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ABSTRACT: According to the “protein-only” hypothesis, the critical step in the pathogenesis of prion diseases
is the conformational transition between the normal (PrPC) and pathological (PrPSc) isoforms of prion
protein. To gain insight into the mechanism of this transition, we have characterized the biophysical
properties of the recombinant protein corresponding to residues 90-231 of the human prion protein
(huPrP90-231). Incubation of the protein under acidic conditions (pH 3.6-5) in the presence of 1 M
guanidine-HCl resulted in a time-dependent transition from anR-helical conformation to aâ-sheet structure
and oligomerization of huPrP90-231 into large molecular weight aggregates. No stable monomericâ-sheet-
rich folding intermediate of the protein could be detected in the present experiments. Kinetic analysis of
the data indicates that the formation ofâ-sheet structure and protein oligomerization likely occur
concomitantly. Theâ-sheet-rich oligomers were characterized by a markedly increased resistance to
proteinase K digestion and a fibrillar morphology (i.e., they had the essential physicochemical properties
of PrPSc). Contrary to previous suggestions, the conversion of the recombinant prion protein into a PrPSc-
like form could be accomplished under nonreducing conditions, without the need to disrupt the disulfide
bond. Experiments in urea indicate that, in addition to acidic pH, another critical factor controlling the
transition of huPrP90-231 to an oligomericâ-sheet structure is the presence of salt.

Prion diseases are neurodegenerative disorders that affect
animals and humans. In animals, the best known forms are
scrapie in sheep and bovine spongiform encephalopathy in
cattle, whereas the human variants include Creutzfeldt-Jakob
disease, Gerstmann-Straussler-Scheinker disease, and fatal
familial insomnia. The unique feature of these diseases is
that, in addition to sporadic and inherited forms, they may
be acquired by transmission of an infectious agent (1-4).

According to the “protein-only” hypothesis, the infectious
prion pathogen consists of an abnormal prion protein, PrPSc1

(1, 5, 6). This protein is an altered isoform of a normal
cellular protein, PrPC, that is host-encoded by a chromosomal
gene and abundantly expressed in mammalian cells. PrPC is
a 209-residue glycoprotein that has a single disulfide bridge,
two N-glycosylation sites, and a glycosyl phosphatidylinositol
anchor (7). It is localized in cholesterol-rich membrane
microdomains called rafts or caveo-like domains (8). The
covalent structure of PrPSc is most likely identical with that
of PrPC (7, 9). However, the two prion protein isoforms have
profoundly different physical properties. PrPC exists as a
monomer that is readily degradable by proteinase K, whereas
PrPSc forms insoluble aggregates that show high resistance

to proteinase K digestion and often have the characteristics
of an amyloid (10-13). Furthermore, in contrast to a largely
R-helical structure of PrPC, the PrPSc isoform is characterized
by a high content ofâ-sheet structure (14-17).

The conformational transition of PrPC whereby some
R-helices are converted to an oligomericâ-sheet structure
is believed by many to constitute a critical step in the
pathogenesis of prion disorders (1). A key to understanding
the molecular mechanism of the PrPC to PrPSc conversion is
to determine the folding pathway and aggregation properties
of the prion protein. In this study, we have explored the
biophysical properties of the recombinant protein corre-
sponding to residues 90-231 of the human prion protein
(huPrP90-231). According to the NMR data, the recombi-
nant prion protein contains a well-structured core domain
(residues 125-231) consisting of threeR-helices and two
shortâ-strands, whereas the N-terminal part of the molecule
is highly flexible and largely unordered (18-20). The 90-
231 region of the prion protein is of special interest, since it
encompasses the entire sequence of the proteinase K-resistant
core of PrPSc, contains all point mutations associated with
hereditary human prion disorders, and is sufficient for the
propagation of the disease (1, 4). Our data shows that, under
appropriate solvent conditions, huPrP90-231 spontaneously
converts to an oligomeric form with the physicochemical
properties very similar to those of PrPSc. We also demonstrate
that, contrary to previous suggestions (21), the recombinant
prion protein may acquire the PrPSc-like properties without
the need to reduce the disulfide bond. These findings provide
a new insight into the mechanism of the conversion between
the normal and pathogenic forms of prion protein.
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MATERIALS AND METHODS

