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Abstract

Prion diseases are neurodegenerative disorders caused by a change in conformation
of the prion protein from the cellular form (PrP¢) to a misfolded isoform (PrP*°). PrP¢ is
a copper binding protein via histidine residues in the octapeptide repeats (OR) and the
non-OR region located at the N-terminus. Although the functional implication of copper
binding to PrP¢ is still under investigation, copper may play a role in prion disease. In
this study, we describe transgenic mice expressing mouse prion protein replacing histi-
dine 95 by tyrosine (PrP HI5Y) to disrupt the non-OR copper-binding site. Transgenic
mice overexpressing PrP H95Y showed clinical signs and died at about 100 days with
spongiform degeneration and PK-resistant PrP. Inoculation of brain homogenate from
mice overexpressing PrP HI95Y to Tga20 mice expressing wild-type PrP also causes
lethal, spongiform encephalopathy. We conclude that this substitution could promote
PrPc-PrPsc conversion and induce spontaneous prion disease in vivo.

Author summary

Prion diseases are neurodegenerative disorders characterized by the misfolding
of the normal cellular prion protein (PrPC€) into a pathogenic isoform (PrPsc). PrP°¢
binds copper through histidine residues located in the N-terminal domain, and
copper binding has been proposed to influence PrP¢ structure and its conver-
sion to PrPsc. In this study, we aimed at disrupting this copper coordination by
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generating transgenic mice expressing a mutant prion protein, in which histi-
dine 95 was replaced by tyrosine (PrP H95Y). Mice overexpressing PrP HO5Y
developed spontaneous prion disease with typical clinical signs, spongiform
degeneration, and protease-resistant PrP accumulation. Furthermore, brain ho-
mogenates from these mice were able to transmit the disease to mice express-
ing wild-type PrP, validating the infectious nature of the spontaneously generated
prions. These results demonstrate that interfering with copper coordination at
H95 is sufficient to promote prion conversion in vivo, further highlighting the con-
nection between copper binding and prion pathogenesis.

Introduction

Prion diseases, in human and animals, are a group of rare and fatal neurodegener-
ative diseases [1]. They have a common feature in the aberrant metabolism of the
prion protein (PrP). During the pathogenesis of these diseases, the cellular isoform
of the prion protein (PrP°) adopts a pathogenic misfolded conformation denoted as
prion or PrPs¢, which accumulates in the central nervous system (CNS) and causes
neurodegenerative diseases [2]. The normal, cellular form, PrP¢, can be divided

in two regions, a flexible unstructured N-terminal region and a C-terminal globular
region. Based on NMR spectroscopy and X-ray crystallography studies, C-terminal
PrP¢ domain (residues 127-230) possesses folded structure with a predominantly
a-helices and small 3-sheet content [3]. The N-terminal region (residues 23—126)
does not adopt any detectable folding and for this reason this moiety can be consid-
ered as a partially intrinsic disordered protein. This N-terminal region has a unique
primary sequence since it contains highly conserved octapeptide repeats (OR) with
a distinctive consensus sequence, PHGGGWGQ [4]. This region contains up to four
OR sequences in humans and mice and each OR is able to coordinate a copper

ion with high affinity through its histidine (H) residue, although alternative geome-
tries may exist [5]. Two additional histidine residues able to bind copper are found in
the 90—-111 region, namely at position 95 and 110 in mouse PrP [6]. This additional
region is denoted as the non-OR region [4]. Several studies have evaluated the role
of copper in the conversion propensity of PrP¢ to PrPsc with controversial results
[7,8]. Structural studies have underlined the importance of the non-OR region and, in
particular, histidines 95 and 110 [9]. A mutagenesis study evaluated the susceptibility
to prion inoculation in transgenic mice where each histidine at the N-terminus was
substituted with glycine. While the concomitant substitution of all histidines at the OR
did prolong the incubation time upon inoculation with prions, a single substitution at
position 95 accelerated the disease [10]. In addition, structural studies have shown
that the refolding of the N-terminal moiety strictly depends on copper coordination
[11]. In fact, changing the histidine in position 95 with a tyrosine causes the protein to
acquire a conformation that could be more susceptible to prion replication, implying
for this region a role as molecular switch in rendering the protein more prone to prion
conversion [9,12].
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In this study, we evaluated the effect of histidine substitution at position 95 with a tyrosine in vivo. By generating several
transgenic mouse lines bearing this substitution, we were able to analyze in detail the outcome in terms of prion conver-
sion, replication and disease.

Materials and methods
Ethics statement

We carried out animal experiments in strict accordance with the recommendations present in the guidelines of the Code
for Methods and Welfare Considerations in Behavioral Research with Animals (Directive 2010/63/ EU). All efforts were
made to minimize suffering. Experiments were approved by the Committee on the Ethics of Animal Experiments of the
Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria (Madrid, Spain; Permit numbers: PROEX 018/17,
PROEX 030/18 and PROEX 97.5/23).

Plasmids construction

Primer design. Primers were designed using the Primer Blast (NCBI) and QuikChange Primer Design (Agilent
Technologies) (See Tables 1 and 2).

Cloning of MoPrP variants plasmid for cell transfection. The mutations were inserted into pcDNA-MoPrP or
pcDNA-MoPrP3F4 using the QuikChange mutagenesis kit (Agilent Technologies) according to manufacturer’s instructions.

PCR parameters were as follows: melting temperature: 95°C for 30 sec; annealing temperature: 55°C for 45 sec; exten-
sion temperature: 68°C for 5min. These three steps were cycled 16 times. Strand extension was completed at 72°C for
5min and reactions cooled to 4°C. 10ng of template DNA and 2.5U PhuUlfra DNA polymerase was used in each reaction.
PCR products were digested by Dpnl (1 uL per 20 pL PCR reaction for 1hour at 37°C) prior to transformation into XL-1
Blue supercompetent cells.

Plasmid DNA was purified using the QIAprep Miniprep Kit (Qiagen). All the constructs were verified by sequencing.

Cloning of full-length MoPrP variants plasmid for Tg mice construction. The MoPrP(1-254, H95Y) was amplified
from plasmid pcDNA-MoPrP-H95Y by PCR using these primer:

* 5Bsi-MoPrP: 5-CCT AGT GGT ACC TCG TAC GCA GTC ATC ATG GCG AAC CTT GGC TAC TGG-3’
+ 3’Fse-MoPrP: 5-CGC TCA CAATCG CGG CCG GCC TCATCC CAC GAT CAG GAA GAT GAG G-3

Table 1. Primers for His/Tyr mutations.

Primer Sequences

H60Y-F CAGCCCTACGGTGGTGGCTGGGGACAA
H60Y-R TTGTCCCCAGCCACCACCGTAGGGCTG

H68Y-F GGGGACAACCCTATGGGGGCAGCTGG

H68Y-R CCAGCTGCCCCCATAGGGTTGTCCCC

H76Y-F AGCTGGGGACAACCTTATGGTGGTAGTTGGG
H76Y-R CCCAACTACCACCATAAGGTTGTCCCCAGCT
H84Y-F TGGGGTCAGCCCTATGGCGGTGGATGG
H84Y-R CCATCCACCGCCATAGGGCTGACCCCA

HI5Y-F CAAGGAGGGGGTACCTATAATCAGTGGAACAAGC
HI95Y-R GCTTGTTCCACTGATTATAGGTACCCCCTCCTTG
H110Y-F AAAAACCAACCTCAAGTATGTGGCAGGGGCTGC
H110Y-R GCAGCCCCTGCCACATACTTGAGGTTGGTTTTT

https://doi.org/10.1371/journal.ppat.1013554.t001
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Table 2. Primers for H95X mutations.

Primer Sequences

HI5R-F CAAGGAGGGGGTACCAGGAATCAGTGGAACAAGC
HI95R-R GCTTGTTCCACTGATTCCTGGTACCCCCTCCTTG
HI5KF CAAGGAGGGGGTACCAAGAATCAGTGGAACAAGC
H95K-R GCTTGTTCCACTGATTCTTGGTACCCCCTCCTTG
H95D-F CAAGGAGGGGGTACCGACAATCAGTGGAACAAGC
H95D-R GCTTGTTCCACTGATTGTCGGTACCCCCTCCTTG
HO5E-F CAAGGAGGGGGTACCGAGAATCAGTGGAACAAGC
H95E-R GCTTGTTCCACTGATTCTCGGTACCCCCTCCTTG
H95S-F CAAGGAGGGGGTACCAGCAATCAGTGGAACAAGC
H95S-R GCTTGTTCCACTGATTGCTGGTACCCCCTCCTTG
HI5T-F CAAGGAGGGGGTACCACCAATCAGTGGAACAAGC
HI95T-R GCTTGTTCCACTGATTGGTGGTACCCCCTCCTTG
HI95N-F CAAGGAGGGGGTACCAACAATCAGTGGAACAAGC
HI95N-R GCTTGTTCCACTGATTGTTGGTACCCCCTCCTTG
H95Q-F CAAGGAGGGGGTACCCAGAATCAGTGGAACAAGC
H95Q-R GCTTGTTCCACTGATTCTGGGTACCCCCTCCTTG
H95C-F CAAGGAGGGGGTACCTGCAATCAGTGGAACAAGC
H95C-R GCTTGTTCCACTGATTGCAGGTACCCCCTCCTTG
H95G-F CAAAAACCAACATGAAGGCTATGGCAGGGGCTGCGG
H95G-R CCGCAGCCCCTGCCATAGCCTTCATGTTGGTTTTTG
HI95P-F CAAGGAGGGGGTACCCCTAATCAGTGGAACAAGC
H95P-R GCTTGTTCCACTGATTAGGGGTACCCCCTCCTTG
H95A-F CAAGGAGGGGGTACCGCCAATCAGTGGAACAAGC
H95A-R GCTTGTTCCACTGATTGGCGGTACCCCCTCCTTG
HI5V-F CAAGGAGGGGGTACCGTGAATCAGTGGAACAAGC
HI95V-R GCTTGTTCCACTGATTCACGGTACCCCCTCCTTG
H95I-F CAAGGAGGGGGTACCATCAATCAGTGGAACAAGC
H95I-R GCTTGTTCCACTGATTGATGGTACCCCCTCCTTG
HI95L-F CAAGGAGGGGGTACCCTGAATCAGTGGAACAAGC
H95L-R GCTTGTTCCACTGATTCAGGGTACCCCCTCCTTG
H95M-F CAAGGAGGGGGTACCATGAATCAGTGGAACAAGC
H95M-R GCTTGTTCCACTGATTCATGGTACCCCCTCCTTG
HI5F-F CAAGGAGGGGGTACCTTCAATCAGTGGAACAAGC
HI95F-R GCTTGTTCCACTGATTGAAGGTACCCCCTCCTTG
H95W-F CAAGGAGGGGGTACCTGGAATCAGTGGAACAAGC
H95W-R GCTTGTTCCACTGATTCCAGGTACCCCCTCCTTG

