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Abstract

The native conformation of host-encoded cellular prion protein (PrPC) is metastable. As a result of a
post-translational event, PrPC can convert to the scrapie form (PrPSc), which emerges as the essential
constituent of infectious prions. Despite thorough research, the mechanism underlying this conformational
transition remains unknown. However, several studies have highlighted the importance of the N-terminal
region spanning residues 90–154 in PrP folding. In order to understand why PrP folds into two different
conformational states exhibiting distinct secondary and tertiary structure, and to gain insight into the
involvement of this particular region in PrP transconformation, we studied the pressure-induced unfolding/
refolding of recombinant Syrian hamster PrP expanding from residues 90–231, and compared it with heat
unfolding. By using two intrinsic fluorescent variants of this protein (Y150W and F141W), conformational
changes confined to the 132–160 segment were monitored. Multiple conformational states of the Trp
variants, characterized by their spectroscopic properties (fluorescence and UV absorbance in the fourth
derivative mode), were achieved by tuning the experimental conditions of pressure and temperature. Further
insight into unexplored conformational states of the prion protein, likely to mimic the in vivo structural
change, was obtained from pressure-assisted cold unfolding. Furthermore, salt-induced conformational
changes suggested a structural stabilizing role of Tyr150 and Phe141 residues, slowing down the conversion
to a �-sheet form.
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A characteristic feature of transmissible spongiform en-
cephalopathies (TSE) or prion diseases is a conformational
change of PrP protein: The primarily �-helical structure of
benign cellular prion protein (PrPC) is refolded into the
predominantly �-sheet form of the pathogenic scrapie form
(PrPSc) (Prusiner et al. 1998). This structural change causes
a modification of the physicochemical properties of PrP
protein and promotes its self-association and tissue deposi-
tion in the form of amyloid fibrils (Caughey et al. 1991; Pan
et al. 1993). The failure of PrP to adopt its correct structure

is a major threat to cell function and viability. Nevertheless,
we still lack a mechanistic understanding of how the abnor-
mal protein (monomer, oligomer, or amyloid) induces cell
death and tissue degeneration. This is particularly challeng-
ing, since such processes play also an essential role in a
number of other neurodegenerative disorders including Al-
zheimer’s, Parkinson’s, and Huntington’s diseases (Taylor
et al. 2002). The discovery of proteins with prion-like char-
acteristics in yeast and fungi (Wickner 1994; Coustou et al.
1997) suggests that the ability to form amyloid fibrils is a
common property of proteins under appropriate destabiliz-
ing conditions. Indeed, the formation of insoluble amyloid
structures has been recently described also for other proteins
which are not associated with known diseases (Dobson
2002). Therefore the coupled processes of protein misfold-
ing and aggregation are of great interest. A better knowl-
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edge of the thermodynamic stability of PrPC and the mecha-
nism of conformational changes involved in the conversion
from PrPC to PrPSc would help in the understanding of these
processes.

Several studies have shown that in vitro transitions of
purified recombinant PrPC into aggregated, �-rich, yet not
infectious isoforms occur under mildly denaturing condi-
tions, such as acidic pH and the presence of chaotropic
agents (Swietnicki et al. 2000; Morillas et al. 2001; Baska-
kov et al. 2002). These abnormal PrP isoforms are partially
folded thermodynamic or kinetic intermediates. Neverthe-
less, experimental limitations (i.e., low solubility and the
unavailability of crystals) have precluded their comprehen-
sive structural and thermodynamic characterization. Thus,
the molecular mechanism and energetic basis underlying the
structural conversion of PrPC into the infectious protein
conformation remain undetermined.

The present study focused on specific structural changes
of the recombinant Syrian hamster PrP expanding from resi-
dues 90–231 (SHaPrP90–231). Several lines of evidence sug-
gest that either helix 1 (residues 144–154) or the 90–145
part of the PrP protein plays a critical role in the conversion
process to a �-sheet structure (Peretz et al. 1997; Zhang et
al. 1997; Hornemann and Glockshuber 1998; Morrissey and
Shakhnovich 1999; Swietnicki et al. 2000; Viles et al. 2001;
Speare et al. 2003). However, as a consequence of the lack
of buried tryptophan residues (James et al. 1997; Liu et al.
1999), the spectroscopic probes available for monitoring
structural transitions of wild-type PrP protein are limited.
Therefore we decided to place additional tryptophan resi-
dues on the 132–160 region of the molecule, which is inte-
grated in a long hairpin subdomain comprising residues
124–167. This hairpin subdomain encompasses helix 1 and
the �-strands, and is located in the outer shell of the well-
structured domain (Fig. 1). Structural studies with synthetic
peptides indicate that this region possesses a high �-sheet

propensity (Jamin et al. 2002). Together with the highly
flexible 90–123 tail, it is believed to participate in the struc-
tural reorganization to PrPSc.

