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Prion diseases are marked by the cerebral accumulation of
conformationally modified forms of the cellular prion protein
(PrP€), known as PrPr. The region comprising the residues
106-126 of human PrP seems to have a key role in this
conformational conversion, because a synthetic peptide hom-
ologous with this sequence (PrP106-126) adopts different sec-
ondary structures in different environments. To investigate the
molecular determinants of the physicochemical characteristics
of PrP106-126, we synthesized a series of analogues including
PrP106-126 H,, PrP106-126 A and PrP106-126 K, with
L-His — p-His, His - Ala and His — Lys substitutions respec-
tively at position 111, PrP106-126 NH, with amidation of the
C-terminus, PrP106-126 V with an Ala — Val substition at posi-
tion 117, and PrP106-126 VNH, with an Ala — Val substitution
at position 117 and amidation of the C-terminus. The analysis of
the secondary structure and aggregation properties of
PrP106-126 and its analogues showed the following. (1) His*'* is
central to the conformational changes of PrP peptides. (2)

Amidation of the C-terminal Gly'® yields a predominantly
random coil structure, abolishes the molecular polymorphism
and decreases the propensity of PrP106—126 to generate amyloid
fibrils. (3) PrP106-126 V, carrying an Ala — Val substitution at
position 117, does not demonstrate a fibrillogenic ability superior
to that of PrP106-126. However, the presence of Val at position
117 increases the aggregation properties of the amidated peptide.
(4) Amyloid fibrils are not required for neurotoxicity because the
effects of PrP106-126 NH, on primary neuronal cultures were
similar to those of the wild-type sequence. Conversely, astroglial
proliferation is related to the presence of amyloid fibrils, suggest-
ing that astrogliosis in prion encephalopathies without amyloid
deposits is a mediated effect rather than a direct effect of disease-
specific PrP isoforms.

Key words: amyloid, prion protein peptides, secondary structure
modifications.

INTRODUCTION

Prion diseases such as scrapie of sheep and goats, bovine
spongiform encephalopathy, and Creuzfeldt-Jakob disease
(‘CJD’) and Gerstmann—Straussler—Scheinker disease (GSS)
of humans are characterized by the accumulation of abnormal
forms of the cellular prion protein (PrP°), termed PrP**, in the
brain [1]. In contrast with PrP¢ PrP* is partly resistant to
digestion with protease and has a marked tendency to form
insoluble aggregates and amyloid fibrils [2-4]. The accumulation
of PrP™ and PrP amyloid in the brain is thought to be responsible
for the nerve cell degeneration, astrogliosis and activation of
microglial cells observed in prion-related encephalopathies [5-7].

NMR studies of recombinant murine PrP indicate that the
normal protein is composed of two structurally distinct moieties:
an extended N-terminal segment (residues 23—125) with features
of a flexibly disordered polypeptide chain, and a well-defined
globular domain (residues 126-231) with three a-helices and a
two-stranded anti-parallel p-sheet [8—-10]. The transition from
PrP¢ to PrP™ involves a striking conformational change with a
decrease in a-helical secondary structure (from 429, to 309,)
and a remarkable increase in f#-sheet content (from 3 %, to 43 %,)
[11,12]. This rearrangement is accompanied by the acquisition of

abnormal physicochemical properties, including insolubility in
non-denaturing detergents and partial resistance to digestion
with proteinase K.

Previous studies have shown that a synthetic peptide hom-
ologous with residues 106-126 of human PrP (PrP106-126)
exhibits some of the pathogenic and physicochemical properties
of PrP* [5-7,13-15]. Like PrP**, this peptide causes nerve cell
death by apoptosis and induces hypertrophy and proliferation of
astrocytes and activation of microglial cells in vitro [5-7]. It is
noteworthy that the neurotoxicity of the peptide requires the
expression of endogenous PrP, which is consistent with the
observation that neuronal death in scrapie infection in vivo is
dependent on PrP¢ synthesis [16,17]. It also increases the mem-
brane microviscosity of a variety of cells, including neurons and
astrocytes [18,19]. PrP106-126 shows a remarkable conforma-
tional polymorphism, acquiring different secondary structures in
different environments [15]; nevertheless, it tends to adopt a f-
sheet conformation in buffered solutions and aggregates into
amyloid fibrils that are partly resistant to digestion with protease.
These data indicate that the PrP region including residues
106—126 might be the nido at which conformational change is
initiated in the conversion of PrP¢ to PrPr. This view is
supported by the observation that the N-terminal half of PrP

