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Abstract

The large chronic wasting disease (CWD)-affected cervid population in the USA and Canada, and the risk of the disease being
transmitted to humans through intermediate species, is a highly worrying issue that is still poorly understood. In this case,
recombinant protein misfolding cyclic amplification was used to determine, in vitro, the relevance of each individual amino
acid on cross-species prion transmission. Others and we have found that the 32—«2 loop is a key modulator of transmission
barriers between species and markedly influences infection by sheep scrapie, bovine spongiform encephalopathy (BSE), or elk
CWD. Amino acids that differentiate ovine and deer normal host prion protein (PrP) and associated with structural rigidity of the
loop 32—a2 (S173N, N177T) appear to confer resistance to some prion diseases. However, addition of methionine at codon 208
together with the previously described rigid loop substitutions seems to hide a key in this species barrier, as it makes sheep
recombinant prion protein highly susceptible to CWD-induced misfolding. These studies indicate that interspecies prion trans-
mission is not only governed just by the 32—x2 loop amino acid sequence but also by its interactions with the «3-helix as shown
by substitution 1208M. Transmissible spongiform encephalopathies, characterized by long incubation periods and spongiform
changes associated with neuronal loss in the brain, have been described in several mammalian species appearing either naturally
(scrapie in sheep and goats, bovine spongiform encephalopathy in cattle, chronic wasting disease in cervids, Creutzfeldt—Jakob
disease in humans) or by experimental transmission studies (scrapie in mice and hamsters). Much of the pathogenesis of the prion
diseases has been determined in the last 40 years, such as the etiological agent or the fact that prions occur as different strains that
show distinct biological and physicochemical properties. However, there are many unanswered questions regarding the strain
phenomenon and interspecies transmissibility. To assess the risk of interspecies transmission between scrapie and chronic
wasting disease, an in vitro prion propagation method has been used. This technique allows to predict the amino acids preventing
the transmission between sheep and deer prion diseases.

Keywords Prion diseases - Transmissible spongiform encephalopathy (TSE) - Scrapie - Chronic wasting disease (CWD) -
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Introduction both humans and animals. Kuru and Creutzfeldt-Jakob dis-

ease (CJD) in humans, chronic wasting disease (CWD) in deer
Transmissible spongiform encephalopathies (TSEs) or  and elk, scrapie in sheep and goats, and bovine spongiform
prionopathies are fatal neurodegenerative disorders affecting  encephalopathy (BSE) in cattle are some of the best known
TSEs. The fundamental pathogenic event in all of them is the
Chafik Harrathi, Natalia Fernandez-Borges and Hasier Erafia contributed ~ conversion of the normal, protease-sensitive host prion protein
equally to this work. (PrP) to an abnormally folded, partially protease-resistant
form (PrP5°) that accumulates in the central nervous system
of the affected individuals [1]. Scrapie, a naturally occurring
TSE in sheep and goats, has been known for over 200 years
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its spread [2]. As one of the better characterized TSE, several
distinct scrapie prions have been described [3] showing slight-
ly different three-dimensional structures and named prion
strains [4]. Similarly, CWD occurs naturally in captive cervids
plus it is the only known prion disease maintained in any free-
ranging wildlife species including mule deer (Odocoileus
hemionus), elk (Cervus canadensis), and moose (Alces alces).
Since its initial report in the late 1960s [5], CWD has spread
extensively throughout the USA, where it is present in 25
states, and 3 Canadian provinces [6]; it was present in South
Korea [7] and the first cases in Europe were reported recently
in a reindeer (Rangifer tarandus) and moose (Alces alces) [8,
9]. The high infectivity and rapid transmission between
cervids result in a high prevalence which can exceed 90% in
captive animals [10]. This consequently leads to increased
exposure of humans and other animals such, as cattle and
sheep, to CWD through consumption of prion-infected animal
products or gazing on prion contaminated pastures, respec-
tively. Thus, the zoonotic risk of CWD or transmission to
other animal species is increasing and CWD transmissibility
studies are now of great interest to public health. Unlike scra-
pie, only two different CWD strains have been described so
far [11], although the recently described European CWD
seems to be different from the previous ones [8].

The transmission of prions from one species to another is
partially restricted as the ability to infect some species but not
others is an intrinsic characteristic of each prion strain. This
phenomenon, known as transmission barrier, usually mani-
fests as an incomplete attack rate and a long incubation period
(time from inoculation to onset of clinical signs) upon initial
interspecies transmission and this typically becomes shorter
for each serial passage [12]. Several experimental inoculations
have been performed to study interspecies transmission of
CWD, most by intracerebral (IC) inoculation. By this route,
CWD has been successfully transmitted to ferrets (Mustela
putorius furo) [13] but failed to transmit to Syrian golden
hamsters (Mesocricetus auratus) even after multiple attempts
[10]. However, after serial passages, the ferret-adapted CWD
was readily transmissible to hamsters, showing that adaptation
to a new host can alter interspecies transmissibility [13]. In
small ruminants, IC inoculation of CWD from mule deer to
goats resulted in an incubation period of about 6 years, much
longer than what occurs with scrapie [10]. In addition, initial
IC transmission of the CWD agent from deer to sheep of the
Suffolk breed is usually associated with significantly longer
incubation periods (2160 dpi) compared to scrapie (570 dpi)
[14, 15]. Conversely, IC inoculation of elk with brain homog-
enate from scrapie-affected sheep causes a disease resembling
scrapie that is indistinguishable from CWD by histologic ex-
amination or immunohistochemistry. However, there was an
extended incubation period (660 dpi) [16], although not as
much as when CWD was transmitted to sheep, showing that
transmission barriers are not uniformly bidirectional [17].
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Transmission experiments of CWD prions from white-tailed
deer, mule deer, and elk to transgenic mice expressing deer,
elk, sheep, cattle, or human PrP¢ suggest that the transmission
barrier for CWD prions among different species of the cervid
family is low, whereas the transmission barrier for CWD
prions to sheep, cattle, and humans is high [18-22]. In con-
trast, scrapie and sheep-passaged BSE prions are readily trans-
mitted to transgenic mice expressing elk PrP [23, 24].
However, besides the initially described CWD strain, few oth-
er have arisen as the disease spread and was further studied,
being their transmission properties different from that most
studied and described in the previous lines [25, 26].