https://doi.org/10.1371/journal.ppat.1013554.t002

The PCR products were then inserted into pJB1 (a modified vector from MoPrP.Xho vector [13], in which BsiWI and
Fsel sites replaced the Xhol site) using BsiWI and Fsel restriction sites.

The PCR were performed using the Phusion DNA polymerase (New England Biolab) according to manufacturer’s
instructions. Plasmid DNA was purified using the QlAprep Miniprep Kit (Qiagen). All the constructs were verified by
sequencing.

The pJB1 were kindly provided by the group of Dr. Glenn Telling (Colorado State University, USA).
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Generation and characterization of transgenic mice

MoPrP H95Y transgenes containing mouse regulatory sequences were excised from the plasmid pJB::MoPrP(1-254,
H95Y) using the restriction endonuclease Notl. These fragments were purified and then microinjected into the pronucleus
of 200 fertilized FVB mice eggs, which were implanted into pseudopregnant FVB females. This work was carried out at
the transgenic mouse facility of Cyagen Biosciences Inc (USA).

For founder’s identification, DNAs were extracted from tail biopsies of founders mice by use of an Extract-N-Amp
tissue PCR kit (Sigma-Aldrich) following the manufacturer’s instructions. The presence of the transgene in these founders
was identified by PCR amplification using specific primers for mouse PrP exon 2 and the mouse mutated PrP ORF. The
primers used were 5-GAACTGAACCATTTCAACCGAG-3 and 5="~AGAGCTACAGGTGGATAACC-3’. MoPrP** MoPrP
H95Y*- founders (identified by the letter “x”) were backcrossed with homozygous PrP null animals (Mo founders’PrP")
to obtain mice knock-out for the wild-type (wt) murine allele (MoPrP-- MoPrP H95Y*", identified by the letter “k”). The
absence of the endogenous wt murine PrP ORF in the transgenic mice thus generated was confirmed by PCR amplifica-
tion using the primers 5-TAGATGTCAAGGACCTTCAGCC-3 and 5-GTTCCACTGATTATGGGTACC-3'.

To determine PrP¢ expression levels in the new generated mouse lines, whole brains were homogenized in extraction
buffer (0.5% NP-40, 1% sodium deoxycholate, 10mM EDTA in phosphate-buffered saline (PBS), pH 7.4, with Complete
protease inhibitor cocktail (Roche). Samples were precleared by centrifugation at 2,000 x g for 5min, after which an
equal volume of 2X SDS reducing sample loading buffer was added to all samples, and each one was boiled for 5min
before being loaded onto an SDS-12% polyacrylamide gel. For immunoblotting experiments, the monoclonal antibody
(MAb) 12B2 [14] was used at a concentration of 1 ug/mL. 12B2 recognizes the 88WGQGG92 epitope of the mouse PrP
sequence. Immunocomplexes were detected using horseradish peroxidase-conjugated anti-mouse IgG. Immunoblots
were developed with enhanced chemiluminescence.

Finally, a further characterization of the spontaneous disease developed by the transgenic mice was done. Neurological
status was assessed twice a week and the appearance of clinical signs were carefully recorded. Mean survival times and
attack rates were calculated.

Cell culture

N2a and ScN2a cell lines were cultured in Opti-MEM (GIBCO) media supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin, and incubated at 37°C, 5% CO,,. Transfections with RML strain were performed using
Effectene Transfection Reagent (Qiagen) according to the manufacturer’s guidelines. For stable transfections, 48 hours
after transfection cells were split into fresh medium containing 1mg/mL Geneticin (Invitrogen). The selective medium was
changed every 3—4 days until Geneticin-resistant foci could be identified. After that, the stable cell lines were maintained
in medium containing 400 ug/mL Geneticin.

Analysis of proteinase K-resistant PrP (PrP™) by western blot (WB) in cell lysates

The protocol used is extensively reported in Giachin et al. (2015) [12], and precisely followed as already proved to be
effective in our laboratory.

Biochemical assays

For glycosidase assay, 9 uL cell lysate or brain homogenates (1-20 pg protein) were denatured with 1 X glycoprotein
denaturing buffer (0.5% sodium dodecylsulfate (SDS), 1% pB-mercaptoethanol) at 95°C for 5 minutes. After that, samples
were chilled on ice and centrifuged 10 seconds before incubation with 1500 U of Endo-H or PNGase-F in 1 X G5 or G7
reaction buffer, 1% NP-40 at 37°C overnight with vigorous shaking. The reaction was stopped by freezing at -20°C.

For detergent insolubility assay, postnuclear supernatants were prepared from cell lysate or brain homogenates by
centrifugation for 5min at 900 x g. Postnuclear supernatants containing 50 ug of total protein were adjusted to a final
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volume of 0.5mL in lysis buffer containing Complete Protease Inhibitors (Roche). Samples were incubated on ice for

20 min before being centrifuged at 100,000 x g, 1 hour, 4°C. The supernatant was recovered and the pellet resuspended
in an equal volume of 5% (w/vol) Sarkosyl buffered with 10mM Tris, pH 8.0. Samples were then methanol precipitated for
further analyses by Western blot (WB).

Histological analysis

Brains were fixed in Carnoy solution [15], then dehydrated in graded ethanol solutions, cleared in xylene, and embed-
ded in paraffin. Seven-micrometer sagittal sections were obtained by using a sliding microtome and mounted on
polylysine-coated slides. Dewaxed sections were stained with hematoxylin-eosin (H&E). Spongiform profiles were deter-
mined on H&E-stained sections, by scoring the vacuolar changes in nine standard gray matter areas as described [16].

Analysis of proteinase K-resistant PrP (PrP™s) by western blot (WB) in brain tissue

A total of 175mg of brain tissue was homogenized in 5% glucose in distilled water in grinding tubes (Bio-Rad) and
adjusted to 10% (w/vol) by using a TeSeE Precess 48 homogenizer (Bio-Rad) following the manufacturer’s instructions.
To determine the presence of PrP™s in transgenic mouse brains, 100 pL of 10% brain homogenate were analyzed by WB
as previously described [4]. Briefly, 100 pL of a 10% (w/v) brain homogenate were diluted in a 10% (w/v) negative sheep
brain homogenate, to obtain a 200 L final volume. Homogenates were incubated for 10 min at 60°C with 200 uL of an
80 pg/mL proteinase K (PK, Roche) solution. PrP™s was recovered as a pellet after addition of 200 uL of buthanol and a
centrifugation at 15,000 x g for 7min at 20°C. Supernatants were discarded and pellets were dried inverted over absor-
bent paper for 5min. Pellets were solubilised in Laemmli buffer and samples were incubated for 5min at room tempera-
ture, and heated at 100°C for 5min. Samples were centrifuged at 20,000 x g for 15min at 20°C and supernatants were
recovered and loaded on a 12% Bis-Tris Gel (Criterion XT, BioRad or NuPage, Invitrogen). Proteins were electrophoreti-
cally transferred onto PVDF or nitrocellulose membranes (Millipore). Membranes were blocked O/N with 2% BSA (Sigma)
blocking buffer. For immunoblotting, membranes were incubated with the 12B2 [17] which recognizes the 88WGQGG972
epitope of the mouse PrP sequence.

Immunocomplexes were detected with horseradish peroxidase-conjugated anti-mouse IgG (Amersham Pharmacia
Biotech) after incubating the membranes for 1 hour, and immunoreactivity was visualized by chemiluminescence with ECL
Plus (GE Healthcare Amersham Biosciences). Images were captured using ChemiDoc XRS+System and Image Lab 5.2.1
Software was used for images processing and densitometry analysis. Values were normalised against B-actin levels.

PrPres deglycosylation was performed after PK treatment by using a peptide-N-glycosidase (PNGaseF+) F kit (New
England Biolabs) according to the manufacturer’s instructions.

Solubility assay

The analysis of the insoluble fraction of the PrP from transgenic mice was performed by differential centrifugation follow-
ing the protocol established by Pririsinu and colleagues [18]. As a modification of the published protocol, the 10% brain
homogenates from transgenic mice were solubilized in 100mM TrisHCI, pH 7.4 (to a 6% brain homogenate) and separa-
tion of PrPsc and PrP° was based on a centrifuge in the presence of 5% sarcosyl.