Abbreviations used: GSS, Gerstmann—Straussler—Scheinker; PrP, prion protein: PrP®, cellular PrP; PrP™ pathological and protease-resistant
isoform of PrP; PrP106-126, synthetic peptide comprising residues 106-126 of human PrP; PrP106-126 H, with L-His — p-His substitution at position
111; PrP106-126 A, with His — Ala substitution at position 111; PrP106-126 K, with His — Lys substitution at position 111; PrP106-126 V, with Ala —»
Val substitution at position 117; PrP106-126 NH,, with amidation at the C-terminus; PrP106-126 VNH,, with Ala — Val substitution at position 117 and

amidation of the C-terminus; TFE, 2,2,2-trifluoroethanol.
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(residues 23-125) is highly flexible and more susceptible to
structural transitions than the C-terminal globular domain, and
that the deletion of residues 23-88 does not prevent the con-
version of PrP® to PrP', whereas the ablation of residues
108-121 or 122-140 together with residues 23-88 does so [20].

The present study was undertaken to investigate the molecular
determinants of the conformational polymorphism of PrP106—
126 and its propensity to form amyloid fibrils. Several peptide
analogues containing amino acid changes were synthesized and
their physicochemical properties were compared with the those
of wild-type sequence. The selection of amino acid changes was
based on the assumption that the conformational polymorphism
and fibrillogenic properties of PrP106—126 depend at least in part
on the presence of an ionizable residue (i.e. His!'') between the
hydrophilic and hydrophobic domains of the peptide, and on
electrostatic and hydrophobic interactions between molecules
conferring stability to the f-sheet configuration. We also analysed
the effects of the Ala — Val substitution at position 117, a
mutation linked to GSS disease. This effect was evaluated on the
wild-type protein and the C-terminal amidated form of PrP106—
126 (PrP106-126 NH,). The latter was used because the amida-
tion of the C-terminus greatly decreases the fibrillogenic proper-
ties of the peptide and allows the more effective detection of the
influence of the amino acid substitution. Finally, we investigated
how the physicochemical changes resulting from the amidation
of the C-terminus and the Ala — Val substitution at residue 117
affected the biological activity of the peptide.

EXPERIMENTAL
Peptide synthesis

The following peptides were used for the study: PrP106-126
(KMTNMKHMAGAAAAGAVVGGLG:; single-letter codes);
PrP106-126 H,,, with an L-His — D-His substitution at position
111; PrP106-126 A (K**TNMKAMAGAAAAGAVVGGLG),
with an His — Ala substitution at position 111; PrP106-126 K
(KMTNMKKMAGAAAAGAVVGGLG), with a His — Lys
substitution at position 111; PrP106-126 V (K**TNMKHM-
AGAAVAGAVVGGLG), with an Ala — Val substitution at
position 117; PrP106-126 NH, (K'**TNMKHMAGAAAAGA-
VVGGLG-NH,), with amidation at the C-terminus; and
PrP106-126 VNH, (K1"TNMKHMAGAAVAGAVVGGL-
G-NH,), with an Ala — Val substitution at position 117 and
amidation at the C-terminus. The peptides were synthesized by
solid-phase chemistry and purified by reverse-phase HPLC, as
described previously [15]. Purity was always greater than 95 9,.

Preparation of peptide solutions

Peptides were dissolved in deionized water at 0.75 or 1.5 mg/ml
(stock solutions). Under these conditions they were soluble, as
deduced by the absence of a visible pellet after centrifugation at
13000 g for 10 min. The stock solutions were stable for 2 weeks
at —80 °C, as determined by reverse-phase HPLC (see below).
Aliquots of stock solutions were added to 200 mM phosphate
buffer, pH 5.0 or 7.0, to obtain final peptide concentrations of
0.25, 0.50, 0.75 or 1.0 mg/ml phosphate buffer. The actual
concentration of each peptide in phosphate buffer was determined
by HPLC analysis immediately after preparation of the samples
and was used as the zero-time value in sedimentation experiments.
To investigate how the a-helix-stabilizing solvent 2,2,2-trifluoro-
ethanol (TFE) influenced the secondary structure, the peptides
were first suspended in phosphate buffer, pH 5.0, at a con-
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centration of 0.5 mg/ml; TFE was then added to the samples to
a final concentration of 50 %, (v/v).

