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ABSTRACT: The conformational conversion of prion protein (PrP) from anR-helix-rich normal cellular
isoform (PrPC) to a â-sheet-rich pathogenic isoform (PrPSc) is a key event in the development of prion
diseases, and it takes place in caveolae, cavelike invaginations of the plasma membrane. A peptide
homologous to residues 106-126 of human PrP (PrP106-126) is known to share several properties with
PrPSc, e.g., the capability to form aâ-sheet and toxicity against PrPC-expressing cells. PrP106-126 is
thus expected to represent a segment of PrP that is involved in the formation of PrPSc. We have examined
the effect of lipid membranes containing negatively charged ganglioside, an important component of
caveolae, on the secondary structure of PrP106-126 by circular dichroism. The peptide forms anR-helical
or a â-sheet structure on the ganglioside-containing membranes. Theâ-sheet content increases with an
increase of the peptide:lipid ratio, indicating that theâ-sheet formation is linked with self-association of
the positively charged peptide on the negatively charged membrane surface. Analogousâ-sheet formation
is also induced by membranes composed of negatively charged and neutral glycerophospholipids with
high and low melting temperatures, respectively, in which lateral phase separation and clustering of
negatively charged lipids occur as shown by Raman spectroscopy. Since ganglioside-containing membranes
also exhibit lateral phase separation, clustered negative charges are concluded to be responsible for the
â-sheet formation of PrP106-126. In caveolae, clustered ganglioside molecules are likely to interact
with the residue 106-126 region of PrPC to promote the PrPC-to-PrPSc conversion.

Prion protein (PrP)1 is a glycosylphosphatidylinositol
(GPI)-anchored membrane protein predominantly expressed
in neuronal tissue (1). Mature mammalian PrP after post-
translational modifications spans residues 23-231 of the 253-
amino acid sequence coded by a single gene (2). NMR
studies have revealed that the C-terminal half (residues 121-
231) of PrP has a compact globular structure consisting of
threeR-helices and two short antiparallelâ-strands, whereas
the N-terminal half of the protein is structurally disordered
(3-7). Conformational transition of PrP from theR-helix-
rich normal cellular isoform (PrPC) to aâ-sheet-rich patho-
genic isoform (PrPSc) is considered to be responsible for prion
diseases (8), which are fatal transmissible neurodegenerative
disorders of humans and animals (9-11). PrPSc is resistant
to protease and shows a strong tendency toward polymeri-
zation into insoluble fibrils that disrupt neuronal function
(10, 11). Despite extensive investigations, the mechanism
of the PrPC-to-PrPSc conversion has not yet been clarified.

Studies on the localization of PrP in neuroblastoma cells
have revealed that both PrPC and PrPSc exist in caveolae (12,
13). Caveolae are cavelike invaginations of the cell surface
enriched with a structural protein (caveolin), cholesterol, and
sphingolipids (14-17). The existence of PrPC in caveolae
is not unusual because GPI-anchored proteins are frequently
found in caveolae (18). The additional presence of PrPSc,
on the other hand, strongly suggests that the PrPC-to-PrPSc

conversion takes place in caveolae. The involvement of
caveolae in the PrPC-to-PrPSc conversion is consistent with
the observation that the PrPSc formation was diminished when
caveolae were disrupted by cholesterol depletion (19, 20)
or when the GPI anchoring was inhibited by deletion or
replacement of the C-terminal anchor region of PrPC (19,
21). Caveolae provide a place not only for the GPI anchoring
of PrPC but also for the conversion from PrPC to PrPSc.

Since caveolae are membrane microdomains of charac-
teristic compositions, it is possible that interaction of PrPC

with a caveolar component plays a role in the PrPC-to-PrPSc

conversion. Studies using model lipid membranes have
shown that PrPC binds to membranes containing negatively
charged glycerophospholipids and becomes richer inâ-sheet
structure (22-24). The propensity of PrP to undergo a
conformational transition through interaction with negatively
charged membranes may be relevant to the molecular
mechanism of the PrPC-to-PrPSc conversion in caveolae,
because caveolae contain significant amounts of negatively
charged ganglioside, a class of sphingolipid bearing one or
more anionic sialic acid residues in the head group (16).
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Immunostaining confocal microscopy has shown that PrPC

molecules are localized in the membrane microdomains
enriched with gangliosides (25), suggesting a specific
interaction between PrPC and ganglioside.

A peptide representing residues 106-126 of human PrP
(PrP106-126) has been found to exhibit toxicity against
PrPC-expressing cells as PrPSc does (26, 27). PrP106-126
also shows a conformational flexibility to form aâ-sheet, a
strong tendency to aggregate into fibrils, and a partial
resistance to protease digestion (28-30). These properties
of PrP106-126 are analogous to those of the full-length
protein PrP, suggesting that PrP106-126 may represent a
segment of PrP that is involved in the conformational
transition from PrPC to PrPSc in caveolae. However, no
systematic studies have been reported on the interaction of
PrP106-126 with lipid membranes, in particular those
containing ganglioside.

