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The crucial step for the fatal neurodegenerative prion diseases involves the conversion of a normal cellular protein,
PrP%, into a fibrous pathogenic form, PrP>, which has an unusual stability against heat and resistance against
proteinase K digestion. A successful challenge to reverse the reaction from PrP> into PrP© is considered valuable, as it
would give a key to dissolving the complex molecular events into thermodynamic and kinetic analyses and may also
provide a means to prevent the formation of PrP> from PrP< eventually in vivo. Here we show that, by applying
pressures at kbar range, the “proteinase K-resistant” fibrits (tHaPrP™*) prepared from hamster prion protein (rHaPrP [23~
231]) by seeding with brain homogenate of scrapie-infected hamster, becomes easily digestible. The result is consistent
with the notion that rHaPrP™* fibrils are dissociated into rHaPrP monomers under pressure and that the fermation of
PrP3¢ from PiPC is thermadynamically controlled. Moreover, the efficient degradation of prion fibrils under pressure

provides a novel means of eliminating infectious PrP* from various systems of pathogenic concern.

Introduction

The crucial step for the fatal neurodegeneracive prton dxseases
involves the transformation of a normal cellular protein, PrPS,
into a fibrous pathogemc form of the protein, PrPS", either spo-
radically or by infection.' The transformation of PrP® into PrP**
is a slow process in vivo and, once formed, the fibril shows an
exceptionally high scability against heat treatment? and high resis-
tivity against enzymatic proteolysis.” Thus the transformation is
considered practically irreversible, prohibiting the study how
PP is thermodynamically and kinetically related to its normal
precursor PrP, one of the fundamental questions in pursuing
the cause of prion disease, and use the relationship for efficient
removal of PrP%.

Pressure has proven to be a generally useful perturbation for
investigating protein conformational equilibrium, particularly as
it covers a wide dynamic range of conformation, namely from
folded to unfolded of a globular protein® as well as from
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monomers to oligomers in protein assembly.” In general, if a pro-
tein exists in solution in an equilibrium mixture of conforma-
tional states muwally differing in partial molar volume AV;?
pressure shifts their equilibrium in favor of the lower volume
states and increasing the relative population of the latter often
dramatically by a factor ~exp (-PAV/RT).>® Although no infor-
mation is available on the volumetric property of Hamster rPrP
in its monomeric and fibrous states, the study on Murine PrP
showed thart aggregated B-sheet-rich MrPrP [23-231] undergoes
unfolding with AV = —43.6 ml mol™".” Furthermore, in view of
the face that rPrP oligomers of human prion proeein is dissociable
under pressure,8 meaning AV = Vipuomer —Vosigo < 0 and that
hen lysozyme and its murant are distinctly mote voluminous in
the amyloid protofibril state than in its naturally denactured
monomeric state, AV =V, puomer —Vipris < 0,51 we expect that
under closely physiological conditions the volume is lower for
the rPrP monomer, namely, AV= V. uomer —Viggrit < 0. Further-
more, we found that the shrinking of the protofibril undergoes
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by the dissociation of a monomeric species at the growing end of
the fibril,'? i.e., by obeying the linear polymerization mechanism
in which the fibril and the monomer are in dynamic equilib-
rium.'? Thus we have ample reasons to expect thar the applica-
tion of pressure to a solution containing PrP fibrils would shift
the equilibrium toward dissociation, increasing the equilibrium
concentration of PrP monomers, PrP<, which, in the presence of
proteinase K (PK), would be readily degraded into smaller frag-
ments. The pressure-enhanced degradation of fibrils may be eval-
vated at 0.1 MPa after cerrain period of the reaction, by
monitoring the diminishing number of fibrils wich an atomic
force microscopy (AFM) and their degradation into peptide frag-
ments by western blotting.

Results and Discussion
Figure 1 illustrates the actual experimental * procedure

employed in the present work. Instead of directly workmg on
PrP5¢ in vivo, we choose, at this stage, to work with protcinase

K-resistant fibrils (rHaPrP™), which is prepared from recombi-

nant hamster PrP (tHaPrP [23-231]) in vitro’ by seeding with
brain homogenate of scrapie-infected hamster under quaking, or
by QUIC (quakmg’mduced conversnon) the process mimick-
ing the conversion of cellular PrP® into PrP. The automared
shaking was performed on the solution containing rHaP:P for
24 h ar 37 °C in 0.5 M Gdn-HCl, 150 mM NaCl, 150 mM
HEPES buffer, pH7.0, in the presence of diluted brain homog-
enate of the hamster that had been infected with PrP* from
sheep. Because of the high effective molecular weight of the
fibrils and the small quantity of the protein available for analysis
(<1pg) at one time, we employed AFM and western blotting,
both of which are capable of derecting a small quantity of pro-
teins (<1p,g) without using high pressure NMR spectros-
copy.®!> The former gives a direct image, though qualitative,
on what happens ro rHaPrP™* fibrils, while the latter should
give the degradation process more quanticatively.

