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Misfolding of the prion protein (PrP) is the key step in the transmission of spongiformpathologies in humans and
several animals. Although PrP is highly conserved inmammals, a few changes in the sequence of endogenous PrP
are proposed to confer protection to dogs, which were highly exposed to prion during the mad-cow epidemics.
D159 is a unique amino acid found in PrP fromdogs and other canines thatwas shown to alter surface charge, but
its functional relevance has never been tested in vivo. Here, we show in transgenic Drosophila that introducing
the N159D substitution on mouse PrP decreases its turnover. Additionally, mouse PrP-N159D demonstrates no
toxicity and accumulates no pathogenic conformations, suggesting that a single D159 substitution is sufficient
to prevent PrP conformational change and pathogenesis. Understanding the mechanisms mediating the protec-
tive activity of D159 is likely to lessen the burden of prion diseases in humans and domestic animals.
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1. Introduction

Prion diseases are aggressive neurodegenerative disorders affecting
humans and other mammals. These conditions are characterized by
spongiform brain pathology and deposition of misfolded isoforms of
the prion protein (PrP) (Colby and Prusiner, 2011; Prusiner, 1998). Pro-
tease resistant conformations of PrP termed scrapie PrP (PrPSc) are
transmissible, but transmission requires conformational conversion of
the host cellular PrP (PrPC) (Bueler et al., 1993; Prusiner et al., 1993;
Telling et al., 1995). Despite dedicated efforts to uncover the intrinsic
and extrinsic factors regulating PrP conversion, we still have a limited
understanding of the molecular mechanisms mediating pathogenesis.
One avenue to shed light on these complex processes consists on
exploiting the natural resistance of some animals to prion diseases.
Scrapie is an endemic disease in sheep and goat that is not transmissible
to humans, but can be transmitted experimentally to rodents (mouse,
rat, hamster, bank vole) (Chandler, 1971; Chandler and Fisher, 1963;
Zlotnik and Rennie, 1963, 1965). The accidental transmission of scrapie
to bovine resulted in the mad cow epidemics of the 1980s and variant
MoPrP, mouse PrP; PrP, prion
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Creutzfeldt-Jacob disease in humans. Contaminated bone meal subse-
quently spreadprions to several domestic and zoo animals, demonstrat-
ing the susceptibility of many mammals to prion diseases, even felines
(cat, tigers) andmustelids (mink, ferret) in which the disease is not en-
demic (Kirkwood and Cunningham, 1994; Kretzschmar et al., 1992).
The exposure of dogs to prions was comparable to that of other domes-
tic and zoo animals, but despite the best veterinary care not a single case
of prion disease has been described among dogs (Kirkwood and
Cunningham, 1994). Transmission experiments in MDCK dog kidney
cells have shown that they do not replicate human and mouse prions
despite normal biogenesis of endogenous PrP, further supporting the re-
sistance of dogs to prions (Polymenidou et al., 2008). Since endogenous
PrP is critical for prion transmission and prion disease, the identification
of animals resistant to prion diseases suggest that either their endoge-
nous PrPC is conformationally stable or their cells express co-factors
that prevent PrP misfolding. Identifying the factors promoting dog PrP
stability can reveal key insight to understand PrP misfolding and
pathogenesis.

The C-terminal region of PrP contains a globular domain comprising
three helices and a short β-sheet (James et al., 1997; Riek et al., 1996).
NMR studies of dog (Canis genus) PrP (CaPrP) found that the structure
of its globular domain is highly conserved compared to that of rodent
or human PrP (Lysek et al., 2005). Sequence alignment identified a
few amino acid substitutions in dogs not present in susceptible animals
and humans. Interestingly, only four amino acids differentiate the glob-
ular domain of dog and cat PrP, resistant and susceptible animals
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respectively. D159 and R177 (human PrP numbering, see Fig. 1A) are
unique substitutions in CaPrP (Lysek et al., 2005) that substitute the
highly conserved N159 and H177 in cat PrP and in most mammals.
D159 is on the α1-β2 loop and exposed on the surface of CaPrP,
resulting in increased negative charge. This amino acid is polymorphic
in dogs, with 68% carrying D and 32% carrying E at 159 (Stewart et al.,
2012), both acidic residues that introduce the same surface alterations.
Other members of the dog family, canines like wolfs and foxes, also
carry D159, suggesting that they enjoy the same protection to prion dis-
eases as dogs. It has been proposed that this change in surface charge
will result in altered interactions with other proteins, possibly proteins
that contribute to PrP conversion. Additionally, in vitro studies have
demonstrated the high stability of CaPrP under strong denaturing con-
ditions, more so than its rabbit and horse cognates, two other prion re-
sistant animals (Khan et al., 2010). However, the functional relevance of
the D159 residue has not been probed in vivo.

