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Abstract

Prion diseases are classically characterized by the accumulation of pathological prion protein (PrPSc) with the protease
resistant C-terminal fragment (PrPres) of 27–30 kDa. However, in both humans and animals, prion diseases with atypical
biochemical features, characterized by PK-resistant PrP internal fragments (PrPres) cleaved at both the N and C termini, have
been described. In this study we performed a detailed comparison of the biochemical features of PrPSc from atypical prion
diseases including human Gerstmann-Sträussler-Scheinker disease (GSS) and variably protease-sensitive prionopathy
(VPSPr) and in small ruminant Nor98 or atypical scrapie. The kinetics of PrPres production and its cleavage sites after PK
digestion were analyzed, along with the PrPSc conformational stability, using a new method able to characterize both
protease-resistant and protease-sensitive PrPSc components. All these PrPSc types shared common and distinctive
biochemical features compared to PrPSc from classical prion diseases such as sporadic Creutzfeldt-Jakob disease and scrapie.
Notwithstanding, distinct biochemical signatures based on PrPres cleavage sites and PrPSc conformational stability were
identified in GSS A117V, GSS F198S, GSS P102L and VPSPr, which allowed their specific identification. Importantly, the
biochemical properties of PrPSc from Nor98 and GSS P102L largely overlapped, but were distinct from the other human
prions investigated. Finally, our study paves the way towards more refined comparative approaches to the characterization
of prions at the animal–human interface.
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Introduction

Transmissible spongiform encephalopathies (TSEs), or prion

diseases, are fatal and transmissible neurodegenerative disorders

that occur in human and animals. They comprise a broad

spectrum of clinico-pathological variants, which have been found

to be associated with distinct prion strains. This is the case of

sporadic Creutzfeldt-Jakob disease (sCJD) sub-types in human [1–

5], classical scrapie strains in small ruminants [6,7], and the

different bovine spongiform encephalopathy (BSE) types in cattle,

namely BSE-C, BSE-L and BSE-H [8–12]. The prion hypothesis

postulates that prions would be composed mainly or exclusively of

PrPSc, a misfolded form of the cellular prion protein (PrPC),

forming highly-ordered aggregates insoluble in detergents and

partially resistant to proteolysis [13]. The prion hypothesis equates

prion strains to different self-propagating conformational variants

of PrPSc, mirrored by the diversity of physicochemical properties

of PrPSc observed in human and animal prion diseases [14–20].

Typically, proteinase K (PK) treatment hydrolyses the N-terminus

of PrPSc, resulting in partially PK-resistant C-terminal PrP

fragments (PrPres), also designated PrP27–30 [13]. Currently, the

electrophoretic mobility and glycoform ratio of PrP27–30 are the

basis for the biochemical classification of TSEs, although the

biological identification of prion strains is still based on biological

strain typing in rodents.

Pioneering studies in Gerstmann-Sträussler-Scheinker disease

(GSS), familial human prion diseases associated with different PrP

mutations, showed that purified amyloid preparations and PrPres

aggregates obtained by in vitro proteolysis contained atypical 7–

8 kDa PrP fragments, with ragged N and C termini [21–27],

which were mainly composed of mutant PrP alleles [21,25,28–30].

Recently, however, PrPres features reminiscent of GSS were found

in a newly described human sporadic prion disorder, variably

protease sensitive prionopathy (VPSPr) [31,32]. In VPSPr both

PK -sensitive and -resistant PrPSc species were characterized, with

the most abundant PK resistant fragment being a ,6–7 kDa

PrPres similar to GSS [31,32]. Interestingly, VPSPr was not

associated with mutations in the PrP ORF, showing that the low

molecular weight (MW) PrPres may derive from wild type human

PrP, and raising the question of whether VPSPr might represent

the sporadic form of GSS [33]. A new study also demonstrated

that VPSPr shared PrPSc features with a known familial CJD

linked to a valine to isoleucine mutation at residue 180 of PrP
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(fCJDV180I), exhibiting similar patterns of glycosylation, protease

cleavage, and immunoreactivity preference [34]. Interestingly, the

same group also identified a unique glycoform-selective prion

formation pathway in the two diseases [34].

A prion disease with a similar low MW PrPres, Nor98 or atypical

scrapie, has been also described in small ruminants [35]. Firstly

recognised in Norwegian sheep in 1998 [36], a retrospective study

in UK back-dated the presence of Nor98 cases to at least 1989,

suggesting that these cases existed in small ruminant populations

for years without being detected [37]. Since 2002, Nor98 has been

identified in most of EU Member States [35], Canada [38], USA

[39] and New Zealand [40]. Unlike classical scrapie, Nor98 occurs

with a sporadic distribution [41,42] and is diagnosed mainly in

aged sheep and goats with specific PrP polymorphisms [43,44].

Although Nor98 is supposed to be a spontaneous disorder

[35,42,45], it is diagnosed at a relatively high frequency in the

EU, with a prevalence of ,4 over 10,000 examined [46]. Despite

the lack of epidemiological evidence for natural transmission of

Nor98, its transmissibility has been demonstrated in both ovinised

transgenic mice [47] and sheep [48,49], and infectivity was also

detected in peripheral tissues [49,50], indicating that potentially

infectious material might enter the food chain.

In this study we aimed at comparing the PrPSc properties of

Nor98, GSS and VPSPr cases, getting insight into their apparent

similarity and investigating possible relationships among them,

particularly at the animal-human interface. To this aim we set up

refined biochemical techniques for inter-species comparative

epitope mapping of PrPres fragments and for determining the

conformational stability of both PK sensitive and PK resistant

PrPSc species. Our findings show that GSS, VPSPr and Nor98

share common and distinctive biochemical features, supporting

the notion that these atypical forms of PrPSc are not uncommon

and characterize a group of prion diseases with different origins

(genetic and spontaneous forms) occurring in different hosts.

Within this group, we found PrPSc biochemical signatures specific

to VPSPr, GSS A117V and GSS F198S, while the phenotypic

profile of GSS P102L largely overlapped with that of Nor98.

Results

GSS-like PrPres Profile in Nor98
Previous studies reported partially discrepant observations of the

Nor98 PrPres electrophoretic profile [36,37,51–57], probably due

to the different antibodies and protocols for PK digestion used

[35]. The most distinguishing biochemical feature of Nor98 was a

low MW PrPres fragment [36], although studies which used a mild

PK protocol also described variable amounts of higher MW,

partially glycosylated PrPres fragments [52,53,57].

