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Abstract

Prion diseases are transmissible fatal neurodegenerative disorders affecting humans and other mammals. The disease trans-
mission can occur between different species but is limited by the sequence homology between host and inoculum. The
crucial molecular event in the progression of this disease is prion formation, starting from the conformational conversion
of the normal, membrane-anchored prion protein (PrP€) into the misfolded, f-sheet-rich and aggregation-prone isoform
(PrP5¢), which then self-associates into the infectious amyloid form called prion. Amyloid is the aggregate formed from one-
dimensional protein association. As amyloid formation is a key hallmark in prion pathogenesis, studying which segments in
prion protein are involved in the amyloid formation can provide molecular details in the cross-species transmission barrier of
prion diseases. However, due to the difficulties of studying protein aggregates, very limited knowledge about prion structure
or prion formation was disclosed by now. In this study, cross-seeding assay was used to identify the segments involved in the
amyloid fibril formation of full-length hamster prion protein, SHaPrP(23-231). Our results showed that the residues in the
segments 108—127, 172-194 (helix 2 in PrP®) and 200-227 (helix 3 in PrP°) are in the amyloid core of hamster prion fibrils.
The segment 127-143, but not 107-126 (which corresponds to hamster sequence 108—127), was previously reported to be
involved in the amyloid core of full-length mouse prion fibrils. Our results indicate that hamster prion protein and mouse
prion protein use different segments to form the amyloid core in amyloidogenesis. The sequence-dependent core formation
can be used to explain the seeding barrier between mouse and hamster.

Keywords Prion - Amyloid - Fibril - Hamster - Cross-f - Seeding

Introduction

Prion disease, also known as the transmissible spongiform
encephalopathy (TSE), is a fatal neurodegenerative disease
of sporadic, genetic, or infectious origin present in human
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aggregated nature of PrP%°, its structure has not been solved
yet. We only know that prion has an amyloid fibril structure,
in which the hydrogen bonds are formed between differ-
ent molecules and align parallel to the direction of fibril
propagation; therefore, the formed intermolecular -sheets
are called a cross-f structure. A decrease in a-helix content
and an increase in -sheet content were observed after the
structural conversion based on the data from Fourier trans-
form infrared spectroscopy [5] and circular dichroism spec-
troscopy [6]. Therefore, the PrP¢ — PrP5 process is called
an a-to-f or a coil-to-f structural conversion mechanism.

To gain insight into the structural conversion mecha-
nism of prion formation, the potentially critical regions
involved in the PrP5° formation have been studied for over
two decades. The structure of amyloid fibrils, as insoluble
aggregates, cannot be obtained using ordinary methods,
such as X-ray crystallography and solution nuclear mag-
netic resonance spectroscopy. The structures of various
fibrils formed by the recombinant prion protein of differ-
ent lengths and species have been studied using a number
of techniques, including hydrogen/deuterium exchange
mass spectroscopy (HXMS) [7-11], hydrogen/deuterium
exchange nuclear magnetic resonance spectroscopy [12],
electron spin resonance (ESR) spectroscopy [13], solid
state nuclear magnetic resonance spectroscopy (ssNMR)
[14-20], cryo electron microscopy [21] and seeding assay
[22, 23]. In studies on mouse, hamster and human recom-
binant full-length prion protein fibrils or the fibrils formed
from their N-terminal truncated mutants, the region cov-
ering helix 2 and helix 3 was commonly reported as the
loci where the a-to-f structural conversion takes place.
Examples are sequences 182212 [9] and 159-225 [8] by
HXMS for mouse PrP(23-231); sequence 160-220 [13]
by ESR and sequence 169-213 [7] by HXMS for human
PrP(90-231); and sequence 163-223 [11] by HXMS for
hamster PrP(90-231) and sequence 173-224 [17] by ssNMR
for hamster PrP(23-231).

