His residues
from more than one PrP molecule. By privileging the
intermolecular pathway, pressure may thus favor the
pathway leading to ordered fibrils.

Heparan sulfate

In striking contrast to the effects of Cu2+, incu-
bation of PrP with HS led to amyloid fibrils at at-
mospheric pressure. A well described effect of PrP
interaction with sulfated glycans is the formation of
oligomeric polydisperse complexes with decreased
solubility properties, and a strong perturbation of its
N-terminal domain structure [46]. Depending on gly-
cosaminoglycan concentration, a time dependent ag-
gregation was observed, which has been attributed to
the reduction in the α-helical content of PrP [47]. Our
results are also consistent with the work of Wong et
al. (2001), who showed that sulfated glycans induce a
conformational change in PrP that stimulates the for-
mation of a proteinase-K resistant isoform. The bind-
ing sites of HS have been identified as the domain
spanning residues 23 and 52, the octa-repeat region,
and the domain between residues 110 and 128. These
three sites present independent binding affinities to-
ward HS, the strongest one being the PrP octa-repeat
region.

Interestingly, the fibril formation did not take place
under HP, and amorphous aggregates were formed in-
stead. Their spectral and structural characteristics re-
sembled those of amorphous aggregates, which pre-
cede the formation of PrP spherical particles under HP
in the absence of HS [22]. This suggests that pressure
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prevents, at least to some extent, the interaction of the
protein with HS. Indeed, HS bears several negatively
charged sulfate groups, and their interaction with pos-
itively charged protein residues can be expected to be
weakened under HP, due to electrostriction [48]. An-
other explanation that we cannot rule out is that even
if the interaction takes place, the HP treatment hinders
the subsequent conformational rearrangement leading
to fibrils.

The inhibition of the formation of HS-induced fib-
rils at atmospheric pressure by Cu2+ suggests a com-
petition of Cu2+ and HS for a common binding site.
This is also supported by the work of Warner et al.
[49], revealing a Cu2+-induced weakening of the in-
teraction of PrPC with HS. Common binding sites are
the four octa-repeats and the domain between from
residues 110 and 128. Besides a competition between
Cu2+ and HS toward a common binding site, PrP inter-
action with Cu2+ might also induce a modified protein
conformation in which the HS binding site is occluded.

Nevertheless, at HP, the binding of Cu2+ to PrP is
not sufficient to prevent completely the HS interaction.
The findings in this study support an HS effect on PrP
at HP, even in the presence of Cu2+. Our observation
that the Cu2+-HP treatment induced a PrP conforma-
tional transition to a β -sheet-rich form with fibrillar
character, and the fact that the addition of HS results
in amorphous aggregates containing some oligomeric
ordering as indicated by an increase in ThT fluores-
cence, corroborate that the Cu2+-induced inhibition of
PrP-HS interaction is incomplete at HP.

Thermodynamic versus kinetic control of fibril forma-
tion

To resume, Cu2+ and HS may be considered as co-
factors inducing either amorphous protein aggregation
or amyloid fibril formation. HP favors fibril formation
in the presence of Cu2+, and amorphous aggregation
in the presence of HS. In the presence of both co-
factors together, amorphous aggregates are formed, re-
gardless of the pressure. Previous results obtained in
the absence of co-factors indicated that amyloid fibrils
are the thermodynamically more stable state, whereas
amorphous aggregation is kinetically favored [22]. In
the case of prion proteins, fibril formation is very slow.
It can occur only under conditions where the more
rapid amorphous aggregation is strongly slowed down.
For example, in the absence of co-factors, at alkaline
pH, rapid protein unfolding leads to amorphous ag-

gregates, whereas fibrils are formed only after sev-
eral days of incubation under HP at neutral pH in
the presence of chaotropic agents at very low concen-
tration [22]. A similar thermodynamic/kinetic control
may play a decisive role in the presence of co-factors.
Fibrils can be formed only under conditions where the
protein is not quickly assembled. This would be the
case in the presence of Cu2+ under HP, and in the pres-
ence of HS at atmospheric pressure. All other condi-
tions lead to rapid protein assembly followed by the
formation of amorphous aggregates.

Obviously, PrP structural conversions are occurring
within a complex energy landscape, offering multiple
reaction pathways. Perhaps only one of them leads to
the infectious structure. This pathway has not yet been
identified. Given the long incubation period of prion
diseases, one may expect that it is an extremely slow
pathway, i. e., it occurs under conditions where alter-
native routes, such as amorphous aggregations are pre-
vented (or slowed down). In order to prevent fibril
formation, it is therefore reasonable to search for co-
factors accelerating the formation of non-toxic amor-
phous aggregates. For this purpose, the many possible
structure conversion pathways should be further ex-
plored. For that, HP now appears as a powerful tool,
as it permits to populate reaction intermediates which
can escape detection under atmospheric pressure [21].