CD spectroscopy

The analysis was performed on 0.25 mg/ml peptide suspensions
in phosphate buffer, pH 5.0 and 7.0, or phosphate buffer con-
taining TFE, prepared as described above. The spectra were
recorded after incubation for 1 h in quartz cells, with an optical
path of 0.1 cm, by using a Jasco J-500 dichograph (Tokyo,
Japan) at a scan speed of 2 nm/min. Mean residue ellipticities
were calculated by using the following equation: (0), =
33004M/CI, where A is the observed dichroic absorbance, / is
the path length in cm, C is the concentration of the peptide in g/1
and M is the mean residue weight. The percentages of the
secondary structure of the peptides were calculated by the method
of Yang et al. [21].

Turbidity measurements

The analysis was performed on 0.25 mg/ml peptide suspensions
in phosphate buffer, pH 5.0 and 7.0. The turbidity of the samples
was determined immediately after their preparation (zero time)
and after incubation for 24 h at room temperature, with a
Perkin—Elmer Lambda 10 spectrophotometer at 600 nm.

Sedimentation experiments

The study was performed on 0.75 mg/ml peptide suspensions in
phosphate buffer, pH 5.0. Aliquots of 20 ul were incubated at
37°C for 0, 1, 2, 4 and 24 h, then chilled on ice and centrifuged
at 13000 g for 10 min at 4 °C. Supernatant (2 xl) was injected
into an HPLC apparatus equipped with a 3.9 mm x 150 mm
Delta-Pak C,; column, a model P 4000 pump, a UV 2000
variable-wavelength detector, an AS 3000 autosampler (Waters,
Milford, MA, U.S.A.) and an SP 4400 integrator operated in
both peak height and area modes (Thermo Separations Products,
Riviera Beach, FL, U.S.A.). MilliQ water/acetonitrile (75:25,
v/v) containing 0.19, (v/v) trifluoroacetic acid was used as
eluent, at a flow rate of 1 ml/min. The column eluates were
monitored at 214 nm. The peptide concentrations in the super-
natant at different times were expressed as percentages of the
corresponding values determined at zero time.

Light and electron microscopy

Peptides were suspended in phosphate buffer, pH 5.0, at a final
concentration of 1 mg/ml. After incubation for 24 h at 20 °C,
50 s of each suspension was air-dried on gelatin-coated slides,
stained with 19, (w/v) aqueous thioflavin S and analysed by
fluorescence microscopy. For electron microscopy, 5 ul of sus-
pension was applied to Formvar-coated nickel grids, negatively
stained with 59, (w/v) uranyl acetate and observed in an
electron microscope (EM 109, Zeiss, Germany) at 80 kV.

Nerve cell cultures

Cerebral cortex was dissected from fetal rat brains on embryonic
day 17. Cortical cells were dissociated and plated in 24-well
dishes (3.5 x 10° cells per dish) at 37 °C in humidified air/CO,
(19:1), as described previously [5]; 24 h after being plated, the
cultures were exposed to PrP106-126, PrP106-126 NH, or
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Figure 1 CD spectra of PrP106—126 and its analogues

PrP106-126 VNH, at 50 uM for 7 days. Control cultures were
exposed to vehicle only. Cell viability was then assessed by
staining with Crystal Violet [0.59, in water/methanol (4:1)].
After washing, cells were dried and the staining intensity was
determined densitometrically with an image analyser (IBAS 2.0;
Zeiss, Cologne, Germany) [22].

Astroglial cultures

Glial cell cultures were prepared from newborn rat pups as
described [6]. After 10 days of culture, flasks containing mixed
glial cells were given fresh medium and shaken at 37 °C for
12-16 h. The supernatant containing microglia and oligoden-
drocytes was removed and replaced with fresh Dulbecco’s
modified Eagle’s medium. The adherent cells (astrocytes) were
then exposed for 5 min to 0.259, trypsin. After the addition of
an equal volume of Dulbecco’s modified Eagle’s medium/10 %,
(v/v) fetal calf serum, the cell suspension was centrifuged and the
pellet was resuspended in medium containing 109, fetal calf

PrP 106-126 Hp
2,000 T T

(8
-9,000 I ) ]

2,000

-9,000
100

) )
200 A () 240

----------- Phosphate buffer, pH 7.0
== = = Phosphate buffer, pH 5.0
Phosphate buffer, pH 5.0
+ Trifluoroethanol

serum. Cells were plated at a density of 5 x 10* cells/ml [20] and
exposed to PrP106-126, PrP106-126 NH, or PrP106-126 VNH,
at 50 uM for 7 days. Control cultures were exposed to vehicle
only. Glial proliferation was assessed by staining with Crystal
Violet and densitometric analysis [23,24].