In addition to conventional denaturation methods (i.e.,
high temperature or acidic pH) to induce conformational
transitions, we employed high hydrostatic pressure. With
respect to other denaturing agents, pressure is likely to in-
duce a polypeptide chain to undergo a different conforma-
tional change, since it promotes the generation of unfolded
protein states retaining significant residual secondary struc-
ture, which sometimes exhibit the characteristics of molten-
globule structures (Jonas 2002; Silva et al. 2002). Therefore,
this less used thermodynamic parameter offers an attractive
approach to investigate new aspects of protein folding and
misfolding (Silva et al. 2001; Kuwata et al. 2002, 2004;
Randolph et al. 2002; Ferrao-Gonzales et al. 2003; Foguel et
al. 2003; Marchal et al. 2003; Martins et al. 2003; Torrent et
al. 2003, 2004; Jansen et al. 2004).

In a previous study we confirmed that SHaPrP90–231

adopts alternative structural changes under high pressure
(Torrent et al. 2003). Recent experiments in our group dem-
onstrated that the high-pressure approach can be used to
stabilize prion protein aggregates, and depending on the
experimental conditions of time, pressure, and temperature,
amyloid fibrils or precursor structures can be obtained (Tor-
rent et al. 2004).

In the present study we examined SHaPrP90–231 and two
Trp variants (Y150W and F141W) by UV absorbance spec-
troscopy in the fourth derivative mode, and fluorescence
spectroscopy as a function of both pressure and temperature.
The analysis of conformational changes sensed by Tyr and
Trp residues provided site-specific details about the confor-
mational changes involved in PrP folding and misfolding.

Results

High pressure or high temperature does not affect signifi-
cantly the fluorescence spectrum of wild-type SHaPrP90–231.
Indeed, the fluorescence emission maximum at 354 nm re-
flects that the two Trp residues are water-exposed already in
the native folded state (Fig. 2A), in good agreement with the
NMR structure (James et al. 1997; Liu et al. 1999). Trp99
lies under the disordered N-terminal region (residues 90–
123), and Trp145 is situated on helix 1, where the side chain
projects into the solvent. To make possible the study by
fluorescence spectroscopy of the conformational changes
involved in folding and unfolding of SHaPrP90–231, Phe141
and Tyr150 were substituted for a Trp. These residues are
both buried, and are located inside the hairpin subdomain
spanning residues 124–167.

The fluorescence characteristics of a Trp residue are
highly dependent on its environment (Eftink 2000). This
makes it an ideal residue to report conformational changes
and interactions with other molecules. Thus, Trp141 and

Figure 1. Ribbon diagram of the 3D structure of SHaPrP90–231 showing
the location of the two native Trp residues (W99, W145) and the residues
(F141, Y150) that were substituted for a Trp. The 132–160 region is
highlighted in dark gray. The figure was produced using MOLMOL (Ko-
radi et al. 1996). The N-terminal segment of residues 90–123 is disordered
and displayed schematically as a dotted line.
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Trp150 may serve as reporters for the structural reorgani-
zation of the hairpin subdomain, specifically of helix 1 and
the segment between helix 1 and strand 1, upon unfolding-
folding or conformational transition to a scrapie-like form.

Spectral properties of SHaPrP90–231 and its variants

The presence of Trp141 or Trp150 residues in the PrP vari-
ants results in different fluorescent properties (Fig. 2A). The
emission maxima of Y150W and F141W variants display
increased intensity, and are blue-shifted relative to wild-
type SHaPrP90–231 by 13 nm and 4 nm, respectively, con-
firming that the newly introduced Trp residues are in a less
polar environment than the two other Trp (Trp99 and
Trp149). The emission of both Trp and Tyr residues is
evident in the fluorescence emission spectra of the wild-
type protein upon excitation at 265 nm. However, the Tyr
contribution (centered at 303 nm) is not detectable in the
fluorescence spectra of the variants in their native states,
suggesting a strong fluorescence quenching, possibly by

Tyr→Trp energy transfer. This quenching is lost in both
variants upon protein unfolding (inset, Fig. 2A).

Further studies were performed on the surroundings of
the aromatic residues by fourth-derivative UV spectros-
copy. The fourth derivative spectral features of each protein
may be used as an intrinsic probe to sense the average
polarity in the vicinity of Tyr and Trp residues (Lange and
Balny 2002). The UV absorbance spectra in the fourth de-
rivative mode of wild-type SHaPrP90–231 and the two Trp
variants in the native state are shown in Figure 2B. For the
wild-type protein, the 289.7-nm band can be assigned to Trp
residues in a strongly polar environment. The two variants
exhibited an ∼1-nm shift of the Trp derivative band to
longer wavelengths, consistent with the lower polarity in the
average Trp environment observed by fluorescence. The
270–280-nm region reflects mainly Tyr and Phe, without
any contribution from Trp. The performed amino acid re-
placements in both Y150W and F141W variants led to spec-
tral changes in this region. Only an ∼0.3-nm blue shift in the
position of the band centered in the wild-type protein at

Figure 2. Spectral properties of SHaPrP90–231 and its variant forms. (A) Fluorescence emission spectra, (B) fourth derivative UV absorbance spectra, and
(C) circular dichroism spectra in the aromatic region of Y150W (dashed line) and F141W (dashed and dotted line) variants, in comparison with that of the
wild-type protein (solid line). The protein concentration was 0.3 mg mL−1 in Tris-HCl buffer, 20 mM (pH 7.0), at 20°C. In A, fluorescence emission spectra
of the folded and unfolded forms are shown as an inset for the variant Y150W. Unfolded state in 5.3 M GdnHCl.
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277.7 nm was observed. However, a clear decrease of the
amplitude of this band was apparent, in agreement with the
amino acid replacements performed (loss of a Tyr or Phe
residue).