Transmission studies

To characterize the transmissibility of the spontaneous disease developed in the MoPrP H95Y transgenic mice, k907,
Tga20 and FVB WT mice were intracranially challenged with x905, k905 and x907 inocula (see Table 5). Tga20 and FVB
WT mice were also challenged with FVB WT brains inoculated with K905 inoculum (second passage). Inocula were pre-
pared from diseased brain tissues as 10% (w/vol) homogenates in 5% glucose.
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Groups of 6-9 individual identified animals (6—7 weeks old) were anesthetized and inoculated intracerebrally with 20 yL
of 10% brain homogenate in the right parietal lobe, using a 25-gauge disposable hypodermic needle. As a negative con-
trol, groups of animals from each line were left un-inoculated. Mice were observed daily and their neurological status was
assessed twice a week. When the progression of the disease was evident, or at the end of their life span (>600 days),
mice were euthanized for ethical reasons. During necropsy, the brain was harvested at -20°C for determination of the
presence of PrP™s by WB. Survival time was expressed as the mean number of survival days postinoculation (dpi) for all
the PrPres-positive mice, with the standard error included. Attack rate was determined as the proportion of PrP™s-positive
mice among all the inoculated mice.

Immunohistochemistry

Seven-pm thick serial sections were immunostained with monoclonal antibodies to PrP (see Table 3 for details) and poly-
clonal antibodies to astrocyte activation (GFAP, 1:2000; Dako). Before PrP immunostaining, the sections were sequen-
tially treated with different concentrations of proteinase K (20 ug/mL, 10 pg/mL; 7,5 yg/mL; 5 ug/mL; 2,5 pg/mL for 5min
at room temperature) and guanidine isothiocyanate (3M, 20 min), and non-specific binding was prevented using ARK kit
(Dako). Immunoreactions were visualized using 3-3'-diaminobenzidine (DAB, Dako) as a chromogen.

Statistical analysis

Data were expressed as mean plus standard error of mean (SEM; sdvn). Data were compared by 2-tailed t-tests and
considered significantly different when P <0.05. Degree of significance was expressed as follows: P<0.05%; P<0.01%%;
P <0.001*** unless otherwise specified.

Results
The non-OR MoPrP H95Y mutation promotes prion conversion

Expression of exogenous PrP in a prion-infected mouse neuroblastoma (ScN2a) cell line results in its conversion to
proteinase-K resistant PrP (PrPr), a useful tool to study prion conversion. In this study, we engineered the MoPrP con-
structs to include the human-specific 3F4 epitope (Met substitutions at residues 108 and 111), known not to interfere with
the conversion process (S1 Fig) and to allow the discrimination of exogenous MoPrP from endogenous MoPrP [22,26,27].
To investigate the role of copper binding sites of prion protein, we previously created MoPrP mutants in which single
histidine residues along the entire N-terminal domain (Fig 1A) were replaced by tyrosine (denoted as H60Y, H68Y, H76Y,
H84Y and HI95Y mutations).

Table 3. List of anti-PrP antibodies used in the this study.

Clone PrP epitope Reference

EB8 26-34 Kosmac et al., 2011 [19]
W226 145-153 Petsch et al., 2011 [20]
Saf84 166-172 Perrier et al., 2004 [21]
12B2 89-93 Langeveld et al., 2006 [14]
3F4 109-112 Kascsak et al., 1987 [22]
Sha31 144-151 Féraudet et al., 2005 [23]
Saf32 octarepeat Féraudet et al., 2005 [23]
Saf-61 142-160 Demart et al., 1999 [24]
6H4 144-152 Krejciova et al., 2017 [25]

https://doi.org/10.1371/journal.ppat.1013554.t003
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Fig 1. A) Schematic representation of PrP and the histidine residues involved in this study. The N-terminal domain contains four octapeptide
repeats and one non-octarepeat site, each characterized by high affinity for copper ions (Cu 2+). The histidine residues involved in copper coordination
are shown as pentagons. The globular domain contains three a-helixes and three short 3-strands. The disulphide bond and the two glycosylation sites
are shown at the C-terminal domain. GPI represents the glycosylphosphatidylinositol anchor; B) Immunoblot showing the expression of either WT, H60Y,
H68Y, H76Y, H84Y or HI5Y tagged with a 3F4 epitope in stably transfected N2A cells, and detected using an anti-3F4 antibody C) PrPSc level compari-
son in each individual mutant. Tyrosine in exchange of histidine does not change the overall PrP expression level in both octarepeat and non-octarepeat
regions, but only the non-OR mutant resulted in higher PrPSc levels compared to both wt PrP and OR mutants. Experiments were replicated three times.

https://doi.org/10.137 1/journal.ppat.1013554.9001

The substitutions of histidine by tyrosine in MoPrP constructs were not toxic to cells (S2 Fig) and did not affect
PrP expression with all constructs sharing a similar PrP expression level (Fig 1B, upper panel). Meanwhile, the PK-
resistant profiles displayed interesting results. When histidine in OR was replaced by tyrosine, it had no significant
effect to prion conversion, and all OR mutants (H60Y, H68Y, H76Y, H84Y) displayed the same PK-resistant PrPsc lev-
els as wt PrP. Conversely, the non-OR mutant (H95Y) yielded a significantly higher PrPsc, around 3 times more than
the others (Fig 1B, lower panel; 1C), providing evidence for the role of this mutation in prion replication, as previously
reported [12].
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Next, we wondered whether the large increment in PrP™s in MoPrP H95Y expressed in ScN2a cells was due to aspe-
cific change in that amino acid or might underline a biochemical change in PrP. In other words, we wanted to assess if the
increase in PrP™s was due to the lack of H95 or to the introduction of the tyrosine residue. We therefore changed H95 with
every single amino acid and estimated the change in PrPres.

In order to further investigate the potential role of the fifth copper-binding site in prion conversion, we created the amino
acid scanning at H95, in which all possible amino acid substitutions were introduced. Then, the influence of this substitu-
tion on the conversion efficiency was evaluated based on PK-digestion assay in ScN2a cells.

WB analysis of ScN2a cells transfected with H95X mutants revealed the following results (Fig 2). The expression
levels of H95X mutants were equal to those of wt PrP, but the PK-resistant level showed large variation. When H95 was
replaced by a neutral or small amino acid (A, G, C, S, T, N, Q, P), the PrP™s level was equal to wt PrP. In case of hydro-
phobic amino acids (F, Y, L, M, V, W, I), the prion conversion was largely enhanced. A high level of PrP™s was found in
ScN2a cell expressing these mutants, and in some specific cases, such as F, V, |, the PrPs level was 2—3 times more
than wt PrP. Meanwhile, only a small amount of PrP™s was detected in the mutants with charged amino acid residues at
H95, suggesting that prion replication may be inhibited in these mutants. These data showed the hydrophobicity of amino
acid at H95 might have an impact on PrP®-PrPsc conversion. They also revealed the fifth copper-binding site (that is H95)
as a “hot spot” for prion conversion, because by changing the amino acid at this position, the prion conversion process
could be promoted or inhibited [28].

Generation and characterization of transgenic mice

The above mentioned results in cell lines encouraged us to generate transgenic mice expressing the H95Y mutation in
the mouse Prnp gene. Three lines (founders) of MoPrP H95Y*- transgenic mice carrying the endogenous wt murine Prnp
gene (MoPrP** MoPrP H95Y*") were generated and named MoPrP"%Y-x902, MoPrP"%Y-x905 and MoPrP"%Y-x907 (from
now just x902, x905 and x907 respectively). All lines were selected to be crossed with Prnp null mice (MoPrP*) to elim-
inate the endogenous wt murine Prnp gene and generate transgene-hemizygous lines (MoPrP” Mo PrPH95Y*") which

: Amino acid ;
¢ with polar uncharged side chains
and special case :

Amino acid Amino acid
with electrically  : with hydrophobic side chains
charged side
chains

300

200

PrPse level (%)
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Fig 2. Effects of amino acid substitutions at His95 on prion conversion. Hydrophobic residues specifically enhance the conversion of the prion
protein into a proteinase K (PK) resistant form, while amino acids with electrically charged side chains seem to have the opposite effect. This confirms
His95 as a “hot spot” for prion conversion. Experiments were replicated three times.

https://doi.org/10.1371/journal.ppat.1013554.9002
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were named as MoPrP"%v-k902, MoPrP"%%Y-k905 and MoPrP"%Y-k907 (from now just k902, k905 and k907, respectively).
Absence of the murine wt Prnp gene was determined using specific primers via PCR. Transgene expression levels on
these last generated mouse lines were then determined in brain homogenates by serial dilution and densitometry and
compared with PrP¢ levels found in wt FVVB mice brain homogenates. Transgene expression levels for the three different
lines in 1-month-old mice were found to be = 1x for k902, = 0.5-1x for k907 and =2-4x for k905 respectively (Fig 3B). All
lines showed an electrophoretic signature similar to that of the PrP¢ present in wt FVB mice brain (Fig 3A).