However, the finding of the truncated prion mutants
at Y145 and Q160 in human prion disease reinforced the
important role of the protein segment in front of three
a-helices in the prion formation. A deletion PrP lacking
residues 23-88 and 141-176, designated as PrP'% was
capable of forming infectious PrP5-like molecules in trans-
genic mice [24], thus suggesting the importance of sequence
90-140. Shindoh et al. showed that the region 81-137 is
critical for prion infectivity [25]. A peptide composed of
hamster 109—141 or 119-136 could inhibit *>S-labeled
prion protein converted into PK-resistant aggregates in a
cell-free conversion reaction [26, 27]. Overall, these above-
mentioned studies proposed that the residues in the vicinity
of PrP(108-144) could be involved in the intermolecular
interactions between PrP-sen (protease-sensitive form of
PrP) and PrP-res (protease-resistant form of PrP) that lead
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to fibrillation [28, 29]. This region has not been assigned as
part of the amyloid core in full-length prion protein fibrils
probably because the -strand formed in this region is too
short to exhibit significant protection in the hydrogen—deu-
terium exchange. Only in the fibrils formed from human
Y 145Stop and Q160Stop variants were the regions 112—115,
118-122 and 130-139 suggested to be the possible location
of the p-strands in the cross-f structure of HuPrP (23-144)
fibrils by ssNMR [14, 15]. The sequence 106—126 was found
in the amyloid core of HuPrP(23-144) or HuPrP(23-159)
fibrils by a seeding experiment [22].

In the current study, five peptides, namely,
SHaPrP(108-144), SHaPrP(108-127), SHaPrP(128-144),
SHaPrP(172-194) and SHaPrP(200-227), were synthesised
by solid-phase peptide synthesis. The amyloidogenesis of the
full-length recombinant SHaPrP protein and synthetic pep-
tides was investigated in vitro by thioflavin T (ThT) assay.
The cross-seeding capacity between the SHaPrP protein and
peptides was used to identify the amyloid core region in the
fibrils formed from the full-length hamster prion protein.

Materials and Methods
Peptide Synthesis

The prion peptides were synthesised by the Fmoc-polyamide
method on a PS3 peptide synthesiser (Protein Technologies,
Inc., Arizona, USA) [30]. Rink Amide AM resin was used as
the solid support. Fmoc-amino-acid derivatives (0.6 mmole)
purchased from Anaspec (California, USA) were coupled on
the resin (0.1 mmole) using O-(1H-6-chlorobenzotriazole-
1-yl)-1,1,3,3-tetramethyluronium (0.6 mmole) and 4.45%
(v/v) N-methyl morpholine in dimethylformamide (DMF).
The Fmoc cleavage step was performed using 20% (v/v)
piperidine in DMF. N-terminal acetylation was performed
using four equivalents of acetic anhydride instead of an
amino acid derivative in the final synthetic step. Side-chain
deprotection and peptide cleavage from the resin were per-
formed by stirring the resin in a mixture of trifluoroacetic
acid/water/ethanedithiol/triisopropylsilane (94/2.5/2.5/1,
v/v) at room temperature for 2 h. After the cleavage reac-
tion was completed, the resin was removed by passing the
reaction mixture through a G2 glass funnel. The peptides
in the filtrate were precipitated by adding three volumes of
ice-cold methyl t-butyl ether (MTBE). The precipitate was
collected by centrifugation at 3000 g for 20 min at 4 °C,
washed twice with ice-cold MTBE and dried under vacuum.
The crude peptides were purified by reverse-phase high-per-
formance liquid chromatography (RP-HPLC) using a C18
column (4.6 mm X 250 mm, Shiseido, Japan) and identified
by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectroscopy (micro MX™, Waters,
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USA). The eluted peptide solution was collected, lyoph-
ilised and stored in a — 30 °C freezer. These synthesised
peptides have acetylation at the N-terminus and amidation
at the C-terminus to mimic their status in protein without
electrostatic interaction at the two ends.

Expression and Purification of Full-Length
SHaPrP(23-231)

To express SHaPrP(23-231) in Escherichia coli, the plas-
mid pET28a-SHaPrP(23-231)-containing hamster gene
with codon optimisation by OptimiumGene™ Codon Opti-
misation Analysis was synthesised by GenScript (New
Jersy, USA). The translated protein had 210 residues, cor-
responding to the hamster prion protein sequence 23-231
plus an extra Gly at its N-terminus with a molecular mass
of 23,028 Da. The Met residue coded by the initiation codon
was cleaved by methionine aminopeptidase in E. coli [31,
32]. The plasmid was transformed into E. coli BL21 Star
(DE3) (Invitrogen, California, USA). Compared with that of
the plasmid inserted with the original hamster PRNP gene,
the yield of the protein obtained from this codon-optimised
plasmid was at least six-folds higher.