In this study, we have investigated the interaction of
PrP106-126 with lipid membranes containing ganglioside
or other negatively charged lipids by using circular dichroism
(CD) and Raman spectroscopy. The results show that
positively charged PrP106-126 binds to negatively charged
membranes and forms anR-helical or aâ-sheet structure.
The lipid-induced secondary structure formation takes place
under solution conditions where the peptide does not
spontaneously fold into anR-helix or aâ-sheet. Theâ-sheet
formation is specifically promoted when PrP106-126 is
concentrated on membranes containing clusters of negatively
charged lipids. Ganglioside molecules tend to self-aggregate
laterally in membranes to produce clusters of surface negative
charges (31-36). It is therefore likely that clustered gan-
glioside molecules in caveolae play a key role in the PrPC-
to-PrPSc conversion through interaction with the residue
106-126 region of PrP.

MATERIALS AND METHODS

Preparation of the Peptide.A 21-mer peptide homologous
to residues 106-126 of human PrP (PrP106-126, Lys-Thr-
Asn-Met-Lys-His-Met-Ala-Gly-Ala-Ala-Ala-Ala-Gly-Ala-
Val-Val-Gly-Gly-Leu-Gly) was synthesized on an automated
peptide synthesizer (Applied Biosystems model 431A) from
amino acid derivatives protected by the 9-fluorenylmethoxy-
carbonyl group. The N and C termini of the peptide were
capped with acetyl and amide groups, respectively, to remove
charges on the termini and to mimic the corresponding region
of the protein PrP. The crude peptide was cleaved from the
resin and purified by HPLC on a reversed-phase column
(Cosmosil 5C18-AR, Nacalai Tesque) using a 20-40% linear
gradient of acetonitrile in 0.1% (v/v) trifluoroacetic acid. The
purified peptide was identified by mass spectrometry (m/z
1954). Lyophilized powder of the peptide was dissolved in
100 mM hydrochloric acid and again lyophilized to remove
residual trifluoroacetic acid. The final product was obtained
as the hydrochloride salt (powder) and kept in a freezer. The
peptide concentration was measured by using the intensity
of aN-deuterated histidine Raman band at 1408 cm-1 against
a water (D2O) Raman band at 1204 cm-1 in acidic D2O
solution. The histidine Raman band intensity was propor-
tional to the weight of peptide dissolved in D2O up to 5 mM,
ensuring that the peptide was completely dissolved at the
concentrations (25µM or below) employed in the present

peptide-lipid interaction experiments. Throughout the sample
preparation, the peptide solution was controlled not to be
highly concentrated at alkaline pH to avoid self-aggregation
of the peptide around its isoelectric point (pI≈ 10).

Lipids. The gangliosides used to prepare liposomes are
GM1, asialo-GM1, and bovine brain-extracted ganglioside
(BGS). GM1 contains one sialic acid (N-acetylneuraminic
acid) residue per molecule with a molecular weight (MW)
of about 1540 estimated from the most abundant (70%)
molecular species having one each of stearic (C18:0) and
oleic (C18:1) acyl chains. Asialo-GM1 (average MW≈
1250) is a GM1 analogue devoid of the sialic acid residue,
while BGS is a mixture of GM1, GD1a, GT1b, etc.
containing about 20% (w/w) sialic acid. [The ganglioside
nomenclature follows that of Svennerholm (37).] The other
natural lipids used were bovine brain-extractedL-R-phos-
phatidylcholine (BPC; number average MW 770) and porcine
brain-extractedL-R-phosphatidylserine (BPS; number aver-
age MW 810). The following synthetic lipids were also
used: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), and 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(DMPS). BGS, GM1, asialo-GM1, and BPC were purchased
from Sigma-Aldrich. The other lipids were obtained from
Avanti Polar Lipids. All the lipids were used as received.

Preparation of Liposomes.Small unilamellar liposomes
were prepared in the following way: Lipids were dissolved
in a 1:1 (v/v) chloroform/methanol mixture, and the solution
was spread as a thin layer onto the wall of a round-bottom
flask by removing the solvent with a rotary evaporator.
Complete removal of the solvent was done by drying under
vacuum overnight. Deionized water was then added to the
flask, and the lipid film was hydrated under vortexing for
10 min. The suspension containing multilamellar vesicles
was sonicated using an ultrasonic generator with a tip probe
(Nihonseiki, US-50) until the suspension became transparent
(for about 5 min). Titanium particles from the tip probe were
removed by centrifugation. The supernatant was extruded
21 times through a polycarbonate filter of 50 nm pore size
(Liposofast) to obtain a suspension of small unilamellar
liposomes. Liposomes thus prepared are known to be
reasonably homogeneous with an average diameter close to
the pore size of the filter (38). The liposome suspensions
were used within a day of preparation.

