OPEN @ ACCESS Freely available online @ PLOS ’ ONE

Relationships between PrP> Stability and Incubation
Time for United States Scrapie Isolates in a Natural Host
System
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Abstract

Transmissible spongiform encephalopathies (TSEs), including scrapie in sheep (Ovis aries), are fatal neurodegenerative
diseases caused by the misfolding of the cellular prion protein (PrP%) into a &-rich conformer (PrP°) that accumulates into
higher-order structures in the brain and other tissues. Distinct strains of TSEs exist, characterized by different pathologic
profiles upon passage into rodents and representing distinct conformations of PrP*c. One biochemical method of
distinguishing strains is the stability of PrP>¢ as determined by unfolding in guanidine hydrochloride (GdnHCl), which is
tightly and positively correlated with the incubation time of disease upon passage into mice. Here, we utilize a rapid,
protease-free version of the stability assay to characterize naturally occurring scrapie samples, including a fast-acting scrapie
inoculum for which incubation time is highly dependent on the amino acid at codon 136 of the prion protein. We utilize the
stability methodology to identify the presence of two distinct isolates in the inoculum, and compare isolate properties to
those of a host-stabilized reference scrapie isolate (NADC 13-7) in order to assess the stability/incubation time correlation in
a natural host system. We demonstrate the utility of the stability methodology in characterizing TSE isolates throughout
serial passage in livestock, which is applicable to a range of natural host systems, including strains of bovine spongiform
encephalopathy and chronic wasting disease.

Citation: Vrentas CE, Greenlee JJ, Tatum TL, Nicholson EM (2012) Relationships between PrP*¢ Stability and Incubation Time for United States Scrapie Isolates in
a Natural Host System. PLoS ONE 7(8): e43060. doi:10.1371/journal.pone.0043060

Editor: Jason Bartz, Creighton University, United States of America
Received June 12, 2012; Accepted July 18, 2012; Published August 14, 2012

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CCO public domain dedication.

Funding: This research was funded in its entirety by congressionally appropriated funds to the U.S. Department of Agriculture, Agriculture Research Service. The
funders of the work did not influence study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: eric.nicholson@ars.usda.gov

Introduction tibility [7]. However, how the stability of the recombinant PrP (a
model for cellular PrP%) correlates with the stability of the disease-

Prion diseases, including bovine spongiform encephalopathy associated PrP® structures in the brain is not well-characterized.

(BSE) in cattle, scrapie in sheep and goats, chronic wasting disease
(CWD) in cervids, and Creutzfeldt-Jakob disease (CJD) in humans,
are neurodegenerative diseases that manifest as behavioral
changes and/or neurological signs and eventually progress to
death. Also known as transmissible spongiform encephalopathies
(T'SEs), prion diseases are caused by misfolding of the cellular,
protease-sensitive prion protein (PrP®) into an infectious, more
protease-resistant form (PrP%) that accumulates in the nervous
system and certain other body tissues.

Incubation time and susceptibility of animals to natural prion
disease are affected by sequence variations in the prion gene
(PRNP). In sheep, the presence of valine (V; as opposed to alanine,
A) at codon 136 and the presence of glutamine (Q); as opposed to
arginine, R) at codon 171 of the prion protein are associated with
scrapie susceptibility [1,2,3,4]. The capacity of (infectious) PrP* to
induce conformational changes in host PrP® molecules varies
depending on the host PrP amino acid sequence [5]. For example,
the recombinant V;36Q;7; sheep prion protein has a higher
intrinsic stability (which could lead to a lower PrP clearance rate in
the cell), more compact structure, and a more a-rich folding
intermediate than observed for recombinant PrP of more scrapie-
resistant genotypes [6,7]. Therefore, it is proposed that these
properties are the molecular basis of differential scrapie suscep-

Distinct strains of TSEs have been demonstrated to exist,
manifesting as differences in the incubation period and in the
profile of lesions and PrP* accumulation in the brain upon
experimental transmission to rodent hosts [8,9,10]. Based on the
“protein only” hypothesis of prion infectivity [11], these strain
properties must be the result of differences in the structure of
PrP%, since the PrP amino acid sequence would be the same in
cach host [12,13]. The structure of the PrP> strain in the
inoculum would be transmitted upon conversion of host PrP® to
PrP% [14]. While over 20 different strains of sheep scrapie have
been identified in the UK, the diversity of strains present in the US
sheep population is not as well-characterized [15], and the level of
diversity may be underestimated by the standard, non-transgenic
mouse bioassay [16]. Since sheep hosts of different PRNP
genotypes differ in their level of susceptibility to isolates of scrapie
[1], and scrapie eradication efforts are based on breeding genetics,
a better understanding of the properties of the different strains will
enhance options for control and eradication of scrapie.