To express SHaPrP(23-231), an overnight culture was
used to inoculate fresh Luria—Bertani medium containing
kanamycin (40 pg/mL), and the cells were grown at 37 °C
with vigorous shaking (250 rpm) until O.D., reached 0.6.
Protein expression was induced by adding isopropyl p-p-
1-thiogalactopyranoside to a final concentration of 1 mM,
and the culture was grown for an additional 6 h. Then, the
cells were harvested by centrifugation at 6000 g at 4 °C for
15 min. The cell pellet was resuspended in the cell lysis
buffer (50 mM Tris, 100 mM NaCl and pH 8.0 at about
9 mL/g cell), and cell lysis was conducted by incubating
with 0.1 X CelLyticB, 0.15 mg/mL lysozyme, 25 ug/mL
DNasel, 7 mM MgCl, and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF) for 30 min at room temperature with stirring.

The protein purification protocol was modified from our
previous report [33]. In brief, inclusion bodies were col-
lected from the cell lysate by centrifugation at 20,000 g for
30 min at 4 °C and resuspended in the IMAC buffer A (§ M
urea, 100 mM Na,HPO,, 10 mM Tris-HCI, 10 mM GSH and
pH 8.0) with rotation at 40 rpm for 2 h at room temperature.
The supernatant containing the solubilised proteins was col-
lected by centrifugation at 30,000 g for 25 min at 4 °C, fil-
tered through a 0.45 uM Millipore syringe filter and loaded
onto the prepacked nickel-chelating Fast Flow Sepharose
column (GE Healthcare, Illinois, USA). After washing with
5 column volumes of the IMAC buffer A, the target protein
was eluted with buffer B (8 M urea, 100 mM Na,HPO,,
10 mM Tris-HCI, 10 mM glutathione and pH 4.5). Desalting
was performed using a HiPrep 26/10 column prepacked with
Sephadex G-25 Superfine gel (GE Healthcare, USA) on the

AKTAprime plus FPLC system (GE Healthcare, Illinois,
USA) with a desalting buffer (6 M urea, 0.1 M Tris-HCI
and pH 7.5). Disulphide bond formation was conducted by
adding 5 mM ethylenediaminetetraacetic acid and 0.2 mM
glutathione disulphide to the eluted protein fraction and
incubating the solution for 18 h at 4 °C. The oxidised protein
was purified by RP-HPLC on a C5 column (Discovery BIO
Wide Pore C5, 10 pm, 25 cm X 10.0 mm, Supelco, USA).
Protein identification was examined by electrospray ionisa-
tion time-of-flight (ESI-TOF) mass spectrometry. The eluted
protein was lyophilised and stored at —30 °C.

ThT Binding Assay of Amyloidogenesis

Amyloid fibril formation, including the spontaneous and
seeded amyloidogenesis of PrP protein and peptides, was
monitored using the ThT binding assay. The fibril solu-
tion was mixed with the same volume of 200 pM ThT in
140 mM KClI and 100 mM sodium phosphate buffer (pH 8.5)
for 1 min at room temperature. Fluorescence spectra from
450 nm to 600 nm were measured in a 3 mm path—length
rectangular cuvette on a FP-750 fluorescence spectrometer
(JASCO, Japan) with excitation at 442 nm. For the protein
fibrils, the excitation wavelength was changed to 420 nm
to avoid the interference of light scattering. The excitation
and emission slits were set to 5 nm and 10 nm, respectively.

Transmission Electron Microscopy (TEM)

The amyloid fibril solution was loaded on carbon-coated
300-mesh copper grids, incubated for 3 min and then stained
with freshly filtered 2% uranyl acetate for 15 s. After the
grid was dried, the samples were viewed on the FEI Tecnai
G2 TF20 Super TWIN electron microscope (Thermo Fisher
Scientific, Oregon, USA).