Here,wedescribe the generation of transgenicflies expressingmutant
PrP from mouse carrying the D159 substitution from CaPrP to examine
the ability of a single amino acid change to confer conformational stability
and suppress toxicity. We and others showed previously that mouse PrP
(MoPrP)-WT induces progressive toxicity in locomotor neurons associat-
edwith the accumulation of pathogenic conformations (Fernandez-Funez
et al., 2010; Gavin et al., 2006). In contrast, MoPrP-N159D has lower turn-
over thanMoPrP-WT, suggesting thatDrosophila cells can detect aberrant
structural features onMoPrP-WT and promote its degradation.Moreover,
flies expressing MoPrP-N159D show no progressive locomotor dysfunc-
tion and no accumulation of pathogenic conformations. Overall, these
studies identify D159 as a key residue responsible for preventing PrP con-
formational change and disease. This knowledge can be leveraged to
search for genetic or pharmacologic agents that stabilize these domains
and prevent PrP pathogenesis in humans and farm animals.
Fig. 1. D159 is unique in dog PrP and affects surface charge. A, Sequence alignment (Clustal
numbering corresponds to human PrP. CaPrP has three non-conserved substitutions, N159 (b
close in the 3D structure are indicated by blue boxes. B, 3D structure of MoPrP in Cartoon v
Cartoon view of MoPrP. R136 in the α1-β1 loop is open, creating a negative charge. D and E, S
transparent view, the position of N159 is shown with respect to the charge (E). F, Position
surface charge that also affects distant residues, like the displacement of R136 and its negati
arrow) charges appear on the surface of CaPrP (G). The position of D159 with respect of charg
2. Materials and methods

2.1. Sequence alignment and protein modeling

The alignment of the globular domain of human, Syrian hamster,
mouse, and dog PrP spanning positions 120–231 was done on
ClustalW2 (ebi.ac.uk/Tools/clustalw2) using human PrP as reference.
Amino acid sequences were obtained from the NCBI protein database
with the following accession numbers: AAH22532 (human), B34759
(Syrian hamster), AAA39996 (mouse) and ACO71291 (dog). The
color-coded amino acids indicate properties relevant for protein struc-
ture (polarity and charge). To generate 3D views of mouse and dog
PrP, we opened in PyMOL (pymol.org) the NMR structures for MoPrP
(2L1H) and CaPrP (1XYK) from the RSCB Protein Data Bank (rcsb.org/
pdb). We visualized the proteins in Cartoon and Surface formats, and
showed only relevant amino acids to optimize their recognition. In the
Surface format, we created an opaque representation and another
with 40% transparency to visualize the underlying amino acids.

2.2. Molecular and Drosophila genetics

The cDNA for mouse PrP carrying the N159D substitutions (MoPrP-
N159D) was kindly provided by J. Castilla. We amplified the construct
with specific primers containing EcoRI andNotI sites to facilitate cloning
into the pUAST vector to generate transgenic flies (18). The construct
was injected into yw embryos at Rainbow Transgenics following stan-
dard procedures (37) to generate multiple independent transgenic
lines. MoPrP-WT flies were kindly provided by S. Supatappone (Gavin
et al., 2006). The reporter line UAS-CD8-GFP, expressed GFP attached
to themembrane (Lee et al., 1999) and the driver lines da-Gal4 (ubiqui-
tous expression) and OK107-Gal4 (mushroom bodies) were obtained
W) for the globular domain of PrP from human, Chinese hamster, mouse, and dog. The
lue circle) in α1-β2 loop, R177 in helix 2 and E223 (red circles). The two loops that are
iew indicating the secondary structures. C, Position of N159 and regional effects in the
urface view of MoPrP showing the mostly neutral central region (D, arrow). In the semi-
of D159 and regional effects in the Cartoon view of CaPrP. D159 causes a new negative
ve charge. G and H, Surface view of CaPrP. New positive (blue arrow) and negative (red
e is shown (H).