While rodent infection studies are the “gold standard” for strain
characterization, prion strains can also be differentiated biochemi-
cally. Strains may exhibit differences in the profile of glycosylated,
proteinase K (PK)-digested PrP% isoforms as detected on
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a Western blot [17]. Alternatively, strains can be characterized by
their stability as determined by denaturant unfolding using
guanidine hydrochloride (GdnHCI) [12]. To measure stability,
infected brain homogenate (BH) or enriched PrP* is incubated
with increasing concentrations of GdnHCI, and the level of Prps
remaining is measured by methods such as PK digestion (unfolded
PrP* is degraded by the PK treatment along with the PrP)
coupled to Western blotting or ELISA; the conformation-
dependent immunoassay [18]; or a method that quantitates
changes in Prps solubility by centrifugation and Western blotting
[19]. Here, we utilize a commercial ELISA (IDEXX HerdChek)
with a non-antibody capture surface that binds PrP* (but not
PrP€ or unfolded PrP) to monitor the fraction of PrP*® remaining
at each [GdnHCI]. This assay is denoted here as a “stability
assay’’; however, we are monitoring the irreversible denaturation
of PrP* [12], and the assay does not yield thermodynamic
parameters for the unfolding process. Whether the assay is
assessing loss of tertiary structure of PrPS, disruption of
quaternary structure, or both is not known [20]. PrP5¢ stability
is quantified as the GdnHCI concentration leading to half-
maximal denaturation of the protein complexes ([GAnHCI] o).

The incubation time of prion strains intracranially (IC) in-
oculated into mice is directly correlated with the stability of PrPSe
recovered from infected mouse brain, as measured by a version of
the assay described above [20]. Lower stability has been linked to
shorter sizes of mammalian PrP® fibrils; thus, it is proposed that
low stability leads to increased PrP*° fibril fragmentation, which
decreases incubation times by facilitating the PrP®  PrpS
conversion [21,22]. In contrast, hamster-adapted prion strains
exhibit an opposite relationship, with short incubation times
correlated with higher conformational stability; the short in-
cubation time hamster strains are associated with decreased
clearance from neurons [18,23]. The stability assay has primarily
been utilized to characterize rodent-passaged strains (of natural or
synthetic prions; [20,24]) or GJD PrP% [25,26], although recent
studies have demonstrated a large difference in stability between
atypical/Nor98 scrapie and classical scrapie in naturally infected
sheep [19,27].

Here, we utilized the ELISA-based stability assay to consider
the relationships between PrP5¢ stability, incubation time, and host
genotype in a natural host system for prion disease: sheep (Ouvis
artes) experimentally infected with classical scrapie. We character-
ized PrP*¢ from sheep infected with a fast-acting scrapie inoculum
exhibiting host PRNP (codon 136) genotype dependence on
incubation time, using the stability assay to provide molecular
evidence for two separate isolates of scrapic and to compare their
properties to those of a representative scrapie isolate (NADC 13-7).
In addition, we use the stability approach to characterize the
molecular properties of field scrapie PrP through the process of
strain stabilization over the course of four serial passages in sheep.

Results and Discussion

Relationship between Genotype, Incubation Time, and
Prp>c Stability in a V,3¢-Dependent Scrapie Inoculum

As a model system for examining correlations between
incubation time and PrP*° stability, we began by considering the
properties of a United States sheep scrapie inoculum that
exhibited a strong dependence of host genotype on the disease
incubation time. The properties of the inoculum were originally
noted in an experimental oral infection study of sheep with QQ
genotypes at PRNP codon 171 (QQ;7;) and varying PRNP
genotypes at codon 136 (AV 36 or AA36). AV 36 sheep developed
disease with an incubation time of only 9-11 months [28],
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uncharacteristically short for oral inoculation of classical scrapie
[29]. Similarly, when the same inoculum (denoted as “x124” and
derived from an infected sheep herd in Idaho) was intracranially
(IC) introduced into a separate population of QQ),7; sheep, sheep
with AVy35 or VV, 35 genotypes progressed to clinical disease
significantly faster than sheep with the AA,35 genotype ([30];
Table 1). An AV3,QR7; sheep was also susceptible to x124 IC
infection with an incubation time of only 5.6 months [30], despite
the fact that QR sheep are thought to be highly resistant to
scrapie infection [2]. (Note that incubation times of scrapie in IC-
infected sheep are shorter than incubation times in orally infected
sheep; [29]).

We examined the appearances of the x124-infected, PK-
digested AAj36, AVi36, and VV s34 PrP% on a Western blot
probed with P4 primary antibody (Fig. 1A, right panel); consistent
with the previously published results, the Western blotting pattern
of PK-digested PrP* was not genotype-dependent [30]. We
additionally observed that PrP> from each genotype reacted with
both P4 and L.42, consistent with sheep classical scrapie strains as
opposed to sheep BSE (Fig. 1A, left panel). AA |35 and VV 34 PrP>
exhibited similar tolerance to digestion with concentrations of PK
ranging from 5 to 100 pg/ml (data not shown).

As an initial comparison of the stability of PrP% in x124-
infected sheep of each genotype, sheep brainstem samples were
treated with either 0.1 or 4 M GdnHCI, and the amount of PrP%
remaining after PK digestion was examined by Western blot
(Fig. 1B). PrP* from AA,3s sheep was relatively resistant to
treatment with 4M GdnHCI; in contrast, PrP%¢ from AV /36 and
VVi36 sheep was completely unfolded at 4 M GdnHCL The
reduction in PrP at more intermediate GdnHCI concentrations
is depicted for a VV34 sheep in Fig. 1C.