RESULTS

Secondary structure of PrP peptides as deduced by CD
spectroscopy

In a previous study we showed that PrP106-126 can adopt
different conformations in different environments, e.g. a random
coil structure in deionized water, a combination of random coil
and p-sheet in 200 mM phosphate buffer, pH 7.0, a fS-sheet
conformation in phosphate buffer, pH 5.0, and an «-helical
structure in TFE. A remarkable finding was the stability of the
p-sheet secondary structure, which was not affected by the
addition of TFE to a solution of the peptide in phosphate buffer,
pH 5.0 [15].
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Table 1
analogues

Percentages of secondary structure in peptide PrP106-126 and its

Results are means + S.E.M. for at least three different experiments.

Secondary structure (%)

Random
Row  Peptide pH  TFE o-Helix  p-Sheet  f-Turn coil
A PrP106-126 50 — 2243 61+4 - 1744
B 70— 1742 4045 441 39+2
C 50 + 2845 58+3 241 1245
D PrP106-126 H, 50 — 541 1245 543 8+7
E 70 - 442 443 145 8149
F 50 + 48%6 1643 542 3N+7
G PrP106-126 A 50 — 1544 53+6 1442 1845
H 70 — 1343 5145 1642 205
I 50 + 2548 50410 941 1645
J PrP106-126 K 50 — 2243 5146 1243 1542
K 70 - 942 2445 1842 5147
L 50 + 40+£8 42410 241 1645
M PrP106-126 V 50 — 2543 58+8 241 20+2
N 70—  14%2 4445 442 38+1
0 50 4+ 2245 5949 140 1842
P PrP106-126 NH, 50 — 5+2 11+5 M+7 73413
Q 70 - 443 8+4 1244 76411
R 50 + 51&7 2545 542 1947
S PrP106-126 VNH, 50 — 542 1542 945 71410
T 70— 541 1944 9+2 67+7
U 50 + 4248 2243 6+3 30+6

To unravel the molecular determinants of these structural
properties, we generated PrP106-126 analogues with modifi-
cations of single amino acids (substitution of D-His, Ala or Lys
for L-His!!!; substitution of Val for Ala''”; amidation of the C-
terminus with or without the substitution of Val for Ala''”) and
analysed the effects of these changes on the conformational
polymorphism of the peptides and the stability of the g-sheet
conformation. Figure 1 and Table 1 show the CD spectra and
percentages of secondary structure of PrP106-126 analogues in
phosphate buffer, pH 5.0 and 7.0, and in phosphate buffer, pH
5.0, after the addition of TFE.

The characteristics of PrP106-126 were substantially altered
by modifications of His™''. PrP106-126 H,, showed a striking
decrease in f-sheet and a-helical content, with a parallel increase
in random coil structure; this effect was observed at both pH 5.0
and 7.0 (Figure 1B, and Table 1, rows D and E). The addition of
TFE to PrP106-126 H,, solutions in phosphate buffer markedly
enhanced the a-helical content (Figure 1B, and Table 1, row F).
PrP106-126 A showed a high proportion of f-sheet secondary
structure at both pH 5.0 and 7.0, as indicated by a positive peak
with a maximum at 206 nm and a broad negative band centred
on 220 nm (Figure 1C, and Table 1, rows G and H); the only
difference between the spectra recorded at neutral and acidic pH
was the signal intensity, which was much stronger at pH 5.0. The
addition of TFE to PrP106-126 A in phosphate buffer resulted
in a slight increase in a-helix (Figure 1C, and Table 1, row I).
PrP106-126 K adopted a predominantly f-sheet conformation in
phosphate buffer at pH 5.0 (Figure 1D, and Table 1, row J); the
f-sheet content decreased at pH 7.0 and the random coil became
the prevalent secondary structure (Figure 1D, and Table 1, row
K). The addition of TFE to PrP106-126 K in phosphate buffer
caused an ordered arrangement with equal contributions of a-
helix, as deduced by two negative bands at 206 and 220 nm, and
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Table 2 Turbidity measurements on PrP106-126 and its analogues

Peptides were suspended in 200 mM phosphate buffer, pH 5.0 or 7.0, at a concentration of
0.25 mg/ml; and the difference in Dy, between zero time and after incubation for 24 h at
room temperature was calculated. Results are means + S.E.M. for at least four determinations.
*P < 0.05 compared with the peptide suspension at pH 5.0 (Student’s ¢ test).

