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ABSTRACT: At high temperature, recombinant hamster prion protein (SHaPrP90-231) undergoes aggregation
and changes from a predominantlyR-helical to â-sheet conformation. We then applied high pressure
(200 MPa) to theâ-sheet-rich conformation. The aggregation was reversed, and the original tertiary and
secondary structures were recovered at ambient pressure, after pressure release. The application of a pressure
of 200 MPa thus allowed studying the heat-induced equilibrium refolding in the absence of protein
aggregation. Prion protein unfolding as a function of high pressure was also investigated. Simple two-
state, reversible unfolding transitions were observed, as monitored by spectral changes in the UV and
fluorescence of the hydrophobic probe 8-anilino-1-naphthalene sulfonate. However, these heat- and pressure-
induced conformers differed in their unfolding free energy. At pressures over 400 MPa, strong thioflavin-T
binding was observed, suggesting a further structural change to a metastable oligomeric structure.

Protein misfolding and aggregation are principal charac-
teristics of a variety of neurodegenerative diseases (often
associated with amyloidoses), including those induced by
prions. Moreover, the misfolded isoform (PrPsc)1 of the
normal cellular prion protein (PrPc) has been proposed as
the sole component responsible for both pathology and
infectivity in transmissible spongiform encephalopathies
(TSE) (1). Under this hypothesis, self-propagating confor-
mational rearrangement to aâ-sheet-rich structure leads
finally to the formation of proteinase K resistant aggregates
in the form of â-amyloid fibrils (2, 3). Clearly, an under-
standing of the molecular basis of these structural changes
is required. Many experimental approaches, including the
use of high temperature, chemical denaturants, salts, and
extreme conditions of pH have shown that PrP can adopt
completely different non-native conformational states (4-
8) that may or may not proceed to formation of aggregates.
However, despite many efforts using recombinant protein
to induce in vitro formation of a PrPsc-like state capable of
causing neuronal degeneration and disease, no successful
result has yet been obtained. The reason for this setback may
be that the experimental conditions used so far do not lead
to the alternative folded form associated with infectivity.

To address this issue, we investigated the use of high
pressure as an alternative to find new pathways for prion
structural changes. Recently, evidence that pressure may
provide us with a better understanding of the folding-
unfolding pathways of prions has already been reported in
our laboratory using yeast prion protein Ure2 (9). The
pressure response of a protein is directed by the volume
change of the protein-solvent system, which is associated
with conformational changes such as partial or complete
protein unfolding or protein aggregation (10, 11). High
pressure shifts the conformational transition of a protein (12-
15), often in a reversible manner, toward the state that
occupies the smaller volume, which sometimes exhibits the
characteristics of a molten globule-like structure (16-22).
Such a perturbation takes place by favoring the dissociation
of electrostatic bonds and by favoring the solvation of
hydrophobic residues (23). The pathway induced by high
pressure may be different than that under high temperature
or in the presence of chaotropic agents. Furthermore, the
application of moderate pressures has been shown, in certain
cases, to protect unfolded proteins from aggregation and to
assist disaggregation of protein aggregates (24-26). The
reason for this structural effect of pressure can be understood
as resulting from the hydration of buried hydrophobic
residues (27, 28).

In the present work, we report aggregation-disaggregation
and protein structural changes of a recombinant mammalian
PrP (SHaPrP90-231) as a function of both pressure and
temperature. The combination of different spectroscopic
techniques shows that pressure and temperature act in
different ways on both PrP structural changes and aggrega-
tion. Moreover, they reveal several alternative prion structural
changes, which differ from those that have been observed
by more conventional methods.
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EXPERIMENTAL PROCEDURES

Prion Protein. The gene encoding SHaPrP90-231 (the
unglycosylated recombinant Syrian hamster PrP expanding
from residues 90-231, corresponding to the sequence of the
PK-resistant core of PrPsc) was obtained from the construc-
tion plngPrP (kindly provided by Prof. Prusiner) (29). The
design, cloning, and overexpression of the gene, as well as
the protein purification procedure, will be described in detail
elsewhere. Protein purity and homogeneity were verified by
SDS-PAGE and immunoblotting, as well as reversed-phase
HPLC using a 214TP10415 C4 column (Vydac). The protein
was shown to be of 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 at-20 °C in ultrapure water containing
0.005% sodium azide. This storage procedure had no effect
on protein conformation or its tendency to aggregate. Protein
concentration was determined spectrophotometrically using
a molar extinction coefficient at 278 nm of 25 327 M-1 cm-1.

