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matter; PET blot, paraffin-embedded tissue blot; IHC, immunohistochemical; GuHCI, guanidine hydrochloride; TBST, tris-

buffered saline buffer with 0.1% Tween-20; BSA, bovine serum albumin; PBS, phosphate buffered saline

Prion is a protein-conformation-based infectious agent causing fatal neurodegenerative diseases in humans and
animals. Our previous studies revealed that in the presence of cofactors, infectious prions can be synthetically gener-
ated in vitro with bacterially expressed recombinant prion protein (PrP). Once initiated, the recombinant prion is able to
propagate indefinitely via serial protein misfolding cyclic amplification (sSPMCA). In this study, we compared 2 separately
initiated recombinant prions. Our results showed that these 2 recombinant prions had distinct biochemical properties
and caused different patterns of spongiosis and PrP deposition in inoculated mice. Our findings indicate that various
recombinant prions can be initiated in vitro and potential reasons for this variability are discussed.

Introduction

Prion is a protein-conformation-based infectious agent that
causes transmissible spongiform encephalopathies (TSEs, also
known as prion disease) in animals and humans.*? The prion
hypothesis posits that the pathogenic conformer of host encoded
prion protein (PrP) is able to convert host PrP to the pathogenic
conformation."® It is well established that the pathogenic PrP
conformer is B-sheeted, aggregated, and protease-resistant, which
distinctly differs from the a-helical, soluble, and protease-sensi-
tive normal PrP¢ conformer.* The most widely used biochemical
property separating these 2 PrP conformers is the sensitivity to
proteinase K (PK) digestion. PrP¢ is sensitive to PK digestion,
whereas the C-terminus of PrP* is highly resistant to PK diges-
tion resulting in a characteristic C-terminal PK-resistant core.*>

The association of the PK-resistant PrP conformer and prion
infectivity was established by the development of serial protein
misfolding cyclic amplification (sPMCA) technique, which con-
sists of alternating cycles of sonication and incubation.®® Using
normal brain homogenate as substrate for sPMCA, Castilla et al.
demonstrated that PrP5¢ is able to seed PrP¢ conversion to the
PK-resistant PrP* conformation and more importantly, the prion

*Correspondence to: Jiyan Ma; Email: Jiyan.Ma@vai.org

infectivity is propagated along with the propagation of PrP* con-
formers.® Recently, the same SPMCA technique has been success-
fully applied to propagate the pathogenic PrP* conformer and
prion infectivity using a variety of native or recombinant PrP
substrates.”!®

Although sPMCA was originally developed as a technique

o7 several studies

to propagate the pathogenic PrP* conformer,
showed that it also has the capability to initiate the pathogenic
PrP5¢ conformation de novo in unseeded reactions.”'""> Using
sPMCA with a substrate system consisting of purified bacteri-
ally-expressed recombinant murine PrP (rPrP) plus synthetic
phospholipid POPG (1-palmitoyl-2-oleoylphosphatidylglycerol)
and total RNA isolated from normal mouse liver as cofactors,
we previously reported de novo formation of a PK-resistant and
highly infectious prion in the laboratory of Ohio State University
(named as rPrP-res**V).” To confirm this result, we repeated the
same experiment in a newly established lab in East China Normal
University that has never been exposed to any naturally occur-
ring prion. An infectious prion with a 17 kDa PK-resistant core
was generated de novo during this attempt, which was named as
PrP-res”*P ! Both rPrP-res“*V and rPrP-res'”** have the charac-

teristic self-perpetuating C-terminal PK-resistant conformation
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Figure 1. Pathological comparison of rPrP-res'’®2- and rPrP-res®'-inoculated mice. (A) Lesion profile of spongiosis and representative images of HE
staining of mice inoculated with rPrP-res'7®2 (17kDa) or rPrP-res®V (OSU) as indicated. P, pons; MB, middle brain; CWM, cerebellum white matter; Hyp,
hypothalamus; Tha, thalamus; Hip, hippocampus; CN, caudate nucleus; FC, frontal cortex. The lesion profile was based on the scores of 6 rPrP-res'7<2-
inoculated and 15 rPrP-res®'-inoculated mice. Units of Y-axis are arbitrary units of lesion severity, which are described in detail in methods section.
Representative images of spongiosis in frontal cortex (FC), caudate nucleus (CN), and cerebellum white matter (CWM) are shown in (A). (B) PET blot
analysis of mice inoculated with rPrP-res'7<®2 (17kDa) or rPrP-res®V (OSU) as indicated. PET blots were stained at the same time and using exactly the same
condition. Three pairs of mice inoculated with rPrP-res7x°2 or rPrP-res®V were subjected to PET blot analysis and PK-resistant PrP deposition pattern was
consistent within the same group. (C) Immunohistochemical staining of aberrant PrP deposit in various regions of mouse brain receiving intracerebral
inoculation of rPrP-res7k®2 (17kDa) or rPrP-res®V (OSU) as indicated. Mice receiving control inoculum (PBS + BSA) were used as controls in all panels
(Control). These sections were stained at the same time and using exactly the same condition. Three pairs of mice inoculated with rPrP-res'7¥° or rPrP-

res®V were analyzed and the aberrant PrP deposition pattern was consistent within the same group.