Previous studies have established that the PrP amino acid
sequence strongly affects both PrP>° formation and interspe-
cies transmission of the TSE agent [17, 27-29]. Furthermore,
in vitro studies using conversion systems based on the incu-
bation of prions with PrP from diverse sources have facilitated
studies of the species barrier and identified critical PrP resi-
dues that control prion transmission [30, 31]. These in vitro
methodologies are one of the preferred ways to study the
molecular determinants of the species barrier even though
they differ from natural transmission. The protein misfolding
cyclic amplification (PMCA) technique [32, 33] is one such
powerful in vitro tool that mimics the in vivo conversion pro-
cess of PrP© to PrPS° but with accelerated kinetics. It amplifies
minute quantities of any PrPS° present in a sample [34] and
has been critical in studies of the transmission barrier and
strain phenomenon of prions [35, 36]. Using a variant of this
technique (recombinant PMCA, rec-PMCA), in which recom-
binant PrP (rec-PrP) is used as source of PrP instead of brain
homogenates [37-39], we aim to decipher the determinants of
the sheep—deer transmission barrier as proof of concept for the
rec-PMCA as a tool by which we can determine the relevance
of each amino acid residue in prion proteins that could be
involved in a particular species barrier.

Using this in vitro technique, we wanted to investigate the
molecular determinants of the transmission barrier of a cervine
CWD strain to ovine and their effects on the transmissibility of
ovine prions. Several sheep prion strains and an elk CWD
prion strain were propagated in substrates containing sheep
and mule deer rec-PrP, respectively. There is one amino acid
difference between elk and mule deer PrPs and mule deer rec-
PrP has previously shown much better in vitro conversion
efficiency in our hands. Therefore, despite using a CWD strain
from elk, mule deer rec-PrP was used as a substrate. These
misfolded rec-PrPs were then used to test their ability to prop-
agate in vitro to substrates with sheep rec-PrPs with different
mule deer substitutions. Through the different propagation
abilities shown by the mutant ovine rec-PrPs when seeded
with distinct sheep or mule deer misfolded rec-PrP, the effect
of each substitution on the transmission barrier was analyzed.
Therefore, we developed a rapid method to perform a prelim-
inary evaluation of transmission barriers, based on in vitro
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propagation of protease-resistant misfolded recombinant PrP
with different substitutions. Our results, consistent with sev-
eral other previous studies on this interspecies transmission
barrier, show that besides the 32—«2 loop amino acid se-
quence, its interactions with «3-helix might be critical to the
transmission of CWD to sheep. Moreover, they indicate that
rec-PMCA may be one of the most useful tools available for
reliable and cost-effective studies for the detection of residues
and regions critical to interspecies prion transmission.

Materials and Methods
Cloning and Recombinant PrP Expression

For cloning of wild-type ovine PrP (sheep ARQ) PCR was
used to amplify the coding sequence of residues 23-231 using
primers ovl 5“AGGAGATATACCATGAAGA AGCGACCA
AAACCTGG-3" and ov2 5-GTGATGGTGATGTTAACTTG
CCCCCCTTTGGTAATA-3' (all primers synthesized by
Sigma-Aldrich). As template, we used genomic DNA from
sheep homozygous for alleles 136A, 154R, and 171Q and
the open reading frame (ORF) of the ovine PRNP gene was
cloned into pOPIN E vector (Oxford Protein Production
Facility UK). All amino acid substitutions between ovine
and mule deer PrP were carried out by two-step PCR initially
using internal primers for the particular substitution and then
external primers ovl/ov2 for the amplification of the mutant
template. The S98T mutation was introduced by forward
primer (FW) 5-GGTCAAGGTGGTACCCACAGTCAGTGG-
3" and reverse primer (RV) 5-CCACTGACTGTGGG
TACCACCTTGACC-3', the S173N mutation with FW 5'-
CCAGTGGATCAGTATAATAACCAGAACAAC-3" and RV 5*-
GTTGTTCTGGTTATTATACTGATCCACTGG-3' primer, the
N177T with FW 5-GTAACCAGAACACCTTTGTGCATG-3'
and RV 5-CATGCACAAAGGTGTTCTGGTTAC-3', and the
[1208M substitution with FW 5'-GACATCAAGATGAT
GGAGCGAGTGG-3" and RV 5'-CCACTCGCTCCATC
ATCTTGATGTC-3'". Therefore, multiple mutations were gen-
erated by the substitution of amino acids at residues 98, 173,
and 208 using ovine N177T as a template. The constructions
containing the double mutants S98T, N177T and 1208M,
N177T were generated by using, respectively, the plasmids
described above (S98T and 1208M rec-PrP). S98T and
1208M plasmids were digested with Xbal-Pstl and Psyl-
BspHI (all restriction enzymes were from Thermo), respec-
tively; then the 589- and 330-bp fragments were ligated into
Xbal-Pstl or Psyl-BspHI double-digested pOPIN E vector
containing ovine N177T rec-PrP. The S173N/N177T ovine
multiple mutants were made by two-step PCR using the inter-
nal primer pairs: FW 5-CCAGTGGATCAGTATAATAA
CCAGAACACCTTTGTGCATGACTGTG-3" and RV 5'-
CACAGTCATGCACAAAGGTGTTCTGGTTATTATACTGA

TCCACTGG-3" and then external primers ovl/ov2 for the
amplification of the mutant template. The S98T/S173N/
N177T and 1208M/S173N/N177T were generated by diges-
tion of S98T and 1208M plasmids with Xbal-Pstl and Psyl-
BspHI, respectively; then the 589- and 330-bp fragments were
ligated into Xbal-PstI or Psyl-BspHI double-digested pOPIN
E vector containing ovine S173N/N177T rec-PrP. The se-
quences of all plasmid constructs were confirmed by sequenc-
ing with T7 oligonucleotide 5'-TAATACGACTCACT
ATAGGG-3' using the Stabvida (Lisbon, Portugal) sequenc-
ing service.

Rosetta (DE3) Escherichia coli were used for expression of
ovine recombinant rec-PrPs. Proteins were produced as de-
scribed previously [37, 38, 40]. Briefly, . coli were cultured
in Luria—Bertani medium (LB) with ampicillin (20 pg/ml)
(Sigma-Aldrich) to an optical density between 0.6 and 0.8 at
600 nm and PrP expression was induced for 3 h by addition of
isopropyl (-D-1-thiogalactopyranoside (IPTG) (Gold
Biotechnology) to a final concentration of 1 mM. Cells were
harvested and cooled in ice for 15 min before centrifugation at
4,500g for 15 min at 4 °C. Cells were lysed for 30 min at room
temperature by shaking (200 rpm) in lysis buffer (50 mM Tris
HCI (Fisher Bioreagents), 5 mM EDTA (Sigma-Aldrich),
1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-
Aldrich), 100 pg/ml lysozyme (Sigma-Aldrich), and 1%
Triton X-100 (Amresco); pH 8) in the presence of DNase I
(100 Ul/ml) (Sigma-Aldrich) and MgCl, (20 mM). The lysate
was centrifuged at 8,500g for 1 h. After centrifugation, the
pellet was washed by thorough resuspension in 50 ml washing
buffer (20 mM Tris HCI, 150 mM NacCl (Sigma-Aldrich),
1 mM EDTA (Sigma-Aldrich), 1% Sarcosyl (Sigma-
Aldrich) at pH 8.0) and centrifuged again at §,500g for
30 min. The pellet was resuspended in 6 ml of inclusion buffer
(20 mM Tris HCI, 0.5 M NaCl (Sigma-Aldrich) and 6 M
guanidine HCl (Fisher Scientific) at pH 8.0) and incubated
at 37 °C overnight. After centrifugation at 8,500¢ for 1 h at
4 °C, the supernatant was filtered through a 0.20-mm PVDF
syringe filter (Minisart, Sartorius Stedim).