To gain additional structural insight into the effect of the
amino acid substitutions, circular dichroism (CD) spectros-
copy was used. The far-UV CD spectra of the variants are
very similar to that of the wild-type SHaPrP90–231 (Fig. 2C),
suggesting that the variants adopted a native-like fold. All
proteins display spectra typical of �-helical peptides with
minima at 208 and 222 nm. The minor differences in the
spectrum of the Y150W variant could indicate a slight
change in the level of secondary structure, probably a de-
stabilization of helix 1.

In the present study, the unfolding of wild-type
SHaPrP90–231 and its variants was investigated using high
temperature (up to 80°C at 200 MPa) and high pressure (up
to 6000 MPa at 25°C, and/or 40°C). In order to compare the
pressure- and temperature-induced changes we used fourth
derivative UV spectroscopy and fluorescence spectroscopy.

Unfolding and refolding monitored
by fourth derivative UV spectroscopy

The fourth derivative spectra of the wild-type protein
and the two engineered variants in their native and unfolded
states (after heat or pressure treatment) are shown in
Figure 3.

Upon unfolding, the proteins showed an increased sol-
vent exposure of Tyr side chains, as indicated by a blue shift
of the derivative band located within the 270–280-nm re-
gion. For wild-type protein, the Trp-specific derivative band
was red-shifted (∼1.2 nm), indicating that its Trp environ-
ment became less polar at high temperature or high pres-
sure, which may be explained by a closer interaction with
nonpolar residues. As for the variants, the Trp band, origi-
nally located in a less polar environment in the native state,
was not significantly affected. However, caution should be
used regarding the interpretation of this finding, since the
analysis of derivative UV absorbance bands is sometimes
complex due to overlapping Trp and Tyr contributions
(Lange et al. 1996a; Torrent et al. 2003).

The pressure-induced unfolded states of the three proteins
exhibit fourth derivative absorbance spectra with similar
�max values, suggesting that the Tyr and Trp residues are
exposed to solvent to the same degree (Table 1). In contrast,
from thermal experiments, it is obvious that the heat-un-
folded states of these proteins differ in their �max values of
the derivative band corresponding to Tyr. For the variants,
these values are significantly blue-shifted compared to that
of the wild-type SHaPrP90–231, indicating an increased po-
larity of the environment of Tyr residues. On the basis of
these results, it is also apparent that the thermal treatment
leads to an unfolded state with the Tyr residues located in a

more polar environment than the one obtained after increas-
ing pressure.

Upon stepwise release of pressure and temperature, the
original fourth derivative UV spectra were almost fully re-
covered. For the two variants, the spectral changes observed
upon pressure-induced unfolding were too small to discern
a clear unfolding transition. In contrast, temperature-in-
duced unfolding led to clear transition curves, allowing the
determination of thermodynamic parameters (Table 2).
However, the spectral changes were rather small; they could
be resolved only by plotting the cumulative difference am-
plitudes (CDA) within the 275–290-nm range (Tyr effects)
according to Torrent et al. (1999) (Fig. 4). The two variants
exhibited a thermal stability lower than that of wild-type
protein, as judged by the ∼4°–5°C shifts in the transition
midpoint temperature (T1/2). Both variants are slightly
less stable than the wild-type protein (see �GU values in
Table 2).

Figure 3. Fourth derivative spectra of the wild-type protein, Y150W and
F141W variants under the native (solid line) and unfolded conditions (dot-
ted line). (A) Temperature treatment. Unfolded state was at 200 MPa and
80°C. (B) Pressure treatment. Unfolded state was at 480 MPa and 25°C.
Protein concentration was 0.8 mg mL−1 in Tris-HCl buffer, 20 mM (pH
7.0), (pressure experiments) or sodium phosphate buffer, 20 mM (pH 7.0),
(temperature experiments).
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Unfolding and refolding monitored
by intrinsic fluorescence changes

Unfolding of the wild-type protein could not be analyzed by
fluorescence spectroscopy, since the spectral changes were
too small. However, heat and pressure-induced unfolding
and refolding of the two Trp variants were readily moni-
tored by this technique. Figure 5 shows the fluorescence
emission spectra of the native and unfolded states of
Y150W and F141W. A substantial spectral change upon
unfolding was observed for both variants. The emission
maximum was shifted to a higher wavelength because of an
increased exposure of the introduced Trp residue, from a
partially solvent-shielded environment to the aqueous sol-
vent. The �max for Y150W was shifted from 336 to 352 nm
after high-temperature treatment and to 349 nm after high-
pressure treatment. The �max for F141W was shifted from
344 to 349 nm upon increase of temperature, and to 351 nm
at high pressure. Upon unfolding, the Trp fluorescence

emission intensity was greatly quenched. The unfolding
transition was monitored using changes in center of spectral
mass (Fig. 5). For both variants, the equilibrium unfolding
processes were found to be almost fully reversible. The
thermodynamic parameters deduced from changes of the
center of spectral mass were determined within the frame of
a two-state model (Table 3). Since some transitions were not
completely reversible, the deduced thermodynamic param-
eters should be considered as indicative. However they are
in good agreement with those derived from absorbance.
Both variants show similar stabilities. The transition curves
of these proteins are very similar, with comparable transi-