Structural Characterization at EnVironmental Condi-
tions. Circular Dichroism (CD) Spectroscopy. CD spectra
were recorded at ambient conditions using a J810 spectro-
polarimeter (Jasco). A 0.1-cm optical path length quartz cell
was used to record spectra of proteins in the far UV region
(190-260 nm). Protein concentration and buffers were those
used in the UV absorbance experiments. Baseline corrected
CD spectra were acquired at a scan speed of 20 nm min-1,
a 1-nm bandwidth, and a response time of 1 s. The sample
compartment was purged with pure dry nitrogen. Spectra
were signal-averaged over four scans.

FTIR Spectroscopy. FTIR spectra were recorded at ambient
conditions on an IFS28 spectrometer equipped with a DTGS
detector (Bruker). The spectra (100 scans accumulation) were
recorded at a spectral resolution of 2 cm-1 and analyzed
(OPUS/IR2 program). For a comparison of soluble and
aggregated protein, all spectra were recorded with dry
samples. A comparison of dried protein and sample in
solution did not reveal significant changes in their FTIR
spectra (29, 30). Samples were prepared by protein deposition
onto a fluorine plate, where the solvent was allowed to
evaporate overnight at room temperature. The complex
spectral contour observed for amide I and II bands was
decomposed using a second-derivative method for the
determination of the band positions that are assigned to
different secondary structure elements (31).

Congo Red Staining and Birefringence. Aggregated protein
suspension in 20 mM sodium phosphate buffer, pH 7.0, was
air-dried on a glass microscope slide. The protein film was
immersed in a solution containing 2% (w/v) Congo red and
80% (v/v) ethanol/water for 15 min and then rinsed by
immersion in 90% ethanol for 2 min and dried. Birefringence
was observed with a Leica DM IRM light microscope (Leica
Microsystemes) equipped with a polarizer.

Structural Characterization at High Pressure or High
Temperature. UV Absorbance Spectroscopy.For high-
pressure experiments, the proteins were dissolved in 20 mM
Tris-HCl buffer at pH 7.0. For experiments as a function of
temperature, they were dissolved in 20 mM sodium phos-
phate buffer, pH 7.0. These buffers were selected for their
relatively small pressure and thermal pH dependencies,
respectively (32). The final protein concentration was 0.5

mg mL-1, unless stated otherwise. Absorbance spectra
between 260 and 305 nm were recorded in steps of 0.1 nm
(1-nm bandpath) as a function of temperature and pressure,
using a modified Cary3 (Varian) absorption spectrometer
(33). Following each pressure or temperature change, typi-
cally in steps of 20 MPa or 3°C, the sample was allowed to
equilibrate for 6 min before the next measurement. Each
spectrum was corrected for pressure and temperature de-
pendence of the sample volume, and the fourth derivative
spectra were determined as previously described (33, 34).
Transitions between two spectral forms were quantified by
cumulative difference amplitude (CDA) as reported (35).

Fluorescence Spectroscopy. Fluorescence emission spectra
were recorded on an Aminco-Bowmann Series 2 lumines-
cence spectrometer (SLM Aminco), modified to accom-
modate a thermostated pressure cell. 1-Anilinonaphthalene-
8-sulfonic acid (ANS) and thioflavin-T were used as extrinsic
fluorescence probes. ANS is used to measure changes in the
surface hydrophobicity of proteins. The increase in fluores-
cence intensity reflects the ANS-binding to clustered hydro-
phobic residues (36). Thioflavin-T is a dye used to detect
amyloids (37). For ANS binding studies, fluorescence was
excited (4-nm slit) at 350 nm, and emission spectra (2-nm
slit) were collected (accumulation of five scans) between 420
and 575 nm. The final ANS concentration was 750µM, and
the protein concentration was 0.8 mg mL-1. Samples were
allowed to reach equilibrium for 5 min before data collection.
For thioflavin-T, assays were performed by adding a freshly
prepared stock solution to the protein samples to a final
thioflavin-T concentration of 20µM. A final PrP concentra-
tion of 0.3 mg mL-1 was used throughout. Fluorescence
emission spectra were obtained with an excitation wavelength
of 442 nm and excitation and emission slits of 4 and 8 nm,
respectively.