The purification was based on the use of a histidine affinity
column (HisTrap FF Crude 5 ml, GE Healthcare Amersham).
The column was assembled on the pump system (Masterflex
Peristaltic Pumps), washed, and then filled with binding buffer
(20 mM Tris HCI, 500 mM NacCl, 5 mM Imidazole (Sigma-
Aldrich), 2 M guanidine HCI at pH 8). After loading the sam-
ple into the column, the protein was eluted using elution buffer
(20 mM Tris HCI, 500 mM NaCl, 500 mM Imidazole, 2 M
guanidine HCl at pH 8). The eluted sample (30 ml) was loaded
as a denatured protein in the guanidine HCI solution (6 M),
followed by concentration to 4-5 mg/ml using 10-kDa cen-
trifugal filter (Amicon Ultra-15 10 kDa unit, Millipore) and
the purified protein was stored at — 80 °C. For all proteins used
in this study, the purity was confirmed by Coomassie-stained
4-15% polyacrylamide gels (Bio-Rad).
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Preparation of PMCA Substrates

Brains from PrP knout out (PRNP ") mice [41] or chicken
were homogenized to a 10% solution in conversion buffer
(CB) (1% Triton X-100 and 150 mM NacCl in phosphate-
buffered saline (PBS) (Fisher) plus complete protease inhibi-
tors cocktail (Roche)). Homogenates were cleared by
centrifuging at 19,000g for 1 h at 4 °C. At the same time,
ovine rec-PrP, purified as described above, was diluted 1/5—
1/10 in PBS and refolded by dialysis against PBS buffer for
1 h at 4 °C using a Slide-A-Lyzer Dialysis Cassette (Thermo
Scientific).

After centrifugation at 19,000g for 15 min at 4 °C, the
soluble rec-PrP was mixed at 1:10 proportion with the brain
homogenates described above. The concentration of ovine
rec-PrP was measured by its absorbance at 280 nm and con-
firmed by bicinchoninic acid (BCA) assay (Thermo-Pierce).
The PMCA substrates were aliquoted in 200 pl PCR tubes
and stored at — 80 °C until required.

Prion Strains

A panel of TSE agents, including cattle BSE (Laboratorio
Central de Veterinaria, Madrid, Spain), elk CWD (University
of California San Diego, San Diego, USA), and atypical BSE
(BSE-H and BSE-L), and different sheep scrapie strains
(Dawson (French National Institute for Agricultural
Research, Toulouse, France) Langlade, UKA2 and SC21
(Centro de Investigacion en Sanidad Animal, Madrid,
Spain)) (Table 1) were prepared from infected brain tissues
as 10% (w/v) homogenates in 5% glucose. The homogenate
stock was aliquot and stored at — 80 °C.

Protein Misfolding Cyclic Amplification

PMCA was performed as described by Castilla et al. [33, 34,
42]. Briefly, PMCA samples were added to a reaction mixture

that was prepared by adding 5 pl of PrP5° inoculum to 45 il of
PMCA substrate prepared as described above. The mixture
was loaded into 0.2 ml PCR tubes (Fisherbrand), positioned
on an adaptor placed on the plate holder of a microsonicator
(Misonix Q-700, QSonica), and subjected to PMCA, each
consisting of 30 min incubation at 38 °C followed by a 15-s
pulse of sonication set at 50-60% amplitude. The conversion
efficiency was determined in a single 48 h rec-PMCA round
with 1 mm diameter zirconium-silica beads (BioSpec
Products) using serial dilution of the initial inoculum. For
the ovine rec-PrP™ generation, serial rounds of 24 h PMCA
were performed. Each new round was seeded at a 1:10 dilu-
tion with the product of the previous PMCA round for 24
rounds. To avoid any cross-contamination, PMCA reaction
tubes were sealed with parafilm (Bemis). Non-amplified con-
trol aliquots were always taken and frozen at — 80 °C to be
used as a reference as initial seed content. In all the experi-
ments, four replicates of each inoculum were used and four
replicates of negative controls, each comprised of 50 pl of
unseeded substrate, were included.

Western Blot

The PMCA products were digested with 25 pg/ml of
Proteinase K (PK) (Roche) in the presence of 10% sarkosyl
in PBS for 1 h at 42 °C with continuous agitation. Digestion
was stopped by adding 10 pl of sample buffer NuPAGE
(Invitrogen Life Technologies) and by heating to 100 °C for
10 min. Samples were run on Criterion 4-15% acrylamide
gels (Criterion TGX gel, Bio-Rad) and transferred to
polyvinylidene difluoride (PVDF) membranes (Trans-Blot
Turbo Transfer Pack PVDF, Bio-Rad). For the immunoblot-
ting experiments, mouse monoclonal antibody 9A2 (Central
Veterinary Institute) was used at concentrations of 1 pg/ml.
Rec-PrP™ signal development was performed with horserad-
ish peroxidase-conjugated goat anti-mouse immunoglobulin
G (IgG-HRP, Santa Cruz Biotechnology). Immunoreactivity

Table 1 Description of the

Description Supplier

different prions used as seeds Name Origin
Dawson (Pgl127) France
Langlade France
UKA2 (19KD) UK
SC 21 (21KD) France
BSE Spain
BSE-H France
BSE-L France
CWD USA

(INRA", France)®
(CISAM, Spain)®
(CISAM, Spain)®
(INRAT, France)?
(LCVM, Spain)°

(LCVM, France)®
(LCVM, France)*
(UCSDC, USA)*

Classical scrapie from a naturally infected sheep
Classical scrapie from a naturally infected sheep
Classical scrapie from a naturally infected goat
Classical scrapie from a naturally infected sheep
BSE from a naturally infected cow

BSE from a naturally infected cow

BSE from a naturally infected cow

CWD from a naturally infected elk

French National Institute for Agricultural Research (INRA), Toulouse, France
b Centro de Investigacion en Sanidad Animal (CISA), Madrid, Spain

¢ Laboratorio Central de Veterinaria (LCV), Madrid, Spain

d University of California San Diego (UCSD), CA, USA
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was detected using SuperSignal West Pico chemiluminescent
system (Thermo Scientific Pierce), visualized, and quantified
using the FluorChem Q system and AlphaView Q software
(Alpha Innotech) [37].