Figure 2, far left, shows a representative AFM image of the
rHaPrP™ fibrils as prepared. The fibrils exhibit a heterogeneously
aggregated morphological feature, similar to those reported for other
prion fibrils.’® The rest of the figures show representative AFM
images of tHaPrP™ fibrils treated with a high dose of PK for 1 h ac
pH 7.0 ac 25 °C under different pressure conditions (0.1~400
MPa). By treatment at 0.1 MPa for 1 h, fibrils remain, bur effects
were found on their shapes (Fig. 2, second from the left). By weat-
ment with PK at increasing pressures, the fibrils diminish dramat-
cally and disappear completely ar 400 MPa (Fig. 2, far right).

Figure 3 shows the western blotting patterns of the solution of
monomeric rHaPtP’ (PrPC) (A) and chose of the solution of
rHaPrP™ fibrils (B), treated similarly with 2 high dose of PK for
1h at pH 7.0 ar 25 °C under different pressure conditions
(0.1~400 MPa). For rHalPrP (PrP) (Fig. 3A), we note thart the
digestion by PK proceeds almost fully even ar 0.1 MPa, but
becomes complete above 100MPa. The accelerated digestion of
monomeric proteins with a proteinase under pressure follows the
general mechanism proposed for pressure-accelerated degrada-
tion of proteins.'” For rHaPrP™ fibrils (Fig. 2B), we note that,
at 0.1 MPa, the original 25 kDa band is replaced with the strong
~12 kDa bands, indicating that residues 23 to 140 including the
N-rerminal flexible segment of rHaPrP™ are selectively cleaved
off, leaving fibrils consisting of “truncated” rHaPrP™ monomers
with only the C-terminal core part (residues ~140-231).>'*
This process of limited proteolysis of rHaPrP™ is schematically
illustrated in Figure 4A, in which the PK-resistant core parts of
tHaPrP™ are shown by gray column.,

What is dramatic is the degradation of the ~12 kDa bands, cor-
responding to the core part of rHaPrP, which start diminishing by
wreatment with PK at elevated pressures at 300-400 MPa (Fig. 3B,
right). The result clearly indicates that rHaPsP™ fibrils are fully
degraded into smaller peptide fragments by PK at elevated pres-
sures. This result is consistent with the notion thar rHaPrP™ is dis-
sociated into monomeric species under the elevated pressures, while
PK remains active. The activity of PK at pressures (100-400 MPa)
is verified by Figure 3A, in which an efficient degradation of

rHaPtP (PrP®) with PK ar 100~
400 MPa is shown. The dramatic

process of PK—degradation of

Step1 Step 2 Step 3 rHaPrP™ fibrils (PrP%) is sche-
matically {llustrated in Figure 4B,
PK digestion in which the fibrillar PrP> is dis-
ch for 24hrs under sociated into monomeric PrP®
Pressure Western under elevated pressures, followed
(o 1,100, blotting immediately by the efficient deg-
PP 300, 400MPa) \ radation of PrP by proteinase K.
amPrl The entire process described
+ 253Kfzf;ﬂ“bgg:_:°cf;'°gemw ﬂ:ia';nﬂil,sr P ?:::ﬂzts AFM - abov? may be more adequate_ly
, described thermodynamically in

the following manner: The PrP

Figure 1. lilustration of the experimental procedure in the present work. Step1: iHamPrP was treated with
brain homogenate of scrapie-infected hamster 263K brain homogenate to produce rHamPrP fibrils (the
method of QUIC™). Step 2: tHamPrP fibrils were treated with proteinase K under different pressures at
25 °C. Step 3. The reaction products were subjected to analysis with westemn blotting and AFM, See Materi-
als and Methods for more details. fr
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fibrils (PrPS‘) and PrP monomers,
namely PrPS, are basically in
dynamic equilibrium PP =
PrPY). Ac 0.1 MPa, the equilib-
rium is srrongly shifred toward the
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ods for more details.

Figure 2. Atomic force microscopy images‘of rHaPrP™* fibrils PK-treated under different conditions. (A) A representative image of rHaPrP™* fibrils as pre-
pared by the method of QUIC'*. (B) Representative images of rHaPrP™® fibrils after PK-treatment for 1 h at respective pressures. See Materials and Meth-

former (PrP>9). Under applied pressure, the equilibrium will be
shifted more in favor of the latter (PrP®) by a factor anticipated by
~exp (—PAV/RT) with a negative value of AV =V, omer— Visrit
< 0.%° The lower volume of the latter state (PrPS) would furcher
be substandated under pressure by pressure unfolding of PrP“
(PrP“[folded] = PrP%[unfolded]).'” The increased equilibrium
population of PrP monomers, PrP®, under pressure would render
the PrP fibrils degraded continually until they disappear torally,
thanks to the dynamic equilibrium PP = PrP(folded) =
PrP(unfolded).