Plasmid Construction.cDNA coding for the N-terminally
truncated human prion protein (huPrP90-231) was amplified
from a plasmid pVZ21 (22) by PCR using primers 5′-CAT

GGT GGTGGA TCCGGG TCA AGG AGG and 5′-GAG

GAT CGA GCT GAG AAT TCC TCT CCA CCT G. After
digestion withEcoRI andBamHI enzymes (restriction sites
indicated in italics), the amplified cDNA and a double
stranded linker coding for the thrombin cleavage site (5′-P-
CT AGC CTG GTT CCG CGT GGT TCG and 5′- P-G ATC
CGA ACC ACG CGG AAC CAG G) were ligated into a
pRSET B vector (Invitrogen) that was predigested withNheI
andEcoRI enzymes. The final construct coded for huPrP90-
231 fused to an N-terminal linker containing 6xHis tail and
a thrombin cleavage site. A GSDP fusion at the N-terminus
remained after thrombin cleavage of the linker. All DNA
manipulations were carried out according to standard pro-
tocols (23). DNA sequence of the construct was verified by
automated DNA sequencing at the Case Western Reserve
University Molecular Biology Core Facility.

Protein Expression and Purification.Protein was ex-
pressed and purified as described previously (24), with the
exception that the His tail was cleaved by 4 h treatment at
room temperature with 10 units thrombin/mg protein (10 mM
potassium phosphate, pH 6.4) and subsequent ion exchange
chromatography was performed on a CM Sepharose column
(Pharmacia) using a linear 0-500 mM gradient of NaCl in
10 mM phosphate, pH 6.4. The purity of the final product
was better than 95% as judged by SDS-polyacrylamide gel
electrophoresis. The identity of the protein was further
confirmed by mass spectrometry. Formation of the disulfide
bond was verified by the lack of free thiol groups in the
unfolded protein, as determined by the inaccessibility of
cysteine residues to derviatization with iodoacetic acid.
Protein concentration was determined spectrophotometrically
using the molar extinction coefficient,ε276, of 21 640 M-1

cm-1.
Spectroscopic Measurements.Far-UV circular dichroism

spectra were obtained on a Jasco J-600 spectropolarimeter
at room temperature. The measurements were performed in
a 0.2 mm or 1 mm path length cylindrical cell. Light angle
light scattering experiments were performed at 400 nm using
an SLM 8100 spectrofluorometer.

Size-Exclusion Chromatography.Size-exclusion chromato-
graphic measurements were performed using the FPLC
system equipped with a Superose 6 10/30 HR gel filtration
column (Pharmacia). Before each run, the column was
preequilibrated with at least five column volumes of the
elution buffer. A typical flow rate was 0.35 mL/min, and
the elution of protein from the column was monitored by
measuring absorbance at 280 nm. Calibration of the column
was performed using molecular weight standards for size
exclusion chromatography (Sigma).

Proteinase K SensitiVity. A sample of huPrP90-231 (0.4
mg/mL) was preincubated for 24 h with or without GdnHCl
in 50 mM sodium acetate, pH 4.0. The protein was then
transferred to the digestion buffer (1 mM EDTA, 0.05%
sodium deoxycholate, 50 mM sodium acetate, pH 4) contain-
ing various concentrations of proteinase K (0-50 µg/mL)
and incubated for 1 h at 37°C. The digestion reaction was

terminated by addition of Pefabloc (Boehringer Mannheim)
to a final concentration of 3 mM. After the sample was boiled
in a loading buffer (3% SDS, 3%â-mercaptoethanol, 2 mM
EDTA, 62.5 mM Tris, pH 6.8), protein fragments were
separated by SDS-polyacrylamide gel electrophoresis and
transferred onto an Immobilon P membrane (Millipore) for
Western blot analysis. Prion protein was detected by 3F4
antibody (25) using the enhanced chemiluminescence kit
(Amersham). In control experiments with other proteins, it
was verified that proteinase K in the presence of 1 M
GdnHCl retained its proteolytic activity.

