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A B S T R A C T

Protein misfolding is central to numerous neurodegenerative disorders, collectively known as proteinopathies, 
which include Alzheimer’s disease, Parkinson’s disease, and prion diseases, among others. In many cases, specific 
polymorphisms of the proteins associated with these diseases influence their misfolding. However, the precise 
ways in which these polymorphisms affect protein integrity and how they contribute to misfolding propensity 
remain unclear. In the case of prion diseases, they are caused by prions or PrPSc, the misfolded isoforms of the 
cellular prion protein (PrPC). Chronic Wasting Disease (CWD) is a prion disease that affects cervids and can 
exhibit lymphotropic properties, making it the most widespread proteinopathy. For that reason, cervid PrPs and 
their polymorphisms have been extensively studied. To better understand the role of these polymorphisms, we 
analyzed 45 cervid PrP variants to assess their effects on flexibility, stability, and spontaneous misfolding 
propensity.

The cervid variants were expressed as recombinant PrP in E. coli and were analyzed for thermal stability using 
circular dichroism. Additionally, the rec-PrPs served as substrates for Protein Misfolding Shaking Amplification 
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(PMSA), enabling assessment of each variant’s spontaneous misfolding propensity. This process led to the for
mation of bona fide prions, as confirmed by inoculation of one of the resulting conformers into transgenic mice 
expressing bank vole PrP. In parallel, molecular dynamics simulations were conducted to analyze the structural 
flexibility of the variants. While differences in protein flexibility were observed, no correlation was detected 
among flexibility, thermal stability, and the observed variable spontaneous misfolding propensity, suggesting 
that these properties are independent parameters.

1. Background

Transmissible Spongiform Encephalopathies (TSE), or prion dis
eases, comprise a group of rare and fatal neurological disorders that 
affect humans and other mammals (Prusiner, 1998). The underlying 
cause of these diseases is the PrPSc or prion, an abnormal isoform of the 
physiological prion protein, PrPC. PrPC is a globular protein rich in 
α-helix domains, soluble, susceptible to protease digestion, and non- 
neurotoxic. Conversely, PrPSc is a fibrillary protein rich in β-sheet do
mains, insoluble, partially resistant to protease digestion, and neuro
toxic, which also has the ability to recruit and convert PrPC monomers 
through a yet poorly characterized misfolding and propagation process 
(Colby and Prusiner, 2011). In addition to the PrPSc-induced or template 
misfolding, spontaneous misfolding of PrPC can also occur (Hill et al., 
2003).

One of the most concerning TSEs today is Chronic Wasting Disease 
(CWD). CWD has been detected in different species of both captive and 
free-ranging cervids. It is widespread in North America (NA), affecting 
31 states in the United States and 4 provinces in Canada, with related 
cases also reported in South Korea (Benestad and Telling, 2018). In 
2016, new cases were reported in distinct cervid species in Norway, 
followed by others in Sweden and Finland (Benestad et al., 2016; Pir
isinu et al., 2018; Vikoren et al., 2019). Further analysis of these cases 
revealed that they were caused by prion strains different than NA CWD, 
confirming that they were unrelated (Bian et al., 2021; Nonno et al., 
2020). One of the most significant features of NA CWD is its extensive 
horizontal transmission capacity, which is mainly facilitated by the 
presence of prions in excreted fluids and peripheral tissues of affected 
animals (Moreno and Telling, 2018). Although differing in other re
spects, the prion strain found in Norwegian reindeer shared this char
acteristic with NA CWD (Bian et al., 2021; Nonno et al., 2020). In 
contrast, the Nordic strains discovered in moose and red deer appear to 
have a more limited horizontal transmission potential (Tranulis, 2021), 
which could be partially attributed to PrPSc being predominantly 
restricted to the central nervous system (CNS) of the animals (Sola et al., 
2023). Moreover, the advanced age of the affected Nordic moose and red 
deer, as well as the unusual biochemical pattern of the PrPSc detected in 
their CNS, suggests that this form of CWD could have a spontaneous 
origin (Tranulis, 2021).

In this context, some polymorphisms identified within the cervid 
PrPC modulate its misfolding propensity and the susceptibility of these 
animals to disease (Arifin et al., 2021). Importantly, the influence of all 
these variants in prion propagation and transmission has been assessed 
through in vitro experiments and bioassays involving transgenic mice 
expressing them, confirming their protective effects against NA CWD 
(Bartz et al., 2024). Many of the in vitro experiments were conducted 
using the Protein Misfolding Cyclic Amplification (PMCA) technique, 
which, by employing PrPC present in brain homogenates as a substrate, 
mimics the natural misfolding process but at an accelerated rate (Saa 
et al., 2005). PMCA not only replicates the effect of the variants in terms 
of susceptibility or resistance to NA CWD-induced misfolding but also 
allows the analysis of dominant negative effects, as observed in the case 
of the S138N variant when expressed in the heterozygosis state (Arifin 
et al., 2023).

In light of the high variability among the Nordic CWD cases and their 
potential spontaneous origin (Tranulis, 2021), further studies analyzing 
the effects of variants of cervid PrPC, not only on CWD transmission but 

also on spontaneous misfolding, are necessary. While most in vitro CWD 
research focuses on the impact of PrPC variants on propagation 
(Pritzkow, 2022), strain characterization (Otero et al., 2023), and prion 
detection in different tissues, fluids, and materials (Bartz et al., 2024), 
only one study has addressed the spontaneous misfolding of cervid PrPC 

(Meyerett-Reid et al., 2017). Using brain homogenate from transgenic 
mice overexpressing elk PrPC (Tg5037), this study achieved spontaneous 
misfolding after four serial rounds of PMCA. Nonetheless, relying on 
transgenic mouse brain homogenates limits large-scale studies of 
different PrPC variants. However, this limitation can be overcome by the 
latest developments on recombinant (rec) PrP misfolding and in vitro 
handling. Similar to standard PMCA, rec-PMCA has demonstrated 
versatility in studying transmission barriers, identifying key amino 
acids, analyzing cofactor effects on resulting recombinant prions, and 
inducing spontaneous rec-PrP misfolding (Kim et al., 2010).

Inspired by rec-PMCA and other precursor in vitro prion generation 
methods, our laboratory has developed Protein Misfolding Shaking 
Amplification (PMSA), a technique capable of inducing the misfolding of 
rec-PrP through the propagation of a preformed seed (Erana et al., 2019) 
or via spontaneous misfolding (Eraña et al., 2023). In both scenarios, this 
process results in the formation of bona fide prions able to cause a prion 
disease in animal models. Originally optimized using bank vole rec-PrP 
due to its remarkable spontaneous misfolding capacity, we have proven 
that PMSA has the potential to promote the spontaneous misfolding of 
most PrP variants from mammals known so far (Erana et al., 2024). This 
makes PMSA a perfect tool to evaluate the spontaneous misfolding 
proneness of the different cervid PrP variants.

Additionally, the presence of amino acid changes could alter certain 
protein properties, such as stability and flexibility. However, “stability” 
is a broad term that encompasses various properties, including thermal 
stability, resistance to degradation, and resistance to oxidation. In this 
study, we specifically focus on thermal stability as an experimentally 
measurable parameter. While it has been suggested that protein stability 
and prion misfolding are inversely correlated (Weissmann, 2004), we 
previously reported no apparent correlation between computationally 
predicted thermal stability changes and spontaneous misfolding (Erana 
et al., 2024). Experimental analysis of these parameters using cervid PrP 
variants could definitively determine whether a correlation exists. Using 
PMSA, we assessed the spontaneous misfolding proneness of over 40 
different cervid PrP variants found in nature. Thermal stability was 
experimentally determined by circular dichroism, and molecular dy
namics (MD) simulations were employed to evaluate flexibility and 
structural properties. Remarkably, our data show that nearly all the 
cervid PrP variants, despite exhibiting similar thermal stability, have the 
ability to generate a wide variety of bona fide infectious prions. This 
suggests that misfolding propensity appears to be largely independent of 
thermal stability under our experimental conditions, underscoring the 
remarkable versatility of this highly polymorphic protein to adopt 
misfolded structures with unknown zoonotic potential. These findings 
are particularly significant given the current situation in Europe, where 
the identification of CWD cases distinct from those in NA outlines an 
unpredictable scenario in which these variants could play a relevant 
role.
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2. Methods

