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ABSTRACT: In recent studies, we developed a protocol for in vitro conversion of full-length mouse
recombinant PrP (Mo rPrP23-230) into amyloid fibrils [Bocharova et al. (2005)J. Mol. Biol. 346, 645-
659]. Because amyloid fibrils produced from recombinant Mo PrP89-230 display infectivity [Legname
et al. (2004)Science 305, 673-676], polymerizatiom of rPrPs in vitro represents a valuable model for
elucidating the mechanism of prion conversion. Unexpectedly, when the same conversion protocol was
used for hamster (Ha) rPrP23-231, we experienced substantial difficulties in forming fibrils. While
searching for potential reasons of our failure to produce fibrils, we probed the effect of methionine oxidation
in rPrP. We found that oxidation of methionines interferes with the formation of rPrP fibrils and that this
effect is more profound for Ha than for Mo rPrP. To minimize the level of spontaneous oxidation, we
developed a new protocol for rPrP purification, in which highly amyloidogenic Ha rPrP with minimal
levels of oxidized residues was produced. Furthermore, our studies revealed that oxidation of methionines
in preformed fibrils inhibited subsequent maturation of fibrils into proteinase K-resistant PrPSc-like
conformation (PrP-res). Our data are consistent with the proposition that conformational changes within
the central region of the protein (residues 90-140) are essential for adopting PrP-res conformation and
demonstrate that methionine oxidation interferes with this process. These studies provide new insight
into the mechanism of prion polymerization, solve a long-standing practical problem in producing PrP-
res fibrils from full-length PrP, and may help in identifying new genetic and environmental factors that
modulate prion disease.

Misfolding of prion protein (PrP)1 is believed to be the
cause of several fatal neurodegenerative diseases that can
be familial, sporadic, or infectious (1). The “protein-only”
hypothesis postulates that in the case of infectious diseases
a misfolded polymeric isoform of PrP (PrPSc) serves as a
transmittable agent that propagates itself by the autocatalytic
conversion of the normal cellular isoform of PrP (PrPC) (2).
Progression of the disease may be influenced by many
genetic and environmental factors. Here we have focused
on one of these factors, oxidation of PrP by a reactive oxygen
species.

Proteins are important targets for various oxidants due to
their abundance in biological systems and low oxidation

potential. Increased protein oxidation seems to be linked to
several neurodegenerative diseases such as Alzheimer’s (3),
Parkinson’s disease (4), amyotrophic lateral sclerosis (5), and
prion diseases (6). The cellular function of the normal
isoform of the prion protein (PrPC) still remains uncertain
(7); however, several potential functions including the cellular
response to oxidative stress have been proposed (6, 8, 9).
Both PrP-depleted cells (10, 11) and brain tissues of mice
with ablated PrP genes (6, 12) show increased protein
oxidation and decreased activities of antioxidant enzymes.
If PrPC indeed plays a role in neutralizing oxidative stress,
the protein should be exposed to reactive oxygen species.

Methionines are among the most easily oxidized amino
acid residues in proteins (13) and are believed to serve as
scavengers for various oxidants (14). The degree of oxidation
of methionines in vivo is controlled by the balance of the
production of reactive oxygen species and the reduction of
methionine sulfoxide back to methionine by methionine
sulfoxide reductases. Activities of many antioxidant enzymes
are altered in scrapie-infected cells (15, 16) and animals (17,
18). Furthermore, cultured cells infected with PrPSc are more
susceptible to oxidative stress (15, 16). Copper and iron
balance is also disrupted in the scrapie-infected brain cells
(19-21). Different levels of methionine oxidation in scrapie
cells compared to normal cells are likely to have an effect
on the progression of the disease by influencing the physical
properties of PrP.
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Recombinant PrP has proved very useful as a model for
studying prion replication. We have previously shown that
mouse (Mo) rPrP89-230 can be converted to amyloid fibrils
that induced transmissible prion disease in transgenic mice
overexpressing the same protein (22, 23). Our recent studies
demonstrated that full-length Mo recombinant PrP (Mo
PrP23-230) can be easily converted to amyloid fibrils in
vitro (24). Unexpectedly, when the same conversion protocol
was used for hamster recombinant PrP (Ha PrP23-231), we
experienced substantial difficulties in forming fibrils. Because
oxidation of methionine residues often inhibits protein fibril
formation, we investigated the effect of protein oxidation
on formation of amyloid fibrils from Ha and Mo rPrPs. We
have observed that, for both Ha and Mo rPrPs, oxidation of
methionines disrupted elongation and lateral association of
protofibrils into fibrils. To reduce spontaneous oxidation of
Ha rPrP, we have developed a new protocol for purification
that yields highly amyloidogenic Ha rPrP with a minimal
level of spontaneous oxidation. Furthermore, oxidation of
methionines in preformed fibrils inhibited structural matura-
tion of fibrils to the PrPSc-like conformation. Structural
changes in the central region of the protein (∼90-140)
caused by methionine oxidation appear to be responsible for
these effects. Our studies provide novel insight into the
biophysical mechanism of PrP polymerization and indicate
that the amyloidogenic propensity of PrPC might be regulated
by the level of oxidative stress.