CD Spectra of PrP106-126. Lyophilized powder of
PrP106-126 was dissolved in liposome suspensions of
defined lipid concentrations and volumes. In examining the
effect of the peptide concentration on the CD spectrum, a
small amount of PrP106-126 powder was successively
added to a peptide-liposome mixture suspension. The pH
of the suspension (200µL) was adjusted to 7.4 by carefully
adding an aliquot (∼1 µL) of concentrated (175 mM)
aqueous NaOH. (The increase in the salt concentration by
this pH adjustment was estimated to be less than 1 mM.)
The samples were equilibrated for 1 h atroom temperature
before spectral measurement. CD spectra were recorded on
a Jasco J-820 spectropolarimeter using a quartz cell of 0.5
mm path length and averaged over four scans for each
sample. The background signal due to the cell and lipid was
recorded separately and subtracted from the spectra of
peptide-liposome suspensions. The photomultiplier electrical
voltage of the spectropolarimeter, an indicator of the sample
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opacity, did not differ largely between peptide-free and
peptide-bound liposomes, indicating that no disruption nor
aggregation of liposomes was caused by the addition of the
peptide. The pH values measured before and after the CD
spectral acquisition were substantially identical.

Raman Spectra of Liposomes.Raman spectroscopy was
utilized to detect lateral phase separation in DMPS/POPC
and POPS/POPC mixture membranes. Liposomes prepared
from an equimolar mixture (2.5 mM each) of DMPS/POPC
or POPS/POPC at pH 7.4 were sealed in a glass capillary
tube and excited with the 514.5 nm line of a Coherent Innova
70 Ar+ laser. The sample temperature was regulated at 10-
60 °C with a constant-temperature circulator. Raman scat-
tered light was collected with a camera lens and dispersed
on a Jasco NR-1800 triple spectrometer equipped with a
liquid-nitrogen-cooled CCD detector.

RESULTS

Secondary Structure of PrP106-126 and Its Change upon
Binding to Ganglioside-Containing Liposomes.The CD
spectrum of PrP106-126 in lipid-free aqueous solution (25
µM, pH 7.4) is shown in Figure 1 (bold solid line). A strong
negative peak at 197 nm is characteristic of irregular structure
of peptides and proteins (39) and indicates that the peptide
main-chain structure of PrP106-126 is disordered. The CD
spectrum remained unchanged in several days, demonstrating
the stability of the monomeric irregular structure of the
peptide in dilute neutral solution. The irregular structure of
PrP106-126 is consistent with the NMR observation that
the N-terminal half of PrP (including residues 106-126) does
not fold into R-helical nor â-sheet structure in aqueous
solution (3-7).

Effects of ganglioside-containing membranes on the
secondary structure of PrP106-126 were examined by using
liposomes prepared from a 1:1 (w/w) mixture of two brain-
extracted lipids, BGS and BPC. BGS is a mixture of various
gangliosides, GM1, GD1a, GT1b, etc., in which a polysac-
charide head group is linked by a glycosidic bond to a
ceramide having two hydrocarbon chains. Due to the

presence of sialic acid in the polysaccharide head group,
gangliosides have a net negative charge at physiological pH.
On the other hand, BPC is a mixture of glycerophospholipids
each composed of a neutral (zwitterionic) phosphocholine
head group, a glycerol backbone, and two hydrocarbon chain
tails. As shown in Figure 1, the CD spectrum of PrP106-
126 (25µM, equivalent to∼0.05 mg/mL) in the presence
of BGS/BPC liposomes exhibits a strong dependence on the
lipid concentration. The spectra at relatively low (0-0.3 mg/
mL) and high (0.5-2.0 mg/mL) lipid concentrations are
drawn with solid and broken lines, respectively, for clarity
of presentation.

With an increase of the lipid concentration from 0 to 0.3
mg/mL (solid lines in Figure 1), the negative peak at 197
nm (a marker of irregular structure) becomes smaller and
then inverts to a positive one at 196 nm. Concomitantly, a
weak and broad negative band grows around 220 nm. The
spectrum at the final lipid concentration (0.3 mg/mL, bold
solid line) is very close to a typical CD spectrum of aâ-sheet
structure (39). An isodichroic point is seen at 211 nm,
indicative of a two-state transition. These CD spectral
changes suggest a direct conformational transition from
irregular toâ-sheet. The conformational transition observed
in the low lipid concentration range can be interpreted as
follows. At very low lipid concentrations, the membrane can
accommodate only a small fraction of the peptide and the
peptide molecules densely bound to the membrane adopt a
â-sheet structure. The other peptide molecules remain in the
solution in an irregular structure. With an increase of the
lipid concentration, the population of the membrane-bound
peptide increases, and finally at 0.3 mg/mL, almost all the
peptide molecules bind to the membrane with aâ-sheet
structure.

Upon a further increase of the lipid concentration from
0.3 to 2.0 mg/mL (broken lines in Figure 1), the CD spectrum
exhibits additional changes different from those observed
below 0.3 mg/mL. The strong positive peak at 196 nm
characteristic of aâ-sheet structure shifts to a shorter
wavelength with an isodichroic point at 194 nm. A negative
feature with a double minimum at 208 and 218 nm grows
significantly. The CD spectrum at the highest lipid concen-
tration (2.0 mg/mL, bold broken line) bears a strong
resemblance to that of anR-helix (39). These spectral features
clearly indicate that the peptide undergoes a direct confor-
mational transition fromâ-sheet toR-helix with an increase
of the lipid concentration. Since all the peptide molecules
are expected to be bound to the membrane throughout the
high lipid concentration range, the conformational transition
from â-sheet toR-helix is attributable to a decrease in the
density of the peptide on the membrane. The conversion from
a â-sheet conformation to anR-helix conformation of
PrP106-126 was also observed when aâ-sheet-dominant
peptide-liposome mixture was diluted with peptide-free
liposomes within a day of sample preparation, suggesting
that peptide-peptide and peptide-liposome interactions of
â-stranded PrP106-126 may not be so strong as to inhibit
individual peptide molecules from migrating on the lipid
membrane or from liposome to liposome, at least when the
number of molecules involved in theâ-sheet is small (see
below for the effect of long-term incubation).