To better quantitate this effect, we used the HerdChek ELISA
to directly measure the level of PrP* remaining after treatment
with increasing concentrations of GdnHCI (Fig. 2A). This version
of the stability assay is more time-effective than other methods;
after treatment with GdnHCI, only a simple dilution step is
required before the ELISA, which can be completed in less than
a day (a post-dilution [GdnHCI] of 0.25 M was selected as
a compromise between the sample dilution factor and the ELISA
signal; see Methods). Importantly, by avoiding a PK digestion step,
this version of the ELISA-based stability assay provides a complete
picture of the PrP present in the sheep brain, including PrP*
that is more protease-sensitive (if present; [31]). Similarly, we
utilize the entire population of PrP* in the PBS-homogenized
brainstem tissue, as opposed to an enriched/purified fraction that
may exclude certain populations of PrP%, such as lower-molecular
weight aggregates that may not pellet during centrifugation. For
AVi3 and VV; 3 brain homogenates, the amount of Prp%
remaining plotted against the GdnHCI concentration approxi-
mated a sigmoidal curve (as described for mouse brain PrP®; [20])
with an average [GdnHCI], 5 (* standard error of the mean) of
24 M *0.02 for V,ss-containing sheep (n=4 biological repli-
cates). In contrast, the AAjsq PrP* was significantly more stable,
with an estimated [GdnHCI];,o of 3.8 M *£0.1 overall (n=5
biological replicates; value is estimated due to the high stability of
the samples and the technical parameters of the assay). The
unfolding curve of AV, 3¢ matched that of VV 34 PrP> when
compared in more detail at the transition region of the curve
(Fig. 2B). Based on the VV35 vs. AA;34 difference observed in
Fig. 2A, we hypothesize that only the V36 PrP in the heterozygous
brains is converted to PrPS, and that the slightly longer incubation
time of the AV 34 versus VV 34 sheep (Table 1) is due to the lower
concentration of Vi35 PrP available in the brain for conversion.
This is consistent with the findings of Jacobs et al. [32] for the
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conversion of only the Vi35Q,7, PrP¢ to PrP® in AV 3,0R,7,
sheep. Therefore, on the first passage, relative stability was
correlated with the incubation times that were in turn correlated
with the genotypes.

We observed that the concentration of GdnHCI required in
the more stable cases exceeded the buffering capacity of the
PBS solution, resulting in a reduction in the final pH of samples
as the [GdnHCI] was increased. Based on this observation, we
compared unfolding curves for AAj3s and VVis PrP5¢
generated by the above method to curves generated with
GdnHCI solution that had been adjusted to a neutral pH
(Fig. 2C). We observed a pH-dependent change in the profile at
34 M GdnHCI (with an increased ELISA signal for acidic
samples), but the difference in stability profile between AAjs4
and VVi3 animals was observed with both methods. To
examine the source of the pH effect on the ELISA signal, we
treated 1 ul BH with 9 pl PBS adjusted to pH=~4 (treatment
#1) or with PBS pH 7.4 (treatment #2) for 1 hour in the
absence of GdnHCIL After dilution of samples with PBS
(pH 7.4) up to 160 ul total volume, as in the above assays,
we did not observe that treatment with acid increased the
ELISA signal; instead, the signal was very slightly decreased in
treatment 1 as compared to treatment 2. This result confirms
that it is the pH in the presence of the GdnHCI that impacts
the process of irreversible denaturation (here, reducing the level
of denaturation at low pH). This observation is an important
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Table 1. Clinical information for sheep samples.

Incubation time
Sample # Breed Genotype Inoculum Route of inoculation (months post-inoculation) Ear tag #
1 Cheviot AA136QQ171 x124 IC 16.5 709
2 Cheviot AA136QQ171 x124 IC 16 722
3 Suffolk AA136QQ171 x124 IL* 18 3502
4 Suffolk AA136QQ171 x124 IC 26 3504
5 Suffolk AA;35QQ171 x124 IC 15 3509
6 Cheviot AV;36QQ171 x124 IC 6 721
7 Cheviot AV136QQ171 x124 IC 55 729
8 Cheviot W;36QQ171 X124 IC 5 720
9 Cheviot W136QQ171 x124 IC 45 744
10 Suffolk AA136QQ174 136-VDEP IC 16.5 809
11 Suffolk AA136QQ;171 136-VDEP IC 16.5 842
12 Suffolk W136QQ171 13-7 IN* 26 813
13 Suffolk WV136QQ174 13-7 IN 27 814
14 Suffolk AA136QQ171 13-7 IN 21 822
15 Suffolk AA136QQ171 13-7 IN 17 823
16 Suffolk WW136QQ171 136-VDEP IN 7 821
17 Suffolk VV136QQ171 136-VDEP IN 7 824
18 Suffolk AV;36QQ;71 136-VDEP IN 10 844
19 Suffolk AV136QQ171 136-VDEP IN 14 810
20 Suffolk AA136QQ174 13-7 IC 11 831
21 Suffolk AA136QQ171 13-7 IC 10 843
22 Suffolk AA136QQ174 None-control N/A End of study 828
23 Suffolk AA136QQ174 None-control N/A End of study 839
jSheep #3 was inoculated with x124 intralingually (IL) [34].
*IN = Intranasal/nasopharyngeal route of inoculation, resulting in contact with nasal mucosa and near immediate swallowing with no need for insertion of an
esophageal tube.
doi:10.1371/journal.pone.0043060.t001

technical note for future studies of highly stable strains, as 1X
PBS buffer is frequently used for preparation and testing of
tissue homogenates.