MATERIALS AND METHODS

Protein Expression, Purification, and ConVersion.Mo and
Ha full-length recombinant PrPs were expressed and purified
as described earlier (24) with the following modifications.
For solubilization of inclusion bodies and purification on an
IMAC column,â-mercaptoethanol was replaced with 10 mM
reduced glutathione. To eliminate reduced glutathione after
IMAC purification, the pooled fraction containing rPrP was
subjected to gel filtration on a HiPrep 26/10 column
(Amersham Biosciences), equilibrated with the oxidation
buffer (6 M urea, 100 mM Tris-HCl, pH 7.5). After gel
filtration the rPrP solution was diluted to a concentration of
0.3 mg/mL with the same buffer, supplemented with 5 mM
EGTA and 0.2 mM oxidized glutathione, and left overnight
for oxidation to proceed to completion. All following steps
were as described previously (24). The purified rPrP was
confirmed by SDS-PAGE and electrospray mass spectrom-
etry to be a single species with an intact disulfide bond. In
vitro refolding of rPrP to theR-helical form and to amyloid
fibrils was performed as previously descibed (24).

Monitoring the Kinetics of Amyloid Formation. The effect
of protein oxidation on the kinetics of amyloid formation
was monitored using an automated format as described earlier
(25) with modifications. Stock solutions of Mo rPrP23-230
or Ha rPrP23-231 (130µM) in 6 M GdnHCl were diluted
to a final protein concentration of 1µM and incubated in 20
mM sodium acetate buffer (pH 5.0) and 2 M GdnHCl in a
reaction volume of 0.18 mL in 96-well plates in the presence
of ThT (10µM). The 96-well plates were covered by ELAS
septum sheets (Spike International) and incubated at 37°C
with continuous shaking at 900 rpm in a Fluoroskan Ascent
CF microplate reader (Thermo Labsystems). Kinetics of fibril
formation was monitored by bottom reading of fluorescence
intensity every 10 min using 444 nm excitation and 485 nm

emission filters. Every set of measurements was performed
in triplicate, and the results were averaged.

Protein Oxidation with Hydrogen Peroxide. In a typical
experiment, theR-helical form (0.3 mg/mL) or the amyloid
fibrils (0.1 mg/mL) of rPrP were treated with hydrogen
peroxide (10 mM) at 37°C for 1 h in 10 mMsodium acetate
(pH 5). The reaction was then quenched by adjusting the
pH to 7.5 with Tris-HCl buffer (final concentration 0.1 M)
and adding 5µg/mL catalase. For mass spectrometry analysis
the resulting solution was immediately dialyzed against 10
mM ammonium acetate, pH 5.5.

Protein Oxidation with Copper(II)/Ascorbate. In a typical
experiment, theR-helical form (0.3 mg/mL) or the amyloid
fibrils (0.1 mg/mL) of rPrP were treated with copper(II)
chloride (10µM) and sodium ascorbate (10 mM) at 37°C
for 1 h in 50 mM Hepes (pH 7.2). The reaction was then
quenched by adjusting the pH to 4 with acetate buffer (final
concentration 0.2 M) and adding 0.1 M thiourea. For mass
spectrometry analysis the resulting solution was immediately
dialyzed against 10 mM ammonium acetate, pH 5.5.

Mass Spectrometry. In a typical experiment, samples
dialyzed against 10 mM ammonium acetate, pH 5.5, were
diluted to 0.1µg/µL in 1:1 water:methanol containing 1%
acetic acid. The solution was directly injected at 10µL/min
into a Waters ZMD single quadrupole mass spectrometer
operated in positive ion mode. The instrument acquired full
scan mass spectra (m/z 500-2000) every second for 5 min.

FTIR Spectroscopy. FTIR spectra were measured with a
Bruker Tensor 27 FTIR instrument (Bruker Optics, Bullerica,
MA) equipped with a MCT detector cooled with liquid
nitrogen. Each sample (10µL in 10 mM sodium acetate,
pH 5.0) was loaded into a BioATR II cell. A total of 1024
scans at 2 cm-1 resolution were collected for each sample
under constant purging with nitrogen. Spectra were corrected
for water vapor, and background spectra of the same buffer
were subtracted. The bands were resolved by Fourier self-
deconvolusion in the Opus 4.2 software package using a
Lorentzian line shape and parameters equivalent to 13 cm-1

bandwidth at half-height and resolution enhancement factor
of 2.4.