ADyy, between 0 and 24 h
of incubation

Peptide pH... 50 7.0

PrP106—126 0.085+0.008 0.11440.032*
PrP106-126 H, 0.0714-0.010 0.07840.014
PrP106—126 A 0.121 4 0.005 0.126 4+ 0.002
PrP106-126 K 0.07540.010 0.080+0.011
PrP106-126 V 0.081 4 0.001 0.110+0.001*
PrP106-126 NH, 0.064 +0.003 0.066 +0.003

PrP106-126 VNH, 0.069 4 0.002 0.096 4+ 0.011*

f-sheet, as indicated by a more intense, broad negative absorption
at 220 nm (Figure 1D, and Table 1, row L).

The substitution of Val for Ala''” (PrP106-126 V) had no
significant effect on the spectral features and structural stability
of PrP106-126, which had a high f-sheet content in phosphate
buffer (Figure 1E, and Table 1, rows M and N) and also in the
presence of TFE (Figure 1E, and Table 1, row O). Amidation of
the C-terminal Gly'*® (PrP106-126 NH,) decreased the pro-
pensity to adopt the p-sheet structure in phosphate buffer, at
both pH 5.0 and 7.0; under these conditions, the peptide showed
a random coil arrangement, as indicated by the strong negative
band at 200 nm (Figure 1F, and Table 1, rows P and Q). The
addition of TFE to PrP106-126 NH, in phosphate buffer, pH
5.0, caused a striking increase in a-helical structure (Figure 1F,
and Table 1, row R). The substitution of Val for Ala''? of
the amidated peptide (PrP106-126 VNH,) slightly changed the
spectral features in phosphate buffer, at both pH 5.0 and 7.0; this
change consisted of an increased intensity of the negative band at
220 nm, indicating a higher degree of #-sheet secondary structure
(Figure 1G, and Table 1, rows S and T). The addition of TFE to
PrP106-126 VNH, in phosphate buffer, pH 5.0, resulted in an
increased «-helical content (Figure 1G, and Table 1, row U); this
increase was less pronounced than that observed for PrP106-126
NH,.

Aggregation properties of PrP106—126 peptides

The ability of PrP106—126 analogues to form macroaggregates
was first assessed by turbidity measurements. The peptides were
suspended in phosphate buffer, pH 5.0 or 7.0, at 0.25 mg/ml,
and the difference in absorbance between zero time and after
incubation for 24 h at room temperature was calculated (Table
2). At zero time, no significant differences in optical density were
observed between the different peptide suspensions at both pH
5.0 and 7.0; in a typical experiment at pH 5.0, the following
initial values (means+S.E.M. for four replicates) were
recorded: PrP106-126, 0.058 +£0.005; PrP106-126 H, 0.055+
0.004; PrP106-126 A, 0.065+0.008 ; PrP106-126 K, 0.055+0.09;
PrP106-126 V, 0.0624+0.004; PrP106-126 NH,, 0.051+
0.008; PrP106-126 VNH,, 0.053+0.009. After incubation for
24 h, PrP106-126 suspensions showed an increase in turbidity
values that was higher at pH 7.0 than at pH 5.0. Similar figures
were obtained with PrP106-126 V and PrP106-126 VNH,, sug-
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Figure 2 Sedimentation pattern of PrP106—126 and its analogues

Each point represents the percentage of peptide monomer in the 13000 g supernatant fraction of peptide solutions in 200 mM phosphate buffer, pH 5.0, incubated at room temperature for different

durations. Results are means 4+ S.E.M. for three determinations.

gesting that the neutral pH and the amino acid change linked
to GSS disease enhance these peptides’ ability to aggregate. In
contrast, the increases in turbidity of the analogues carrying the
substitution of b-His, Ala or Lys for L-His'!! or the amidation of
Gly'?¢ were similar at pH 5.0 and 7.0; however, the magnitude
of the increase differed between these peptides, being highest
in PrP106-126 A and lowest in PrP106-126 NH,. With regard to
PrP106-126 A, the increase in turbidity occurred very rapidly
and reached a plateau within 1 h (results not shown), suggesting
that this peptide is highly insoluble in buffered solutions. It is
noteworthy that the decrease in aggregation capacity and the
sensitivity to pH variations of PrP106-126 NH, were partly
restored by the substitution of Val for Ala''”.

These results were consistent with those obtained by HPLC
determination of the proportion of the peptides that was not
precipitated by centrifugation. Whereas turbidimetry revealed
the aggregated fraction, sedimentation enabled us to quantify the
soluble fraction. This was lowest for PrP106-126 A, followed
by PrP106-126, PrP106-126 V, PrP106-126 K, PrP106-126 H,,
PrP106-126 VNH, and PrP106-126 NH,. All peptides showed a
decrease in soluble fraction with time ; the decrease was extremely
rapid for PrP106-126 A, which was already undetectable in the
supernatant after 1 h owing to its high insolubility (Figure 2).