2.1. Recombinant prion protein expression and purification

The expression and purification of the 45 recombinant PrP utilized in 
this study was conducted following previously established protocols 
(Erana et al., 2023). Briefly, the rec-PrP sequences, spanning amino 
acids 23 to 234 in the cervid reference PrP numbering (Q226Q, GenBank 
Accession Number AYY330343), were either obtained from species 
genomic DNA via PCR or synthesized (NzyTech and GeneScript). These 
sequences were cloned into the pOPIN E expression vector, a construct 
developed by Oxford Protein Production Facility UK (OPPF). Upon 
transformation into E. coli Rosetta™ (DE3) competent cells (EMD Mil
lipore), they were grown in LB broth containing ampicillin, and the 
induction of recombinant protein expression was done using isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (Gold biotechnology). Following 
bacterial lysis, which was done using a buffer containing 50 mM tris 
(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) (Fisher Bio
reagents), 5 mM ethylenediaminetetraacetic acid (EDTA) (Sigma- 
Aldrich), 1 % Triton X-100 (Sigma-Aldrich), 1 mM phenyl
methylsulfonyl fluoride (PMSF) (Sigma-Aldrich), 100 μg/ml lysozyme 
(Sigma-Aldrich), 100 U/ml deoxyribonuclease (DNase) (Sigma-Aldrich), 
20 mM MgCl2 (Sigma-Aldrich), pH 8, inclusion bodies were solubilized 
using a buffer containing 20 mM Tris-HCl (Fisher Bioreagents), 0.5 M 
NaCl (Sigma-Aldrich), 6 M guanidine-HCl (Fisher Scientific), pH 8. Pu
rification of the rec-PrP was achieved through immobilized metal af
finity chromatography utilizing His-trap columns (HisTrap FF crude 5 
ml, Cytiva). After centrifugation (8500 g for 15 min at 4 ◦C), the clarified 
cell extract was loaded onto the column, washed, and eluted using a 
buffer containing 20 mM Tris-HCl, 500 mM NaCl (Sigma-Aldrich), 500 
mM imidazole (Sigma-Aldrich), and 2 M guanidine-HCl, pH 8. Post- 
elution, the guanidine-HCl concentration was increased to 6 M for 
long-term storage at − 80 ◦C. Subsequently, the protein concentration 
was adjusted to 25 mg/ml utilizing centrifugal filter units (Amicon® 
Ultra-15 PLGC Ultracel-PL 10 KDa, Millipore), and a Nanodrop 2000 
(Fisher Scientific) for absorbance measurements at 280 nm. Finally, 
protein quantity and purity were assessed through methanol precipita
tion, electrophoresis on SDS-PAGE gels (BioRad), and total protein 
staining (BlueSafe, Nzytech).

2.2. AlphaFold structure prediction

The structures of the 27 PrPC prion variants (residues 132–229) were 
predicted using AlphaFold 2.3.2 (Jumper et al., 2021) using the 
following options:

–db-preset = reduced_dbs.
–model-preset = monomer.
–max-template-date 2050-01-01.
–enable-gpu-relax.
–models-to-relax all.
For each sequence 10 independent predictions were run using 

different seeds and the training parameters corresponding to model 3 
(Jumper et al., 2021).

2.3. Molecular dynamics (MD) simulations

MD simulations were carried out with the AMBER 22 (Case et al., 
2023) suite using the ff19SB force field (Tian et al., 2020). For each 
cervid prion sequence, the structure with the highest prediction confi
dence (pLDDT score) was used as the starting geometry. Proteins were 
immersed in a water box with a 10 Å buffer of OPC3 water molecules 
(Izadi and Onufriev, 2016) and neutralized by adding explicit Na+

counterions (Li-Merz 12–6 nonbonded model (Li et al., 2015)). A two- 
stage geometry optimization approach was implemented. The first 
stage minimizes only the positions of solvent molecules and ions, and the 
second stage is an unrestrained minimization of all the atoms in the 

simulation cell. The systems were then heated by incrementing the 
temperature from 0 to 300 K under a constant pressure of 1 atm and 
periodic boundary conditions. Harmonic restraints of 10 kcal mol− 1 Å− 2 

were applied to the solute, and the Andersen temperature coupling 
scheme (Andersen, 1980) was used to control and equalize the tem
perature. The time step was kept at 1 fs during the heating stages, 
allowing potential inhomogeneities to self-adjust. The SHAKE 
(Miyamoto and Kollman, 1992) algorithm was employed for further 
equilibration and production with a 2 fs time step. Long-range electro
static effects were modelled using the particle mesh Ewald method 
(Darden et al., 1993). A cutoff of 8 Å was applied to Lennard-Jones in
teractions. Each system was equilibrated for 2 ns at constant volume and 
temperature of 300 K. Production was run as a single 1 μs simulation at 
constant volume and temperature of 300 K, with no restraints. RMSD 
and atomic fluctuation analyses were carried out with cpptraj (Roe and 
Cheatham 3rd, 2013). Secondary structure analysis was carried with 
VMD 1.9.3. (Humphrey et al., 1996).

2.4. Determination of melting temperatures for rec-PrP by circular 
dichroism

The melting temperatures (Tm) of cervid rec-PrP variants were 
determined via circular dichroism (CD). The purified rec-PrP samples 
were diluted at a ratio of 1:5 in a sodium phosphate buffer [10 mM 
sodium phosphate dibasic anhydrous (ACS), pH 5.8] and dialyzed for 1 h 
at room temperature (20–22 ◦C) against the same buffer to remove 
guanidine-HCl present in the sample. This process effectively reduced 
the guanidine-HCl concentration by approximately 1:1000,000 while 
retaining the protein concentration. Post-dialysis, the rec-PrP solutions 
were centrifuged at 19,000 g for 15 min at 4 ◦C to eliminate protein 
aggregates. The resulting supernatant was then diluted in the sodium 
acetate buffer to reach a concentration of 0.03 mg/ml, as confirmed by a 
protein quantification assay (bicinchoninic acid, BCA assay, Thermo 
Scientific). Samples were then loaded into 5 mm quartz cuvettes (Macro 
cell 100-QS, 5 mm; Hellma Analytics) and ellipticities were recorded a 
fixed wavelength (222 nm) and a temperature range from 20 to 90 ◦C 
using a Jasco J-810 spectropolarimeter coupled to a Peltier temperature 
control unit.

For each variant, Tm values were determined by fitting ellipticity 
values (E) against temperature using a two-state (folded/unfolded) 
model. The fitting process involved a least-squares minimization of the 
error between the measured ellipticity values E and the simulated 
ellipticity values Esim. The simulation utilized the equation: 

Esim = FFsim(m1T+ b1)+ (1 − FFsim)(m2T+ b2)

where FFsim represents the fraction of protein in the native (folded) state, 
T is the temperature, and the parameters m1, b1, m2, and b2 denote the 
slopes and intercepts of the (linear) ellipticity in the native and dena
tured state, respectively. FFsim is defined as a parametric function where 
ΔHm (the enthalpy of unfolding at the melting temperature) and Tm are 
the parameters to optimize, and ΔCp, the change in specific heat capacity 
of unfolding, is a constant. ΔCp is estimated based on the number of 
residues. The initial guess values for ΔHm and Tm were set to 200 kJ 
mol− 1 and 333.15 K (60 ◦C), respectively. Initial guesses of m1, b1, m2, 
and b2 were obtained from linear fitting of the first 20 ellipticity points 
(m1, b1) and the last 20 ellipticity points (m2, b2).

2.5. Substrate preparation for protein misfolding shaking amplification

PMSA substrates for spontaneous rec-PrPres formation were prepared 
as previously described (Erana et al., 2024). Briefly, the purified rec-PrP 
was diluted 1:5 in phosphate buffered saline (PBS, Hyclone), dialyzed 
against PBS at 1:2000 ratio for 1 h at room temperature, and centrifuged 
at 19,000 g for 15 min at 4 ◦C to eliminate amorphous aggregates. The 
resulting supernatant was further diluted in conversion buffer (CB) 
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(Eraña et al., 2023) at a ratio of 1:9. Dextran sulphate sodium salt from 
Leuconostoc spp., with molecular weights ranging from 6500 to 10,000 
(Sigma-Aldrich), was added to a final concentration of 0.5 % (w/v). All 
substrates were aliquoted and stored at − 80 ◦C.

