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ABSTRACT Gerstmann-Straussler-Scheinker disease
(GSS) is a prion-related encephalopathy pathologically char-
acterized by massive deposition of prion protein (PrP) amyloid
in the central nervous system. The major component ofamyloid
fibrils isolated from patients of the Indiana kindred of GSS
(GSS-Ik) is an 11-kDa fragment ofPrP spanning residues 58 to
'150. These patients carry a missense mutation of the PRNP
gene, causing a Phe -* Ser substitution at codon 198. We
investigated fibrillogenesis in vitro by using synthetic peptides
homologous to consecutive segments of GSS-Ik amyloid protein
(residues 57-64, 89-106, 106-126, and 127-147) as well as
peptides from the PrP region with the GSS-Ik mutation (res-
idues 191-205 and 181-205, both wild type and mutant).
Peptide PrP-(106-126) formed straight fibrils similar to those
extracted from GSS brains, whereas peptide PrP-(127-147)
formed twisted flbrils resembling scrapie-associated fibrils
isolated fromn subjects with transmissible spongiform enceph-
alopathies. Congo red staining and x-ray fibril diffraction
showed that both straight and twisted fibrils had tinctorial and
conformational properties of native amyloid. Conversely, the
other peptides did not form amyloid-like fibrils under similar
conditions. These rmdings suggest that the sequence spanning
residues 106-147 of PrP is central to amyloid fibril formation
in GSS and related encephalopathies.

The cellular prion protein (PrPC) is a 33- to 35-kDa sialogly-
coprotein expressed in neurons and, to a lesser extent, in
other cells (1-3). The protein is either bound to the cell
surface by a glycosyl phosphatidylinositol anchor (4) or
secreted as a soluble derivative (5). Mutations in the PRNP
gene segregate with hereditary human disorders such as
familial Creutzfeldt-Jakob disease, Gerstmann-Straussler-
Scheinker disease (GSS), and fatal familial insomnia (6). A
still undefined posttranslational modification of prpC leading
to formation of an abnormal PrP isoform designated PrPSc
occurs in transmissible spongiform encephalopathies such as
scrapie of sheep and goat, spongiform encephalopathy of
cattle, and sporadic Creutzfeldt-Jakob disease ofhumans (6).
The presence of PrPSc in the cerebral tissue is regarded as the
molecular marker for both genetic and transmissible prion-
related encephalopathies.
A distinctive feature of PrPSc is a partial resistance to

proteinase K digestion under conditions where PrPC is com-
pletely degraded (7-9). In scrapie and related conditions, the
protease-resistant core is an N-terminal truncated fragment
of PrPSc spanning residues 90-231; it has a molecular mass of
27-30 kDa and has been designated PrP 27-30 (7-10). In the
presence of detergent, PrP 27-30 aggregates into rod-shaped
particles having the tinctorial, optical, and ultrastructural
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properties of amyloid fibrils (11). Conformational analysis by
infrared spectroscopy revealed that PrP 27-30 polymers pos-
sess a higher content of 13-sheet than predicted (12). On this
basis, it has been argued that modifications in secondary and
tertiary structure may occur with the conversion of PrPC to
PrPSc that significantly increase its potential for amyloid fibril
formation.

Cerebral deposition of PrP amyloid occurs to the highest
degree in GSS (13, 14). This is an adult-onset disorder of
postural and cognitive functions that is inherited with an
autosomal dominant trait and segregates with a mutation at
codon 102, 117, 198, or 217 of the PRNP gene (6). The
biochemical composition of PrP amyloid has been deter-
mined thus far only in brain tissue samples obtained from
symptomatic members of the Indiana kindred of GSS (GSS-
Ik). These patients carry a missense mutation of the PRNP
gene causing Phe -+ Ser substitution at codon 198 (15, 16) and
have a distinct neuropathologic phenotype characterized by
the association of PrP amyloid deposits and neurofibrillary
tangles with paired helical filaments (17-19). The major
component ofamyloid fibrils ofGSS-Ik is an 11-kDa fragment
of PrP that spans residues 58 to '- 150 (20). In addition,
amyloid fractions contain larger PrP fragments with appar-
ently intact N termini and a lower molecular mass fragment
(20). Thus, the main amyloid component in GSS-Ik does not
include the region containing the amino acid substitution,
although the presence of the mutant residue in other amyloid
fractions has not been ruled out. In this regard, the coexist-
ence of PrP amyloid and PrP fragments spanning the mutant
Ser-198 has been hypothesized on the basis of immunohis-
tochemical analyses of GSS-Ik brains (21).
These data suggest that much of PrP 27-30 is not required