Spontaneous neurologic disease in transgenic mice expressing mutant MoPrP H95Y

A spontaneous neurologic disease was developed by the six different transgenic lines bearing the mutant MoPrP HI5Y:
(1) x902, (2) k902, (3) x907, (4) k907, (5) x905, and (6) k905 (Table 4). A complete monitoring of clinical signs of the
founders and their descendants was carried out and mean survival times and attack rates were calculated on each case.
Despite being both heterozygous with similar expression levels of PrP-WT and PrP-H95Y, Tg lines x902 and x907 (as well
as k902 and k907) were analyzed as separate groups since they come from different founders. This allowed us to rule out
that the effects eventually observed in these animals are due to genes affected by the integration site of the transgene.

k902 k907 k905 FVBWT KO
NEAT NEAT 172 14 NEAT 12 174 18 NEAT 12 14 NEAT
-46
- - ’
-34
— pr— B-actin

Relative unit
N

: - [

K902 K907 K905 FVBWT

Fig 3. PrPC¢ expression levels of MoPrP H95Y in the different transgenic mice. A. Limit dilutions of brain homogenates of the mouse lines newly
generated and wt FVB mice were subjected to WB in order to establish a comparison between the PrP° expression levels among the different animals.
k902 and k907 mouse lines expressed approximately the same level of wt FVB mice (1x for k902 and 0.5-1x for k907) whereas k905 expressed twice or
four times as much endogenous wt PrP levels (2-4x). Molecular weight markers in kilodaltons (kDa) are provided. B-actin was used as a loading control.
Immunoblot revealed with 12B2 Mab. B. Quantification of brain PrP°¢ levels normalized against B-actin. Four representative independent experiments
were conducted and plotted in the diagram that displays the mean densitometric values. PrP¢ levels in FVB WT brains were used as reference (1 rela-
tive unit). Error bars indicate the standard deviation.

https://doi.org/10.1371/journal.ppat.1013554.9003
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Table 4. Spontaneous neurologic disease in transgenic mice expressing MoPrP H95Y.

Transgenic line MoPrP H95Y Endogenous wt-PrP¢ Onset of clinical signs, Mean survival
expression level® expression level? days * SD" (attack rate)° time + SD" (attack rate)°

x902 1x 1x 320 (1/6) 346¢, >600 (1/6)

k902 1x 0x 400 (1/6) 4207, >600 (1/6)

x907 0.5-1x 1x 39060 (2/8) 4439 467¢,>600 (2/8)

k907 0.5-1x 0x 400 (1/6) 450¢,>600 (1/6)

x905 2-4x 1x 97 +15 (9/9) 108+19 (9/9)

k905 2-4x 0x 88+10 (9/9) 10014 (9/9)

20One-month age animals compared to FVB wt mice brain.
bStandard deviation.

°Proportion of PrP's-positive mice among all the mice inoculated.
4Age of death of PrPrs-positive animals.

https://doi.org/10.1371/journal.ppat.1013554.t004

The development of the disease and the onset of clinical signs and survival times were strongly dependent on the
expression level of mutant MoPrP H95Y. Transgenic lines x902, k902, x907 and k907 expressing reduced levels of the
mutant protein displayed low attack rates (1 or 2 PrP™s positive animals out of 6 or 7 total animals) with long survival
from 346 to 467 days of age and late onset of clinical signs: 320 days for x902 line, 400 days for k902 line, 390 +60 days
for line x907 and 400 days for k907. Whereas transgenic lines x905 and k905, which express double/quadruple levels
of the mutant protein than the other transgenic lines, displayed a disease fully penetrating and with a fast development:
100% attack rates with early onset of the clinical signs (97 +15 and 88+ 10 days for x905 and k905 respectively) and an
extremely reduced lifespan of 108 £ 19 and 100 + 14 days of age for X905 and k905 lines, respectively. It is important to
note that the time to death once the clinical signs appeared was extremely short, around 10 days.

Clinical signs generally involved motor impairment in combination with pronounced ataxia. Other observed signs were
rough coat, prominent hunch and wobbling gait. At the end stage of the disease, paralysis in the back limbs was usually
observed. No signs of hyperactivity or lethargy were detected in any of the lines.

Brain PrPs associated to the spontaneous neurologic disease in transgenic mice expressing mutant MoPrP
H95Y

All mice were sacrificed due to ethical reasons in the presence of clinical signs or at the end of their lifespan and their
brain was analyzed for the presence of PrPs. The signature PrP's present in the brains of diseased animals was similar
to the one of Nor98 atypical scrapie with a band of =17-18kDa and a main band of =7-8 kDa [29] and identical between
the different mouse lines expressing the mutated MoPrP H95Y (Fig 4A and 4B). Mainly, brain PrP's in these mice was
characterized by two small PK-resistant fragments, one of approximately 17 kDa and a smaller one below 7 kDa.
Deglycosylation of the k905 PrPs with PNGase F showed these two bands as well as an upper band above 21kDa
(Fig 4C). The glycotype of MoPrP H95Y PrPres was detected both by 12B2 and Sha31 Mab without major differences
between these antibodies. Therefore, an epitope mapping with more N-terminal and C-terminal PK cleavage site antibod-
ies was performed (Fig 4B). Interestingly, the characteristic PrP™s fragments of the MoPrP H95Y were recognized with
Saf32, whose epitope is within the octarepeat region. This antibody did not recognize the atypical scrapie Nor98 PrP™s, a
result in line with other previous studies that discussed an interference due to the G92 insertion [30]. The C-terminal anti-
body Saf84 did not detect any of the PrP™s fragments. Based on these epitope observations, a predicted molecular mass
of 7.69-8.5kDa was estimated using ExPASy software (Fig 4D). The predicted fragment is compatible with the small PrPres
below 7kDa detected by WB. Considering that all antibodies tested showed the same recognition pattern and the degly-
cosylation experiments, the = 17kDa band could consist of a dimer of the lower fragment (as hypothesized for atypical
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Fig 4. Characterization of the brain PrP™ present in the different mouse lines generated in this study. A. WB showing the biochemical signature
of the PrPrs accumulated in the brains of the different wt mice (negative control, first lane on the left: wt FVB mice uninoculated; positive control, second
lane on the left: atypical scrapie sample Nor98; and MoPrP H95Y mouse lines (as listed) as revealed with the Mab 12B2. All the animals exhibited a
similar atypical PrP™s. Molecular weights in kDa are shown on the right of the panel. Onset of disease is described in Table 4. B. Epitope mapping of the
brain PrPrs from k905 mice probed with Saf32, 12B2 and Saf84. As positive control a classical scrapie prion (C+ Sc) and an atypical scrapie Nor98 (C+
Atyp Sc) are included. Molecular weights in kDa are shown on both sides of the panel. C. Degycosylation of the PrP's of k905 mice. The two characteris-
tic small fragments of 17kDa and below 7kDa are detected after deglycosylation, as well as an upper band above 21kDa. As positive control, a classical
scrapie prion (C+Sc) and an atypical scrapie Nor98 (C+ Atyp Sc) are included. Deglycosylation treatment with PNGaseF is marked as +PNGaseF.
Molecular weights in kDa are shown on the right of the panel. D. Predicted molecular mass in kDa of the PrP's from MoPrP H95Y mice based on the epi-
tope mapping detection using ExPASy software. Amino acid numbers refer to mouse sequence and the mutation of the H to Y in position 95 is marked in
red. Epitopes of the antibodies used for characterization are highlighted in colors: orange for Saf32, blue for 12B2 and green for Sha31.

https://doi.org/10.1371/journal.ppat.1013554.9004

scrapie Nor98 [31]). Additionally, the kinetics of PrPSc resistance to PK (S3 Fig) showed a sensitivity of the brain PrPres
from MoPrP H95Y similar to atypical scrapie Nor98 prion.

The stability of PrP¢ levels and the progressive accumulation of PrPrs during the whole life were then studied in the
k905 transgenic line (Fig 5). In this transgenic mouse line, PrP¢ levels seem to be stable in time beyond 30 days of age
(Fig 5A). After 30 days, an insoluble PrPsc was detected, and after 60 days, the accumulation of this form increased and
became stable (Fig 5B). However, brain PrP™s was only detectable in animals after 60 days of age, approximately 20 days
before the onset of clinical signs and 30 days before the animals’ death (Fig 5C).

Transmission of neurodegenerative disease from transgenic mice overexpressing MoPrP H95Y to other mice

To test the potential infectivity of diseased MoPrP H95Y transgenic mice, inocula were prepared from PrPs positive
brains of x905, k905 and x907 individual (see Table 5 for further details). k907, Tga20 and FVB mice were intracra-
nially challenged with these inocula. The k907 transgenic mouse line was chosen due to its low rate of development
of the spontaneous disease. Moreover, only K907, and not k902, was selected for inoculation because no differences
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Fig 5. Study of the stability of PrP¢ expression levels, insoluble PrPsc and PrPs accumulation in k905 transgenic line. A. Inmunoblotting
revealed with the Mab 12B2 of the stability of PrP¢ expression levels into k905 animals of different ages. PrPC level was stable beyond 30 days of age.
B. Immunoblotting revealed with Mab Sha31 of insoluble PrPSc accumulation in k905 mice of different ages. Beyond 30 days of age the insoluble PrPse
was detected. After 60 days, the amount of insoluble PrPs¢ increased and became stable (non-linear progression). C. Immunoblotting as revealed with
the Mab 12B2 of PrP™s accumulation into k905 animals of different ages. Brain PrP™s was detected only after 60 days of age, therefore, increasing over
time with a non-linear progression. Molecular weight markers in kDa are provided on the right hand-side of the figure. The amount of loaded sample
measured in mg of brain equivalent is indicated in the right side of the blot (mg tissue eq).

https://doi.org/10.1371/journal.ppat.1013554.9005

were found between the two lines that would justify the duplication of the experiments and the use of a high number
of animals.

The Tga20 transgenic line was chosen because of its high expression levels of wt mouse PrP.