Results

In Vitro Generation of Misfolded Ovine and Cervine
Recombinant PrPs

A wide variety of TSE agents, including both classical and
atypical BSE strains, as well as four scrapie strains and a
CWD strain were used as seeding agents obtained from defin-
itively diagnosed TSE brain tissues of cattle, sheep, and elk,
respectively (Table 1). First, minute amounts of classical scra-
pie (Dawson, Langlade, UKA2 and SC21), BSE, atypical
BSE (BSE-H and BSE-L), and CWD were subjected to serial
rounds of rec-PMCA using ovine and cervine rec-PrP sub-
strates complemented with PRNP™"~ brain homogenate. The
PK-resistant PMCA products will be referred to as rec-PrP™
instead of PrPS° throughout this section as their infectivity in
animal models has not been tested and, thus, cannot be re-
ferred to as PrPS° unless they are proven infectious in vivo,
which is not the purpose of the present study.

Neither ovine rec-PrP nor mule deer rec-PrP misfolded
spontaneously in 20 serial rounds of PMCA, while ovine
rec-PrP was misfolded by all sheep scrapie strains and BSE
strains that were first detected at rounds 15 and 17, respective-
ly (Fig. 1a). Similarly, CWD seeded mule deer rec-PrP
misfolded rec-PrP appeared as early as the 11th round of
PMCA. Conversely, mule deer rec-PrP seeded with scrapie
(Dawson), BSE and atypical BSE (BSE-H, BSE-L), did not
gave rise to misfolded cervine rec-PrP™* until round 17 as
would be expected with an interspecies transmission barrier
(Fig. 1a). For subsequent studies, a single PMCA tube from
round 20 of each seeded ovine and cervid recombinant strains
was selected and scaled up and all the rec-PrP™ generated
from each strain used as seed were analyzed, quantified and
rec-PrP™* amounts equalized (Fig. 1b). Both ovine and mule
deer undigested rec-PrPs used as control (rec-ctrl) showed a
one banded PrP pattern around 21 kDa similar to the non-
glycosylated mammalian PrP€ band, whereas the misfolded
and PK-treated ovine and cervine rec-PrP™ were 15 kDa
bands (Fig. 1b).

Biochemical Characterization of Rec-PrP™*

by Evaluation of In Vitro Propagation Ability
To ensure the various rec-PrP™ derived from serial rounds of
PMCA were able to propagate their misfolded conformation
and to characterize them biochemically, as they were the prod-
ucts of seeding with several different strains, each rec-PrP™

was diluted serially in substrates containing the same or het-
erologous rec-PrP as the seed to evaluate also their transmis-
sibility across species. The dilutions were then subjected to a
single 48 h round of PMCA and the propagation ability of
each strain in each substrate was determined by PK digestion
and Western blot. All ovine misfolded proteins (OvDawson
rec-PrP™®, OvLanglade rec-PrP™, OvUKA2 rec-PrP™®,
OvSc21 rec-PrP™*, OvBSE rec-PrP™, OvBSE-H rec-PrP™,
and OVBSE-L rec-PrP™®) were able to propagate on their
own substrate containing recombinant ovine PrP (ARQ) up
to at least dilution 10~/ (Fig. 2a). However, the same inoculum
propagated in heterologous substrate containing the recombi-
nant mule deer PrP showed a variable and consistently much
lower propagation ability as expected with the presence of an
interspecies transmission barrier (Fig. 2a).

The cervine misfolded proteins (MuDawson rec-PrP™,
MuBSE rec-PrP™*, MuBSE-H rec-PrP™°, MuBSE-L rec-
PrP**, MuCWD rec-PrP*®) were able to propagate their con-
formation consistently on the substrate containing the mule
deer rec-PrP up to dilutions between 10> and 10”7, while its
propagation ability was variable and decreased by several or-
ders in the substrate containing sheep rec-PrP (ARQ),
reaching maximal dilutions of 107> or 107" (Fig. 2b).
Surprisingly, the misfolded proteins MuDawson rec-PrP™*
and MuCWD rec-PrP™ showed a very low propagation abil-
ity in the ovine recombinant PrP substrate, indicating a signif-
icant transmission barrier.

Introducing Certain Substitutions from the Deer Prion
Protein into Ovine Prion Protein Alters the In Vitro
Propagation Ability of Some Deer and Ovine Prions

As shown previously by in vivo studies [14, 16], there is a
stringent barrier against the transmission of cervine prions to
ovine PrP protein and vice versa, which is mirrored by a sig-
nificant decrease in the in vitro propagation abilities. To fur-
ther investigate this transmission barrier phenomenon, an ami-
no acid sequence comparison of both sheep and mule deer
PrPs was undertaken and four amino acid residue differences
were found, S98T, S173N, N177T and 1208M (Fig. 3), which
could be responsible for the observed transmission barrier.

To investigate the effect of each residue on the specie bar-
rier and on the misfolding proneness of the ovine PrP, we
performed a quantitative comparison of the propagation effi-
ciency by serial dilution [10-2 to 10-8] of the recombinant
inocula from the previous experiment in substrates containing
ovine rec-PrP with individual S98T, S173N, N177T, and
1208M substitutions and complemented with chicken brain
homogenates. Resultant samples were then subjected to a sin-
gle 48 h round of rec-PMCA with all the substrates adjusted
previously to contain equal amounts of mutant and wild- type
rec-PrPs.
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a Substrate Ovine (ARQ rec-PrP¢)

Seed ROS RO6 RO7 RO8 ROS9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20
Dawson Prp*

Langlade Prp%

UKA2 Prp%
SC21 Prp*
BSE PrpP%
BSE-H Prp%
BSE-L PrpP%
Unseeded
Substrate Mule deer (rec-PrpP)
Seed ROS RO6 RO7 RO8 RO9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20
Dawson Prp |
BSE PrP% [ |
BSE-H PrP% -
BSE-L Prp% -
CWD Prp%
Unseeded
The grayscaleinthe boxes indicatesthe percentage of positive tubes (showing PK resistant ovine
orcervine PrP™) out of thetotal number of tubes sonicated (n=4).
0% 25% 50% 75% 100%
b Substrate Ovine (ARQ rec-PrP<)
OvDawson Ovlanglade OvUKA2 OvSc21 OvBSE OvBSE-H OvVBSE-L Ovine Tg338
rec-PrP™* recPrP™ rec-PrP™ recPrP™ rec-PrP™ rec-Prp™ rec-PrP™*  rec-PrP ctrl (r[;")
a
-40
-30
A e
-10
PK + + + + + + + - -

Substrate Mule deer (rec-PrpP<)