for amyloid fibril formation and raise questions as to the role
ofpoint mutations in PrP amyloidogenesis. The present study
was undertaken to determine which PrP residues are impor-
tant for polymerization of PrP peptides into amyloid fibrils
and to investigate the relation of the Phe -+ Ser substitution
at PrP codon 198 to fibrillogenesis in this disorder. The
analysis utilized synthetic peptides homologous to different
fragments ofthe amyloid protein ofGSS-Ik and peptides from
the PrP region carrying the GSS-Ik mutation (Fig. la).

MATERIALS AND METHODS
Synthesis and Purification of Peptides. The peptides for

investigation were selected on the basis of the predicted
secondary structure (22, 24) and the hydropathic profile (23)
ofhuman PrP. By the analysis ofthese structural parameters,
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FIG. 1. (a) Schematic representation of the PrP molecule indi-
cating the amyloid protein isolated from GSS-Ik brains (darkly
shaded area) and of synthetic peptides used in this study. Codon
numbers are given for the first and last residue ofpeptides and for the
amino acid substitution site linked to GSS-Ik. (b) Predicted second-
ary structure (22) and hydropathic profile (23) of the PrP region
corresponding to the GSS-Ik amyloid protein. Bars indicate high
potential sites for a-helix, /-sheet, and /-turn.

the 11-kDa amyloid protein of GSS-Ik was divided in four
peptides, corresponding to residues 57-64 (WGQPHGGG),
89-106 (WGQGGGTHSQWNKPSKPK), 106-126 (KT-
NMKHMAGAAAAGAVVGGLG), and 127-147 (GYM-
LGSAMSRPIIHFGSDYED) of the amino acid sequence
deduced from human PrP cDNA. Peptides PrP-(57-64) (i.e.,
the octapeptide repeat) and PrP-(89-106) (i.e., the N-terminal
region of PrP 27-30) are hydrophilic, whereas PrP-(106-126)
and PrP-(127-147) contain a sequence of hydrophobic amino
acids flanked by hydrophilic residues at the N terminus and
C terminus, respectively. The conformation indices for a-he-
lix, /-sheet, and /3-turn of the PrP region containing these
peptides are shown in Fig. lb. To further define amino acid
sequences critical for fibrillogenesis, peptides PrP-(106-126)
and PrP-(127-147) were divided in shorter segments, homol-
ogous to residues 106-114 (KTNMKHMAG), 113-126
(AGAAAAGAVVGGLG), 127-135 (GYMLGSAMS), and
135-147 (SRPIIHFGSDYED). Peptides corresponding to
residues 191-205 (TTTKGENFTETDVKM) and 181-205

(NITIKQHTVTTTTKGENFTETDVKM) as well as ana-
logues carrying Phe -+ Ser substitution at residue 198 were
synthesized, to evaluate whether the mutation linked to
GSS-Ik enhances the inherent fibrillogenic ability of PrP
peptides. PrP-(191-205) is hydrophilic and its C-terminal half
shows high potential for an a-helix. PrP-(181-205) contains a
short sequence of hydrophobic amino acids in front of a long
hydrophilic stretch, whose proximal region has high potential
for 3-sheet formation.