Transmission of x905, k905 and x907 inocula was achieved with 100% attack rates and short incubation times in the
groups of animals from k907 and TgaZ20 lines, proving the transmissibility of the spontaneous disease associated to
H95Y mutation (Table 5). The survival times were different between k907 and TgaZ20 inoculated animals, being shorter
in the Tga20 transgenic line possibly due to its higher expression levels of mouse PrP (Table 5 and Fig 6A). There was
neither brain-PrPs nor disease detection upon transmission to the FVB mice on the first and second passage. However,
the transmission of a pool of brains from FVB mice inoculated with x905 inoculum to the Tga20 mice was achieved with
a 100% attack rate and low incubation times. The results in k907 can be interpreted simply as a case of seeding that
accelerated the proper spontaneous disease in k907 animals. However, the low attack rate of the spontaneous disease on
these mice and its long incubation times are clearly opposite to the 100% attack rate and short incubation times observed
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Table 5. Transmission analysis of brain homogenate from spontaneously diseased mouse lines.

Inoculum Mean survival time + SD? (attack rate)®

Mouse line

k907 Tga20 FVB (wt mice)
x905°¢ 224 +51 (71/7) 17318 (5/5) >600 (0/5)
k905¢° 244 +28 (6/6) 144 +11 (4/4) >600 (0/8)
x907°¢ 299+61 (7/7) 178+10 (6/6) >600 (0/5)
x905/FVB¢ NDe 192+ 14 (6/6) >600 (0/5)
None 4507,>600 (1/6) >600 (0/6) >600 (0/6)

aStandard deviation.

®Proportion of PrP™s-positive mice among all the inoculated mice.

°Pool of several brains from animals affected by the spontaneous pathology.
4Pool of several brains from FVB mice inoculated with x905 inoculum.

*Not done.

fAge of death of the PrP™s-positive animal.

https://doi.org/10.1371/journal.ppat.1013554.t005

in k907 injected animals. Thus, the result suggests that inoculated k907 died because of the transmission of the prion
disease and not due to prion seeding.

From a biochemical point of view, regardless of the inoculum, the PrP's signature in the k907 and TgaZ20 inoculated
animals is the same of the one of the original inoculum, an atypical PrP's characterized by two small PK-resistant frag-
ments, one of approximately 17 kDa and other smaller below 7 kDa (Fig 6B).

Neuropathological alterations in transgenic mice expressing mutant MoPrP H95Y

The histological examination of mice showed no spongiform changes in uninjected k907 and Tga20 mice. Moderate
spongiosis, primarily localized in the hippocampus and frontal cortex, was observed in K907 mice inoculated with all brain
homogenates (Fig 7A). Slightly more pronounced alterations were observed in the brains of Tga20 animals challenged
with the same inocula. Again, the hippocampus and frontal cortex were the most affected regions (Fig 7).

The atypical PrP™s observed in WB showed greater sensitivity to PK compared to the traditional prions. Thus, for the
immunohistochemical analyses, the samples were treated with a lower concentration of PK (5ug/mL), and this allowed us
to observe a PK-resistant signal in the subiculum of all k907-inoculated mice but not in the same uninoculated animals
(Fig 8). Unfortunately, the low concentration of PK used was insufficient to digest all the PrP°¢ present in Tga20 mice, thus
hampering the possibility to identify the atypical prion in the brain of these mice. In contrast to Saf-61 and 6H4, only the
EB8 antibody, which recognizes the N-terminal region, allowed for PrPs detection (S4 Fig). Except for the subiculum, we
did not detect PrP™s deposition in any other region of the brain. This may be attributed to the fact that several portions of
the atypical PrPs generated in these animals may have been lost after PK digestion. The use of a higher concentration of
PK hindered the possibility to detect PrP™s signal in the subiculum of k907 mice, while the use of lower concentrations did
not adequately digest the PrP¢ in both animal groups.

In spite of the difficulties in detecting PrP™s in the brains of these animals, GFAP activation was observed in all injected
mice primarily affecting the hippocampus, frontal cortex and thalamus.

Interestingly, the activation was more severe in the brain of Tga20 challenged mice (Fig 9).

Discussion

In this study, we identified an amino acid substitution of a single residue in the prion protein that is able to promote spon-
taneous prion disease in mice. This mutation alters the propensity of the protein to coordinate copper ions in a region in
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Fig 6. Transmission of spontaneous disease to k907 mouse line and Tga20 transgenic mice expressing wt MoPrP. A. Survival curves for the
different mouse lines. The incubation times were shorter in the Tga20 line possibly due to its higher expression of MoPrP. B. Immunoblotting as revealed
with the Mab 12B2 showing that the PrP"s signature of the original inoculum is maintained after passage into both k907 and Tga20 mouse lines. Atypical
scrapie Nor98 was included as positive control, second lane on the right (C+ Atyp Sc) and wt FVB mice uninoculated as negative control, first lane on
the right (C- FVB wt). Molecular weight markers in kDa are provided.

https://doi.org/10.1371/journal.ppat.1013554.9006

the N-terminal, denoted as the non-OR copper binding site. The prion protein has been known for a long time as a poly-
peptide able to bind copper ions [32,33]. Many studies have addressed the role of copper in the folding and misfolding of
the prion protein [5]. The copper coordination architecture in the N-terminal domain of the prion protein has been resolved
and many sequential modes of binding have been proposed [34,35]. These studies were paralleled with those aiming
at defining physiological roles for copper coordination in the prion protein. Copper coordination seems to modulate its
several physiological functions: from neuritogenesis [36,37] to N-Methyl-d-aspartate (NMDA) receptors regulation [38]. On
the other hand, the role of copper coordination in prion formation has been quite controversial: whether copper presence
or the lack of it in the prion protein is important for its infectivity remains to be established [7,39]. Nevertheless, strong
evidence for prion formation in modulating NMDA receptors has been recently provided [40,41]. Indeed, prion conversion
and accumulation act through copper modulation of S-nitrosylation of NMDA receptors [38,40].

Following early work on copper coordination and structure, we were motivated to explore the conformation of the
prion protein in its functions and in the presence of point mutations [11]. We noticed that pathological mutations present
in the C-terminus, like most mutations in the prion protein, affected copper coordination in the non-OR and in position
H95 [9,12,42]. We therefore decided to modify copper coordination in the various residues of the N-terminus of the prion
protein to verify whether this change would affect prion formation or infectivity. Earlier work has indicated that changes of
the histidine residues may affect the propensity of replicated prions. In fact, a mutagenesis study in which each histidine at
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Fig 7. Neuropathological characteristics of MoPrP H95Y mouse lines. A. Representative Hematoxylin and Eosin images of the hippocampus. Scale
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the N-terminus was substituted by glycine residues evaluated the susceptibility to prion inoculation in transgenic mice. The
substitution of all histidines at the OR region did prolong the incubation time upon inoculation with prions, a substitution at
position H95 accelerated the disease [10].

While these observations support a potential role of copper in modulating prion conversion, our data may also point
to a copper-independent mechanism driven by changes in the folding environment of the cellular prion protein. In
fact, histidine 95 is located adjacent to a conserved hydrophobic palindromic domain, shown implicated in the early
stages of PrP¢ misfolding [43]. Because of the close proximity, the histidine residue substitution might directly affect
the structural environment of the hydrophobic domain. As demonstrated, indeed, hydrophobic replacements, such as
tyrosine, enhance prion formation, possibly by stabilizing hydrophobic interactions that favor 3-sheet assembly within
the PrPsc conformation; in contrast, substitution with electrically charged residues impairs conversion, probably due to
electrostatic disruption of this local structural disposition (data presented in Fig 2). Notably, transgenic studies have
shown that PrP variants lacking the octarepeat region but maintaining the non-octarepeat segment can still favor prion
propagation, while deletion of the entire N-terminal domain up to residue 121 completely abolishes prion conversion
[44]. These findings point toward an important contribution of the non-OR domain, not only in coordinating metal ions,
but also in supporting the folding configurations and the interactions between residues necessary for PrP¢ to convert
into its misfolded isoform.
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expression of the protein. Scale bar: 40 ym.
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Finally, we should consider another mechanism that has been recently proposed. Not only the histidines at N-terminus
may contribute to the correct folding of PrP but also the histidines present at the C-terminus. Whether or not the folding of
the N-terminus back to the C-terminus has a role, mutation in the residues involved in copper coordination may affect the
‘close’ conformation to advantage the ‘open’ one [45].

In our work, we have defined that H95 is the most important residue present in the N-terminus involved in copper coor-
dination. Changes of H95 with any other residue modulate/modify the propensity of the protein in becoming infectious.
We decided to study the H95Y mutation since Y occupies a similar geometrical space as H. There is a single reference
on a human pathological mutation leading to prion disease, reported in an individual carrying the homologous H96Y [46].
Unfortunately, no additional information is available besides the genetic screening and the post-portem confirmation that,
indeed, it was a prion disease [46]. We have previously analyzed the role of H95 in prion formation in cultured cells [12]. In
this report, we recapitulate our studies on H95Y in cells. We show that each substitution of the histidine residues present
at the OR region at N-terminal moiety did not affect prion formation, while we show biological evidence for the role of H95
in prion formation. In particular, H95Y enhances the accumulation of prions in cell cultures.

We therefore decided to create transgenic mice bearing the PrP mutation HI5Y.
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Fig 9. GFAP activation in the brain of k907 and Tga20 mice. All of the injected animals showed a marked astroglial activation. Scale bar: 40 ym.
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In this work, by establishing a series of transgenic mouse models, we describe that indeed H95Y leads to spontaneous
prion disease in transgenic mice. There are several features that are unique about these models.