Implication of the Present Finding

The present experiment has shown that the normal cellu-
(< e ~ Sc " i
lar PrP™ and the infectious form, PrP’c are interconvertible

PK treatment
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Figure 3. Western blotting of rHaPrP and rHaPrP™ fibrils PK-treated
under different pressures. (A) rHaPrP treated with proteinase K at differ-
ent pressures at 25 °C for 1 h. (B) rHaPrP™ fibrils treated with proteinase
K at different pressures at 25 °C for 1 h See Materials and Methods for
more details. oo

,
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by pressure. Namely, an equilibrium holds basically between
PrP* and PrPS, namely PrP% = PrP®. Accordingly, we
may conclude that the crucial molecular event of the prion
disease is also likely to be a thermodynamically controlled
process.

This conclusion does not depend, in essence, on whether
some complex reactions and/or intermediates are involved or
not in this overall equilibrium above. The conclusion is par-
ticularly important, as it means that the reversible nature of
the fibril-forming reaction, found in much simpler amyloido-
genic protein systems so far studied,” " is now extended to
the highly heterogeneous assembly of fibrils of rtHaPrP™ such
as those seen in Figure 2A. Furthermore, the present resule,
showing the increase in the monomer fraction with increasing
pressure, implies that, under closely physiological conditions,
the partial molar volume of the prion protein is smaller in
the monomeric state, PrPS, than in the fibrous state, PrP*,
namely AV =V, .omer = Visrit < 0. This places pressure as a
useful general tool for controlling the PrPC-PrP¢ conversion,
prompting us to carry on furcher derailed analysis of the con-
version reaction between PrP® and PrP* based on the ther-
modynamic and/or kinetic approach.

Technically, the method of pressure-accelerated proteolysis
combined with western blotting introduced here is a novel
approach generally applicable to the thermodynamic and
kinetic analyses of various bio-macromolecular systems of
high degree of association, for many of which a normal
spectroscopic approach would fail because of the low sensi-
tivity of detection and because of the slowness of the reac-
tion at ambient conditions. In practice, the dramatic
pressure effect on increasing the PK-digestibility of otherwise
“PK-resistant” prion fibrils within a moderate range of pres-
sure (< a few hundred MPa) suggests a simple and efficient
means of eliminating infectious PrP* from various systems
in vitro.
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Proteinase K

Prpse

Western blotting

The resultant solu-
tions were subjected to
western blotting with an
anti PrP-goat polyclonal
IgG, specific to residues
121-231 as primary
antibody and alkaline
phosphatase (AP) -and-

Goat IgG as secondary

pressure

>
e

Proteinase K

Prpse dissociation

proteolysis

antibody. M refers to
the lane for the molecu-
lar weight marker.

Atomic force
microscopy
For each PK-treated

samples, 2 pl of the

Figure 4, lllustration of the molecular events in the PK-treatment of rHaPrP™* fibrils. (A} At 0.1 MPa, where no dissocia-
tion of fibrous rHaPrP™* takes place, only the flexible N-terminal segments (residues 23 to 140) are cleaved off by pro-
teinase K, leaving the fibril consisting only of the core parts (residues ~141 to 231). (B) At high pressures (100-400 MPa),
fibrous rHaPrP"™* dissociates into monomeric rHaPrP one by one, which is then readily degraded by proteinase K.

solution was applied on
a new mica surface,
rinsed with pure water,

and dried. AFM figures

Materials and Methods

Preparation of rHaPrP™ fibrils

Fibrils of rHaPrP™ were prepared from recombinant hamster
prion protein (tHaPrP [23-231]) by shaking with brain homoge-
nate of scrapie-infected hamster at 25 °C in 0.5 M Gdn-HCI,
150 mM NaCl, 150 mM HEPES buffer, pH 7.0 (QUIC)."*

Proteolysis of rtHaPrP™

For the proteolysis reaction, the above solution containing
tHamPrP™ was diluted with pure water by 2.5-fold, making the
final solution containing 40j.g/ml of rtHamPrP, to which protein-
ase K was added to the concentration of 10pg /ml in 0.2 M Gdn-
HCI, 60 mM NaCl, 60 mM HEPES, pH 7.0. Each 30pl of the
above mixture, held in a tiny Teflon tube placed within a home-
made pressure vessel, was subjected to a pressure ranging from 0.1
MPa to 400 MPa at 25 °C for 1 h. After the reaction was com-
pleted, 221l of each solution was used for western blotting and the
rest for atomic force microscopy (AFM) measurement.
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ABSTRACT