Ultrastructural and staining properties of PrP peptide assemblies

The nature of the aggregates generated by PrP106-126 and its
analogues was determined by electron microscopy after negative
staining and by fluorescence microscopy after treatment with
thioflavin S. As reported previously, PrP106-126 formed dense
meshes of straight, unbranched fibrils 4-8 nm in diameter and up
to 2.0 ym long (Figure 3A). The fibrillar assemblies showed
yellow fluorescence after staining with thioflavin S. Similar
findings were observed with peptides with the substitution of Lys
for His''* (results not shown) and of Val for Ala''” (Figure 3D).
Conversely, PrP106-126 H, showed a striking decrease in
density, length and diameter of the fibrils (Figure 3B).

The most remarkable change in the fibrillogenic properties of
the peptide was seen with PrP106-126 A, of which the aggregates
consisted primarily of amorphous material and, to a smaller

Figure 3  Electron micrographs of fibrils generated in vitro by PrP106—126
and its analogues

Shown are PrP106-126 (A), PrP106-126 H, (B), PrP106-126 A (C), PrP106-126 V (D),
PrP106-126 NH, (E) and PrP106—126 VNH, (F). Scale bar, 100 nm.

extent, of thin, short filamentous structures with an irregular
profile (Figure 3C), lacking the staining properties of amyloid.
PrP106-126 NH, also had a lower fibrillogenic ability
than PrP106-126; this was partly restored in PrP106-126 VNH,,
whereas PrP106-126 NH, generated a few straight fibrils 4-8 nm
in diameter and less than 0.2 ym in length (Figure 3E). The
morphology and staining properties of the peptide assemblies
formed by PrP106-126 VNH, were similar to those of PrP106—

© 1999 Biochemical Society
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Table 3 Effects of PrP106-126 analogues on nerve and astroglial cells

Cultures of neurons and astrocytes were exposed for 7 days to the peptides [5,6]. Neuronal
viability and astroglial proliferation were estimated by a colorimetric method. Results are
expressed as percentage of control and are means + S.E.M. for six to twelve determinations.
*P < 0.01 compared with the relevant control group (Dunnett’s test).

Astroglial proliferation
Nerve cell viability _

Peptide Control  Peptide Control  Peptide

PrP106—126
PrP106—-126 NH,
PrP106-126 VNH,

100+5.7 23.6458"
100+6.2 23.04+7.9"
100+4.8 39.949.1"

10043.0 265+10"
1004+6.0 119+4.0
100410 164 +2.0"

126 (Figure 3F); however, the fibril density was significantly
lower than for the native sequence.

Biological activities of PrP106—126 analogues with different
aggregation properties

Previous studies showed that the highly fibrillogenic PrP106-126
is neurotoxic and induces astroglial proliferation in vitro. To
investigate whether these biological properties are related to the
aggregation state of the peptide, primary cultures of neurons and
astrocytes were exposed to analogues with diverse abilities to
assemble into amyloid-like fibrils. In particular, PrP106-126 was
compared with the poorly fibrillogenic PrP106-126 NH, and
with PrP106-126 VNH,, which had an intermediate propensity
to aggregate. The study showed that the neurotoxicity of
PrP106-126 analogues was not dependent on their fibrillogenic
properties because all peptides induced a similar decrease in
nerve cell viability after 7 days of treatment at 50 M. Conversely,
the effects on astrocytes seemed to be related to the aggregation
state because PrP106-126 NH, was unable to induce astroglial
proliferation, whereas PrP106-126 VNH, showed partial activity
(Table 3).

DISCUSSION

The sequence comprising residues 106-126 of human PrP
corresponds to a highly conserved region of the molecule, located
in the flexibly disordered N-terminal segment adjacent to the
structurally well-defined globular domain [9,10]. This region is
required for the conversion of PrP¢ into PrP** [20]. Studies in
vitro suggest that it might have a central role in the con-
formational change of PrP and in the pathogenesis of tissue
changes associated with the accumulation of PrP"s in the brain
[5-7,12—-17].