and cause fatal prion disease in wild-type mice with 100% attack
rate.”"! Mice inoculated with rPrP-res®SV or rPrP-res'”*P* survived
for 150 or 172 dpi (days post inoculation) respectively,”! which
are in the range of survival times for naturally occurring mouse
prions. To determine the similarity and/or difference between
these 2 separately initiated recombinant prions, we compared the
neuropathology caused by these 2 recombinant prions and their
biochemical properties in this study.

Results
Pathological change in prion disease is characterized by

the presence of vacuoles (spongiosis) in diseased brains. Both
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rPrP-res?Y and rPrP-res caused wide spread spongiosis in
wild-type CD-1 mice.”"" Interestingly, the spongiosis profile
in rPrP-res”*™-inoculated mice appeared to be different from
that of rPrP-res®V (Fig. 1A). The most prominent differences
of spongiosis were observed in frontal cortex (FC) and caudate
nucleus (CN). Severe spongiosis was observed in both FC and
CN areas of rPrP-res?*Y-inoculated mice, but only mild spongio-
7kDa_inoculated mice
(Fig. 1A). The severity of spongiosis in other brain areas, such
as cerebellum white matter (CWM), was very similar (Fig. 1A).
To determine whether rPrP-res'”*P* and rPrP-res®SY led to differ-
ent aberrant PrP deposition patterns in the brain, we performed
paraffin-embedded tissue (PET) blot and immunohistochemi-
cal (IHC) staining. The PET blot revealed a drastic difference

sis was detected in these 2 areas of rPrP-res
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Figure 2. Biochemical comparison of rPrP-res'’*® and rPrP-res®V. (A) The rPrP-res’k® (17K) and rPrP-res®V (O) with or without PK digestion were
subjected to immunoblot analysis with POM1 and SAF32 antibodies as indicated. (B) Images obtained by scanning the blots in (A) with a Storm 860
Phosphorlmager. Arrow indicates the PK resistant band with smallest molecular weight. Asterisks (* and **) indicate the 2 slower migrating PK-resistant
bands. (C) The rPrP-res'”x°2 and rPrP-res®V were digested with 10, 25, 50, 100, 500, and 1000 p.g/mL PK at 37 °C for 30 min. The PK-resistant rPrP-res was
detected by immunoblot analysis with POM1 antibody. The curve represents the average of 4 independent experiments and the error bar represents
standard deviation. All immunoblot analyses showed similar patterns and a representative image was presented here. C, undigested control samples.
(D) The rPrP-res'”**2 and rPrP-resV were treated with 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 M GuHCl for 1 h, and then digested with 10 pwg/mL PK at 37 °C for
30 min. The rPrP-res was detected by immunoblot analysis with POM1 antibody. The curve represents the average of 3 independent experiments and
the error bar represents standard deviation. Arrow indicates the position of the smaller rPrP band, which was consistently detected in all 3 experiments.

in PK-resistant PrP deposition in cortex. Compared with that in
tPrP-res®Y-inoculated mice, the cortical PK-resistant PrP deposi-
tion was much stronger in rPrP-res'”***-inoculated mice (Fig. 1B).
The IHC staining confirmed the difference in PrP deposition in
cortex (Fig. 1C, left panel). Moreover, IHC staining also revealed
that, compared with rPrP-res®*V-inoculated mouse brains, the
rPrP-res”7*P* inoculation caused a stronger PrP deposition in hip-
pocampus, but a weaker PrP deposition in thalamus (Fig. 1C,
middle and right panels). Together, neuropathological compari-
son revealed a clear difference between the disease pathologies
caused by rPrP-res7*P* and rPrP-resSV.

Since the bioassays of rPrP-res””*P* and rPrP-res**V were per-
formed in outbred CD-1 mice in 2 different animal facilities,
the observed difference in disease pathology could be resulted
from a variety of factors such as the differences in mouse genetic
background. However, it is also possible that rPrP-res'”’* and
tPrP-res®Y are different rPrP conformers, which contributes to
the difference in disease pathology. To test the latter possibil-
ity, we compared the biochemical properties of rPrP-res”"* and
tPrP-resV.

