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Abstract: Pathogenic prion proteins (PrPSc) are thought to be produced by α-helical to β-sheet conformational
changes in the normal cellular prion proteins (PrPC) located solely in the caveolar compartments. In order to
inquire into the possible conformational changes due to the influences of hydrophobic environments within
caveolae, the secondary structures of prion protein peptides were studied in various kinds of detergents by
CD spectra. The peptides studied were PrP(129–154) and PrP(192–213); the former is supposed to assume
β-sheets and the latter α-helices, in PrPSc. The secondary structure analyses for the CD spectra revealed that
in buffer solutions, both PrP(129–154) and PrP(192–213) mainly adopted random-coils (∼60%), followed by
β-sheets (30%–40%). PrP(129–154) showed no changes in the secondary structures even in various kinds of
detergents such as octyl-β-D-glucopyranoside (OG), octy-β-D-maltopyranoside (OM), sodium dodecyl sulfate
(SDS), Zwittergent 3–14 (ZW) and dodecylphosphocholine (DPC). In contrast, PrP(192–213) changed its
secondary structure depending on the concentration of the detergents. SDS, ZW, OG and OM increased the
α-helical content, and decreased the β-sheet and random-coil contents. DPC also increased the α-helical
content, but to a lesser extent than did SDS, ZW, OG or OM. These results indicate that PrP(129–154)
has a propensity to adopt predominantly β-sheets. On the other hand, PrP(192–213) has a rather fickle
propensity and varies its secondary structure depending on the environmental conditions. It is considered
that the hydrophobic environments provided by these detergents may mimic those provided by gangliosides
in caveolae, the head groups of which consist of oligosaccharide chains containing sialic acids. It is
concluded that PrPC could be converted into a nascent PrPSc having a transient PrPSc like structure under
the hydrophobic environments produced by gangliosides. Copyright  2003 European Peptide Society and
John Wiley & Sons, Ltd.
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INTRODUCTION

Creutzfeldt–Jakob disease, kuru, Gerstmann–Strä-
ussler–Scheinker (GSS) disease and fatal familial
insomnia in human beings, as well as scrapie
and bovine spongiform encephalopathy in animals,
are fatal neurodegenerative diseases that form
part of the group of transmissible spongiform
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encephalopathies, also known as prion diseases
[1–3]. Transmissible spongiform encephalopathies
feature the accumulation, primarily in the brain, of
the glycoprotein PrPSc, which is a conformationally
altered isoform of a normal cellular protein (PrPC)
of the host [1–3]. No covalent differences have
been found to distinguish the two PrP isoforms [4].
The conversion seems to involve a conformational
change in which the α-helical content decreases
while the amount of β-sheets increases dramatically
[5]. Prion replication seems to be dependent on
the interaction between the host PrPC and the
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pathogenic PrPSc. It is argued that an auxiliary
molecule mediates the replication [6]. Kaneko et al.
have shown the binding sites of the auxiliary
molecule, named ‘protein X’ [7]; the sites locate at
the C-terminal half side of PrPC [8] (Figure 1A). It
is noticed that the formation of PrPSc is primarily
due to conformational changes from α-helices to β-
sheets of PrPC. In the β-sheets, the side-chains of the
constituent amino acids align in the same directions.
Thus in aqueous solutions, hydrophobic surfaces
are expected to assist in creating a seed of β-sheet
structure for PrPC or to facilitate the formation of
PrPSc by interacting with the hydrophobic amino

acids of PrPC or PrPSc. Saccharide chains are
one of the candidates that offer such hydrophobic
surfaces [9].

