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ABSTRACT: To gain insight into the structural mechanism of the conformational conversion process of
prion, we examined the potential amyloidogenic property of each secondary structural element in a mouse
prion protein (mPrP) and discriminated their relative significance for the formation of amyloid fibrils.
Although peptides corresponding to R-helix 2 and R-helix 3 (named H2 peptide and H3 peptide,
respectively) formed the amyloid-like fibrils, their structures were quite different. H2 fibrils formed the
ordered �-sheet with the �-turn conformation, and the resultant fibrils were long and straight. In contrast,
H3 fibrils consisted of the �-sheet with the random conformation, and the resultant fibrils were short and
flexible. These properties are basically consistent with their hydrophobicity and �-strand propensity profiles.
To examine the cross reactivity between peptide fragments and full-length mPrP, we then carried out
seeding experiments. While H2 seeds induced the formation of fibrils of full-length mPrP as quickly as
full-length mPrP seeds, H3 seeds exhibited a long lag time. This implies that the region of R-helix 2
rather than R-helix 3 in mPrP has great potential for initiating fibril formation. As a whole, the R-helix
2 region would be crucial for the nucleation-dependent replication process of the prion protein.

Transmissible spongiform encephalopathies make up a
group of neurodegenerative diseases mainly affecting mam-
malian species, including humans and cattle. The pathogen-
esis in these unusual diseases is associated with the confor-
mational rearrangement of a cellular isoform of prion protein
(PrPC)1 to a scrapie isoform (PrPSc) in the brain (1-4). While
the PrPC conformer is monomeric and rich in the R-helical
conformation, PrPSc is characterized by an increased propor-
tion of �-sheet, partial resistance to proteinase K digestion,
and occasional formation of amyloid fibrils (5, 6). In contrast
to high-resolution data for monomeric PrPC (7), the structure
of PrPSc remains unknown.

To understand the molecular pathogenesis of prion dis-
eases, it is essential to elucidate the atomic structure of a
PrPSc. Historically, the segment involving residues ∼90-140
has been known to be important for the PrPC to PrPSc

conversion (8-10). Formation of amyloid fibrils has been
reported for a number of synthetic peptides derived from
the PrP90-145 sequence (11, 12), often at nonphysiological
pH or in the presence of organic solvents (13-15). Structur-

ally, the best-characterized of these is PrP106-126, in which
the �-sheet core of the amyloid maps to the central part of
the peptide (residues 111-123) (15). Guided by electron
microscopic images of two-dimensional (2D) crystals, Go-
vaerts et al. proposed a structural model for PrPSc in which
residues 89-175 form the left-handed �-helix that associates
into trimers (16), whereas the entire C-terminal region retains
the native R-helical conformation of PrPC.

Meanwhile, a redacted recombinant PrP of 106 amino
acids with two deletions (∆23-88 and ∆141-176) was
shown to retain the ability to support PrPSc formation in
transgenic mice and form �-sheet-rich aggregates in
vitro (8, 17). This result implies that the core region of PrPSc

involves the C-terminal R-helical regions in PrPC. Recently,
Lu et al. (18) performed the H-D exchange analysis for the
structure of amyloid fibrils formed by recombinant human
PrP90-231 and mapped the H-bonded �-sheet core of PrP
amyloid to the C-terminal region (starting at residue ∼169)
that in the native structure of a PrP monomer corresponds
to R-helix 2, a major part of R-helix 3, and the loop between
these two helices. No extensive hydrogen bonding was
detected in the N-terminal part of PrP90-231 fibrils, arguing
against the stable left-handed �-helix model (16). However,
it is not yet understood which of helices 2 and 3 are more
important and essential for the formation of the H-bonded
�-sheet core of PrP amyloid.

In this work, we synthesized a series of peptide fragments
corresponding to secondary structural elements throughout
the whole mouse PrP (mPrP) and examined the potential
amyloidogenic property. We found that only two peptides
composed of R-helix 2 or R-helix 3, corresponding to the
�-sheet core of PrP90-231 fibrils (18), formed amyloid-
like fibrils. To gain further insight into the amyloidogenic
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properties of these peptides, we examined the optimal pH
conditions for fibril formation and compared the fibrils
produced by R-helix 2 and 3 peptides using circular
dichroism (CD), Fourier transform infrared (FTIR), and an
electron microscope (EM) in detail. The results showed that
the structures of the fibrils made from R-helix 2 and 3
peptides were quite different, and the cross reaction occurred
efficiently between R-helix 2 fibrils and full-length mPrP,
suggesting the importance of the R-helix 2 region in the
formation of fibrils of prion protein.

EXPERIMENTAL PROCEDURES

Peptide Fragments. The peptides for investigation were
selected on the basis of their secondary structure (7) and the
functional region (19) of mouse PrP (Figure 1). The
sequences of 10 peptides were synthesized here: PrP23-39
(KKRPKPGGWNTGGSRYP), PrP40-55 (GQGSPGGN-
RYPPQGGT), PrP56-71 (WGQPHGGGWGQPHGGS),
PrP88-105 (WGQGGGTHNQWNKPSKPK), PrP106-126
(TNLKHVAGAAAAGAVVGGLGG), PrP127-140 (YM-
LGSAMSRPMIHF), PrP141-155 (GNDWEDRYYREN-
MYR), PrP156-170 (YPNQVYYRPVDQYSN), PrP171-193
(QNNFVHDCVNITIKQHTVTTTTK), and PrP199-226 (ET-
DVKMMERVVEQMCVTQYQKESQAYYD). The mouse
PrP106-126 peptide studied here is homologous to residues
107-127 of human PrP. The 10 peptides were synthesized
with Fmoc chemistry using a PS-3 peptide synthesizer
(Protein Technologies, Tucson, AZ). The cleaved peptides
were purified (>95%) by reversed phase HPLC using a
COSMOSIL 5C18-AR-II column (Nacalai Tesque, Kyoto,
Japan). Molecular weights of the peptides were determined
by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (Bruker Daltonics, Bil-
lerica, MA).