MuDawson  MuBSE MuBSE-H MuBSE-L  MuCWD Mu-deer Tg338

rec-PrP™* rec-PrP™* rec-PrP™* rec-PrP™* rec-PrP™* rec-PrP ctrl (I:(Ilw)
Da

-40

-30

-20

-10

PK + + - + +
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<« Fig. 1 a Graphic representation of PrP™ showing tubes in rounds RO05 to
R20 of serial rec-PMCA using sheep and mule deer recombinant proteins
as substrate. A substrate mixture consisting of ovine or cervine rec-PrP,
complemented with PRNP~ brain homogenate and seeded with a panel
of TSE agents, including cattle BSE, CWD, and different sheep scrapie
prions (Dawson, Langlade, UKA2, Sc21) or unseeded were subjected to
20 rounds of rec-PMCA. The percentage of duplicate tubes showing PK-
resistant misfolded rec-PrP seen in each round is indicated in a greyscale.
b Western blot of different ovine rec-PrP™ (OvDawson rec-PrP™*,
OvLanglade rec-PrP™, OvUKA2 rec-PrP™®, OvSc21 rec-PrP™,
OVBSE rec-PrP™, OvBSE-H rec-PrP™*, and OvBSE-L rec-PrP™) and
cervine rec-PrP™ (MuDawson rec-PrP™, MuBSE rec-PrP™, MuBSE-H
rec-PrP™*, MuBSE-L rec-PrP™*, and MuCWD rec-PrP™*) generated
in vitro after the 20th serial round of rec-PMCA using ovine and cervine
recombinant proteins as substrates. The presence of rec-PrP™ was deter-
mined by subjecting the rec-PMCA product to 25 pg/ml PK digestion for
1 h at 42 °C, followed by Western blot analysis using 9A2 antibody
(diluted 1:4000). Recombinant ovine or cervine PrPs (ovine rec-PrP and
Mu-deer rec-PrP) and tg338 brain homogenate (Tg338 ctrl) were used as
controls. PK, Proteinase K; MW, molecular weight

The ovine ARQ substrates showed the highest levels of
propagation efficiency for ovine inocula OvDawson rec-
PrP™ and OvBSE rec-PrP™. In contrast, no notable amplifi-
cation was observed in the case of the cervine inoculum
MuCWD rec-PrP™, using the same substrate (sheep ARQ
PrP) (Fig. 4).

The S98T and 1208M substitutions maintained the propa-
gation efficiency seen with wild-type ovine ARQ-PrP® for the
ovine inocula OvDawson rec-PrP™* and OvBSE rec-PrP™,
whereas a significant increase in replication ability was ob-
served using the cervine inoculum MuCWD rec-PrP™* and the
same substrates containing the S98T or 1208M substitution
compared to wild-type ovine rec-PrP, reaching 10® dilution
in both cases. In contrast, the sheep substrate containing the
S173N residue, despite being able to propagate MuCWD rec-
PrP™ efficiently, had a reduced efficiency for OvDawson rec-
PrP™ and OvBSE rec-PrP™ compared to the wild-type ovine
PrP (Fig. 4). A decrease in amplification ability (4-5 log) was
detected using the ovine substrate carrying the N177T mutant
for the OvDawson and OvBSE rec-PrP™*® but the CWD
showed a similar lack of propagation ability as in the ovine
wild-type substrate (Fig. 4).

Introduction of Additional Mule Deer Substitutions
into the Ovine Rec-PrP That Has Cervine Substitutions
at the f2-a2 Loop Strongly Influences Interspecies
Transmissibility In Vitro

Previous studies in both transgenic mouse and cell-culture
models of prion conversion led to the identification of two
residues within the loop between {3-sheet 2 and «-helix 2 of
the PrP which, when mutated, resulted in loop rigidity. This
occurs in species such as the wallaby, horse, and rabbit and
increases the propensity of the PrP to misfold in both in vitro
and in vivo systems [28, 43—46]. Also, the important role of

the rigid loop (32—2) on CWD PrP misfolding [47] warrant-
ed further exploration of its effects on ovine PrP. The rigidity
in the 3-sheet 2—x-helix 2 loop is provided by two amino acid
substitutions in cervine PrP© in comparison to other species:
S173N and N177T [47]. To determine the effect of the 32—o2
loop on ovine prion protein misfolding and the effect of sub-
stitutions far from the loop on this critical region, some double
and triple ovine PrP mutants were generated with cervine PrP
substitutions and their misfolding ability was tested in vitro by
serial dilution of the seeds.

The previous results highlighted that introduction of the
N177T substitution into the ovine PrP sequence decreases its
misfolding propensity in vitro when seeded with ovine and
cervine misfolded proteins. The addition of S173N mutation
to the N177T ovine rec-PrP (S173N, N177T), creating a rigid
loop region identical in primary amino acid sequence to the
cervine PrP, completely blocked its ability to propagate any of
the tested seeds in vitro (Fig. 5). To determine whether the
additional S98T substitution in ovine rec-PrP (S98T, S173N,
N177T), which reduces the amino acid sequence differences
between ovine and mule deer rec-PrP to a single residue,
would recover ovine and cervine seed propagation, a single
rec-PMCA round was performed with serial dilutions of ovine
and cervine misfolded seeds on the ovine rec-PrP with the
triple substitution (S98T, S173N, N177T) compared to the
double mutants and the single mutant ovine rec-PrP with
T177N substitution. The upper part of Fig. 5a shows that
introduction of S98T substitution in the ovine rec-PrP with
cervine rigid loop did not alter significantly the propagation
ability of the ovine or cervine seeds. However, in the absence
of one of the substitutions (S173N) that defines the (3-sheet
2—«x-helix 2 loop rigidity, S98T substitution together with the
N177T showed a significant recovery of cervine seed propa-
gation ability that was able to replicate until 10~ dilution.

The same method was used to investigate the effect of the
1208M substitution in ovine rec-PrP (I208M S173N T177N),
the propagation ability of which was evaluated again by serial
dilution of the seeds and a single rec-PMCA round (Fig. 5).
Surprisingly, unlike the double rigid loop-containing ovine
rec-PrP (S173N N177T), the triple mutant was highly permis-
sive to misfolding by all the seeds used. Moreover, the double
mutant containing just 1208M and T177N substitutions was
more permissive to misfolding, suggesting that [208M substi-
tution is one of the major modulators of the interspecies trans-
mission barrier between sheep and deer, at least in vitro.