Observed Stability Differences are not Due to Inherent
Effects of PrP>* Amino Acid Sequence

The observed difference in stability between the x124-infected
AAj36 and VVizs sheep PrP% could be explained by two
hypotheses: either (1) the stability of the host scrapie PrP> formed
from a singleisolate in the x124 inoculum is host genotype-
dependent, or (2) multiple, distinct isolates of scrapie were present
in the flock that served as the source of the scrapie inoculum (and
the AA 36 sheep brains predominantly accumulated a different
1solate than did the other sheep). In order to examine if there is an
effect of host protein amino acid sequence on the stability of PrPS,
we utilized samples of sheep brainstem experimentally infected
with the same classical scrapie isolate, NADC 13-7 (more details in
Methods; Table 1). The ability to compare samples that have been
infected with a single isolate of host-stabilized scrapie provides
a superior system to analysis of field samples of different genotypes,
which may be infected with different, or mixed, strains/isolates.
The stability of PrP%¢ from 13-7 infected AA, 55 sheep (#14, #15,
#20) and the stability of PrP> from 13-7 infected VVs4 sheep
(#12, #13) were compared. Despite apparent differences in the
incubation time of the two AV, 3; and the two VV,35 animals
(Table 1), we did not observe differences in the stability of PrPSe
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Figure 1. Western blotting patterns of PrP5¢ from x124-
infected sheep brains. Each lane represents PK-digested PrpPc
probed with an anti-PrP monoclonal antibody. Molecular weights (in
kDa) of selected bands of a biotinylated protein molecular weight
marker (Mk) are denoted in each panel. (A). Comparison of banding
patterns of PrP*® from x124-infected sheep of different genotypes. Western
blots were probed with either L42 (left) or P4 (right) primary antibody.
Amounts of BH loaded per lane, from left, in mg equivalents of
brainstem tissue: L42-0.2 mg, 0.2 mg, 0.4 mg; P4-0.4 mg, 0.1 mg,
0.4 mg, 0.4 mg. Genotype at codon 136 of sheep samples used is noted
above the lanes. (B). and (C). Western blots of GdnHCl-treated samples. In
(B), brainstem samples from the indicated sheep were treated at either
0.1 or 4 M GdnHCl as described in Methods; in (C), samples from a V3¢
sheep (#9) were treated with concentrations ranging from 0.1 to 4 M
GdnHCl, as indicated.

doi:10.1371/journal.pone.0043060.g001

from the two different host genotypes at the level of resolution of
this assay (Fig. 3A). This result also demonstrates the potential use
of this methodology for comparisons of the effects of PRNP
polymorphisms on PrP* properties in natural hosts.

Identification of Distinct Scrapie Strains in the Genotype-
dependent x124 Scrapie Inoculum

The results of the 13-7-infected host comparison suggest that the
data in Fig. 2A could alternatively be explained by the presence of
more than one isolate in the x124 inoculum. Analysis of the results
of a second round of sheep inoculations allowed us to confirm this
hypothesis. BH from a single AV;36QR7; sheep (#3004) infected
with x124 was IC inoculated into two AA;36QQ);7; sheep (#10
and #11), each of which developed clinical signs of scrapie and
accumulated PrP% in the brainstem (Table 1). The unfolding
curves of PrP> from sheep #10 and #11 were consistent with that
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of the #3004 inoculum (Fig. 2D), with [GdnHCI],,y values
consistent with those of the VVy34 (and not the AA|3¢) sheep from
the first passage of the pooled x124 inoculum (Fig. 2A, C). This
result suggests that at least two different isolates of scrapie were
present in the original x124 inoculum. One, characterized by
a [GdnHCI], /9 of 2.3-2.4 M in this assay, is fast-acting in sheep
carrying a V36 allele, but is also capable of causing disease in
AA| 36 sheep by IC inoculation. We refer to this isolate as “136-
VDEP.” The other isolate is predominant in the x124-infected
AA;36 sheep brain and exhibits higher stability in GdnHCI
(approximately 3.3—4 M, depending on the discussed pH effect). It
is possible that the x124-infected AA 35 sheep have accumulated
both forms of PrP™ in their brainstem (we speculate that
differences in the curves between individual AA;ss sheep could
be due to differences in the level of 136-VDEP that accumulated
in the brain). The stability profile of AAjss PrP% from x124-
infected sheep is consistent with reports that classical field scrapie
samples are stable up to 3—4 M GdnHCI as measured by PK-
Western dot blot [27].

Note that while the stability of their PrP® was low, the
incubation times for sheep #10 and #11 (AA;36) were relatively
long; VV 36 sheep infected with the same dose of brain #3004
intranasally (a slower-onset method of inoculation) succumbed to
scrapie in less than half the time in the same experiment (Table 1).
We attribute this to a host PrP® genotype influence on discase
kinetics, an effect that must supersede the role of PrP® complex
stability in determining incubation time in this case. As compared
to inoculation studies of isogenic mouse hosts, explorations of
incubation time relationships in livestock must take into consid-
eration the role of both host (PrP®) genotype and PrP®° stability.