To test whether elevation of the peptide density conversely
induces anR-helical toâ-sheet transition, we have examined

FIGURE 1: Lipid concentration dependence of the CD spectrum of
PrP106-126 (25µM, pH 7.4). CD spectra were recorded in the
presence of various concentrations of liposomes prepared from a
1:1 (w/w) mixture of BGS and BPC. The spectra at total lipid
concentrations of 0, 0.025, 0.075, 0.1, 0.2, and 0.3 mg/mL are drawn
with solid lines and those at 0.5, 0.75, 1.0, 1.5, and 2.0 mg/mL
with broken lines. The spectra mainly due to irregular,â-sheet,
and R-helical structures are emphasized with bold lines. The
ordinate shows the molar ellipticity per residue. Isodichroic points
at 194 and 211 nm are indicated with arrows.
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the CD spectra at peptide concentrations ranging from 2.5
to 25 µM by successively adding powder of PrP106-126
to a BGS/BPC liposome suspension of 0.3 mg/mL lipid
concentration. As Figure 2 shows, theR-helical structure seen
at 2.5µM peptide readily changes to aâ-sheet one with an
increase of the peptide concentration to 25µM. The
isodichroic point at 194 nm again indicates a direct conver-
sion fromR-helical toâ-sheet structure. A small difference
between the CD spectra of theâ-sheet structure (25 mM
peptide and 0.3 mg/mL lipid) in Figures 1 and 2 may reflect
a small difference in the morphology of theâ-sheet structure
because theâ-sheet structure in Figure 2 was gradually
formed by a stepwise peptide addition while that in Figure
1 was formed by mixing the peptide and liposome for a time.
The experiments conducted above by varying either the lipid
or the peptide concentration clearly show that PrP106-126
takes aâ-sheet structure when concentrated on the BGS/
BPC membrane at high peptide:lipid ratios, whereas the
peptide takes anR-helical structure when diluted at low
peptide:lipid ratios. Theâ-sheet formation at high peptide:
lipid ratios is linked with self-association of the peptide.

The secondary structures of PrP106-126 once formed on
the BGS/BPC membrane remained stable for at least 3 days
when the peptide-liposome mixture was allowed to stand
at room temperature. After a week or more, however, tiny
precipitates appeared in the peptide-liposome suspension.
The precipitation was especially significant for the samples
prepared at high peptide:lipid ratios, where significantâ-sheet
formation was observed. When stained with Congo red, the
precipitates exhibited apple-green birefringence under a
polarizing microscope (images not shown), indicating that
the precipitates were amyloid fibrils (40). These observations
indicate that theâ-sheet structure of PrP106-126 formed
on the BGS/BPC membrane can serve as a seed for further
polymerization of the peptide into insoluble amyloid fibrils.
Such amyloid fibrils were not formed in lipid-free peptide
solution even after incubation of several weeks, confirming
that the original peptide sample was free of polymerization
seeds and theâ-sheet formation described above was induced
solely by peptide-lipid interactions.

Ganglioside NegatiVe Charge and Secondary Structure
Formation of PrP106-126. To evaluate the possible im-
portance of the ganglioside negative charge in inducing
R-helical andâ-sheet structures of PrP106-126, we have
compared CD spectra of PrP106-126 in the presence of
liposomes prepared from two binary mixtures of GM1/POPC
and asialo-GM1/POPC. Ganglioside GM1 is a major com-
ponent of BGS and carries a single sialic acid residue in its
head group, whereas asialo-GM1 is identical to GM1 except
that it lacks the sialic acid residue and is electrically neutral.
POPC is a synthetic neutral (zwitterionic) glycerophospho-
lipid and the main component of BPC. Since only the surface
charge differs between the GM1/POPC and asialo-GM1/
POPC membranes, these membranes are useful in focusing
on the role of the ganglioside negative charge in the
secondary structure formation of PrP102-126.

Upon addition of the GM1/POPC membrane (Figure 3A),
PrP106-126 exhibits a two-step conformational transition
from irregular toâ-sheet (lipid concentration range 0-0.4
mM) and fromâ-sheet toR-helical (0.6-1.5 mM). The two-
step transition is very similar to that observed when the BGS/
BPC membrane was employed (Figure 1). On the other hand,
the asialo-GM1/POPC membrane does not induce any
change of the CD spectrum of PrP106-126 (Figure 3B),
indicating that the surface negative charge is essential for

FIGURE 2: Peptide concentration dependence of the CD spectrum
of PrP106-126 in the presence of 1:1 (w/w) BGS/BPC liposomes
(0.3 mg/mL lipid, pH 7.4). CD spectra were recorded at peptide
concentrations of 2.5, 5, 10, 15, and 25µM as indicated. The spectra
mainly due toâ-sheet andR-helical structures are emphasized with
bold lines. The ordinate shows the molar ellipticity per residue.
The arrow indicates an isodichroic point at 194 nm.