Spontaneous Amyloid Fibril Formation of Hamster
Prion Protein and Peptides

SHaPrP(23-231) was dissolved in 6 M GdnHCl as a 150 uM
stock solution. To form amyloid fibrils, SHaPrP(23-231)
stock was mixed with the buffer to make a final protein con-
centration of 25 uM in 1 X phosphate-buffered saline (PBS),
1M GdnHCI and 3M urea (pH 7.4). The final volume of the
solution is 1 mL. The solution was incubated at 37 °C with
vigorous shaking (250 rpm).

SHaPrP(108-144), SHaPrP(108-127), SHaPrP(128-144)
and SHaPrP(172-194) were dissolved in deionised water as
stock solutions. SHaPrP(200-227) formed fibrils too fast,
and thus the stock solution was made in 60% acetonitrile
solution. Peptide stocks were diluted with an equal volume
of 2 x peptide amyloidogenesis buffer (20 mM phosphate
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buffer, 792 mM NaCl and 0.02% NaN,; pH 7.5), and the
solutions were incubated at 37 °C without shaking [19].

The lag time of amyloidogenesis was obtained by fitting
the kinetic data using the following equation: F=A + B/
(1+enk*(t;,,—1))), where A is the signal during the lag
phase, B is the signal difference between the lag phase
and the post-transition plateau, t is the time, t,,, is the time
required for the half-completion of the fibrillation process
and k is the rate constant of fibril growth (h™!). Lag time is
equal to t;,, —2/k.

Seed Preparation and Seeding Assay

The amyloid fibril solutions generated from the SHaPrP pep-
tides or full-length protein were spun down by centrifugation
at 19,000 g for 30 min at room temperature. The amount
of peptides or protein remaining in the solution was meas-
ured by RP-HPLC. The amount of peptides or protein in
fibrils was calculated by deducting the remaining monomer
amount in the solution from the original concentration. The
precipitated fibrils were re-suspended in deionised water. To
acquire a nearly homogeneous seed, the fibril solution was
fragmented with 20 (for peptide fibrils) or 60 cycles (for
protein fibrils) of intermittent pulses (five pulses of 0.6 s
each with a 5 s interval between each cycle) by an ultrasonic
processor (UP200H, Hielscher Ultrasonic GmbH, Teltow,
Germany) equipped with a 1 mm microtip immersed in the
sample. The power was set to 20%. For the seeding reac-
tion, different amounts of seed were added to the monomer
solution to make the final volume as 1 mL. The process of
amyloidogenesis was monitored at different incubation times
by the ThT binding assay.

To prepare a proteinase K (PK)-digested seed, the
SHaPrP(23-231) fibrils were spun down at 19,000 g for
30 min, re-suspended in deionised water and reacted with
PK (molar ratio of enzyme to substrate was 1-50) at 37 °C
for 1 h with 250 rpm of shaking. To terminate the reaction,
PMSF was added to the final PMSF concentration of 5 mM,
and the solution was heated at 70 °C for 15 min. The PK-
digested fibrils were spun down, re-suspended in deionised
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water and then used for preparing the seed as described
above.

Results

Spontaneous Amyloid Fibril Formation
of the Hamster Full-Length Recombinant Prion
Protein and Prion Peptides

The sequences of the SHaPrP peptides used in this study are
shown in Fig. 1. The kinetics of amyloidogenesis of the ham-
ster prion protein SHaPrP(23-231) and five peptides, namely,
SHaPrP(108-144), SHaPrP(108-127), SHaPrP(128-144),
SHaPrP(172-194) and SHaPrP(200-227), was monitored by
the enhanced fluorescence emission of ThT upon binding to
the hydrophobic cavities in the amyloid fibrils [34—36]. The
full-length prion protein gradually formed amyloid fibrils
in a partial denaturing condition. Its fluorescence emission
spectra at different incubation times are shown in Fig. 2a,
and the kinetic curves of the amyloidogenesis of three inde-
pendent samples are illustrated in Fig. 2b. SHaPrP(23-231)
in PBS (pH 7.4), 1 M GdnHCl and 3 M urea had a lag time
of about 60 h, and fibril propagation reached equilibrium
after 120 h (Fig. 2b). Conversely, prion peptides could trans-
form into fibrils without the help of any denaturant (Fig. 3).
All five prion peptides could form amyloid fibrils in the
same buffer (10 mM phosphate buffer, 396 mM NaCl and
0.01% NaN,) [19]. SHaPrP(108-127), which has a special
palindromic sequence AGAAAAGA, had the lowest amy-
loidogenic property compared with the other prion pep-
tides, and a much higher peptide concentration (800 uM)
was required for the fibril formation of SHaPrP(108-127)
(green curve in Fig. 3a). Conversely, SHaPrP(172—-194) and
SHaPrP(200-227), the segments corresponding to the helix
2 and helix 3 of PrPC, respectively, were prone to amyloid
formation. The nucleation of these two peptides was so fast,
and we could hardly find the nucleation phase in their kinetic
curves even when the peptide concentration was reduced
(Fig. 3b, ¢). Specifically, SHaPrP(200-227) is the most amy-
loidogenic peptide. Its stock solution had to be prepared in

