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Fig. 4. Kinetics of inoculated PrP-res and de novo generation of PrP*. (a) The levels of inoculated PrP-res and total PrP-res. N2a-3 cells grown on 12-well plates were
inoculated with Af488-22-L-PrP-res. After the inoculation, the cells were cultured for the indicated period and then subjected to immunoblotting. As a control for detection
of PrP-res, mock-infected cells were prepared (M). PK-untreated samples equivalent to 100 pg of total protein per lane were loaded to detect Af488-22-L-PrP-res with anti-
Alexa Fluor 488 antibody (Alexa), while PK-digested samples equivalent to 100 pg of total protein were also loaded to monitor total PrP-res, which contained inoculated PrP-
res and newly generated PrP-res with anti-PrP mAb 31C6 (PrP-res). p-actin was used as an internal control. Bands corresponding to monomeric and dimeric PrP*¢ (indicated
by the square bracket) were quantified. The arrowhead indicates the mono-glycosylated form of PrP-res. The graph on the right shows the result of a quantitative analysis.
Black bars indicate the inoculated PrP-res levels relative to that at 0 h and gray line indicates the total PrP-res levels relative to that at 0 h. Mean and SD of 3 independent
experiments are shown. (b) Live-cell image of Af555-22-L-PrP-res. N2a-3 cells grown on chambered coverglass were inoculated with Af555-22-L-PrP-res and then cultured
for the indicated time. Merged images containing Af555-22-L-PrP-res (red) and DIC are shown. (c) Discrimination of newly generated PrP*® from inoculated PrP-res in a
single cell. The top panel shows the merged images of signals of Af555-22-L-PrP-res (red), PrP>¢ (green) and DAPI-stained nuclei (blue). The bottom panel shows the
corresponding high-magnification images of the boxed region. Arrowheads indicate examples of inoculated PrP-res that was detected via both Alexa Fluor 555 (red, directly
coupled to purified 22-L-PrP-res) and mAb 132 (green, indirect immuno-staining with Alexa Fluor 488-conjugated secondary antibody). As a result, inoculated PrP-res can be
detected as yellow. Arrows indicate examples of newly generated PrP that was detected only with mAb 132 (green). Scale bar: 5 pm.

Influence of the impairment of intracellular transport on de novo
generation of PrP*

To determine which pathway of intracellular transport is
involved in de novo generation of PrP5, we analyzed the levels
of newly generated PrP> in cells in which trafficking between
the endocytic compartments was selectively impaired by the
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overexpression of wild-type or dominant-negative mutants of
Rab GTPase proteins (Fig. 7). The impairment of the endocytic-
recycling pathway by overexpression of wild-type Rab22a or a
dominant-negative mutant of Rab11a, which are known to affect
the transport from early endosomes to recycling endosomes
(Magadan et al., 2006) or the transport from recycling endosomes
to plasma membrane (Ren et al,, 1998), respectively, reduced the
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Fig. 5. Kinetics of the intracellular localization of inoculated PrP-res and newly generated PrPS¢. N2a-3 cells inoculated with Af555-22-L-PrP-res were cultured for the indicated
time and subjected to double-staining of PrP¢ with mAb 132 and an organelle marker molecule as indicated. For staining of PrP® at cell surface, cells were incubated with B103
antiserum prior to the fixation for PrP*-specific detection. Alexa Fluor 647-conjugated secondary antibody was used to stain the marker molecules. The cell nuclei were
counterstained with DAPI. The upper left image in each panel consists of four images shows a lower magnification view of a merged image of organelle marker molecule (red),
PrP5¢ (green), Af555-22-L-PrP-res (cyan), and nuclei (blue). The other three images are the corresponding high-magnification image of the boxed region for the merged image of
organelle marker and nuclei (bottom left), for the merged image of PrP%¢, Af555-22-L-PrP-res and nuclei (upper right), and for the merged images of the organelle marker, PrPs,
Af555-22-L-PrP-res and nuclei (bottom right). Arrowheads indicate representative co-localization of Af555-22-L-PrP-res with organelle marker molecules, while arrows indicate
that of newly generated PrP>® with organelle marker molecules. Arrowheads with asterisks indicate AF555-22-L-PrP-res that was not co-localized with organelle marker
molecules, while arrows with asterisks indicate newly generated PrPS¢ that was not co-localized with organelle marker molecules. Co-localization areas were defined as pixels
that were positive for both PrP* and organelle marker signals, or that were positive for both Af555-22-L-PrP-res and organelle marker signals. Scale bars: 5 pm.
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Fig. 6. Co-localization statistics. Co-localization analysis of the images shown in
Fig. 5 was carried out as described in the Supplementary materials. (a) Ratio of the
Af555-22-L-PrP-res signals co-localized with each marker to the sum of the Af555-
22-L-PrP-res signals. (b) Ratio of the newly generated PrP*¢ signals co-localized
with each marker to the sum of newly generated PrP*¢ signals. Mean and SD of the
value acquired in 5 fields of view are shown. Total numbers of foci and cells used
for co-localization statistics from the 5 view fields were listed in Table S5.
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amount of de novo generated PrP5¢ at 48 hpi by 62% or 69% of
the control (Fig. 7). Additionally, the impairment of the endo-
lysosomal pathway by the overexpression of a dominant-negative
mutant of Rab7, which is known to affect the transport from early
endosomes to late endosomes and/or lysosomes (Bucci et al.,
2000; Feng et al., 1995), also reduced the amount of de novo
generated PrP5¢ at 48 hpi by 60% of the control (Fig. 7). A wild-type
Rab9 is reported to be involved in the transport from late
endosomes to TGN (Riederer et al., 1994). The overexpression of
wild-type Rab9 reduced the amount of de novo generated PrP5¢ by
71% of the control; however, it was not clear which intracellular
transport pathway was actually influenced (Fig. 7). The level of
endogenous PrP in cells and cell-surface expression of PrP¢ were
not altered by overexpression of wild-type Rab9, wild-type
Rab22a, a dominant-negative Rab7 mutant, or a dominant-
negative Rab1la (Supplementary Fig. 1). Taken together, these
results indicated that the inhibition of de novo generation of PrPS¢
was not caused by a change in the expression of PrPC. These data
suggested that intracellular transport along the endocytic-
recycling pathway as well as the endo-lysosomal pathway is
involved in the de novo generation of PrP5¢ after the inoculation
of PrP-res.