2.6. Protein misfolding shaking amplification

To induce spontaneous misfolding of the rec-PrP variants, the Protein 
Misfolding Shaking Amplification (PMSA) methodology presented 
recently (Erana et al., 2024) was followed. In summary, the previously 
prepared substrates were divided and placed into eight 2 ml tubes with 
conical bottoms and screw caps (Fisherbrand). Four of those tubes were 
supplemented with 100 mg of glass beads with a diameter of 0.1 mm 
(BioSpec Products, Inc.), while the remaining four received 100 mg of 
glass beads with a diameter of 1 mm (BioSpec Products, Inc.). The 
resulting tubes underwent PMSA at 39 ◦C using a Digital Shaking Dry
bath (ThermoScientific) equipped with internal temperature control, 
subject to continuous shaking at 700 rpm for 24 h. Successive PMSA 
rounds, of 24 h each, were performed for each substrate. In each round, 
the PMSA product from the preceding cycle was diluted at a ratio of 1:10 
into a new set of eight tubes containing freshly thawed substrate and 
their corresponding beads.

2.7. Misfolded, protease-resistant recombinant PrP (rec-PrPres) detection

All PMSA products from the four serial rounds were transferred from 
the reaction tubes to 1.5 ml Eppendorf tubes. Enzymatic digestion was 
done using proteinase K (PK) (Roche) at a concentration of 25 μg/ml and 
incubating the samples for 1 h at 42 ◦C in a laboratory oven (Nahita). 
Subsequently, samples were centrifuged at 19,000 g at 4 ◦C for 15 min, 
discarding the supernatant after that. The pellets were then resuspended 
and washed with 750 μl of PBS (Fisher Bioreagents). Finally, samples 
were centrifuged for another 15 min at 19,000 g and 4 ◦C, followed by 
resuspension of the pellets in 15 μl of 4× loading buffer (NuPage LDS, 
Invitrogen), which had been pre-diluted to 1× in PBS.

PK-digested samples were boiled for 10 min at 100 ◦C and loaded 
onto 4–12 % acrylamide gels (NuPAGE Midi gel, Invitrogen Life Tech
nologies), running the electrophoresis for 1 h and 20 min (10 min at 70 
V, 10 min at 110 V and 1 h at 150 V). PK-resistant PrP detection was 
done through total protein staining with BlueSafe (NZYTech) for 1 h at 
room temperature.

2.8. Scoring the spontaneous misfolding propensity

In order to rank the spontaneous misfolding propensity of the 45 
cervid rec-PrP analyzed in this study, a previously devised formula was 
used (Erana et al., 2024). This formula scores the spontaneous mis
folding capacity of PMSA-submitted rec-PrP considering different 
parameters: 

S0.1mm = 0.4*(n1*10+ n2*6+ n3*3+ n4*1)

S1mm = 1*(n1*10+ n2*6+ n3*3+ n4*1)

S =
(S0.1mm + S1mm)

112
*100 

where n is the number of rec-PrPres positive tubes, the numeric sub- 
indexes indicate the PMSA round (from 1 to 4), and S0.1mm and S1mm 
representing, therefore, the scores obtained for replicates complemented 
with 0.1 mm diameter and 1 mm diameter glass beads, respectively. The 
tube sets containing beads of different sizes were assigned different 
values. Specifically, contribution to the final misfolding score (S) of the 
replicates complemented with 0.1 mm diameter beads was lower than 
that assigned to replicates with 1 mm diameter beads. This differentia
tion was based on prior observations that suggested rec-PrPres misfold
ing was not solely influenced by the presence of a specific glass surface 

but was also strongly affected by bead movement (Eraña et al., 2023; 
Erana et al., 2024). Consequently, tubes supplemented with 1 mm 
diameter glass beads were found to be more restrictive in terms of 
inducing spontaneous misfolding of rec-PrP. As a result, a higher value 
was assigned to these positive tubes compared to those supplemented 
with 0.1 mm beads.

2.9. Generation of synthetic cervid images

All the cervid images used in the PrPdex files were generated using 
the DALL-E3 model as implemented in GPT-4o.

2.10. Transmission electron microscopy

Approximately 20 ml of PMSA product containing Deer-D-Dx rec- 
PrPres underwent digestion with PK at 25 μg/ml and 42 ◦C for 1 h. The 
resulting product was concentrated 10× by sedimentation, reducing the 
total volume to 2 ml. These concentrated sample was washed twice with 
phosphate-buffered saline (PBS, Hyclone) centrifuging at 19,000 g for 
15 min each time. The pellet was then resuspended in 2 ml of PBS.

This product was then placed in a Thinwall Ultra-Clear, 13.2 ml, 
centrifuge tube (Beckman Coulter) on top of a continuous Cs2SO4 
gradient ranging from 1 M to 1.7 M, previously prepared with a gradient 
mixer (Sigma-Aldrich). The sample was ultracentrifuged using a SW41 
Ti Swinging bucket rotor (Beckman Coulter) at 210,000 g for 15 h at 
20 ◦C. The fractions resulting from this process were examined for the 
detection of a visible precipitated halo, which was transferred to a 2 ml 
Eppendorf tube and diluted with the maximum volume of PBS. After 
centrifugation at 19,000 g for 15 min, the pellet was washed with 1 ml of 
PBS and centrifuged again, repeating the washing steps three times. 
Finally, the purified fraction, was resuspended in 50 μl of PBS.

Following sonication in a cup horn sonicator (S700, Qsonica) at 80 % 
power for 2 min (4 pulses of 30 s), the sample was deposited on freshly 
glow-discharged carbon-coated copper grids (Carbon Film 400 Mesh, 
Cu) (Electron Microscopy Sciences). The grids were washed with de- 
ionized H2O and stained with freshly prepared, filtered 5 % uranyl ac
etate solution. Imaging was conducted on a JEM-2200FS/CR (JEOL 
Europe, Croissy-sur-Seine, France) transmission electron microscope 
equipped with a field emission gun (FEG) operated at 200 kV.

2.11. Determination of infectivity of the rec-PrPres generated by PMSA

To assess the potential of the selected rec-PrPres to induce a TSE in 
animals, we challenged transgenic mice expressing the prion protein 
from bank voles (Myodes glareolus) with the I109 polymorphism (Gen
Bank accession number AF367624) at a 1-fold concentration. In the first 
passage, the inoculum was prepared by diluting the selected PMSA 
product at a 1:10 ratio in sterile DPBS (Invitrogen). For the second 
passage, a brain-derived inoculum was prepared by homogenizing the 
brain of one of the diseased animals at 10 % (w/v) in DPBS with a 
protease inhibitor cocktail (PI, Roche), and further diluting it at a 1:10 
ratio in DPBS, resulting in a final 1 % brain homogenate. Intracerebral 
inoculations were administered to groups of 6–8 TgVole 1× mice, with 
each mouse receiving 20 μl of the inoculum through a sterile disposable 
27-gauge hypodermic needle under gaseous anaesthesia (Isoflurane, 
IsoVet®, Braun). Mice were provided ad libitum access to food and water, 
and underwent examination at least twice a week, turning daily upon 
the development of neurological signs of disease. The monitored clinical 
signs included kyphosis, gait abnormalities, altered coat state, depressed 
mental state, flattened back, eye discharge, hyperactivity, loss of body 
condition, and incontinence. Animals displaying two or more severe 
signs or debilitating motor disturbances were euthanized before 
neurological impairment compromised their welfare. Euthanasia was 
performed through exposure to a rising concentration of carbon dioxide 
or, alternatively, by cervical dislocation. Survival time, measured in 
days post inoculation (dpi), was calculated as the interval between 
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inoculation and sacrifice. Brains from all inoculated animals were har
vested and sagittally divided, with one half fixed in formalin and the 
other half stored at − 80 ◦C for subsequent anatomopathological and 
biochemical analysis, respectively. TgVole 1× mice were bred at CIC 
bioGUNE (Spain) and inoculated at Neiker - Basque Institute for Agri
cultural Research and Development and at Centro de Biomedicina 
Experimental (CEBEGA) - University of Santiago de Compostela, regis
tered in the Spanish Register of breeding, supplier and user centers with 
the number ES150780292901. All experiments adhered to the guide
lines outlined in the Spanish law “Real Decreto 53/2013 de 1 de febrero” 
on the protection of animals used for experimentation and other scien
tific purposes, based on the European Directive 2010/63/UE on Labo
ratory Animal Protection. The project received approval from the 
Ethical Committees on Animal Welfare (project code P-CBG-CBBA-0519 
at CIC bioGUNE, NEIKER-OEBA-2021-003 at Neiker, and permit 15005/ 
16/006 at CEBEGA) and was conducted under their supervision.