SHaPrp(172-194)
Ac-QNNFVHDCVNITIKQHTVTTTTK-NH,

S s

172 194 200
—C
Ac-ETDIKIMERVVEQMCTTQYQKESQAYYD-NH,
SHaPrP(200-227)

227 231

H2

H3

Fig. 1 Sequence and location of the five prion peptides used in this study. The three a-helices are marked as H1, H2 and H3 in red boxes. The
two f-strands are marked as S1 and S2 in blue arrows. (Color figure online)
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Fig.2 Spontaneous amy-
loidogenesis of the recom-
binant hamster prion

protein SHaPrP(23-231).
SHaPrP(23-231) (22 uM) in
1xPBS, 1M GdnHCI and 3M
urea (pH 7.4) was incubated at
37 °C with vigorous shaking. a
Fluorescence spectra recorded
at different incubation times.

b Kinetic curves from three

>
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Fig.3 Spontaneous amyloidogenesis of synthetic hamster prion
peptides. The peptides were incubated in 10 mM phosphate buffer,
396 mM NaCl and 0.01% NaN; (pH 7.5) at 37 °C. a Averaged kinet-
ics curves of 150 uM SHaPrP(108-144), 800 uM SHaPrP(108-127)
and 150 uM SHaPrP(128-144) from three independent samples. b
Kinetic curves of the different concentrations of SHaPrP(172-194).
¢ Kinetic curves of the different concentrations of SHaPrP(200-227).
(Color figure online)
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60% acetonitrile to avoid aggregation before incubation
began. The fibril morphology of the hamster protein and
peptide fibrils was revealed by TEM (Fig. 4).

Seeding Capacity of Amyloidogenesis: Using SHaPrP
Peptide Fibrils as a Seed and SHaPrP(23-231)
as a Substrate

If the SHaPrP peptides and full-length SHaPrP(23-231)
use the same segment to form the cross-f structure in
amyloidogenesis, the fibrils generated from peptides will
be able to serve as a template (seed) to induce monomeric
SHaPrP(23-231) to polymerise and form amyloid fibrils.
The amyloid fibrils of the SHaPrP protein and peptides, gen-
erated from spontaneous amyloidogenesis, were collected
through centrifugation, and the amount of the molecules in
fibrils was quantified by deducting the remaining monomer
concentration from the original concentration. To avoid the
presence of large fibril tangles in a seed, the collected fibrils
were fragmented (seed length was 50-200 nm) by sonication
(Fig. S1). As shown in Fig. 5a, the SHaPrP(23-231) seed
can efficiently initiate the fibrillation of the SHaPrP(23-231)
monomer. In the same condition, SHaPrP(23-231) can be
seeded by the SHaPrP(108—144) seed, the SHaPrP(108-127)
seed, the SHaPrP(172-194) seed and the SHaPrP(200-227)
seed as well (Fig. 5b, ¢, e and f). Among them, the
SHaPrP(172-194) seed is the most efficient seed because
lag time can hardly be detected. This finding indicates that
the segments of SHaPrP(108-144), SHaPrP(108-127),
SHaPrP(172—-194) and SHaPrP(200-227) could be involved
in the amyloid core of the full-length SHaPrP(23-231)
amyloidogenesis.