The phenomenon of prion strains with distinct biological characteristics has been hypothesized to be involved in the structural
diversity of abnormal prion protein (PrP%°). However, the molecular basis of the transmission of strain properties remains
poorly understood. Real-time quaking-induced conversion (RT-QUIC) is a cell-free system that uses Escherichia coli-derived
recombinant PrP (rPrP) for the sensitive detection of PrP*". To investigate whether the properties of various prion strains can be
transmitted to amyloid fibrils consisting of rPrP (rPrP fibrils) using RT-QUIC, we examined the secondary structure, conforma-
tional stability, and infectivity of rPrP fibrils seeded with PrP*¢ derived from either the Chandler or the 22L strain. In the first
round of the reaction, there were differences in the secondary structures, especially in bands attributed to [3-sheets, as deter-
mined by infrared spectroscopy, and conformational stability between Chandler-seeded (1st-rPrP-fib") and 22L-seeded (1st-
rPrP-fib**") rPrP fibrils. Of note, specific identifying characteristics of the two rPrP fibril types seen in the -sheets resembled
those of the original PrP*°. Furthermore, the conformational stability of 1st-rPrP-fib“" was significantly higher than that of 1st-
rPrP-fib**4, as with Chandler and 22L PrP5¢. The survival periods of mice inoculated with 1st-rPrP-fib“" or 1st-rPrP-fib*** were
significantly shorter than those of mice inoculated with mixtures from the mock 1st-round RT-QUIC procedure. In contrast,
these biochemical characteristics were no longer evident in subsequent rounds, suggesting that nonspecific uninfected rPrP fi-
brils became predominant probably because of their high growth rate. Together, these findings show that at least some strain-
specific conformational properties can be transmitted to rPrP fibrils and unknown cofactors or environmental conditions may
be required for further conservation.

IMPORTANCE

The phenomenon of prion strains with distinct biological characteristics is assumed to result from the conformational variations
in the abnormal prion protein (PrP%¢). However, important questions remain about the mechanistic relationship between the
conformational differences and the strain diversity, including how strain-specific conformations are transmitted. In this study,
we investigated whether the properties of diverse prion strains can be transmitted to amyloid fibrils consisting of E. coli-derived
recombinant PrP (rPrP) generated by real-time quaking-induced conversion (RT-QUIC), a recently developed in vitro PrP5¢
formation method. We demonstrate that at least some of the strain-specific conformational properties can be transmitted to
rPrP fibrils in the first round of RT-QUIC by examining the secondary structure, conformational stability, and infectivity of
rPrP fibrils seeded with PrP*® derived from either the Chandler or the 22L prion strain. We believe that these findings will ad-
vance our understanding of the conformational basis underlying prion strain diversity.

Prion diseases, or transmissible spongiform encephalopathies
(TSEs), are infectious and fatal neurodegenerative disorders
characterized by progressive spongiform changes and the accu-
mulation of abnormal prion protein (PrP*°) in the central nervous
system. Although the pathogenic mechanisms have not been fully
elucidated, prion disease is thought to occur through autocatalytic
conversion of normal prion protein (PrP<) to PrP> (1, 2), known
as the protein-only hypothesis. Some biophysical properties are
known to differ between PrP® and PrP*. PrP® is monomeric,
detergent soluble, and protease sensitive, while PrP¢ is polymeric,
detergent insoluble, and partially protease resistant (3). These dif-
ferences are most likely due to the different conformations of the
two isoforms. PrPC is largely a-helical, whereas PrP* is substan-
tially enriched in B-sheets (4, 5), frequently resulting in amyloid
fibril formation.

The existence of diverse prion strains in mammalian species
manifesting as phenotypic differences is well-known. The strain-
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specific characteristics are usually maintained upon serial passage
in the same species and may be explained by conformational vari-
ations in PrP*". Indeed, strain-dependent differences in B-sheet-
rich structures of PrP> have been demonstrated by infrared spec-
troscopy (6-9). In addition, the conformational stability of PrP*
differs among prion strains, as demonstrated by a guanidine hy-
drochloride (GdnHCI) denaturation assay followed by protease
digestion (10, 11). However, the mechanistic relationship between
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PrP*° conformational differences and the molecular basis of prion
strains remains poorly understood.

Various in vitro PrP* formation methods have been developed
to elucidate the pathogenesis of prion diseases. One of these meth-
ods, protein misfolding cyclic amplification (PMCA), enabled the
exponential amplification of PrP°¢ in vitro by sonication-induced
fragmentation of large PrP polymers into smaller units (12). An
increase in the infectivity of PrP*® amplified by PMCA was ob-
tained by using brain homogenate (BH) from healthy mice (nor-
mal brain homogenate [NBH]) as a source of PrP® substrates
(BH-PMCA) (13). Furthermore, PrP*° generated by BH-PMCA
from five different mouse prion strains retained the strain-specific
properties (14). In addition, prion infectivity could be propagated
when purified brain-derived PrP® or baculovirus-derived PrP©
was used as the substrate in the presence of certain cofactors, such
as nucleic acids and BH from PrP-deficient mice (15-17). These
results provide strong evidence to support the protein-only hy-
pothesis, but the structural basis of prion pathogenesis, including
the tertiary structure of PrP*¢, has not been fully clarified.