Electron Microscopy.For electron microscopy studies,
protein solution (0.4 mg/mL) was preincubated for 24 h at
room temperature in a buffer (10 mM sodium acetate, pH
4.0), containing 0.5 or 1 M GuHCl. A drop of each sample
was placed on a carbon-coated EM grid (Electron Micros-
copy Sciences) and negatively stained with 2% (w/v) aqueous
uranyl acetate. As a control, a sample of huPrP90-231 in
the absence of the denaturant was prepared by the identical
method. Grid preparations were visualized using a JEOL
100CX transmission microscope operating at 80 keV.

RESULTS

pH-Dependent Conformation of huPrP90-231 in 1 M
GdnHCl. In the previous study, we showed that low
concentrations of GdnHCl at acidic pH induce a transition
in PrP90-231 from anR-helix to aâ-sheet structure (26).
To gain insight into the mechanism of this pH-dependent
conformational transition, herein we have performed more
detailed biophysical studies with the recombinant prion
protein.

Figure 1 shows far-UV CD spectra of huPrP90-231 in 1
M GdnHCl, pH 4.0, as a function of time. In the absence of
the denaturant, the spectrum has a double minimum at 222
and 208 nm and is characteristic of anR-helical structure
(27). Upon addition of 1 M GdnHCl, there was a time-
dependent decrease in the negative ellipticity, concomitant
with a change in the shape of the spectrum to the one
characteristic of proteins rich inâ-sheet structure (minimum
at approximately 215 nm). The spectral changes described
above were highly reproducible (all results reported in this

FIGURE 1: Time-dependent changes in far-UV circular dichroism
spectrum of huPrP90-231 in the presence of 1 M GdnHCl at pH
4.0. The spectra shown were recorded 2 min (0), 40 min (×), and
90 min (∆) after the addition of GdnHCl. Trace (b) represents the
spectrum of the protein at pH 4.0 in the GdnHCl-free buffer. The
concentration of the protein in each case was 0.4 mg/mL.
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study are based on at least three independent experiments).
Quantitative determination of protein secondary structure in
the presence of GdnHCl was, however, not feasible, since
absorption of the denaturant precluded CD measurements
below 205 nm.

To study the kinetics of the transition fromR-helix to a
â-sheet-rich conformation under different experimental con-
ditions, we followed the time course of the decrease in the
negative ellipticity at 222 nm,Θ222 (Figure 2). At pH between
3.6 and 4.4, the initial very rapid drop inΘ222 (that occurred
within the 30 s dead-time of the experiment) was followed
by a much slower phase. The rapid event most likely
represents partial unfolding of the (presumably monomeric)
protein. The above assignment of the rapid phase is consistent
with recent data showing that the unfolding of mouse
PrP121-231 in vitro is extremely fast, occurring on the time
scale of milliseconds (28). The slow phase, on the other hand,
is concomitant with changes in the shape of the spectrum to
the one characterized by a single minimum around 215 nm
(see Figure 1). Therefore, this phase appears to represent
the formation of aâ-sheet structure. The interpretation of
the kinetic traces at highly acidic pH is strongly supported
by data obtained at pH 5. Under the latter conditions, 1 M
GdnHCl is insufficient to significantly unfold the protein
(26). Therefore, consistent with our interpretation, only a
slow phase (corresponding to the helix toâ-sheet transition)
could be seen in theΘ222 versus time plot at pH 5 (see Figure
3 and the discussion below).