Discussion

The lack of a method that can distinguish newly generated
PrP5¢ from endogenous PrP¢ and from inoculum-derived PrP>¢ was
one of the obstacles to the investigation of the cellular events that
mediate the de novo generation of PrP*¢ in the early stage of prion
infection. Therefore, the analysis of intracellular dynamics of PrP5¢
just after inoculation of prions has been limited to inoculum-
derived PrP5¢ as descried previously (Jen et al., 2010; Magalhaes
et al., 2005). Here, we solved this problem with a combination of
the fluorescent-dye-labeled purified PrP-res and PrPS-specific
staining with mAb 132. This technique allowed us to distinguish

Rab% Rab11a

Rab22a

Wt DN Wt DN Wi

DN

Wt DN WL DN DN

Wit

150
1256 -
100 { gk
76 4 L
a0

25 4

Relative levels of PrP-res (%)

Rabda RabSs Rab7 Rab9 Rablla Rab22a

EGFP

Wi DN Wt DN Wi DN Wi DN WE DN Wt DN

Fig. 7. Effect of overexpression of Rab GTPases on the de novo generation of PrP¢. N2a-3 cells grown in a 24-well plate were inoculated with unlabeled 22-L-PrP-res and
were incubated for 6 h. After washing the cells, an expression plasmid encoding an EGFP-tagged wild-type (Wt) Rab GTPase, Rab4a, Rab5a, Rab7, Rab9, Rab11a or Rab22a, or
an EGFP-tagged dominant-negative mutant (DN) of a Rab GTPases, Rab4aS22N (Roberts et al.,, 2001), Rab5aS34N (Stenmark et al., 1994), Rab7T22N (Feng et al., 1995),
Rab9S21N (Riederer et al.,, 1994), Rab11aS25N (Ren et al., 1998) or Rab22aS19N (Weigert et al., 2004), was introduced. The expression vector pEGFP-C1 (Clontech) was used as
a control. At 48 h after transfection, the cells were processed for dot-blotting to monitor PrP-res. A representative image of a dot-blot is shown on the top, and the graph
below shows the levels of PrP-res relative to that of control plasmid-transfected cells (EGFP). Mean and SD of 4 independent experiments are depicted. Asterisks indicate a

significant decrease compared to the control (Student's t-test, p < 0.05).
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newly generated PrP¢ from the inoculated PrP-res within
individual cells.

Considering that the inoculated PrP-res was mainly detected in
late endosomes and lysosomes (Figs. 5 and 6) and that its levels
decreased from 24 to 72 h after the inoculation (Fig. 4), the PrP-res
directed to the endo-lysosomal pathway appeared to be degraded
in late endosomes and/or lysosomes. Previous studies showed that
inoculated PrP-res is transported to late endosomes/lysosomes
after being taken up by SN56 cells or primary sensory neurons (Jen
et al., 2010; Magalhaes et al., 2005). Purified PrP-res of the Obihiro
strain, which cannot establish a persistent infection in N2a-3 cells,
was also transported to late endosomes and lysosomes; the
intracellular distribution of Alexa Fluor-labeled Obihiro strain-
derived PrP-res was indistinguishable from that of the 22-L
strain-derived PrP-res and the inoculated PrP-res of Obihiro strain
was degraded similarly to 22-L strain-derived PrP-res (data not
shown). Amyloid fibrils of the AB1-42 peptide were also reported
to be transported via the endo-lysosomal pathway in SN56 cells
(Magalhaes et al., 2005). Taken together, the trafficking of PrP-res
via the endo-lysosomal pathway appears to be a general pathway
for degradation of exogenously introduced macromolecules, rather
than a pathway specific to PrP5¢ and the propagation of prions
(Saftig and Klumperman, 2009).

Recently, Goold et al. reported that the plasma membrane is
one of the sites for conversion based on the results from experi-
ments using PK-1 cells that express PrP¢ tagged with Myc-epitope
at the C-terminus (Goold et al, 2011). In this report, PrP> was
primarily generated at the plasma membrane within 2 min after
prion challenge. Contrary to this report, we found no evidence that
de novo generation of PrP> primarily occurred at plasma mem-
brane (Figs. 4-6). This discrepancy may be due to multiple factors,
one of which includes clonal differences between these cell lines.
For example, the former study showed that newly generated PrP5¢
attained steady levels by 2h after inoculation of prions and
approximately 20% of PK-1 cells in the cultures became PrP%¢-
positive. However, in the N2a-3 cells used in our study, the levels
of newly generated PrP¢ in the cells increased at least up to 72 hpi
(Fig. 4), and most of the cells in the culture eventually became
PrPS¢-positive (data not shown). In addition, Goold et al. reported
that PrP5¢ was detected at the cell membrane of prion-infected PK-
1 cells; however, PrPS¢ was only weakly detected at the plasma
membrane of N2a-3 cells persistently infected with prions, even
when formic acid pre-treatment that was used for PrP5-specific
detection by Goold et al. was employed (data not shown). Finally,
the differences between the two studies might be accounted for
the different inocula (purified PrP-res vs. brain homogenate) used
to initiate infection.

Most PrP¢ is known to cycle between a peri-nuclear region of
the cell and the plasma membrane via the endocytic-recycling
pathway after being trafficked to the cell surface, but some portion
of PrPC is also delivered to late endosomes and lysosomes (Morris
et al., 2006; Peters et al., 2003; Shyng et al., 1993). Considering
that the newly generated PrPS¢ appeared in late endosomes, but
was rarely observed in lysosomes at 24 hpi, at which time a large
portion of the inoculated PrP-res was localized in late endosomes
(Figs. 5 and 6), the initial conversion of PrP® to PrP5¢ may occur in
late endosomes, at least when purified PrP-res is used as an
inoculum. This idea is consistent with the finding that overexpres-
sion of the dominant-negative mutant of Rab7, which inhibits
transport from early endosomes to late endosomes and/or lyso-
somes (Bucci et al,, 2000; Feng et al., 1995), partly inhibited the
generation of PrP5¢ after the inoculation of PrP-res (reduced to 60%
of the control, Fig. 7). This finding raises the possibility that
although most of the inoculated PrP-res was transported to and
degraded in late endosomes/lysosomes, smaller PrP-res oligomers
might be generated in late endosomes during the degradation
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process. Such smaller PrP-res oligomers may initiate PrP conver-
sion because smaller oligomers have greater seeding activity for
the conversion of PrP¢ and higher infectivity than larger PrP-res
aggregates (Silveira et al., 2005).