http://pymol.org
http://rcsb.org/pdb
http://rcsb.org/pdb
Image of Fig. 1
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from the BloomingtonDrosophila Stock Center. The BG380-Gal4 (motor
neuron) driver was a gift from B. Zhang (University of Missouri).
2.3. Quantitative RT-PCR

To quantify the levels of MoPrP-WT and MoPrP-N159DmRNA tran-
scripts, we performed real time RT-PCR assays, using Taqman probes la-
beled with FAM. Total RNA was isolated (RNAqueous, Ambion) from
ten whole flies expressing MoPrP-WT or MoPrP-N159D ubiquitously
under the control of da-Gal4. Real-time PCRs reactions were done
using Taqman Universal PCR Master Mix (Applied Biosystems) and
were run in the ABI PRISM 7500 system (Applied Biosystems). RNA
polymerase II (RpII)mRNAwas used as control to normalize the expres-
sion for the two groups. The following primers and probes were
used: MoPrP-Fw: GAGACCGATGTGAAGATGATGGA; MoPrP-Rev:
TAATAGGCCTGGGACTCCTTCTG; MoPrP probe: (FAM)-CGTGGTGGAGC
AGAT; dRpII-Fw: CAGAGTCCGCGTAACACCTA; dRpII-Rev: CAGGTAC
TCCATGGAACGTG; and dRpII probe (FAM)-TCCGATGAAGCCACTTG
TGACCA. Primers and probes were designed using the GeneScript®
TaqMan real-time PCR design software and the experiment was done
in six technical replicates. The experimentwas done in six technical rep-
licates. The graphs showing normalized levels of PrP transcripts were
made in Excel.
2.4. Tissue homogenates and western blot

Onewhole fly expressingMoPrP-WT or –N159D ubiquitously under
the control of da-Gal4 were homogenized in 30 μl of RIPA buffer (Ther-
mo Scientific) and Complete protease inhibitors (Roche Applied Sci-
ence) using a motorized pestle. Protein extracts were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in 4–12% Bis–Tris gels (Invitrogen) under reducing conditions
and electroblotted into nitrocellulose membranes. Membranes were
blocked in TBS-T containing 5% non-fat milk, and probed against the
6H4 anti-PrP antibody (1:10,000, Prionics) and the anti-α-tubulin
(1:200,000, Sigma) antibody as loading control, followed byHRP-conju-
gated secondary antibodies at 1:2500. The 6H4 antibody detects a con-
served epitope in helix 1 (amino acids 144–152) not present in hamster
PrP that is sensitive to the state of the disulfide bond. Immunoreactive
bands were visualized by enhanced chemiluminescence (ECL,
Amersham). For quantification of MoPrP-WT and –N159D, we per-
formed three independent western blots and quantified the PrP bands
by normalizing with respect to the tubulin bands.
2.5. Immunofluorescence and image processing

For subcellular localization, we co-expressed the MoPrP and CD8-
GFP as a cell membrane marker in interneurons of the larval ventral
ganglion under the control of OK107-Gal4. Whole-mount immunohis-
tochemistry of fixed larval brains was conducted by fixing in 4% formal-
dehyde, washingwith PBT, and blockingwith 3% bovine serum albumin
before incubating with the primary antibody as described previously
(Fernandez-Funez et al., 2010). We incubated first with the 6H4 anti-
PrP antibody (1:1000) followed by the secondary antibody anti-
mouse-Cy3 (Molecular Probes) at 1:600.Wemounted the stained larval
brain in Vectashield antifade (Vector) mounting medium for micro-
scopic observation and documentation. We collected two-channel fluo-
rescent images with AxioVision (Zeiss) in an Axio-Observer Z1
microscope (Zeiss) by optical sectioning using ApoTome (structured
lightmicroscopy)with a 63×NA: 1.4 (oil) objective. Representative sin-
gle plane images of local interneurons were extracted from Z-stacks.
Final images were combined using Adobe Photoshop and processing in-
cluded brightness/contrast adjustment to whole images for optimal
viewing and printing.
2.6. Locomotor assay

Flies expressing MoPrP or control (LacZ) constructs were crossed
with the BG380-Gal4 driver, raised at 27 °C, and the progeny was col-
lected at day 1 post-eclosion, and subjected to climbing assays with
the genotypes blinded to the experimenter as previously described (Le
Bourg and Lints, 1992). Briefly, 25 newborn adult females were placed
in empty vials and forced to the bottom by firmly tapping against the
bottom. After 8 s, the number of flies that climb above 5 cmwas record-
ed. This was repeated 8 times every day for the first 10 days and every
other day until all the flies stopped climbing. The climbing index was
calculated as flies above line / total flies × 100 and plotted as a function
of age in Microsoft Excel. Data points are presented as mean values ±
standard deviation.