Stepwise solid-phase peptide synthesis was carried out on
a model 430A synthesizer (Applied Biosystems), using 9-flu-
orenylmethoxycarbonyl as the protective group for aminic
residues, and N-hydroxybenzotriazole, O-benzotriazol-1-yl-
N,N,N' ,N '-tetramethyluronium hexafluorophosphate, and
N,N'-dicyclohexylcarbodiimide as activators of carboxylic
residues. The peptides were purified by reverse-phase
HPLC. Peptides PrP-(113-126) and PrP-(135-147) were ob-
tained by chemical cleavage of PrP-(106-126) and PrP-(127-
147) with cyanogen bromide and were purified by reverse-
phase HPLC. Identity and purity of all peptides were deter-
mined by amino acid analysis using a Beckman model 6300
analyzer (Beckman) and amino acid sequencing by auto-
mated Edman degradation with a Milligen model 6600 prose-
quencer (Millipore). Purity was >95% for all peptides used.
Morphology and Staining Properties of Peptide Assemblies.

Because of insolubility of some peptides under physiological
conditions, all peptides were dissolved in 30% (vol/vol)
formic acid or in 1,1,1,3,3,3-hexafluoro-2-propanol at con-
centrations of0.5, 1, 2.5, 5, and 10 mg/ml. The solutions were
dialyzed for 24 hr at room temperature against distilled water,
or 20mM citrate buffer (pH 5.5), or phosphate-buffered saline
(PBS; pH 7.4). For light microscopy, 50,l ofeach suspension
was air-dried on gelatin-coated slides, stained with 0.2%
congo red in 80% ethanol saturated with NaCl, and examined
under polarized light, or treated with 1% aqueous thioflavine
S and observed with fluorescent light. For electron micros-
copy, 5 ,u1 of each suspension was applied to Formvar-coated
nickel grids, negatively stained with 5% (wt/vol) uranyl
acetate, and observed in an electron microscope model 410
(Philips Electronic Instruments, Mahwah, NJ) at 80 kV.
X-Ray Diffraction Analysis. X-ray diffraction studies were

performed on peptides that proved to be fibrillogenic at
electron microscopic examination. Peptides were analyzed
as a lyophilized powder, allowed to sediment by slow dehy-
dration after suspension in distilled water, or solubilized in
either 30% formic acid or 1,1,1,3,3,3-hexafluoro-2-propanol
prior to placement into 0.8-mm-diameter siliconized Linde-
man glass capillary tubes. Diffraction patterns were obtained
after exposure to nickel-filtered CuKa radiation from a sealed
x-ray tube generator source operated at 40 kV and 16 mA,
with exposure times of 1-2 hr. Bragg spacings were measured
directly on reflex 25 x-ray films (CEA); using a specimen-
to-film distance of 7.5 cm (25).

RESULTS
Morphology of Peptide Assemblies. Peptides PrP-(57-64)

and PrP-(89-106) were soluble in distilled water, citrate
buffer, or PBS and did not form fibrils. Conversely, peptides
PrP-(106-126) and PrP-(127-147) were sparingly soluble in
aqueous solutions and readily formed fibrils that, at electron
microscopic examination, exhibited distinct morphologies.
PrP-(106-126) fibrils were straight, unbranched, 4-8 nm in
diameter (x + SD = 5.6 + 0.9 nm), and 0.1-2.0 ,um long (Fig.
2a). In most preparations, the fibrils formed dense mesh-
works without order between units (Fig. 2b); however,
extensive lateral aggregation with regular parallel arrange-
ment was apparent in suspensions of the peptide in citrate
buffer (pH 5.5) (Fig. 2c). Removal of 12 residues from the C
terminus of PrP-(106-126) to yield peptide PrP-(106-114) did
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FIG. 2. Electron micrographs of fibrils generated in vitro by peptides PrP-(106-126) (a-c) and PrP-(127-147) (d-g). Peptide PrP-(106-126)
formed straight fibrils (a) that originated either random meshworks (b) or parallel bundles (c). Peptide PrP-(127-147) formed straight or twisted
fibrils that assembled into helical structures with a periodicity of 60 nm or multiples (d-g). (Bars: a-d, 50 nm; e-g, 100 nm.)