Polymerization Assay. Fibril formation of peptides was
performed at 37 °C using a final peptide concentration of
100 µM. The following buffers were used: glycine-HCl (pH
1.9-3.5), acetate-NaOH (pH 4.0-5.5), phosphate-NaOH
(pH 6.2-7.5), Tris-HCl (pH 7.8-8.8), and glycine-NaOH
(pH 9.2-10.0). The concentration of buffers was 25 mM,
and all contained 100 mM NaCl. First, the lyophilized
peptides were dissolved in H2O. Only the lyophilized peptide
of PrP199-226, corresponding to R-helix 3 of mPrP, was
dissolved in the solution of 50% (v/v) acetonitrile and 5 mM

HCl. Stock solutions were then diluted 10-fold in the buffer
solutions, and the mixture was incubated at 37 °C. In fibril
formation of full-length mPrP23-231, first lyophilized mPrP
was dissolved in H2O and diluted in the buffer solutions
containing 150 mM NaCl and 2 M Gdn-HCl to a final mPrP
concentration of 10 µM. The mixture was then ultrasonicated
at 37 °C.

In seeding experiments, sonicated mPrP fibrils formed at
pH 5.5 and 7.5 were added at a final monomer concentration
of 0.5 µM to reaction mixtures at pH 5.5 and 7.5, respec-
tively, containing 10 µM mPrP, 150 mM NaCl, and 2 M
Gdn-HCl. In the experiments using peptide seeds, sonicated
H2 fibrils formed at pH 5.5 and H3 fibrils formed at pH 7.0
were added at a final monomer concentration of 2.5 µM to
the reaction mixtures of mPrP at pH 5.5. The solutions were
incubated at 37 °C with ultrasonication.

Ultrasonication-Induced Fibril Formation. A water bath-
type ultrasonic transmitter with an ELESTEIN 070-GOT
temperature controller (Elekon, Chiba, Japan) was used to
induce the formation of full-length mPrP fibrils. The volume
of the water bath was ∼12 L. The frequency of the
instrument was 17-20 kHz, and the power output was set
to deliver a maximum of 350 W. Reaction mixtures were
ultrasonicated from three directions (i.e., two sides and
bottom) for 30 s and then incubated for 9 min without
sonication, and the process was repeated during an incubation
at 37 °C.

ThT Fluorescence and CD Measurements. Fluorescence
measurements were performed using an RF-5300PC spec-
trofluorophotometer (Shimadzu, Kyoto, Japan). The excita-
tion and emission wavelengths were 445 and 485 nm,
respectively, with the reaction mixture containing 10 µM
thioflavin T (ThT) (Wako Pure Chemical Industries, Osaka,
Japan) and 50 mM sodium phosphate buffer (pH 7.5). From
each reaction tube, 10 µL aliquots were subjected to
fluorescence spectroscopy. Fluorescence was measured im-
mediately after the mixture was made, averaged for the initial
3 s.

CD spectra were recorded at 25 °C on an AVIV model
215s spectropolarimeter with a step size of 0.2 nm. Far-UV
CD spectra of amyloid fibrils and monomers of various pH
values were measured using a quartz cell with a light path
of 1 mm and a peptide concentration of 0.1 mg/mL. The

FIGURE 1: Primary structure analyses of mPrP. The secondary structural elements determined on the basis of the NMR structure (PDB entry
1AG2) and octameric repeat and hydrophobic cluster are shown schematically at the top. (A) Predicted hydrophobic profile of mPrP (50).
The regions of 10 peptides synthesized here are indicated by bars, in which the residue numbers of the peptides are specified. (B) Probabilities
of secondary structure predicted by DPM (51), DSC (52), GOR4 (53), HNN (54), PHD (55), and SOPMA (56) algorithms indicated by h
(helix), e (sheet), t (turn), and c (coil). These algorithms were executed with ANTHEPROT (57).
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results are expressed as mean residue ellipticity [θ] (degrees
square centimeters per decimole).

FTIR Measurements. ATR-FTIR spectra were recorded
with a Bruker Tensor 27 FTIR spectrometer (Bruker Optics,
Billerica, MA) equipped with a liquid N2-cooled mercury
cadmium telluride (MCT) detector and a BioATR II unit.
The sample solutions were centrifuged (35000g at 4 °C for
30 min) to precipitate the fibrils after incubation for 2 days.
The precipitated fibrils were loaded onto the surface of a
BioATR II prism, and the spectra were recorded at 25 °C
with a resolution of 4 cm-1 and were averaged for 128 scans.
From the spectrum of each sample, a corresponding buffer
spectrum was subtracted. The secondary structure contents
were estimated by deconvolution analysis of amide I. FTIR
spectra were subjected to Fourier self-deconvolution and the
second-derivative calculation to estimate the number of peaks
and the appropriate peak wavenumbers of the Gauss function.
All FTIR spectra were fitted with Gauss functions without
restricting the peak wavenumbers. Thus, the most probable
frequency was obtained, and the bandwidth for all peak
positions was determined. The secondary structure contents
were calculated from the area of the fitted Gauss function.
The assignments of Gauss functions are summarized in Table
1, and the peaks of side chains were fitted in the 1599-1607
cm-1 region. Second derivatives of FTIR spectra were
presented after normalizing the total amide I absorptions by
the main chain for protein concentrations.