Discussion

One of the most intriguing phenomena related to prion biolo-
gy is the existence of diverse strains exhibiting specific bio-
logical and biochemical characteristics [48]. Among those
features, the ability of each strain to infect some species but
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<« Fig. 2 In vitro propagation of misfolded prion proteins. a Ovine
(OvDawson rec-PrP™®, OvLanglade rec-PrP™*, OvUKA2 rec-PrP™*,
OvSc21 rec-PrP™*, OvBSE rec-PrP™*, OvBSE-H rec-PrP™*, and
OvVBSE-L rec-PrP™) and b cervine (MuDawson rec-PrP™, MuBSE
rec-PrP™, MuBSE-H rec-PrP™*, MuBSE-L rec-PrP™, and MuCWD
rec-PrP™) misfolded PK-resistant proteins were diluted from 1072 to
10°® and amplified by rec-PMCA using ovine ARQ rec-PrP and mule
deer rec-PrP as substrates. The negative control samples (0) were either
unseeded ovine ARQ rec-PrP or cervine rec-PrP substrates. NA indicates
the no-amplification sample which was diluted 10" but not subjected to
PMCA. The products of a single PMCA round (48 h) were digested with
PK (25 pg/ml) for 1 h at 42 °C, analyzed by Western blot and developed
with 9A2 antibody (diluted 1:4000). Recombinant ovine or cervine PrPs
(rec-PrP) and tg338 brain homogenate (Tg338) were used as controls.
PK, Proteinase K; MW, molecular weight. Below the panel of Western
blots is a representative experiment from three replicates, maximum di-
lutions for each strain are plotted as an average of three independent
experiments, including standard deviations

not others stands out and is often referred to as the transmis-
sion barrier. The molecular basis of this process is still un-
known but it is thought to be controlled, at least in part, by
the differences in the primary PrP sequences of donor and
recipient animals [17, 27, 49] that affect the structure and
folding of the each prion protein [50]. Understanding the mo-
lecular mechanism behind transmission barriers and, thus, be-
ing able to predict possible new cross-species outbreaks has
tremendous implications for public health, as highlighted by
the transmission to humans of BSE by ingestion of bovine
BSE infected tissues [51]. Indeed, one of the most alarming
issues in prion disorders during the last decade has been the
emergence and zoonotic potential of new strains originating,
for example, in response to the implementation of selective

Fig. 3 a Sequence alignment of a

breeding programs for the eradication of scrapie in sheep
[52-54].

Despite scrapie being present in sheep for more than
200 years and consumed by human, transmission of scrapie
to humans has never been reported. Thus, with the exception
ofa recent study showing transmission of scrapie to transgenic
mice expressing human PrP [54], the zoonotic potential of
scrapie has long been considered zero. On the contrary, BSE
is widely accepted as the origin of the human variant CID
(vCJD) [51, 55, 56]. However, the existence of a few natural
and some experimental cases of BSE in small ruminants
[57-60] and its high experimental transmissibility to transgen-
ic mice expressing human PrP raises concern about possible
zoonoses from these species [61]. Unlike scrapie or BSE, the
risk of transmission of CWD strains to humans remains poorly
studied [62, 63] and cannot be ruled out at present, although
the few experimental challenges of transgenic mice expressing
human PrP with CWD always failed to achieve transmission
[19, 21, 64-66]. However, the risk of transmission of a given
prion strain from one species to another is not limited to direct
transmission but may also occur through adaptation in an in-
termediate host species, e.g., CWD may transmit to human
through an intermediate host such as a sheep as the latter has
a PrP primary sequence that differs in only four amino acids to
the native one in mule deer. For these reasons, we decided to
investigate the transmission barrier between mule deer CWD
and sheep to identify key amino acid residues that may influ-
ence it.

In vivo studies have shown previously the low transmis-
sion efficiency of the most abundant CWD strain to sheep.
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Fig. 4 Evaluation of the effects of substitutions based on cervine PrP on
the in vitro propagation of ovine (OvDawson rec-PrP™ and OvBSE rec-
PrP™) and cervine (MuCWD rec-PrP™®) misfolded proteins. Western
blots showing PK-resistant PrP from 1072 to 10~® serial dilutions of
OvDawson, OvBSE, and MuCWD rec-PrP"*-seeded rec-PMCA propa-
gation reactions containing wild-type (ovine ARQ), ARQ (S98T), ARQ
(S173N), ARQ (N177T), and ARQ (1208M) rec-PrP substrates. For each
seed, substrates containing ovine PrP substitutions were complemented
with chicken brain homogenate and subjected to one round of rec-PMCA.
The negative control samples (0) were either unseeded ovine ARQ rec-
PrP or cervine rec-PrP substrate. NA indicates the no-amplification sam-
ple which was dilutes 10" but not subjected to PMCA. The products of a
single PMCA round (48 h) were digested with PK (25 pg/ml) for 1 h at

Intracerebral inoculations of Suffolk breed sheep with CWD
resulted in incubation periods of around 2160 dpi, significant-
ly longer than the 660 dpi mean incubation time for intracere-
bral challenge in mule deer [14, 67]. Similar transmission
studies were recently performed in transgenic mice expressing

@ Springer

42 °C, analyzed by Western blot, and developed with 9A2 antibody
(diluted 1:4000). Recombinant ovine or cervine PrPs (rec-PrP) and
tg338 brain homogenate (Tg338) were used as controls. In all blots, a
sample containing wild-type ovine (ARQ rec-PrP) and Tg338 substrate
not subjected to PK digestion is shown in the last lane. PK, Proteinase K;
MW, molecular weight. Below the panel of Western blots is a represen-
tative experiment from three replicates, maximum dilutions for each
strain are plotted as an average of three independent experiments, includ-
ing standard deviations. The Western blots and results corresponding to
N177T substitution are also presented in the next figure due to its relevant
blocking effect in order to facilitate the interpretation of results in both
figures

either sheep (Tg338) or elk (TgElk) PrP. Inoculation of several
classical scrapie prions into TgElk mice resulted in an attack
rate of around 7% and no clinical disease at endpoint (389 dpi)
in contrast to the 100% attack rate in Tg338 mice and incuba-
tion periods of 146 to 262 dpi depending on the strain,
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Fig. 5 In vitro propagation ability of ovine and cervine recombinant
misfolded seeds on substrates containing ovine rec-PrP with substitutions
that define the cervine rigid loop (S173N T177N) and with other mule
deer substitutions in combination with the ones defining the rigid loop.
Western blots showing PK-resistant misfolded rec-PrP after serial dilu-
tions from 1072 to 107° of OvDawson, OvBSE, and MuCWD rec-PrP™
and a single 48 h rec-PMCA round on substrates containing ovine rec-PrP
with substitutions (N177T), (S173N N177T), (S98T N177T), (1208M
N177T), (S98T S173N N177T), and (1208M S173N N177T)
complemented with chicken brain homogenate. The negative control
samples (0) were unseeded ovine ARQ rec-PrP substrate. NA indicates
the no-amplification sample with the inocula diluted 10" and not

whereas inoculation of CWD yielded the opposite results with
a 100% attack rate in TgElk mice and rapid onset of clinical
disease (121 dpi) versus no clinical diseases or PrP™* accumu-
lation in Tg338 mice at endpoint (500 dpi) [22]. Similarly, our
findings showed that when CWD rec-PrP™* derived from the
same strain was serially diluted in substrate containing ovine

ARQ rec-PrP and subjected to rec-PMCA it is almost unable

subjected to sonication. The rec-PMCA products were digested with
PK (25 pg/ml) for 1 h at 42 °C, analyzed by Western blot, and probed
with 9A2 antibody (diluted 1:4000). Recombinant ovine or cervine PrPs
(rec-PrP) and tg338 brain homogenate (Tg338) were used as controls.
PK, Proteinase K; MW, molecular weight. Below the panel of Western
blots is a representative experiment of three replicates, and maximum
dilutions for each strain are plotted as an average of three independent
experiments, including standard deviations. The Western blots and results
corresponding to N177T substitution are also presented in the previous
figure due to its relevant blocking effect in order to facilitate the interpre-
tation of results in both figures

to propagate in vitro indicating the existence of a significant
species transmission barrier.