Molecular Typing of Serially Passaged US Scrapie
Inoculum 13-7

The results of this study demonstrate the utility of the stability
assay in distinguishing between prion isolates which have
apparently identical Western blot profiles. Often, prion isolates
are serially passaged in order to select and stabilize an isolate. As
an additional application of the ELISA-based stability assay to
livestock systems, we used stability profiles to investigate the
composition of PrP% from sheep brains during serial passage of
the 13-7 strain. In previous work [33], the initial 13-7 pooled brain
inoculum (pool of 13 sheep brains from 7 different flocks) was used
to IC infect 5 different Suffolk lambs (all AA3e); incubation times
before development of clinical symptoms varied between 13 and
nearly 24 months (Fig. 3C). For each passage, BH (1 ml of a 10%
w/v brain suspension) from the sheep with the shortest incubation
time was used to inoculate the lambs in the subsequent passage
[33]; average incubation times for each passage were Passage 1
(P1)=19.0 mo., P2=10.3 mo, P3=12.1 mo., and P4=10.7 mo.
We determined the stability of PrP*¢ from selected lambs from
each passage to determine if the relative [GdnHCI], /9 tracked
with the incubation time of the sheep (Fig. 3B). Significant
differences in the incubation time of sheep at the first passage and
the incubation time at later passages were present, suggesting
stabilization of the isolate subsequent to the first passage (P-values
were 0.0007, 0.003, and 0.001 when comparing passage 1
incubation time with incubation time of each of the subsequent
passages (P2-P4), respectively). However, we did not observe
a relationship between the incubation time of the sheep and the
[GdnHCI], /5. While we observe some variations in the upper
baseline, the rest of the curve is very similar for the different
samples (Fig. 3B). This result is consistent with the fact that the
lesion profiles and PrP® immunohistochemistry (IHC) patterns in
brain sections did not differ between subpassage groups [33]. It is
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Figure 2. Unfolding Curves of 136-VDEP Passage Experiments. In each panel, GdnHCl unfolding curves were generated for PrP> from the
brainstem of the sheep samples indicated as described in Methods. In (A) and (D) only, curves were performed without adjustment of final GdnHCI
solution pH, as described in Results. Points were normalized to the value at 0.25 M for each experiment. (A). Comparison of x124-infected sheep of
different genotypes. Points represent averaged normalized values from 2-3 independent curves for each animal. Error bars display the standard
deviation (SD) of 3 technical replicates for representative sheep samples of each genotype (sheep #1, #4, #6, #9). Technical replicates represent
separate curves performed on separate days. Lines were used to connect data points and to estimate [GdnHCl],; observed variations in sample
baseline or deviations from a sigmoidal curve may represent real effects in these assays (i.e., no theoretical basis to expect a perfect sigmoidal curve).
Average [GdnHCl];/, values were calculated for each animal and then averaged across genotypes; average [GdnHCl], values *+ standard error of the
mean (SEM) were as follows, as reported in the text: AA;3¢ animals (n =5 biological replicates)-3.8 M =0.1 (approximate value due to partial curves);
V,36-containing animals (n =4 biological replicates)-2.4 M £0.02. More precise values for the [GdnHCl],,, of the AA;3 animals were measured for
three different animals (sheep #1, 3, and 4) under pH-adjusted conditions (Fig. 2C). Two x124-infected AV,s¢ Suffolk sheep [34] also had PrP>
unfolding curves matching those for the AV, Cheviot sheep depicted here (data not shown). (B). Comparison of AV;35 and V34 PrP*® from the x124
infection experiment. (C). Characterization of the effect of pH on unfolding curves. Blue curve-WV, 34 PrP*S, no pH adjustment; Red-VV; ¢, pH adjusted to
neutral; Green—AA, 36, no pH adjustment; Purple-AA;3s, pH adjusted to neutral.(D). Results of second passage of 136-VDEP into AA 3¢ sheep. For (B)-(D),
the curves displayed represent data from a single experiment that was repeated at least two additional times in independent experiments (with
comparable results in each repeat).

doi:10.1371/journal.pone.0043060.9002

possible that multiple isolates were present in the original
moculum, but the data suggests that on the first passage, the
predominant isolate in each of the infected sheep was the same.
This in turn suggests that other factors besides the specific isolate

Correlation between PrP*¢ Stability and Incubation Time

in a Natural Host System

As discussed, in two independent experimental inoculations of
sheep with homogenate containing 136-VDEP [28,30], rapid
disease progression was observed in sheep carrying at least one
V36 allele. Similar rapid disease development (incubation times of
~7 months for VV,35 animals) was observed upon intranasal
moculation of AV 34 and VV 36 sheep with a brain from a single
136-VDEP-infected AV;36QR 7, animal (Table 1). In the same
study, sheep intranasally infected with (stabilized) 13-7, serving as
a reference 1solate of U.S. sheep scrapie, progressed to disease in