2.12. PrPSc detection in brains of inoculated animals

To verify the manifestation of bona fide prion disease in inoculated 
animals, the presence of protease-resistant, misfolded PrP (PrPSc) was 
assessed in brain homogenates of deceased subjects. To achieve this, 10 
% brain homogenates were mixed at a 1:1 (v/v) ratio with digestion 
buffer [2 % (w/v) Tween-20 (Sigma-Aldrich), 2 % (v/v) NP-40 (Sigma- 
Aldrich), and 5 % (w/v) Sarkosyl (Sigma-Aldrich) in PBS]. Subse
quently, the mixture underwent digestion with PK (Roche) at a con
centration of 85 μg/ml and a temperature of 56 ◦C for 1 h with moderate 
shaking (450 rpm). The digestion process was halted by adding loading 
buffer (NuPage 4× Loading Buffer, Invitrogen) at a 1:3 (v/v) ratio, fol
lowed by boiling the samples for 10 min at 100 ◦C. The digested samples 
were loaded onto 4–12 % acrylamide gels (NuPAGE Midi gel, Invitrogen 
Life Technologies) and run for approximately 1 h and 20 min. After 
transferring the gel to PVDF membranes (Trans-Blot Turbo Transfer 
Pack, Bio-Rad) using the Trans-Blot® TurboTM transfer system (Bio- 
Rad), the membranes were blocked by incubation in 5 % non-fat milk 
powder for 1 h at room temperature. For the primary antibody, the 
membranes were incubated for 1 h at room temperature with Sha31 
(Bertin Bioreagents) at a dilution of 1:4000 in 2 % (w/v) Tween-20 with 
0.1 % non-fat milk powder (Sigma-Aldrich) in PBS. Following three 
washes with washing buffer [2 % (w/v) Tween-20 in PBS], a peroxidase- 
conjugated secondary goat anti-human IgG [H + L, Thermo Scientific or 
anti-mouse antibody (m-IgGκ BP-HRP, Santa Cruz Biotechnology)] 
antibody was added at a 1:3000 dilution in the same buffer as the pri
mary antibody, incubating the membranes for 1 h at room temperature. 
Finally, after three additional washes, the membranes were developed 
with an enhanced chemiluminescent horseradish peroxidase substrate 
(West Pico Plus, Thermo Scientific), using iBright 750 (Thermo
Scientific) for image acquisition and AlphaView (Alpha Innotech) soft
ware for image processing.

2.13. Anatomopathological analysis and immunohistochemistry

Transversal sections of the half-brains, fixed with a 10 % solution of 
phosphate-buffered formalin, underwent dissection at the levels corre
sponding to the medulla oblongata, piriform cortex, and optic chiasm. 
After dehydration through a gradient of alcohol concentrations and 
xylene, the samples were embedded in paraffin-wax (Eraña et al., 2023). 
Four-micrometer sections were mounted on glass microscope slides and 
subjected to hematoxylin and eosin staining for morphological 
evaluation.

For immunohistochemistry, additional sections were mounted on 
glass slides coated with 3-triethoxysilylpropylamine. The immunohis
tochemical detection of PrPres followed a previously established protocol 
(Siso et al., 2004). In brief, deparaffinized sections underwent epitope 
unmasking treatments involving immersion in formic acid, boiling at 
low pH (6.15) in a pressure cooker, and pre-treatment with PK (4 μg/ml, 

Roche). Endogenous peroxidases were blocked by immersion in a 3 % 
H2O2 in methanol solution. Then, the sections were incubated overnight 
with the anti-PrP monoclonal antibody 6C2 (1:1000, CVI-Wageningen 
UR). Visualization was achieved using the Goat anti-mouse EnVision 
system (DAKO) and 3,3′-diaminobenzidine (Sigma Aldrich) as the 
chromogen substrate. Omission of the primary antibody served as a 
background control. For the astrocyte immunostaining, a rabbit poly
clonal antibody against glial fibrillary acidic protein (GFAP, 1:400, 
DAKO) was used, after heat induce epitope retrieval with citrate buffer 
(pH 6.0).

Histological evaluation of brain lesions, specifically spongiform 
changes, and PrPres immunolabeling were conducted by a single 
pathologist using a light microscope. A semi-quantitative approach, as 
previously described (Vidal et al., 2015), was employed. Scores ranging 
from (0) denoting the absence of spongiosis or immunolabeling to (4) 
indicating maximum intensity of lesion or immunolabeling were 
assigned to each of the fourteen brain regions studied. These regions 
included the piriform cortex (Pfc), hippocampus (H), occipital cortex 
(Oc), temporal cortex (Tc), parietal cortex (Pc), frontal cortex (Fc), 
striatum (S), thalamus (T), hypothalamus (HT), mesencephalon (M), 
medulla oblongata (Mobl), cerebellar nuclei (Cm), cerebellar vermis 
(Cv), and cerebellar cortex (Cc). Brain profiles were plotted as a function 
of the anatomical areas which were ordered along the horizontal axis to 
represent the caudo-rostral axis of the encephalon. Graphs were plotted 
using Microsoft Office Excel software.

3. Results

3.1. Production of the recombinant versions of different variants of cervid 
PrP

A total of 59 different variants of PrP were identified within species 
from the Cervidae family. Table 1 lists all these variants along with their 
GenBank ID (when available), the host animal in which they were 
described, and the article first citing them. The cervid PrP most 
frequently found in nature (GenBank ID AY330343), prevalent in genera 
such as Odocoileus, Alces, and Rangifer, has been selected as the reference 
sequence and is referred to as Q226Q. Other variants are named by 
comparing their sequences with the reference.

Although 61 variants were initially identified, only variants with 
polymorphisms located in the protease-resistant core of the prion after 
misfolding (residues 90–233) were selected. For those cases in which a 
variant has multiple polymorphisms in both the flexible region and the 
protease-resistant core of the prion, only the amino acid changes in the 
region of interest were considered. Thus, from the initial 61 variants, 47 
different plasmids were generated to produce the recombinant versions 
of these prion proteins in Escherichia coli (residues 23–233).

To achieve this, the open reading frames (ORFs) of each PRNP, 
encoding PrP from amino acid 23 to the C-terminus, were obtained 
either from genomic DNA extracted from biological specimens or 
through synthesis. These ORFs were cloned into the pOPIN E vector and 
expressed in E. coli. After purification, all proteins were concentrated to 
25 mg/ml and supplemented with 6 M guanidine for long-term storage. 
For their use in either thermostability assays or as substrates for PMSA, 
purified rec-PrP underwent dialysis. Depending on the purpose of the 
dialyzed proteins, further folded protein concentration adjustment was 
required, assessed either by a protein quantification assay or through 
electrophoresis and total protein staining.

The expression yield of two variants that feature introduction of an 
extra cysteine (G96C A123T N176D Q226Q and S225C Q226Q) was 
notably lower than for the other variants, likely a consequence of for
mation of aberrant disulfide bonds during refolding, so they could not be 
included in the subsequent experiments. Thus, a total of 45 different 
substrates were prepared.
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3.2. Variants of cervid rec-PrP exhibit similar thermostability

To compare the thermostability of distinct cervid PrP variants, the 
melting temperature (Tm) of all 45 recombinant proteins was analyzed 
using circular dichroism (CD). As depicted in Fig. 1 and Table 2, the Tm 
values of the variants were similar, ranging between 67 and 70 ◦C in 
most cases, with a mean of 68.5 ◦C and a standard deviation of 1.7. The 
Tm of the reference cervid sequence, Q226Q, is 67.7 ◦C. The highest Tm 
observed was 72.4 ◦C for the variant T98S A136V Q171R N173S T177N 
M208I Q226Q, while the lowest was 65.7 ◦C for the variant T98A P168S 
Q226Q.