Immunoblot analysis with POM1 antibody that recognizes
an epitope at C-terminus of PrP?*?! showed that the sizes of the
PK-resistant fragments of 2 rPrP-res forms were similar, but the
PK-resistant core of rPrP-res'”P* was slightly larger than that of
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tPrP-res®Y (Fig. 2A, left panel). When immunoblot analysis was
performed with SAF32 antibody that recognizes the N-terminal
octarepeat region,”” a much stronger signal was detected with
PK-digested rPrP-res'”*"* (+PK, Fig. 2A, right panel). The immu-
noblot analysis of control samples with SAF32 antibody (-PK,
Fig. 2A, right panel) showed comparable intensity, indicating that
there is no significant difference between the affinity of SAF32
antibody to rPrP-res”"* and rPrP-res®V. Thus, a weaker signal
of the PK-resistant fragment of rPrP-res®SY (+PK, Fig. 2A, right

panel) suggests that rPrP-res7 >

contains a longer PK-resistant
core(s), which extends into the octarepeat region resulting in a
better SAF32 antibody detection.

When the same blots were scanned by a Storm 860
PhosphorImager that holds a wider detection range than X-ray
film, multiple PK-resistant bands were recognizable in both
PrP-res”*P* and rPrP-res®*V samples (Fig. 2B). For rPrP-res®sY,
2 major PK-resistant bands were detected by POM-1 antibody
and the most abundant band was the one with smallest molecular
weight (Fig. 2B, indicated by an arrow), whereas for rPrP-res'”*P?,
3 major PK-resistant bands were detected by POM-1 antibody
and the most abundant bands were the 2 slower migrating bands
(Fig. 2B, indicated by * and ** on left panel). In addition to the
band intensity, a slight difference in band size was also observed
(Fig. 2B, the band with evident size difference was indicated by
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** on left panel). The SAF32 antibody recognized slower migrat-
ing PK-resistant bands but not the one with smallest molecular
weight (Fig. 2B, right panel), accounting for its weaker recogni-
tion of PK-resistant bands of rPrP-res®V (Fig. 2A, right panel).
Together, these results indicate that the PK cleavage sites in rPrP-
res are heterogeneous, which is similar to that of naturally occur-
ring PrP5

A possible reason for the banding pattern difference between
PrP-res” P and rPrP-res”SV (Fig. 2B, left panel) could be due
to an insufficient PK digestion of the rPrP-res'” ™. To test this
possibility, we performed serial PK digestion of 2 samples. We
first normalized rPrP-res'”*P* and rPrP-res®V to similar amount
of total rPrP (2 controls in the lower panel of Fig. 2C); con-
firmed by Phosphorlmager quantification (the difference
between the average of raw Phosphorlmager quantification
scores for these 2 controls was less than 1%). After being nor-
malized, samples were digested with increasing amounts of PK
and the PK-resistant bands of rPrP-res7""* disappeared at PK
concentration of 500 pg/mL. The rPrP-res®Y, however, showed
a much higher PK-resistance and its PK-resistant fragment was
clearly detectable after a 30 min 1000 pg/mL PK digestion at
37 °C (Fig. 2C). Thus, the banding pattern difference between
PrP-res”*P* and rPrP-res”SV (Fig. 2B, left panel) is not due to
insufficient PK digestion of rPrP-res'7 ", A more plausible expla-
nation could be that the 2 recombinant prions produce different
PK-resistant bands.

Next, we performed the guanidine hydrochloride (GuHCI)
denaturation assay to compare the stability of rPrP-res”*P* and
tPrP-res®Y. Figure 2D shows that the denaturation curves for
rPrP-res”*P* and rPrP-res®Y were very similar, with [GuHCI]
(the GuHCI concentration causing loss of half of the PK-resistant
PrP signal) at 1.51 M for rPrP-res®V and 1.55 M for rPrP-res"7<.
Despite the similarity in denaturation curve, the rPrP banding
patterns after GuHCI treatment were clearly different between
2 rPrP-res forms. In rPrP-res'7*™*, a smaller PK-resistant fragment
became prominent after 1.5 M GuHCI treatment and remained
detectable when the concentration of GuHCI was at 2 or 2.5 M
(Fig. 2D, pointed by an arrow in the bottom rPrP-res'”*"* panel).
In contrast, this smaller PK-resistant fragment was not clearly
detected in rPrP-res*V samples (Fig. 2D, the rPrP-res?SY panel).