PrPC is GPI(glycosylphosphatidylinositol)-ancho-
red at its S231 (Syrian hamster, Figure 1A) [10] in
caveolar compartments [11]. The pathogenic PrPSc

is considered to be produced solely in the caveolae
[12–14]. The caveolae are endocytic compartments
in endothelial cells, in which a molecule is moved
across the cell by transcytosis [11]. The caveolae are
full of sphingomyelin, cholesterol and sphingoglycol-
ipids known as gangliosides. The PrP has two Asn-
linked saccharide chains at N181 and N197 (Syrian
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Figure 1 (A) Schematic representation of the Syrian hamster prion protein sequence. The locations of three α-helices
(helix A, helix B and helix C), two β-sheets (β), two glycosylation sites (glycan), ‘protein X’ binding sites (‘X’), the site of
GPI-anchor (GPI) and putative PrPSc binding sites (PrPSc) are indicated. (B) The amino acid sequences of PrP(129–154) and
PrP(192–213); their N-termini were acetylated (Ac−) and their C-termini were amidated (−NH2).
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Figure 2 The structure of octyl-β-D-glucopyranoside (OG), octy-β-D-maltopyranoside (OM), sodium dodecyl sulfate (SDS),
Zwittergent 3–14 (ZW) and dodecylphosphocholine (DPC).
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hamster, Figure 1A) [15, 16]. Accordingly, PrPCs in
caveolae are surrounded by complex hydrophobic
surfaces provided by hydrocarbon chains, choles-
terol and saccharide chains. These hydrophobic
environments could work as an, as yet, unidentified
‘protein X’ [17].

In order to inquire into a possible transformation
from PrPC to a pathogenic PrPSc by interactions
with the hydrophobic surfaces in caveolae, the
secondary structures of prion protein peptides were
studied in various kinds of detergents by CD
spectroscopy (Figure 2). The amino acid sequence
of the Syrian hamster prion protein was followed
[18], because its normal cellular form of the
structure is well determined by NMR spectroscopy
[19]. The peptides studied were taken from the
major structural parts of PrPC, i.e. PrP(129–154)
and PrP(192–213) (Figure 1B). The former includes
a β-sheet and an α-helical region in PrPC [19].
Both are speculated to be converted to β-sheets
in PrPSc [20, 21]. The latter includes an α-helical
region in PrPC and locates near the ‘protein X’
binding sites (Figure 1A). The secondary structure
of this α-helical part is speculated to be retained
as it is, even when PrPC is converted to PrPSc

[20, 21].

MATERIALS AND METHODS

Materials

Octyl-β-D-glucopyranoside (OG) and octy-β-D-
maltopyranoside (OM) were obtained from Tokyo
Kasei (Tokyo, Japan) and Sigma (St Louis,
MO), respectively. Sodium dodecyl sulfate (SDS)
was obtained from Nacalai Tesque (Kyoto,
Japan) and dodecylphosphocholine (DPC) was
obtained from Avanti Polar-Lipids (Alabaster,
Alabama). Zwittergent 3–14 (n-tetradecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate; ZW) was
obtained from Calbiochem (San Diego, CA). Peptides,
PrP(129–154) and PrP(192–213), were synthesized
automatically by solid-phase methods, using 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry on an
Applied Biosystems 433A peptide synthesizer; their
N-termini were acetylated, and their C-termini were
amidated. After cleavage with trifluoroacetic acid
(TFA), the peptides were purified on a reverse-phase
C18 HPLC column using a gradient of 70% A: 30%
B to 50% A: 50% B, where A is 0.1% TFA in
water and B is 0.1% TFA in acetonitrile; the rate
of decrease in A was 20%/40 min. The peptides

were characterized by ion-spray mass spectrometry
on a Perkin-Elmer SCIEX API III mass spectrometer:
PrP(129–154), m/z calcd 3264.3820 (monoisotope),
3266.7368 (average), found 1634.5 ([M + 2H]2+),
1090.0 ([M + 3H]3+); PrP(192–213), m/z calcd
2639.2935 (monoisotope), 2641.0230 (average),
found 1321.0 ([M + 2H]2+), 881.5 ([M + 3H]3+).