Table 1 
Polymorphic cervid PrP variants: species of first description, GenBank accession 
numbers, and references.

Polymorphic variant Species where 
firstly 
described

GenBank ID 
(Accession 
number)

Reference

G7C Q226Q# Mule deer QMT15196+ (Zink et al., 2020)

V15A Q226Q# Red deer FJ436713 (Peletto et al., 
2009)

D20G Q226Q# Mule deer QKI86691
(Wilson et al., 
2009)

T36N Q226Q# Moose Not available (Wik et al., 2012)

G37V Q226Q# White-tailed 
deer

Not available
(Miller and 
Walter, 2020)

G59S Q226Q# Red deer AAU93883 (Peletto et al., 
2009)

G65E Q226Q# Mule deer AY360091
(Heaton et al., 
2003)

4 OR Q226Q# Water deer QAU19536
(Robinson et al., 
2019)

Q95H Q226Q+ White-tailed 
deer

AY275711 (Johnson et al., 
2003)

G96D Q226Q+ Water deer Not available (Roh et al., 2020)

G96R Q226Q+ White-tailed 
deer

MN577936 (Ishida et al., 
2020)

G96S Q226Q+ White-tailed 
deer AF156184

(Raymond et al., 
2000)

Q95H G96S Q226Q+ White-tailed 
deer

AXH06163
(Johnson et al., 
2011)

T98A Q226Q+ Red deer AAU93885 (Peletto et al., 
2009)

T98S Q226Q+ Reeves’ 
muntjac AGU92564 (Nalls et al., 2013)

T98S Q226E# Indian 
muntjac PRJNA479821

(Farre et al., 
2019)

S100N Q226Q+ White-tailed 
deer

MG856917
(Brandt et al., 
2015)

G96S S100N Q226Q+ White-tailed 
deer

AXH06168 (Brandt et al., 
2015)

S100G Q226E+ Sika deer EF057409
(Jeong et al., 
2007)

N103I Q226Q+ White-tailed 
deer MG856925

(Brandt et al., 
2015)

N103T Q226Q+ White-tailed 
deer

QKI86945 (Zink et al., 2020)

K109Q Q226Q+ Moose JQ290077 (Wik et al., 2012)

A116G Q226Q+ Mule deer AAP33275 (Heaton et al., 
2003)

A123T Q226Q+ White-tailed 
deer MG856916

(Brandt et al., 
2015)

G96S A123T Q226Q+ White-tailed 
deer

AXH06166
(Brandt et al., 
2015)

G129S Q226Q+ Reindeer DQ154294 (Happ et al., 
2007)

M132L Q226E+ Elk AF016228 (O’Rourke et al., 
1998)

S138N Q226Q+ Reindeer DQ154292
(Happ et al., 
2007)

S138N Q226E+ Fallow deer AY286007
(Rhyan et al., 
2011)

N103T R151H 
Q226Q+

White-tailed 
deer

QMT15740+ (Zink et al., 2020)

Y153F Q226Q+ Reindeer MT361766
(Arifin et al., 
2020)

T98A P168S Q226Q+ Red deer ABS87880
(Peletto et al., 
2009)

V2M G129S V169M 
Q226Q*

Reindeer DQ154295
(Happ et al., 
2007)

D170G Q226Q+ Water deer Not available (Roh et al., 2020)
N176D Q226Q+ Reindeer JQ290075 (Wik et al., 2012)
G96C A123T N176D 

Q226Q# Reindeer EU032303
(Perucchini et al., 
2008)

V187I Q226Q+ Black-tailed 
deer QMT15661+ (Zink et al., 2020)

K25R T191A Q226E* Elk ABS87885 (Perucchini et al., 
2008)

Table 1 (continued )

Polymorphic variant Species where 
firstly 
described 

GenBank ID 
(Accession 
number) 

Reference

G96S V192I Q226Q+ Florida Key 
deer MT944346

(Perrin-Stowe 
et al., 2020)

G96S K197E Q226Q+ White-tailed 
deer

MZ913400 (Ott-Conn et al., 
2021)

K207M Q226Q+ Reindeer MW557844 (Güere et al., 
2022)

M208I Q226E+ Red deer UFX77122
(Kaluz et al., 
1997)

T98S N173S T177N 
M208I Q226Q+

White-tailed 
deer QMT15320+ (Zink et al., 2020)

T98S A136V Q171R 
N173S T177N 
M208I Q226Q+

White-tailed 
deer QMT15321+ (Zink et al., 2020)

M209I Q226Q+ Moose DQ154298
(Huson and Happ, 
2006)

T36N M209I Q226Q# Moose Not available (Wik et al., 2012)
S100R M209I 

Q226Q+ Moose QHZ32187
(Cullingham et al., 
2020)

R211Q Q226Q+ Reindeer MW557845 (Güere et al., 
2022)

Q215K Q226Q+ White-tailed 
deer

MZ913401 (Ott-Conn et al., 
2021)

S225C Q226Q# White-tailed 
deer QKI86681 (Zink et al., 2020)

S225F Q226Q+ Mule deer QKI86681
(Brayton et al., 
2004)

S225Y Q226Q+ Reindeer JQ290076 (Wik et al., 2012)

Q226Q+ Mule deer AY330343 (Cervenakova 
et al., 1997)

Q226E+ Elk AF156183
(Cervenakova 
et al., 1997)

Q226K+ White-tailed 
deer

MN390181
(Vázquez- 
Miranda and Zink, 
2020)

Q226R+ White-tailed 
deer

Not available (Wilson et al., 
2009)

Q226Q Q230L+
White-tailed 
deer Not available

(Wilson et al., 
2009)

Q226Q P242L# Reindeer MT361767
(Arifin et al., 
2020)

Q226Q I247L# Red deer QAU19537
(Robinson et al., 
2019)

Q226E F249V# Axis deer MT996497 (Buchholz et al., 
2021)

G7C S225F Q226Q 
L253F# Mule deer QMT15197+ (Zink et al., 2020)

Variants marked with # were excluded from the present study because a) their 
amino acid substitutions, compared to the reference sequence (Q226Q), are not 
located in the PK-resistant core of PrPSc, or b) one of their polymorphisms in
troduces an extra cysteine, increasing the propensity for aggregation during 
folding into the native state.
Variants marked with * were included in this study, excluding amino acid 
changes outside the PK-resistant core of PrPSc.
Accession numbers marked with + contain errors in their GenBank files: the 
corresponding author of the original publication, kindly provided the raw data, 
allowing us to determine the correct sequences, as indicated in this study.
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3.3. Molecular dynamics simulations of the variants of cervid PrP

We ran microsecond, all-atom molecular dynamics (MD) simulations 
to explore the impact of amino acid substitutions on the structure and 
flexibility of the crystallographically resolved PrPC from mule deer, and 
therefore, results must be interpreted within this amino acid context. To 
this end, we considered only those cervid variants in which poly
morphisms are located in the 132–229 segment (26 variants, [Table 2]), 
extending from strand β1 to the end of helix α3 (Fig. 2A). Such amino 
acid changes are broadly distributed over the PrPC structure, with 
highest frequency on helices α2 and α3 (Fig. 2A).

For each variant, we ran ten independent AlphaFold 2 structure 
predictions and used the highest confidence one (Fig. 2B) as the initial 
geometry for classical MD simulations. The predicted Local Distance 
Difference Test (pLDDT) scores of the structures are shown in Table 2
and indicate that all variants are predicted with high confidence (pLDDT 
scores >91). Additionally, we computed the α‑carbon RMSD of the 
predictions with respect to a high-resolution crystallographic structure 
of the deer prion protein (PDB 4YXH); all structures show low deviations 
(below 1.5 Å, Table 2), indicating a high structural similarity to the 
crystallographic reference and validating the use of AlphaFold struc
tures to initialize MD simulations.