Materials and Methods
Protein expression and purification

The gene encoding mPrP23−230 was cloned into
pET22b(+) vector (Invitrogen) and expressed in Es-
cherichia coli BL21(DE3) after IPTG induction. Re-
combinant PrP accumulated as inclusion bodies. Af-
ter lysis, sonication and solubilization of the inclu-
sion bodies by GdnHCl, purification of PrP was per-
formed essentially as described by Rezaei and co-
workers [50], using a Ni sepharose column. Refolding
of the protein was achieved on the column by hetero-
geneous phase renaturation simultaneously to purifi-
cation. The purified protein was recovered in the de-
sired buffer by elution on a G25 desalting column. Fi-
nal protein concentration was measured by the optical
density at 280 nm using an extinction coefficient value
of 63495 cm−1 mol−1, deduced from the composition
of the protein. Protein purity and homogeneity were
verified by SDS-PAGE and immunoblotting, as well
as reversed-phase HPLC using a 214TP10415 C4 col-
umn (Vydac). The purified protein was found to be of
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the expected molecular weight by ES/MS (electrospray
mass spectrometry) on a VG Bio-Q quadrupole with
a mass range of 4000 Da (Bio-Tech). Proteins were
stored lyophilized.

Structural characterization at HP

For HP experiments, the protein was dissolved in
20 mM Tris-HCl buffer at pH = 7.4. This buffer was
selected for its relatively low pH-dependence on pres-
sure. The final protein concentration was 2 mg mL−1,
and experiments were performed at 37 ◦C. CuCl2 and
HS were used respectively at 1 mM and 20 µg/mL.
Protein aggregation was followed by monitoring the
changes in light scattering intensity at 340 nm (4 nm
slit widths) using an Aminco-Bowmann Series 2 lu-
minescence spectrometer (SLM Aminco) modified to
accommodate a thermostated pressure cell. Following
each pressure change, typically in steps of 40 MPa, the
sample was allowed to equilibrate for 10 min before
the next measurement.

Transmission electron microscopy (TEM)

The aggregates obtained by pressurization were
diluted to 0.5 g L−1, deposited onto carbon-coated
grids and negatively stained with freshly filtrated 2 %
uranyl acetate, dried, and then viewed in a JOEL
1200EX2 electron microscope at an accelerating volt-
age of 80 kV.

ThT and ANS binding

Fluorescence measurements were performed at
20 ◦C with a FluoroMax-2 fluorimeter (Jobin Yvon-
Spex) with a 10× 4 mm path length rectangular cu-
vette. Aliquots of soluble and aggregated PrP (2 mg
mL−1) were diluted 29 times with 50 mM Tris HCl,
pH = 8.5, and incubated with either 10 µM ThT for
1 min or 50 µM ANS for 10 min at r. t. before mon-
itoring fluorescence. For ANS spectra, excitation was
at 385 nm (4 nm slit). Each emission spectrum (4 nm
slit) was the average of three scans. ThT emission spec-
tra were recorded after excitation at 450 nm (excitation

slit was 4 nm; emission slit was 4 nm), with each spec-
trum being the average of three scans. Contributions
due to scattered light were subtracted from the signal
as follows: a protein sample spectrum in the absence
of the corresponding fluorescent probe was collected
at each pressure so that contributions from light scat-
tering could be subtracted.

FTIR spectroscopy

The infrared spectra were obtained with a Bruker
Vertex 80v FTIR spectrometer equipped with a liquid
nitrogen cooled broad band MCT solid-state detector.
The spectra (256 scans accumulation) were co-added
after registration at a spectral resolution of 2 cm−1

and analyzed by the OPUS 6.0 program. For compari-
son of soluble and aggregated protein, all spectra were
recorded with dry samples. Comparison of dried pro-
tein and samples in solution did not reveal significant
changes in their FTIR spectra. After isolation of ag-
gregates by centrifugation (8500 g for 2 min), and sus-
pension in buffer, the sample was deposited onto a
CaF2 plate, where the solvent was allowed to evaporate
overnight at r. t. To compare qualitatively the spectra of
different samples, we normalized each spectrum with
respect to the integrated intensity of the entire spec-
trum.

Congo-red staining and birefringence

An aggregated protein suspension was air-dried on
a glass microscope slide. The sample was stained by
using the Congo-red kit from Sigma (Aldrich). Bire-
fringence was observed with a Leica DM IRM light
microscope (Leica Microsystemes SA) equipped with
polarizers.
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