not significantly modify its fibrillogenic ability. PrP-(106-114)
was relatively soluble in distilled water, citrate buffer, orPBS
and built up a dense network of straight 4- to 8-nm diameter
fibrils (i ± SD = 5.4 + 0.9 nm) morphologically similar to
those formed by PrP-(106-126). On the other hand, removal
of 7 residues from the N terminus of PrP-(106-126) to yield
peptide PrP-(113-126) resulted in noticeable changes in the
appearance of fibrils that had a diameter of 3-5 nm (x ± SD
= 4.1 + 0.6 nm) and a length of <0.4 gm. Furthermore, the
fibrils were significantly less abundant at equal concentra-
tions of peptide in these preparations.

PrP-(127-147) polymerized into either straight or twisted
unbranched fibrils, having a diameter of 5-8 nm (x + SD =
6.5 ± 1.3 nm) and a length ranging from 0.2 to 3.0 Am. The
fibrils showed high tendency to adhere to each other, orga-
nizing into bundles of various widths, depending on the
number of constituent fibrils (Fig. 2 d-g). Coupling of fibrils
frequently resulted in the formation oftwisted structures with
a well-defined pitch. Twisted structures formed by two fibrils
showed maximum and minimum widths of =16 and =8 nm
and spacing between crossovers of =60 nm (Fig. 2d). When
these structures were composed of several fibrils, the twists
occurred at intervals corresponding to multiples of 60 nm
(=120, =180, or =240 nm) (Fig. 2 f and g). PrP-(127-147)
fibrillary assemblies were remarkably less compact than
those formed by PrP-(106-126) even at peptide concentra-
tions of 5 or 10 mg/ml (Fig. 2e); the fibrils were generally
observed in disordered array, though on occasion they ag-
gregated into star-like structures. Removal of 12 residues
from the C terminus or 8 residues from the N terminus of
peptide PrP-(127-147) to yield peptides PrP-(127-135) and
PrP-(135-147), resulted in loss of fibrillogenic ability.

Peptides PrP-(191-205) wild type and mutant were not
fibrillogenic, whereas peptides PrP-(181-205) exhibited min-
imal fibril formation that was not influenced by the Phe -* Ser
substitution at residue 198. These peptides were soluble in
distilled water, citrate buffer, and PBS; fibrillar assemblies
were only observed at a peptide concentration >5 mg/ml,
and the few fibrils that formed were poorly contrasted, short,
and straight or slightly curved and had a diameter of 3-4 nm.

Staining Properties of Synthetic Fibrils. Macromolecular
assemblies ofpeptides PrP-(106-126), -(106-114), -(113-126),
and -(127-147) exhibited tinctorial and optical properties of in
situ amyloid-i.e., birefringence under polarized light after
congo red staining (Fig. 3 a and b) and yellow fluorescence
after thioflavine S treatment. Congo red binding was stronger
for PrP-(106-126), -(106-114), and -(127-147) than for PrP-
(113-126). In contrast, the other peptides including PrP-(181-
205) wild type and mutant failed to show birefringence or
fluorescence.
X-Ray Diffraction Patterns. Lyophilized peptide PrP-(106-