Data of Figure 2 shows that the time course of the
GdnHCl-induced helix toâ-sheet transition in huPrP90-
231 is strongly pH dependent. Under highly acidic conditions
and with a protein concentration used in this experiment (0.4
mg/mL), the conformational change was relatively fast,
occurring within less than 1 h at pH 3.6 andapproximately
2 h at pH 4.0. Raising the pH to 4.4 dramatically slowed
the reaction; the transition to aâ-sheet structure was
completed only after approximately 1 day of incubation.
Upon further reduction of acidity to pH 5, the formation of
a â-sheet structure could be observed only after increasing
the concentration of huPrP90-231. As shown in Figure 3,
at pH 5 and with a protein concentration of 1.6 mg/mL, the
spectral changes characteristic ofR-helix toâ-sheet transition

occurred within tens of hours (half-time of approximately
20 h). Noâ-sheet structure formation was observed under
the conditions of neutral pH: the CD spectrum of huPrP90-
231 at pH 7 retained theR-helical character even after two
weeks of incubation in the presence of 1 M GdnHCl (data
not shown for brevity).

The kinetics ofR-helix to â-sheet transition in huPrP90-
231 at a given pH was strongly dependent on the protein
concentration. A representative set of kinetic traces for
huPrP90-231 at pH 4.0 is shown in Figure 4. Clearly, the
reaction becomes faster as the concentration of the protein
is increased. The above concentration dependence strongly

FIGURE 2: Time course of changes in the ellipticity at 222 nm for
huPrP90-231 in the presence of 1 M GdnHCl at pH 3.6 (trace 3),
4.0 (trace 2), and 4.4 (trace 1). The concentration of the protein
was 0.4 mg/mL.

FIGURE 3: A transition of huPrP90-231 to aâ-sheet conformation
in the presence of 1 M GdnHCl at pH 5.0. Panel A: Far-UV circular
dichroism spectra of the protein in the absence of GdnHCl (no
symbol) and recorded 2 min (0), 10 h ((), 23 h (b), 32 h (4) and
67 h (9) after the addition of GdnHCl. Panel B: The kinetics of
changes in ellipticity at 222 nm. The concentration of huPrP90-
231 was 1.6 mg/mL.

FIGURE 4: Time dependence of ellipticity at 222 nm for huPrP90-
231 in 1 M GdnHCl, pH 4.0, at protein concentration of 0.2 (trace
1), 0.4 (trace 2), and 0.8 mg/mL (trace 3). GdnHCl was added to
protein solution at time zero. After 24 h incubation, the spectra at
each protein concentration showed a minimum at 215 nm and were
characteristic of aâ-sheet structure.
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suggests that the formation ofâ-sheet structure in huPrP90-
231 may be associated with the oligomerization of the
protein.

Aggregation State of huPrP90-231 in the Presence of
GdnHCl.The aggregation state of theâ-sheet-rich form of
huPrP90-231 was initially assessed by right angle light
scattering. Although under the present experimental condi-
tions the solution of huPrP90-231 always appeared trans-
parent to the eye, light scattering measurements indicate that
at acidic pH the protein undergoes GdnCl-dependent oligo-
merization. Figure 5 shows the intensity of the scattered light
following 24 h incubation of huPrP90-231 (0.4 mg/mL) at
pH 4 in the presence of increasing concentrations of GdnHCl.
The scattered light reached a maximum at approximately 0.5
M GdnCl and gradually decreased upon further increase of
the concentration of the chaotropic salt. However, at 1 M
GdnHCl the intensity of light scattering still remained 60-
fold higher than that of the protein solution in a GdnHCl-
free buffer. The effect described above was observed only
under acidic conditions: no increase in light scattering was
found upon incubation of huPrP90-231 with GdnHCl at pH
7 (Figure 5).