Sheep (n = 63) and goat (n = 14) Nor98 isolates identified in Italy

to date [43,56,58] showed a uniform WB pattern when analysed

by the ISS discriminatory western blot, which is based on strong

PK treatment and parallel testing with mAbs SAF84 and P4

[56,59,60]. By direct comparison, Italian and Norwegian Nor98

isolates shared the same PrPres type regardless of the host species

and the PrP genotype (Fig. 1A and Table S1). Indeed, after

treatment with 200 mg/ml PK, a major ,11 kDa PrPres fragment,

and a minor ,16 kDa PrPres fragment were detected in all isolates

by P4, but not by SAF84 (Fig. 1A). These distinctive low MW

PrPres fragments produced after 200 mg/ml PK were highly

reproducible among samples and both fragments were recognised

after immunodetection with P4, 12B2, 9A2 and L42, but not with

mAbs N-terminal to P4 or C-terminal to L42 (Fig. 1C). As

previously suggested by others [54] the minor PrPres at ,16 kDa

might be interpreted as a dimer of the low MW fragment, as they

shared the same antibody reactivity. Notably, the experiments

reported in the following sections, aimed at comparing Nor98 with

human samples, were performed with 15% acrylamide gels (see

materials and methods) and showed that the apparent MW of the

main PrPres fragment was ,7 kDa (Fig. 2), in line with epitope

mapping experiments (see below).

To look for mild protease resistant PrP fragments (mild PrPres)

we studied the kinetics of PrPSc degradation by PK in Nor98,

classical scrapie and healthy brains (Fig. 1B). Classical scrapie was

characterized by the typical PrP27–30 at all PK concentrations, i.e.

three bands corresponding to N-terminally truncated diglycosy-

lated, monoglycosylated and non-glycosylated PrPres. In contrast,

Nor98 was characterized by PrPres fragments with different degree

of resistance to PK. Indeed, at 10 mg/ml PK, both SAF84 and P4

bound poorly defined PrP smears of high MW (apparent MW

,25–33 kDa) and low MW (apparent MW ,13–14 kDa), while

at 50–200 mg/ml PK only P4 detected the low MW PrPres

described above (strong PrPres). Experiments performed with a

broader range of PK concentrations (Fig. S1) confirmed that in

Nor98, but not in classical scrapie, it was possible to distinguish

mild and strong PrPres fragments, with high MW PrPres being

relatively sensitive to PK (PK1/2 between 10 to 30 mg/ml)

compared to the ,10 times stronger PK resistance of low MW

PrPres and of PrP27–30 in classical scrapie (Fig. S1). Similar findings

have been reported in GSS A117V [23] and VPSPr [32].

Overall, all Nor98 isolates contained highly PK resistant PrPres

aggregates, with the main PrPres being a non-glycosylated internal

fragment, cleaved at both the N and C termini, which represent

the distinctive biochemical feature of Nor98. This biochemical

signature, unique among animal TSEs, is reminiscent of PrPres

observed in human prion disorders such as GSS and VPSPr.

In order to compare the conformation of PrPSc aggregates in

Nor98, VPSPr and GSS we selected 2 Nor98 cases, 6 GSS cases, 2

each with A117V, F198S and P102L PrP mutations, and 8 VPSPr

cases, either 129 MM, 129 MV or 129 VV at PrP codon 129

(Table 1). In GSS P102L cases, two distinct biochemical

phenotypes have been reported [21,22], with PrPres accumulating

either as PrP27–30 accompanied by the 7–8 kDa PrPres or

exclusively as 7–8 kDa PrPres. One of the cases included in our

selection (ID #16) had 7–8 kDa PrPres without PrP27–30, while the

other (ID #15) showed 7–8 kDa PrPres in the cerebellum, but

PrP27–30 was also evident in other brain areas (Fig. S2).

PK Titration of PrPSc from Nor98, GSS and VPSPr
Given that PK concentration was crucial to faithfully charac-

terize Nor98 PrPres fragments, at first we co-analysed sheep and

human samples by PK titration. These experiments confirmed

that mild and strong PrPres fragments were also detectable in

several human samples (Fig. 2). As previously reported [32], in

VPSPr two mild PrPres fragments, of ,20 and ,26 kDa, were

digested at .5 mg/ml PK (Fig. 2), similar to mild PrPres in Nor98

(Fig. 1B and Fig. 2). Three other VPSPr PrPres fragments,

including the most abundant one at ,6–7 kDa, were strongly

resistant to proteolysis (Fig. 2). In GSS cases, evidence for mild

PrPres was less consistent, with case to case variations (Fig. 2 and

Fig. 3). In contrast, strong PrPres migrating variably at 6–8 kDa

was detected in all samples, accompanied by ladder-like, higher

MW strong PrPres fragments (Fig. 2).

Overall, all samples contained strongly PK resistant low MW

PrPres in the range of 6–8 kDa that were still detectable at 1 mg/

ml PK. The degree of PK resistance of PrPres aggregates was

similar in all samples and also comparable with that observed in

classical sCJD (Fig. 2) and scrapie (Fig. S1). Evidence for a similar

PK resistance of classical and atypical PrPSc aggregates was also

Atypical Prions in Humans and Animals
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obtained by analysing GSS P102L with both PrP27–30 and 8 kDa

PrPres, in which the two molecular components showed closely

similar degrees of PK resistance (Fig. 2).

By comparing the dynamics of N- and C-terminal PK cleavage

at flanking epitopes with 12B2, 9A2 and L42, we found that

sequential trimming of the N- and C-termini was heterogeneous

among samples. Indeed, the 12B2 epitope was sequentially cleaved

between 5 and 100 mg/ml PK in GSS A117V and VPSPr

samples, but not in GSS F198S (Fig. 3). Conversely, the C-

terminal L42 epitope was sensitive to PK in GSS A117V, partially

sensitive in GSS F198S, and resistant in VPSPr (Fig. 3). These

experiments suggest that the PK cleavage sites of PrPres aggregates

in GSS and VPSPr may vary at both N- and C-termini and that

the ability to detect epitopes near the cleavage sites strongly

depends on the PK concentration used.

Comparison of PrPres Internal Fragments from Nor98, GSS
and VPSPr by Epitope Mapping

Based on PK titration experiments we thus selected PK at

100 mg/ml as the most convenient dose to compare by epitope

mapping low MW PrPres species from all samples reported in

Table 1. To this aim, 9 mAbs with epitopes spanning from the

octarepeat to residue 160 (Table 2), were selected because i) they

bound ovine and human PrP molecules equally well and ii) they

did not show disease specific conformational preferences.