For each variant, we ran a single 1 μs simulation and monitored the 
evolution of backbone root mean square deviation (RMSD), secondary 
structure content, and per-residue root mean square fluctuations 
(RMSFs). Backbone RMSD remains below 4 Å throughout the whole 
simulation for all variants, demonstrating that mutations do not signif
icantly affect the PrPC structure (Supplementary Fig. 1). Per-residue 
RMSF values show that the most flexible region of the models is the C- 
terminus (Supplementary Fig. 2). Some modest flexibility is also 
observed at the tip of helix α2 and at the loop connecting helix α2 with 
helix α3 (RMSFs up to 6 Å). RMSF differences observed between variants 
are small and distributed over the whole protein, falling within the ex
pected range of simulation variability. These differences cannot be 
specifically attributed to the amino acid mutations but rather reflect the 
stochastic nature of the randomized velocities used to initialize the MD 
simulations. Finally, analysis of the secondary structure content along 
the MD simulations shows a high degree of conservation of the sec
ondary structure elements present in the initial models, showing only 
small fluctuations in the α-helix content corresponding to partial and 
reversible unwinding of α-helix tips (Supplementary Fig. 3). These re
sults agree with the thermodynamic signatures measured by CD for 

cervid PrP variants, indicating that the introduced mutations had min
imal effects on the globular domain’s structure and dynamics under the 
simulation conditions tested. Such an outcome is expected, since more 
disruptive mutations would compromise the protein’s native confor
mation, thereby hindering its function and perturbing cellular 
homeostasis.

3.4. Cervid rec-PrP variants show diverse spontaneous misfolding 
propensities, with key polymorphisms conferring resistance

After dialyzing the proteins and ensuring proper concentrations, 
each substrate underwent a PMSA procedure designed to induce spon
taneous misfolding of rec-PrP into bona fide prions. This method, 
initially developed with bank vole and mouse rec-PrP (Eraña et al., 
2023; Pérez-Castro et al., 2025), was later modified to establish a 
ranking of spontaneous misfolding propensity among diverse rec-PrP 
variants from numerous mammals (Erana et al., 2024). The resulting 
approach involved four consecutive 24-h PMSA rounds, each with 8 
replicates per substrate, where half of the replicates were supplemented 
with 1 mm diameter glass beads and the other half were supplemented 
with 0.1 mm diameter glass beads.

To quantify the propensity for spontaneous misfolding in each 
analyzed PrP, a formula was developed considering the number of 
positive replicates for protease-resistant misfolded rec-PrP (rec-PrPres) in 
each round and under varying conditions. According to this formula, a 
protein showing 100 % positive replicates for rec-PrPres in the first PMSA 
round received a score of 100 %. In contrast, a protein for which rec- 
PrPres was undetected in any replicate or PMSA round received a score of 
0 %. Intermediate scores were determined based on the number of 
positive replicate tubes in each round and under varying conditions.

(https://www.prpdex.com/PrPs/instructions/scores.pdf).
Applying this methodology to the 45 PrP variants analyzed in the 

present study, the spontaneous misfolding proneness of each variant was 
quantified (Fig. 3, Table 2). Remarkably, 67 % of these variants 
exhibited high spontaneous misfolding proneness, with scores of 75 % or 
higher. Notably, the two most frequent variants, Q226Q and Q226E, fell 
into this high misfolding proneness group. On the other hand, among the 
remaining 33 % of variants with lower spontaneous misfolding prone
ness, many featured polymorphisms in the β2-α2 loop or at the end of the 
third α-helix of the PrP.

Looking at the single-mutant variants, 5 mutations clearly emerge as 
protective towards misfolding: Q215K, with a score of 36 % (36 %), 

Fig. 1. Experimental determination of Tm for cervid PrP variants. Melting temperatures (Tm) of 45 cervid PrP variants was measured by circular dichroism (CD). 
With a mean Tm of 68.5 and a standard deviation of ±1.7, the Tm values for most variants range from 67 to 70 ◦C. The variants are ordered from the one with the 
lowest Tm, the T98A P168S Q226Q variant (65.7 ◦C), to the one with the highest Tm, the T98S A136V Q171R N173S T177N M208I Q226Q variant (72.4 ◦C), with the 
reference sequence Q226Q showing a Tm of 67.7 ◦C.
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D170G (37 %), S225Y/F (49 %/53 %), Q230L (50 %). Other mutations 
with moderate or even low protective effect such as M209I (75 %), 
G129S (84 %), A123T (88 %) or G96S (96 %), appear also in quite 
resistant double-mutants thus revealing epistatic effects: G129S V169M 
(21 %), G96S A123T (39 %), S100R M209I (46 %). Finally, mutations 
such as V169M, P168S and M208I do not appear alone but also seem to 
have a significant protective effect when combined in double mutants: 
G129S V169M (21 %), T98A P168S (44 %), M208I Q226E (48 %).

Among all the tested proteins, only one variant, T98S A136V Q171R 
N173S T177N M208I Q226Q, was unable to spontaneously misfold even 
after four serial rounds of PMSA (0 %). To identify the specific amino 
acid substitutions responsible for this resistance, we produced new rec- 

PrP, each one featuring only one of the polymorphisms present in the 
T98S A136V Q171R N173S T177N M208I Q226Q variant. Following the 
described protocol, these new variants underwent the same methodol
ogy, and their spontaneous misfolding proneness was quantified (Sup
plementary Fig. 4). The low scores of four of them confirmed the 
influence on the spontaneous misfolding process of amino acids located 
in both the β2-α2 loop (Q171R, 7 %, and N173S, 9 %) and at the end of 
the third α-helix of the PrP (M208I, 25 %), with also a notable effect of 
mutation A136V (28 %).

Overall, clear polymorphic hotspots appear to be involved in resis
tance to misfolding: amino acids 168–173, 208–209, 215 and 225–226.

All detailed information for each variant analyzed in this study is 

Table 2 
Polymorphic cervid PrP variants: PrPC model (residues 132–229) used for molecular dynamics (MD) simulations, predicted Local Distance Difference Test (pLDDT) 
score of the highest-confidence AlphaFold model used as the starting geometry for MD, α‑carbon root-mean-square deviation (RMSD) with respect to the crystallo
graphic structure of deer PrPC (PDB ID: 4YXH), RMSD with respect to the model backbone, α-helix content (%), experimental melting temperature (◦C), and spon
taneous misfolding score (%).

Polymorphic variant PrPC model (132–229) pLDDT 
score

RMSD w.r.t. PDB 
4YXH (Å)

RMSD backbone (Å) 
(mean ± SD)

α-helix content (%) 
(mean ± SD)

Tm 

(◦C)
Score 
(%)