Light Scattering Measurements. Kinetics.Protein aggrega-
tion-disaggregation was followed by monitoring the changes
in light scattering intensity at 340 nm (16-nm slit widths)
using an Aminco-Bowmann Series 2 luminescence spec-
trometer (SLM Aminco) modified to accommodate a ther-
mostated pressure cell. Aggregation and disaggregation
kinetics were induced by pressure-jumps at 70°C; dis-
aggregation experiments were also performed at 25°C. For
that, a homemade pressure-jump device was connected to
the high pressure cell in the spectrofluorimeter. Pressure-
jumps were carried out by opening an electrically driven
pneumatic valve (Top Indrustries) localized between two
pressure cells. The pressure-jumps consisted of sudden
changes of pressure (typically 30 MPa) within a pressure
range of 0.1-600 MPa. Such small pressure jumps induce
a change in pH of less than 0.1 pH unit (32). The dead time
of positive (upward) and negative (downward) pressure-
jumps was 5 ms. The protein concentration was 0.3 mg mL-1

in 20 mM sodium phosphate buffer, pH 7.0. Changes in light
scattering intensity as a function of time were fitted to single-
exponential equations.

RESULTS

Temperature and Pressure Dependent Protein Aggrega-
tion. When SHaPrP90-231 solutions at pH 7.0 were heated to
a temperature higher than 57°C, protein aggregation and
large-scale precipitation took place. This process was re-
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flected by a sharp increase in light scattering intensity (Figure
1A). The aggregates persisted once the sample was cooled
to 25 °C. However, this aggregation process was reversed

by applying a moderate pressure (200 MPa). After decreasing
temperature and pressure release, the UV spectrum of native
PrP was recovered (Figure 1B-D). CD and FTIR spectros-
copy further confirmed full recovery of the native structure.

Kinetics of Protein Aggregation and Disaggregation.The
kinetics of protein disaggregation were studied at 70°C
(conditions where aggregation is highly favored) after sudden
increases of pressure in steps of 30 MPa, from atmospheric
pressure to 275 MPa (Figure 2); reaggregation was followed
at 70°C by downward pressure-jumps. Each pressure-jump
produced single exponential kinetics leading to a new
equilibrium of light scattering intensity. The inset of Figure
2 shows a typical relaxation profile after a positive pressure-
jump. Assuming in a first approximation that aggregation is
linearly related to the intensity of scattered light, we evaluated
the relaxation times for disaggregation and aggregation in
the pressure range from 50 to 275 MPa as approximately
100 ms. Since the protein remained aggregated at atmo-
spheric pressure when the temperature was lowered to room
temperature, it was possible to record the disaggregation
kinetics, by positive pressure jumps, at lower temperatures.
However, the kinetics did not depend significantly on
temperature between 25 and 70°C.

Protein Structural Changes Accompanying Aggregation
and Disaggregation.Changes in protein secondary structure
of SHaPrP90-231 accompanying protein aggregation and
disaggregation were assessed by FTIR spectral analysis of
amide I and II bands (Figure 3A). Second derivative analysis
(Figure 3B) revealed that the major contribution corresponds
to the R-helical form (1655 cm-1), which is known to be
the major structural component of SHaPrP90-231 (38, 39).
Interestingly, the spectrum of the aggregated protein formed
at 70 °C showed a strong enhancement of the 1620 cm-1

component, concomitant with a relative decrease of the 1655
cm-1 component. The 1620 cm-1 component, associated with
the weak 1680 cm-1, can be assigned to an antiparallel
â-sheet structure, suggesting intermolecular association (31,
40). The behavior of the amide II band that shifted from
1546 to 1540 cm-1 is also in line with the above-mentioned
conformational transition. However, the prion sample that
had been disaggregated by pressure showed no significant
differences in amide I and II spectral outlines to that of the
native protein. This was also confirmed by far UV CD
analysis (results not shown). It is therefore clear that pressure

FIGURE 1: Aggregation, disaggregation, and refolding of
SHaPrP90-231. (A) Temperature-induced aggregation of the protein
as measured by light scattering at 340 nm. (B, C, and D) Fourth
derivative UV spectra of the protein under distinct pressure and
temperature conditions. Shown for comparison is the fourth
derivative UV spectrum of the native protein (solid line). Dashed
lines depict (B) the aggregated protein formed after incubation of
the sample at 70°C; (C) the recovered soluble and unfolded protein
after pressurization of the aggregates to 200 MPa for 25 min at 70
°C; and (D) the native protein obtained after decreasing temperature
to 25 °C and releasing pressure. Solution conditions: protein at
0.5 mg mL-1 in sodium phosphate buffer, 20 mM, pH 7.0.