FIGURE 3: CD spectra of PrP106-126 (25 µM, pH 7.4) in the
presence of various concentrations of liposomes consisting of a 1:3
(molar ratio) mixture of (A) GM1 and POPC or (B) asialo-GM1
and POPC. In panel A, the spectra at total lipid concentrations of
0, 0.1, 0.2, and 0.4 mM are drawn with solid lines and those at
0.6, 1.0, and 1.5 mM with broken lines. The spectra mainly due to
irregular,â-sheet, andR-helical structures are emphasized with bold
lines. In panel B, the CD spectrum is independent of the lipid
concentration (0-1.5 mM) and all spectra overlap each other.

11592 Biochemistry, Vol. 46, No. 41, 2007 Miura et al.



the binding of PrP102-126 to lipid membranes and for the
formation ofR-helical andâ-sheet structures on the mem-
brane. The importance of electrostatic interactions between
the peptide and lipid is supported by the observation that
secondary structure formation of PrP106-126 on lipid
membranes was significantly delayed by an increase of the
ionic strength of the liposome suspension (spectra not
shown).

Effect of NegatiVely Charged Phosphatidylserine.The
effect of the membrane negative charge on the secondary
structure of PrP106-126 was also examined by using BPS
instead of ganglioside BGS. BPS carries one net negative
charge on its head group at physiological pH as does the
major component GM1 of BGS. BPS-containing liposomes
were prepared from a 1:2.57 (w/w) BPS/BPC mixture, the
mixing ratio being adjusted to produce the same overall
density of negative charge (the amount of negative charge
per unit mass of the lipid) as the 1:1 (w/w) BGS/BPC mixture
used above.

Figure 4 shows CD spectra of PrP106-126 (25µM) mixed
with varied amounts of the BPS/BPC membrane. With an
increase of the lipid concentration from 0 to 0.2 mg/mL, the
negative peak at 196 nm characteristic of irregular structure
diminishes and a weak broad feature appears around 220
nm. The isodichroic point at 212 nm is analogous to that
observed at 211 nm during the irregular toâ-sheet transition
in the presence of the BGS/BPC membrane (Figure 1). Thus,
the CD spectral change in this lipid concentration range
suggests a partial structural transition from irregular to
â-sheet. A further increase of the lipid concentration,
however, does not produce a spectrum attributable to a
â-sheet-dominant state. Rather, the CD spectrum changes
toward anR-helical one with an isodichroic point at 201 nm
in the 0.5-2.0 mg/mL range, implying an equilibrium
between membrane-boundR-helical and nonbound irregular
structures. The spectrum at the highest lipid concentration
(2.0 mg/mL) is close to that observed when the peptide was
highly diluted with BGS/BPC membranes (Figure 1), sug-
gesting that PrP106-126 binds to the BPS/BPC and BGS/

BPC membranes in a common manner at low peptide:lipid
ratios. At high peptide:lipid ratios (or at low lipid concentra-
tions), however, the phosphatidylserine-containing membrane
(BPS/BPC) is much less effective than the ganglioside-
containing membrane (BGS/BPC) in inducing theâ-sheet
structure of PrP106-126. Since the overall negative charge
density is equivalent between the BGS/BPC and BPS/BPC
membranes, the difference inâ-sheet-inducing ability may
be ascribed to a difference in the negative charge distribution
on the membrane surface, reflecting the structural difference
between ganglioside and phosphatidylserine.

Relationship between Lateral Phase Separation and
â-Sheet Formation.Ganglioside differs from a glycerophos-
pholipid such as phosphatidylserine in two major structural
aspects besides the head group structure. The region linking
the polar head group and the hydrophobic tail of ganglioside
contains both proton donors (NH and OH) and acceptors (Cd
O, esteric O, and OH), whereas the corresponding linker
region of glycerophospholipid contains only proton acceptors
(CdO and esteric O) (41, 42). Accordingly, ganglioside
molecules can form hydrogen bonds with each other in both
the linker and the polar head group regions, whereas
glycerophospholipids are capable of hydrogen bonding in
the head group region only. Another difference between
ganglioside and glycerophospholipid lies in the structure of
the hydrophobic tails. In most naturally occurring glycero-
phospholipids, the acyl chain bound to carbonsn-2 of
glycerol is kinked at a single or multiplecis CdC bond(s),
whereas most gangliosides have only onetransCdC bond,
allowing extension of their hydrocarbon chains without kink
(43, 44). Since unkinked hydrocarbon chains can be packed
more tightly than those having kinks, mutual attraction of
the tail region is also stronger in ganglioside than in
glycerophospholipid. As a consequence of these structural
differences, ganglioside tends to self-aggregate laterally in
the membrane when mixed with glycerophospholipids (32-
36). The strongâ-sheet-inducing ability of ganglioside-
containing membranes (BGS/BPC and GM1/POPC) may be
associated with lateral phase separation that produces clusters
of negatively charged ganglioside molecules.