On the other hand, the use of Escherichia coli-derived purified
recombinant PrP (rPrP) offers an advantage over the use of con-
formational analyses, which generally require target protein of
high purity and a large quantity of the target protein. Spontane-
ously polymerized amyloid fibrils of rPrP have been reported to
induce the accumulation of PrP* in the brains of PrP-overex-
pressing transgenic (Tg) mice (18-20) and some wild-type ham-
sters (21); however, the incubation periods spanned no less than
several hundred days, and none of the wild-type hamsters devel-
oped any neurological signs at first passage, indicating that the
level of infectivity generated in these studies is very low. More
recently, wild-type mice developed clinical disease typical of TSE
at about 130 days after injection of proteinase K (PK)-resistant
rPrP fibrils generated by unseeded PMCA in the presence of
1-palmitoyl-2-oleoylphosphatidylglycerol (POPG), a synthetic
lipid molecule, and total liver RNA (22). Although these results
were reproduced by the same group (23), others have reported
that rPrP fibrils generated by the same method were unable to
induce either neuropathological changes or the accumulation of
PrP*° (24). Thus, the role of POPG and RNA in the de novo gen-
eration of infectious rPrP fibrils remains controversial.

Meanwhile, two different seeded PMCA reaction studies using
rPrP as a substrate (rPrP-PMCA) have demonstrated the propa-
gation of moderate levels of prion infectivity. One study showed
that hamster rPrP can be converted to rPrP fibrils capable of in-
ducing TSE in the presence of SDS, a synthetic anionic detergent,
but there were great variations in the attack rate and the incuba-
tion period, which ranged from 119 to 401 days (25). Another
study revealed that phosphatidylethanolamine (PE), a phospho-
lipid found in biological membranes, enhances the conversion of
mouse rPrP into rPrP fibrils capable of inducing TSE after about
400 days of incubation with a 100% attack rate (26, 27). Of note,
three different strains used as a seed were converted into a single
strain with unique properties during the serial rPrP-PMCA exper-
iments (27). These studies suggest that a certain amphipathic mol-
ecule, such as PE, is a cofactor required for the propagation of
prion infectivity in vitro but not for the transmission of strain-
specific properties.

The recently developed real-time (RT) quaking-induced con-
version (QUIC) is a sensitive prion detection method (28, 29) in
which intermittent shaking enhances the conversion of soluble

11792 jviasm.org

rPrP into amyloid fibrils in the presence of PrP. The aim of the
present research was to investigate whether properties of diverse
prion strains can be transmitted to rPrP fibrils generated in the
RT-QUIC system. We produced proteinase K-resistant rPrP fi-
brils seeded with minute quantities of mouse-adapted scrapie
(Chandler or 22L strain) PrP*° and investigated the secondary
structure, conformational stability, and infectivity.

MATERIALS AND METHODS

Mouse rPrP expression and purification. Recombinant PrP (rPrP)
equivalent to residues 23 to 231 of the mouse PrP sequence was expressed,
refolded into a soluble form, and purified essentially as previously de-
scribed (30). The concentration of rPrP was determined by measuring the
absorbance at 280 nm. The purity of the final protein preparations was
=99%, as estimated by SDS-PAGE, immunoblotting, and liquid chroma-
tography-mass spectrometry (data not shown). After purification, ali-
quots of the proteins were stored at —80°C in 10 mM phosphate buffer,
pH 6.8, or distilled water.

Preparation of brain homogenates. Brain tissues were homogenized
at 10% (wt/vol) in ice-cold phosphate-buffered saline (PBS) supple-
mented with a protease inhibitor mixture (Roche) using a multibead
shocker (Yasui Kikai, Osaka, Japan). After centrifugation at 2,000 X g for
2 min, supernatants were collected and frozen at —80°C until use. Total
protein concentrations were determined by the bicinchoninic acid pro-
tein assay (Pierce). The PrP*° concentrations in the brain homogenates
were estimated by dot blot analysis using a reference standard of rPrP, as
previously described (31).

RT-QUIC experiments. We prepared reaction mixtures in a 96-well,
optical, black-bottom plate (catalog number 265301; Nunc) to a final total
volume of 100 pl. To avoid contamination, we prepared noninfectious
materials inside a biological safety cabinet in a prion-free laboratory and
used aerosol-resistant tips. The final concentrations of the reaction buffer
components were 300 mM NaCl, 50 mM HEPES, pH 7.5, and 10 pM
thioflavin T (ThT). The concentration of rPrP was 50 or 100 pg/ml, and
only freshly thawed rPrP was used. Brain homogenate was diluted with
reaction buffer prior to the reactions. The 96-well plate was covered with
sealing tape (catalog number 236366; Nunc) and incubated at 40°C in a
plate reader (Infinite M200 fluorescence plate reader; Tecan) with inter-
mittent shaking consisting of 30 s of circular shaking at the highest speed
and no shaking for 30 s and then with a 2-min pause to measure the
fluorescence. The kinetics of amyloid formation was monitored by read-
ing of the fluorescence intensity on the bottom of the plate every 10 min
using monochromators with 440-nm excitation and 485-nm emission
wavelengths.