FIGURE 2: Pressure-induced disaggregation of SHaPrP90-231 ag-
gregates monitored by light scattering intensity at 340 nm at 70
°C. The inset shows a typical relaxation profile after a pressure-
jump between 60 and 95 MPa. The protein concentration was 0.3
mg mL-1 in sodium phosphate buffer, 20 mM, at pH 7.0.
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not only reverses prion aggregation, but it also reverses the
secondary structural changes that accompanied the aggrega-
tion process.

To determine potential amyloidogenic features of the
aggregated protein obtained under high temperature (70°C),
a Congo red dye-binding assay was carried out. This
exhibited the presence of some amyloid-like structures, as
it was concluded from a blue-green birefringence observed
under polarized light.

Temperature- and Pressure-Induced Conformational
Changes Upon Protein Unfolding in the Absence of Ag-
gregation.UV absorbance spectroscopy in the fourth deriva-
tive mode was used to evaluate prion conformational changes
in the vicinity of tyrosine and tryptophan residues, as a
function of pressure and temperature in the absence of protein
aggregation. The analysis at high temperature (up to 80°C)
was possible by maintaining a constant pressure of 200 MPa,
which prevented protein aggregation. High temperature (up
to 80°C, at 200 MPa) and high pressure (up to 480 MPa, at
40 °C) led to the same UV absorbance changes in the fourth
derivative mode (Figure 4): a 1-nm red shift of the 289.6
nm band, a 1.5-nm blue shift of the 277.7 nm band, and no
variation of the central peak at 283.4 nm. At 6 M guani-
dinium hydrochloride, similar shifts for these three major
derivative bands were observed (results not shown).

Pressure- and heat-induced spectral changes were coopera-
tive, showing clear isosbestic points at 276.8 and 290.8 nm,

indicating a two-state conformational change. The transitions
were thus fitted to a two-state thermodynamic model
combined with sloping functions for the native and the non-
native states (34). Sigmoidal unfolding profiles were ob-
tained, both probing tyrosine (within the 275-290-nm range),
as illustrated in the insets to Figure 4, and probing tryptophan
(290-295-nm range). The resulting two-state transitions were
virtually identical, suggesting that the Tyr and Trp environ-
ments were affected in a cooperative manner. While pressure-
induced changes were found to be completely reversible, a
small hysteresis was observed as a function of temperature
(see insets of Figure 4).

For comparison under the same conditions (40°C and 200
MPa), ∆GU values for thermal unfolding were calculated

FIGURE 3: Fourier deconvoluted IR spectra of amide I and II bands
of SHaPrP90-231. (A) Zero order spectra. (B) Second derivative
spectra. The solid lines represent native protein. Dotted lines depict
the aggregated protein formed after incubation at 70°C for 30 min.
Dashed lines show the recovered soluble protein after pressurization
of the aggregates at 200 MPa for 25 min at 70°C. After each
treatment, samples were lyophilized and resuspended in ultrapure
water. The spectra were recorded after drying the samples overnight
at room temperature.

FIGURE 4: Fourth derivative UV absorbance spectra of SHaPrP90-231
as a function of pressure (A) and temperature (under 200 MPa)
(B) Arrows indicate the spectral shift. Experimental conditions: A,
Tris-HCl buffer, 20 mM, pH 7.0, at 40°C and B, sodium phosphate
buffer, 20 mM, pH 7.0, at 200 MPa. The protein concentration
was 0.5 mg mL-1. The insets show the change in signal intensity
expressed as cumulative difference amplitude (CDA) for increasing
(filled circles) and decreasing (open circles) pressure or temperature.
The solid lines show nonlinear least-squares fits of the data based
on a two-state model. (C) Simulation of the spectral shift (arrows)
by spectral superposition of Tyr (N-acetyl-tyrosine-O-ethylester)
and Trp (N-acetyl-tryptophan-O-ethylester) model compounds in
solvents of different polarity. Initial condition: Tyr in 25% ethanol
+ Trp in water; final condition: Tyr in water+ Trp in 50% ethanol.
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using a constant∆Cp value (change in heat capacity for the
denaturation reaction) of 5.63 kJ K-1 mol-1. Since a
determination of∆Cp from the temperature dependence of
van’t Hoff enthalpy was not possible because of the
aggregating processes arising at high temperature, the value
for ∆Cp was estimated from the newly accessible surface
area exposed to the solvent on unfolding as described
previously (41). Such an estimation of∆Cp has been carried
out similarly for recombinant human prion protein (42). A
comparison of the thermodynamic parameters (Table 1)
reveals a significant difference in the change of free energy
associated with this process: for temperature- and pressure-
induced conformational transitions,∆GU was 9.4 and 3.9 kJ
mol-1, respectively.