More detailed information about the aggregation state of
the prion protein was obtained by size exclusion chroma-
tography. In the absence of GdnHCl, huPrP90-231 at pH
between 7 and 4 eluted at a time corresponding to a globular
protein with a molecular weight of approximately 20 kDa.
A slightly higher apparent molecular mass than expected for
huPrP90-231 monomer may be explained by the presence
of an unstructured N-terminal region in the protein (19, 20).
A monomeric state of the protein under these conditions was
further confirmed by quasi-elastic light scattering measure-
ments (data not shown for brevity). At pH 7, even prolonged
incubation with 1 M GdnHCl did not change the elution
profile of the protein. A markedly different behavior was
observed under acidic conditions. The elution profile of
huPrP90-231 at pH 4.0 obtained immediately after addition
of 1 M GdnHCl indicates the presence of a predominant
monomeric species (Figure 6 A). However, following 2 h
incubation in the presence of 1 M GdnHCl, only ap-
proximately 20% of huPrP90-231 retained the monomeric
structure, whereas the vast majority of the protein eluted as
high molecular weight aggregates (Figure 6B). The size of

these oligomeric species varied between approximately 400
and 2000 kDa. The aggregates grew with time, and after
few days, their size was beyond the fractionation limit of
the column (about 4× 107 Da for globular proteins). The
aggregation process was apparently irreversible as neutraliza-
tion of the solution did not restore the monomeric protein.

At pH 4, the aggregation of huPrP90-231 in the presence
of 1 M GdnHCl was too fast to allow a quantitative kinetic
analysis by size exclusion chromatography. However, the
rate of protein oligomerization was markedly reduced upon
increasing the pH to 5. Under such conditions, it was possible
to follow the kinetics of oligomer formation and compare it
with the time-course of GdnCl-induced changes in the CD
spectra of the protein. Figure 7 shows the area of the
chromatographic peak corresponding to the PrP90-231
monomer at pH 5 as a function of preincubation time in the
presence of 1 M GdnHCl (protein concentration of 1.6 mg/
mL). A comparison of this curve with the CD data of Figure
3 indicates the time-course of protein oligomerization and
that of R-helix to â-sheet transition are very similar. The
estimated half-times for huPrP90-231 oligomerization (loss
of the monomeric species) andâ-sheet formation are 22 and
20 h, respectively.

FIGURE 5: Right angle light scattering of huPrP90-231 in GdnHCl
at pH 4.0 (b) and 7.0 (4). Before measurements, samples of the
protein at each GdnHCl concentration were incubated for 24 h.
The concentration of huPrP90-231 was 0.4 mg/mL.

FIGURE 6: Time-dependent oligomerization of huPrP90-231 in 1
M GdnHCl, pH 4.0, as monitored by size exclusion chromatogra-
phy. The chromatographs shown represent elution profiles for the
protein following 2 (A) and 120 min (B) of incubation in the
presence of GdnHCl. The concentration of huPrP90-231 was 0.4
mg/mL.

FIGURE 7: The kinetics of huPrP90-231 oligomerization in 1 M
GdnHCl at pH 5.0 as monitored by size exclusion chromatography.
The area of the peak corresponding to the monomeric protein is
plotted as a function of preincubation time in 1 M GdnHCl. The
concentration of huPrP90-231 was 1.6 mg/mL.
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The â-sheet-rich aggregates formed in the presence of
GdnHCl were thioflavin T positive, as indicated by the
increased fluorescence intensity at 485 nm of the dye in the
presence of the aggregated (but not monomeric) protein (data
not shown for brevity). Binding of thioflavin T suggests that
the aggregates formed by huPrP90-231 have amyloid-like
character (29). The morphology of these aggregates was
further studied by electron microscopy. The micrographs of
the protein incubated at pH 4 with 0.5 or 1 M GdnHCl
showed numerous fibrillar filaments (Figure 8). The fibrils
were about 15 nm in diameter and of variable length. In
addition to the fibrillar structures, amorphous aggregates of
irregular shape were also observed. These two types of
morphologies usually segregated in different parts of the grid
(only the fibril-rich field is shown in Figure 8).