126) consisted of small chunky material, which exhibited
birefringence by polarizing microscopy. The x-ray pattern
from this material showed reflections in the form oftwo diffuse
rings, corresponding to Bragg spacings of4.48 A (4.30-4.73 A)
and 3.75A (3.70-3.80 A). This pattern did not change when the
capillary tube was rotated by 900, indicating that the sample
was not a single crystal. A more detailed diffraction pattern
was obtained when the peptide was suspended in distilled
water and allowed to evaporate for 2 days. In addition to the
above spacings, the air-dried sample showed two diffuse
equatorial reflections, corresponding to Bragg spacings of5.80
A (5.60-7.45 A) and 15.48 A (10.50-20.10 A) (Fig. 3c).
Moreover, the reflections at 4.48 A and 3.75 A appeared as
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FIG. 3. (a and b) Birefringence
after congo red staining of fibril-
lary assemblies formed by pep-
tides PrP-(106-126) (a) and PrP-
(127-147) (b), observed through
polarized light. (x270.) (c and d)
X-ray diffraction patterns of pep-
tides PrP-(106-126) (c) and PrP-
(127-147) (d) with reflections cor-
responding to H-bonding between
antiparallel ,3-sheets (arrow). PrP-
(106-126) shows two additional
equatorial reflections at 5.80 A
(5.60-7;45 A) and 15.48 A (10.50-
20.10 A).

large meridional arcs instead of rings, indicating greater order
in the specimen.
Hydrated PrP-(106-114) exhibited a diffuse solvent ring

at 3.3 A. When allowed to dry, the sample showed a prom-
inent sharp ring at 4.73 A, consistent with the spacing
between neighboring H-bonded polypeptide chains in a

cross-(3 configuration. An identical diffraction pattern was
obtained from peptide PrP-(127-147) (Fig. 3d). The ring with
4.73 A spacing was weak when the peptide was in the form
of a lyophilized powder and became sharp and strong after
suspension of peptide in 30% formic acid.

DISCUSSION
The conversion of prPC to PrPsc is the molecular signature of
prion-related encephalopathies (6). Limited proteolysis of
PrPsc leads to release of a protease-resistant core that aggre-
gates into amyloid fibrils (7-11). The present study shows that
PrP peptides homologous to residues 106-126 and 127-147
readily assemble into fibrils that exhibit morphological, tinc-
torial, optical, and conformational properties of native amy-
loid. These peptides are included in the C-terminal half of the
11-kDa amyloid protein purified from GSS-Ik (20) and are
located in the N-terminal region of PrP 27-30 (10), suggesting
that the PrP sequence extending from residue 106 to residue
147 may be central for amyloidogenesis in prion-related
encephalopathies. Ultrastructural and x-ray diffraction anal-
ysis extend recent observations reported by Gasset et al. (26)
that peptides homologous to residues 109-122, 113-127, and
113-120 of Syrian hamster PrP form amyloid fibrils in vitro
and exhibit a secondary structure composed largely of
(-sheets, as assessed by attenuated total reflection Fourier
transform infrared spectroscopy. However, whereas these
investigators attributed fibril formation to the alanine-rich
sequence AGAAAAGA (26), our data show that other se-
quences are also amyloidogenic, albeit with differing mor-
phology and diffraction patterns. Within the PrP region
spanning amino acids 106-147, residue 117 is a site of
mutation (Ala -* Val) genetically linked to GSS (27), and

residue 129 corresponds to a polymorphism (Met -+ Val) that
is associated with the phenotypic expression of clinically and

pathologically distinct encephalopathies (i.e., Creutzfeldt-
Jakob disease and fatal familial insomnia) linked to the same
mutation (GAC -- AAC, Asp - Asn) at PrP codon 178 (28).
Whether such amino acid substitutions have significant ef-
fects on fibrillogenesis of PrP peptides remains to be estab-
lished.
The observation that biochemically distinct inherited amy-