CD Spectra

A weighed amount of the peptide (50 µM) dissolved
in an isotonic (310 mOsm, 120 mM) phosphate
buffer without or with 0.5% ∼3.0% OG, 0.5%
∼6.0% OM, 0.03% ∼1.0% SDS, 0.003% ∼0.1%
ZW or 0.03% ∼0.50% DPC was subjected to
measurement of CD spectra. The detergent solutions
were prepared by using the isotonic phosphate
buffer. The range of the concentrations studied
was determined by taking into account the
following critical micelle concentration (cmc) of
each detergent. The cmc values reported are:
OG, 19–25 mM (0.55%–0.73%) [22]; OM, 23.4 mM

(1.06%) [23]; SDS, 1.2–7.1 mM (0.035%–0.20%)
[22]; ZW, 0.1–0.4 mM (0.0036%–0.015%) [24]; and
DPC, 1.1–1.5 mM (0.039%–0.053%) [22]. The cmc
values in the present sample solutions, however,
would be lower than these values because of the
use of isotonic phosphate buffer with a high salt
concentration [25]. The CD spectra (190–250 nm)
were measured on a Jasco J-720 spectrometer
interfaced to an NEC PC-9801 microcomputer
or on a Jasco J-820 spectrometer interfaced
to a microcomputer with Microsoft Windows 95
operating systems. A 0.5 mm pathlength quartz
cell was used for a 50 µM sample solution. Eight
scans were averaged for each sample; the averaged
blank spectra of detergents dissolved into the same
buffer solutions were subtracted. The vertical scale
of the CD spectra was expressed as a mean residue
ellipticity in units of deg·cm2/dmol. The percentages
of each secondary structure were analysed by using
CONTIN/LL within the CDPro software package
[26, 27]; the fraction of turns was included in the
percentage of random-coils for convenience.

RESULTS

Effects of OG and OM on the Secondary
Structures of PrP(129–154) and PrP(192–213)

Both OG and OM are non-ionic detergents
(Figure 2); their cmc values are 0.55%–0.73% [22]
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Figure 3 CD spectra of PrP(129–154) (A, B) and PrP(192–213) (C, D) without and with 0.50%, 0.73%, 1.50% and 3.00%
OG. (A) and (C) were observed immediately after preparing sample solutions, whereas (B) and (D) were observed 1 week later.

and 1.06% [23], respectively. Figure 3 shows the CD
spectra of PrP(129–154) (A and B) and PrP(192–213)
(C and D) in isotonic phosphate buffer and in 0.5%,
0.73%, 1.5% and 3.0% OG solutions. The spectra
shown in (A) and (C) were observed immediately
after preparing the sample solutions, whereas
those shown in (B) and (D) were observed 1 week
later. Typical secondary structures (α-helices, β-
sheets and random-coils) of a protein or a peptide
are known to be well-characterized according to
the following CD spectral patterns [28]. α-Helices
show double-negative maxima at 208–210 (π-π∗

transitions) and 222 nm (n-π∗ transitions) and a
strong positive maximum at 191–193 nm (π-π∗

transitions). β-Sheets show a negative band near
216–218 nm and a positive one near 195–200 nm.
Random-coils generally show a strong negative band
near 200 nm and a very weak band around 220 nm,
which can be either a positive band or a negative
shoulder. Inspection of Figure 3A tells us that
PrP(129–154) in buffer essentially assumes random-
coils. No appreciable spectral changes were noted
with increasing concentrations of OG or on standing
the solutions for 1 week (Figure 3B). In contrast,

although PrP(192–213) in buffer also assumed
random-coils, the spectral pattern drastically
changed with increasing concentrations of OG
(Figure 3C). The negative band near 205–225 nm
was clearly increased, while the maximum at
190 nm was greatly increased toward a positive
value. These spectral changes almost converged at
1.5%–3.0% OG and resulted in a typical α-helical
spectral pattern. Again, no spectral changes could
be seen in each spectrum on standing the solutions
for 1 week (Figure 3D). These observations indicate
that the interaction between PrP(192–213) and OG
rapidly stabilized the structure of PrP(192–213)
to adopt α-helices. In order to analyse secondary
structure fractions due to α-helices, β-sheets
and random-coils, the secondary structures were
analysed using CONTIN/LL in the CDPro software
package [26, 27]. Calculations were made for the
CD spectra shown in Figure 3A and C, because
essentially no spectral changes were seen even on
standing the solutions for 1 week. The results are
summarized in Table 1. Notably, the CONTIN/LL
revealed that PrP(129–154) involves 37%–39% β-
sheets, regardless of the concentration of OG. In
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Table 1 Secondary Structure Analysis for the CD spectra of PrP(129–154) and PrP(192–213) in OG, OM,
SDS, ZW and DPC Solutions