Despite the similarity of both PrP sequences, there is a
notable structural difference in the rigidity of the loop between
the 3-sheet 2 and the «-helix 2 on the cervine PrP (residues
165-175) compared to the flexibility of the loop in ovine PrP
[47]. The difference in flexibility in this region could play a
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Fig. 6 a Ribbon diagram of the C-terminal domain of ovine PrP-ARQ
(residues 114-234, pdb 1TPX). «-helices in blue and {3-sheets in red.
Amino acid residues involved in the structural arrangement of (32—o2
loop and «-helix 3 (I208M) are indicated. Hydrogen bonds are shown
as dashed black lines. The disulfide bridge is represented by the yellow

key role in interspecies transmission given its possible func-
tion as a species-specific surface recognition site for protein—
protein interactions [68] and its relevance in the modulation of
interspecies transmission of CWD was first observed using
PMCA. Due to the high cost of performing in vivo CWD
susceptibility studies on candidate species, Kurt and collabo-
rators used PMCA to assess the transmissibility of this prion
disease to 12 different mammalian species. Their result sug-
gested that efficient conversion was more likely in species
with Asp at position 173 (N173), as occurs in native cervine
PrP, and it was impeded in 6 out of 7 species that have Ser at
this position (S173) [69]. Another study evaluated the effect of
the rigid loop when introduced in mouse PrP and clearly
established the modulatory effect it has on disease susceptibil-
ity. A transgenic mouse model (TgMoPrPR") with a rigid loop
due to two amino acid substitutions (S170N and N174T,
equivalent to 173 and 177 in cervine PrP numbering) in the
PrP was generated. These mice had a high resistance to trans-
mission of mouse prions as shown by prolonged incubation
periods compared to wild-type controls and an increased sus-
ceptibility to that particular CWD strain [46]. However, the
discovery of new CWD strains with strikingly distinct inter-
species transmission properties, like the H95+ readily trans-
missible to mice [70], argues for a reduced effect of regions as
the rigid loop on defining transmissibility. Further studies on
this region through the generation of transgenic mice with a
rigid loop obtained through a different substitution (D167S)
suggested that the susceptibility to CWD is more dependent
on the sequence similarity of the loops than conformation
[71]. Nevertheless, the effect of this loop seems far more com-
plex than a simple amino acid sequence similarity or
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difference and the relevance of local conformational changes
was also clearly established in agreement with the results pre-
sented herein. A mouse PrP with S170N and N174T substitu-
tions which resulted in a “rigid loop” was further modified by
the addition of a Y169G substitution that causes a dramatic
local conformational change of the rigid loop structure. The
expression of this PrP in a transgenic mouse line made it
resistant to different murine prion strains but, surprisingly un-
like TgMoPrPR", also to CWD prions [72]. Further studies on
position 169 demonstrated that an aromatic amino acid resi-
due in this position was required for proper rigid loop forma-
tion and recovery of the transmission barrier modulatory ef-
fects of positions 170 and 174 [73]. Moreover the generation
of a series of transgenic mice expressing chimeric elk/mouse
PrP to determine the key residues involved in CWD propaga-
tion highlighted, again, the importance of the rigid loop. Six of
seven mice with S170N substitution (resulting in rigid 32—o2
loop) showed a 100% attack rate when challenged with CWD
while the ones expressing the flexible mouse 32—x2 loop
showed resistance to CWD regardless of other elk substitu-
tions [74]. In addition to the influence on the transmission
barrier between cervine and rodent prions, a similar study also
showed the modulatory effect of the rigid loop between hu-
man and cervine prions. A transgenic mouse line expressing
human PrP with four amino acid substitutions (M166V,
E168Q, S170N, and N174T) that resulted in the expression
of a human PrP with a cervine rigid loop structure showed
prolonged incubation periods when challenged with human
sporadic CJD but were susceptible to CWD infection [75].
Our findings strongly support these findings given that the
N177T substitution in ovine PrP, analogous to mouse N174T,
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reduces the in vitro propagation of the ovine seeds used (Fig.
4). Moreover, the addition of the second S173N substitution
that encodes the cervine rigid loop in ovine PrP increased the
transmission barrier inhibiting completely the propagation of
scrapie and ovine BSE (Fig. 5), although this substitution
alone made ovine PrP permissive to all ovine and cervine
seeds tested. Despite the fact that ovine PrP with the S173N
substitution apparently abrogated the transmission barrier be-
tween the two species, surprisingly, the substitution N177T
alone or together with S173N in the ovine PrP restricted the
propagation of the ovine seeds as well as of CWD. This indi-
cates that distinct elements within or far from the rigid loop
exert different effects on the transmission barrier and that
some amino acid residue matches might be as relevant as an
overall similar local structure.

Substitutions in residues distant from the rigid loop also
caused drastic changes in the transmission barrier. In fact,
residues 98 and 208 alone have shown an important effect
on the propagation of CWD on ovine PrP. The permissibility
shown by both substitutions to the propagation of all the seeds
tested reflects their importance on reducing the transmission
barrier under study. Given the similar effect of both substitu-
tions alone, the construction of a double mutant containing
S98T and [1208M was discarded and we focused on evaluating
the effect of these substitutions together with those from the
32—x2 loop due to the importance of this region observed in
previous studies. We thought it is possible that they could
show such a dramatic effect through changes in the local
structure of the 32—«2 loop as shown by the substitution
S98T in presence of the substitutions in the loop that result
in strikingly different propagation with all PrP™ seeds tested.
Thus, it appears that each substitution can modulate the effect
of the other, probably by their effects on the overall PrP struc-
ture or the local structure of the rigid loop region. Another
single residue substitution located on «-helix 3 (I208M)
which further increases the similarity between ovine and cer-
vine PrP sequences, together with both rigid loop substitutions
(S173N and N177T) also caused dramatic changes on the
transmission barrier modulatory effect of the rigid loop sub-
stitutions. Indeed, the presence of methionine at position 208
increases the propensity of the ovine PrP with a cervid-like
rigid loop to propagate all the seeds tested, including CWD
(Fig. 5). Therefore, it is clear that other residues far from the
32—x2 loop are important determinants of the transmission
barrier between cervine CWD and sheep, regardless their in-
teractions with the rigid loop region.