of scrapie that is present influenced the incubation time and
caused the decrease in incubation time between the first and the
subsequent passages. One possibility is that dosage of the
predominant scrapie isolate increased upon passage. While we
did not observe differences in PrPSCstability in this case study, we
note that this would be a useful and rapid method for directly
tracking prion isolates in other livestock prion stabilization studies.
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Figure 3. Comparison of 136-VDEP and 13-7 Scrapie Isolates. Curves were prepared as described in Fig. 2, with pH-adjusted GdnHCI. (A).
Comparison of 13-7 scrapie stability in AA;3s and VW36 hosts. Red curve-13-7- infected PrP>¢ from AA, 6 hosts (average of sheep #14, #15, #20); Blue
curve—13-7-infected PrP*¢ from VV, ¢ hosts (average of sheep #13, 14). The results from three technical replicates from each animal were averaged
before averaging biological replicates; red error bars represent SEM and blue error bars represent the range. (B, C). Serial passage of 13-7 inoculum in
Suffolk sheep. (C) depicts the process of serial passage, with incubation times of disease in the hosts indicated below the animal in months. Colored
symbols in (C) correspond to the colors used to depict the unfolding curve of PrP>¢ from the same sheep in (B). In (B), the results from four
independent curves from each animal were averaged, and error bars reflect the SD for technical replicates. (D). Comparison of stability between 136-
VDEP and 13-7 isolates. Red curve-136-VDEP-infected PrP°S; Black curve-13-7-infected PrP*¢. Curves are averaged across 4 (red) or 8 (black) biological
replicates of each isolate, and error bars reflect SEM of biological replicates. To allow for statistical analysis, the 136-VDEP curve includes AV,34 and
VV;36 animals, and the 13-7 curve includes VV;34 and AA;3¢ animals (since Fig. 3A demonstrates that genotype does not have an inherent effect on
stability). The same pattern is observed with averaged curves of two 136-VDEP-infected VV, 34 sheep (blue curve) and two 13-7-infected VV,34 sheep
(purple curve). [GdnHCI];/, values for the individual animals were also calculated and averaged, with a mean [GdnHCl],,, for 136-VDEP of
2.36 M=*0.06 (SEM) and a mean [GdnHCl];, for 13-7 of 2.80 M=0.10 (SEM). Means of the two populations were significantly different by an unpaired
student’s T-test (P-value =0.0003).

doi:10.1371/journal.pone.0043060.g003

an average of 22 months, in a codon 136 genotype-independent
fashion (Table 1). We suggest that the dose of 13-7 in this study
was overwhelming since 100% (4/4) of the inoculated sheep
developed clinical signs and accumulation of brainstem PrP*® due
to inoculation with this passaged and host-adapted strain (Table 1,
sample #’s 12-15). Therefore, experimental evidence combined
over multiple studies in sheep suggests that the incubation time of
the stabilized 13-7 isolate is longer than that of the 136-VDEP
isolate (which has an unusually short incubation time for classical
scrapie in sheep).

We utilized PrP stability information from the experiments
described above to determine if the 13-7 and 136-VDEP isolates
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also exhibited a significant difference in stability. Unfolding curves
from Fig. 3A and Fig. 3B (excluding the first passage in Fig. 3B;
n = 8) were averaged to generate a 13-7 unfolding curve, and (pH-
controlled) unfolding curves from AVy35 and VV, 35 sheep (n =4)
were averaged to generate a 136-VDEP unfolding curve (Fig. 3D).
The shorter incubation time of 136-VDEP in sheep correlates with
a lower stability (lower [GdnHCI],/9 value), suggesting that the
correlation between incubation time and PrP stability observed
in mouse-passaged samples [20] may also apply to natural hosts.
We note that the incubation time and stability also appear to be
correlated for the isolate present in the x124-infected AA;36 sheep
(average of 19 months for the IC samples investigated here,
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[GdnHCI]; ,9>3; compared to an average of 5 months for the IC-
inoculated VV,36 sheep for 136-VDEP and an average of 11
months for IC-inoculated AA ;36 sheep for 13-7; [33] and Table 1).
However, it 1s possible that the x124 moculum, which also carried
the 136-VDEP isolate, only carried a low dose of the higher-
stability isolate. Further experimentation, in which x124-infected
AA ;36 brain homogenate is passaged into additional sheep, is
warranted to confirm the incubation time upon use of a higher
dose. Interestingly, Bulgin et al. [28] report that the 136-VDEP
isolate in orally-infected AV 36 sheep led to an abnormally fine,
“sprinkled” accumulation of PrP*® throughout the affected tissues.
Therefore, it is possible that the relationship between diffuse
aggregation, low PrP5° stability, and short incubation times
observed in mice [34] also applies to strains of classical scrapie
in the natural host. However, we note that in contrast, Hamir et al.
(2009) did not observe differences in IHC PrP® labeling of x124-
infected brain sections of different genotypes.

In summary, we demonstrate the utility of the ELISA-based
GdnHCI stability assay in the analysis of prion disease isolates
(otherwise indistinguishable by the standard Western blotting test)
in natural hosts. The commercial, non-PK-dependent ELISA
utilized here is particularly simple and rapid for use in these
measurements. We identify the presence of a mixture of isolates in
an inoculum previously believed to reflect a single isolate of scrapie
[30] and characterize field scrapie samples across the process of
serial passage in sheep. We demonstrate that the short-incubation
“136-VDEP” isolate is associated with an unstable PrP% higher
structure as compared to the longer-incubation, higher stability
scrapie isolatel3-7, analogous to the previously reported correla-
tion in mouse-adapted strains [20]. The second passage of the 136-
VDEP isolate into AAjss animals highlights the role of host
genotype in this incubation time/stability correlation. Finally, we
do not identify differences in the inherent stability of A;s4 PrpP5¢
and Vi PrP> (when infected by the same host-stabilizedprion
isolate) in this assay of irreversible denaturation. The approach
presented here is broadly applicable to naturally occurring T'SEs
in natural host species (with different PrP primary structure), and
this work will inform future experiments designed to further our
understanding of livestock T'SE incubation time, genotype, and
stability relationships.