EM ObserVations. A 2 µL aliquot of the sample solution
was placed on a copper grid (400 mesh) covered with carbon
film for 1 min, and excess solution was removed by blotting
with filter paper. The grid was negatively stained with a 5
µL droplet of 2% uranyl acetate for 1 min. Again, the liquid
on the grid was removed by blotting, and the grid was dried.
Electron micrographs were taken using a JEM-1010 trans-
mission EM (JEOL, Tokyo, Japan), operating at an 80 kV
acceleration with a magnification of 40000×.

RESULTS

Amyloid Fibril Formation of Peptide Fragments of mPrP
at pH 5.5. Among the peptides that were examined,
PrP199-226 corresponding to the region of R-helix 3 of
mPrP (Figure 1), named H3 peptide, showed a significant

increase in thioflavin T (ThT) fluorescence (Figure 2A), and
PrP171-193 corresponding to R-helix 2 of mPrP, named
H2 peptide, showed only a slight increase in ThT fluores-
cence. However, we clearly observed amyloid-like fibrils of
H2 peptide with the EM (Figure 5), and the maximum
wavelengths of their ThT fluorescence were both around 480
nm (Figure 2A, inset). Thus, we assumed that the affinity of
ThT molecules for H2 fibrils is low, as reported for other
amyloid fibril systems (20, 21). We then examined the
secondary structure of these fibrils using CD at pH 5.5. The
CD spectrum of H3 fibrils revealed a �-sheet conformation
with a minimum at 218 nm (Figure 2B). However, the CD
spectrum of H2 fibrils exhibited a nadir of ∼214 nm and a
large negative ellipticity, which was significantly distinct
from that of H3 fibrils.

Although the PrP106-126 peptide is the most hydrophobic
region in mPrP, it did not show an increase in ThT
fluorescence even after incubation for 7 days (Figure 2A).
The CD spectrum of PrP106-126 showed a random con-
formation after 7 days (Figure 2C). It is possible that the
concentrations of the peptide and salt used in this experiment
were lower than those in previous studies (13-15). The
peptides of other regions did not show any increase in ThT
fluorescence even after incubation for 7 days (Figure 2A).
The CD spectra of these peptides exhibited an almost random
conformation with a minimum of ∼200 nm (Figure 2C).
Among the random peptides, the PrP141-155 peptide, which
is relatively short and corresponds to R-helix 1 of mPrP,
named the H1 peptide, was suggested to form a partially
folded R-helical conformation.

pH Dependence of Amyloid Fibril Formation. To examine
the optimum pH value for fibril formation, we initially
examined the formation of fibrils of all peptides at pH 2.5
and 8.5. As a result, only H2 and H3 peptides exhibited
increased ThT fluorescence, but the intensity of the H2
peptide was quite lower than that of the H3 peptide at both
pH values. Since it is difficult to detect fibril formation of
the H2 peptide by the ThT fluorescence assay, we used CD
spectroscopy to investigate the pH dependence of fibril
formation.

First, we examined the pH dependence of fibril formation
of the H2 peptide after incubation for 2 days at 37 °C.

FIGURE 2: Formation of fibrils by 10 peptide fragments of mPrP at pH 5.5. (A) Spontaneous fibril growth at 37 °C monitored by a fluorometric
assay with ThT. Reaction mixtures contained 100 µM PrP23-39 (O), PrP40-55 (b), PrP56-71 (0), PrP88-105 (9), PrP106-126 (4),
PrP127-140 (2), PrP141-155 (3), PrP156-170 (1), PrP171-193 (]), or PrP199-226 ([), 25 mM acetate-NaOH, and 100 mM NaCl.
The inset shows the ThT spectra of H2 (PrP171-193) and H3 (PrP199-226) fibrils indicated by solid and dotted lines, respectively. The
spectrum of H2 was measured at a 10-fold concentration of fibrils. (B) CD spectra of fibrils formed by H2 (PrP171-193) and H3 (PrP199-226)
peptides after incubation for 2 days. (C) CD spectra of peptide fragments after incubation for 7 days. These peptides did not exhibit an
increase in ThT fluorescence. The PrP56-71 peptide corresponding to two repeats of octameric repeat exhibited a unique CD spectrum
with a peak at 224 nm, as reported in the previous study (19).
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Unexpectedly, H2 fibrils showed a unique CD spectrum with
a minimum at 206 nm and large negative ellipticity (-34000
deg cm2 dmol-1) at pH 1.9 (Figure 3A). Although this CD
spectrum resembles that of the helical conformation in
appearance, its large negative ellipticity would indicate an
ordered conformation of amyloid-like fibrils. At basic pH,
the CD spectra exhibited a �-sheet conformation with low
ellipticity (Figure 3A). The pH dependence of the confor-
mational transition was monitored at 218 and 206 nm,
respectively, exhibiting dramatic conformational change
around pH 5-6 (Figure 3D). The isoelectric point (pI) of
the H2 peptide is pH 8.6. Around pI, the CD intensity
gradually decreased, suggesting the formation of aggregate-
like fibrils due to the neutralization of electric repulsion
between peptides.