Concentration (%) PrP(129–154) PrP(192–213)

α-Helix (%) β-Sheet (%) Random coil (%) α-Helix (%) β-Sheet (%) Random coil (%)

OG 0.00 5.8 37.1 57.0 10.2 27.9 61.9
0.50 5.3 39.0 55.7 11.0 27.4 61.6
0.73 6.0 37.0 57.0 17.7 25.3 57.1
1.50 5.7 38.9 55.5 29.9 16.1 53.9
3.00 5.7 38.6 55.7 36.8 12.8 50.4

OM 0.00 5.8 37.1 57.0 10.2 27.9 61.9
0.50 5.8 37.4 56.9 7.3 31.3 61.4
1.06 5.7 38.1 56.1 14.6 28.9 56.5
1.50 5.6 37.9 56.5 18.0 27.8 54.2
6.00 5.8 38.9 55.5 45.6 8.8 45.7

SDS 0.00 5.8 37.1 57.0 10.2 27.9 61.9
0.03 5.1 42.1 52.8 19.8 23.2 56.9
0.20 5.0 43.6 51.5 37.2 14.4 48.2
1.00 5.3 39.9 54.9 41.3 12.8 45.8

ZW 0.000 5.8 37.1 57.0 10.2 27.9 61.9
0.003 4.1 40.9 54.9 11.3 27.6 61.0
0.015 4.4 40.5 55.1 7.5 27.4 65.2
0.100 6.8 40.3 53.0 42.5 8.9 48.6

DPC 0.00 5.8 37.1 57.0 10.2 27.9 61.9
0.03 4.1 41.5 54.4 8.1 27.8 64.2
0.06 5.2 41.4 53.5 11.1 27.1 61.9
0.10 5.1 40.1 54.9 17.7 23.0 59.4
0.50 6.4 40.1 53.5 34.2 14.4 51.5

contrast, the α-helical content of PrP(192–213)
increased with increasing concentrations of OG
as implied from changes in the shape of the CD
spectra. The CONTIN/LL showed that the increase
in the α-helical content was compensated for by the
decrease in both the β-sheet and the random-coil
contents.

Figure 4 shows the CD spectra of PrP(129–154)
(A and B) and PrP(192–213) (C and D) in isotonic
phosphate buffer and in 0.5%, 1.06%, 1.50% and
6.00% OM solutions. The spectra shown in (A)
and (C) were observed immediately after preparing
the sample solutions, while those shown in (B)
and (D) were observed 1 week later. As shown
in Figure 4A, no differences in the CD spectra
could be seen between PrP(129–154) in OG and
that in OM. Also, no time-dependent alterations
in the spectra were noted between Figures 4A
and B. PrP(192–213) showed similar behaviour to
that seen in OG with increasing concentrations
of OM (Figure 4C). The CD spectrum converged
to that due to the α-helices at 6.00% OM. Again,

no time-dependent alterations in the spectra were
noted between Figures 4C and D. The CONTIN/LL
calculations for the spectrum shown in Figure 4A
gave similar values to those calculated in OG
solutions, as expected, whereas for the spectrum
shown in Figure 4C, they gave a little larger α-
helical content than for the corresponding spectrum
in OG. The increase in the α-helical content was
compensated for by the decrease in the random-coil
value (Table 1).