Table 2. Thermodynamic parameters of SHaPrP90–231 and its variants forms calculated from
UV absorbance spectroscopy

Protein

Temperature-induced unfoldinga

�ST1/2

(J mol−1 K−1)
�HT1/2

(KJ mol−1)
T1/2

(°C)
�GU200MPa, 25°C

b

(KJ mol−1)
�GU200MPa, 40°C

b

(KJ mol−1)

WT 585 (61) 193 (20) 56 9.67 7.23
Y150W 508 (56) 165 (18) 51 7.19 4.49
Y141W 452 (70) 148 (22) 54 5.66 4.52

Numbers in parentheses are the standard errors of the data.
a The temperature denaturation profile was recorded at 200 MPa.
b Free energy of unfolding at 200 MPa and 25°C or 40°C.

Figure 4. (A) Fourth derivative UV spectra of Y150W at 21°C (solid line)
and 80°C (dashed line). (B) Temperature unfolding curve for this PrP
variant. The CDA was plotted upon increasing (●) and decreasing (�)
temperature. Solid line is the nonlinear least-squares fit of the data based
on a two-state model. Experimental conditions: Y150W at 0.8 mg mL−1 in
sodium phosphate buffer, 20 mM (pH 7.0), P � 200 MPa.

Table 1. Wavelength of the maximum 4th derivative band

Temperature-induced unfolding

Protein

�max (nm)
270–280 nm region

�max (nm)
285–295 nm region

Native
(25°C,

200 MPa)

Unfolded
(80°C,

200 MPa)

Native
(25°C,

200 MPa)

Unfolded
(80°C,

200 MPa)

WT 277.8 276.3 289.8 291.1
Y150W 277.2 275.3 290.7 290.8
Y141W 277.4 274.0 290.8 290.5

Pressure-induced unfolding

Protein

�max (nm)
270–280 nm region

�max (nm)
285–295 nm region

Native
(0.1 MPa,

25°C)

Unfolded
(480 MPa,

25°C)

Native
(0.1 MPa,

25°C)

Unfolded
(480 MPa,

25°C)

WT 277.7 276.9 289.3 290.5
Y150W 277.6 276.2 290.4 291.0
Y141W 277.7 276.9 290.3 290.7
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tion midpoints and free energies. However, in all cases the
values of �GU of temperature-induced unfolding transitions
are higher (15%–23%) than the corresponding values ob-
tained from pressure experiments. Although—as stated
above—the thermodynamic parameters are only indicative
(due to a small irreversible component of the transitions),
this points to a different mechanism of pressure- and tem-
perature-induced unfolding.

The effects of sub-zero temperatures

In order to discern protein structural changes on decreasing
temperature, experiments were carried out at a constant

pressure of 200 MPa. Under this condition, water stays in
the liquid state even at −20°C in the absence of anti-freeze
cosolvents (Bridgman 1935). Significant conformational
changes and entire cold-induced unfolding transitions were
observed at pH 4.0. The major transition took place between
5° and −20°C. Pressure-assisted cold unfolding of both vari-
ants was accompanied by a red shift of the maximum of the
fluorescence emission spectra, indicating that the Trp resi-
dues became more water-exposed. Furthermore, a blue shift
of the Tyr band of the fourth derivative UV absorbance
spectra was observed, indicating that at low temperatures
the Tyr residues are also in a more polar environment (data
not shown). From the sigmoidal profile of the unfolding

Table 3. Thermodynamic parameters of SHaPrP90–231 variants forms calculated from
fluorescence spectroscopy

Protein

Pressure-induced unfoldinga

�GU0
b

(KJ mol−1)
�VU

(ml mol−1)
P1/2

(MPa)
�GU200MPa, 25°C or 40°C

c

(KJ mol−1)

Y150W 25°C 9.71 (0.85) −24.3 (2.2) 399 4.85
40°C 8.80 (0.18) −25.2 (0.5) 349 3.76

F141W 25°C 9.61 (0.27) −25.5 (0.8) 377 4.51
40°C 9.10 (0.06) −27.6 (0.19) 330 3.58

Protein

Temperature-induced unfoldinga

�ST1/2

(J mol−1 K−1)
�HT1/2

(KJ mol−1)
T1/2

(°C)
�GU200MPa, 25°C

c

(KJ mol−1)
�GU200MPa, 40°C

c

(KJ mol−1)

Y150W 458 (14) 151 (4) 56 5.71 5.07
F141W 459 (24) 150 (8) 53 5.88 4.58

Numbers in parentheses are the standard errors of the data.
a Unfolding transitions obtained upon increasing pressure were carried out at 25°C or 40°C. The temperature
denaturation profile was recorded at 200 MPa.
b Free energy of unfolding at atmospheric pressure and 25°C.
c Free energy of unfolding at 200 MPa and 25°C or 40°C.