First, the glycotype biochemical pattern of PK-resistant PrP. The biochemical characterization of PrP™s resembles the
one of Nor98, a sheep sporadic disorder [29]. As for Nor98, HI5Y possesses a unique PK-digestion pattern. The glyco-
type is different from other known prion strains and as such it may indicate that the prion conformation is dissimilar from
classical prion strains patterning. Second, the spontaneously generated prion is transmissible. The disease is acceler-
ated in recipient mice bearing the same mutation but not in wild-type animals. Several attempts to establishing disease in
wild-type animals failed mostly because of the transmission barrier phenomenon. This is quite common in prion disease
research since the age of wild-type mouse models may not sustain longer incubation times that the actual age of the
animals. In this study, the transmission barrier was overcome by over-expression of the wild-type prion protein molecule
in transgenic mice (Tga20 mice). Third, the neuropathology of the inoculated animals followed the unicity of this newly
generated prion strain. Indeed, identifying prion deposits through immunohistochemistry proved challenging. When
deposits were detected using low concentrations of PK, they localized to a specific region of the brain. Particularly, the
k907-inoculated animals with various brain homogenates showed spongiform alterations and the presence of an atypical
prion in the subiculum, which was not observed in the brains of the same line of uninoculated animals. The same inocula
were also able to induce more pronounced spongiform alterations in Tga20 mice; however, in these mice we could not
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demonstrate the presence of prions through IHC due to the insufficient concentration of PK used to completely digest the
overexpressed PrP¢ in this mouse line. In both mouse lines (k907 and Tga20) challenged with brain homogenates, we
observed marked astroglial activation, suggesting the presence of ongoing pathological processes likely associated to
atypical prions propagation.

Spontaneous prion disease in transgenic mice has also been described in transgenic mouse models harboring muta-
tions in the non-OR region of the PrP sequence. For example, transgenic mice Tg(A116V) [47] or 117VTg30 [48] with
the A117V mutation in murine and human PrP sequence respectively, the Tg(MoPrP-P101L) [49] and 113LBoPrPTg [50]
carrying the P102L mutation in the murine and bovine PrP or the TgShl112 [51] mice that incorporate the M112l mutation
in the sheep sequence (homologous to the M109I in mouse sequence), all exhibit this phenomenon. Interestingly, these
models also displayed spontaneous disease features similar to Nor98 atypical prions, particularly PrP™s signature and
histopathological analysis. These similarities with the transgenic mice with the H95Y mutation suggest that these models
may follow a common pathological process.

In addition, it is now widely accepted that bank vole PrP is a universal acceptor for prions and indeed the sequence
homology points out at the role of residue 108, methionine in mouse and isoleucine in bank vole. This residue lies within
the non-OR sequence, just before the second histidine that coordinates copper [52].

Therefore, we could hypothesize that the alteration of the non-OR architecture would lead to spontaneous misfolding
via the alteration of the non-OR histidines copper cooperation role.

In conclusion, we describe a novel spontaneous prion disease in mice due to a single substitution of a histidine in posi-
tion 95 to a tyrosine. This mutation, together with previous work from our laboratory, establishes the importance of copper
coordination in the non-OR region of the prion protein as a major determinant for prion conversion and replication.

Supporting information

S1 Fig. The 3F4—epitope tag has no effect on prion conversion. Transiently transfected ScN2a cells with vector
pcDNA-MoPrPWT or pcDNA-MoPrP3F4WT, to confirm that the tag has no effect on prion replication. For non-PK exper-
iment, fifty ug of undigested lysates was applied to each lane, 3-actin was used as internal control. For PK experiment,
five hundred pg of cell lysates was digested with PK (20 pg/mL) at 37°C for 1 hour. PrPs were detected by anti-PrP W226
mADb (A) or 3F4 mAb (B). Molecular weight markers in kilodaltons (kDa) are provided.

(TIF)

S2 Fig. The histidine substitutions in the OR and non-OR regions are not toxic for cell culture. MTT assay per-
formed 72 hours post transfection, showing that expressions of WT3F4 and mutant MoPrP constructs had no toxicity
effect on ScN2a cells.

(TIF)

S3 Fig. Titration of proteinase K digestion of the brain PrP™ from MoPrP H95Y mice. Immunoblotting of brain PrPs
from k905 mice and an atypical scrapie Nor98 control (C+ Atyp Sc) digested with a range of increasing concentration of
PK (from 0 to 120 pg/ml), revealed with 12B2 Mab. Dilution factor of the loaded samples is provided. Molecular weight
markers in kilodaltons (kDa) are included on the left side of the blots.

(TIF)

S$4 Fig. Immunohistochemical analysis of PrP™s using different antibodies. Representative brain sections from trans-
genic mice 195Y and 195H, inoculated and not inoculated, were stained with anti-PrP antibodies: Saf-61 (A) and 6H4 (B).
No PrPrs signal was detected in any of the experimental groups, whereas a clear positive signal was observed in RML-
infected CD1 mice used as positive control.

(TIF)

PLOS Pathogens | https://doi.org/10.137 1/journal.ppat.1013554  October 16, 2025 19/22



http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013554.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013554.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013554.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013554.s004

PLO%- Pathogens

Acknowledments

The authors wish to thank Hoa Tran Than for his key role in the early stages of the project. The authors also wish to thank
Valentino Panico for his technical support in the final stages of revision.

Author contributions
Conceptualization: Juan-Maria Torres, Juan-Carlos Espinosa, Giuseppe Legname.

Formal analysis: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Arianna Ciullini, Chiara
Maria Giulia De Luca, Edoardo Bistaffa, Giuseppe Legname.

Funding acquisition: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Fabio Moda.

Investigation: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Anna Burato, Arianna
Ciullini, Chiara Maria Giulia De Luca, Edoardo Bistaffa, Fabio Moda, Giuseppe Legname.

Methodology: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Anna Burato, Arianna
Ciullini, Chiara Maria Giulia De Luca, Edoardo Bistaffa, Fabio Moda, Giuseppe Legname.

Project administration: Juan-Maria Torres, Giuseppe Legname.
Supervision: Juan-Maria Torres, Fabio Moda, Giuseppe Legname.

Writing — original draft: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Anna Burato,
Fabio Moda, Giuseppe Legname.

Writing — review & editing: Juan-Maria Torres, Alba Marin-Moreno, Juan-Carlos Espinosa, Sara Canoyra, Anna Burato,
Fabio Moda, Giuseppe Legname.

References

1. Prusiner SB. Shattuck lecture--neurodegenerative diseases and prions. N Engl J Med. 2001;344(20):1516-26. https://doi.org/10.1056/
NEJM200105173442006 PMID: 11357156

2. Colby DW, Prusiner SB. Prions. Cold Spring Harb Perspect Biol. 2011;3(1):a006833. https://doi.org/10.1101/cshperspect.a006833 PMID:
21421910

3. ZahnR, LiuA, Lihrs T, Riek R, von Schroetter C, Lépez Garcia F, et al. NMR solution structure of the human prion protein. Proc Natl Acad Sci U S
A. 2000;97(1):145-50. https://doi.org/10.1073/pnas.97.1.145 PMID: 10618385

4. Legname G. Copper coordination modulates prion conversion and infectivity in mammalian prion proteins. Prion. 2023;17(1):1-6. https://doi.org/10.
1080/19336896.2022.2163835 PMID: 36597284

5. Viles JH, Klewpatinond M, Nadal RC. Copper and the structural biology of the prion protein. Biochem Soc Trans. 2008;36(Pt 6):1288-92. https://
doi.org/10.1042/BST0361288 PMID: 19021542

6. Jones CE, Abdelraheim SR, Brown DR, Viles JH. Preferential Cu2+ coordination by His96 and His111 induces beta-sheet formation in the unstruc-
tured amyloidogenic region of the prion protein. J Biol Chem. 2004;279(31):32018-27. https://doi.org/10.1074/jbc.M403467200 PMID: 15145944

7. Sigurdsson EM, Brown DR, Alim MA, Scholtzova H, Carp R, Meeker HC, et al. Copper chelation delays the onset of prion disease. J Biol Chem.
2003;278(47):46199-202. https://doi.org/10.1074/jbc.C300303200 PMID: 14519758

Brown DR. Copper and prion diseases. Biochem Soc Trans. 2002;30:742-5.