Maturation of Amyloid Fibrils and Proteinase K Digestion.
Preformed rPrP fibrils were dialyzed from denaturants and
heated in a water bath at 80°C in 100 mM Tris-HCl buffer
(pH 7.5) and 0.05% Triton X-100 for 10 min. The solution
was then spun down in a top microfuge for 2 s to restore
the original volume.

The amyloid fibrils of rPrP (0.1 mg/mL, 10µL) were
treated with PK at 37°C for 1 h in 100 mMTris-HCl buffer
(pH 7.5, 1:50 PK:rPrP ratio). Digestion was stopped by
quenching with PMSF (2 mM), followed by addition of 4×
sample buffer and 9 M urea to the final urea concentration
of 2.25 M. Samples were heated at 95°C for 15 min and
analyzed by SDS-PAGE on precast 12% NuPage gels
(Invitrogen) followed by silver staining.

Electron Microscopy and Epifluorescence Microscopy.
Negative staining was performed on formvar-coated 200-
mesh grids coated with 0.01% poly(L-lysine) solution prior
to staining. The samples were adsorbed for 30 s, washed
with 0.1 and 0.01 M ammonium acetate for 5 s each, stained
with freshly filtered 2% uranyl acetate for 30 s, dried, and
then viewed in a Zeiss EM 10 CA electron microscope. Epi-
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fluorescence microscopy of amyloid fibrils was performed
using staining with thioflavin T as described earlier (26).

Atomic Force Microscopy.The samples were imaged with
a PicoSPM LE AFM (Molecular Imaging, Phoenix, AZ),
operating in MAC (alternating magnetic field) AFM mode
and using a MAC II silicon cantilever with a tip radius<7
nm and a spring constant of 2.8 N/m. Each sample was
imaged in situ using a liquid cell (Molecular Imaging,
Phoenix, AZ) in which the fibrils were immersed in buffer
(10 mM sodium acetate, pH 5.0). Samples were deposited
on a glass coverslip (22 mm circumference; Fisherbrand),
left to adhere for 3 min, and washed three times with filtered
ultrapure H2O. The slide was then placed in the fluid cell,
and the samples were immersed in 200µL of 10 mM sodium
acetate buffer. The imaging was preformed at a scan rate of
1.0 line/s and a drive frequency of 25-30 kHz. All images
were captured as 512× 512 pixel scans and saved as raw
image data. Images were processed in SPIP software (Image
Meteorology A/S, Version 3.2.2.0). Each image was sub-
jected to a first degree LMS fit, and then the background

was isolated and subjected to a further third degree LMS
fit.

RESULTS

We have previously shown that Mo rPrP23-230 can be
efficiently converted in vitro into amyloid fibrils (24).
However, when we attempted the same conversion with Ha
rPrP23-231, the reaction proceeded sluggishly, with a long
lag phase and a significantly lower yield as determined by
ThT binding assay (data not shown). This was quite
surprising since these proteins have very similar sequences
and similar propensities to form PrPSc as seen from the facile
propagation of many TSE strains in hamsters and mice.
Changes in the reaction conditions (pH, denaturant concen-
trations) did not result in a significant improvement (data
not shown).

We then turned our attention to chemical modification of
PrP as a possible cause of the problems. Recombinant
proteins are often oxidized during expression and purifica-
tion. Fibril formation from other amyloidogenic proteins, for

FIGURE 1: The modified purification procedure decreases oxidation of Ha rPrP. ESI-MS spectra (top panels) and their deconvolution
(bottom panels) for Ha rPrP23-231 purified using original (A) and modified (B) procedures show a significantly smaller amount of oxidized
rPrP in the protein obtained using the modified procedure. (C) Deconvolution of ESI-MS spectra for Mo rPrP23-230 purified using original
(left panel) and modified (right panel) procedures. Oxidized rPrP species are characterized by 16, 32, or 48 Da increments in molecular
mass, consistent with the incorporation of one, two, or three atoms of oxygen, respectively.
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example, Aâ (27-29) andR-synuclein (30, 31), is known
to be affected by oxidation of certain residues in the protein.
Although our purification procedure yielded Ha rPrP free
from other protein impurities, a significant fraction of protein
(up to 30%) contained oxidized residues as judged from ESI-
MS (Figure 1 A). Therefore, we decided to optimize the
purification protocol in order to minimize protein modifica-
tion.

Modified Purification Procedure Minimizes Oxidation of
rPrP and Facilitates Fibril Formation. Our initial purifica-
tion protocol consisted of protein purification by IMAC on
a Ni-NTA column in the presence of 10 mMâ-mercapto-
ethanol and 6 M urea (24). Disulfide bonds were formed by
oxidation during dialysis against 6 M urea at pH 7.5 after
IMAC purification overnight. The protein was then further
purified by reverse-phase HPLC. Under conditions of oxida-
tive refolding, disulfide bond formation was dependent on
trace metal-mediated oxidation that could also impact oxida-
tion of other amino acids (13, 32).