Earlier studies suggested that in cells persistently infected with
prions, PrP%¢ is formed either on the plasma membrane or during
endocytic trafficking (Borchelt et al., 1992; Caughey and Raymond,
1991; Taraboulos et al, 1992). In later years, Béranger et al. and
Marijanovic et al. reported that overexpression of dominant-
negative mutants of Rab4a or Rab11a, which are known to impair
the transport from early endosomes to the plasma membrane
(Roberts et al.,, 2001) or from recycling endosomes to the plasma
membrane (Ren et al., 1998), respectively, raised the PrP> level
(Beranger et al., 2002; Marijanovic et al., 2009). On the other hand,
overexpression of wild-type Rab22a, which inhibits the transport
from early endosomes to recycling endosomes (Magadan et al.,
2006), reduced the PrP*¢ level in cells persistently infected with
prions (Marijanovic et al., 2009). Based on these findings, one of
the sites for PrP5¢ formation in cells persistently infected with
prions is thought to be in the transport pathway from early
endosomes to recycling endosomes. Also in the early stage of
prion infection, we confirmed the inhibition of de novo generation
of PrP5¢ by overexpression of a wild-type Rab22a (reduced to 69%
of the control, Fig. 7), consistent with the results of Marijanovic
et al. in persistently prion-infected cells (Marijanovic et al., 2009).
However, unlike the findings in cells persistently infected with
prions, the generation of PrP after the inoculation of PrP-res was
partly inhibited by overexpression of a dominant-negative Rab11a
mutant (reduced to 62% of the control, Fig. 7). These observations
suggested that the initiation of PrP5¢ generation shortly after PrP-
res inoculation required the recycling pathway between recycling
endosomes and the plasma membrane. Further studies will be
required to explain the apparent inconsistency between these
results. However, the newly generated PrPS¢ appeared at the
plasma membrane and in early endosomes where the inoculated
PrP-res was rarely detected at 24 hpi (Figs. 5 and 6), suggesting
the involvement of the recycling pathway; therefore, either
the exogenous PrP-res degraded to an undetectable level or PrP5¢
newly generated in late endosomes was recycled back to the
plasma membrane and acted as a “seed” for conversion. Moreover,
the marked increase in the newly generated PrP> at early and
recycling endosomes during the following 48 h (Figs. 5 and 6)
suggested that efficient generation of PrP> occurred once the PrP5¢
was transferred to the endocytic-recycling pathway.

The results in this study suggest that the transfer of the
inoculated PrP-res and/or newly generated PrP5 from the endo-
lysosomal pathway to the endocytic-recycling pathway is impor-
tant for efficient PrPS¢ formation after prion inoculation. One
possible route of such transfer is the trafficking from the late
endosomes to the plasma membrane through the TGN, a route by
which cation-independent mannose-6-phosphate  receptor
(CIMPR) is transported (Maxfield and McGraw, 2004). CIMPR
delivers hydrolase precursors from the Golgi apparatus to the
endosomes and releases hydrolases into compartments in the
process of late endosome formation; CIMPR is then recycled back
from late endosomes to the TGN by retrograde transport. CIMPR in
the TGN is also delivered to the plasma membrane (Ghosh et al.,
2003). The overexpression of Rab9, which is involved in this
retrograde transport of CIMPR (Riederer et al., 1994), was reported
to decrease the levels of PrP%¢ in cells persistently infected with
prions (Gilch et al., 2009) as well as inhibit the generation of PrP5
after prion inoculation (this study), suggesting that the trafficking
from late endosomes to the TGN may be involved in the genera-
tion of PrpPSc,

Direct transport from late endosomes to the plasma membrane
might be an alternative route, This atypical transport was reported
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in the trafficking of class II molecules of the major histocompat-
ibility complex (MHC) and CD1 family molecules in antigen-
presenting cells (Gelin et al,, 2009; Neefjes et al., 2011). Further-
more, MHC class Il molecules are also known to be transported in
the process of exosomes release (Berger and Roche, 2009; Von
Bartheld and Altick, 2011). Considering the fact that PrP¢ is present
on the membranes of both multivesicular bodies and intraluminal
vesicles and that PrP> as well as PrP® are released from cells with
exosomes (Fevrier et al, 2004), the inoculated PrP-res and/or
newly generated PrP¢ in late endosomes may be recycled back
to the plasma membrane through multivesicular bodies via a
pathway similar to the MHC class I molecules. This idea is
consistent with the finding that de novo generation of PrP* was
inhibited by the overexpression of the dominant-negative Rab1la
mutant, which also inhibits the release of exosomes (Savina et al.,
2002). The PrP>¢ recycled to the plasma membrane via these
mechanisms may, in turn, contribute to de novo generation of
PrP%¢ in the compartments on the endocytic-recycling pathway.

The intracellular dynamics of PrP*¢ in CNS neurons in the early
stages after prion infection is largely unknown. It was reported
that PrP5¢ could be detected in endosomal and lysosomal fractions
prior to the detection of PrP5¢ in the plasma membrane fraction
after intracerebral inoculation of prions (Dearmond and
Bajsarowicz, 2010), and that protease-sensitive PrP5¢ could be
detected in early and recycling endosomes in neurons in the
hippocampus during the preclinical stage of infected mice
(Godsave et al., 2008). These facts suggest that there are simila-
rities in prion propagation in neuroblastoma cells and neurons
in CNS.

In this study, we showed the intracellular dynamics of inocu-
lated PrP-res in prion-susceptible neuroblastoma cells. Our data
suggest that transfer of inoculated PrP-res from the endo-
lysosomal pathway to the endocytic-recycling pathway is involved
in the initiation of efficient de novo generation of PrP¢ in the early
stage of infection (Fig. 8). However, further analyses are required
for understanding the mechanisms of prion propagation in neu-
rons in CNS. Experiments are underway to clarify the intracellular
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site for PrP>¢ generation in neurons in CNS using PrP%-specific
staining with mAb 132.

Materials and methods
Antibodies, expression plasmids, and reagents

Anti-PrP mouse mAbs 31C6 and 132 and a rabbit polyclonal
antibody B103 were used (Horiuchi et al,, 1995; Kim et al., 2004).
The other commercially available primary and secondary antibo-
dies that were used for immunoblotting and IFA are listed in Table
S1. Alexa Fluor 488- and 555-conjugated Tfn and Alexa Fluor 488-
conjugated LDL (Life Technologies) were used as markers for the
endocytic pathway. Expression plasmids encoding EGFP-tagged
Rab GTPases were prepared as described in Supplemental materi-
als according to methods described elsewhere (Table S2 and S3)
(Fukuda, 2003).