9. Salzano G, Brennich M, Mancini G, Tran TH, Legname G, D’Angelo P, et al. Deciphering Copper Coordination in the Mammalian Prion Protein
Amyloidogenic Domain. Biophys J. 2020;118(3):676—-87. https://doi.org/10.1016/j.bpj.2019.12.025 PMID: 31952810

10. Eigenbrod S, Frick P, Bertsch U, Mitteregger-Kretzschmar G, Mielke J, Maringer M, et al. Substitutions of PrP N-terminal histidine residues mod-
ulate scrapie disease pathogenesis and incubation time in transgenic mice. PLoS One. 2017;12(12):e0188989. https://doi.org/10.1371/journal.
pone.0188989 PMID: 29220360

11. Salzano G, Giachin G, Legname G. Structural Consequences of Copper Binding to the Prion Protein. Cells. 2019;8(8):770. https://doi.org/10.3390/
cells8080770 PMID: 31349611

12. Giachin G, Mai PT, Tran TH, Salzano G, Benetti F, Migliorati V, et al. The non-octarepeat copper binding site of the prion protein is a key regulator
of prion conversion. Sci Rep. 2015;5:15253. https://doi.org/10.1038/srep15253 PMID: 26482532

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1013554 October 16, 2025 20/22



https://doi.org/10.1056/NEJM200105173442006
https://doi.org/10.1056/NEJM200105173442006
http://www.ncbi.nlm.nih.gov/pubmed/11357156
https://doi.org/10.1101/cshperspect.a006833
http://www.ncbi.nlm.nih.gov/pubmed/21421910
https://doi.org/10.1073/pnas.97.1.145
http://www.ncbi.nlm.nih.gov/pubmed/10618385
https://doi.org/10.1080/19336896.2022.2163835
https://doi.org/10.1080/19336896.2022.2163835
http://www.ncbi.nlm.nih.gov/pubmed/36597284
https://doi.org/10.1042/BST0361288
https://doi.org/10.1042/BST0361288
http://www.ncbi.nlm.nih.gov/pubmed/19021542
https://doi.org/10.1074/jbc.M403467200
http://www.ncbi.nlm.nih.gov/pubmed/15145944
https://doi.org/10.1074/jbc.C300303200
http://www.ncbi.nlm.nih.gov/pubmed/14519758
https://doi.org/10.1016/j.bpj.2019.12.025
http://www.ncbi.nlm.nih.gov/pubmed/31952810
https://doi.org/10.1371/journal.pone.0188989
https://doi.org/10.1371/journal.pone.0188989
http://www.ncbi.nlm.nih.gov/pubmed/29220360
https://doi.org/10.3390/cells8080770
https://doi.org/10.3390/cells8080770
http://www.ncbi.nlm.nih.gov/pubmed/31349611
https://doi.org/10.1038/srep15253
http://www.ncbi.nlm.nih.gov/pubmed/26482532

PLO%- Pathogens

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Borchelt DR, Davis J, Fischer M, Lee MK, Slunt HH, Ratovitsky T, et al. A vector for expressing foreign genes in the brains and hearts of transgenic
mice. Genet Anal. 1996;13(6):159-63. https://doi.org/10.1016/s1050-3862(96)00167-2 PMID: 9117892

Langeveld JPM, Jacobs JG, Erkens JHF, Bossers A, van Zijderveld FG, van Keulen LUM. Rapid and discriminatory diagnosis of scrapie and BSE
in retro-pharyngeal lymph nodes of sheep. BMC Vet Res. 2006;2:19. https://doi.org/10.1186/1746-6148-2-19 PMID: 16764717

Giaccone G, Canciani B, Puoti G, Rossi G, Goffredo D, lussich S, et al. Creutzfeldt-Jakob disease: Carnoy’s fixative improves the immunohisto-
chemistry of the proteinase K-resistant prion protein. Brain Pathol. 2000;10(1):31-7. https://doi.org/10.1111/.1750-3639.2000.tb00240.x PMID:
10668893

Fraser H, Dickinson AG. The sequential development of the brain lesion of scrapie in three strains of mice. J Comp Pathol. 1968;78(3):301-11.
https://doi.org/10.1016/0021-9975(68)90006-6 PMID: 4970192

Yull HM, Ritchie DL, Langeveld JPM, van Zijderveld FG, Bruce ME, Ironside JW, et al. Detection of type 1 prion protein in variant Creutzfeldt-Jakob
disease. Am J Pathol. 2006;168(1):151-7. https://doi.org/10.2353/ajpath.2006.050766 PMID: 16400018

Pirisinu L, Di Bari M, Marcon S, Vaccari G, D’Agostino C, Fazzi P, et al. A new method for the characterization of strain-specific conformational
stability of protease-sensitive and protease-resistant PrPSc. PLoS One. 2010;5(9):e12723. https://doi.org/10.1371/journal.pone.0012723 PMID:
20856860

Kosmac M, Koren S, Giachin G, Stoilova T, Gennaro R, Legname G, et al. Epitope mapping of a PrP(Sc)-specific monoclonal antibody: identifi-
cation of a novel C-terminally truncated prion fragment. Mol Immunol. 2011;48(5):746-50. https://doi.org/10.1016/j.molimm.2010.11.012 PMID:
21176851

Petsch B, Mdller-Schiffmann A, Lehle A, Zirdum E, Prikulis |, Kuhn F, et al. Biological effects and use of PrPSc- and PrP-specific antibodies
generated by immunization with purified full-length native mouse prions. J Virol. 2011;85(9):4538—-46. https://doi.org/10.1128/JVI1.02467-10 PMID:
21345946

Perrier V, Solassol J, Crozet C, Frobert Y, Mourton-Gilles C, Grassi J, et al. Anti-PrP antibodies block PrPSc replication in prion-infected cell cul-
tures by accelerating PrPC degradation. J Neurochem. 2004;89(2):454—63. https://doi.org/10.1111/j.1471-4159.2004.02356.x PMID: 15056288

Kascsak RJ, Rubenstein R, Merz PA, Tonna-DeMasi M, Fersko R, Carp R, et al. Mouse polyclonal and monoclonal antibody to scrapie-associated
fibril proteins. J Virol. 1987;61(12):3688-93. https://doi.org/10.1128/JVI.61.12.3688-3693.1987 PMID: 2446004

Féraudet C, Morel N, Simon S, Volland H, Frobert Y, Créminon C, et al. Screening of 145 anti-PrP monoclonal antibodies for their capacity to inhibit
PrPSc replication in infected cells. J Biol Chem. 2005;280(12):11247-58. https://doi.org/10.1074/jbc.M407006200 PMID: 15618225

Demart S, Fournier JG, Creminon C, Frobert Y, Lamoury F, Marce D, et al. New insight into abnormal prion protein using monoclonal antibodies.
Biochem Biophys Res Commun. 1999;265(3):652—7. https://doi.org/10.1006/bbrc.1999.1730 PMID: 10600476

Krejciova Z, Alibhai J, Zhao C, Krencik R, Rzechorzek NM, Ullian EM, et al. Human stem cell-derived astrocytes replicate human prions in a PRNP
genotype-dependent manner. J Exp Med. 2017;214(12):3481-95. https://doi.org/10.1084/jem.20161547 PMID: 29141869

Taraboulos A, Serban D, Prusiner SB. Scrapie prion proteins accumulate in the cytoplasm of persistently infected cultured cells. J Cell Biol.
1990;110(6):2117-32. https://doi.org/10.1083/jcb.110.6.2117 PMID: 1693623

Kaneko K, Zulianello L, Scott M, Cooper CM, Wallace AC, James TL, et al. Evidence for protein X binding to a discontinuous epitope on the cellular
prion protein during scrapie prion propagation. Proc Natl Acad Sci U S A. 1997;94(19):10069-74. https://doi.org/10.1073/pnas.94.19.10069 PMID:
9294164

Mai TP, Legname G. Springer International Publishing. n.d. 261-5.

Benestad SL, Sarradin P, Thu B, Schonheit J, Tranulis MA, Bratberg B. Cases of scrapie with unusual features in Norway and designation of a new
type, Nor98. Vet Rec. 2003;153(7):202—8. https://doi.org/10.1136/vr.153.7.202 PMID: 12956297

Pirisinu L, Nonno R, Esposito E, Benestad SL, Gambetti P, Agrimi U, et al. Small ruminant nor98 prions share biochemical features with human
gerstmann-straussler-scheinker disease and variably protease-sensitive prionopathy. PLoS One. 2013;8(6):€66405. https://doi.org/10.1371/journal.
pone.0066405 PMID: 23826096

Gretzschel A, Buschmann A, Langeveld J, Groschup MH. Immunological characterization of abnormal prion protein from atypical scrapie cases in
sheep using a panel of monoclonal antibodies. J Gen Virol. 2006;87(Pt 12):3715-22. https://doi.org/10.1099/vir.0.81816-0 PMID: 17098989

Brown DR, Qin K, Herms JW, Madlung A, Manson J, Strome R, et al. The cellular prion protein binds copper in vivo. Nature. 1997;390(6661):684—
7. https://doi.org/10.1038/37783 PMID: 9414160

Stockel J, Safar J, Wallace AC, Cohen FE, Prusiner SB. Prion protein selectively binds copper(ll) ions. Biochemistry. 1998;37(20):7185-93. https://
doi.org/10.1021/bi972827k PMID: 9585530

Burns CS, Aronoff-Spencer E, Legname G, Prusiner SB, Antholine WE, Gerfen GJ, et al. Copper coordination in the full-length, recombinant prion
protein. Biochemistry. 2003;42(22):6794-803. https://doi.org/10.1021/bi027138+ PMID: 12779334

Millhauser GL. Copper binding in the prion protein. Acc Chem Res. 2004;37(2):79-85. https://doi.org/10.1021/ar0301678 PMID: 14967054

Amin L, Nguyen XTA, Rolle IG, D’Este E, Giachin G, Tran TH, et al. Characterization of prion protein function by focal neurite stimulation. J Cell
Sci. 2016;129(20):3878-91. https://doi.org/10.1242/jcs.183137 PMID: 27591261

Nguyen XTA, Tran TH, Cojoc D, Legname G. Copper Binding Regulates Cellular Prion Protein Function. Mol Neurobiol. 2019;56(9):6121-33.
https://doi.org/10.1007/s12035-019-1510-9 PMID: 30729399