The CD spectrum of the H3 peptide showed a typical
�-sheet conformation in the pH range of 2-8 (Figure 3B).
Although the transition curve of H3 fibrils is significantly
distinct from that of H2 (Figure 3D,E), the CD intensity of
both H3 and H2 fibrils commonly decreased around each pI
value (the pI of the H3 peptide is 4.1), suggesting the
formation of aggregates. Although amyloid fibrils often grow
to be 1-2 µm long, the turbidity of amyloid fibrils is
relatively low (Figure S1 of the Supporting Information),
andthus, theCDspectraoffibrilsarenormallymeasured(22,23).
Actually, all the fibril solutions without H3 aggregates were
clear. H3 aggregates at pH ∼5.0 showed the small amount
of particles, which could cause a decrease in the magnitude
of the CD signal and a slight shift in wavelength due to the
light scattering (Figure 3B). At basic pH, the increase in the
level of charge repulsion between H3 peptides suppressed
the formation of amyloid fibrils.

We also examined the conformational change in the H1
peptide. H1 monomer, which formed a partially folded

R-helix at pH 5.5, showed a helix-coil transition depending
on pH (Figure 3C). The conformational transition was
monitored at 210 nm (Figure 3F) and revealed that H1
monomer formed partially folded R-helix in the pH range
of 5-9, though H1 is a short peptide consisting of only 15
amino acids. This result is consistent with the intrinsically
high helical propensity of R-helix 1 in mPrP (Figure 1B).

Subsequently, we examined the kinetics of fibril formation
of H2 and H3 peptides by CD and ThT fluorescence
measurements, respectively. The CD intensity of the H2
peptide increased with time, and unusual H2 fibrils with a
minimum at 206 nm and large negative ellipticity were
formed at pH 2.5 (Figure 4A). The CD spectra during the
fibril formation of the H2 peptide constituted an isodichroic
point, implying that the formation of H2 fibrils can be
explained by a simple two-state model. We estimated the
fraction of the extended fibrils along the time course at
various pH values (Figure 4B). The formation of both H2
and H3 aggregates at pH 8.0 and 5.0, respectively, near these
pIs was actually fast and reached equilibrium ∼3 h after
initiation of the reaction (Figure 4B,C). The fibril formation
of H2 and H3 peptides at pH 2.5 was completed after
incubation for 10 and ∼22 h, respectively. The fibril
formation of the H3 peptide at pH 8.0, however, was fast,
and its ThT intensity was higher than at other pH values
(Figure 4C), suggesting the further formation of amyloid-
like fibrils. The notable increase in ThT fluorescence at this
early stage might be caused by the contamination of
aggregates (Figure 4C).

Amyloid-like Fibrils ObserVed with an EM. EM observa-
tions revealed that H2 peptide formed many straight amyloid-
like fibrils with a diameter of 10-15 nm at pH 2.5 (Figure
5A). A mature H2 fibril was composed of a few protofila-
ments whose diameter was 3-4 nm (Figure 5G). At pH 5.0,

FIGURE 3: pH-dependent conformational change of three peptides corresponding to helical regions of mPrPC. (A-C) CD spectra of H2 (A),
H3 (B), and H1 (C) peptides after incubation for 2 days under various pH conditions. (D-F) Conformational changes of H2 fibrils monitored
as ellipticity at 218 (O) and 206 nm (4) (D), H3 fibrils monitored as ellipticity at 218 nm (E), and the H1 monomer monitored as ellipticity
at 210 nm (F). In panels D-F, the net charge of peptides is indicated by dashed lines (right ordinate). The pI values of H2, H3, and H1
peptides are 8.6, 4.1, and 4.6, respectively.
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relatively thin and short fibrils were observed (Figure 5B),
and at pH 8.0 near its pI, short and aggregate-like fibrils
were mainly observed (Figure 5C). In contrast, the H3

peptide formed flexible fibrils with a diameter of 5-10 nm
at pH 2.5 far from its pI (Figure 5D), whose morphology
differed significantly from that of rigid H2 fibrils. At pH
8.0, relatively thin and short fibrils were observed (Figure
5F); nevertheless, at pH 5.0 near its pI, nonfibrillar aggregates
were observed (Figure 5E). Amyloid-like fibrils of H2 were
confirmed with the EM, but ThT fluorescence almost never
increased (Figure 2A). We employed another criterion for
amyloid fibrils, binding with Congo red dye (24). When the
dye bound to H2 fibrils, the absorbance at ∼540 nm was
increased at all pH values (data not shown). The presence
of H2 fibrils was verified by using Congo red.

FIGURE 4: Fibril formation of H2 and H3 peptides under various
pH conditions. (A) CD spectra of H2 fibrils at pH 2.5. Series of
spectra measured after various periods of incubation were overlaid:
the stronger the intensity at 206 nm, the longer the incubation time.
(B) Time courses of fibril formation of the H2 peptide at pH 2.5
(b), 5.0 (9), and 8.0 (2) were monitored by CD spectroscopic
analysis (left ordinate) and at pH 2.5 (O), 5.0 (0), and 8.0 (4) by
ThT fluorescence analysis (right ordinate). (C) Time courses of fibril
formation of the H3 peptide at pH 2.5 (O), 5.0 (0), 8.0 (4), and
9.5 (3) were monitored by ThT fluorescence.