Q95H Q226Q NA NA NA NA NA 68.0 83.93
G96D Q226Q NA NA NA NA NA 68.4 100.00
G96R Q226Q NA NA NA NA NA 69.2 89.29
G96S Q226Q NA NA NA NA NA 67.7 96.43
Q95H G96S Q226Q NA NA NA NA NA 70.4 79.29
T98A Q226Q NA NA NA NA NA 68.7 96.43
T98S Q226Q NA NA NA NA NA 68.1 96.43
S100N Q226Q NA NA NA NA NA 68.3 91.07
G96S S100N Q226Q NA NA NA NA NA 67.8 82.14
S100G Q226E NA NA NA NA NA 67.8 96.43
N103I Q226Q NA NA NA NA NA 68.4 82.14
N103T Q226Q NA NA NA NA NA 68.2 96.43
K109Q Q226Q NA NA NA NA NA 67.4 100.00
A116G Q226Q NA NA NA NA NA 68.9 100.00
A123T Q226Q NA NA NA NA NA 69.5 87.50
G96S A123T Q226Q NA NA NA NA NA 71.3 39.29
G129S Q226Q NA NA NA NA NA 70.2 83.57
M132L Q226E M132L Q226E 93.26 1.20 1.81 ± 0.33 55.95 ± 1.76 70.0 89.29
S138N Q226Q S138N 93.56 1.13 1.79 ± 0.39 56.47 ± 1.78 68.3 89.29
S138N Q226E S138N Q226E 93.46 1.22 1.69 ± 0.30 55.92 ± 1.89 66.8 100.00
N103T R151H Q226Q R151H 92.39 1.14 1.64 ± 0.41 57.40 ± 1.84 66.2 72.50
Y153F Q226Q Y153F 92.72 1.04 2.33 ± 0.68 53.98 ± 2.46 67.2 67.86
T98A P168S Q226Q P168S 92.83 1.15 2.37 ± 0.53 53.29 ± 1.74 65.7 43.57
G129S V169M Q226Q V169M 92.75 1.14 1.87 ± 0.29 55.64 ± 2.25 67.6 21.43
D170G Q226Q D170 92.17 1.16 2.12 ± 0.41 54.83 ± 2.76 67.3 36.61
N176D Q226Q N176D 92.59 1.14 1.52 ± 0.33 57.22 ± 2.26 72.3 100.00
V187I Q226Q V187I 92.43 1.17 2.17 ± 0.53 55.64 ± 1.85 72.3 100.00
T191A Q226E T191A Q226E 92.49 1.15 1.92 ± 0.30 52.93 ± 1.86 66.3 100.00
G96S V192I Q226Q V192I 92.49 1.20 1.93 ± 0.39 53.92 ± 2.20 70.3 92.86
K197E Q226Q K197E 92.78 1.27 2.25 ± 0.28 55.12 ± 1.85 67.6 100.00
K207M Q226Q K207M 94.09 1.25 1.72 ± 0.35 55.47 ± 2.39 68.0 89.29
M208I Q226E M208I Q226E 93.12 1.23 1.76 ± 0.32 56.84 ± 1.08 70.9 48.21
T98S N173S T177N M208I Q226Q N173S T177N M208I 93.13 1.21 1.71 ± 0.37 56.72 ± 1.87 70.2 54.29
T98S A136V Q171R N173S T177N 

M208I Q226Q
A136V Q171R N173S 
T177N M208I 94.17 1.20 1.69 ± 0.47 56.37 ± 2.56 72.4 0.00

M209I Q226Q M209I 92.30 1.46 1.90 ± 0.29 55.71 ± 1.77 66.9 75.00
S100R M209I Q226Q M209I 92.30 1.46 1.90 ± 0.29 55.71 ± 1.77 67.1 45.71
R211Q Q226Q R211Q 91.35 0.72 2.34 ± 0.62 56.80 ± 1.97 66.3 91.07
Q215K Q226Q Q215K 92.81 1.27 1.80 ± 0.44 56.53 ± 1.67 67.3 35.71
S225F Q226Q S225F 92.13 1.19 1.76 ± 0.34 55.46 ± 2.63 67.9 52.86
S225Y Q226Q S225Y 92.51 1.26 1.38 ± 0.20 57.04 ± 1.77 68.1 48.93
Q226Q Q226Q 92.09 1.17 1.73 ± 0.44 57.70 ± 1.52 67.7 100.00
Q226E Q226E 92.74 1.15 1.53 ± 0.28 57.38 ± 1.23 69.0 100.00
Q226K Q226K 92.20 1.24 1.71 ± 0.23 53.72 ± 2.09 69.8 75.00
Q226R Q226R 92.15 1.26 1.94 ± 0.49 55.51 ± 1.80 66.9 65.00
Q226Q Q230L NA NA NA NA NA 65.8 50.00

NA (Not Available) marks those variants with polymorphisms exclusively in the N-terminal region (amino acids 23–131 and 230–234), excluded from the in silico 
analysis. The high pLDDT scores indicate that all variants were predicted with high confidence. The low RMSD with respect to the structure of the deer prion protein 
(PDB 4YXH) denote a high structural similarity to the crystallographic reference. Larger backbone RMSD values and greater fluctuations in α-helix content reflect 
increased flexibility.
† The melting temperature (Tm) was determined using circular dichroism (CD).
‡ The spontaneous misfolding score was calculated based on the results from serial PMSA rounds without the addition of a preformed seed (number of replicates 
showing rec-PrPres and PMSA round in which they were first detected). A higher score correlates with a greater propensity to misfold, while a lower score implies 
reduced misfolding proneness, with 0 indicating resistance to spontaneous misfolding.
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compiled in PrPdex files (Supplementary Fig. 5), which can also be 
accessed at https://prpdex.com/cervidae/.

3.5. Spontaneously misfolded cervid PrP are bona fide infectious prions

While our prior research utilizing PMSA to induce spontaneous 
misfolding in rec-PrP already demonstrated the efficacy of this meth
odology in generating bona fide prions (Erana et al., 2024), the biological 
significance of the present study was further validated through the 
characterization of one of the rec-PrPres via electron microscopy and 
bioassay. For this purpose, an ensemble of conformers resulting from the 
spontaneous misfolding of one replicate of the cervid reference amino 
acid sequence (Q226Q) rec-PrP was chosen.

The selected ensemble of conformers, named Deer-Dx-D, was 
partially digested with PK and purified through density gradient and 

ultracentrifugation. This procedure allowed for the distinction of a halo, 
which was collected and processed for visualization using transmission 
electron microscopy (TEM). As depicted in Supplementary Fig. 6, Deer- 
Dx-D forms fibrillar structures that assemble with one another. The 
resulting architecture is very similar to the prion rods observed in PrPSc 

samples purified from the brains of diseased animals (Terry et al., 2019).
After confirming the ultrastructural resemblance of these recombi

nant cervid prions to brain-derived mammalian prions, Deer-Dx-D was 
used to perform intracerebral inoculations into TgVole 1× mice 
(Fernández-Borges et al., 2017). These transgenic mice express the PrPC 

of the bank vole, a species considered the universal acceptor of prions 
due to its high susceptibility to TSE. Through this bioassay, Deer-Dx-D 
was confirmed as a bona fide prion capable of inducing prion disease 
in a susceptible animal model after 342 ± 33 days post-inoculation (dpi) 
(see Supplementary Fig. 7). Following this incubation period, the 

Fig. 2. AlphaFold structure of cervid PrPC variants. A) Cartoon representation of an AlphaFold 2 structure of the reference variant Q226Q. Amino acid positions 
undergoing mutation are shown as brown spheres. Secondary structure elements of the PrPC structure are labelled in red (β1: residues 132–136; α1: 148–156; β2: 
162–166; α2: 176–198; α3: 204–230). B) Overlay of the AlphaFold 2 models of the 26 variants considered in this work. Only backbone atoms are shown for clarity. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Spontaneous misfolding propensity of the cervid PrP variants. The propensity of each cervid PrP variant to misfold spontaneously was assessed through four 
serial rounds of PMSA. Each PMSA round consisted of 8 replicates, with the PMSA substrate containing conversion buffer, recombinant PrP (rec-PrP), and dextran 
sulfate. Half of the samples contained 0.1 g of 1 mm glass beads, and the other half 0.1 g of 0.1 mm glass beads. After each round, the products were diluted 1:10 into 
fresh PMSA substrate, and the next round was initiated. At the end of each 24-h round, products were analyzed for the presence of PrPres by proteinase K (PK) 
digestion, electrophoresis, and total protein staining. Based on the results, each variant was assigned a score (ranging from 0 to 100) that reflects its propensity to 
spontaneously misfold. A higher score represents a greater propensity for misfolding, while a score of 0 suggests resistance to misfolding. From the 45 PrP variants 
analyzed, 67 % show high misfolding proneness with scores over 75, including the reference sequences Q226 and Q226E, while the other 33 % showed low mis
folding scores, with variant T98S A136V Q171R N173S T177N M208I Q226Q being the only one completely unable to misfold. The misfolding score (%) is shown on 
the y-axis, with each cervid PrP variant displayed on the x-axis.
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inoculated mice exhibited clinical signs such as weight loss, kyphosis, 
and incoordination, among others. Additionally, a three-banded PrPres 

signal was observed after proteinase K (PK) digestion and western 
blotting (WB) of their brains (Fig. 4). Neuropathological characteriza
tion of these brains revealed the hallmarks of prion diseases, including 
spongiosis, prion protein deposits and gliosis. The two most affected 
brain areas, the striatum and thalamus, of one representative diseased 
mouse, compared to one non-infected TgVole 1× as a negative control, 
are shown in Fig. 5.