Materials and Methods

Ethics Statement

All animal studies were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of Sciences,
Washington, DC) and the Guide for the Care and Use of
Agricultural Animals in Research and Teaching (Federation of
Animal Science Societies, Champaign, IL); protocols were
approved by the Institutional Animal Care and Use Committee
at the National Animal Disease Center. Previously published tissue
samples are cited under the heading Sheep Brain Sample Sources.
Samples from ongoing studes are covered under protocol #3893.

Sheep Brain Sample Sources

Scrapie-infected sheep brain samples were obtained from
previous studies [28,30,33,35] or ongoing pathogenesis studies at
the National Animal Disease Center (protocol #3893). Briefly,
x124-infected samples [30] (Table 1; all animals were
RR540Q0;7,) were IC inoculated as lambs with the x124
inoculum, prepared from a pool of 7 scrapie-affected brains from
animals that were QQ);7; and either AA (n=5), AV (n=1), or VV
(n=1) at codon 136. Animals were allowed to progress to the
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incidence of clinical disease, euthanized, and necropsied upon
incidence of clinical signs; the presence of PrP* in the brain was
confirmed by Western blotting and IHC [30,35]. Sheep #3004
(AV1360R7;) was orally inoculated with x124 (5ml of a 5% brain
homogenate) and similarly treated [28].

For the comparison of 136-VDEP and (stabilized) 13-7 infection
of sheep, lambs were intranasally (IN) inoculated with 1 ml of
either 13-7 (derived from a single brain carrying the 13-7 isolate
after stabilization via 4 passages in sheep) or 136-VDEP (derived
from sheep brain #3004, as described) BH. Animals were
euthanized upon development of clinical symptoms or at the
end of the experiment (30 months). Two uninoculated control
sheep did not develop clinical symptoms during the time frame of
the experiment (sheep #22 and #23, Table 1).

Finally, samples for the molecular investigation of the serial
passage of 13-7 in sheep were obtained from Hamir et al. [33].
Briefly, pooled BH denoted as “13-7” was prepared from 13
scrapie-infected sheep brains (derived from 7 different U.S. source
flocks) and passaged in 4 generations of Suffolk lambs (pre-
dominantly AA;36RR;5,00;71). The incubation time data for
serial passage of scrapie isolate 13-7 was analyzed by analysis of
variance using a general linear model for unbalanced data (SAS
for Windows, Version 9.2, SAS Institute Inc.,Cary, NC, USA). A
significance level of 5% was also used for comparisons between
passages.

Preparation and Western Blotting of Sheep Brain

Homogenates

Samples of the brainstem of sheep brains that had been frozen
at —80°C or —20°C were used to prepare BH for Western
blotting and ELISA analysis. Tissue samples were bead homog-
enized at 20% (w/v) in 1 x PBS (Dulbecco’s PBS, pH 7.4, lacking
calcium and magnesium) and tested shortly after storage at
—80°C. PK digestion of whole BH was performed in 1X PBS for
I hr. at 37°C, at a final [PK] of 100 pg/ml, followed by
mactivation of PK with 1 mM Pefabloc (Roche). Samples were
boiled in 1x LDS loading dye (Invitrogen) and 5% &a-mercap-
toethanol and loaded to 12% NuPAGE Bis-Tris gels (MOPS
running buffer, Invitrogen); samples were transferred to PVDF
and membranes were blocked for 30 minutes in TBST (Tris-
Buffered Saline +0.1% Tween) +3% BSA. Membranes were
successively probed with either the 142 or the P4 primary
antibody (monoclonal mouse; 1:10,000 for P4, 1:500 for L42;
overnight at 4°C), biotinylated sheep anti-mouse secondary
antibody (1:10,000, 45 minutes, room temperature), and HRP-
conjugated streptavidin (1:10,000, 45 minutes, room temperature),
all in TBST +3% BSA. Blots were imaged with ECL Plus reagent
(Pierce) by either chemiluminescence or fluorescence on a GBOX
instrument (Synoptics).

To perform the Western blots of GdnHClI-treated samples
(Fig. 1B, C), BH was incubated with 0.1 or 4 M GdnHCI (Fig. 1B)
or concentrations of GdnHCI increasing to 4 M (Fig. 1C) for 1
hour, followed by dilution of samples with 1X PBS to a final
[GdnHCI] of 0.1 M. Diluted samples were PK-digested and
treated with Pefabloc as described above, followed by overnight
precipitation at —20°C by the addition of 3—4 volumes of acetone.
After recovery of the precipitate by centrifugation, the pellet was
boiled in loading buffer and subjected to Western blotting with P4
antibody as described above.

ELISA-based PrP> Stability Assay

The IDEXX HerdChek BSE-Scrapie Antigen ELISA test kit
was used to selectively detect the presence of PrP> (as opposed to
PrP® or unfolded PrP*9) in the sheep brains. BH from sheep
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brainstem samples, prepared as described above, were mixed with
Ix PBS and between 0.25 M and 4 M final [GdnHCI] (the
GdnHCI solution used here was prepared in 1x PBS). BH was
diluted up to 8X into PBS in some cases in order to bring the final
ODy50 in the ELISA well to 1.0 or below. No genotype-dependent
trends in the necessary sample dilution factor were present (data
not shown), suggesting that the concentration of BH in the assay
was not a significant variable in the differences noted between
genotypes. The 20% BH is diluted at least 1 to 10 in the final
sample volume of 10 pl. Samples were incubated in GdnHCI for
approximately one hr. at room temperature (RT) and then diluted
with PBS and GdnHCI to bring the final [GdnHCI] to 0.25 M in
each sample. After dilution, samples were immediately loaded to
ELISA plates from the kit, following the “short protocol” for small
ruminants in the manufacturer instructions. Optical density (OD)
values of each sample were read at 450 nm on a SpectraMax 190
plate reader. Values were normalized to the ODys5( of the 0.25 M
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sample after subtraction of a negative control well (negative
control provided by the IDEXX kit) as background.