Direct comparison of the gel mobility of PrPres fragments

showed that the apparent MW in VPSPr and GSS A117V was

consistently lower than that of the matching fragments in Nor98,

GSS F198S and GSS P102L (Fig. 4). The apparent MW was

between 7 and 8 kDa in GSS F198S, slightly lower in Nor98 and

GSS P102L, and less than 7 kDa in VPSPr and GSS A117V.

Only 3 mAbs (8G8, 6D11 and F89), with epitopes between aa

97 and 142, detected equally well all PrPres species (Fig. 4, Table 2).

The epitopes recognized by 8G8 and 6D11 extend towards the C-

terminus compared with that of the overlapping 9A2, and include

at least in part the central polybasic domain (PBD) of PrP [64].

Accordingly, the 9A2 epitope was also detected in all PrPres

species, although in VPSPr the binding of 9A2 was greatly lower

compared with other mAbs (Fig. 4A and 4B). PK titration of

VPSPr analyzed by 9A2 and L42 confirmed a preferential

trimming of 9A2 epitope with increasing PK concentrations

(Fig. 3). These findings imply that the N-terminal PK cleavage in

VPSPr involved at least in part the 99-WNK-101 epitope, but did

not extend to the nearby PBD. The 100–142 PrP peptide, which

includes the PDB and the highly conserved hydrophobic domain,

Figure 1. Western blot analysis of Nor98 isolates. A: Representative western blots of PrPres from Nor98 isolates (Table S1). Lanes 1–2,
Norwegian sheep Nor98 (AFRQ/AFRQ); lanes 3–5, Italian goat Nor98 (ALRQ/ALHQ); lanes 6–7, Italian sheep Nor98 (AFRQ/AFRQ and ALRR/ALHQ,
respectively); lane 8, Italian goat scrapie (ALRQ/ALRQ); lane 9, Italian sheep scrapie (ALRQ/AFRQ). All samples were digested at 200 mg/ml PK.
Membranes were probed with P4 (top) and SAF84 (bottom). B: Effect of PK digestion on Nor98 PrPSc. WB analysis of healthy, Nor98 (Italian sheep,
AFRQ/AFRQ) and scrapie (Italian sheep, ALRQ/ALRQ) sheep brain homogenate treated with 10, 50 and 200 mg/ml PK. Replica blots were probed with
P4 (top) and SAF84 (bottom). MW marker was loaded as indicated (M). C: Epitope mapping of Nor98 (Norwegian sheep AFRQ/AFRQ) PrPres produced
after 200 mg/ml PK treatment. Membranes were probed with different mAbs, as indicated on the top of each blot. MW markers were loaded into the
last lane of each blot. A-C: MW marker was loaded as indicated (M).
doi:10.1371/journal.pone.0066405.g001
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as well as the endogenous proteolytic a-cleavage site, were thus

common to all PrPres internal fragments.

Antibodies SAF32, 12B2 and 9A2 contributed to define all

others N-terminal PK cleavage sites. GSS A117V was negative

with SAF32 and 12B2, but positive with 9A2 (Fig. 4A), implying

N-terminal cleavage between aa 93 and 99. However, we

previously observed that at intermediate PK concentrations the

12B2 epitope was partially spared (Fig. 3). Further analyses at

50 mg/ml PK clearly showed that in GSS A117V the 12B2

epitope was partially preserved and the 9A2 was fully preserved

(Fig. 4B). The N-terminus of GSS F198S and P102L included at

least part of the octarepeat region, being detected by SAF32,

which recognizes a repeated epitope within the octarepeat region

(OR), and by 12B2 (Fig. 4A). Similarly, in Nor98 the N-terminus

extended towards the OR, being strongly detected by 12B2 (Fig. 4)

and P4 (Fig. 1), whose epitopes lie at the C-terminus of the OR

and partially overlap with the last epitope of SAF32. Notwith-

standing, SAF32 did not bind to Nor98 PrPres, although the

meaning of this finding is unclear, due to a G92 insertion in sheep

PrP which could have interfered with the binding of SAF32 to the

last repeat (Fig. S3).

At the C-terminus, none of the PrPres fragments comprised the

epitope of SAF60 (Table 2), implying a PK cleavage before aa

,160 in all PrPres species. The 12F10 epitope was detected in

VPSPr cases only (Fig. 4C), while the L42 epitope was present in

Nor98, VPSPr and GSS P102L, barely detectable in GSS F198S

and cleaved in GSS A117V (Figs. 4A and 4B). Given that 12F10

extends 2 residues towards the C-terminus compared to L42 (aa

150 vs 152), these findings imply that the C-terminal PK cleavage

is between aa 152 and 157 in VPSPr, between aa 150 and 152 in

Nor98 and GSS P102L, and between aa 142 and 150 in GSS

F198S and GSS A117V. Direct comparison of GSS F198S and

GSS A117V at 50 mg/ml PK confirmed that the L42 epitope was

preferentially cleaved in GSS A117V compared to GSS F198S

(Fig. 4B), in line with previous observations in PK titration

experiments (Fig. 3).

Based on the data described above and summarised in Table 2,

and on the available data on PK cleavage sites in human and

sheep PrPSc (Fig. S3), we derived the PrP peptides forming the

protease-resistant core of the different PrPSc studied (Fig. 5).

Importantly, the predicted molecular masses (Fig. 5) closely

matched the rank of apparent MW observed by WB. Indeed,

VPSPr and GSS A117V had the smallest PrPres fragments, with

predicted MW of 5.2–5.9 kDa and 5.1–5.7 kDa. Despite sharing

the same MW, VPSPr and GSS A117V showed different C- and

N-terminal PK cleavages, so that the VPSPr PrPres was C-

terminally shifted compared to GSS A117V. All other PrPres

fragments were 1.5–2 kDa higher, with predicted MW of 6.7–

7.5 kDa in Nor98, 7–7.4 kDa in GSS P102L, and 7.2–7.8 kDa in

GSS F198S. The N-terminal PK cleavage site gave a major

contribution to the observed MW variability, with the variably

cleaved N-terminal PrP region comprising the type 1 and type

2 N-terminal cleavages described in sCJD [67].

Overall, detailed epitope mapping revealed that i) VPSPr and

GSS had different protease resistant cores of PrPSc, ii) in GSS, the

protease resistant core varied according to the PrP mutation, and

iii) the protease resistant core of Nor98 largely overlapped with

that of GSS P102L.