The only exception is SHaPrP(128-144). The
SHaPrP(128-144) seed cannot seed the fibrillation of the
SHaPrP(23-231) monomer (Fig. 5d). This finding is not
consistent with that of a previous study on the amyloidogen-
esis of mouse prion protein, in which the full-length mouse
prion protein was seeded by the peptides mPrP(107-143)
and mPrP(127-143) but not by mPrP(107-126) (mouse and
hamster sequence numbers have one residue difference) [23].
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Fig.4 TEM images of the fibrils formed of the hamster prion protein SHaPrP(23-231) and peptides SHaPrP(108-144), SHaPrP(108-127),

SHaPrP(128-144), SHaPrP(172-194) and SHaPrP(200-227)

Seeding Capacity of Amyloidogenesis: Using
SHaPrP(23-231) Fibrils as a Seed and SHaPrP
Peptides as a Substrate

The finding that the SHaPrP(108-144), SHaPrP(108-127),
SHaPrP(172-194) and SHaPrP(200-227) fibrils can induce
the fibrillation of SHaPrP(23-231) suggests SHaPrP(23-231)
can use these segments as a template to form the cross-f
structure in the seeding experiment. If the spontaneously
converted SHaPrP(23-231) fibrils do use these segments
to form the cross-p structure in its amyloid core, the
SHaPrP(23-231) fibrils will be able to induce the fibrillation
of these four peptides as well. Thus, we examined the amy-
loidogenesis of the SHaPrP peptides seeded by their own
fibrils or the SHaPrP(23-231) fibrils. SHaPrP(108-144),
SHaPrP(108-127) and SHaPrP(128-144) could be effi-
ciently seeded by its own fibrils (Fig. 6a—c). Interestingly,
the addition of the SHaPrP(23-231) seed did not shorten
the lag time for the fibrillation of SHaPrP(108-144) and
SHaPrP(108-127) (blue and yellow curves in Fig. 6d,
e, respectively). On the contrary, the seed inhibited the
nucleation of SHaPrP(108-127) and extended the lag time.
As the amyloid core region in the SHaPrP(23-231) seed
could be buried and shielded by the unstructured part of
the protein, we used PK to remove the protease-sensitive
region of the SHaPrP(23-231) fibrils. The SHaPrP(23-231)

@ Springer

PK-digested seed was prepared by treating the seed with PK
for 1 h at 37 °C. After the treatment, the SHaPrP(23-231)
PK-digested seed could efficiently induce the fibrillation of
SHaPrP(108-144) (green and red curves in Fig. 6d). Using
the seed titration method, Lee and Chen previously pro-
posed that the amyloid propagation surface of the mouse
and hamster prion peptides with the sequence 108—144 was
determined depending on the residue at position 139 [37].
When residue-139 is Ile (the mouse sequence), the sequence
homology at the C-terminal half of the peptide becomes
important for efficient seeding. When residue-139 is Met
(the hamster sequence), the sequence homology at its N-ter-
minal half of the peptide determines its seeding efficiency.
Thus, we used the same PK-digested seed to induce the amy-
loidogenesis of the SHaPrP(108—127) and SHaPrP(128-144)
monomers. The results for SHaPrP(108—127) were similar to
those for SHaPrP(108-144) (Fig. 6e). The SHaPrP(23-231)
PK-digested seed could efficiently induce the amy-
loid formation of the SHaPrP(108-127) monomer, and
the lag time was too short to be detected. In the seeding
assay using SHaPrP(128-144) as a monomer, neither the
SHaPrP(23-231) seed nor the SHaPrP(23-231) PK-digested
seed had the seeding ability (Fig. 6f). The results are con-
sistent with our assumption and suggest that the segment
108-127 is in the amyloid core of the SHaPrP(23-231)
fibrils but the segment 128—144 is not.
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Fig.5 Seeding effica-

cies of the SHaPrP peptide A
seed in the amyloidogen-

esis of SHaPrP(23-231).
SHaPrP(23-231) (25 uM) incu-

bation in 1 X PBS, 1M GdnHCl,

3M urea and pH 7.4 at 37 °C

with shaking by adding a buffer
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For SHaPrP(172-194) and SHaPrP(200-227), we could
not conduct a seeding experiment because no lag time could
be detected in the amyloidogenesis kinetics of these two
peptides. We attempted to change the buffer conditions, but
nucleation remained too fast (Figs. S2 and S3).