Table 1: Secondary Structure Assignments and IR Band Positions for the Amide I Band of Different Forms of H2 and H3 Fibrils

percentage of secondary structure contentsa

secondary structure assignment pH 2.5 [band position (cm-1)] pH 5.0 [band position (cm-1)] pH 8.0 [band position (cm-1)]

H2 fibrils
intermolecular �-sheet (parallel) 59.7 (1623) 55.3 (1622) 44.4 (1621)
�-sheet 10.0 (1635) 10.4 (1633) 17.0 (1637)
random 9.8 (1646) 11.6 (1645) 17.6 (1651)
turn/loop 20.5 (1663, 76, 90) 22.7 (1666,81, 95) 21.0 (1667, 82, 96)

H3 fibrils
intermolecular �-sheet (antiparallelb) 46.8 (1616, 91) 41.9 (1617, 92) 44.8 (1615, 93)
�-sheet 13.7 (1631) 13.7 (1632) 12.9 (1631)
random 20.0 (1642) 26.9 (1645) 21.1 (1643)
turn/loop 19.5 (1659, 74, 88) 17.5 (1661, 75, 88) 21.2 (1660, 77, 87)

a The error should be expected in the range of 4-10% in secondary structure analysis as determined by FTIR (29). b This antiparallel �-sheet
structure is attributed to a high-frequency component of the �-sheet. No conclusive assignment for the �-sheet conformation in H3 aggregates at pH 5.0
could be made on the basis of the FTIR data, since two �-sheet components (parallel and antiparallel) might both be present.

FIGURE 5: EM images of H2 and H3 peptides after incubation for
2 days. (A-C) Amyloid- or aggregate-like fibrils of the H2 peptide
were prepared at pH 2.5 (A), 5.0 (B), and 8.0 (C). (D-F) Amyloid-
like fibrils or aggregates of the H3 peptide were prepared at pH
2.5 (D), 5.0 (E), and 8.0 (F). Scale bars are 300 nm. (G) Magnified
image of H2 fibrils at pH 2.5 taken from panel A. The magnified
region is indicated by the square in panel A. The scale bar is 100
nm.
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Conformation Monitored by FTIR Spectra. Although
amyloid-like fibrils of the H2 peptide was confirmed with
the EM (Figure 5), its CD spectrum resembled R-helix
conformation with a minimum around 206 nm at acidic pH
(Figure 3A). We then measured the CD spectra of the H2
monomer in 2,2,2-trifluoroethanol and 10 mM HCl (Figure
S2 of the Supporting Information), in which the H2 monomer
formed an R-helical conformation. However, the unusual CD
spectrum of H2 fibrils was essentially different from that of
the R-helical conformation.

To characterize the secondary structure of H2 and H3
fibrils, we measured FTIR spectra in an aqueous solution.
As a result, H2 fibrils formed at pH 2.5 and 5.0 exhibited
almost identical amide I bands of FTIR spectra (Figure
6A,B). The amide I band (1600-1700 cm-1) is known to
be a sensitive probe of secondary structure (25, 26). Recently,
it was demonstrated that amide I′ peaks in the range of
1611-1630 cm-1 are characteristic of the intermolecular
�-sheet formed by amyloid fibrils, while bands of native
�-sheet clustered between 1630 and 1643 cm-1 (27, 28).
Deconvolution analysis and the second derivative of the FTIR
spectrum at pH 2.5 revealed major bands corresponding to
an intermolecular �-sheet and a turn conformation with bands
at 1623 and 1663 cm-1, respectively (Figure 6A,D). How-
ever, the R-helical conformation with a band around 1655
cm-1 (25, 26) could not be observed. In contrast, the FTIR
spectrum of H2 aggregate-like fibrils formed at pH 8.0 near
its pI (Figure 6C) was quite distinct from those at acidic
pH. Although the FTIR spectrum showed the presence of
an intermolecular �-sheet at 1620 cm-1 at pH 8.0 (Figure
6C,D), the estimated amount was 44.4% (Table 1), which
was smaller than that at pH 2.5 (59.7%), and the presence
of a relatively large amount of random conformation with a
band of 1651 cm-1 at pH 8.0 (Table 1). The differences in
intermolecular �-sheet and random contents between H2
fibrils at pH 2.5 and aggregate-like fibrils at pH 8.0 are equal
or larger than the error of 4-10% in deconvolution analysis
by FTIR (29). We considered that the distinction between
conformations of H2 fibrils at pH 2.5 and aggregate-like
fibrils at pH 8.0 was meaningful. Meanwhile, all H2 fibrils
at different pHs showed bands of turn/loop conformations
at 1663-1667 cm-1, but these conformations were slightly
different (Figure 6D). The second derivative of the spectra
showed that H2 fibrils formed at pH 2.5 (solid line) had a
band at 1663 cm-1, though H2 fibrils at pH 5.0 (gray line)
and pH 8.0 (dotted line) had a band at 1666 and 1667 cm-1,
respectively. These bands are affected by types of turn
conformations due to the perturbation of the transition dipole
coupling (30, 31). We considered that the CD spectrum with
a minimum at 206 nm seen in ordered H2 fibrils at pH 2.5
was caused by a turn conformation with the band at 1663
cm-1 observed only at pH 2.5, and its band could be assigned
to a type I or II′ �-turn conformation (see Discussion).