We modified the purification procedure by introducing
oxidized glutathione (GSSG) as an oxidizing agent for the
formation of the disulfide bond instead of trace metal ions.
Reduced glutathione was used as a reducing agent during
IMAC purification instead ofâ-mercaptoethanol, and it was
removed by gel filtration prior to the oxidation step. This
modified procedure produced protein with much lower levels
of oxidation (∼5%) (Figure 1B,C). We compared amyloid
fibril formation from full-length Mo and Ha rPrPs purified
by the old and new procedures. While there were no
significant differences for Mo rPrP in either fibril formation
kinetics or the appearance of the fibrils, it was not the case
for Ha rPrP. As judged from EM, AFM performed in a liquid
cell, and epifluorescence microscopy, Ha rPrP with a higher
level of oxidation (old protocol) produced short fibrils (up
to 1µm long), often bent and covered with small nonfibrillar
aggregates (Figure 2). Ha rPrP produced by the modified
purification procedure formed amyloid fibrils with up to a
5-fold higher yield by ThT binding assay. Fibrils were long
(up to 8 µm) and showed a more complex substructure
(Figure 2). Apparently, even a relatively small percentage
of oxidized protein in the preparation of Ha rPrP had
deleterious effect on fibril formation from this protein. One
can hypothesize that oxidation affected amino acid residues
that are critical for the fibril formation from Ha rPrP.

Oxidation of rPrP with H2O2 and Cu/Ascorbate.Suscep-
tibility of different amino acid residues to spontaneous
oxidation varies to a large extent (13, 32). Here we have
specifically focused on oxidation of methionines since it is
known that methionines in PrP are especially prone to
oxidation (33, 34). Furthermore, fibril formation from the
PrP peptide 106-126 was inhibited by methionine oxidation
(35). Mo and Ha rPrP differ somewhat in number and
location of methionine residues (Figure 3); therefore, the
effect of oxidation on amyloid formation from these proteins
is likely to be different.

Treatment of the protein with H2O2 is a common method
to specifically oxidize methionine residues (36). It has been
reported that reaction of H2O2 with Ha rPrP29-231 resulted
in rapid oxidation of multiple methionine residues and that
the residues within the central region of rPrP (90-140) were
especially susceptible to oxidation under these conditions
(33). We have oxidized Ha and Mo rPrPs with H2O2 (10

mM) at pH 5 and followed the oxidation kinetics by ESI-
MS (Figure 4A). We observed rapid oxidation of three to
four residues in both Ha and Mo rPrP (Figure 4B). However,
oxidation of Ha rPrP proceeds faster and to a somewhat
higher degree (Figures 4B and 5A), which is not surprising
since the solvent-exposed region of Ha rPrP contains three
more methionines than that of Mo rPrP (Met109, Met112,
and Met139, Figure 3).

To check whether oxidation of other amino acids may also
impact fibril formation from rPrP, we subjected rPrP to
metal-catalyzed oxidation (Figure 4C). This reaction involves
reduction of O2 to •OH by Cu(II) or Fe(III) in the presence
of a reducing agent such as ascorbate. Hydroxyl radicals
formed in this reaction oxidize amino acid residues located
near the reaction site. Previous studies by Levine and co-
workers have shown that oxidation by this method primarily
affected histidines and aromatic amino acid residues in rPrP
that are in close proximity to copper-binding sites (37). When
we performed this type of oxidation (10µM CuCl2, 10 mM
ascorbate, 50 mM Hepes, pH 7), Mo and Ha rPrPs oxidized
at a similar rate (Figures 4C and 5B). This result was
expected since copper-binding sites have similar sequences
in both proteins.

H2O2-Induced Oxidation in rPrP Interferes with Amyloid
Fibril Assembly.Next we were interested in testing whether
rPrP oxidation affected fibril assembly. The effect of

FIGURE 2: Fibrils produced from Ha rPrP purified using original
(left panels) and modified (right panels) purification procedures
were examined by (A) electron microscopy, (B) atomic force
microscopy, and (C) epifluorescence microscopy. Fibrils were
strained with 10µM thioflavin T for epifluorescence microscopy.
Fibrils formed by Ha rPrP produced by the modified procedure
were longer and showed more complex substructure. Scale bars)
0.5 µm for panels A and B and 2µm for panel C.
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oxidation on amyloid fibril formation was investigated using
a ThT binding assay and electron microscopy. The conver-

sion of Mo and Ha rPrPs into amyloid fibrils was performed
in an automated format in 96-well plates at 1µM rPrP and

FIGURE 3: Partial sequences of Mo, Ha, and human PrPs. Positions where methionines are present in either Ha or Mo PrP but not both are
highlighted.