Cell culture

N2a-3 cells, a subclone of the mouse neuroblastoma cell line
NeuroZ2a, were cultured as described previously (Uryu et al., 2007).

Purification of PrP-res

PrP-res was prepared from detergent-resistant membranes as
described previously (Baron et al., 2011) with slight modifications
(Supplementary materials). The purification procedure included a

PK treatment, so from this point forward we use the term “PrP-
res” to indicate the purified, PK-treated PrP>.

Fluorescent-dye-labeling of PrP-res
PrP-res in PBS (10 pg in 50 pl) containing 0.5% Zwittergent 3-14

was sonicated with a Cross Ultrasonic Protein Auto Activating
Instrument, ELSTEIN NP070-GOT (Nepa Gene), by 4 cycles of

Exogenous
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Fig. 8. Summary of intracellular dynamics of inoculated PrP*® and de novo generation of PrP> in early stage of prion infection. Exogenously introduced PrPS¢ (red
parallelograms) is internalized into a cell (i). Although inoculated PrP5 is transported throughout endocytic compartment immediately after internalization, most of the
inoculated PrP5¢ eventually directed to endo-lysosomal pathway (indicated as red arrows) and is delivered to lysosomes and degraded (iii). Conversion of PrP€ (pink ellipse)
to PrPS¢ (pink parallelogram) may be initiated by fragmented inoculated PrPS¢ (a smaller PrPS¢ oligomer) that is generated during the transport on the endo-lysosomal
pathway (ii). A smaller PrPS¢ oligomer generated by fragmentation of inoculated PrP¢ and/or newly generated PrP° is transferred from the endo-lysosomal pathway to the
endocytic-recycling pathway (iv). Once PrP*¢ that is capable of inducing conversion (blue parallelograms) is transferred to endocytic-recycling pathway (indicated as blue
arrows) initiates efficient PrPS¢ formation that leads to the establishment of prion infection. The sites where efficient conversion occurs are thought to be early endosomes

and recycling endosomes (v).
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15 min-sonication followed by 5 min-incubation at 4 °C prior to
fluorescent-dye labeling. The PrP-res was then mixed with 200 pg
of Alexa Fluor 488 succinimidyl ester or Alexa Fluor 555 succini-
midyl ester (Life Technologies) dissolved in 5 pl of anhydrous
dimethyl sulfoxide (Sigma). Fluorescent-dye labeling was per-
formed under 16 cycles of 15 min-sonication followed by
30 min-incubation at 4 °C. To quench the excess reactive dye,
3 ml of 50 mM glycine in PBS was mixed with the PrP-res and
the sample was centrifuged at 45,000 rpm for 30 min at 4 °C in a
S80AT3 rotor (Hitachi). The pellet was washed twice with 50 mM
glycine in PBS and each wash was followed by centrifugation; the
final pellet was resuspended in 100 pl of PBS with sonication.
The fluorescent-dye-labeled PrP-res or unlabeled PrP-res was
subjected to SDS-PAGE followed by fluorescent imaging with
Typhoon FLA 9000 (GE Healthcare) or by silver-staining with
2D-SILVER STAIN-II (Cosmo bio CO.), respectively.

Inoculation of PrP-res

Purified PrP-res or fluorescent-dye-labeled PrP-res was diluted
with Opti-MEM (Life technologies), sonicated with an ELSTEIN
NP0O70-GOT sonicator for 5 min, and centrifuged at 10,000 x g for
10 min to remove large PrP-res aggregates. The supernatant was
diluted with Opti-MEM at 10 ng PrP-res/200 pl or 20 ng PrP-res/
250 pl or 35ng PrP-res/500 pl for use on 8-well Lab-Tek II
chambered coverglass (Thermo Scientific) or 24- or 12-well plates,
respectively. The culture medium for the N2a-3 cells grown on
a chambered coverglass or in the multi-well plates was replaced
with Opti-MEM containing PrP-res, and the cells were then
incubated for 2 or 6 h at 37 °C. After incubation, the cells were
washed three times with pre-warmed PBS and then cultured in
Opti-MEM containing 10% fetal bovine serum (FBS), 1% non-
essential amino acids (NEAA; Gibco), and 1X penicillin-
streptomycin solution (100 U/ml-100 pg/ml, PS; Gibco).

Immunofluorescence assay (IFA)

IFA, including PrPS-specific staining, was carried out as
described previously (Yamasaki et al., 2012) with some modifica-
tions. Cells were grown on an 8-well Lab-Tek Il chambered cover-
glass and all the staining procedures were carried out without the
removal of the media chamber. For double staining of cell surface
PrP¢ and PrP*¢, living cells were incubated with B103 (5 pg/ml)
in Opti-MEM for 15 min at 37 °C. The cells were then immediately
fixed with pre-warmed 4% paraformaldehyde with 4% sucrose in
PBS for 10 min and blocked with 5% FBS in PBS. Cells were then
incubated with secondary antibody, and the cells were fixed again
with 4% paraformaldehyde in PBS for 10 min and were subjected
to the PrP>°-specific staining. To counterstain cell nuclei, cells were
incubated with 5 pg/ml of 4', 6-diamidino-2-phenylindole, dilac-
tate (DAPI; Invitrogen) in PBS at room temperature (rt) for 30 min.
Finally, the media chamber was filled with PBS and confocal
fluorescent images were acquired with a 63 x objective lens on a
Zeiss LSM700 inverted microscope and the ZEN 2009 software.
Z-series of the images were taken at every 0.8 um steps from the
top to bottom of the cells in the area.

Transfection

N2a-3 cells seeded onto 8-well chambered coverglass or 24-
well plates at 1:5 ratio were cultured in Dulbecco's modified
Eagle’s medium (DMEM; ICN Biomedicals) for 2 days prior to the
inoculation of PrP-res and transfection. The cells were transfected
with 2.8% Lipofectamine 2000 (Invitrogen) and 2 pig/ml expression
plasmid in 250 pl (8-well chamber) or 500 pl (24-well plate) of
Opti-MEM that contained 8% FBS, 0.8% NEAA, and 0.8X PS. After
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transfection (24 h), the medium was replaced with fresh Opti-
MEM containing 10% FBS, 1% NEAA and 1X PS and cultured until
used for immunoblots or IFA.