A recent study [25] on recombinant PrP corresponding to
human residues 91-231 showed that reduction of the disulphide
bond between Cys'™ and Cys*'* resulted in a conformational
change from a predominantly o-helical to a f-sheet structure.
Most of this rearrangement seemed to occur within the C-
terminal domain, whereas residues 91-126 were found to be
unstructured in both the o-helical and f-sheet forms of the
protein. The discrepancy between this observation and our
results could be due to profound differences in structure and
behaviour when the PrP region comprising residues 106-126 is
isolated as a peptide or is a part of the PrP polypeptide chain.
However, previous studies showed that the disulphide bond is
required for PrP* formation [20]; thus the change from a-helical
to p-sheet structure after reduction of the protein might be
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different from that occurring in vivo. In this regard, it is
noteworthy that the protease-resistant core of PrP™* corresponds
approximately to residues 90-231 and includes the segment
90-125. Because this segment is flexible and protease-sensitive in
PrP¢, it must undergo a significant conformational change in the
conversion to PrP™* that precludes its accessibility to proteases.

We have previously shown that the synthetic peptide PrP106—
126 adopts different conformations in different environments,
although it has a high propensity to form stable /-sheet structures
and to assemble into amyloid fibrils [13—15]. Because the sec-
ondary structure of the peptide is markedly influenced by pH, its
physicochemical properties might be at least partly related to
His'", which is the only residue that changes in ionization state
between pH 5.0 and 7.0 and is located in a critical region between
the N-terminal polar head (KTNMKH) and the long hydro-
phobic tail MAGAAAAGAVVGGLG). The relevance of His'**
to the conformational change of PrP and the pathogenesis of
prion diseases is suggested by the observations that (1) human
PrP¢ undergoes proteolytic cleavage between Lys''’ and His'"!,
whereas the abnormal PrP species associated with prion diseases
do not [26], and (2) transgenic mice expressing Syrian hamster
PrP carrying the double substitution of the more hydrophobic
residue Ile for Lys''* and His'"! spontaneously develop spongi-
form changes and astrogliosis of the grey matter, similar to those
observed in scrapie-infected mice [27].

The present study further supports the view that His''! is a
critical site of the protein. The substitution of p-His'"! for L-
His''! abolished the pH-dependent conformational polymor-
phism of PrP106-126, caused a loss of stability of the f-sheet
structure and decreased the peptide’s fibrillogenic ability. Con-
ceivably these effects are related to the fact that the orientation
of the imidazole moiety of D-His is opposite to that of L-His; this
might cause steric hindrance with neighbouring Lys!'® and Met!!?
residues, inducing the formation of a random coil structure. In
contrast, the substitution of the highly hydrophobic, non-
ionizable residue Ala for His'!' caused the peptide to become
insoluble in buffered solutions. Although PrP106-126 A showed
a high proportion of p-sheet secondary structure, it formed
mainly amorphous aggregates. This is most probably due to
the prevalence of the intramolecular hydrophobic forces of the
lipophilic residues on the kinetics of fibril assembly. Un-
expectedly, replacing His'"' with Lys (a polar residue that is
always ionized in the pH range 5.0-7.0) modified the pH-
dependent structural polymorphism of the peptide, although it
did not affect its ability to form amyloid fibrils. As mentioned
above, His'!! is located between the hydrophobic and hydrophilic
portions of PrP106—126; this molecular environment might affect
the pK, of Lys at this site. Furthermore, the g-sheet secondary
structure of PrP106-126 K was largely maintained in TFE,
suggesting that its stability depends on an ionized residue at
position 111.

Our results support previous observations that the p-sheet
content is a key factor for amyloid fibril formation. The only
exception was the substitution of Ala for His!'!, as discussed
above. Conversely, there was no simple and direct relation
between the amount of S-sheet secondary structure of PrP106—
126 analogues and their aggregation properties, as deduced by
CD spectroscopy and turbidimetry respectively. The aggregation
abilities of PrP106—126 and PrP106-126 V were greater at pH 7.0
than pH 5.0, despite both peptides’ having a higher content of /-
sheet structure at acidic pH. Furthermore, the quantity of
aggregates of PrP106-126 K was similar at pH 5.0 and 7.0,
although the p-sheet content was distinctly larger at pH 5.0.
These apparent inconsistencies are due to the fact that CD
spectroscopy and turbidimetry explore peptide populations in
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KTNMKHMAGAAAAGAVVGGL G

GLGGVVAGAAAAGAMHIKMNT K

Figure 4 Proposed model of S-sheet formation by PrP106—126, showing
an antiparallel alignment of two molecules of PrP106—126

The two ends of the secondary f-sheet structure are stabilized by ion-pair interactions. The
residues His'"", Val''’, the N-terminal Lys'® and C-terminal Gly'?® are highlighted.

different physical states (the former detects the soluble fraction,
whereas the latter reveals insoluble macroaggregates), so a
correlation between the two might not always be apparent.
PrP106-126 and PrP106-126 V are more soluble at pH 5.0 than
at pH 7.0 owing to the protonation of His'"', which decreases
the propensity of the peptides to aggregate by antagonizing the
intramolecular hydrophobic forces of the lipophilic core. This
allows the presence of a larger population of monomers or
oligomers in solution that are capable of adopting a p-sheet
secondary structure. With PrP106-126 K, His''! was replaced by
a residue that is not sensitive to pH change; aggregation was
therefore not affected.