Collectively, our biochemical analyses clearly showed that,
despite the similar self-perpetuating PK-resistant conformation
and similar capability of causing prion disease in wild-type mice,
the rPrP-res'*P* and rPrP-res®SV have distinct differences in bio-
chemical properties.

Discussion

Our 2 successful atctempts to generate de novo recombinant pri-
ons by sSPMCA, particularly the latter actempt conducted in a lab
that has never exposed to any naturally occurring prions, support
that an infectious recombinant prion can be synthetically gener-
ated in vitro. The current comparative study of separately initi-
ated rPrP-res®*V and rPrP-res'”*P* suggests that the 2 recombinant
prions are differently misfolded rPrPs, with distinct biochemical
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properties and causing different neuropathological changes. The
sPMCA substrate mixtures for de novo formation of rPrP-res®SV
and rPrP-res"7 ™" contained the same 3 components: recombinant
murine PrP, POPG, and total RNA isolated from normal mouse
liver. Despite the relatively simple components in the substrate
mixture, many variations may lead to the differences in de novo
generated, self-perpetuating PK-resistant rPrP-res forms.

First, depending on the metabolic status of the mouse, the
total RNA isolated from each individual mouse liver may con-
tain different RNA species with different three-dimensional
RNA structures. Moreover, purification of total RNA is always
accompanied with co-purified molecules, which may also vary
according to the metabolic status of individual mouse. Therefore,
despite the same reagent and protocol, the isolated total RNA
may vary from mouse to mouse. Our recent study has shown that
variations in RNA species or co-purified molecules are not essen-
tial for generating the rPrP-res conformation and prion infectiv-
ity."” However, it does not preclude the potential difference in
modulating rPrP-res conformation by different RNA species or
co-purified molecules.

Second, the differences in rPrP-res forms may result from dif-
ferent ratios of rPrP and cofactors. Thus far, it remains unclear
whether cofactors are in the final rPrP-res complex.*?* Even if
cofactors play a chaperone-like role to facilitate rPrP-res forma-
tion, different rPrP:cofactors ratios may guide rPrP to different
misfolding stage and result in rPrP-res conformational differ-
ences. If cofactors are part of the final rPrP-res complex, variation
in rPrP:cofactor ratios will most likely alter the final rPrP three-
dimensional structure. If cofactors are not essential for the self-
perpetuating capability, then the final rPrP-res complex can be
with or without cofactors. In this case, the presence or absence of
cofactors may produce different rPrP-res conformations leading
to different biological effects. Thus, despite the relatively simple
sPMCA substrate system for de novo rPrP-res formation, the pos-
sible variations in rPrP:cofactors ratios are enormous, which may
contribute to the formation of different rPrP-res form.

Third, the variations in rPrP-res conformation may also result
from the sonication step of sSPMCA. Previous studies showed that
the interaction between rPrP and cofactors (POPG and RNA) in
our sSPMCA substrate converts rPrP to a B-sheeted, aggregated,
and PK-resistant conformation similar to rPrP-res.?*' When this
substrate is subjected to SPMCA, sonication breaks rPrP aggre-
gates in the substrate (and/or directly alters rPrP conformation)
and new rPrP aggregates form during incubation. As we suggested
previously,' this repeated rPrP aggregate breaking-and-formation
cycles may ultimately re-package rPrP into self-perpetuating rPrD-
res aggregates. Because of its seeding capability, once initiated,
the rPrP-res aggregates can be faithfully propagated via sSPMCA.
If this model is correct, the power of sonication, such as different
sonicators or different tube positions in the sonicator horn, will
likely influence the extent of rPrP-res aggregate breakage and/or
the level of rPrP conformation alteration, both of which may lead
to the variations in the initial rPrP-res conformation.

A fourth explanation for the formation of 2 different forms of
tPrP-res could be simply due to the adoption of different stable
tPrP-res conformers. The rPrP-res is a misfolded rPrP form and
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there could be multiple stable rPrP-res spots in the energy land-
scape.” In this scenario, the presence of cofactors and the sPMCA
process may create an environment favoring rPrP conformational
change, allowing rPrP to randomly search for the stable spots in the
energy landscape. Once rPrP adopts distinct stable rPrP-res con-
formations, different rPrP-res forms are initiated and propagated.

Any of the above reasons, or combination of them, may con-
tribute to the de novo formation of different rPrP-res forms,
which may account for the observation of our current study and
the recent reports of various de novo generated non-infectious
self-perpetuating rPrP-res forms."-%

It is important to note that although we have shown the bio-
chemical and neuropathological differences between rPrP-resOsV
and rPrP-res7 >
prion strains. This is because the mouse bioassays were performed
in outbred CD-1 mice in 2 different animal vivaria. Careful serial

passage in inbred mouse line is required to clarify this question.