Discussion

In prion research, a key molecular event is the conforma-
tional change from the cellular prion protein PrP€ into the
misfolded and pathogenic isoform, PrPS¢. Many research
groups have attempted different methods to solve the conver-
sion mechanism. However, in the structural studies of full-
length prion protein fibrils, the role of the 108—144 region
in the structural conversion was hardly defined.

In this study, we used the same buffer and incubation
conditions to compare the amyloidogenic property of
the five prion peptides. All these five peptides can form
amyloid fibrils in the same condition. The nucleation of

Time (hr)

100 150 0 50 100 150
Time (hr)

SHaPrP(172—-194) and SHaPrP(200-227) was too fast to
show the lag phase in their fibrillation kinetics. Their strong
amyloidogenic propensity echoed the finding that helix 2
and helix 3 were likely involved in the structural conversion
of prion fibril formation in vivo and in vitro [8, 17, 21, 38].
SHaPrP(108-127) needed a much higher monomer concen-
tration (800 uM) to initiate fibrillation. This result is similar
to that of mouse prion peptides [23], as it suggests that the
segment 108—127 has a higher energy barrier for nucleation.
This segment contains the palindromic sequence AGAAAA
GA, which can form the cross-f} structure in peptide 109-122
[20]. Compared with the other peptides, SHaPrP(108-127)
has fewer hydrophobic residues, thus increasing its thermo-
dynamic solubility.

The seeding effect is an important feature for the nucle-
ation-dependent polymerization of amyloid formation and
is the reason why a protein can be infectious. Yamaguchi
et al. reported that the amyloid formation of the full-length
mouse prion protein could be seeded by the mouse H2
peptide (sequence 171-193) and the H3 peptide (sequence
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Fig.6 Seeding efficacies of various SHaPrP peptide seeds in the
amyloidogenesis of SHaPrP(23-231). SHaPrP(108-144) (150 uM),
SHaPrP(108-127) (800 uM) and SHaPrP(128-144) (150 uM) were
incubated in 10 mM phosphate buffer, 396 mM NaCl and 0.01%
NaN; (pH 7.5) at 37 °C with or without their own fibril seed (a—c)
or seeded by the SHaPrP(23-231) seed and SHaPrP(23-231) PK-

199-226) [39]. In our seeding study, SHaPrP(172-194) and
SHaPrP(200-227) can also induce the amyloidogenesis of
the full-length hamster prion protein, supporting the impor-
tant role of these two segments in the a-to-f conversion
process either in mouse or hamster. However, contrasting
results were found for hamster and mouse in the region of
108-144. Chatterjee et al. reported that the mPrP(107-143)
and mPrP(127-143) seeds could induce the fibril forma-
tion of the full-length mouse prion protein, but the fibrils
formed by mPrP(107-126) could not [23]. In our seed-
ing assay, the SHaPrP(23-231) monomer could be seeded

@ Springer
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pmole per pL for the SHaPrP(108-127) seed, 10.07 pmole per uL
for the SHaPrP(128-144) seed and 10.82 pmole per uL for the
SHaPrP(23-231) seed. (Color figure online)

by the SHaPrP(108-144) seed and the SHaPrP(108—-127)
seed but not by the SHaPrP(128-144) seed (Fig. 5). The
SHaPrP(128-144) seed did not work in the seeding assay
is not due to the stability of the SHaPrP(128-144) fibrils
in the partially denaturing condition since the p-structure
signal of the SHaPrP(128-144) fibrils can still be observed
in the amyloidogenesis buffer after long term incuba-
tion (Fig. S4). Moreover, only the SHaPrP(108-144) and
SHaPrP(108-127) monomers could be seeded by the PK-
digested SHaPrP(23-231) seed and the SHaPrP(128-144)
monomer could not (Fig. 6). These findings suggest at least
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four segments (108—127, 128—144, 172—-194 and 200-227)
in the prion protein have their own amyloidogenic propen-
sity, but not all of them can be found in the amyloid core of
the prion protein fibrils. The sequence homology at posi-
tion-139 between inoculum and host strongly affected the
interspecies transmissibility between hamster and mouse PrP
[37, 40, 41], and the sequence difference led to different
fibril structures [42, 43]. To date, no structural data have
been provided to prove whether the full-length mouse and
hamster prion proteins use different segments to form their
amyloid cores or not. In this study, we provide the evidence
to demonstrate the different roles of the segments 108-127
and 128-144 in the amyloidogenesis of the hamster and
mouse prion protein in the in vitro fibril formation system.