Lateral phase separation is not limited to ganglioside-
containing membranes but also occurs in mixtures of two
glycerophospholipids with significantly different melting
temperatures (Tm) (45, 46). In the temperature range between
the Tm values of two lipid components, the lipid molecules
with the higherTm tend to gather with each other to form
gel domains, whereas the lipid with the lowerTm melts into
a fluid and surrounds the gel domains (47). This is because
intermolecular interaction is stronger among lipid molecules
with the higherTm than with the lowerTm, and the lipid
molecules with the higherTm tend to gather with each other.

To investigate the effect of negative charge clusters on
the secondary structure formation of PrP106-126, we have
prepared liposomes from binary mixtures of negatively
charged glycerophospholipid DMPS or POPS and neutral
glycerophospholipid POPC. DMPS has a negatively charged
phosphoserine head group and two saturated myristoyl (C14:
0) tails with aTm of 36 °C (48). On the other hand, POPC
has a neutral (zwitterionic) phosphocholine head group and
a pair of saturated palmitoyl (C16:0) and unsaturated oleoyl
(C18:1) tails. Owing to the presence of acis CdC bond in
the oleoyl tail, theTm of POPC is low (-2 °C) (49). Since

FIGURE 4: CD spectra of PrP106-126 (25 µM, pH 7.4) in the
presence of various concentrations of liposomes consisting of a
1:2.57 (w/w) mixture of BPS and BPC. The spectra at total lipid
concentrations of 0, 0.025, 0.075, 0.1, 0.2 mg/mL are drawn with
solid lines and those at 0.3, 0.5, 0.75, 1.0, 1.5, and 2.0 mg/mL
with broken lines. The spectra mainly due to irregular andR-helical
structures are emphasized with bold lines. No spectra showed
dominance ofâ-sheet structure. The ordinate shows the molar
ellipticity per residue. Isodichroic points at 201 and 212 nm are
indicated with arrows.
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the Tm values of DMPS and POPC are much higher and
lower than room temperature, respectively, binary mixtures
of DMPS and POPC are expected to show lateral phase
separation at room temperature. On the other hand, if we
replace DMPS with POPS, which differs from POPC only
in having a negative charge in the head group and a
somewhat higherTm of 14 °C (50), no lateral phase
separation is expected at room temperature because theTm

is much lower than room temperature for both lipid
components POPS and POPC.

Lateral phase separation can be detected by Raman
spectroscopy. With an increase of the temperature, the gel
domain composed of the lipid component with the higher
Tm gradually melts into a fluid and the melting is ac-
companied by conformational transition fromtransto gauche
about C-C bonds of the lipid hydrocarbon chains. Such
conformational transition manifests itself in the Raman
spectrum as a change in the relative intensity of the Raman
bands due totrans and gaucheconformers (51). Figure 5
shows Raman spectra of the 1:1 DMPS/POPS liposome at
varied temperatures in the 1150-1020 cm-1 C-C stretching
region. The Raman band at 1125 cm-1 is exclusively assigned
to all-trans conformers, whereas the broad feature peaking
at 1088 cm-1 is contributed bygaucheconformers and less
significantly bytransconformers (52). The phosphocholine
head groups also contribute to the 1088 cm-1 feature to some
extent (52). Although the 1088 cm-1 band is not a pure
gaucheband, the peak height ratio of the 1125 and 1088
cm-1 bands is known to provide a convenient means for

monitoring the melting of lipid membranes (52). Here we
employed the ratio of the 1088 cm-1 peak height (I1088) to
the sum of the 1125 and 1088 cm-1 peak heights (I1125 +
I1088) as a measure of thegauchecontent. The intensity ratio
I1088/(I1125 + I1088) is plotted against the temperature in the
inset of Figure 5. The ratio linearly increases with temper-
ature below 30°C, whereas it stays almost constant above
30 °C. Such an abrupt change of the slope is caused by
completion of melting of the higherTm lipid component, and
the intersection point of the two slope lines is regarded as
indicating the transition from the gel+ fluid phase to the
fluid-only phase (47). The transition temperature estimated
from the intersection point (32°C) is much higher than room
temperature (∼22 °C) as expected. Therefore, the Raman
spectra in Figure 5 confirm that lateral phase separation really
occurs in the 1:1 DMPS/POPS membrane at room temper-
ature. On the other hand, Raman spectra of the 1:1 POPS/
POPC membrane did not show a significant change above
room temperature (data not shown), confirming that both
lipid components are in the fluid state and are fully mixed
with each other at room temperature.

Figure 6A shows CD spectra of PrP106-126 mixed with
a varied amount of the 1:1 DMPS/POPC membrane at room

FIGURE 5: Raman spectra of liposomes prepared from an equimolar
mixture of DMPS and POPC (2.5 mM each, pH 7.4) at 10, 20, 30,
40, and 60°C from bottom to top. The inset shows a plot of the
peak intensity ratio,I1088/(I1125 + I1088), against temperature. The
intensity ratio serves as a measure of thegauchecontent in the
lipid hydrocarbon chains. Straight lines show the slopes of the
intensity change, and the temperature at their intersection (∼32 °C)
indicates the phase transition temperature, which is much higher
than room temperature (∼22 °C).