The contribution of the C-terminal carboxy group to the
physicochemical properties of amyloid peptides has been investi-
gated by Terzi et al. [28,29], by using the fragment 25-35 of the
f-protein involved in the pathogenesis of Alzheimer disease.
Removal of the C-terminal electric charge by amidation led to a
predominantly random-coil structure and inhibited fibril forma-
tion. On the basis of this observation, we amidated the C-
terminal Gly'?¢ of PrP106-126, seeking to decrease the fibrillo-
genic ability of the peptide. This in turn allowed us to assess the
relationship between aggregation state and biological activity as
well as the influence of the substitution Val for Ala''? on the
physicochemical characteristics. The amidation of the C-terminus
abolished the molecular polymorphism of PrP106-126 yielding a
predominantly random coil structure at both neutral and acidic
pH, and increased the sensitivity to the helix-promoting solvent
TFE. Interestingly, although this change also decreased the
propensity of the peptide to generate amyloid fibrils, the fibrillo-
genic ability was not completely abolished. A possible interpret-
ation of these results is that PrP106-126 molecules assemble in
an anti-parallel g-pleated sheet structure, which is stabilized by
head-to-tail ion-pair interactions between Lys'®¢ and Lys'!® and
the carboxy group of Gly**® (Figure 4). Elimination of the charge
at the C-terminus shifts the equilibrium towards the random-coil
monomeric state. However, the finding that PrP106-126 NH,
still forms a limited number of fibrils suggests that van der Waals
interactions involving the hydrophobic segment of the peptide
contribute to fibril assembly.

Among prion-related encephalopathies, GSS disease is charac-
terized by the highest degree of parenchymal amyloid [30]. This
disorder segregates with mutations of the PrP gene. Because one
of these mutations (i.e. Ala''” — Val) is contained in the PrP106—
126 region, we studied its effects on the peptide’s conformational
and fibrillogenic properties. Valine is a well-known f-sheet
structure promoter [31,32] that increases the hydrophobic profile
of the C-terminal part of PrP106-126. By molecular dynamic

simulations of a similar peptide, PrP109-122, Kazmirski et al.
[33] found that substitution of Val for Ala''” was the only helix-
destabilizing modification of a variety of replacements with
hydrophobic amino acid residues [33]. PrP106-126 V did not
demonstrate a fibrillogenic ability superior to that of PrP106-126.
However, the importance of this substitution was apparent by
comparing PrP106-126 NH, and PrP106-126 VNH,, because
neither had a carboxy contribution to aggregation. The presence
of Val at position 117 increased the aggregation properties of the
amidated peptide; fibril morphology was very similar to that of
PrP106-126.

With regard to the relationship between aggregation state and
biological activity of PrP peptides, our results indicate that
amyloid fibrils are not required for neurotoxicity because the
effects of PrP106-126 NH, on primary neuronal cultures were
similar to those of the wild-type sequence. Conversely, under our
experimental conditions, astroglial proliferation seemed to be
related to the presence of amyloid fibrils. Therefore it is possible
that astrogliosis in prion encephalopathies without amyloid
deposits is a mediated effect (e.g. microglia-dependent) rather
than a direct effect of disease-specific PrP isoforms.

In conclusion, our results support the view that the PrP region
spanning residues 106—126 is susceptible to conformational
transition and might be the nido at which the conversion of
PrP¢ to PrP™ is initiated. Furthermore, evidence suggests that,
within this region, His''! is important to the structural flexibility
as well as the stability of the newly formed p-sheet structure.
PrP106-126 and PrP106-126 NH, can be considered to be
complementary models for investigation of the pathogenesis of
prion diseases. The former is suitable for short-term studies in
vitro; however, its use is limited by its poor manageability. This
is at least partly related to the free carboxy ion on Gly'?%, which
is moreover not present in the intact protein. Removal of this
charge results in a peptide that retains neurotoxic activity and
mimics the slow kinetics of fibril formation observed in vivo in
prion-related encephalopathies.
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