Proteinase K Resistance.Aggregation of huPrP90-231
was accompanied by a substantial increase in the resistance
of the protein to proteinase K digestion. As shown in Figure
9, treatment of a monomeric huPrP90-231 with more than
1 µg/mL of proteinase K resulted in a complete degradation
of the protein. However, preincubation of huPrP90-231
under the conditions promoting formation of an oligomeric
â-sheet structure (pH 4; 0.5 or 1 M GdnHCl) rendered the
protein resistant to the degradation in the presence of as much
as 10µg/mL of proteinase K.

Conformation and Aggregation State of huPrP90-231 in
the Presence of Urea and NaCl.It was recently reported
that the C-terminal fragment of mouse PrP corresponding
to the folded domain (residues 121-231) forms aâ-sheet
structure upon partial unfolding in 3.5-4 M urea under the
conditions of acidic pH (30). To test if urea is also able to
induce theR-helix to â-sheet transition in a physiologically
more relevant longer variant of prion protein, we performed
a series of circular dichroism experiments with huPrP90-
231. As shown in Figure 10A, the CD spectrum of huPrP90-
231 following up to 8 days incubation in 50 mM sodium
acetate containing 3.5 M urea and buffered to pH 4, has a
minimum at 208 nm and a well defined shoulder around 220
nm. The above spectrum is characteristic of a partially
unfolded protein, but not of aâ-sheet structure. However, a
time-dependent transition to a spectrum characteristic of a

â-structure could be observed upon incubation of huPrP90-
231 in the same buffer containing 150 mM sodium chloride
(Figure 10 A). The above transition occurred only at acidic
pH; the CD spectrum of the protein incubated for up to 8
days in 3.5 M urea, 150 mM NaCl at pH 7 retained the
R-helical character (Figure 10B).

FIGURE 8: Electron micrograph taken following 24 h of incubation
of huPrP90-231 (0.4 mg/mL) in the presence of 1 M GdnHCl at
pH 4.0. In addition to the fibrillar structures shown in the
micrograph, numerous amorphous aggregates were also observed.
The fibrillar and amorphous structures segregated in different parts
of the grid; only the fibril-rich field is shown. The bar corresponds
to 250 nm.

FIGURE 9: Proteinase K resistance of huPrP(23-231) following
24 h of incubation at pH 4.0 in the absence (bottom panel) and
presence of 1 M GdnHCl (middle panel) and 0.5 M GdnHCl (top
panel). Approximate molecular weights in kDa are shown on the
left and the concentration of proteinase K inµg/mL is indicated
below each lane.

FIGURE 10: Far-UV circular dichroism spectra of huPrP90-231
in 3.5 M urea. Panel A: Protein was incubated for 48 h in the pH
4.0 buffer containing 3.5 M urea and no NaCl (b) or 150 mM
NaCl (0). The spectra remained unchanged upon further incubation
of the protein up to 8 days. Panel B: Protein was incubated for 48
h in the pH 7.0 buffer containing 3.5 M urea and no NaCl (b) or
150 mM NaCl (0). The concentration of protein in each case was
1 mg/mL.
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In addition to causing a transition to aâ-sheet conforma-
tion, incubation of huPrP90-231 under acidic conditions in
the presence of urea and sodium chloride also resulted in a
time-dependent protein oligomerization (Figure 11). The
aggregates formed under these conditions were characterized
by a relatively uniform size of approximately 400 kDa. No
detectable oligomerization of the protein was found in the
same solvent at neutral pH (Figure 11C).