FIGURE 4: Oxidation of Ha and Mo rPrPs with H2O2 and Cu/ascorbate followed by ESI-MS. (A) Deconvoluted mass spectra of Ha rPrP
(left panels) and Mo rPrP (right panels) oxidized with H2O2 (10 mM H2O2, 20 mM acetate, pH 5) for different periods of time. (B)
Fractions of Ha rPrP (left panel) and Mo rPrP (right panel) species with none (b), one (O), two (1), three (3), four (9), five (0), six ([),
and seven (]) oxidized amino acid residues per molecule observed by ESI-MS during oxidation with H2O2 (10 mM H2O2, 20 mM acetate,
pH 5.0, 37°C). (C) Fractions of Ha rPrP (left panel) and Mo rPrP (right panel) species with none (b), one (O), two (1), three (3), four
(9), and five (0) oxidized amino acid residues per molecule observed by ESI-MS during oxidation with Cu/ascorbate (10µM CuCl2, 10
mM ascorbate, 50 mM Hepes, pH 7.0, 37°C).
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monitored by ThT fluorescence (see Materials and Methods).
At pH 6 the reaction displayed a lag phase of 9 and 20 h for
Mo and Ha rPrP, respectively (Figure 6A,B). Fibril formation
from H2O2-oxidized rPrPs proceeded with a much longer
lag phase (∼60 h for Mo and>120 h for Ha) and at 40-
90% lower final ThT fluorescence compared to nonoxidized
proteins (Figure 6A,B). These data demonstrate that the
oxidation of methionines inhibits the formation of amyloid
fibrils and that this effect is more profound for Ha rPrP than
for Mo rPrP. On the other hand, oxidation to a similar level
of either Ha or Mo rPrP with Cu(II)/ascorbate (10µM CuCl2,
10 mM ascorbate, 1 h, 37°C) had no significant effect (data
not shown). This result is not surprising considering that
oxidation with Cu(II)/ascorbate targets primarily histidines
and aromatic amino acid residues located outside of the
amyloidogenic region of PrP.

To characterize the fibrils formed from the H2O2-oxidized
PrPs in more detail, the products were investigated by EM
and FTIR. As judged by EM, fibrils formed from oxidized
Ha and Mo rPrPs were markedly different from those
obtained from nonoxidized PrPs (Figure 7, panel 8). In the
absence of H2O2-induced oxidation, Mo rPrP produced long
straight ribbonlike fibrils characterized by complex ultra-
strucuture (Figure 7, panels 1-4). Each fibril was composed
of several protofilaments assembled into nontwisted or
occasionally twisted structures. In the preparation of fibrils
from the H2O2-oxidized Mo rPrP we also observed ribbonlike
fibrils composed of several protofilaments with a less

complex ultrastructure (Figure 7, panels 5-9). Ribbons were
unusually short, had an irregular twisting pattern, and often

FIGURE 5: Average number of methionine residues oxidized in Ha rPrP (O) and in Mo rPrP (b) over time as determined by ESI-MS: (A)
oxidation with H2O2 (10 mM H2O2, 20 mM acetate, pH 5.0, 37°C); (B) oxidation with Cu/ascorbate (10µM CuCl2, 10 mM ascorbate, 50
mM Hepes, pH 7.0, 37°C). Error bars represent standard deviations for triplicates.

FIGURE 6: Oxidation with H2O2 inhibits conversion of rPrP to amyloid fibrils. The kinetics of fibril formation from 1µM Mo rPrP (A) and
Ha rPrP (B) before (O) and after (3) oxidation with H2O2 (10 mM H2O2, 20 mM acetate, pH 5.0, 1 h, 37°C). The conversion reactions
were carried out using the automated format at 37°C in 50 mM MES buffer (pH 6.0) and 2 M GdnHCl and monitored by ThT fluorescence.
Every set of measurements was performed in triplicate, and the results were averaged. (C) FTIR spectra show that conversion of the
oxidized Mo rPrP to the fibrillar isoform is incomplete: fibrils of Mo rPrP (solid line), monomericR-helical isoform of Mo rPrP (dashed
line), and fibrils produced from H2O2-oxidized Mo rPrP (dotted line). The sample of predominantlyR-helical rPrP contained approximately
15% â-sheet-rich oligomer (peak at 1625 cm-1), as assessed by size exclusion chromatography (62).