RT-QUIC product analysis. For detection of protease-resistant rPrP,
10 pl of the QUIC samples (1 pg of rPrP) was diluted with 40 pl of buffer
(300 mM NaCl, 50 mM HEPES, pH 7.5) and digested with 10 ug/ml of PK
at 37°C for 1 h. After adding 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride (Pefabloc; Roche) at a final concentration of 4 mM and 20
g of thyroglobulin, the proteins were precipitated with 4 volumes of
methanol. The samples were heated in sample buffer (2% SDS, 5%
B-mercaptoethanol, 5% sucrose, 0.005% bromophenol blue, 62.5 mM
Tris-HCI, pH 6.8) at 95°C for 5 min and then loaded onto 10% bis-Tris
NuPAGE gels (Invitrogen). Proteins were transferred onto polyvinylidene
difluoride membranes (Millipore, Billerica, MA). The membranes were
probed with polyclonal anti-PrP antibody R20 (the epitope located at
mouse PrP amino acids 218 to 231) or ICSM35 (D-Gen, London, United
Kingdom).

TEM. Negative staining was done on carbon supporting film grids,
which were glow discharged before staining. The 10-pl samples were ad-
sorbed to the grids for 3 min, and then the residual solution was absorbed
by filter paper. The grids were stained with 20 pl of fleshly filtered stain
(2% uranyl acetate). Once they were dry, the samples were viewed in a
transmission electron microscope (TEM; JEM-1200EX; JEOL, Japan).
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FTIR. Fourier transform infrared spectroscopy (FTIR) spectra were
measured with a Bruker Tensor 27 FTIR instrument (Bruker Optics)
equipped with a mercuric cadmium telluride (MCT) detector cooled with
liquid nitrogen. Three hundred microliters of each of the QUIC samples
(30 p.g of rPrP) was pelleted by centrifugation for 1 h at 77,000 X g and
resuspended in 20 .l buffer (300 mM NaCl, 50 mM HEPES, pH 7.5). The
slurry was loaded into a BioATRcell II attenuated total reflectance-type
reflectance unit. PrP>° was purified from the brains of mice infected with
the mouse-adapted Chandler and 22L prions using a combination of de-
tergent solubilization, centrifugation at ultrahigh speeds, and PK diges-
tion (4, 32), and 15 pl of purified PrPS was directly loaded. One hundred
twenty-eight scans at a 4-cm ! resolution were collected for each sample
under constant purging with nitrogen, corrected for water vapor, and the
background spectra of the buffer were subtracted.

Conformational stability assay. Ten microliters of the QUIC prod-
ucts (equivalent to 1 pg of rPrP) and brain homogenates (80 g of total
proteins) was mixed with 22 pl of various concentrations of guanidine
hydrochloride (GdnHCI) at final concentrations of 0 to 5 M and 0 to 3.5
M, respectively, and the mixed samples were incubated at 37°C for 1 h.
After adjustment of the final GAnHCI concentration of the QUIC prod-
ucts to 1 M and the brain homogenates to 0.6 M, the samples were digested
with PK (10 pg/ml) at 37°C for 1 h and analyzed by Western blotting
following methanol precipitation. The bands were visualized using an
Attophos AP fluorescent substrate system (Promega) and quantified us-
ing a Molecular Imager FX imager (Bio-Rad). The sigmoidal patterns of
the denaturation curves were plotted using a Boltzmann curve fit. The
concentration of GAnHCl required to denature 50% of PK-resistant frag-
ments ([GdnHCl],,,) was estimated from the denaturation curves.

Bioassay. Four-week-old male ddY mice were intracerebrally inocu-
lated with 40 .l of QUIC products (equivalent to 4 pug rPrP). As controls
for rPrP fibrils, we performed a mock QUIC procedure using seed-only
solutions that contained the same concentration of PrP° as that from the
Ist round of QUIC with the rPrP fibril (1st-rPrP-fibril; 1 pg/pl) or the 5th
round of QUIC with the rPrP fibril (5th-rPrP-fibril; 1 X 108 pg/ul) and
then added the same amount of rPrP and inoculated the mixtures into
mice. Brain homogenates were serially diluted from 10° to 107 with PBS,
and 20 pl of each dilution was intracerebrally inoculated. Mice were mon-
itored weekly until the terminal stage of disease or sacrifice. Clinical onset
was determined as the presence of 3 or more of the following signs: greasy
and/or yellowish hair, hunchback, weight loss, yellow pubes, ataxic gait,
and nonparallel hind limbs. The 50% lethal dose (LD5,) was determined
according to the Behrens-Karber formula. Animals were cared for in ac-
cordance with the guidelines for animal experimentation of Nagasaki
University.