In addition, one interesting phenomenon we observed
is the extension of the lag time in the amyloidogenesis
kinetic of SHaPrP(108-127) when the SHaPrP(23-231)
fibrils were added as a seed (Fig. 6e). Because the PK-
treated SHaPrP(23-231) seed was prepared from the
SHaPrP(23-231) seed, the seed amount was no more than
the amount of the SHaPrP(23-231) seed. Compared with
the strong seeding effect of the PK-treated SHaPrP(23-231)
seed, this result suggested that the PK-sensitive part in the
SHaPrP(23-231) seed had the interference effect in the
nucleation step of SHaPrP(108-127). The interference
effect is more prominent in seeding SHaPrP(128-144)
monomer (Fig. 6f) since no ThT fluorescence increase
can be detected (Fig. S5A). Using circular dichroism (CD)
spectroscopy we found that the CD spectrum of the solu-
tion containing SHaPrP(128-144) monomer plus PK-treated
SHaPrP(23-231) seed had less negative ellipticity after incu-
bation, indicating the peptide might aggregate (Fig. S5B).
Indeed, amorphous aggregates could be found under TEM
(Fig. S5C). We surmise that the segment 128—144 might be
flexible in the protein seed. Therefore, instead of serving as
a template for fibril extension, the protein seed interacted
with SHaPrP(128-144) and promote another aggregation
pathway. When the PK-digested SHaPrP(23-231) seed was
further treated with trypsin, a peptide fragment correspond-
ing to the residues 117-136, can be identified by the MS/MS
study (Fig. S6). The data suggested that proteinase K might
cut between residues 116 and 117. The template that assisted
SHaPrP(108-127) fibrillation might reside in the segment
117-127 (sequence AAGAVVGGLGG).

Up to now, four structural models have been proposed:
(1) the parallel in-register intermolecular p-sheet (PIR-
IBS) model [13, 44]; (2) the four-rung -solenoid model
[21, 45-47]; (3) the p-spiral model [28]; and (4) the left-
handed p-helix model [48]. Since no a-helical structure
can be detected on brain-derived prion or recombinant PrP
amyloid, the possibilities of the latter two models have
been ruled out [10]. Wille et al. have reported that the
brain-derived prion and recombinant PrP amyloid fibrils

have distinct fibre diffraction patterns [45]. The four-rung
B-solenoid model was proposed based on the studies on
the brain-derived prion by X-ray fiber diffraction [45]
and cryo EM [21]. In this model, only the p-strand on
the upper or lowermost rungs can serve as a template in
the seeding studies. On the contrary, the PIRIBS model
was proposed based on the studies on the recombinant
PrP amyloid fibrils by ESR spectroscopy [13] and ssNMR
[44]. In this model, all the B-strands stacks on top of the
preceding molecule and can template either an incoming
protein monomer or the corresponding peptide segments.
The strong spin exchange effect for the fibrils with a spin
labled in the region of 160-220 suggested that the in-vitro
prepared PrP fibrils can not be the four-rung p-solenoid
structure [13]. Our seeding results did not fit with the four-
rung B-solenoid model but matched well with the PIRIBS
model. All the data suggested the structural difference
between the naturally formed prion fibrils and the PrP
amyloid fibrils formed in a partially denaturing condition.
Most importantly, the current data imply that the same
protein can aggregate into different misfolded structure
depending on the environment.

In conclusion, a seeding experiment was used to probe the
cross-f structure of in vitro prepared hamster prion protein
fibrils. Our findings indicate that the prion protein sequence
can affect the structural conversion mechanism that is pro-
moted under a partial denaturing condition.
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