FIGURE 7: Electron micrographs of fibrils obtained from Mo rPrP
(panels 1-4) and oxidized Mo rPrP (panels 5-9). Fibrils produced
from oxidized Mo rPrP often displayed bending, fragmentation, or
splitting of protofibrils as indicated by arrows. Oxidation was
performed with 10 mM H2O2 for 1 h at 37°C in 20 mM acetate
buffer (pH 5.0). Fibrils were formed at 37°C in 50 mM MES buffer
(pH 6.0) and 2 M GdnHCl. Scale bars are 50 nm for panels 1-8
and 200 nm for panel 9.
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displayed bending, fragmentation, or splitting of the proto-
filaments. Splitting could be seen at the fibrillar ends and
also along the fibrils. The unusually short length of the fibrils
suggests early termination of elongation, while splitting of
protofibrils may be indicative of the incomplete assembly
of protofilaments into fibrils. Fibrils produced from oxidized
Ha rPrP had similar features, a possible indication of
incomplete assembly (Figure 8, panels 5-9). Clearly, the
assembly of protofilaments into fibrils was disrupted by
methionine oxidation.

To test the impact of methionine oxidation on the yield
and secondary structure of amyloid fibrils, we employed
FTIR spectroscopy. FTIR spectra of amyloid fibrils formed
from Mo rPrP showed a major band at 1620 cm-1, a
characteristic ofâ-sheet structures with strong intermolecular
hydrogen bonds, and a band at 1662 cm-1 that can be largely
assigned to loop components (1660-1666 cm-1 region) with
possible contributions fromâ-turns (1670-1680 cm-1

region) andR-helices (1650-1660 cm-1 region) (Figure 6C).
FTIR spectra of fibrils formed from oxidized Mo rPrP
showed a major band at 1654 cm-1 indicating a high
percentage ofR-helices and a smaller band at 1620 cm-1

that corresponds to intermolecularâ-sheets. The intensities
of bands at 1675-1685 cm-1 (corresponding mostly to
â-turns) increased relative to that observed in fibrils formed
from nonoxidized protein.

FTIR spectra show that the conversion of H2O2-oxidized
Mo rPrP to the fibrillar isoform is incomplete and a high
percentage of the protein remains in anR-helical conforma-
tion. The effect of oxidation on the conversion of Ha rPrP
into amyloid fibrils was similar (data not shown). Taken

together, our data illustrate that oxidation of methionine
residues in full-length rPrPs interferes with its conversion
to the amyloid fibrils. Both elongation of the protofibrils and
lateral association of protofibrils into fibrils were affected
by oxidation.

Oxidation of Preformed Fibrils Inhibits Their Maturation
to the PrPSc-like Conformation.In vivo oxidation may be
even more prevalent in PrPSc compared to PrPC because PrPSc

persists in the body for a longer time and thus has a higher
chance of being oxidized. We investigated the effects of
oxidation of preformed amyloid fibrils in order to see whether
oxidation of methionines disturbs the structure of the fibrils.
Oxidation with hydrogen peroxide did not change the
appearance of fibrils by EM (data not shown). FTIR spectra
of oxidized fibrils were also quite similar to the spectra before
oxidation (data not shown). We conclude that methionine
oxidation in preformed fibrils does not affect their structural
integrity.

We have previously observed that amyloid fibrils of rPrP
generated in vitro had an atypically short PK-resistant core
of 8-12 kDa, which consists of residues 138-230, 152-
230, and 162-230 (38). These short PK-resistant fragments
are similar to the fragments identified in brains of CJD
patients (39) but are notably different from the PK-resistant
core generated from classical PrPSc. Recently, we found that
brief heating at 80°C or prolonged incubation at 37°C of
preformed amyloid fibrils in the presence of a mild detergent
resulted in the extension of the PK-resistant core from 8-12
to 16 kDa. The new PK-resistant fragment of 16 kDa could
be stained with Fab P and Fab R1, specific to residues 96-
105 and 225-230, respectively, but not with polyclonal
antibodies Ab 79-97, specific to residues 79-97 (data not
shown). The process of temperature-induced elongation of
the PK-resistant core will be referred to as maturation (Figure
9). Upon maturation the PK-resistant core of amyloid fibrils
becomes similar to that of classical PrPSc. This suggests that
maturation may be due to rearrangement of the central region
of PrP (residues 90-140) via a process similar to domain
swapping (40). Similar conformational rearrangement
triggered by mild detergents has been observed previously
for Bcl-2 protein (41).

Because the central region 90-140 of Mo and Ha rPrPs
contains three and six Met residues, respectively (Figure 3),
we were interested in determining whether oxidation of
preformed fibrils interferes with their ability to adopt a PrPSc-
like conformation upon maturation. In the fibrillar form the
region 90-138 is PK-sensitive, ensuring that it should be
accessible to solvent, at least in part. We oxidized Mo and
Ha rPrP preformed fibrils with H2O2 (10 mM H2O2, 1 h, 37

FIGURE 8: Electron micrographs of fibrils obtained from Ha rPrP
(panels 1-4) and oxidized Ha rPrP (panels 5-9). Fibrils produced
from oxidized Ha rPrP displayed an irregular twisting pattern,
bending, and fragmentation. Oxidation was performed with 10 mM
H2O2 for 1 h at 37°C in 20 mM acetate buffer (pH 5.0). Fibrils
were formed at 37°C in 50 mM MES buffer (pH 6.0) and 2 M
GdnHCl. Scale bars) 50 nm.