2.7. Immunoprecipitation assays

We detected pathogenic PrP conformations in Drosophila homoge-
nates using the 15B3 immunoprecipitation kit (Prionics AG, Switzer-
land) (Korth et al., 1997). The monoclonal 15B3 conformational
antibody was bound to Dynabeads M-280 Tosylactivated as specified
by the manufacturer (Invitrogen). We incubated homogenates from 5
whole flies expressing MoPrP with 15B3 and the immunoprecipitated
proteins were subjected to western blot using anti-PrP 6H4 (1:10,000,
Prionics). We used controls with beads not bound to antibody or with
homogenates not expressing MoPrP.

3. Results

3.1. D159 has local and regional effects on the surface of PrP

Sequence alignment of the globular domain of human, Syrian ham-
ster, mouse, and dog PrP shows that these are highly conserved pro-
teins, with most changes resulting in conservative substitutions (Fig.
1A). CaPrP carries three prominent non-conservative changes with re-
spect to the three susceptible species shown: D159, R177, and E223.
Since cat PrP also carries the E223 substitution (Lysek et al., 2005),
this residue should have no role in the stability of CaPrP. Both D159
and R177 are unique substitutions on CaPrP not conserved in cats, mak-
ing themprime suspects tomodulate PrP conformation. R177 and H177
are positively charged residues that should have minor effects on PrP
structure and surface charge. Thus, the only prominent substitution in
CaPrP is an asparagine (N) to aspartic acid (D) at 159 in the α1-β2
loop (Fig. 1A and B). Since the residue at 159 is exposed to the surface,
D159 has been proposed previously to change the surface charge
(Lysek et al., 2005).

Theα1-β2 loop is in close proximity to theβ1-α1 loop in the tertiary
structure of MoPrP (Fig. 1B) with potential local effects on helix 1 and
the β-sheet. In fact, the D159 substitution seem to perturb the β-sheet
because it appears less defined by NMR (Lysek et al., 2005) (Fig. 1C
and F, arrowheads). In addition, the change in surface charge in one
loop could potentially affect the orientation of nearby charged residues.
To test this, we visualized the 3D models of mouse and dog PrP by
PyMOL. The most obvious effect of D159 is the negative charge of the
side chain sticking out and causing a change in the surface (Fig. 1C, D,
F and G). Although R136 and R151 maintained their general position,
we noticed that in MoPrP, R136 occupied a region closer to N159 and
the α1-β2 loop (Fig. 1C). In CaPrP, R136 moved slightly towards α2,
thus displacing its negative charge. Although the increase in negative
charge by D159would allow a closer interaction with R136, the charges
of the backbone chains may preclude it, instead displacing R136
(Fig. 1F). N159 creates a neutral surface in MoPrP that extends over
the surface of the two loops and helix 2 (Fig. 1D and E). In contrast,
D159 creates a negative surface charge and a displacement of positively
charged residues that result in a positively charged region of the surface
of the β1-α1 loop and theα2 helix (Fig. 1G and H) [see also Lysek et al.,



Fig. 3. N159D does not alter the subcellular distribution of MoPrP. A–F, MoPrP-WT and
MoPrP-N159D were co-expressed with GFP in interneurons of the ventral ganglion and
detected with the 6H4 antibody in whole-mount brains. Both MoPrP-WT (A–C) and -
N159D (D–F) showed a mixed distribution in the cell, with some aggregates and some
diffuse localization.
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2005]. These sequence and structural studies support the key role of
D159 on CaPrP, but in vivo validation is still missing.