DistinctiVe Structural Features of Pressure-Induced Con-
formations.For a further characterization of the heat- (at 200
MPa) and pressure-induced conformational states, we studied
their ability to bind ANS and thioflavin-T. At high temper-
ature (under 200 MPa or at atmospheric pressure), PrP did
not bind ANS or thioflavin-T. In contrast, the pressure-
induced conformer showed strong binding to both probes.
As shown in Figure 5, applying high pressure led to a gradual
increase in the ANS fluorescence intensity. The recovery of
initial ANS fluorescence upon pressure release was complete.

As shown in the inset of Figure 5, the binding curve was
sigmoidal, again suggesting a two-state conformational
change. The change in free energy (∆GU) of this transition
was very similar to that of the pressure-induced UV absorb-
ance change (Table 1). In contrast, binding of thioflavin-T
occurred at much higher pressures than ANS binding. As
shown in Figure 6, at 650 MPa, a still incomplete 5-fold
increase in thioflavin-T fluorescence was observed. At higher
pH (pH 8.5) and lower temperature (25°C), this increase in
fluorescence was even higher (14-fold). This process was
completely reversible, without hysteresis, and did not result
in protein aggregation. Control experiments confirmed that
this fluorescence enhancement was due to an interaction of
thioflavin-T with the prion protein: in the absence of the
prion protein, or in the presence of other proteins, no increase
in fluorescence was observed.

DISCUSSION

As a tool to study the relationship between macromolecular
structure and function, high pressure associated with optical
detection (spectroscopic) methods is becoming increasingly
popular in biosciences and biotechnology. In the present
work, high pressure has been used for the first time as a
new approach to study, in vitro, abnormal protein self-
assembly processes and particular conformational changes
upon unfolding of a mammalian prion protein. Pressure acts
specifically on different types of chemical interactions such
as hydration of hydrophobic residues, dissociation of charged
groups, or stacking of aromatic residues. Pressure appears
therefore as a promising new perturbing agent to be used
advantageously as an alternative (or a complement) to heat,
salts, or chemical denaturants.

High-Pressure Approach to Study Protein Aggregation and
Disaggregation.Since amyloid aggregates have been rec-
ognized to be a pathological hallmark of several fatal diseases
(43), protein misfolding and misassembly has attracted a keen
interest. Recently, the application of high pressure to proteins
associated with amyloid diseases such as lysozyme, trans-
thyretin, or amyloid A protein has gained much attention
and is becoming an open and promising research field (26).
In this study, we demonstrate that pressure offers an elegant

Table 1: Thermodynamic Parameters of SHaPrP90-231
a

Pressure-Induced Unfoldingb

signal
∆VU

(mL mol-1)
P1/2

(MPa)
∆GU200MPa, 40°C

c

(kJ mol-1)

UVd -31.9 (1.9) 323 3.93
ANSe -34.7 (2.4) 291 4.10

Temperature-Induced Unfoldingb

signal
∆ST1/2

(J mol-1 K-1)
∆HT1/2

(kJ mol-1)
T1/2

(°C)
∆GU200MPa, 40°C

c

(kJ mol-1)

UV 681 (113) 225 (38) 57.8 9.37
a Numbers in parentheses are the standard errors of the data.

b Unfolding transitions obtained upon increasing pressure were carried
out at 40°C. The temperature denaturation profile was recorded at
200 MPa.c Free energy of unfolding at 200 MPa and 40°C. d Fourth
derivative UV absorbance change (CDA).e Change of ANS fluorescence.