Subsequently, we measured the FTIR spectra of H3 fibrils
or aggregates at various pHs, exhibiting an amide I maximum
at smaller wavenumbers along with a low-intensity peak
associated with an antiparallel intermolecular �-sheet with
bands at ∼1616 and ∼1692 cm-1, respectively (Figure
6E-H) (25-27). However, no conclusive assignment for the
�-sheet conformation (parallel or antiparallel) in H3 ag-
gregates at pH 5.0 could be made on the basis of the FTIR
data,sincetwo�-sheetcomponentsmightbothbepresent(12,26).

For parallel �-sheets, only the low-frequency band around
1611-1630 cm-1 is expected (12, 32), and usually upshifted
by a few wavenumbers (25). We suggest, therefore, that the
intermolecular �-sheet structure in H2 fibrils with a single
band around 1622 cm-1 could be predominantly parallel
rather than antiparallel (Figure 6D).

Although both H3 fibrils formed at pH 2.5 and 8.0 had
bands of intermolecular �-sheet conformations at ∼1616
cm-1 and random conformations at ∼1643 cm-1 (Figure 6H),
their secondary structure contents did not differ much from
those of H3 aggregates formed at pH 5.0 (Table 1).
Significant differences in secondary structure contents and
band positions could not be observed between fibrils at pH
2.5 and 8.0 in this study (Table 1). Those H3 fibrils seemed
to be more flexible than the H2 fibrils formed at pH 2.5,

FIGURE 6: FTIR spectra of H2 and H3 fibrils under various pH
conditions. (A-C) Absorption spectra of H2 fibrils recorded at pH
2.5 (A), 5.0 (B), and 8.0 (C). (E-G) Absorption spectra of H3
fibrils or aggregates recorded at pH 2.5 (E), 5.0 (F), and 8.0 (G).
Deconvolution analysis for the amide I region was performed to
determine the secondary structure contents by curve fitting (Table
1). The results of deconvolution analysis of FTIR spectra (solid
lines) are shown as dotted lines. Gray peaks represent contributions
due to nonsecondary structure. (D and H) Second derivatives of
the FTIR spectra of H2 fibrils (D) prepared at pH 2.5 (solid line),
pH 5.0 (gray line), and pH 8.0 (dotted line) and H3 fibrils (H)
prepared at pH 2.5 (solid line), pH 5.0 (gray line), and pH 8.0
(dotted line). Several �-sheet components are evident at 1615-1623
cm-1 and around 1692 cm-1, in addition to random conformations
at 1642-1651 cm-1 and turn/loop conformations in the range of
1659-1696 cm-1.

Unusual Amyloidogenic Properties of the Helix 2 Peptide Biochemistry, Vol. 47, No. 50, 2008 13247



since the intermolecular �-sheet content of H3 fibrils was
much lower than that of H2 fibrils, and the random content
of H3 fibrils was higher than that of H2 fibrils (Table 1).
These results were consistent with the flexible H3 fibrils at
pH 2.5 and 8.0 observed with the EM (Figure 5).

Cross Reactions between Peptide Fragments and Full-
Length mPrP. First, we examined the fibril formation of full-
length mPrP23-231 using ultrasonication, which is known
to induce the formation of amyloid fibrils made by many
kinds of proteins, including PrP (33, 34). Ultrasonication is
one form of agitation triggering the formation of amyloid
fibrils. Although mPrP does not form amyloid fibrils for at
least several days without ultrasonication at pH 5.5 and 7.5
(Figure 7A), ThT fluorescence increased markedly after a
lag time of 70-80 h at pH 5.5 upon sonication of the mPrP
solution. At pH 7.5, ThT fluorescence increased more rapidly
after a lag time of 20-30 h with sonication, since the pI of
mPrP is pH 9.6. We then examined the effects of seeding
on the fibril formation of full-length mPrP with ultrasoni-
cation. The addition of seeds composed of mPrP fibrils
induced the formation of fibrils without a lag time at pH 5.5
and 7.5 (Figure 7A). Many fragmented fibrils were observed
with the EM (Figure 7C), because we sonicated the mPrP
solution throughout the extension reaction. Full-length mPrP
formed thick fibrils with a diameter of 15-20 nm, which
was larger than those of H2 and H3 fibrils, and the twist
was not clear in mPrP fibrils. mPrP and H3 fibrils seemed
to be flexible rather than H2 fibrils (Figures 5A,D and 7C),
suggesting that random contents in mPrP and H3 fibrils were
larger than that in H2 fibrils.

Subsequently, we examined the cross reactivity between
peptide fragments and full-length mPrP at pH 5.5. Upon

addition of seeds composed of H2 fibrils, ThT fluorescence
increased markedly after a lag time of 2-3 h (Figure 7B),
which was much shorter than that of H3 seeds which
exhibited a long lag time of 9-14 h. This result indicates
that H2 fibrils work more efficiently as seeds in the extension
reaction of mPrP fibrils. We then investigated the secondary
structure of these fibrils using CD spectroscopy. The native
state of mPrP showed the CD spectrum of an R-helical
conformation at pH 5.5 (Figure 7D). Both mPrP fibrils
formed by seeding of mPrP fibrils and H2 fibrils showed
the CD spectra of a �-sheet conformation with large
ellipticity, suggesting the formation of amyloid-like fibrils,
though the decrease in CD intensity by seeding of H3 fibrils
suggested the formation of fibrils contaminated with non-
fibrillar aggregates. These results imply that the region of
R-helix 2 rather than R-helix 3 in mPrP is more important
for initiating fibril formation.