FIGURE 9: Diagram illustrating the major steps of in vitro
polymerization of rPrP into the fibrillar PrPSc-like conformation.
The first step referred to as conversion results in the formation of
amyloid fibrils, in which region 23-∼140 adopts a PK-sensitive
conformation (38). The second step referred to as maturation leads
to conformational rearrangements in which region∼90-140 adopts
a PK-resistant conformation, while the N-terminal region 23-∼90
still maintains a PK-sensitive form.
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°C), subjected them to the maturation procedure, and
monitored the intensity of the 16 kDa band (residues∼90-
230) after proteinase K digestion (Figure 10A). With an
increase in the oxidation time, the intensity of the 16 kDa
band generated upon maturation decreased by 50% for Mo
rPrP and to undetectable levels for Ha rPrP (Figure 10B).
The higher efficacy of H2O2 treatment to counteract the
maturation of fibrils into the PrPSc-like conformation in Ha
rPrP correlates well with the larger number of Met residues
located within the central region of Ha rPrP.

Attenuation of the maturation effect can be explained by
a change in the physical properties of the central region of
PrP (90-140) involved in the maturation. Upon oxidation,
hydrophobic methionine side chains convert into highly polar
methionine sulfoxides. While this alteration appears to have
no significant effect on structural integrity of preformed
fibrils, it significantly reduces the ability of fibrils to mature
and adopt a PrPSc-like conformation. This result is consistent
with our previous observations that the C-terminal region
(residues 138-230) composes the PK-resistant core and
accounts for the structural integrity of fibrils (38). The data
presented here confirm that while the central region of PrP
(residues 90-138) may not be a part of theâ-sheet-rich core
of the fibrils, it is definitely important for conformational
rearrangements that lead to the maturation of fibrils into the
PrPSc-like conformation.

DISCUSSION

In the current study, we have investigated the effects of
methionine oxidation on in vitro conversion of Mo and Ha

rPrPs into the amyloid fibrils. We demonstrated that oxida-
tion of methionine residues in rPrP interferes with the
conversion of the protein to the fibrillar form and disrupts
maturation of fibrils into the PrPSc-like PK-resistant confor-
mation. These studies provided mechanistic insight into the
possible role of oxidation in modulating prion conversion.
The results of our experiments are consistent with literature
data showing that oxidation of methionine residues inhibits
fibril formation from other amyloidogenic proteins such as
Aâ (27-29) andR-synuclein (30, 31). Our work also helps
to solve a long-standing practical problem in producing
amyloid fibrils from full-length rPrP in vitro.

Oxidation of methionines can have a drastic effect on
protein structure due to a much higher polarity and lower
flexibility of methionine sulfoxide compared to the methion-
ine side chain itself (13, 36). Previous investigations of
oxidation of Ha rPrP have shown that methionines in the
central region (residues 90-140) are most susceptible to
oxidation by H2O2 (33). Oxidation of PrP with H2O2 would
then result in alteration of the physical properties of the
central region of PrP that could impact polymerization of
PrP into disease-related amyloid conformation. We found
that oxidation of rPrP with H2O2 but not with Cu/ascorbate
interferes with amyloid formation. As supported by our data,
the low efficacy of conversion is due to early termination of
elongation and interference with lateral assembly of profila-
ments into fibrils.

Several structural models of PrPSc have been proposed
recently (42-46). These models disagree with respect to what
regions of PrP adopt aâ-sheet-rich conformation upon
conversion into the PrPSc form. The model proposed by
Prusiner and co-workers based on EM imaging of 2D crystals
of PrPSc involves conversion of residues 89-175 to a
â-helical conformation with the rest of the C-terminus
remainingR-helical (42, 43). Molecular dynamics simula-
tions by DeMarco and Daggett (44) and by Stork et al. (47)
are in overall agreement with this model. The model by
DeMarco and Daggett suggests that residues 114-140 and
157-165 are converted to theâ-structure at low pH (44).
On the other hand, a simulation by Thirumalai suggests that
residues 172-224 are converted to aâ-sheet-rich conforma-
tion in the intermediate PrP* form (45). Both the central
(residues 90-140) and the C-terminal (residues 177-230)
regions are considered important for infectivity of PrPSc (48,
49), but an exact role for these regions at different steps in
the prion conversion is unclear. Our previous data are
consistent with the model where C-terminal residues of PrP
(∼160-230) are converted to theâ-sheet-rich, PK-resistant
conformation in the amyloid form (38).