FIGURE 5: Fluorescence emission spectra of ANS in the presence
of SHaPrP90-231 as a function of pressure. Tris-HCl buffer, 20 mM,
pH 7.0, at 40°C containing 750µM ANS and 0.8 mg mL-1 protein;
the excitation wavelength was 350 nm. The inset shows the change
in total fluorescence between 420 and 600 nm at increasing pressure
(filled circles) and after releasing pressure, at 0.1 MPa (open circle).
The solid line is the nonlinear least-squares fit of the data based
on a two-state model.

FIGURE 6: Fluorescence emission spectra of thioflavin-T in the
presence of SHaPrP90-231 at different pressures: 0.1 MPa (solid
line), 650 MPa (dashed line), and after releasing pressure to 0.1
MPa (dotted line). The inset shows the total fluorescence intensity
between 455 and 600 nm upon increasing pressure. The protein
concentration was 0.3 mg mL-1 in Tris-HCl buffer, 20 mM, pH
7.0, at 40°C. Thioflavin-T concentration was 20µM. The excitation
wavelength was 442 nm.
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way to avoid the sometimes undesired protein aggregation
processes attained in vitro upon increasing temperature, thus
enabling the analysis of the heat-induced pathway leading
to a soluble unfolded state. Moreover, we present a high-
pressure procedure for solubilizing and correctly refolding
the PrP aggregates formed at high temperature.

Thermal unfolding of SHaPrP90-231, at atmospheric pres-
sure and pH 7.0, is irreversible and results in protein
aggregation. These findings are in line with the irreversibility
of thermal unfolding reported for SHaPrP90-231 (30) and
HuPrP91-231 (44), which is also associated with an aggrega-
tion process. The aggregates we obtained are characterized
by an intermolecularâ-sheet-rich structure and the sporadic
formation of amyloids. The application of high-pressure
reverts this process: the aggregates dissolve, and the initial
R-helical secondary structure content is recovered once the
pressure is released to atmospheric condition.

To understand such a striking effect of pressure, we have
to analyze the molecular events leading to protein aggregation
and disaggregation. Upon heating, frequently the hydrophobic
core of proteins becomes solvent exposed, and aggregation
is due to intermolecular hydrophobic collapse (45). Gener-
ally, this process is irreversible because of stabilization of
an intermolecular network by hydrogen bonds and also
sometimes because of chemical alterations such as amino
acid degradation due to deamidation, oxidation, and succin-
imide formation processes (46). Pressure can prevent (or
reverse) protein aggregation because of its capacity of
hydrating hydrophobic residues. Indeed, pressure disaggre-
gation of proteins is not without precedent (24-26). How-
ever, the requirement of chemical denaturants (i.e., guani-
dinium hydrochloride or urea) in combination with pressure
and/or a very long incubation time at high pressure for
disaggregation have been reported. In our study, the PrP
aggregates formed at high temperature dissolved nearly
instantaneously after a sudden increase of pressure (within
100 ms) in the absence of any denaturant.

Insights into Protein Unfolding-Folding from Combined
Use of Pressure and Temperature.Pressure- or heat-induced
protein unfolding is generally reflected by a blue shift of
the three major UV fourth derivative bands because of an
increased solvent exposure of tryptophan and tyrosine
residues (35, 47, 48). A closer inspection of the derivative
spectra as well as the three-dimensional structure of the
protein (Figure 7) can explain the unusual results obtained
with SHaPrP90-231. The 289.6-nm band can be assigned to
tryptophan residues in a strongly polar environment (33, 34).
Indeed, the two tryptophan residues (99 and 145) are
expected to be completely solvent exposed already in the
native state (38, 39). Their less polar environment (red shift)
under high pressure and high temperature may be explained
by an increased interaction with nonpolar residues or by
aromatic stacking in the unfolded state. The 277.8-nm band
reflects tyrosine, without a significant contribution from
tryptophan. Its blue shift of 1.5 nm under high pressure and
temperature indicates that the tyrosine residues become more
solvent exposed upon protein unfolding. The 283.4-nm band
can be attributed mainly to tyrosines in a moderately polar
environment (33, 34). From the published NMR structure,
we determined that their average degree of burying is 67%
in the native state (38, 39). However, this band also contains
a small contribution from tryptophan. The observed invari-

ance of this band as a function of pressure and temperature
is readily explained by a compensating effect of the red-
shifted tryptophans to the blue-shifted tyrosines. It is indeed
possible to simulate this effect by superposition of tyrosine
and tryptophan spectra in solvents of different polarity
(Figure 4C).