Immunoblotting and dot-blotting

Immunoblotting and dot-blotting were performed to monitor
PrP and other molecules as described elsewhere (Nakamitsu et al.,
2010; Uryu et al., 2007). To monitor PrP-res via immunoblotting,
the protein concentration of cell lysate was adjusted to 1 mg/ml
and the samples were then treated with 1 pg/ml of PK for 20 min
at 37 °C. Meanwhile, to monitor Alexa Fluor 488-labeled PrP-res,
PK treatment was omitted. The cell lysates were incubated with
50 pg/ml of DNase I (Roche) for 15 min at rt. Proteins were
concentrated by incubating the samples with 0.3% phosphotungs-
tic acid for 20 min at rt; this incubation was followed by centri-
fugation at 20,500g for 20 min at 4 °C.

To monitor PrP-res via dot-blotting, cell lysate equivalent to
40 pg of total protein per well was transferred onto a polyvinyli-
dene difluoride (PVDF) membrane by a dot-blotter (Bio-Rad). The
PVDF membrane was treated with 20 pg/ml of PK for 1 h at 37 °C
and then incubated with 1 mM Pefabloc SC for 15 min at 4 °C. The
membrane was treated with 50 pg/ml of DNase I for 15 min at rt
and then incubated in 3 M GdnSCN for 30 min at rt. Samples on
each membrane were then subjected to immuno-detection with
mAb 31C6 and HRP-conjugated secondary antibody. ECL Western
Blotting Detection Reagents (GE Healthcare) and a LAS-3000
chemiluminescence image analyzer (Fuji Film) were used to
visualize the immunoreactive proteins.
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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 B-sheets resembled
those of the original PrP5. Furthermore, the conformational stability of 1st-rPrP-fib” was significantly higher than that of 1st-
rPrP-fib**", as with Chandler and 22L PrP%¢. 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.

rion 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*c, 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. PrP€ is largely a-helical, whereas PrP5° is substan-
tially enriched in 3-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 (3-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 (GdnHCl) 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 i# vitro PrP5° 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 (+PrP) 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
PrP5¢ (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
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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 uM
thioflavin T (ThT). The concentration of rPrP was 50 or 100 p.g/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 p.g/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
wg 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 (FIIR) 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 g of rPrP) was pelleted by centrifugation for 1 h at 77,000 X g and
resuspended in 20 pl buffer (300 mM NaCl, 50 mM HEPES, pH 7.5). The
slurry was loaded into a BioATRcell IT 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 PrP%¢ 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 pg 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 GdnHCl 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 pl of QUIC products (equivalent to 4 g 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
st 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 1078 pg/ul) and
then added the same amount of rPrP and inoculated the mixtures into
mice. Brain homogenates were serially diluted from 10° to 1077 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 (LDs,) 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-1-
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**°", the samples were examined using a TEM with nega-
tive staining. The electron micrographs of samples of 1st-rPrP-
fib® and Ist-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 1st-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 PrP5¢ preparations consisted exclusively of amyloid-like fibrils
(Fig. 3B). FTIR analysis showed that Chandler PrP5¢ was charac-
terized by a major band at 1,630 cm ™! in the B-sheet region of
second-derivative spectra, while 221 PrP5° 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 o-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 to 231) or ICSM35 (specific for the epitope located at mouse PrP amino acids 93 to 102). For comparison, 1st-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", 1st-rPrP-
fib??%, and rPrP-fib"°") were examined by TEM. Bars, 100 nm. (D) The bar graph shows the length and width of rPrP-fib*°", 1st-rPrP-fib“", and 1st-rPrP-fib**",
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 additional experiments revealed that the infrared spectra of rPrP
that purified PrP5 has little «-helix content and the bands prob-  fibrils produced in the presence of a small amount of PrP° (1 pg)
ably result from turns (9, 34). Native rPrP had a maximum absor-  or under acidic conditions (pH 4) displayed few differences be-
bance at 1,653 cm ™", which was congruent with that of prominent  tween strains (Fig. 4B).
a-helical structures. In contrast, all rPrP fibrils displayed promi- Conformational stability analysis of rPrP fibrils and PrP5c.
nent bands at lower wave numbers (1,630 to 1,610 cm™}), indi- To examine the biochemical differences of rPP fibrils and PrP5¢in
cating a predominantly B-sheet content (Fig. 4A). The B-sheet BH between strains, we performed a conformational stability as-
spectra revealed conformational differences among rPrP-fib¥°",  say, which combines GdnHCI denaturation with PK digestion.
1st-rPrP-fib?, and 1st-rPrP-fib*. rPrP-fib*°® had a prominent  The [GdnHCl],,, values for Chandler and 221 PrP were 3.3 +
band at 1,623 cm ™! and a modest band at 1,610 cm ™. While the 0.4 and 1.7 + 0.3 M, respectively (Fig. 5A and Table 1), indicating
1st-rPrP-fib“® were characterized by a single major band at 1,624  that the conformational stability of Chandler-PrP*° was signifi-
cm™?, the 1st-rPrP-fib**" had two major maxima at 1,629 and  cantly higher than that of 22L-PrP*°. Consistent with previous
1,617 cm ™! (Fig. 4A). Although 1st-rPrP-fib% lacked the bands at  work (11), Chandler PrP bands treated with more than 1.5 M
about 1,656 to 1,658 cm ™, the strain-specific shapes (one peakin ~ GdnHCI were approximately 5 kDa smaller than those treated
Chandler versus two peaks in 22L) in the 3-sheet spectrum of the ~ with lower concentrations (Fig. 5A, top). The [GdnHCl],,, values
purified PrP* resembled those of Ist-rPrP-fib>. of 1st-rPrP-fib" and Ist-rPrP-fib?*" were 3.3 = 0.1 and 2.3 * 0.6
To test whether the strain-specific infrared spectra observedin M, respectively (Fig. 5B and Table 1), showing that the stability of
1st-rPrP-fib™® and 1st-rPrP-fib*" are transmitted to sequential ~ 1st-rPrP-fib" was significantly higher than that of 1st-rPrP-
QUIC reactions, we performed 5 serial rounds of QUIC (Fig. 2A).  fib?", as with Chandler and 22L PrP*, Thus, the relationship
There was little difference in the B-sheet spectra between 5th-  between Chandler and 22L in terms of conformational stability
rPrP-fib“" and 5th-rPrP-fib**" (Fig. 3), suggesting that strain-spe- ~ was common to both the original PrP5¢ and 1st-rPrP-fib%. In
cific conformations were lost in the 5th-rPrP-fib>, Furthermore, contrast, the [GdnHCI],,, of rPrP-ib®°® was more than 5 M,
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FIG 2 Formation of PrP%-seeded rPrP fibrils in the 2nd round (2nd-rPrP-fib%) and 5th round (5th-rPrP-fib%) of RT-QUIC. (A) Between each round, the
reaction mixtures from the previous reaction were diluted 100-fold into fresh rPrP. The reaction buffer contained 300 mM NaCl, 50 mM HEPES (pH 7.5), and
10 WM ThT. The rPrP concentration was 100 pg/ml. (B) TEM analysis of PrP%-seeded rPrP fibrils generated in the second and fifth rounds of RT-QUIC. Bars,