3.2. N159D decreases MoPrP turnover

To examine the protective effect of D159, we introduced the N159D
on the MoPrP backbone. Then, we created transgenic flies to determine
how N159D alters the biological and biochemical properties of MoPrP.
Taking advantage of existing flies expressing high levels of MoPrP-WT
(Gavin et al., 2006), we selected for transgenic MoPrP-N159D lines ex-
pressing comparable levels from western blots. We prepared homoge-
nates of whole flies expressing MoPrP ubiquitously and used the 6H4
antibody to detect MoPrP. We identified WT and N159D lines express-
ing PrP at almost identical levels following quantitation of three inde-
pendent western blots (Fig. 2A), providing key tools to interpret the
differences caused by a single amino acid replacement. We also exam-
ined the expression of the WT and N159D lines at the messenger RNA
(mRNA) level expecting to find close to identical amounts as indicated
by the protein levels. For this,we extracted total RNA fromwhole fly ho-
mogenates and performed quantitative PCR (qPCR). Surprisingly, we
found that MoPrP-WT mRNA was twice as abundant as MoPrP-N159D
mRNA (Fig. 2B). These results indicate that the turnover of MoPrP-WT
is twice as fast as that of MoPrP-N159D, suggesting that Drosophila
cells can detect abnormal biogenesis and/or conformations in MoPrP-
WT that accelerate its degradation. In contrast, MoPrP-N159D may ac-
quire more stable tertiary structures that promote its stability.

Next, we examined if N159D substitution had additional effects on
MoPrP biogenesis and sub-cellular localization by detecting PrP by im-
munofluorescence in interneurons of the larval ventral nerve cord. For
this, we co-expressed MoPrP-WT and -N159D with the reporter CD8-
GFP under the control of the OK107-Gal4 driver line. MoPrP-WT accu-
mulated mainly in the Golgi apparatus (Fig. 3A–C) as we reported pre-
viously (Fernandez-Funez et al., 2010). MoPrP-N159D displayed a
similar sub-cellular distribution with large clumps in the Golgi (Fig.
3D–F). Thus, we observed no obvious effects of the N159D substitution
on PrP distribution.

3.3. N159D protects against motor neuron dysfunction

To determine the biological consequences of the N159D substitution
on MoPrP, we performed locomotor assays. To test for progressive neu-
ronal dysfunction, we expressed MoPrP-WT, -N159D, and the reporter
transgene LacZ (control) in motor neurons using the strong BG380-
Gal4 driver. We assayed motor coordination of females in climbing as-
says, which reflect the ability of flies to climb the walls of an empty
vial as a function of age. We tested the flies every day for the first ten
days to identify early phenotypes and then every other day until control
flies stopped climbing. A snapshot comparing flies expressing MoPrP-
WT or -N159D at day ten illustrates the locomotor difference between
WT and mutant PrP (Fig. 4A). Control flies expressing LacZ continued
Fig. 2. Expression and stability of MoPrP-N159D inflies. A,Western blot shows comparable expr
quantification of three independent experiments indicates that the expression levels are high
qPCR. Using the same flies as in A, we extracted total RNA and performed qPCR using the sam
transcripts. ***p b 0.001.
to climb until day 35 and reached 50% climbing index by day 27 (Fig.
4B). As we reported previously, MoPrP-WT induced severe locomotor
dysfunction, with 50% climbing index by day 3 (Fig. 4A and B)
(Fernandez-Funez et al., 2010). In contrast, flies expressing MoPrP-
N159D continued to climb until day 35 (similar to LacZ flies), reached
50% climbing index around day 27, and hovered around 50% for two
weeks (Fig. 4A and B). Although flies expressing MoPrP-N159D did
not perform as well as flies expressing LacZ, they performed much bet-
ter that flies expressing MoPrP-WT, indicating that a single amino acid
replacement is sufficient to suppress PrP toxicity.

3.4. N159D prevents the accumulation of pathogenic conformations

After showing that N159D has a protective activity on MoPrP, we
next examined if the change in biological properties was accompanied
by changes in biochemical features. For this, we analyzed the accumula-
tion of pathogenic PrP isoforms recognized by the 15B3 conformational
antibody. 15B3 specifically recognizes pathogenic PrP conformations in-
cluding PrPSc regardless of species, but does not recognize PrPC from any
species (Korth et al., 1997).We have shownpreviously that 15B3 specif-
ically recognizes pathogenic conformations of mouse and hamster PrP
that accumulate over time (Fernandez-Funez et al., 2009, 2010). First,
we demonstrated the specificity of the antibody with several controls
(Fig. 5, left panel). A column with 15B3 and no fly extract produced a
small unspecific band. A column loaded with flies expressing MoPrP-
WT incubated in the absence of 15B3 also produced a small unspecific
band. Finally, non-PrP flies (LacZ) incubated with 15B3 produced the
same pattern, demonstrating the lack of immunoreactivity of 15B3
ession levels ofMoPrP-WT andMoPrP-N159D strains detectedwith the 6H4 antibody. The
ly comparable. B, Determination of mRNA levels for MoPrP-WT and MoPrP-N159D using
e primers for both genotypes. The MoPrP-N159D shows significantly lower levels of PrP