Conformational Stability of PrPSc from Nor98, VPSPr and
GSS

We have recently shown that insoluble PrPSc in Nor98 is mostly

sensitive to PK compared to insoluble PrPSc in classical forms,

such as scrapie and sCJD [58]. By using the same solubility assay,

we found that VPSPr and GSS were similar to Nor98 in this

respect (Fig. 6A). Indeed, although protease resistant PrPSc

segregated in the insoluble fraction, most of the insoluble PrPSc

was sensitive to PK (Fig. 6A). The conformational properties of

this insoluble fraction containing both, protease sensitive and

protease-resistant PrPSc species were then studied by a new assay,

that we named conformational stability and solubility assay

(CSSA) [58]. CSSA derives the conformational stability of PrPSc

aggregates by measuring their solubility under increasing concen-

trations of guanidine hydrochloride. We thus determined

GdnHCl1/2 values for all individual samples by CSSA (Table 1,

Fig. 6B). In line with previous observations [58], Nor98 cases were

sensitive to guanidine denaturation, with GdnHCl1/2 values of 1.4

and 1.5 M. Unexpectedly, the conformational stability was quite

variable among VPSPr cases, with GdnHCl1/2 values between

1.5 M and 2.4 M. This variability may be associated with at least

in part by the codon 129 genotype, as 129MM cases and 129MV

cases were less stable (range 1.5–1.9 M) than 129VV cases (range

2.0–2.4 M). In contrast, despite having different PrP genotypes at

codon 129, GSS F198S cases showed overlapping denaturation

profiles, being remarkably stable (2.9 M). A similar observation

was made with A117V cases, which however showed a dramat-

ically lower conformational stability compared to F198S (1.5 vs

2.9 M). Finally, the 2 GSS cases with P102L mutation gave

divergent results: the case with 8 kDa PrPres alone was sensitive to

guanidine denaturation (1.5–1.6 M), while the case with PrP27–30

and 8 kDa PrPres was much more stable (2.4–2.8 M), indepen-

dently on the brain area analysed (Table 1).

Table 1. Human and ovine cases used for comparative
analyses.

Disease ID Genotypea Brain Areab [GdnHCl]1/2
c

Nor98 #1 AFRQ/AFRQ Cer 1.4860.04

#2 ALRR/ALHQ Cer 1.4460.01

VPSPr #3 V129V Fr cx 2.1860.04

#4 V129V Fr cx 2.0060.04

#5 V129V Fr cx 2.3660.08

#6 M129V Fr cx 1,5560,22

#7 M129V Fr cx 1,8560,14

#8 M129V Fr cx 1,5060,05

#9 M129M Fr cx 1,6960,06

#10 M129M Fr cx 1,6560,04

GSS #11 F198S-V129V Fr cx 2.8960.14

#12 F198S-M129V Fr cx 2.9160.09

#13 A117V-M129V Fr cx 1.6160.03

#14 A117V-V129V Fr cx 1.3660.04

#15 P102L-M129M Fr cx 2.4160.09

Cer 2.7760.08

#16 P102L-M129V Fr cx 1.5360.02

Cer 1.6360.16

aOvine polymorphism: amino acids at codon 136, 141, 154 and 171 of ovine PrP
gene; human mutation at codon 102, 117 or 198 and polymorphism at codon
129 of human PrP gene.
bCer: cerebellum; Fr cx: frontal cortex.
cMean 6 SEM.
doi:10.1371/journal.pone.0066405.t001
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Discussion

With the appearance of the BSE agent, the boundaries

separating animal from human prion diseases have been crossed

for the first time. From then on, the risk of animal prion diseases

for human beings has become a crucial matter of investigation.

Here we have analyzed a group of atypical prion diseases that have

never been the subject of comparative studies at the animal-

human interface. We used refined biochemical techniques that

allowed to derive the conformational properties of PrPSc

aggregates in well known, and newly discovered human prion

diseases, such as GSS and VPSPr, in comparison with small

ruminants Nor98. Our results indicate that PrPSc from these

atypical TSEs share remarkable biochemical features that

distinguish them from PrPSc of classical TSEs, such as sCJD and

classical scrapie. Indeed, we found that GSS, VPSPr and Nor98

were characterized by i) high levels of insoluble, but mainly PK

sensitive PrPSc, ii) variable quantities of a strongly PK resistant

PrPSc component, and iii) a protease resistant core made up of

internal PrPres fragments with ragged N and C termini.

Furthermore, in several instances it was possible to observe the

presence of mild and strong PrPres fragments also in PK titration

studies. Until recently, such biochemical features were exclusively

associated with PrPSc aggregates characteristic of some phenotypic

subtypes of GSS [21–23,26,68], which contained mainly mutant

PrP alleles [21,25,28–30]. In this study, the same atypical features

were found to characterise PrPSc from other sporadic human and

animal TSEs co-analysed with GSS subtypes, well distinguishable

from classical types of PrPSc found in CJD and scrapie. Indeed,

when analysed with similar approaches in previous studies, CJD

and classical scrapie didn’t show evidence of being enriched in

insoluble and protease sensitive PrPSc [58,69]. Furthermore,

although PK cleavages other than those at residues 82 and 97

have been reported in sCJD [67], scrapie [70] and H-type BSE

[71], in all these instances the glycosylated C-terminus of PrPSc

was always part of the protease resistant core. Despite being

epitomized by common biochemical features, atypical PrPSc types

also showed an unexpected molecular complexity, which was

reminiscent of the heterogeneity observed among classical PrPSc

types. Indeed, the atypical PrPSc types studied encompassed the

same range of conformational stabilities previously observed in

classical PrPSc types [58,60,69,72,73], and the N-termini of PrPres

spanned the same differential PK cleavages which discriminate

sCJD types 1 and 2 [67], as well as scrapie and BSE [74,75].

In line with the finding that a single prion strain has been

isolated from Nor98 cases [47,53,76] and with previous observa-

tions by CSSA [58], we found homogenous biochemical properties

by PrPres typing of several Nor98 isolates, irrespectively from the

species and the PrP genotype. In the present and previous studies

[54,55] using harsh PK conditions, the biochemical signature of

Nor98 was a strongly PK resistant PrPres with ragged N and C

termini, at variance with the findings obtained with mild PK

Figure 2. Titration of proteinase K digestion. Representative western blots of brain homogenates from Nor98 (#2), VPSPr (#7), GSS F198S
(#11), A117V (#13), P102L (#15) and sCJD treated with increasing concentrations of PK (0–1000 mg/ml). Given the various PK-cleavage sites of the
PrPSc types under investigation which affects mAbs binding to PrPres (see Fig. 3), membranes stained with different antibodies were selected in order
to show the PK resistance of strong PrPres in each sample. Membranes were probed with 12B2 for Nor98 and GSS P102L, 9A2 for GSS A117V, 1E4 for
VPSPr, and 3F4 for GSS F198S and sCJD samples.
doi:10.1371/journal.pone.0066405.g002
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protocols [51]. Our findings in PK titration experiments showed

indeed that mild and strong PrPres co-exist in Nor98. Despite mild

PK digestion might assure diagnostic sensitivity for this particular

PrPSc type, our results suggest that such protocols could not be

optimal for strain typing, and might lead to detect PrP fragments

derived from incomplete proteolysis or to overestimate individual

differences in WB patterns. Indeed, PK titration experiments

showed that partially PK resistant fragments were sequentially

produced and trimmed within a very small range of PK

concentrations, so that the labile nature of these PrP fragments

makes them susceptible to slight variations of the experimental

conditions or even of their preservation.