Figure 5. Left panels: Fluorescence emission spectra of the native and unfolded state for the temperature- and pressure-induced unfolding of Y150W (A
and C, respectively) and F141W (B and D, respectively). Right panels: Transition curves for the thermally and pressure-induced unfolding/refolding of
Y150W (A and C, respectively) and F141W (B and D, respectively). Experimental conditions: Pressure experiments were performed in Tris-HCl buffer,
20 mM (pH 7.0), at 40°C, and temperature experiments in sodium phosphate buffer, 20 mM (pH 7.0), at 200 MPa. Protein concentration was 0.3 mg mL−1.
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transitions monitored by the center of spectral mass (Fig. 6),
with a midpoint transition temperature of −5.5°C (Y150W)
and −8°C (F141W), the thermodynamic parameters were
deduced. For Y150W: �ST1/2 � −386 ± 18 J mol−1 K−1,
�HT1/2 � −103 ± 5 KJ mol−1. For F141W: �ST1/2�
−376 ± 33 J mol−1 K−1, �HT1/2 � −100 ± 9 KJ mol−1.

Upon return of the sample to −5°C and further compres-
sion up to 450 MPa, additional conformational changes
were induced for the F141W variant, leading to an even
higher solvent exposure of the Trp residues, as revealed by
the decrease in center of mass of fluorescence emission
spectra (Fig. 6B). In contrast, for the F150W variant, both
cold- and pressure-induced unfolded states had comparable
center of spectral mass values (Fig. 6A). In both proteins,
the induced transition was completely reversible after de-
compression. From these experiments, we can conclude that
pressure-assisted cold unfolding did not lead to a com-
pletely unfolded state of F141W variant. Indeed, cooling the
sample to −20°C at 200 MPa induced the transition to a
stable conformation, which is only partially unfolded. For

both variants, we note that above 450 MPa, the fluorescence
emission maximum was slightly blue-shifted, as stated by a
small increase in the center of spectral mass. For the
Y141W variant, this phenomenon was enhanced at a higher
protein concentration (2 mg mL−1) and at pH 5.5 and −10°C
(Fig. 7). Remarkably, the center of spectral mass value of
the misfolded state obtained at −10°C and 550 MPa was
similar to that monitored for the native state, indicating that
the microenvironment of the Trp residues became more sol-
vent-exposed within the initial stages of unfolding, and then
became less polar in a second unfolding step. A different
trend was seen with F150W: A reversible aggregation pro-
cess, with almost no change in the center of spectral mass
values, was observed above 450 MPa and at identical ex-
perimental conditions (data not shown). The above-men-
tioned decrease in average polarity in the vicinity of the Trp
residues at high pressures for F141W is compatible with Trp
shielding. Interestingly, no aggregation process was detect-
able under such conditions, as monitored by the change in
light scattering intensity (data not shown). Together with
the fact that the spectral changes were fully reversible, this
indicates strongly that the specific spectral changes ob-
served upon compression above 450 MPa are attributable
only to conformational changes of the protein. Thus, the
conformational state of the F141W variant monitored at
−10°C and 550 MPa could be an important precursor of
later stages of the assembly process. In fact, at physiological
pH, the partial shielding of the Trp residues was concomi-
tantly associated with aggregation processes, yielding a
sharp increase in light scattering intensity (data not
shown). Furthermore, a completely different state of F141W
under pressure (550 MPa) with fully solvated Trp resi-
dues (�max � 353 nm) was obtained at 25°C and at pH 5.5
(Fig. 7).

Salt-induced conformational conversion

It has been shown that under mildly denaturing conditions
such as acidic pH and the presence of chaotropic agents, the

Figure 6. Pressure-assisted cold unfolding (filled circles, temperature
scale), and pressure unfolding at −5°C (open circles, pressure scale) and
refolding (open triangles, pressure scale) curves for Y150W (A) and
F141W (B) variants. The protein conformational changes were recorded by
the changes of fluorescence emission spectra, reported as center of spectral
mass (CSM). Protein concentration was 0.3 mg mL−1 in sodium acetate
buffer, 20 mM (pH 4.0).

Figure 7. Pressure unfolding (filled circles) and refolding (open circles)
curves at 25°C. Pressure unfolding (filled triangles) and refolding (open
triangles) curves at −10°C. Protein was F141W variant, and concentration
was 2 mg mL−1 in sodium acetate buffer, 20 mM (pH 5.5).
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962 Protein Science, vol. 14



recombinant prion protein undergoes a transition to a �-
sheet-rich structure having features in common with the
infectious isoform (Swietnicki et al. 2000; Morillas et al.
2001; Baskakov et al. 2002). We have observed that wild-
type SHaPrP90–231 at pH 4.0, in the absence of denaturant, if
incubated at 37°C in the presence of low concentrations of
NaCl (150 mM) converts to a �-sheet-rich form. No aggre-
gation processes were observed under these conditions. As
monitored by CD (Fig. 8), the data fit well to a model
assuming two exponential relaxation processes. The corre-
sponding relaxation times for wild-type protein are �1 � 42
min and �2 � 464 min. The amplitude of the rapid phase is
only ∼9% of the final molar ellipticity value. The conver-
sion process was altered in both variants, which exhibited
significantly faster decays. The resultant relation times for
Y150W are �1 � 6 min and �2 � 56 min, and �1 � 13 min
and �2 � 83 min for F141W. For both variants, the ampli-
tude of the faster phase dominates over the slower phase,
being about 75% (Y150W) and 54% (F141W) of the final
molar ellipticity value. In addition, the final induced con-
formational states in both variant forms have more �-sheet
and less �-helix structure than the wild-type protein, sug-
gesting that the amino acid replacements performed allow
for a more profound reorganization of the PrP structure.