DISCUSSION

Prion’s pathogenic conversion reaction is generally con-
sidered to be composed of two stages. The first stage may
be the unfolding of PrPC, possibly catalyzed by factor X (35).
The second stage is a kind of folding process derived by the
generic mechanism from the active intermediate state (PrP*)
(36) or unfolded state (PrPU) to PrPSc. The latter is a
nucleation-dependent process and somewhat similar to the
replication occurring at the extending edge of amyloid fibrils.
Although we do not know whether any chaperone factor is
actually involved in the latter reaction, such a catalyzing
factor may not be obligatory for the nucleation-dependent
replication process. Alternatively, the distribution of intrinsic

FIGURE 7: Cross reactions of amyloid fibril formation between peptide fragments and full-length mPrP at 37 °C. (A) Spontaneous fibril
formation of mPrP without ultrasonication at pH 5.5 (b) and 7.5 (O). Ultrasonication-induced fibril formation of mPrP without seeds at pH
5.5 (2) and 7.5 (4) and with seeds at pH 5.5 (9) and 7.5 (0). Reaction mixtures contained 10 µM mPrP, 150 mM NaCl, and 2 M Gdn-HCl.
mPrP seeds were added at a final monomer concentration of 0.5 µM. (B) Fibril formation of mPrP with ultrasonication at pH 5.5 without
seeds (O) taken from panel A, with mPrP seeds (b), with H2 seeds (9), and with H3 seeds (2). H2 and H3 seeds were added at a final
monomer concentration of 2.5 µM. (C) EM image of ultrasonication-induced mPrP fibrils at pH 5.5 with mPrP seeds after incubation for
1 day. The scale bar is 300 nm. (D) CD spectra of mPrP in the native state at pH 5.5 (1) and mPrP fibrils formed by seeding of mPrP fibrils
(2), H2 fibrils (3), and H3 fibrils (4).
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amyloidogenic properties among mPrP sequences is consid-
ered to be the central problem in the latter process.

Critical Region for Amyloid Fibril Formation of mPrP.
We investigated the fibril formation of a series of peptide
fragments corresponding to the secondary structural elements
of mPrP. Only H2 and H3 peptides, which were fairly
hydrophobic regions in mPrP (Figure 1A), formed amyloid-
like fibrils or aggregates. Historically, although the segment
involving residues ∼90-140 has been known to be important
for the PrPC to PrPSc conversion (8-16), recently, Lu et al.
revealed that the �-sheet core of PrP amyloid fibrils consisted
of the C-terminal region of PrP (starting at residue ∼169)
(18). The amyloidogenic peptides shown in this study were
consistent with the region of the �-sheet core of PrP fibrils
(18). However, the conformations of H2 and H3 fibrils were
significantly different. Studies with various mutants of
acylphosphatase have demonstrated that hydrophobicity and
�-sheet propensity of key regions, as well as the net charge
of the protein, are critical factors for aggregation (37, 38).
Surprisingly, the H2 peptide was predicted to have a high
propensity of �-strand among mPrP (Figure 1B), though the
helix 2 region formed an R-helix conformation in mPrPC.
The high propensity of �-strand and hydrophobicity of the
H2 peptide would promote the formation of �-sheet-rich
amyloid fibrils (Figure 8). In contrast, although the H3
peptide is hydrophobic, this region is predicted to form
R-helix (Figure 1B), so it might be difficult to form �-sheet-
rich amyloid fibrils with the H3 peptide rather than with the
H2 peptide (Figure 8). Thus, the amyloidogenic property
would be basically consistent with their hydrophobicity and
�-strand propensity profiles. Meanwhile, the H1 peptide is
short, with 15 amino acids, but its monomer formed a
partially folded R-helix conformation by itself (Figure 3C).
It is considered that the region of R-helix 1 would form an

R-helix conformation in mPrPC spontaneously, which is
predicted to be hydrophilic with a propensity for R-helix
(Figures 1 and 8). These properties suggest that it may be
difficult to form a stable �-sheet core by R-helix 1 in mPrP
fibrils.

Extension of mPrP fibrils with mPrP seeds is rapid without
a lag time (Figure 7A). On the other hand, heterogeneous
reactions between mPrP and peptide fragments exhibited a
lag time (Figure 7B). The fibril conformation is probably
different between fibrils, and the heterogeneous association
of monomers with the end of the seeds would be thermo-
dynamically unfavorable. Extension of mPrP fibrils with H2
seeds is relatively rapid, but seeding of H3 fibrils exhibited
a long lag time. These results suggested that H2 fibrils have
internal structures similar to mPrP fibrils, which enables
seeding of mPrP fibrils. Moreover, the intensities of the ThT
fluorescence and CD spectrum of mPrP fibrils seeded by H2
fibrils are higher than those seeded by H3 fibrils. Taken
together, it is conceivable that the region of R-helix 2 rather
than R-helix 3 in mPrP has a great potential for initiating
the fibril formation, which could propagate �-sheet confor-
mation by itself to the rest of the molecule.

Unexpected �-Turn Conformation in Ordered Amyloid
Fibrils. Although H2 fibrils exhibited a unique CD spectrum
with a minimum at 206 nm at acidic pH (Figure 3A), FTIR
measurements revealed that H2 fibrils consisted of an
intermolecular �-sheet and a turn conformation, but not
R-helix (Figure 6A). The CD spectra of model cyclic
peptides, forming �-turn conformations of type I or II′,
showed a minimum around 205 nm (39-41). It is considered
that the CD spectrum of H2 fibrils with a minimum at 206
nm would be a combination of �-sheet and type I or II′ �-turn
conformations. All FTIR spectra of H2 fibrils at different
pHs exhibited bands of turn/loop conformations at 1663-1667
cm-1, but these conformations were slightly different (Figure
6D). Thus, we assigned a band at 1663 cm-1 observed only
at pH 2.5 to a type I or II′ �-turn conformation, which would
be distinct from turn/loop conformations with bands at 1666
and 1667 cm-1.