Whereas biochemical techniques allowing direct investigation of

PrPSc conformation are lacking, the issue of deriving conforma-

tional properties of PrPSc aggregates by indirect approaches, such

as the study of PrPres fragments by immunoblotting, was made

even more challenging by i) the need to compare PrPSc from

different species which have different PrP primary structures, and

ii) the presence of conspicuous amounts of partially protease

sensitive PrPSc in the prion diseases under investigation, whose

labile nature undermines the use of protease-based techniques. We

believe that our overall approach was able to successfully tackle

these drawbacks, allowing for the first time a thorough biochem-

ical characterization of atypical PrPSc types in human and animals.

Indeed, for the epitope mapping of strong PK-resistant PrPres

fragments we selected a panel of antibodies able to recognise non-

conformational epitopes conserved in human and small ruminants,

which allowed to define the N- and C-terminal PK cleavage sites

of PrPSc. In order to ensure the elimination of mild PrPres

fragments, whose incomplete proteolysis might have interfered

with the epitope-mapping results, the PK concentration was

chosen on the basis of PK titration curves. Furthermore, by

showing sequential trimming of N- and C-terminal epitopes, PK

titration experiments provided an independent proof that the

absence of binding of a given antibody at high PK concentration

Figure 3. Epitope mapping of PrPSc treated with different PK concentrations. PK digestion curves of VPSPr (#7), GSS A117V (#13) and GSS
F198S (#11) were probed with 12B2, 9A2 and L42.
doi:10.1371/journal.pone.0066405.g003

Table 2. Monoclonal antibodies used for epitope mapping.

mAbs Epitopea VPSPr A117V F198S P102L Nor98

SAF32 octarepeatb 2 2 + + 2

12B2 89–93 2 +/2 + + +

9A2 99–101 +/2 + + + +

8G8 97–104 + + + + +

6D11 94–110 + + + + +

F89 139–142 + + + + +

L42 145–150 + 2 +/2 + +

12F10 144–152 + 2 2 2 2

SAF60 157–161 2 2 2 2 2

aEpitope on human PrP.
bRepeat region aa 59–65, 67–73, 75–81, 83–89. Epitope reference: SAF32,
8G8,12F10, SAF60 [61]; 12B2 [62]; 9A2 [63]; 6D11 [64,65]; F89 [66]; L42 [54].
2no signal; +/2weak signal; +strong signal.
doi:10.1371/journal.pone.0066405.t002
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was actually due to the epitope trimming by PK and not to

unrelated confounding factors. Importantly, direct sequencing of

PK-treated PrPres fragments in patients with P102L, A117V and

F198S mutations have been reported [21,23], thus allowing to

validate our epitope mapping approach. Indeed, N-terminal

sequence and mass spectrometry demonstrated that the 7 kDa

PrPres fragment of P102L was constituted by aa 78–82 to 147–153

[21], in very good agreement with our determination of aa 78–82

to 150 (see Fig. 5). In A117V and F198S, the N-termini were aa 90

and 74 [23], very similar to those we found by epitope mapping,

i.e. aa 90–96 and 74, respectively (see Fig. 5).

On the other side, for deriving conformational information on

protease sensitive PrPSc, we took advantage of a new technique,

the CSSA, that we have previously shown being able to measure

the conformational stability of both protease sensitive and protease

resistant PrPSc, without any protease step [58]. Importantly, CSSA

was equally applicable to different species and was shown to

discriminate human sCJD strains and small ruminant TSEs, either

Figure 4. Epitope mapping analysis. A: Representative blots of PrPres from Nor98, GSS and VPSPr. Brain homogenates were treated with 100 mg/
ml PK. Replica blots were probed with SAF32, 12B2, 9A2, 8G8, L42 mAbs. Case numbers are shown on the bottom of blots according to Table 1. B:
Samples (ID #11, #1, #7, #13) were re-analysed at a lower PK concentration (50 mg/ml) to investigate partially cleaved epitopes. Replica blots were
probed with 12B2, 9A2 and L42 mAbs. In these blots Nor98 is an internal control as it is recognised equally well by the 3 mAbs (see Fig. 4A). By
comparison with Nor98, it is shown than i) in GSS A117V the L42 epitope is cleaved, the 12B2 is partially preserved and the 9A2 was fully preserved; ii)
in VPSPr the 12B2 epitope is cleaved and the 9A2 partially preserved; iii) in GSS F198S the L42 epitope is partially preserved. C: Samples (ID #11, #1,
#7, #13) were treated with 100 mg/ml PK and probed with 6D11, 8G8 and 12F10 mAbs. 6D11 and 8G8 bind to epitopes within the ‘‘core’’ of PrPres

fragments and reveal the actual quantity of PrPres fragments in the samples analysed. By comparison, 12F10, which recognizes an epitope at the C-
terminus of PrPres fragments, only detected VPSPr, suggesting that its epitope is cleaved in all other samples.
doi:10.1371/journal.pone.0066405.g004
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in the original species and after transmission in bank voles [58,60].

As such, CSSA represents the only available biochemical approach

for comparing the conformational stability of PrPSc from different

species.

It has been previously suggested that PrPSc from GSS patients

with different PrP mutations may have distinct conformations,

owing to their different N-terminal cleavages [23]. Our results

confirm and extend these findings, in that they showed heteroge-

neity among GSS cases in the C-terminal cleavage of PrPres, too.

Overall, A117V, F198S and P102L mutations were associated

with three distinct PrPres fragments. The finding that A117V and

F198S were also discriminated by highly different PrPSc confor-

mational stabilities further corroborates the hypothesis that the

distinct PK cleavage sites actually reflect different PrPSc confor-

mations, possibly representing different prion strains.