Discussion

Analysis of the pressure- and
heat-induced unfolding processes

The fourth derivative UV spectra monitor average changes
of the microenvironment of Tyr and Trp residues.
SHaPrP90–231 contains 10 Tyr and two Trp residues. The
three-dimensional structure of the protein shows that while
the Tyr residues are homogeneously distributed along the
polypeptide chain, with the sole exception of �-helix 2
(which does not contain any Tyr residue), the Trp residues
are largely solvent-exposed and located outside the stable
protein core (James et al. 1997; Liu et al. 1999). Specifi-
cally, Trp99 is positioned at the flexible unstructured N-
terminal part of the molecule, and Trp145 at the beginning
of the relatively isolated first �-helix. As a result, the in-
formation obtained from Tyr depicts overall protein struc-
tural events. Since the fluorescence intensity and emission
maximum of intrinsic Trp residues of SHaPrP90–231 which
are already solvent-exposed in the native state do not
change during unfolding, the use of protein variants pos-
sessing additional Trp residues (Y150W and Phe141W) was
required to study site-specific unfolding/refolding events
using fluorescence spectroscopy.

The fluorescence from Tyr residues in wild-type
SHaPrP90–231 is evident upon excitation at 265 nm, but is
strongly quenched in the native state of the Trp variants.
The observed Tyr quenching results from proton transfer in
the excited state, most likely because of specific interactions
with neighboring residues and with the engineered Trp. Tyr
quenching is abolished in the completely unfolded state.
This observation provides evidence that the conformational
change induced upon unfolding breaks the close contact
between the introduced Trp residue and the Tyr residues.
The heat- and pressure-induced equilibrium unfolding tran-
sitions obtained by monitoring the Trp fluorescence and the
UV absorbance changes in the Tyr spectral region lead to
comparable free energies, indicating that region-localized
and global unfolding exhibit concerted behavior. The small
differences observed between parameters determined by ab-
sorbance and fluorescence experiments suggests that, under
the experimental conditions used, the cooperativity of un-
folding might not be complete (especially for variant
Y150W). However, given the indicative nature of the ther-
modynamic parameters, this possibility remains hypotheti-
cal.

Unfolding intermediates arise under
pressure-assisted cold unfolding

Heremans and Smeller (1998) pointed out that high pres-
sure- and low temperature-induced unfolding are both
driven by negative volume changes. Furthermore, several

Figure 8. (A) Far-UV circular dichroism spectra of Y150W variant. Spec-
tra were recorded at a 0.2 mg mL−1 protein concentration in sodium acetate
buffer, 20 mM (pH 4.0), at 37°C (solid line), and under the same conditions
6 h after adding NaCl 150 mM (dashed/dotted line). (B) Time-dependent
change in ellipticity at 222 nm for wild-type protein (dashed line), F141W
variant (dashed/dotted line), and Y150W variant (solid line). Lines repre-
sent best fits of data to a double exponential decay function. The end point
of the conformational transition for wild-type protein was monitored at 28
h. Its molar ellipticity value is shown as a trait marker. The protein con-
centration was 0.2 mg mL−1 in sodium acetate buffer, 20 mM, NaCl 150
mM (pH 4.0), at 37°C.
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experimental observations suggest a structural similarity be-
tween pressure- and cold-induced unfolded states, which
retain significant amounts of secondary structure (Jonas
2002; Meersman et al. 2002). In our experiments, PrP vari-
ants (0.3 mg mL−1 [pH 4.0]) were first subjected to cold
unfolding (200 MPa, −20°C). After return to −5°C, a pres-
sure-induced unfolding (up to 550 MPa) was performed.
The main observation here was that cold-induced unfolding
of F141W variant led to a structure which was only partially
unfolded. A further unfolding step was then achieved by
compressing to 550 MPa. Moreover, our results indicated
that the heat-induced unfolding led to an even more com-
plete loss of the structure than the one obtained after in-
creasing pressure. This became clearly evident from the
stronger polarity of the environment of Tyr residues, and the
larger �GU values of the heat-induced unfolding transitions.