Image of Fig. 2
Image of Fig. 3


Fig. 4.N159Dprevents progressive locomotor dysfunction. A, Flies expressing eitherMoPrP-WT orMoPrP-N159D showdifferent locomotor abilities byday 10,withmost of theMoPrP-WT
flies in the bottomof the vial, whereas theMoPrP-N159Dwere on thewalls and climbed to the top of the vial. B,MoPrP-WT flies showa very dramatic locomotor dysfunction in 5 days and
almost stop climbing after day 10. In contrast, MoPrPN159D flies show amild decrease in climbing activity and retain their locomotor activity for 30 days, similar to control flies expressing
LacZ. Climbing graphs are shown in duplicates to illustrate robustness of the experiment.
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with Drosophila tissues. Then, we prepared homogenates from day 1
and day 30 flies expressing MoPrP-WT or -N159D, and followed the
same procedures for immunoprecipitation with 15B3 and detection by
western blot (Fig. 5, right panel). Youngflies expressingMoPrP-WTpro-
duced twoweak bandspositive for 15B3 at the correctmolecularweight
for PrP, indicating the accumulation of small amounts of pathogenic
conformations. Flies expressing theMoPrP-WT and aged for 30 days ac-
cumulated larger amounts of 15B3-positive conformations, consistent
with the progressive misfolding of PrP into pathogenic conformations.
In contrast, both young and old flies expressingMoPrP-N159D accumu-
lated very small amounts of 15B3-positive conformations, indicating the
inability of this mutant to undergo conversion into pathogenic
conformations.

4. Discussion

Few animals seem to be resistant to prion diseases and these excep-
tions provide unique opportunities to uncover the intrinsic factors
(amino acid sequence) mediating the structural stability of PrPC and
its resistance to conversion. Since expression of endogenous PrPC and
direct interaction with PrPSc are critical for conformational conversion
and pathogenesis (Telling et al., 1995), the intriguing resistance to dis-
ease of dogs has to reside on unique features of its endogenous se-
quence. Additionally, in vitro studies have confirmed the high stability
of CaPrP under strong denaturing conditions (Khan et al., 2010), while
dog MDCK cells and coyote brain extract do not support prion replica-
tion (Kurt et al., 2009; Polymenidou et al., 2008). This study demon-
strates that introducing a single amino acid change in mouse PrP that
is only present in canids is enough to suppress toxicity and
Fig. 5. N159D prevents the accumulation of pathogenic conformations. Detection of
pathogenic PrP conformations using the 15B3 antibody. MoPrP-WT is immunoprecipitated
by 15B3 in both young (day 1) and old flies (day 30), with the older flies accumulating
higher amounts of PrPSc-like conformers. However, very small amounts of MoPrP-N159D
are immunoprecipitated by 15B3. Controls on the left show the specificity of the antibody
for MoPrP. *Indicates a non-specific band.
conformational change. These are strong arguments supporting the
key role of endogenous CaPrP in the resistance to prion disease, al-
though a secondary role for the protein quality control machinery, in-
cluding chaperones, cannot be ignored. D159 is the most salient
difference in the sequence of CaPrP compared to animals susceptible
to prion diseases. Previous studies have shown that D159 alters the sur-
face charge of CaPrP, which should affect the interactions of PrP with
other proteins (Lysek et al., 2005). Here we provide the first in vivo ev-
idence for the relevance of D159 by introducing the N159D substitution
into the MoPrP backbone. This single substitution made MoPrP more
stable based on the protein to mRNA ratio. These results suggest that
the WT allele is targeted for degradation and the N159D substitution
is sufficient to prevent its high turnover. Although we do not know
the exact reasons for the high turnover of MoPrP-WT, it is likely that
partially misfolded conformations interact with chaperones that target
them for degradation. This is confirmed by the presence of 15B3-reac-
tive conformations at day 1 in adult flies. More importantly, MoPrP-
N159D induces no progressive dysfunction of locomotor neurons and
no conversion into 15B3-positive conformations, supporting the biolog-
ical relevance of D159. Although dogs carry another unique substitution
in helix 2 – R177 – that is not conserved in the close sequence of cat PrP
(Lysek et al., 2005), our studies demonstrate that D159 is sufficient to
provide resistance into murine PrP. Overall, a single amino acid substi-
tution on theα1-β2 loop is sufficient to alter MoPrP biogenesis, prevent
conformational changes, and suppress toxicity in vivo.