The central region of PrP (90-140) is PK-sensitive in
amyloid fibrils, arguing that the fibrils generated in vitro
resemble the protease-sensitive form of PrPSc (50, 51). Upon
fibril maturation this region becomes PK-resistant, so the
mature fibrils are similar in this regard to PrP-res or
“classical” PrPSc (Bocharova and Baskakov, unpublished
data; Figure 9). Our data illustrate that the region 90-140
plays a key role in maturation of fibrils and their transforma-
tion into PrPSc-like conformation; however, it is not directly
involved in the formation of the amyloid core. The situation
is similar for the middle (M) region of Sup35 yeast prion
that is not a part of the amyloid core but is important for
prion propagation (52, 53). As evident from the present study,

FIGURE 10: Oxidation of fibrils inhibits their maturation to the
PrPSc-like conformation. (A) PK digestion (PK/rPrP ratio of 1:50
in 100 mM Tris-HCl, pH 7.5, for 1 h at 37°C) of amyloid fibrils
produced from Mo or Ha rPrPs preincubated with or without 10
mM H2O2 in 10 mM acetate buffer (pH 5.0) for 1 h at 37°C.
Following oxidation fibrils were subjected to the maturation
procedure and PK digestion assay as described in Materials and
Methods. No PK was added in lane 1. (B) Changes in intensity of
the 16 kDa band vs oxidation time for the fibrils produced from
Mo rPrP (b) or Ha rPrP (O). Fibrils were treated with H2O2 prior
to maturation. Error bars represent standard deviations for triplicates.
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oxidation of methionine residues in preformed fibrils inter-
feres with the ability of these fibrils to adopt a PrP-res
conformation. This inhibition may be due to perturbation of
hydrophobic interactions required for the rearrangement of
the central region into the PK-resistant conformation.

We also showed that oxidation of methionines in mono-
mericR-rPrP interferes with the assembly of amyloid fibrils
themselves. If the same pattern holds in vivo, the overall
effect of methionine oxidation would result in the accumula-
tion of various intermediates on the pathway between PrPC

and PrPSc. There is significant evidence that the mature form
of PrPSc may not be the most neurotoxic species. Instead,
smaller oligomers of PrP and various soluble fibrillization
intermediates may account for neurotoxicity. Similar mech-
anisms of neurotoxicity have been proposed for Alzheimer’s
and other amyloid diseases (54-56). Moreover, toxicity and
infectivity of PrPSc are not necessarily coupled. For example,
the peptide corresponding to residues 106-126 of PrP is
neurotoxic but has not shown any infectivity (57, 58). On
the other hand, scrapie-infected transgenic mice producing
PrPC that lacks a GPI anchor propagated PrPSc but showed
no clinical signs of scrapie (59). However, the question of
whether the intermediate species formed from methionine-
oxidized PrPC are more toxic than mature PrPSc needs to be
addressed in future studies.

Considering the inhibitory effect of oxidation on the
conversion reaction, differences in the sequences of PrP from
different species may have a significant effect on the rate of
PrPSc formation. The number and susceptibility of methionine
residues to oxidation determine the extent of the inhibitory
effects. We have observed that more residues are oxidized
in Ha rPrP than in Mo rPrP. Moreover, oxidation of Ha rPrP
was more efficient in blocking maturation of the amyloid
fibrils into the PrPSc-like conformation compared to Mo rPrP.
This result is not surprising considering that Ha rPrP has
three additional methionines within the solvent-accessible
region 90-140 and, therefore, is more susceptible to oxida-
tion than Mo rPrP. Because of polymorphisms at residue
129, human PrP has either three or four methionines in the
100-135 region but no methionines in the 135-140 region
(Ha PrP has two methionines and Mo PrP has one methionine
in the 135-140 region; Figure 3). Therefore, oxidation-
related inhibition of polymerization of human PrP is expected
to be stronger than that observed for Mo PrP but weaker
than that for Ha PrP. Interestingly, when position 129 in
human PrP is occupied by methionine, the age at onset of
sporadic CJD is usually later than that observed in 129V
patients (60). This fact may be explained in part by the higher
susceptibility of 129M PrPC to oxidation by reactive oxygen
species and, respectively, slower conversion rate. Notewor-
thy, individuals with 129M PrP were shown to have better
long-term memory than individuals with 129V PrP (61).
Because 129M PrPC would be expected to be a more efficient
scavenger of reactive oxygen species than 129V PrPC, one
can hypothesize that PrPC may account for the maintenance
of long-lasting functional synapses in brain.

Our work provides the first illustration that oxidation of
methionine residues has dramatic impact on polymerization
of PrP into the fibrillar form. The extent to which PrPC and
PrPSc are oxidized in vivo has yet to be determined. It is not
unlikely, however, that the high susceptibility of PrP to
oxidation happens to be related to both cellular function of

PrPC and pathogenesis in prion diseases and, therefore, may
create the missing bridge between these two processes.
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