A comparison with the fourth derivative UV spectrum of
the protein at 6 M guanidinium hydrochloride, a condition
under which prion proteins are unfolded (49, 50), reveals
the same spectral change. This indicates that the UV
absorbance changes we observed reflect, at least, partial
protein unfolding. However, as shown by the different∆GU

values, heat- and pressure-induced unfolding processes are
not the same: much less energy is needed for pressure-
induced unfolding. This suggests that heat and pressure do
not lead to identical unfolded structures, an observation that
has been made also for other proteins (19, 51-54). Indeed,
high pressure can be expected to lead to a different unfolded
structure than that which can be obtained by other param-
eters, such as temperature or chemical denaturants. Therefore,
pressure appears as an interesting tool to explore new
conformational coordinates of the prion protein conforma-
tional landscape. Pressure affects protein conformation by
promoting the entry of water into the protein structure, thus
triggering a chain of events leading to unfolding. In contrast,
in the case of temperature, unfolding may take place first,
followed by water penetration. High-pressure unfolded states
contain frequently residual secondary structure and resemble
a compact globule-like state. This particularity of pressure
is also reflected in the ANS and thioflavin-T binding
properties of the unfolded state: their binding is observed
only under high pressure and not at high temperature.
However, these two dyes do not bind under the same pressure
range. ANS binding occurs with aP1/2 of 291 MPa, whereas
thioflavin-T starts binding above 400 MPa. The change in
free energy evidenced by ANS binding is very similar to
that observed by the UV absorbance detection method. This
suggests that the unfolded form detected by UV absorbance
under high pressure is the same as that which binds ANS.
Since ANS is a probe for solvent exposed hydrophobic
domains retaining some degree of structure, it is conceivable
that the pressure-induced unfolded state (unfolded state 1 in
Figure 8) has clusters of hydrophobic side chains that are

FIGURE 7: Schematic representation of the three-dimensional
structure of SHaPrP90-231 showing the side chains of the tyrosines
and tryptophan residues. An additional Trp residue is located in
the region expanding from residues 90-124, which is not shown
since marked conformational heterogeneity and structural plasticity
was found (38, 39). The figure was produced using the program
MOLMOL (58).
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not yet fully unfolded, thus providing binding sites for the
dye. In contrast, the heat induced unfolded state (at 200 MPa)
cannot bind ANS (unfolded state 3 in Figure 8), suggesting
that it contains a lower level of structural organization.

The binding of thioflavin-T above 400 MPa reveals an
additional pressure-induced conformational change from the
unfolded state (unfolded state 1) to another structure that
has the capacity to bind this dye (unfolded state 2 in Figure
8). Generally, thioflavin-T binding is used as a marker for
amyloid structures (37). Clearly, this was not the case under
our conditions, as the protein remained soluble. However, it
is possible that our results reflected the formation of a
metastable oligomeric structure at very high pressure. Indeed,
thioflavin-T binding to small oligomers has recently been
reported (55), indicating that binding of this dye is not
restricted to amyloid fibrils.

CONCLUSION

The use of high pressure permitted us to study several
alternative PrP structural changes, as schematized in Figure
8. Up to 400 MPa, the protein unfolds partly: the tyrosine
residues become more exposed on average, and the formerly
well-exposed tryptophans interact with nonpolar residues.
ANS binding studies revealed the same scenario. At pressures
above 400 MPa, the partly unfolded state undergoes a further
conformational state, possibly to a metastable oligomeric
structure, as revealed by thioflavin-T binding. In addition,
pressure assisted heat-induced unfolding (at 200 MPa) leads
to a different unfolded structure (different∆GU and incapac-
ity of ANS and thioflavin-T to bind). Finally, heat-induced
prion aggregation and formation of intermolecularâ-sheet
structure is reversed by pressure, and pressure-jumps allow
studying the kinetics of both aggregation and disaggregation.
Some of these conformational changes, which are revealed

by our high-pressure approach, may also have a biological
relevance. Indeed, recent modeling studies suggest the
existence of multiple folding-unfolding pathways for prion
proteins (56, 57). Our results show that the use of high
pressure gives the possibility to explore the energetic and
conformational landscape of these structural changes. This
original tool may reveal to be helpful in screening for various
ligands such as nucleic acids, heat shock proteins, or sulfated
glycosaminoglycans that may modulate these processes.
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