These CD spectra with a minimum at 206 nm are rarely
seen in the monomer state of the globular protein except for
R-helix or random conformations but are occasionally seen
in amyloid fibrils that form �-sheet and turn conforma-
tions (42-44). In general, naturally abundant �-strands are
fewer than 10 residues long (45). The 23-residue H2 peptide
could form a �-strand-turn-�-strand conformation in amy-
loid fibrils. This geometry was seen in some kinds of amyloid
fibrils (43, 46, 47), suggesting that it was a common structural
motif of amyloid fibrils.

pH Dependence of Fibril Formation. To gain further
insight, first we considered the effects of the net charge on
the conformational change of the H1 peptide. The H1
monomer formed a partially folded R-helix in the pH range
of 5-9 (Figure 3F). In the native state, the salt bridges are
formed between the side chains of Asp or Glu and Arg
residues in R-helix 1 (48). It is considered that protonation
of the side chains of Asp or Glu residues below pH 5 and
deprotonation of Tyr residues beyond pH 9 could destabilize
the partially folded R-helix conformation of the H1 peptide
(Figure 3F). Then, we considered the effects of the net charge
on fibril formation. Paz et al. showed with a series of
amyloidogenic peptides that a net charge of (1 was one of

FIGURE 8: Amyloidogenic properties of peptide fragments of mPrP.
The hydrophobicity (solid line) and net charge (dashed line) of
peptides increase and decrease, respectively, and the balance
between hydrophobic and electrostatic interactions is crucial for
the formation of amyloid fibrils. The regions of H2 and H3 peptides
are fairly hydrophobic among mPrP. The H2 peptide has a high
propensity for �-strand intrinsically and formed ordered amyloid-
like fibrils with a �-turn conformation. In contrast, the H3 peptide
has a high propensity for R-helix, which could suppress the
formation of ordered fibrils. Around the pI of the peptides,
neutralization of electric repulsion between peptides promotes the
formation of aggregates. Far from the pI, repulsion between peptides
becomes a barrier for forming fibrils. The H1 peptide, which is
hydrophilic and has a propensity for R-helix, formed a partially
folded R-helix by itself. PrP156-170, which is hydrophilic and
has a propensity for �-strand (Figure 1), formed a random
conformation (Figure 2C).
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the requisites for determining amyloidogenicity (49), and a
neutral or higher effective charge on the molecules prevents
fibril formation. Under optimal pH conditions for the
formation of H2 fibrils, the net charge was ∼4 (Figure 3D).
Aggregate-like fibrils formed at pH ∼6, at which the net
charge was 2. On the other hand, the H3 peptide formed
aggregates at pH 4-6, a point at which the net charge was
between -3 and 3 (Figure 3E). Amyloid-like fibrils of the
H3 peptide formed at pH 2-3 and 7-8, and the net charge
was between (3. At basic pH, repulsion between peptides
became a barrier for formation of fibrils. Thus, the formation
of amyloid fibrils is very sensitive to the net charge of
peptides. These results are basically consistent with those
of Paz et al. (49), since the number of hydrophilic res-
idues of the peptides and the reaction conditions affect fibril
formation. Both H2 and H3 peptides are fairly hydrophobic
among mPrPs, and the net charge of peptides decreases
around these pIs, in which aggregates formed (Figure 8). In
contrast, ordered amyloid-like fibrils were formed far from
these pIs by taking advantage of moderate repulsion,
implying that the balance between hydrophobic and elec-
trostatic interactions is crucial for the formation of ordered
fibrils.

In conclusion, only H2 and H3 peptides, which are fairly
hydrophobic regions in mPrP, formed amyloid-like fibrils
or aggregates. In particular, the H2 peptide has a high
propensity for �-strand formation among mPrPs, which
formed ordered amyloid-like fibrils. H2 fibrils rather than
H3 fibrils induced the formation of full-length mPrP fibrils
efficiently, implying that R-helix 2 constitutes both the
initiation and �-sheet core region in mPrP fibrils. These
results strongly suggest that, although the rigid native fold
of PrP under physical conditions prevents the formation of
amyloid fibrils, the C-terminal region, including R-helix 2,
has an intrinsic amyloidogenic preference. Thus, once the
native structure is destabilized under conditions where the
region of helix 2 is accessible by the seeds or as yet unknown
additional factors which trigger generic folding, then prion
would adopt the new conformation instead of PrPC.
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51. Deléage, G., and Roux, B. (1987) An algorithm for protein
secondary structure prediction based on class prediction. Protein
Eng. 1, 289–294.

52. King, R. D., and Sternberg, M. J. E. (1996) Identification and
application of the concepts important for accurate and reliable
protein secondary structure prediction. Protein Sci. 5, 2298–2310.

53. Garnier, J., Gibrat, J. F., and Robson, B. (1996) GOR method for
predicting protein secondary structure from amino acid sequence.
Methods Enzymol. 266, 540–553.

54. Guermeur, Y. (1997) Combinaison de classifieurs statistiques,
Application a la prediction de structure secondaire des proteines.
Ph.D. Thesis, Université Paris 6, France.
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