Additional information on the pressure-induced confor-
mational changes at low temperatures (−10°C) and acidic
pH (pH 5.5) came from the use of the F141W variant at a
higher protein concentration (2 mg mL−1). Above 450 MPa,
after an initial partial unfolding event, the protein experi-
ences a further structural reorganization (monitored by fluo-
rescence spectroscopy) leading to a significant shielding of
its Trp residues, without any apparent aggregation process.
Since the engineered Trp residue is located within the 132–
160 region, we propose that this part of the PrP molecule is
concerned in the conformational change observed. This
conformational rearrangement does not seem to encompass
the whole molecule, as no equivalent process was observed
by monitoring average changes of the microenvironment of
Tyr residues using UV absorbance spectroscopy. Interest-
ingly, at neutral or basic pH, the above-mentioned structural
rearrangement leads to aggregation. This is consistent with
the hypothesis that the N-terminal subdomain 90–167, con-
taining the two �-strands and the rather isolated first �-he-
lix, is involved in structural rearrangements and association
processes leading to PrPSc formation. Therefore, the aber-
rant conformational states obtained in this study could rep-
resent important precursors or intermediate states of later
stages of the assembly process to the pathogenic form. Par-
tially structured intermediates have been previously ob-
served for a number of recombinant PrP proteins carrying
amino acid substitutions associated with familial forms of
prion disease (Apetri and Surewicz 2002; Vanik and
Surewicz 2002; Apetri et al. 2004) or subjected to partially
destabilizing conditions (Baskakov et al. 2002; Martins et
al. 2003). In addition, conditions expected to increase the
population of intermediates are known to stimulate the
seeded conversion of PrPC to a PrPSc-like form (Kocisko et
al. 1994; Horiuchi and Caughey 1999; Wong et al. 2001).
The observed dependence of protein aggregation on pH
points to the participation of electrostatic interactions. The
assembly of PrP molecules observed at pH 7.0 or higher is
likely to be impeded at acidic pH by electrostatic repulsion

between positively charged residues in the protein. At pH
5.5, PrP has a net charge of +8, whereas at pH 7.0 its net
charge is +4. At a pH near the isoelectric point, it seems
likely that hydrophobic patches exposed to solvent at high
pressure (Torrent et al. 2004) will favor aggregation by
increasing the tendency of the molecules to stick together.
Because of the specific structural effects of pressure (studies
of model systems show that hydrogen bonds are stabilized
by high pressure), it is conceivable as well that new inter-
molecular hydrogen bonds may contribute in the assembly
of the species formed at neutral pH, and at −10°C and 550
MPa.

Formation of a �-sheet-rich isoform is kinetically
enhanced by mutation in the N-terminal region

Conditions of acidic pH, 37°C, and the presence of NaCl
trigger the conformational transition of SHaPrP90–231 to a
form rich in �-sheet structure, without requiring the pres-
ence of chemical denaturing agents. Y150W and F141W
variants are characterized by a substantially increased pro-
pensity to form a �-sheet-rich form under identical condi-
tions. As has been hypothesized (Liu et al. 1999; Calzolai
and Zahn 2003), this conformational transition may be ex-
plained structurally in terms of a potential secondary struc-
tural reorganization of the long hairpin subdomain expand-
ing residues 124–167. Although the amino acid substitution
performed does not significantly affect native structure and
overall protein stability, it is conceivable that Tyr150 and
Phe141 contribute to maintain specific structural interac-
tions to preserve local architecture in the hairpin region.
However, under the above-mentioned destabilizing condi-
tions, this region, which does not belong to the well-struc-
tured hydrophobic core, may promote the formation of new
intra- or intermolecular interactions. It may thus act as a
nucleus in the formation of �-sheet structure. The enhanced
propensity of both variants to convert into a �-sheet isoform
fits well with the large amount of data suggesting heterog-
eneous conformational propensities of this region (Derreu-
maux 2001). Interestingly, low hydrogen-deuterium ex-
change protection factors have been identified for this re-
gion (Liu et al. 1999), a fact which further underlines its
conformational instability.

Concluding remarks

The fact that PrP possess an inherent tendency to undergo a
profound structural reorganization argues strongly in favor
of a causal role of protein misfolding in the pathogenic
process. However, the mechanisms of conformational modi-
fication and aggregation of PrP remains to be proven. In
conjunction with earlier observations (Alvarez-Martinez et
al. 2003; Torrent et al. 2003, 2004), our results indicate that
high pressure arises as a new strategy for approaching their
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study. The high-pressure approach applied to single-point
variants of the 132–160 region revealed an ensemble of
conformations between native and unfolded states of PrP.
This argues in favor of a central, eventually initial role of
this region in the PrPC to PrPSc conversion. Depending on
the experimental conditions used, the pressure-induced in-
termediate states underwent aggregation. Therefore, the elu-
cidation of pressure effects on amyloidogenic proteins could
help to understand the conformation and dynamics of the
species involved in the initial stages of aggregation. It
would be interesting now to carry out nuclear magnetic
resonance measurements on such folding intermediates as a
function of pressure, and to design drugs susceptible to bind
specifically to the 132–160 part of the molecule, in order to
confirm its role in PrP misfolding, and further on to inhibit
the misfolding reaction.