100 nm.

which was markedly higher than that of 1st-rPrP-fib (Fig. 5B and

Bioassay for rPrP fibrils generated in QUIC reactions. To

Table 1). Additionally, we tested the conformational stability of  determine whether the infectivity was transmitted to the rPrP fi-

2nd- and 5th-rPrP-fib* but found no significant differences be-
tween strains (Fig. 5C and D and Table 1).

(kDa)

) P
Chandler

M BH P

BH P
PK(+)
Chandler

PK()
221

B 221

Chandler

e = -

FIG 3 Silver staining and Western blot analysis of purified PrP%. (A) The
purified PrP% samples (P) were examined by silver-stained SDS-polyacryl-
amide gel analysis (left). For comparison, the electrophoretic pattern of prion-
infected BHs containing 100 g total protein digested with PK (20 pg/ml, 37°C
for 1 h) is shown (left). The purified PrP5 samples were immunoblotted with
polyclonal anti-PrP antibody M20 (right). Molecular mass markers (lane M)
are indicated in kilodaltons (kDa) on the left side of each panel. (B) Electron
microscopy analysis of purified 221 PrP%¢ (left) and Chandler PrP5¢ (right).
Bars, 100 nm.
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brils, we performed a bioassay using wild-type mice. To prepare
the control materials, seed-only solutions containing the same
concentration of PrP*¢ as that in Ist- or 5th-rPrP-fib> were sub-
jected to a mock RT-QUIC procedure and then mixed with the
same amount of soluble rPrP (Table 2). The survival periods of
mice inoculated with 40-pl aliquots containing rPrP fibrils were
185.5 *+ 4.0 days postinoculation (dpi) for Ist-rPrP-fib™" and
213.0 = 8.9 dpi for 1st-rPrP-fib**" (Table 2). In contrast, the at-
tack rate of these control mice was only 50% (2/4) for Chandler
and 20% (1/5) for 22L. Moreover, the survival period of the af-
fected mice was much longer than that of the mice inoculated with
1st-rPrP-fib (Table 2). For comparison with the 50% lethal dose
(LDsy) of the original PrP5¢, the LD, of 1st-rPrP-fib> was deter-
mined from the linear regression relationship between infectious
titers and survival periods. The infectious titers {per 40 wl) of
1st-rPrP-ib®" and 1st-rPrP-fib>*" were estimated to be 407.2 +
226.6 and 1,067.0 = 678.7 LD4s, respectively, whereas the titers of
the Chandler and 221 prions were 20.2 and 28.9 LD, units/40 pg
of PrP%, respectively. Because the QUIC reaction in the first
round resulted in a 20- to 37-fold increase in the infectious titer,
the seed contribution to infectivity is estimated to be about 3 to
5%. In contrast, none of the mice inoculated with 5th-rPrP-fib
developed symptoms related to TSE (Table 2), suggesting that the
5th-rPrP-fib> has no substantial infectivity.

We analyzed by Western blotting the levels of PrP> in the brain
tissues of mice in the terminal stage that had been inoculated with
1st-rPrP-fib% or control materials (mock 1st QUIC) and found no
apparent differences in the accumulation of PrP5¢ between them
and mice inoculated with mock 1st QUIC (Fig. 6A). In addition, a
conformational stability assay with GdnHCI revealed that the
strain-specific digestion pattern was preserved in mice inoculated
with 1st-rPrP-fib* (Fig. 6B).
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FIG 4 FTIR spectroscopic characterization of rPrP fibrils and purified PrP¢. (A) Second-derivative FTIR spectra are shown for purified PrP%¢, 1st-rPrP-fib%,

5th-rPrP-fib%, spontaneously formed rPrP fibrils (rPrP-fib*®°"), and native rPrP. Overlaid spectra are from mdependent preparations. (B) FTIR spectra of rtPrP

fibrils generated at pH 7.5 in the presence of a small amount (1 pg) of PrPS° and rPrP fibrils generated at pH 4 in the presence of 100 pg of PrP*:.

Next, the degree of vacuolation in brain sections, including the ~ 1st-rPrP-fib> was examined histologically (Fig. 6C and D). Of
hippocampus (HI), cerebral cortex, thalamus, pons, and cerebel-  note, we found that the spongiform change in mice inoculated
lum (CE), from affected mice inoculated with 1st-rPrP-fib> or  with Ist-rPrP-fibS was less severe in the HI and CE than that in the
mock 1st QUIC and those inoculated with the second passage of HIand CE of mice inoculated with mock 1st QUIC strains (Fig. 6C
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FIG 5 Conformational stability assay for PrP%¢ in BH and rPrP fibrils. (A) Chandler-infected (top left) or 22L-infected (bottom left) BHs were treated with 0 to
3.5 M GdnHCl and subjected to PK digestion. PrP> was detected by R20 anti-PrP polyclonal antibody. The denaturation curves were plotted using Boltzmann
curve fitting (right). (B to D) PK-digested 1st-rPrP-fib>* (generated as described in the legend to Fig. 1) and 1PrP-fib**°" (B), 2nd-rPrP-fib* (C), or 5th-rPrP-fib>
(D) were analyzed by Western blotting following GdnHCI treatment (0 to 5 M). The PK-resistant fragments of the rPrP fibrils were detected by antibody R20.

TABLE 1 Conformational stabilities of purified PrP% and rPrP fibrils®

[GdnHCl],, (mol/liter)

1l

Purified rPrP fibrils

Strain Prpsc Ist 2nd 5th
Chandler 3.3 & 0.4%% 3.3 +0.1* 3.7 £0.1 33*0.3
22L 1.7 £ 0.3 2306 3.8 *+0.2 35+ 1.0
Spontaneous >5

“ The [GdnHCl],,, values (mol/liter) are means * standard deviations from three
independent experiments. Statistical significance was determined using one-way
ANOVA, followed by Student’s ¢ test. **, P < 0.01 (compared with 22L); *, P < 0.05
(compared with 22L).
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and D). Furthermore, these different lesion profiles observed in
mice inoculated with 1st-rPrP-fib> were preserved upon second
passage (Fig. 6D), suggesting that the characters of Ist-rPrP-fib>
are partially distinct from those of the original strains. These find-
ings support the notion that 1st-rPrP-fib> provoke the emergence
of a mutant strain beyond seed-derived infectivity.