Interestingly, while the two P102L cases investigated had

identical PrPres fragments, they were discrepant by CSSA, with the

case exhibiting the 7–8 kDa PrPres alone being much more

susceptible to denaturation compared to the one with PrP27–30.

The higher stability of the latter case was confirmed in brain areas

in which PrP27–30 could not be detected (see Fig. S2), suggesting a

major role of protease sensitive PrPSc in determining the observed

difference in conformational stability. Although further studies on

a larger panel of samples are needed to corroborate this finding, it

is worth noting that closely similar results have been recently

reported by using an alternative approach, based on 3F4 epitope

exposure in insoluble PrPSc by concentration-dependent guanidine

denaturation, with GdnHCl1/2 values of 2.4 M and 1.9 M for

P102L cases characterized by having PrP27–30 or not [69]. As the

presence of either PrP27–30 or 7–8 kDa correlates with distinctive

pathologic [21,22] and infectious [77] features in P102L cases, the

finding that they might be endowed with different conformational

variants of PrPSc would not be surprising.

When VPSPr was first described, the similarities with GSS led

to hypothesize that VPSPr could represent the sporadic counter-

part of GSS [31,32]. In our study, VPSPr cases did not overlap

with any of the PrPSc phenotypes observed in GSS, thus suggesting

that VPSPr is a distinct pathological entity. Indeed, PrPres in

VPSPr was C-terminally shifted compared to all GSS types,

including A117V which shared with VPSPr the same apparent

MW. Accordingly, the signatures able to discriminate VPSPr from

GSS PrPSc were the presence of the 12F10 epitope but the absence

of the 12B2 epitopes. Whereas the ,6 kDa fragment was identical

in all VPSPr cases, we were surprised to find a quite strong

conformational heterogeneity by CSSA, in large part explained by

the genotype at PrP codon 129, as 129VV cases were more

resistant to GdnHCl denaturation compared to 129MV and

129MM. Interestingly, previous studies showed clinical and

biochemical differences among the 3 genotypes, with 20 and

26 kDa mild PrPres fragments being more susceptible to PK in

129VV than in 129MV and 129MM [32]. Taken together, these

findings suggest that the observed heterogeneity among VPSPr

cases could be mainly due to protease sensitive PrPSc components.

Whether these differences simply reflect different molecular

constraints posed by M or V at residue 129, or imply more

fundamental differences in transmissibility and possibly strain

features, is currently under investigation.

Overall, our data suggest that atypical prions encompass PrPSc

types with remarkable conformational diversity, mirrored by

different protease resistant cores and conformational stabilities.

The combined results of epitope mapping and CSSA allowed us to

discriminate human samples according to their diagnosis and PrP

mutation, suggesting that atypical PrPSc conformations are indeed

disease-specific. Taking into consideration the observed heteroge-

neity and the discriminatory power of our approach, it seems

remarkable that the PrPSc phenotype of Nor98 largely overlapped

with GSS P102L characterised exclusively by 7–8 kDa PrPres.

Such a biochemical ‘‘closeness’’ raises the question of a possible

strain identity between GSS P102L and Nor98. Given that the

biochemical approach we used does not characterize the biological

properties of the prions studied, the strain properties of GSS and

Nor98 are currently under investigation by bioassay in rodent

models.

At present the only epidemiological link between animal and

human TSEs has been demonstrated for classical BSE and variant

CJD [16,78], showing for the first time the zoonotic potential of

TSEs. Since then, the implementation of active surveillance in

livestock has led to the identification of Nor98 and other

Figure 5. Comparison of PrPres fragments in Nor98, GSS and VPSPr. The aligned amino acid sequences at the N and C termini of all PrPres

fragments, derived from epitope mapping as described in SI 5, are depicted. Amino acid numbering refers to sheep PrP for Nor98 and to human PrP
for all other fragments. Coloured letters highlight the relevant epitopes as follows: orange for SAF32; blue for 12B2; green for 9A2; pink for 8G8; red
for 12F10 and violet for L42. Note that when epitopes of mAbs partially overlap, only the aa differentiating the epitopes were coloured. On the right
of each PrPres fragment is reported the predicted MW estimated by using the ProtParam (ExPASy) software.
doi:10.1371/journal.pone.0066405.g005

Atypical Prions in Humans and Animals

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e66405



Atypical Prions in Humans and Animals

PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e66405



previously unrecognised animal prion strains, mainly with a

sporadic occurrence, whose origin and zoonotic potential are still

poorly understood [79]. It has been previously shown that

peripheral tissues of sheep with Nor98 might harbour detectable

levels of infectivity [49,50], indicating that infectious material

might enter the food chain. On the other hand, the well known

genetic aetiology of GSS suggests that the similar PrPSc

conformations found in Nor98 and GSS P102L are unlikely to

indicate a common infectious source, but might derive from a

similar molecular mechanisms involved in PrPC-to-PrPSc conver-

sion.

Finally, in GSS P102L cases with PrP27–30 and 7–8 kDa PrPres,

PrP27–30 was reported to correlate with the presence of spongiform

degeneration and synaptic PrP deposition, whereas the 7–8 kDa

fragment was associated with multicentric amyloid deposits in

brain regions with little or no vacuolation [21,24], arguing for a

low toxicity of these PrPSc aggregates. Furthermore, the few

successful attempts to transmit GSS P102L derived from the

inoculation of cases with PrP27–30 [77,80,81]. In contrast,

inoculation of cases characterized exclusively by 7–8 kDa PrPres

resulted in the absence of disease transmission even in transgenic

mice carrying the P101L mutation, but elicited PrP-amyloid

deposition in several recipient mouse brains [77]. Our finding that

Nor98 shares PrPSc conformation with 7–8 kDa GSS P102L,

together with the reported easy of transmissibility of Nor98 in

several animal models [47,49,50,76,82,83], challenges the view

that PrPSc with a 7–8 kDa protease-resistant core is per se

associated with little or no transmissibility, and deserves further

investigation by comparative transmission studies of Nor98 and

GSS in animal models known to be susceptible to Nor98.