loidoses segregate with mutations of the gene encoding the
amyloid protein precursor (29) has raised the issue as to how
such differences in primary sequence might influence amy-
loid formation. Since synthetic peptides PrP-(169-185) and
Prp-(195-213) that carry the codon 178 or codon 200 mutation
genetically linked to familial Creutzfeldt-Jakob disease are
more fibrillogenic than their normal homologues, it has been
suggested that amino acid changes may alter the folding
pattern ofPrP to produce a (-pleated configuration (30). With
respect to the PrP mutation linked to GSS-Ik, we found that
peptides PrP-(191-205) and -(181-205) do not possess the
intrinsic ability to assemble into amyloid-like fibrils, regard-
less of the presence of the mutant Ser-198. This finding is
consistent with the previous observation that the PrP region
containing the mutation is not present in peptides purified
from GSS-Ik amyloid deposits (20) and suggests that the
codon 198 mutation is not required for the adoption of a
fibrillar configuration in vitro. It remains possible, however,
that the mutation may exert a facilitatory role in promoting
amyloidogenesis in affected patients, perhaps by exposing
parts of the subsequence, residues 106-147 of PrP or by any
other long-distance tertiary interactions. Thus, GSS-Ik dif-
fers from other amyloidoses such as hereditary cerebral
amyloid angiopathy Dutch type and familial amyloidosis
Finnish type, in which a point mutation in the gene encoding
the precursor protein is expressed as an amino acid substi-
tution in the amyloid protein (31-34), and this change en-
hances the rate of polymerization of synthetic peptide ana-
logues in vitro (35, 36) and increases fibril stability (37).

Peptides PrP-(106-126) and PrP-(127-147) formed poly-
morphic structures that were distinct ultrastructurally. PrP-
(106-126) fibrils resembled those extracted from amyloid
deposits of GSS patients (20). It is likely that the major
determinants of fibril morphology are contained in the polar
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N-terminal stretch of this peptide rather than in the hydro-
phobic C-terminal region, since PrP-(106-114) fibrils were
ultrastructurally similar to those obtained with PrP-(106-
126), whereas PrP-(113-126) fibrils were reduced both in
length and diameter. On the other hand, fibrils formed by
PrP-(127-147) were distinct in being helically wound around
each other with a well-defined periodicity. The generation of
such fibrillar aggregates requires that PrP-(127-147) be intact,
since shorter peptides PrP-(127-135) and PrP-(135-147) as
well as peptides homologous to residues 129-140 of Syrian
hamster PrP (26) and residues 119-138 ofhuman PrP (30) are
nonfibrillogenic. The inherent tendency of PrP-(127-147) to
form twisted fibrillary structures suggests the possibility that
this subsequence may be responsible for the morphology of
scrapie-associated fibrils extracted from brains of humans
and animals with transmissible spongiform encephalopa-
thies, which are composed of a pair of short (4- to 6-nm
diameter) filaments wrapped around each other with a pitch
of 40-80 nm (38, 39).
X-ray diffraction analysis of fibrils formed by peptides

PrP-(106-126), PrP-(106-114), and PrP-(127-147) resembles
the characteristic pattern initially described for amyloid
fibrils isolated from cases of AA and AL amyloidosis (40).
This 4.7-A/10-A periodicity has also been found for amyloid
fibrils extracted from the brains of Alzheimer patients (41)
and for fibrillogenic peptides homologous to portions of the
p-protein (25, 42, 43). Similar spacing was obtained for a
synthetic peptide corresponding to a segment of the pancre-
atic islet amyloid protein (44). In addition to diffuse rings
at 4.48 A and 3.75 A, the diffraction analysis of peptide
PrP-(106-126) revealed reflections at 5.60-7.45 A and 10.50-
20.10 A. Further studies of better oriented specimens should
identify wide-angle reflections that may be due to intermo-
lecular lateral packing of sheets, periodic fluctuations along
the fiber axis (e.g., twisting of fibrils), or interposition of parts
of the peptide between psheet in the fibril.
Our findings provide a basis for further studies aiming to

elucidate the molecular mechanisms involved in PrP amyloid
formation. In the present investigation, the most highly
fibrillogenic peptide corresponded to residues 106-126 of
PrP. It has been found recently that the chronic application
of this peptide to rat hyppocampal cultures causes neuronal
death by apoptosis (45). If PrP amyloid peptides formed in
vivo confirm this neurotoxic effect, this would indicate that
amyloidogenesis plays a key role in the pathogenesis ofGSS
and related encephalopathies.
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