Effects of SDS on the Secondary Structures of
PrP(129–154) and PrP(192–213)

In order to investigate the effects of a charge at
the hydrophilic head of detergents, the CD spec-
tra of the peptides in SDS solutions were observed.
In the following, all the CD spectra were recorded
immediately after preparing the sample solutions,
since no time-dependent changes in the secondary
structure were noted in OG and OM. The SDS
is an ionic detergent having a negative charge at
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Figure 4 CD spectra of PrP(129–154) (A, B) and PrP(192–213) (C, D) without and with 0.50%, 1.06%, 1.50% and 6.00%
OM. (A) and (C) were observed immediately after preparing sample solutions, whereas (B) and (D) were observed 1 week later.
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Figure 5 CD spectra of PrP(129–154) (A) and PrP(192–213) (B) without and with 0.03%, 0.20% and 1.00% SDS.

the polar head group (Figure 2); its cmc value is
0.035%–0.20% [22]. Figure 5 shows the CD spec-
tra of PrP(129–154) and PrP(192–213) in isotonic
phosphate buffer and in 0.03%, 0.20% and 1.00%
SDS solutions. The CD spectra of PrP(129–154) in
SDS were rather featureless compared with those
in OG or OM. However, the spectral pattern was
essentially due to random-coils. The CONTIN/LL
gave similar secondary structure fractions for β-
sheets and random-coils, respectively, to those for
OG or OM (Table 1). However, differences in the
CD spectra from those observed in buffer suggest

that in contrast to OG or OM, SDS caused some
change or other in the secondary structure of
PrP(129–154). On the other hand, the CD spectra
of PrP(192–213) plainly converged into those due to
α-helices. Moreover, the increased ellipticities of the
double-negative maxima indicate that the α-helical
content was larger than that attained in OG or OM
solution. The CONTIN/LL calculations clearly fol-
lowed these spectral changes: the α-helical content
was increased greatly up to ∼41%, while fractions
due to β-sheets and random-coils were markedly
decreased.
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Effects of ZW and DPC on the Secondary
Structures of PrP(129–154) and PrP(192–213)

The high α-helical content of PrP(192–213) in SDS
solutions suggested that the negative charge at the
polar head group of SDS played an important role
in stabilizing the α-helical structure. In order to
see the effects of the negative charge at the head
group of detergents, ZW and DPC were investigated
further. Both ZW and DPC are ionic detergents
having one positive and one negative charge at
their head groups, but the total charge of the
molecule is neutral (Figure 2). The locations of the
positive and the negative charges are different; in
ZW, there is a negative charge at the terminal
of the head, whereas in DPC, there is a positive
charge at the corresponding terminal position. Their
cmc values are 0.0036%–0.015% for ZW [24] and
0.039%–0.053% for DPC [22].

Figure 6 shows CD spectra of PrP(129–154) and
PrP(192–213) in isotonic phosphate buffer and in
0.003%, 0.015% and 0.1% ZW solutions. The CD
spectra of PrP(129–154) at 0.003% and 0.015% ZW
were more unstructured than those seen in SDS,
but the spectrum at 0.1% ZW explicitly suggested

the presence of β-sheets. The changes in the CD
spectra of PrP(192–213) were more dramatic at 0.1%
ZW than those seen in Figure 6A. Although any indi-
cations of the changes in the secondary structure
were not recognized by the CD spectra at 0.003%
and 0.015% ZW, the spectrum changed abruptly
into α-helices at 0.1% ZW. The CONTIN/LL calcula-
tions showed a nearly identical α-helical content to
that for PrP(192–213) at 1.0% SDS (Table 1).

Figure 7 shows the CD spectra of PrP(129–154)
and PrP(192–213) in isotonic phosphate buffer and
in 0.03%, 0.06%, 0.10% and 0.50% DPC solutions.
The CD spectra of PrP(129–154) in DPC were also
unstructured as in the case of SDS or in the case
of ZW at 0.003% and 0.015%, but were definitely
different from those recorded in buffer. The spec-
tral patterns still suggest that PrP(129–154) pre-
dominantly assumed random-coils. The CONTIN/LL
calculations gave similar secondary structure frac-
tions to those calculated for the other detergents.
Any indications in the changes in the secondary
structures were not recognized by the CD spec-
trum of PrP(192–213) in the concentration range
0.03%–0.06%; however, it was inclined to increase
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the α-helical structure beyond 0.10% DPC. The
CONTIN/LL calculations followed well these trends.
These results show that a detergent having a nega-
tive charge at its hydrophilic head has a propensity
to stabilize α-helices of PrP(192–213).