Materials and Methods

Brain Tissues
Small ruminant brain tissues were from Italian and Norwegian

field cases, detected by active and passive surveillance, and are

described in Table S1. Patients with VPSPr, and GSS were

referred to the National Prion Disease Pathology Surveillance

Center, Cleveland, OH. Their individual features, including

diagnosis, PrP polymorphisms and mutations, and the brain areas

sampled for analysis, are reported in Table 1. Coronal sections of

human brain tissues were obtained at autopsy and stored at

280uC until use. Written consent to use human autopsy material

for research purposes had been obtained from patients or legal

guardians for all samples. Clinical data and relevant hospital

records were coded and handled according to the protocols

approved by the Ethical Committee and Institutional Review

Board of Case Western Reserve University to protect patients’

identities. This retrospective study was approved by Ethical

Committee and Institutional Review Board of Case Western

Reserve University. Brain material from sheep and goat with

Nor98 was obtained in Italy and Norway from official surveillance

activities conducted according to EU Regulation 999/2001 and

the ethics committee approval was not necessary.

Anti-PrP Antibodies
The antibodies used for comparative epitope mapping in

human and sheep and their epitopes are reported in Table 2 or

diagrammatically represented in Fig. 5. Other antibodies used

were: P4 (sheep PrP residues 93–99), 6C2 (human PrP residues

106–119), SAF84 (sheep PrP residues 167–173), 1E4 (human PrP

residues 97–105) [84], 3F4 (human PrP residues 106–112) [85].

9A2 and 12B2 mAbs were kindly provided by Dr. Jan Langeveld

(Central Veterinary Institute of Wageningen, Lelystad, Nether-

lands).

PrPres Analysis
Typing of PrPres was performed by discriminatory immuno-

blotting, according to the ISS discriminatory WB method (http://

www.defra.gov.uk/vla/science/docs/

sci_tse_rl_handbookv4jan10.pdf). Briefly, brain homogenates

(20% w/v) were prepared in 100 mM Tris-HCl with Complete

protease inhibitor cocktail (Roche, Indianapolis, IN, USA) at

pH 7.4. The homogenates were either used directly or stored at

220uC. After adding an equal volume of 100 mM Tris-HCl

containing 4% sarkosyl, the homogenates were incubated for

30 min at 37uC with gentle shaking; proteinase K (0 to 1 mg/ml;

Sigma-Aldrich, St. Louis, MO, USA) was added, and then the

homogenates were further incubated for 1 h at 37uC with gentle

shaking. For epitope mapping a final concentration of 100 mg/ml

was used. The reaction was stopped with 3 mM PMSF (Sigma-

Aldrich, St. Louis, MO, USA). The samples were added with an

equal volume of isopropanol/butanol (1:1 v/v) and centrifuged at

20000 g for 5 min, the supernatants were discarded and the pellets

were dissolved in denaturing sample buffer for WB analysis.

Conformational Stability and Solubility Assay
As previously described [58], the conformational stability was

analysed by CSSA. Briefly, aliquots of brain homogenates (6% w/

v in 100mM TrisHCl, pH 7.4) were added with an equal volume

of 100 mM TrisHCl (pH 7.4), sarcosyl 4% and incubated for 1h at

37uC with gentle shaking. Then, aliquots of each sample were

treated (1 h at 37uC) with different concentrations of GdnHCl

(Pierce) to obtain final concentrations ranging from 0 to 4 M. After

GdnHCl treatment samples were centrifuged at 20000 g for 1 h at

22uC. Pellets were re-suspended in 16 Laemmli sample buffer

(Bio-Rad Laboratories, Hercules, CA) and 10% b-mercaptoeth-

anol (Bio-Rad Laboratories, Hercules, CA) and analysed by WB.

The dose-response curves allowed to estimate the concentration of

GdnHCl able to solubilise 50% of PrPSc (GdnHCl1/2). Individual

denaturation curves were analyzed and best-fitted by plotting the

fraction of PrPSc remaining in the pellet as a function of GdnHCl

concentration, and using a four parameter logistic equation

(GraphPad Prism).

Western Blot
For the initial analyses of sheep samples (Fig. 1 and Fig. S1), WB

was performed following the procedures described in ISS

Figure 6. Conformational stability of insoluble PrPSc. A: Western blot analysis of VPSPr 129MV (#7) and 129VV (#3) and GSS P102L (#15
cerebellum) cases, showing separation of insoluble PrPSc by a solubility assay. Samples were centrifuged at 20000 g for 1 h in presence of 1%
sarkosyl. Supernatant (S) and pellet (P) fractions were analysed with (+) or without (-) PK treatment (50 mg/ml), along with aliquots of samples before
centrifugation (Tot). Note that PrPres segregated into the insoluble fraction (compare lanes S+ and P+ in each blot). In each lane 0,7 mg TE were
loaded. Membranes were probed with L42 mAb. B: Representative western blots of CSSA experiments in Nor98 (#1), VPSPr (#9), GSS F198S (#11),
GSS A117V (#14) and GSS P102L (#16) cases. Lanes were loaded with insoluble PrP obtained as shown in Fig. 6A, with or without previous
denaturation with increasing concentrations of GdnHCl, as shown on the top of each lane. Membranes were probed with L42. Molecular size markers
are shown in kilodaltons on the right of each blot. C: Dose-response curves obtained by plotting the fraction of PrPSc remaining in the pellet as a
function of GdnHCl concentration and best-fitted and using a four parameter logistic equation. Individual [GdnHCl]1/2 values are shown in Table 1.
doi:10.1371/journal.pone.0066405.g006
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discriminatory WB [56,59,60], by using 12% bis-Tris polyacryl-

amide gels (Invitrogen) for electrophoresis, and the VersaDoc

imaging system (Bio-Rad) for PrP visualization. For all other WB

experiments, pellets were re-suspended in 16Laemmli buffer (Bio-

Rad Laboratories, Hercules, CA) and 10% b-mercaptoethanol

(Bio-Rad Laboratories, Hercules, CA) and loaded onto 15% Tris-

HCl Criterion precast gels (Bio-Rad Laboratories, Hercules, CA)

for gel electrophoresis and Western blotting. Proteins were

transferred to Immobilon-P polyvinylidene fluoride membrane

(Millipore, MA, USA) for 2 hours at 70V. The blots were blocked

in PBS containing 0.05% Tween 20 and 1% non-fat milk powder

for 1 h, and then incubated for 1 hour at room temperature with

anti-PrP antibodies. Following incubation with horseradish per-

oxidase-conjugated antimouse immunoglobulin G (IgG) at

1:12,000 for 1h, the PrP bands were visualized by ECL Plus

(Amersham Biosciences, Piscataway, NJ, USA) on Kodak film

(Eastman Kodak, Rochester, NY). For quantitative purposes,

CSSA samples were transferred to Immobilon-FL membrane

(Millipore, MA, USA) and blocked with Odyssey Blocking Buffer

(LI-COR Biosciences, Lincoln, NE, USA). The primary antibody

was diluted in Odyssey Blocking Buffer plus 0.1% Tween-20) and

IRDye800CW (LI-COR Biosciences) was used as fluorescently-

labelled secondary antibody (diluted in Odyssey Blocking Buffer

plus 0.1% Tween-20 and 0.01 SDS). The incubations with

antibodies were performed for 1 h at room temperature with

gentle shaking, and after each incubation the membranes were

washed 465 min in PBS with 0.1% Tween-20. Next the

membranes were scanned for infrared signal using Odyssey

Imaging System (LI-COR Biosciences) and the signal intensities

were analyzed by using the Odyssey infrared image system

software (Li-Cor).