This result, and the blocking of CWD propagation in ovine
PrP substrate containing a rigid loop, suggests that for CWD
propagation the presence of a cervine «-helix 3, through the
1208M substitution, may be required to preserve the (32—x2
loop structural environment rather than complete sequence
identity of the rigid loop. To test this hypothesis, the N177T
1208M ovine PrP construct was generated where S173N, one

of the mutations responsible for the formation of 32—«2 rigid
loop, had been removed. We found that the presence of [208M
allowed the propagation of all the seeds used, regardless of the
presence or absence of S173N substitution, demonstrating the
significant role of the 1208M residue in PrP conversion com-
pared to the role of the amino acid residue sequence identity of
the 32—a2 loop.

Determination of the structures of mouse, hamster, and
sheep PrP, among others, by NMR showed that the overall
structure of mammalian PrPs is very similar. However, even
a small number of amino acid changes can give raise to subtle
structural variations that may have a dramatic effect on the
susceptibility to misfolding by different prion strains [76].
Structural variations are particularly significant in the 32—o2
loop that was reported to be flexible in mouse PrP [77] while
presenting a rigid structure in hamster PrP despite their overall
structural similarity [78]. Previous studies on PrPs from sev-
eral different species revealed a range of properties for this
region, from completely flexible to highly rigid loops
[79-81]. Although the rigidity in this loop generally correlates
well with susceptibility to prion diseases, exceptions can be
casily found [81, 82] showing that the regulation exerted by
the rigid loop on misfolding susceptibility is much more com-
plex. Rabbit PrP is one of the most interesting exceptions
given that its structure, by X-ray spectroscopy, shows a well-
defined rigid loop [83] despite this species having a very low
susceptibility to prion infection [84—86]. Interestingly, the de-
tailed structural study of rabbit PrP revealed local hydrogen
bonds within the 32—«2 loop formed by the side chains of
residues P165 and V166 with Q168 and Y169 [83]. Extensive
structural analysis of PrPs from other species showed that
although the global shape of the protein is highly conserved,
amino acid substitutions within the 32—«2 loop dramatically
alter the conformation of this region, modifying the hydrogen
bonds and thus affecting the possible protein—protein interac-
tions of this potentially species-dependent surface recognition
site [68].

Our results show that alteration of position 173 in ovine
PrP numbering is enough to change the susceptibility of ovine
PrP to CWD propagation, probably by affecting similar local
hydrogen bonds. Furthermore, the introduction of the second
rigid loop encoding substitution, 177, seems to completely
alter the arrangement of this region leading to an almost com-
plete inhibition of the misfolding that could be due to a local
arrangement more similar to that present in rabbit PrP.
Additionally, both substitutions could destabilize the structure
of ovine PrP to the extent of inhibiting its conversion into a
protease-resistant form. This was initially suggested by studies
showing that amino acid substitutions at codon 164 in the
[32—x2 loop region of the mouse PrP protein produced local
structural changes that may affect its global structure and sta-
bility, severely affecting PrP© to PrP™ conversion in vitro
[87]. Apparently, this structural destabilization could result
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from the disruption of salt bridges essential for the overall
stability of the protein structure [88, 89].

However, even if disruption of a salt bridge could explain a
complete block of PrP™ propagation due to the structural
destabilization of the prion protein, this hypothesis is not in
agreement with our findings that the propagation ability of our
ovine PrP mutants is reduced but rarely completely inhibited.
Moreover, it would be difficult to explain how, in the case of
the cervine rigid loop-containing sheep PrP that only has two
differences in its primary amino acid sequence compared to
the mule deer PrP (positions 98 and 208), could have such a
different local arrangement that it impedes CWD propagation.
Thus, besides differences in the 32—«2 loop structure identity
between donor and recipient species, some other region must
influence the transmission barrier between ovine and cervine
PrP. Some NMR studies on the structure of PrPs from species
considered resistant to prion infection, such as horse and rab-
bit, have suggested that their low misfolding ability is deter-
mined not just by the presence of the rigid loop but by its
interactions with the carboxi terminal of «-helix 3 [44, 90].
Remarkably, our results showed that an additional single ami-
no acid substitution within o-helix 3 (I208M) in the ovine PrP
with cervid 32—x2 loop was sufficient to remove the cervine-
to-ovine transmission barrier almost completely, supporting
the importance of the interactions between the 32—a2 loop
and «-helix 3.

The relevance of the interaction between the 32—«2 loop
and «-helix 3 was also established by Prigent and Rezaei by
studying PrP oligomer formation in vitro. The role of these
regions on the formation and conformational diversity of PrP
oligomers generated by thermal treatment was demonstrated
by increasing the rigidity of the loop through a disulfide bond
between 32—o2 loop and helix «3 that significantly reduced
the formation of oligomers [91]. Several studies have sug-
gested that one of the early events leading to pathogenic olig-
omer formation consists of the physical expansion of the
a2—a3 helix domain from the rest of the protein [91-98].
Consistent with the results from the previous studies and our
own results, molecular dynamics simulations on ovine PrP
have also shown that single amino acid residue mutations
located in the &2 and «3 helices dramatically and selectively
affect the PrP protein oligomerization process. In particular,
the mutation [208M, localized in the &3 helix (Fig. 6a), led to
the formation of slightly different oligomers than the wild-
type PrP under specific pH and temperature conditions.
Furthermore, molecular dynamics simulations showed that
this protein refolds into a 3-sheeted double hairpin, consisting
of 2 (3-hairpins linked by a loop, similar to the wild-type
protein but with lower 3-sheet content [99, 100, 101].

The data from all the above studies suggests the 1208M
substitution in ovine PrP could interact with the 32—«2 rigid
loop altering the disulfide bridge cysteine residues at positions
182 and 218 [102]. The interaction between the 208M residue
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and the $2—«?2 rigid loop region may induce a higher confor-
mational instability of ovine PrP leading to the rupture of the
disulfide bridge (Fig. 6a), causing the opening of the 32—x2
rigid loop, considered a hinge, and thus aiding the expansion
of «1—f32 from the «2—x3 domain (Fig. 6¢).

Collectively, these results suggest a significant role for
position 208 and a possible interaction of the 3 helix
with the 2—a2 loop that strongly influences not only
the transmission of this CWD strain to sheep but also
PrP¢ conversion. These findings are in agreement with
our results that show how inhibition of CWD propagation
caused by introducing the p2—«2 rigid loop structure
from deer into ovine PrP is abrogated by the presence of
a methionine at position 208 of the ovine prion protein.
Although a mechanistic explanation of this phenomenon
will require further structural studies, our results provide
further experimental support of the relevance of interac-
tions between the a3 helix and the 32—o2 loop with re-
spect to misfolding of PrP. Moreover, our results estab-
lish that the rigid loop is not the only determinant of the
interspecies transmission barrier between deer and sheep
and that its effect might be modulated through complex
interactions with the «3 helix.
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