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013554  October 16, 2025 21122



https://doi.org/10.1016/s1050-3862(96)00167-2
http://www.ncbi.nlm.nih.gov/pubmed/9117892
https://doi.org/10.1186/1746-6148-2-19
http://www.ncbi.nlm.nih.gov/pubmed/16764717
https://doi.org/10.1111/j.1750-3639.2000.tb00240.x
http://www.ncbi.nlm.nih.gov/pubmed/10668893
https://doi.org/10.1016/0021-9975(68)90006-6
http://www.ncbi.nlm.nih.gov/pubmed/4970192
https://doi.org/10.2353/ajpath.2006.050766
http://www.ncbi.nlm.nih.gov/pubmed/16400018
https://doi.org/10.1371/journal.pone.0012723
http://www.ncbi.nlm.nih.gov/pubmed/20856860
https://doi.org/10.1016/j.molimm.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21176851
https://doi.org/10.1128/JVI.02467-10
http://www.ncbi.nlm.nih.gov/pubmed/21345946
https://doi.org/10.1111/j.1471-4159.2004.02356.x
http://www.ncbi.nlm.nih.gov/pubmed/15056288
https://doi.org/10.1128/JVI.61.12.3688-3693.1987
http://www.ncbi.nlm.nih.gov/pubmed/2446004
https://doi.org/10.1074/jbc.M407006200
http://www.ncbi.nlm.nih.gov/pubmed/15618225
https://doi.org/10.1006/bbrc.1999.1730
http://www.ncbi.nlm.nih.gov/pubmed/10600476
https://doi.org/10.1084/jem.20161547
http://www.ncbi.nlm.nih.gov/pubmed/29141869
https://doi.org/10.1083/jcb.110.6.2117
http://www.ncbi.nlm.nih.gov/pubmed/1693623
https://doi.org/10.1073/pnas.94.19.10069
http://www.ncbi.nlm.nih.gov/pubmed/9294164
https://doi.org/10.1136/vr.153.7.202
http://www.ncbi.nlm.nih.gov/pubmed/12956297
https://doi.org/10.1371/journal.pone.0066405
https://doi.org/10.1371/journal.pone.0066405
http://www.ncbi.nlm.nih.gov/pubmed/23826096
https://doi.org/10.1099/vir.0.81816-0
http://www.ncbi.nlm.nih.gov/pubmed/17098989
https://doi.org/10.1038/37783
http://www.ncbi.nlm.nih.gov/pubmed/9414160
https://doi.org/10.1021/bi972827k
https://doi.org/10.1021/bi972827k
http://www.ncbi.nlm.nih.gov/pubmed/9585530
https://doi.org/10.1021/bi027138+
http://www.ncbi.nlm.nih.gov/pubmed/12779334
https://doi.org/10.1021/ar0301678
http://www.ncbi.nlm.nih.gov/pubmed/14967054
https://doi.org/10.1242/jcs.183137
http://www.ncbi.nlm.nih.gov/pubmed/27591261
https://doi.org/10.1007/s12035-019-1510-9
http://www.ncbi.nlm.nih.gov/pubmed/30729399

PLO%- Pathogens

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gasperini L, Meneghetti E, Pastore B, Benetti F, Legname G. Prion protein and copper cooperatively protect neurons by modulating NMDA recep-
tor through S-nitrosylation. Antioxid Redox Signal. 2015;22(9):772-84. https://doi.org/10.1089/ars.2014.6032 PMID: 25490055

Orem NR, Geoghegan JC, Deleault NR, Kascsak R, Supattapone S. Copper (ll) ions potently inhibit purified PrPres amplification. J Neurochem.
2006;96(5):1409-15. https://doi.org/10.1111/j.1471-4159.2006.03650.x PMID: 16417569

Meneghetti E, Gasperini L, Virgilio T, Moda F, Tagliavini F, Benetti F, et al. Prions Strongly Reduce NMDA Receptor S-Nitrosylation Levels at
Pre-symptomatic and Terminal Stages of Prion Diseases. Mol Neurobiol. 2019;56(9):6035-45. https://doi.org/10.1007/s12035-019-1505-6 PMID:
30710214

Zattoni M, Garrovo C, Xerxa E, Spigolon G, Fisone G, Kristensson K, et al. NMDA Receptor and L-Type Calcium Channel Modulate Prion Forma-
tion. Cell Mol Neurobiol. 2021;41(1):191-8. https://doi.org/10.1007/s10571-020-00834-1 PMID: 32239389

D’Angelo P, Della Longa S, Arcovito A, Mancini G, Zitolo A, Chillemi G, et al. Effects of the pathological Q212P mutation on human prion protein
non-octarepeat copper-binding site. Biochemistry. 2012;51(31):6068—79. https://doi.org/10.1021/bi300233n PMID: 22788868

Legname G, Baskakov IV, Nguyen H-OB, Riesner D, Cohen FE, DeArmond SJ, et al. Synthetic mammalian prions. Science. 2004;305(5684):673—
6. https://doi.org/10.1126/science.1100195 PMID: 15286374

Shmerling D, Hegyi |, Fischer M, Blattler T, Brandner S, G6tz J, et al. Expression of amino-terminally truncated PrP in the mouse leading to ataxia
and specific cerebellar lesions. Cell. 1998;93(2):203—14. https://doi.org/10.1016/s0092-8674(00)81572-x PMID: 9568713

Schilling KM, Tao L, Wu B, Kiblen JTM, Ubilla-Rodriguez NC, Pushie MJ, et al. Both N-Terminal and C-Terminal Histidine Residues of the Prion
Protein Are Essential for Copper Coordination and Neuroprotective Self-Regulation. J Mol Biol. 2020;432(16):4408-25. https://doi.org/10.1016/].
jmb.2020.05.020 PMID: 32473880

Minikel EV, Vallabh SM, Lek M, Estrada K, Samocha KE, Sathirapongsasuti JF, et al. Quantifying prion disease penetrance using large population
control cohorts. Sci Transl Med. 2016;8(322):322ra9. https://doi.org/10.1126/scitransimed.aad5169 PMID: 26791950

Yang W, Cook J, Rassbach B, Lemus A, DeArmond SJ, Mastrianni JA. A New Transgenic Mouse Model of Gerstmann-Straussler-Scheinker
Syndrome Caused by the A117V Mutation of PRNP. J Neurosci. 2009;29(32):10072-80. https://doi.org/10.1523/JNEUROSCI.2542-09.2009 PMID:
19675240

Asante EA, Linehan JM, Tomlinson A, Jakubcova T, Hamdan S, Grimshaw A, et al. Spontaneous generation of prions and transmissible PrP amy-
loid in a humanised transgenic mouse model of A117V GSS. PLoS Biol. 2020;18(6):€3000725. https://doi.org/10.1371/journal.pbio.3000725 PMID:
32516343

Telling GC, Haga T, Torchia M, Tremblay P, DeArmond SJ, Prusiner SB. Interactions between wild-type and mutant prion proteins modulate neuro-
degeneration in transgenic mice. Genes Dev. 1996;10(14):1736-50. https://doi.org/10.1101/gad.10.14.1736 PMID: 8698234

Torres J-M, Castilla J, Pintado B, Gutiérrez-Adan A, Andréoletti O, Aguilar-Calvo P, et al. Spontaneous generation of infectious prion disease in
transgenic mice. Emerg Infect Dis. 2013;19(12):1938—-47. https://doi.org/10.3201/eid1912.130106 PMID: 24274622

Vidal E, Sanchez-Martin MA, Erafa H, Lazaro SP, Pérez-Castro MA, Otero A, et al. Bona fide atypical scrapie faithfully reproduced for the first time
in a rodent model. Acta Neuropathol Commun. 2022;10(1):179. https://doi.org/10.1186/s40478-022-01477-7 PMID: 36514160

Watts JC, Giles K, Patel S, Oehler A, DeArmond SJ, Prusiner SB. Evidence that bank vole PrP is a universal acceptor for prions. PLoS Pathog.
2014;10(4):e1003990. https://doi.org/10.1371/journal.ppat. 1003990 PMID: 24699458

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013554  October 16, 2025 22122



https://doi.org/10.1089/ars.2014.6032
http://www.ncbi.nlm.nih.gov/pubmed/25490055
https://doi.org/10.1111/j.1471-4159.2006.03650.x
http://www.ncbi.nlm.nih.gov/pubmed/16417569
https://doi.org/10.1007/s12035-019-1505-6
http://www.ncbi.nlm.nih.gov/pubmed/30710214
https://doi.org/10.1007/s10571-020-00834-1
http://www.ncbi.nlm.nih.gov/pubmed/32239389
https://doi.org/10.1021/bi300233n
http://www.ncbi.nlm.nih.gov/pubmed/22788868
https://doi.org/10.1126/science.1100195
http://www.ncbi.nlm.nih.gov/pubmed/15286374
https://doi.org/10.1016/s0092-8674(00)81572-x
http://www.ncbi.nlm.nih.gov/pubmed/9568713
https://doi.org/10.1016/j.jmb.2020.05.020
https://doi.org/10.1016/j.jmb.2020.05.020
http://www.ncbi.nlm.nih.gov/pubmed/32473880
https://doi.org/10.1126/scitranslmed.aad5169
http://www.ncbi.nlm.nih.gov/pubmed/26791950
https://doi.org/10.1523/JNEUROSCI.2542-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19675240
https://doi.org/10.1371/journal.pbio.3000725
http://www.ncbi.nlm.nih.gov/pubmed/32516343
https://doi.org/10.1101/gad.10.14.1736
http://www.ncbi.nlm.nih.gov/pubmed/8698234
https://doi.org/10.3201/eid1912.130106
http://www.ncbi.nlm.nih.gov/pubmed/24274622
https://doi.org/10.1186/s40478-022-01477-7
http://www.ncbi.nlm.nih.gov/pubmed/36514160
https://doi.org/10.1371/journal.ppat.1003990
http://www.ncbi.nlm.nih.gov/pubmed/24699458