Acknowledgments

The authors thank Martha Church, Leisa Mandell, and Kevin Hassall for
expert technical assistance and Dr. Marcus Kehrli for expert technical
review and statistical advice. Disclaimer: Mention of trade names or
commercial products in this article is solely for the purpose of providing
specific information and does not imply recommendation or endorsement
by the U.S. Department of Agriculture. USDA is an equal opportunity
employer.

Author Contributions

Conceived and designed the experiments: EMN CEV TLT. Performed the
experiments: CEV TLT. Analyzed the data: EMN CEV TLT.
Contributed reagents/materials/analysis tools: JJG. Wrote the paper:
EMN CEV JJG.

19. Pirisinu L, Di Bari M, Marcon S, Vaccari G, D’Agostino C, et al. (2010) A new
method for the characterization of strain—sg)sciﬁc conformational stability of
protease-sensitive and protease-resistant PrP>". PLoS One 5: ¢12723.

20. Legname G, Nguyen H-O B, Peretz D, Cohen FE, DeArmond §], et al. (2006)
Continuum of prion protein structures enciphers a multitude of prion isolate-
specified phenotypes. Proc Natl Acad Sci USA 103: 19105-19110.

21. Sun Y, Makarava N, Lee C-lI, Laksanalamai P, Robb FT, et al. (2008)
Conformational stability of PrP amyloid fibrils controls their smallest possible
fragment size. ] Mol Biol 376: 1155-1167.

22. Zampieri M, Legname G, Altafini C (2009) Investigating the conformational
stability of prion strains through a kinetic replication model. PLoS Computa-
tional Biol 5: €¢1000420.

23. Ayers JI, Schutt CR, Shikiya RA, Aguzzi A, Kincaid AE, et al. (2011) The
strain-encoded relationship between PrP¢ replication, stability and processing in
neurons is predictive of the incubation period of disease. PLoS Pathog 7:
e1001317.

24. Thackray AM, Hopkins L, Spiropoulos J, Bujdoso R (2008) Molecular and
transmission characteristics of primary-passaged ovine scrapie isolates in
conventional and ovine PrP transgenic mice. J Virol 82: 11197-11207.

25. Choi YP, Peden AH, Groner A, Ironside JW, Head MW (2010) Distinct stability
states of disease-associated human prion protein identified by conformation-
dependent immunoassay. J Virol 84: 12030-12038.

26. Kim C, Haldiman T, Cohen Y, Chen W, Blevins J, et al. (2011) Protease-
sensitive conformers in broad spectrum of distinct PrP structures in sporadic
Creutzfeldt-Jakob disease are indicator of progression rate. PLoS Pathog 7:
€1002242.

27. Wemheuer WM, Benestad SL, Wrede A, Schultze-Sturm U, Wemheuer WE, et
al. (2009) Similarities between forms of sheep scrapie and Creutzfeldt-Jakob
disease are encoded by distinct prion types. Am J Pathol 175: 2566-2573.

28. Bulgin MS, Sorensen SJ, Matlock ME (2006) Association between incubation
time and genotype in sheep experimentally inoculated with scrapie-positive
brain homogenate. Am J Vet Res 67: 498-504.

29. Hamir AN, Kunkle RA, Richt JA, Miller JM, Cutlip RC, et al. (2005)
Experimental transmission of sheep scrapie by intracerebral and oral routes to
genetically susceptible Suffolk sheep in the United States. J Vet Diagn Invest 17:
3-9.

30. Hamir AN, Richt JA, Kunkle RA, Greenlee J J, Bulgin MS, et al. (2009)
Characterization of a US sheep scrapie isolate with short incubation time. Vet
Path 46: 1205-1212.

31. Sajnani G, Silva CJ, Ramos A, Pastrana MA, Onisko BC, et al. (2007) PK-
sensitive PrP is infectious and shares basic structural features with PK-resistant
PrP. PLoS Pathogens 8: €1002547.

32. Jacobs JG, Bossers A, Rezaei H, van Keulen JM, McCutcheon S, et al. (2011)
Proteinase K-resistant material in ARR/VRQ sheep brain affected with classical
scrapie is composed mainly of VRQ prion protein. J Virol 85: 12537-12546.

33. Hamir AN, Kunkle RA, Richt JA, Greenlee J J, Miller JM (2009) Serial passage
of sheep scrapie inoculum in Suffolk sheep. Vet Pathol 46: 39-44.

34. Bett C, Joshi-Barr S, Lucero M, Trejo M, Liberski P, et al. (2012) Biochemical
properties of highly neuroinvasive prion strains. PLoS Pathog 8: ¢1002522.

35. Hamir AN, Kunkle RA, Bulgin MS, Rohwer RG, Gregori L, et al. (2008)
Experimental transmission of scrapie agent to susceptible sheep by intralingual
or intracerebral inoculation. Can J Vet Res 72: 63-67.

August 2012 | Volume 7 | Issue 8 | e43060