FIGURE 6: CD spectra of PrP106-126 (25 µM, pH 7.4) in the
presence of various concentrations of (A) DMPS/POPC and (B)
POPS/POPC liposomes. The molar ratio of two lipid components
was 1:1 for both mixtures. In panel A, the spectra at total lipid
concentrations of 0, 0.05, 0.075, 0.1, and 0.15 mM are drawn with
solid lines and those at 0.2, 0.4, 1.0, and 2.0 mM with broken lines.
The spectra mainly due to irregular,â-sheet, andR-helical structures
are emphasized with bold lines. In panel B, the spectra at total
lipid concentrations of 0, 0.05, 0.075, and 0.1 mM are drawn with
solid lines and those at 0.15, 0.2, 0.4, 1.0, and 2.0 mM with broken
lines. The spectra mainly due to irregular andR-helical structures
are emphasized with bold lines. No spectra showed dominance of
â-sheet structure in the presence of POPS/POPC liposomes.
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temperature. The CD spectrum at 0.15 mM lipid concentra-
tion is very close to that of aâ-sheet structure found in the
presence of the BGS/BPC membrane (Figure 1), indicating
that the DMPS/POPC membrane is as effective as the BGS/
BPC membrane in inducing aâ-sheet structure of PrP106-
126. In contrast, noâ-sheet-dominant state is reached by the
peptide when mixed with the 1:1 POPS/POPC membrane
(Figure 6B). As shown by Raman spectroscopy, negatively
charged DMPS molecules are clustered in the 1:1 DMPS/
POPC membrane at room temperature because of lateral
phase separation, whereas no clustering of POPS molecules
occurs in the 1:1 POPS/POPC membrane. Therefore, it is
concluded that clustered negative charges on the lipid
membrane surface are particularly effective in inducing the
â-sheet formation of PrP106-126.

DISCUSSION

Interaction between the Membrane NegatiVe Charge and
PrP106-126.The peptide fragment corresponding to resi-
dues 106-126 of PrP is known to be amyloidogenic and to
exhibit a strong tendency to aggregate into aâ-sheet structure
under certain solution conditions of concentration, pH, and
ionic strength (28-30). In this study, we have examined the
role of negatively charged lipid membranes in theâ-sheet
formation of PrP106-126 by using the solution conditions
that do not induce spontaneous aggregation of the peptide,
namely, 25 mM peptide, pH 7.4, and minimal ionic strength.
We paid special attention to avoid unnecessary aggregation
of the peptide in all aspects of sample manipulation. The
stability and reproducibility of the CD spectra reported here
confirm that no spontaneous aggregation occurred throughout
the experiment. The secondary structure formation of PrP106-
126 reported in this study is thus associated with the
peptide-lipid interactions.

One of our novel findings is that PrP106-126 binds to
negatively charged lipid membranes but not to neutral
membranes. This observation indicates that electrostatic
interaction plays a key role in the membrane binding of
PrP106-126. PrP106-126 contains two positively charged
amino acid residues, Lys106 and Lys110, and their side-
chain amino groups are expected to interact with negatively
charged lipid head groups on the membrane. CD spectra have
shown that the peptide binds to the membrane in anR-helical
structure at low peptide:lipid ratios (e.g., see Figure 1). Since
amino acid side chains stick out with a pitch of 3.6 residues
per turn in anR-helix, the side chains of Lys106 and Lys110
separated by three intervening residues are expected to be
located on the same side of theR-helix, facilitating the
interaction with the negatively charged membrane surface.
TheR-helical structure found at low peptide:lipid ratios may
be most suitable for single molecular interaction of PrP106-
126 with negatively charged membranes. Liposomes bound
by R-helical PrP106-126 were stable for days as described
in the Results, indicating that the interaction between
R-helical PrP106-126 and the lipid membrane is not so
strong as to destabilize the liposome structure.

At high peptide:lipid ratios, where the peptide molecules
were expected to be associated with each other, negatively
charged lipid membranes induced theâ-sheet formation of
PrP106-126, especially when the negative charges were
clustered on the membrane surface (e.g., see Figure 1).

Generally, â-sheet structures are stabilized by hydrogen
bonding among the main-chain amide groups of adjacent
â-strands, and the side chains of eachâ-strand stick out on
alternative sides of the plane of amide hydrogen bonding.
Thus, the side chains of Lys106 and Lys110 of PrP106-
126 are expected to be located on the same side of the peptide
backbone in aâ-strand, allowing interaction of the cationic
amino groups of both Lys side chains with negatively
charged sites on the membrane. Although the electrostatic
interaction of aâ-strand of PrP106-126 with negatively
charged membranes may not be so strong as to transform
the structure of a single PrP106-126 molecule fromR-helix
to â-sheet, interstrand main-chain hydrogen bonding and
cooperative Lys-membrane attraction involving multiple
â-strands of aâ-sheet would be strong enough to stabilize
self-associatedâ-strands compared to dispersedR-helices.
This may be the reason why PrP106-126 takes aâ-sheet
structure when concentrated on negatively charged mem-
branes.