Histopathology and lesion profiles. The brain tissue was fixed in 4%
paraformaldehyde, and 5-pm paraffin sections were prepared on poly-L-
lysine (PLL) coat slides using a microtome. After deparaffinization and
rehydration, the tissue sections were stained with hematoxylin-eosin. The
pattern of vacuolation was examined in 8 fields per slice from the hip-
pocampus (HI), cerebral cortex, hypothalamus, pons, and cerebellum
(CE). Spongiform degeneration was scored using the following scale: 0, no
vacuoles; 1, a few vacuoles widely and unevenly distributed; 2, a few vac-
uoles evenly scattered; 3, moderate numbers of vacuoles evenly scattered;
4, many vacuoles with some confluences; and 5, dense vacuolation.

Statistical analysis. The fibril length or width determined by electron
microscopy analysis was subjected to one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer test. Data from the conforma-
tional stability test were analyzed by one-way ANOVA followed by Stu-
dent’s ¢ test. Analysis of the data for the survival times was evaluated by the
log-rank test. The vacuolation scores were analyzed by Mann-Whitney’s
U test.

RESULTS

Conversion of the soluble form of mouse rPrP into amyloid fi-
brils by RT-QUIC. We first tested whether formation of mouse
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rPrP amyloid fibrils could be induced in the RT-QUIC by moni-
toring the levels of ThT fluorescence. We observed positive ThT
fluorescence in the presence of diluted strain Chandler-seeded
brain homogenate (BH) or strain 22L-seeded BH containing 100
pg of PrP*° (Fig. 1A), whereas negative-control reactions seeded
with comparable dilutions of BH from healthy mice (normal
brain homogenate [NBH]) or not seeded resulted in no increase in
ThT fluorescence over 72 h (Fig. 1A). However, because an inverse
correlation existed between the rate of fibril formation and the
concentration of rPrP (28, 33), the spontaneous formation of rPrP
fibrils (rPrP-fib’*°") was induced by decreasing the concentration
of rPrP from 100 to 50 pg/ml (Fig. 1A).

We next examined the PK resistance of rPrP fibrils by immu-
noblotting using anti-PrP antibody R20 directed toward C-termi-
nal residues 218 to 231. Although the ThT-negative reactions
seeded with NBH or not seeded produced no PK-resistant bands
(Fig. 1B, middle), the Chandler-seeded rPrP fibrils (rPrP-fib“")
and 22L-seeded rPrP fibrils (rPrP-fib***) produced several (21-,
18-, 12-, 11-, and 10-kDa) PK-resistant fragments (Fig. 1B, left).
In contrast, the PK digestion of rPrP-fib*?°" generated only 10- to
12-kDa fragments. It should be noted that anti-PrP monoclonal
antibody ICSM35 (directed toward an epitope consisting of resi-
dues 93 to 102) specifically recognized the 21- and 18-kDa frag-
ments derived from PrP%-seeded rPrP fibrils in the first round
(1st-rPrP-fib>), indicating that they contained mouse PrP from
about residues 93 to 231 (Fig. 1B, right).

To further characterize the structure of 1st-rPrP-fib> and
rPrP-fib°F°", the samples were examined using a TEM with nega-
tive staining. The electron micrographs of samples of 1st-rPrP-
fib“h and 1st-rPrP-fib**" revealed bundles of irregularly rod-
shaped and branched fibrils, while most samples of rPrP-fib**"
displayed smooth and nonbranched rod-shaped fibrils (Fig. 1C).
Moreover, the lengths of 1st-rPrP-fib“" and 1st-rPrP-fib**" were
significantly longer than those of rPrP-fib**°" (Fig. 1D). Thus, the
results of TEM analysis suggest that 1st-rPrP-fib*° are structurally
distinct from spontaneous rPrP-fib*?°".

We next examined the morphology of PrP*“-seeded rPrP fibrils
in the 2nd- and 5th-round reactions (2nd- and 5th-rPrP-fib%,
respectively) by TEM. In contrast to samples of Ist-rPrP-fib%,
samples of 2nd- and 5th-rPrP-fib> displayed spindly and non-
branched fibrils or amorphous aggregates (Fig. 2). These data sup-
port the view that 1st-rPrP-fib> are structurally distinct from
2nd- and 5th-rPrP fib*.