This work conclusively demonstrates the relevance of D159 in regu-
lating PrP structure and pathogenesis in a transgenic animal model sen-
sitive to PrPmisfolding and toxicity. However, the shortα1-β2 loop has
received little attention for its role on PrP structure. Most of the focus is
on the three helices because PrP misfolding requires the loss of some
helicity and many pathogenic mutations are located on helices 2 and
3. The β2-α2 loop also seems critical because it harbors four pathogenic
mutations while natural variations contribute to disease susceptibility
in sheep and cervids (Kurt et al., 2009; Sigurdson et al., 2010). In con-
trast, the α1-β2 loop only harbors a nonsense pathogenic mutation
(Q160X) and its sequence is highly conserved among mammals, except
in canids (dogs,wolfs, foxes). D159 changes the surface charge due to its
acidic side chain, but the effects of D159 spread to nearby amino acids
creating new negatively charged areas (Lysek et al., 2005). A recent re-
port comparing several PrP structures by NMR suggests that the β1-α1
and α1-β2 loops interact more closely in CaPrP than in susceptible ani-
mals (Hasegawa et al., 2013). The subtle changes in the orientation of
the side chains and the closer loops may affect the stability of the β-
sheet, explaining its poor resolution by NMR (Lysek et al., 2005). All
these changes are expected to alter protein-protein interactions and
our in vivo results suggest that these interactions are critical regulators

Image of Fig. 4
Image of Fig. 5
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of PrP conformation and toxicity. Thus, this critical domain should be in-
vestigated in more detail, because the identification of α1-β2 loop-
binding proteins are expected to reveal clues about the molecular
mechanisms and the extrinsic factors mediating PrP conversion.

Combined, in vitro and in vivo evidence support the intrinsic resis-
tance of the canine family to prion disease associated with D/E159
(Stewart et al., 2012). Although this prion resistance is highly relevant
in a physiological in vivo context, in vitro studies demonstrate that re-
combinant CaPrP is amyloidogenic and can accumulate in the β-state
(misfolded conformation) under strong denaturing conditions (Khan et
al., 2010; Nystrom and Hammarstrom, 2015). Additionally, CaPrP can
be converted into a protease-resistant conformation when seeded with
high concentrations of bovine PrPSc in brain homogenates, and this ma-
terial can induce pathogenesis in mice expressing bovine PrP, but not
in humanized mice (Vidal et al., 2013). These are extreme laboratory
conditions and CaPrP is unlikely to adopt these conformations naturally
or under physiological conditions, thus diminishing the risk of canines
acquiring prion diseases naturally to virtually negligible. The fact remains
that dogs and wild canids have been exposed to bovine, sheep, and
cervid prions for decades and shown no susceptibility to disease,
supporting the protective role of CaPrP and the critical role of D159.

Interestingly, two other mammals resistant to prion diseases, horses
and rabbits, carry key substitutions in the β2-α2 loop and the first turn
of helix 2 (Khan et al., 2010; Perez et al., 2010). The presence of three
protective substitutions in two different domains indicates that several
intrinsic and extrinsic factors contribute to the stability of PrPC. Similar-
ly, multiple mutations along the globular domain are pathogenic in
humans (Lloyd et al., 2011), indicating that different perturbations
favor PrP misfolding and pathogenesis. The available evidence suggests
that PrPC is a protein in a precarious folded balance that is highly prone
tomisfolding, but several intrinsic and extrinsic factors seem to contrib-
ute to its conformational stability. Exploiting the natural protective
mechanisms identified in prion-resistant animals can contribute to alle-
viate these devastating diseases in humans and domestic animals.
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