DISCUSSION

According to Liu et al. the recombinant Syrian
hamster prion protein contains three α-helices at
regions spanning D144–M154 (helix A), Q172–T193
(helix B) and E200–D227 (helix C) and two short
anti-parallel β-strands for the residues M129–G131
and V161–Y163 [19] (Figure 1A). An analogous NMR
structure has also been reported by Riek et al. for the
recombinant mouse prion protein MoPrP(121–231)
[29]. In contrast, no structure determinations have
been made for PrPSc. Pan et al. showed that α-
helix and β-sheet contents change from 42% α-helix
and 3% β-sheet in PrPC to 30% α-helix and 43%
β-sheet in PrPSc for the materials purified from
normal and scrapie-infected Syrian hamster brains
[5]. Safar et al. also reported the secondary structure
of PrPSc purified from golden Syrian hamsters and
then reconstituted into liposomes. The secondary
structure contents obtained by CD spectra were
20% α-helix, 34% β-sheet and 46% β-turns and
random coil [30]. Thus, a high β-sheet content
and a low α-helical content are characteristics of
PrPSc. It has been suggested that at least the region
90–145 is converted to β-sheets in PrPSc, the C-
terminal helix B and helix C remaining as α-helices
[20, 21]. In fact, the peptide 90–145 aggregates to
form rod-shaped polymers and caused GSS disease
in transgenic mice [31, 32]. The pathogenic PrPSc

is considered to be produced solely in caveolae
[12–14]. The GPI-anchored PrPC that binds to
‘protein X’ in caveolae, is converted to PrPSc by also
interacting with the seed of PrPSc [7, 17]. The ‘protein
X’ binding sites locate near or on helix B and helix C
[7, 8] (Figure 1A). On the other hand, the seed of
the PrPSc binding site was suggested to be regions
119–138 and 206–223 by Horiuchi and Caughey
[33] (Figure 1A).

The present results indicate that the detergents
tried did not appreciably alter the secondary
structure of PrP(129–154), holding the secondary
structure as ∼40% β-sheets and ∼60% random-
coils. These findings mean that PrP(129–154) has
an intrinsic conformational preference to adopt β-
sheets, irrespective of environmental conditions. The
Met129–Trp145 moiety in PrP(129–154) overlaps

partly with the PrPC –PrPSc interaction sites [33]
and is involved in the region 90–145. Thus, the
propensity of the amino acids in region 129–154
studied, which is inclined to adopt β-sheets, may
facilitate the conformational transition for the
90–145 region of PrPC into a PrPSc-like structure by
mimicking the β-sheet structure of a neighbouring
PrPSc.

On the contrary, PrP(192–213) adopted various
secondary structures: β-sheets in isotonic phos-
phate buffer, but α-helices in OG, OM, SDS and ZW
or weakly in DPC solutions. These findings mean
that PrP(192–213) has a rather fickle propensity
to adopt various secondary structures depending on
the environmental conditions. Hydrophobic environ-
ments, especially involving negative charges, may
stabilize helix C (200–227) of PrPC and facilitate the
binding of ‘protein X’ to PrPC, since the ‘protein X’
binding sites one near the 192–213 region studied,
i.e. at Thr215 and Gln219 [7, 8] (Figure 1A). The α-
helical conformation of helix C, still retained in the
nascent PrPSc, may also be stabilized and would
facilitate development of PrPSc, since a putative
PrPSc binding site with PrPC span the amino acids
in helix C (Figure 1A). Those hydrophobic environ-
ments could be fully offered by sphingoglycolipids
known as gangliosides in caveolae. In gangliosides,
an oligosaccharide chain containing sialic acids is
attached to ceramide. Thus, it is concluded that
at the membrane surface of caveolae, GPI-anchored
PrPC could be altered into a nascent PrPSc having a
transient PrPSc-like structure under the influences
of hydrophobic forces and negative electrostatic
potentials produced by the oligosaccharide chains
of gangliosides.
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