Structural characterization of rPrP fibrils by FTIR. We next
examined the secondary structure of rPrP fibrils and purified
PrP* from the brains of mice infected with Chandler or 22L
scrapie by FTIR. A silver-stained SDS-polyacrylamide gel analysis
revealed that Chandler and 22L PrP*¢ preparations were highly
purified (Fig. 3A). Furthermore, TEM analysis demonstrated that
the PrPS preparations consisted exclusively of amyloid-like fibrils
(Fig. 3B). FTIR analysis showed that Chandler PrP* was charac-
terized by a major band at 1,630 cm ™' in the B-sheet region of
second-derivative spectra, while 22L PrP*® was characterized by
two absorbance bands at 1,631 and 1,616 cm ™" (Fig. 4A), indicat-
ing that there were conformational differences in the B-sheet
structures between Chandler and 22L PrP%, as previously re-
ported (7). Consistent with previous reports (6—9), bands of about
1,656 to 1,658 cm™ ' were observed in both Chandler and 22L
PrP*°, Although these bands were formerly attributed to an a-he-
lix, recent studies using direct mass spectrometric analysis of hy-
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FIG 1 Formation of rPrP fibrils in RT-QUIC reactions. (A) The formation of rPrP fibrils in the presence of diluted Chandler or 22L BH containing 100 pg of
PrP*° or a comparable amount of NBH or in the absence of seed (No-seeded) was monitored by measurement of ThT fluorescence. The graphs depict
representative results of the RT-QUIC reactions. No-seed reactions were performed at two different concentrations (100 or 50 pg/ml) of rPrP. (B) The QUIC
reaction mixtures were digested with PK and immunoblotted using polyclonal anti-PrP antibody R20 (specific for the epitope located at mouse PrP amino acids
218 t0 231) or ICSM35 (specific for the epitope located at mouse PrP amino acids 93 to 102). For comparison, Ist-rPrP-fib" (50 ng of total rPrP) without PK
digestion [PK (—)] is shown. Molecular mass markers are indicated in kilodaltons (kDa) on the left side of each panel. (C) Samples (1st-rPrP-fib", Ist-rPrP-
fib**k, and rPrP-fib*?°") were examined by TEM. Bars, 100 nm. (D) The bar graph shows the length and width of rPrP-fib®°", Ist-rPrP-fib“", and 1st-rPrP-fib>>L.
The results are the mean = SD for 30 rPrP fibrils each. Statistical significance was determined using one-way ANOVA, followed by the Tukey-Kramer test. *,

P <0.01.

drogen-deuterium exchange and FTIR analysis have suggested
that purified PrP*® has little a-helix content and the bands prob-
ably result from turns (9, 34). Native rPrP had a maximum absor-
banceat 1,653 cm ™', which was congruent with that of prominent
a-helical structures. In contrast, all rPrP fibrils displayed promi-
nent bands at lower wave numbers (1,630 to 1,610 cm™ '), indi-
cating a predominantly B-sheet content (Fig. 4A). The B-sheet
spectra revealed conformational differences among rPrP-fib*"°",
1st-rPrP-b", and 1st-rPrP-fib>". rPrP-fib*®°" had a prominent
band at 1,623 cm ™' and a modest band at 1,610 cm ™', While the
1st-rPrP-fib“" were characterized by a single major band at 1,624
cm™ !, the 1st-rPrP-fib**" had two major maxima at 1,629 and
1,617 cm ' (Fig. 4A). Although 1st-rPrP-fib* lacked the bands at
about 1,656 to 1,658 cm ™~ ', the strain-specific shapes (one peak in
Chandler versus two peaks in 22L) in the B-sheet spectrum of the
purified PrP*° resembled those of 1st-rPrP-fib>.

To test whether the strain-specific infrared spectra observed in
1st-rPrP-fib" and 1st-rPrP-fib**" are transmitted to sequential
QUIC reactions, we performed 5 serial rounds of QUIC (Fig. 2A).
There was little difference in the B-sheet spectra between 5th-
rPrP-fib“" and 5th-rPrP-fib*" (Fig. 3), suggesting that strain-spe-
cific conformations were lost in the 5th-rPrP-fib>. Furthermore,
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additional experiments revealed that the infrared spectra of rPrP
fibrils produced in the presence of a small amount of PrP* (1 pg)
or under acidic conditions (pH 4) displayed few differences be-
tween strains (Fig. 4B).

Conformational stability analysis of rPrP fibrils and PrP**.
To examine the biochemical differences of rPrP fibrils and PrP*“in
BH between strains, we performed a conformational stability as-
say, which combines GdnHCI denaturation with PK digestion.
The [GdnHCl],,, values for Chandler and 22L PrP* were 3.3 *
0.4and 1.7 = 0.3 M, respectively (Fig. 5A and Table 1), indicating
that the conformational stability of Chandler-PrP*° was signifi-
cantly higher than that of 22L-PrP*. Consistent with previous
work (11), Chandler PrP% bands treated with more than 1.5 M
GdnHCI were approximately 5 kDa smaller than those treated
with lower concentrations (Fig. 5A, top). The [GdnHCl], , values
of 1st-rPrP-fib“" and Ist-rPrP-fib**" were 3.3 + 0.1and 2.3 = 0.6
M, respectively (Fig. 5B and Table 1), showing that the stability of
Ist-rPrP-fib" was significantly higher than that of Ist-rPrP-
fib*?k, as with Chandler and 22L PrP*, Thus, the relationship
between Chandler and 22L in terms of conformational stability
was common to both the original PrP* and lst-rPrP-fib>. In
contrast, the [GdnHCI],,, of rPrP-fib’**°" was more than 5 M,
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