DISCUSSION

Recent studies show that RT-QUIC assays are useful for the sen-
sitive detection of PrP*° in most species and strains, including
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TABLE 2 Bioassay for rPrP fibrils generated in QUIC reactions in wild-
type mice®

Mortality (no.
Concn of seed  Survival of dead mice/
Inoculum PrPSe (pg/ml)  period (dpi)® total no. tested)
1st-rPrP-fib<? 1 1855 + 4.0*  4/4
Mock 1st QUIC (Ch)* 1 201, 220¢ 2/4
Ist-rPrP-fib**" 1 213.0 = 8.9 6/6
Mock 1st QUIC (22L)° 1 333° 1/5
5th-rPrP-fib“® 1X1078 >660" 0/4
Mock 5th QUIC (Ch)* 1X 1078 >660 0/4
5th-rPrP-fib*" 1X1078 >660" 0/6
Mock 5th QUIC 1X107¢ >660" 0/6
(22L)¢
rPrP-fib*Po" 0 >660" 0/6
Second passage of 1520 = 857  5/5
1st-rPrP-fib"
Second passage of 148.4 = 5.97 5/5
maock 1st QUIC
(Ch)*
Second passage of 153.5 + 0.6% 5/5
1st-rPrP-fib?%:
Second passage of 149.6 = 10.4%  4/4
mock 1st QUIC
(22L)"

“ Mice were intracerebrally inoculated with 40 pl of each inoculum. For the second
passage, 10% BH was used.

b Statistical significance was determined using the log rank test. **, P < 0.01 (compared
with the controls); ¥, P < 0.05 (compared with the controls). dpi, days postinoculation.
© After subjecting seed-only mixtures containing the same concentration of PrP° as 1st-
or 5th-rPrP-fibS to a mock QUIC procedure, the same amount of rPrP was added. The
solutions were inoculated into mice as controls for rPrP fibrils.

 Data represent means * standard deviations.

¢ Data represent the survival periods of the TSE-positive mice. All nonsymptomatic
mice were negative for PrP5¢ at 660 dpi.

f Data represent the day postinoculation when the experiment was ended.

¢ A sample from a mouse obtained at 201 dpi was used.

" A sample from a mouse obtained at 333 dpi was used.

Creutzfeldt-Jakob disease (CJD) in humans (28, 35-37), scrapie in
rodents (29, 38), and chronic wasting disease (CWD) in cervids
(39). In the RT-QUIC reaction, soluble rPrP is converted to
amyloid fibrils in a seed-dependent fashion in the presence of
PrP%¢. Previous studies using FTIR and hydrogen-deuterium ex-
change have shown that there are structural differences between
PrPS-seeded fibrils and spontaneous rPrP fibrils generated in
rPrP amplified by PMCA (7, 40). We also found that the structural
morphology (Fig. 1C), secondary structure (Fig. 3), and confor-
mational stability (Fig. 4B and Table 1) distinguish 1st-rPrP-fib>
from rPrP-fib**°". However, it has been unknown whether rPrP
retains the conformational properties of the original PrP*¢ in the
RT-QUIC. Consistent with previous reports (7, 11), we observed
strain differences in the B-sheet structure and conformational sta-
bility of PrP5¢ between the Chandler and 22L strains. Likewise, the
differences in the shape of the B-sheet spectrum between strains
were common to both PrP* and 1st-rPrP-fib%, Furthermore, the
conformational stability of 1st-rPrP-fib**" was significantly lower
than that of 1st-rPrP-fib, as was the case with Chandler and 221
PrP%. Since the original PrP® remaining in 1st-rPrP-fib> was
equivalent to only about 0.01 to 0.02% of the PK-resistant 1st-
rPrP-fib% (1 to 2 pg/10 pg of total PrP) in our estimation, the
contribution to the FTIR spectra and the conformational stability
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of 1st-rPrP-fib% are considered to be negligible. Taken together,
these studies demonstrate that at least some strain-specific con-
formational features, especially in the B-sheet region, are con-
served between PrP> and 1st-rPrP-fib%, However, these unique
structural features disappeared in subsequent rounds.

One of the reasons for the loss of strain specificity may be due
to differences between E. coli-derived rPrP and brain-derived
PrPC. Studies using circular dichroism and 'H nuclear magnetic
resonance spectroscopy showed that the tertiary structure and the
thermal stability of bovine rPrP from positions 23 to 230 are es-
sentially identical to those of healthy calf brain-derived PrP€ (41).
However, it should be noted that E. coli-derived rPrP lacks post-
translational modifications of PrP€, such as glycosylation and a
glycosylphosphatidylinositol (GPI) anchor. PrP has two N-linked
glycosylation sites at amino acids 180 and 196, resulting in di-,
mono-, and unglycosylated forms. Mature PrP is rich in the dig-
lycosylated form, whereas the glycoform ratio of PrP is known to
vary among strains (42-44). Studies using PrP glycan-lacking Tg
mice revealed that the strain-specific characteristics of strain 79A
were affected by the glycosylation status of PrP<, but those of
strains ME7 and 301C were not (45). Meanwhile, enzymatic
deglycosylation of PrP® failed to affect strain-specific pathological
changes in serial PMCA experiments seeded with two murine
strains, RML and 301C (46). However, the same two strains were
converted into a new single strain during serial rPrP-PMCA in the
presence of synthetic PE (27). Similarly, the emergence of mutant
strains whose lesion profiles differed from the lesion profile of the
seed strain was also observed in a bioassay using hamster rPrP
fibrils generated in seeded rPrP-PMCA (25) or 1st-rPrP-fib* (Fig.
6C and D). These results raise the possibility that the lack of a GPI
anchor in rPrP leads to alterations in strain-specific characteris-
tics. Furthermore, the cell tropisms determined by the cell panel
assay were altered in strains RML, 1394, 79A, and ME7 but not in
strain 22L when the strains were propagated in Tg mice expressing
PrP devoid of a GPI anchor (47). These studies demonstrate that
glycosylation and a GPI anchor are not necessarily required for the
propagation of prion infectivity but can influence the strain prop-
erties. Although the molecular basis of the emergence of mutant
strains remains elusive, we can speculate that the posttranslational
changes to PrP might affect the conformation of PrP*° or the in-
teraction with some cofactor(s) in a strain-specific manner.