DISCUSSION

According to the “protein-only” hypothesis, the key
molecular event in the pathogenesis of prion disease is the
conversion of prion protein from anR-helical conformation
of PrPC into the oligomericâ-sheet-rich structure of PrPSc

(1, 2, 4, 6). In this context, it is not surprising that studies
aimed at understanding the structural and biophysical proper-
ties of PrP have recently emerged as a central theme in prion
research. Since it is very difficult to obtain sufficient amounts
of highly purified protein from the brain, the biophysical
studies have relied largely on the recombinant prion protein
expressed in bacterial systems (24, 26, 31-33). Although
the recombinant PrP lacks glycosylation and the glycosyl
phosphatidylinositol anchor, its secondary and tertiary struc-
ture appear to be very similar to that of brain PrPC (34).
This protein provides a very useful model for studying the
physicochemical properties and conformational transitions
of the prion protein (18-21, 26, 28, 30, 31, 33-36).

In the previous study, we showed that in the presence of
relatively low concentrations of GdnHCl under acidic condi-
tions, huPrP90-231 undergoes a major transition from an
R-helical conformation to aâ-sheet structure (26). A similar
transition was also reported for mouse PrP121-231 upon
incubation at acidic pH in the presence of urea (30).
Preliminary data suggested that theâ-sheet-rich conformer
of huPrP90-231 in GdnHCl (or mouse PrP121-231 in urea)

represents a stable monomeric folding intermediate of the
prion protein (26, 30). It was also postulated that this
intermediate may exemplify a prototype of a soluble (mon-
omeric) precursor of PrPSc. However, the present data, which
provides a more detailed insight into the mechanism of
conformational transitions of huPrP90-231, calls for a
reevaluation of some of the conclusions of the previous study.

One of the main findings of this study is the demonstration
that the GdnHCl/acidic pH-induced transition of huPrP90-
231 to aâ-sheet-rich structure is invariably accompanied by
protein self-association into large molecular weight ag-
gregates. The question remains: which of these two events
occur first. Although the kinetics of the transition to aâ-sheet
structure and that of protein aggregation appear to be very
similar, the relatively low time-resolution of the present
experiments does not allow us to eliminate the possibility
that the oligomerization of huPrP90-231 may be preceded
by the formation of a monomericâ-sheet-rich conformer.
However, such a mechanism is rather unlikely in view of a
strong dependence of the rate of conformational changes in
huPrP90-231 on the protein concentration. The observed
increase in the rate ofâ-sheet formation with increasing
concentration of huPrP90-231 strongly suggests an alterna-
tive scenario in which theR-helix toâ-sheet transition occurs
simultaneously with protein oligomerization. The GdnHCl
denaturation curves for huPrP90-231 and hamster PrP90-
231 at low pH have previously been interpreted according
to the three-state model that assumes the presence of a stable
(monomeric) protein folding intermediate (26, 33). However,
the above interpretation has to be revised. Given the present
data, the species previously assigned as an “equilibrium-
folding intermediate” of huPrP90-231 appears to represent
aâ-sheet-rich oligomer rather than a monomeric protein. This
finding does not preclude the possibility that prion protein
may form monomeric folding intermediates. However, the
present results indicate that any potential monomeric inter-
mediate(s) that may occur during GdnHCl-induced denatur-
ation of huPrP90-231 at acidic pH would be short-lived and
highly prone to aggregation.

The conformational properties of huprP90-231 were also
studied in the presence of a nonionic denaturant urea.
Previous experiments indicate that in the presence of 3.5-4
M urea at acidic pH, the structure of the recombinant mouse
PrP121-231 is characterized by a high content ofâ-sheet
(30). Therefore, it was surprising that no transition to a
â-sheet-rich conformer could be detected for huPrP90-231
in a low ionic strength buffer (pH 4) containing 3.5 M urea.
Such a transition occurred, however, when the buffer was
supplemented with sodium chloride. In analogy with the
behavior of huPrP90-231 in GdnHCl, theR-helix toâ-sheet
transition in the urea/NaCl-containing buffer was accompa-
nied by protein oligomerization. These data strongly suggests
that the combination of acidic pH with partial protein
unfolding is insufficient to induce the transition of huPrP90-
231 to an oligomericâ-sheet structure. An additional factor
required for the above transition is the presence of an
appropriate salt. A critical role of ionic species in controlling
the oligomerization state of the prion protein is further
suggested by the preliminary observation that, at acidic pH,
NaCl alone (i.e., in the absence of any denaturant) can induce
aggregation of huPrP90-231. However, the latter aggregates
appear to be different from those formed in the presence of