Complete or almost completeâ-sheet formation was
observed in the presence of BGS/BPC (Figures 1 and 2),
GM1/POPC (Figure 3), and DMPS/POPC (Figure 6) mem-
branes. The BGS/BPC and GM1/POPC membranes are
binary mixtures of ganglioside and phosphatidylcholine, in
which lateral phase separation has been shown to occur by
using differential scanning calorimetry (32, 33), freeze-etch
electron microscopy (34), and atomic force microscopy (35,
36). For the DMPS/POPC membrane system, the present
Raman spectroscopic analysis has demonstrated the occur-
rence of lateral phase separation (Figure 5). Since negatively
charged ganglioside and DMPS molecules form clusters in
the membrane due to lateral phase separation, clustering of
negatively charged lipid head groups on the membrane
surface is concluded to be essential for the efficientâ-sheet
formation of PrP106-126. The importance of clustered
negative charges in theâ-sheet formation is consistent with
the observation that neither the neutral asialo-GM1/POPC
membrane (Figure 3B) nor membranes with nonclustered
negative charges (BPS/BPC in Figure 4 and POPS/POPC in
Figure 6B) induced significantâ-sheet formation.

The state of negative charge distribution, clustered or
nonclustered, seems to also affect the affinity of PrP106-
126 to the lipid membrane. In the presence of clustered
membrane negative charges, the peptide showed a two-step
conformational transition from irregular toâ-sheet and
â-sheet toR-helix as evidenced by two isodichroic points
around 210 and 195 nm, respectively, in the CD spectra
(Figures 1, 3A, and 6A). This observation clearly indicates
that all the peptide molecules must be bound to the
membrane in eitherâ-sheet orR-helical structure at low
peptide:lipid ratios (at high lipid concentrations) where the
membrane provides sufficient peptide binding sites. In the
presence of nonclustered negative charges, on the other hand,
only one isodichroic point was observed around 200 nm at
low peptide:lipid ratios (Figures 4 and 6B). The isodichroic
point is attributable to a conformational transition from
irregular toR-helix and suggests that some peptide molecules
may be unbound from the membrane with an irregular
structure even if there are enough peptide binding sites.
Therefore, it is likely that PrP106-126 exhibits higher
affinity for clustered negative charges than for nonclustered
negative charges.
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The mechanism ofâ-sheet formation of PrP102-126 on
the membranes containing clustered negative charges may
be as follows. The negative charge clusters attract PrP106-
126 molecules through interaction with the positively charged
Lys side chains. Such an increase of the local density of the
peptide increases the chance of peptide self-association. The
self-associated peptide molecules form aâ-sheet because of
the stabilization by intermolecular main-chain hydrogen
bonding and by cooperative electrostatic interaction of the
cationic Lys side chains with negative charge clusters on
the membrane surface. Theâ-sheet thus formed serves as a
seed for further polymerization of the peptide into fibrils.

Pathological Significance ofâ-Sheet Formation of PrP106-
126 on the Membrane Surface.Several lines of evidence have
shown that there are at least two modes of interaction
between PrPC and the plasma membrane besides the insertion
of a GPI anchor. One interaction mode involves the N-
terminal region of PrPC (N-terminus to residue 90). The
N-terminal region is necessary for the binding of PrPC to
detergent-resistant cellular membranes (53) or to artificial
membranes containing phosphatidylcholine, sphingomyelin,
cerebroside, and cholesterol, but not ganglioside (54). The
latter membrane system bears no net charge at physiological
pH, indicating that the N-terminal membrane binding does
not involve electrostatic interactions between the protein and
the membrane surface.

Another membrane binding mode is seen for the C-
terminus to residue 90 and is considered to be at least partly
governed by electrostatic interactions. For example, recom-
binant Syrian hamster PrP90-231, which lacks the N-
terminal membrane binding region and comprises the
protease-resistant portion of PrPSc (11), is capable of binding
to negatively charged glycerophospholipid membranes with
a concomitant partial conformational transition fromR-helix
to â-sheet (23). This observation suggests that the C-terminal
charge-dependent membrane binding mode plays a role in
the conversion from PrPC to PrPSc. A PrP segment spanning
residues 106-126, which corresponds to the peptide PrP106-
126 studied here, is included in the C-terminal membrane
binding region. In this study, we have demonstrated that
PrP106-126 can form a self-associatedâ-sheet upon inter-
action with clustered negative charges on the lipid membrane
surface. Both PrPC and PrPSc are colocalized in caveolae of
neuroblastoma cells (12, 13), and caveolae are enriched with
negatively charged ganglioside (15, 16). In addition, clusters
of negative charges are formed in ganglioside-containing
membranes due to lateral phase separation (31-36). There-
fore, it is possible that PrPC changes intoâ-sheet-rich
pathogenic PrPSc through interaction of the residue 106-
126 region with negative charges of clustered ganglioside
molecules in caveolae. Such conformational conversion
would be particularly significant when PrPC is abnormally
concentrated in caveolae or template PrPSc (endogenous or
exogenous) is already present in caveolae.
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