Materials and methods

Prion protein

Recombinant SHaPrP90–231 was prepared from Escherichia coli
BL21(DE3) as described (Alvarez-Martinez et al. 2003). The se-
quence of this protein corresponds to the sequence of the PK-
resistant core of PrPSc, denoted PrP 27–30, which transmits the
disease. Site-directed mutagenesis using a QuikChange kit (Strata-
gene) was performed on the gene, giving rise to two PrP variants
in which phenylalanine 141 or tyrosine 150 was replaced by tryp-
tophan. Both mutations were verified with DNA sequencing. The
production and purification of the variant proteins were carried out
as described for wild-type SHaPrP90–231. Protein concentration
was routinely determined spectrophotometrically using, for wild-
type protein, a molar extinction coefficient at 278 nm of 25327
M−1 cm−1. The extinction coefficients for Y150W and F141W
variants were estimated according to the method of Gill and von
Hippel (1989), and at 278 nm were found to be 29,527 M−1 cm−1

and 30,927 M−1 cm−1, respectively.

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, the proteins were dissolved in 20 mM sodium phos-
phate buffer, pH 7.0. These buffers were selected for their rela-
tively small pressure and thermal pH dependencies, respectively
(Kitamura and Itoh 1987). Heat-induced unfolding studies were
performed at a pressure of 200 MPa to avoid PrP aggregation
(Torrent et al. 2003). The final protein concentration was 0.8 mg
mL−1. 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 Inc.) absorption
spectrometer (Lange et al. 1996b). Following each pressure or
temperature change, typically in steps of 20 MPa or 3°C, the
sample was allowed to equilibrate for 6 min before the next mea-
surement. Each spectrum was corrected for pressure and tempera-
ture dependence of the sample volume, and the fourth derivative
spectra were determined as described (Lange et al. 1996a,b). Tran-
sitions between two spectral forms were quantified within the 275–

290-nm range, typical of Tyr effects, by cumulative difference
amplitude (CDA) as reported (Torrent et al. 1999).

Fluorescence spectroscopy

Fluorescence emission spectra were recorded on an Aminco-Bow-
mann Series 2 luminescence spectrometer (SLM Aminco), modi-
fied to accommodate a thermostated pressure cell. Protein concen-
trations of 0.3 mg mL−1 in the same buffers as for absorption were
used for pressure and temperature measurements, unless stated
otherwise. Solutions were placed in a cylindrical 5-mm-diameter
quartz cuvette. Cold-induced unfolding studies were carried out at
a pressure of 200 MPa, which allows the possibility of lowering
the temperature down to −20°C without freezing (Bridgman 1935).
Trp fluorescence was measured by exciting at 295 nm (4-nm slit)
and emission (8-nm slit) being recorded between 315 and 420 nm
(average of three scans). Spectra were analyzed by calculating the
center of spectral mass (Silva et al. 1986; Ruan and Weber 1989)
between 315 and 400 nm. For monitoring Tyr and Trp fluores-
cence, excitation was at 265 nm (4-nm slit), and emission spectra
(8-nm slit) were collected (accumulation of three scans) between
280 and 400 nm. Fluorescence was observed to equilibrate well
within a 6-min pause before each measurement. Specially, during
cooling the samples were allowed to equilibrate for 10 min at each
condition, and the windows of the pressure cell were flushed with
pure dry nitrogen to avoid condensation.

Protein aggregation was followed by monitoring the changes in
light scattering intensity at 340 nm (4-nm slit widths).

Thermodynamics

The thermodynamic parameters of the pressure- and temperature-
induced spectral transitions were determined by using a simple
two-state model,

K =
X � Xn

Xd − X
=

d

n
(1)

where K is the equilibrium constant between the denatured (d) and
the native (n) protein conformational states, which are character-
ized by the spectral CDA values Xd and Xn, respectively. X is the
measured CDA value. Introducing thermodynamic relationships,
equation 1 transforms to

X =
Xn − Xd

1 + e−���GU0+p�VU��RT �
+ Xd (2)

and

X =
Xn − Xd

1 + e−���HT1�2−T�ST1�2��RT �
+ Xd (3)

for the pressure and temperature denaturation, respectively. The fit
of X � f(p) and X � f(1/T) in equations 2 and 3 permitted then the
determination of the thermodynamic parameters. �GU for tem-
perature-induced unfolding has been calculated using equations
3–5, and the fitted values of �HT1/2 and �ST1/2. A fixed �Cp value
(change in heat capacity for the denaturation reaction) of 5.63 kJ
K−1 mol−1 was used (Torrent et al. 2003).

�HT = �HT1/2
+ �Cp��T − T1�2�� (4)
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�ST = �ST1/2
+ �Cp ln�T�T1�2�� (5)

�GUT
= �HT − T�ST (6)

Circular dichroism spectroscopy

CD spectra of native PrP proteins were recorded at 20°C using a
J810 spectropolarimeter (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). The protein concentration was 0.3 mg mL−1,
and the buffer was 20 mM Tris-HCl buffer at pH 7.0. 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 sec. The
sample compartment was purged with pure dry nitrogen. Spectra
were signal-averaged over four scans. The kinetics of conforma-
tional transition to �-sheet structure were followed by changes in
ellipticity at 222 nm. The proteins (0.2 mg mL−1) were incubated
in 20 mM sodium acetate buffer (pH 4.0), containing 150 mM
NaCl, at 37°C.
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