FIGURE 11: Size exclusion chromatography profiles for huPrP90-
231 following preincubation in 3.5 M urea, 150 mM NaCl, pH
4.0, for 2 min (A) and 40 h (B). Panel C represents the elution
profile of the protein incubated for 8 days in 3.5 M urea, 150 mM
NaCl at pH 7.2. The concentration of the protein in each case was
1 mg/mL.
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GdnHCl as they rapidly precipitate and show no fibrillar
morphology.2

It is remarkable that the huPrP90-231 oligomer formed
in the presence of GdnHCl is characterized not only by a
â-sheet structure but also by an amyloid-like morphology
and an increased resistance to proteinase K digestion (i.e., it
has the essential physicochemical properties of PrPSc from
the diseased brain). Furthermore, it should be noted that the
PrPSc-like conformation of the recombinant PrP could be
acquired only under the conditions of acidic pH. The
behavior of prion protein at low pH is of particular interest
and relevance in the context of prion disease pathogenesis.
Although the precise subcellular localization of PrPSc propa-
gation is a matter of controversy, substantial evidence
indicates that the formation of brain PrPSc occurs in acidic
compartments along the endocytic pathway (37, 38). Thus,
the present experimental system provides a physiologically
relevant model for studying the physicochemical mechanisms
of the PrPC to PrPSc conversion. This model may also prove
applicable for studying the mode of action of potential drugs,
especially those designed to inhibit theR-helix to â-sheet
transition in prion protein.

It should be noted that the conversion of huPrP90-231
into fibrillar aggregates was reported in a very recent study
of Jackson et al. (21). However, these experiments were
performed under the conditions resulting in the reduction of
a single disulfide bond in the prion protein. It was also
suggested that the reduced monomericâ-sheet form of
huPrP90-231 constitutes an important precursor of amyloid-
like fibrils. The present data clearly demonstrates that the
reducing environment is not a prerequisite for the transition
of the recombinant prion protein to a PrPSc-like form since
huPrP90-231 can be converted into fibrillar, proteinase
K-resistant structures under the conditions, that fully preserve
the disulfide bridge. Furthermore, under nonreducing condi-
tions, we find no evidence that a long-lived monomeric
â-sheet form of huPrP90-231 is an essential intermediate
on the pathway towards formation of theâ-sheet rich
oligomer. The finding that a reducing environment is not
required for the transition of the recombinant prion protein
into the scrapie-like form is of physiological significance
since the authentic PrPSc is characterized by an intact
disulfide bond (39). Furthermore, preservation of the disulfide
bridge appears to be important for the infectivity of the prion
protein (40) as well as for the PrPSc-induced conversion of
PrPC to the protease-resistant state in a cell-free system (41).
It should be also noted that, consistent with the present data,
the PrPSc-dependent conversion reaction in a cell-free system
was found to be promoted by the presence of GdnHCl or
physiological salts (42, 43).

In conclusion, biophysical data presented here show that,
under mildly denaturing conditions, the recombinant prion
protein can be converted into an oligomericâ-sheet-rich form
with physicochemical properties very similar to those of
PrPSc. The key requirements for this transition are acidic pH
and the presence of salt, but not necessarily the disruption
of the disulfide bridge. These findings provide a rationale
for the use of the recombinant prion protein as a model for
studying the mechanism of PrPC to PrPSc conversion.
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