Supporting Information

Figure S1 Characterization of Nor98 PrPres fragments.
Comparative PK titration in Nor98 and classical scrapie. PK

digestion curves of classical scrapie (n = 4) and Nor98 (n = 4) with

concentrations of PK ranging from 0.006 to 6.4 mg/ml. Replica

blots were probed with SAF84 and P4 and selected fragments were

quantified. Representative WB are shown in the left panels, and

the quantitative analysis of PrPres for the determination of the

PK1/2 on the right panels. For quantitative purposes, both high

and low MW PrPres were measured in Nor98, while the

unglycosylated PrP27–30 was measured in scrapie. In Nor98 (upper

panels), there was a clear-cut distinction between fragments with

different resistance to proteolysis. High MW fragments displayed

very low PK1/2, ranging from 0.01 to 0.03 mg/ml, while the P4-

positive low MW fragments were still detected at the highest PK-

concentrations. Low MW PrPres amount increased up to

0.025 mg/ml PK and then declined, similarly to what observed

with PrP27–30 in classical scrapie. The PK1/2 of low MW PrPres

ranged from 0.21 to 0.53 mg/ml PK. In classical scrapie (lower

panels), the levels of PrP27–30 reached a plateau between 0.012 and

0.05 mg/ml PK with P4 and between 0.012 and 0.2 mg/ml PK

with SAF84; afterwards the quantity of PrP27–30 declined with

both mAbs. Interestingly, the decline of SAF84-positive PrPres was

parallel but shifted to the right compared to that measured by P4.

Quantitative analysis showed that the PK1/2 for degradation of

PrP27–30 ranged from 0.24 to 0.68 mg/ml with P4 and from 1 to

2.1 mg/ml with SAF84.

(TIF)

Figure S2 PrPres phenotypes in GSS P102L cases.
Western blot of the two GSS P102L cases (#15 and #16,

Table 1). Samples were treated with 50 mg/ml PK and

membranes were probed with F89. MW markers are shown in

kilodaltons on the left.

(TIF)

Figure S3 Derivation of the N and C terminal PK
cleavage sites from epitope mapping data. The PK

cleavages were derived taking into account the epitope mapping

data, summarised in Table 2, the known N-terminal cleavage sites

in sCJD [67] and in scrapie or sheep BSE [74,75], and the

potential cleavage sites cleaved by PK in the corresponding human

and sheep PrP sequences, as predicted by the PeptideCutter

software (ExPASy). The cleavage sites used for our determination

are represented by arrows on the top of the human and sheep aa

sequences, while the derived cleavage sites for GSS, VPSPr and

Nor98 are represented by arrows below the aa sequences.

Coloured letters highlight the epitopes of the relevant mAbs

(reported in the figure with the corresponding colour) used in

epitope mapping experiments. When epitopes of mAbs partially

overlap, only the aa differentiating the epitopes were coloured (for

a full description of epitopes see Table 2). For the sake of clarity, in

all instances where two consecutive amino acids where deemed as

possible cleavage sites, only one of them was reported in the figure.

At the N-terminus (upper panel), VPSPr PrPres did not included

SAF32 and 12B2 epitopes and only partially included the 9A2

epitope, and thus the derived cleavage sites were those before and

after the 9A2 epitope, i.e. S97, W99 and S103, corresponding to

cleavage sites detected in type 2 sCJD. GSS A117V PrPres

included the 9A2 epitope, but not completely the 12B2, with

derived cleavage sites G90, G92 and S97, corresponding to

cleavage sites detected in type MV2 and VV2 sCJD. For the other

PrPres types having 12B2 and SAF32 epitopes it was less obvious to

derive potential cleavage sites. Indeed, SAF32 recognises an

epitope repeated 4 times within the OR sequence, so that for

SAF32-positive samples could have been cleaved at several

positions within the OR sequence. However, based on the N-

terminal sequencing reported for sCJD and scrapie and on the

apparent MW observed in WB, we considered highly likely that

GSS P102L PrPres contained only one SAF32 epitope, with

cleavages derived at G78 and G82. GSS F198S repeatedly showed

an apparent MW slightly higher than GSS P102L and was

detected by SAF32 with higher sensitivity compared with GSS

P102L (see Fig. 4), the most likely explanation being that the N-

terminus of GSS F198S contained two SAF32 epitopes, corre-

sponding to cleavage at G74. In sheep, due to a G92 insert

mutation within the last repeated epitope recognised by SAF32, it

is probable, although not proven, that SAF32 only bind with high

sensitivity to three repeated epitopes. To make evident this

difference between human and sheep sequences, the putative last

SAF32 epitope in sheep was not highlighted in red. Although we

were not able to find any alternative antibody which recognised a

repeated epitope within the OR not encompassing the sheep insert

mutation, which would have allowed a more precise definition of

the N-terminus of Nor98 PrPres, based on the apparent MW,

which was similar or slightly higher than that of P102L PrPres, and

on the presence of the aa 93–97 epitope also after strong PK

treatment, the simplest interpretation of the data is that the N-

terminus of Nor98 PrPres extends to the last octarepeat, as it was

for GSS P102L. However, a more C-terminal cleavage at G86 was

also derived because, for the arguments described above, it was not

formally possible to exclude it. At the C-terminus, all PrPres types

lacked the SAF60 epitope and only VPSPr PrPres was positive with

12F10. Consequently, the cleavage site for VPSPr was derived at

E152, the last predicted PK cleavage site before Y157 which

would have disrupted the SAF60 epitope. The only possible

cleavage derived for GSS P102L and Nor98 was E150, being both
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positive with L42 and negative with 12F10. GSS F198S partially

lost the L42 epitope, with derived PK cleavages at Y145 or E146

within the L42 epitope, and E150 which leaves intact the L42

epitope. Finally, GSS A117V PrPres was not bound by L42 but

included the F89 epitope, with resulting potential cleavage at Y145

or E146.

(TIF)

Table S1 Table with sheep and goat samples.

(DOC)
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