, we cannot conclude that these are 2 different

Despite the caveats, our observation that the 2 forms of rPrP-res
produce heterogeneous PK-resistant rPrP species (Fig. 2B) is con-

sistent with the quasispecies theory,**

which posits that a prion
strain consists of an ensemble of PrP% conformers, and various
prion strains may differ in certain or all PrP* species in the group
and/or the proportion of each PrP% species.

Results from our comparison study clearly showed that differ-
ent rPrP-res forms can be formed de novo, which leads to differ-
ent disease pathologies in mice. This finding supports that not a
single PrP conformer, but multiple PrP conformers are capable of
supporting prion infectivity.

Materials and Methods

PET blot was performed as previously described.”® Briefly,
4-pm-thick paraffin sections were collected onto 0.45-pm nitro-
cellulose membranes (Bio-Rad Laboratories) and incubated at
55 °C for 16 h. Membranes were dewaxed by immersion in xylene
(45 °C, 20 min) and rinsed in isopropanol (2 x 10 min) followed
by stepwise rehydration. After washing with tris-buffered saline
buffer (TBST, 50 mM TRIS-HCI, 150 mM NaCl, pH 8.0, 0.1%
Tween-20), the membrane was subjected to 250 pg/mL PK
digestion in a buffer consisting of 10 mM TRIS-HCI, pH 7.8,
100 mM NaCl, 0.1% Brij 35 for 16 h at 55 °C. After washing
with TBST, the membrane was treated with 4 M guanidine thio-
cyanate for 10 min and washed 3 times in TBST. The membrane
was blocked by 2% non-fat milk in TBST for 1 h, incubated with
monoclonal SAF84 anti-PrP antibody (1:2000 in blocking solu-
tion) for 90 min at room temperature, washed 3 times in TBST,
and incubated with an AP conjugated goat anti-mouse IgG anti-
body (1:3000 in blocking solution) for 1 h at room temperature.
After 3 washes with TBST, the color was developed by BCIP/

NBT, and the images were assessed using a stereomicroscope.
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Histopathological analyses were performed as previously
described.”?** The lesion profile of spongiosis was determined
using the following standard: 0, no vacuolation; 0.5, minimum
vacuolation (>1 vacuole per field under 20x magnification); 1,
little vacuolation (<10 vacuoles per field under 20x magnifica-
tion); 2, moderate vacuolation (many vacuoles in a field under
20x magnification); 3, extensive vacuolation (numerous vacuoles
in a field under 20x magnification); 4, severe vacuolation (vacu-
oles all over the field and often coalescing).

GuHCI denaturation assay was performed by mixing 30 pwL
sPMCA product with 30 pL GuHCI stock solutions to reach
final GuHCI concentrations ranging from 0 to 4 M. The mix-
tures were incubated at room temperature for 1 h and mixed by
vortexing every 15 min. Afterwards, samples were kept on ice
and stock solutions were added to normalize the final salt and
detergent concentrations to: 0.4 M GuHCI, 0.15% Triton X-100,
16.5 mM TRIS-HCI, pH 7.4 and 7.5 mM NaCl. Normalized
samples were digested with PK (10 wg/mL) for 30 min at 37 °C.
Digestion was terminated by adding 1 mM PMSF and incuba-
tion on ice for 5 min. PK-resistant proteins were precipitated by
adding 4 volumes of cold methanol (=20 °C) and incubated at
—20 °C for 30 min. The precipitated proteins were pelleted by
centrifugation, resuspended in SDS-PAGE sample buffer, sub-
jected to immunoblot analysis, and the results were quantified by
scanning with a Storm 860 Phosphorlmager.

Immunoblot analysis was performed as previously described.?”
The blot was developed with ECL-plus reagent (GE Healthcare
Life Science) and the signal was detected by exposure to X-ray
film or scanning with a Storm 860 Phosphorlmager (Fig. 2B).

Reagents used in this study include Polyvinylidene Fluoride
(PVDF) membrane and ECL-plus reagent (GE Healthcare Life
Science), Proteinase K (Lyophilizate, recombinant, PCR grade)
(Roche), Phenylmethanesulfonyl fluoride (PMSF) (Sigma-
Aldrich). Other chemicals were purchased from Sango Biotech
Co. Ltd. or Fisher Scientific Inc. Antibodies used in this study
include SAF32 and SAF-84 anti-PrP antibodies (Cayman
Chemical), POM1 anti-PrP antibody (a generous gift from
Dr Adriano Aguzzi), HRP-conjugated goat anti-mouse IgG anti-
body (Bio-Rad).
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