Another possible explanation is that nonspecific rPrP fibrils are
generated during the serial RT-QUIC and replicate more rapidly
than the fibrils with strain-specific conformations. The term
“nonspecific rPrP fibrils” arises from our findings that there was
little difference in the infrared spectra and conformational stabil-
ity of 5th-rPrP-fib* between strains. It has been reported that the
propagation of prion strains in cells cultured under different en-
vironmental conditions often leads to the formation of quasispe-
cies that are assumed to be composed of a variety of conforma-
tional variants (48, 49). Once generated, the competition among
the variants is thought to occur during propagation. Indeed, two
conformational variants of rPrP fibrils have been shown to be
mutually exclusive and compete for monomeric rPrP as a sub-
strate in fibril formation (30). Furthermore, competitive amplifi-
cation of two prion strains was demonstrated by BH-PMCA (50).
Similarly, nonspecific rPrP fibrils would be expected to become
the majority if they had a selective growth advantage in the RT-
QUIC. We found that the 3-sheet spectra of rPrP fibrils generated
in the presence of a small amount (1 pg) of PrP*° or rPrP fibrils
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FIG 6 Bioassay of rPrP fibrils in mice. (A) PrP*¢ in the brains of prion-affected mice inoculated with 1st-rPrP-fib® or Ist-rPrP-fib?* was analyzed by Western
blotting using anti-PrP antibody M20. Lanes M, mock 1st QUIC for strains Chandler and 22L. (B) The strain-specific properties of PrP* in the brains of mice
inoculated with Ist-rPrP-fib> were examined by a conformational stability assay with GdnHCI (0 to 3.5 M). (C) Sections of the hippocampus (HI) and
cerebellum (CE), stained with hematoxylin-eosin, from healthy mice, mice inoculated with 1st-rPrP-fib%, and mock 1st QUIC-inoculated mice at terminal stages
are shown. Bars, 50 wm. (D) Lesion profiles of spongiform changes in the hippocampus, cerebral cortex (Cx), thalamus (TH), pons (Po), and cerebellum were
compared. Data are expressed as means = SDs (n = 3). Statistical significance was determined using Mann-Whitney’s U test. **, P < 0.01; ¥, P < 0.05.

generated at pH 4 in the first round were similar to those seen for
5th-rPrP-fib> (Fig. 4B). These observations also support this hy-
pothesis and suggest that the amplification of nonspecific rPrP
fibrils is accelerated by certain conditions, such as an acidic envi-
ronment. Further studies are needed to investigate whether un-
known cofactors or environmental conditions are required to
maintain the strain-specific conformations in subsequent rounds.
On the other hand, this hypothesis also explains why prion infec-
tivity was lost in the fifth round of RT-QUIC, as nonspecific rPrP
fibrils generated during the serial RT-QUIC would be noninfec-
tious. Although there remains the question as to what exactly the
conformational differences between the noninfectious and infec-
tious forms of rPrP fibrils are, the lack of cofactor molecules, such
as SDS and synthetic PE, in the RT-QUIC might enhance the
amplification of nonspecific rPrP fibrils lacking prion infectivity.
Moreover, the fact that prion infectivity is sometimes too low to be
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detected and, more frequently, the fact that prion infectivity de-
clines in the serial rPrP-PMCA (24, 25) or BH-PMCA (51-53) are
consistent with the hypothesis.
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Prion diseases are characterized by the prominent accumulation of the misfolded form of a normal
cellular protein (PrP°) in the central nervous system. The pathological features and biochemical
properties of PrPS® in macaque monkeys infected with the bovine spongiform encephalopathy
(BSE) prion have been found to be similar to those of human subjects with variant Creutzfeldt—
Jakob disease (vCID). Non-human primate models are thus ideally suited for performing valid
diagnostic tests and determining the efficacy of potential therapeutic agents. In the current study,
we developed a highly efficient method for in vitro amplification of cynomolgus macaque BSE
PrPS°. This method involves amplifying PrPS° by protein misfolding cyclic amplification (PMCA)
using mouse brain homogenate as a PrP® substrate in the presence of sulfated dextran
compounds. This method is capable of amplifying very small amounts of PrPS° contained in the
cerebrospinal fluid (CSF) and white blood cells (WBCs), as well as in the peripheral tissues of
macaques that have been intracerebrally inoculated with the BSE prion. After clinical signs of the
disease appeared in three macaques, we detected PrP%° in the CSF by serial PMCA, and the
CSF levels of PrPS° tended to increase with disease progression. In addition, PrPS® was
detectable in WBCs at the clinical phases of the disease in two of the three macaques. Thus, our
highly sensitive, novel method may be useful for furthering the understanding of the tissue
distribution of PrPS° in non-human primate models of CJD.

through post-translational modification of the normal

prion protein PrP® (Prusiner, 1998).

Transmissible spongiform encephalopathies (TSEs), com-
monly known as prion diseases, are fatal neurodegenerative
disorders that affect both animals and humans (Collinge,
2001). Prion diseases are characterized by the prominent
accumulation of a misfolded prion protein, PrP*, in the
central nervous system (Prusiner, 1991, 1998). PrP5¢, which
is rich in beta-sheet structures and resistant to digestion by
proteases and various inactivating treatments (Caughey
et al., 1991; Pan et al, 1993), is considered to be the
infectious agent for TSEs and appears to self-propagate

Four figures and one table are available with the online version of this
paper.

One type of human prion disease, Creutzfeldt—Jakob disease
(CJD), can be aetiologically identified as sporadic, inherited
or acquired by infection (Ironside, 1998; Belay, 1999; Glatzel
et al., 2002; Geissen et al, 2007). In variant CJD (vCJD),
which is a form of CJD caused by consumption of foods
contaminated with bovine spongiform encephalopathy
(BSE) prions (Will et al., 1996; Hill et al, 1997; Ironside,
2010), small amounts of PrP*° have been found in a broad
range of peripheral tissues, including the lymph nodes,
tonsils, spleen, kidneys, portions of the intestinal tract and
skeletal muscle (Wadsworth et al., 2001; Hilton et al., 2004;
Peden et al, 2006; Notari et al., 2010), as well as in the
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