Biochemical analyses revealed the presence of at least two different 
phenotypes among the challenged animals. PK digestion and WB of the 
brains from inoculated mice exposed two distinct electrophoretic pat
terns: one exhibiting a higher molecular weight and another showing a 
lower molecular weight (Fig. 4B). Furthermore, while intense gliosis was 
present in all analyzed animals, neuropathological characterization of 
these brains unveiled variations in the severity and distribution of 
vacuolation and the quantity of PrPres deposits among individuals 
(Fig. 4A). However, no clear correlation could be established between 
the different WB patterns and the distribution of vacuolation, amount of 
PrPres deposits, nor the incubation time.

For the second passage, we selected the brain of a mouse that pre
sented an incubation period of 336 dpi, which was closest to the mean of 
the whole group (342 ± 33). Biochemical characterization of this brain 
revealed a low molecular weight electrophoretic pattern of PrPSc 

(Fig. 4B and D). Neuropathological analysis of the brain of this mouse 
showed considerable vacuolation in the striatum, thalamus, midbrain 
and medulla oblongata, accompanied by substantial PrPres deposits in 
the striatum, thalamus, midbrain, medulla oblongata and in the hippo
campus (Fig. 4A).

This second passage significantly reduced the incubation period from 
inoculation to terminal disease to 91 ± 3 dpi (Supplementary Fig. 7). 
The inoculated animals exhibited clinical signs similar to those observed 
in the first passage. Consistent with the previous passage findings, 
western blotting of the brains from inoculated animals after proteinase K 
digestion revealed three-banded PrPres signals (Fig. 4D). Neuropatho
logical characterization demonstrated a lesion profile resembling that 
observed in the first passage (Fig. 4C). Supplementary Fig. 8 illustrates 
the striatum and thalamus of infected TgVole 1× mice, where spon
giosis, PrPres deposits, and gliosis were most pronounced in comparison 
with a non-infected negative control.

Fig. 4. In vivo characterization of the spontaneously misfolded ensemble of conformers Deer-Dx-D inoculated in TgVole 1×, transgenic mouse line expressing bank 
vole PrPC. A) Spongiform lesion profile and PrPres deposition patterns in the brains of TgVole 1× mice inoculated with Deer-Dx-D at first passage. A semi-quantitative 
score (0–4) shown on the y-axis is used to assess spongiform lesion severity (black dots and line) and PrPres deposit levels (gray dots and dotted gray line) in 14 
different regions of the central nervous system of these mice, described along the x-axis. The regions most affected by spongiosis include the hippocampus, striatum, 
thalamus, midbrain, medulla oblongata, cerebellar nuclei, cerebellar vermis, and cerebellar cortex. PrPres deposits colocalized with spongiform lesions in most re
gions, particularly in the hippocampus, striatum, thalamus, and midbrain. B) Biochemical analysis of the PrPSc from TgVole 1× brains inoculated with Deer-Dx-D at 
first passage by Western blot. Four representative samples (01–04) from the TgVole 1× animals inoculated with Deer-Dx-D PMSA product are presented post-PK 
digestion (+), along with an uninfected and undigested (− ) TgVole 1× control, using the BAR224 antibody (epitope at residues 144–154, dilution 1:1000). The 
presence of at least two distinct electrophoretic patterns suggests that the Deer-Dx-D might consist of multiple substrains. The brain homogenate used as inoculum for 
the second passage is marked with an asterisk (*). C) Spongiform lesion profile and PrPres deposition patterns in the brains of TgVole 1× mice inoculated with Deer- 
Dx-D at second passage. The y-axis represents the semi-quantitative score (0–4), and the x-axis covers different CNS regions. Spongiosis (black dots and line) and 
PrPres deposition (gray dots and dotted gray line) were more pronounced in the hippocampus, striatum, and thalamus after the second passage. Notably, PrPres 

deposits were more widely distributed throughout the CNS following this passage. D) Biochemical analysis of the PrPSc from TgVole 1× inoculated with Deer-Dx-D 
after the second passage. The brain homogenate from the diseased TgVole 1× selected as the inoculum for the second passage, along with four representative samples 
(01–04), were analyzed after PK digestion (+), as well as one uninfected TgVole 1× control (− ), using the BAR224 antibody. Similar to the first passage, at least two 
distinct electrophoretic patterns were visible, further suggesting that the inoculum might consist of a mixture of substrains, even after two passages. MW: Molecular 
weight marker; PK: Proteinase K; IHC: Immunohistochemistry performed with 6C2 antibody (epitope at residues 111–118, dilution 1:1000).
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Interestingly, despite observing no significant differences in the in
cubation period among the challenged animals, biochemical analysis of 
the second passage mice brains again revealed two distinct electropho
retic patterns (Fig. 4D). These patterns mirrored those found in the first 
passage; one characterized by a lower molecular weight, identical to the 
pattern of the selected inoculum, and the other by a higher molecular 
weight. Neuropathological examination revealed that all animals pre
sented punctate PrPres deposits, both intraneuronal and within the 
neuropil of the brainstem. In the striatum, PrPres deposits appeared as 
bigger aggregates, accompanied by intense vacuolation and astrogliosis. 
While these were the most common features observed in this group of six 
mice, additional variations were noted: two animals exhibited severe 
spongiosis, and marked gliosis in the hippocampus with incipient PrPres 

plaques in the albeus, along with fine punctate labelling in the stratum 
oriens (Supplementary Fig. 9 A, D, and G); two other animals showed 
conspicuous plaques in the hippocampus albeus but with milder to ab
sent spongiosis and the astrogliosis restricted only to the vicinity of the 
plaques (Supplementary Fig. 9 B, E, and H), and the remaining two 
animals were characterized by the absence of PrPres specific immuno
labeling patterns in the hippocampus and a mild to absent astrogliosis, 
lacking spongiform lesions in that region (Supplementary Fig. 9C, F, and 
I). One of the mice presenting hippocampal plaques also displayed the 
higher molecular weight electrophoretic pattern when its brain was 

analyzed through proteinase K digestion and western blot. Conversely, 
the other mouse with hippocampal plaques showed the lower molecular 
weight electrophoretic pattern. Collectively, these findings suggest the 
presence of at least three different phenotypes following the second 
passage, highlighting the complexity and diversity generated by an in 
vitro system through the promotion of spontaneous misfolding, likely 
mirroring processes that occur in a more biological context.

4. Discussion

We conducted a comprehensive characterization of different variants 
of cervid PrP, assessing the effect of various polymorphisms on flexi
bility, structure, stability, and spontaneous misfolding proneness.

The high prevalence of CWD in North America (Moreno and Telling, 
2018), and the cases described in Nordic European countries (Benestad 
et al., 2016; Pirisinu et al., 2018; Vikoren et al., 2019) have raised alarms 
about the emergence of new strains and their zoonotic potential 
(Tranulis, 2021). The well-established relationship between amino acid 
changes and perturbations in the interspecies barrier (Angers et al., 
2014; Bett et al., 2012; Scott et al., 1993) has prompted several studies 
focused on genotyping different cervid populations and characterizing 
their PRNP gene (Arifin et al., 2021), leading to the description of up to 
59 variants. Within the PK-resistant core of the PrPSc (residues 92–230), 

Fig. 5. Neuropathological characterization of TgVole 1× mouse brains inoculated with the ensemble of conformers Deer-Dx-D. Images display the two most affected 
brain regions, the striatum and thalamus, from two representative diseased mice (302,877 and 304,349) inoculated with Deer-Dx-D PMSA product (first passage), 
alongside a non-infected TgVole 1× (349483) as a negative control. Hematoxylin and eosin staining (H&E) showed severe spongiosis in the striatum of the diseased 
animals (A) and milder spongiosis in the thalamus of these mice (B), while no spongiosis was found in the brain regions of the non-infected controls (C, D). 
Immunohistochemistry for PK-resistant prion protein (PrPres IHC) using monoclonal antibody 6C2 (epitope at residues 111–118, dilution 1:1000) revealed a fine 
granular immunostaining pattern in the striatum of the infected mice, often associated with glial cells (E), and a synaptic-like punctate pattern in the thalamus, 
observed both intraneuronally and perineuronally (F). No PrPres deposits were observed in the negative controls (G, H). Glial fibrillary acidic protein immunohis
tochemistry (GFAP IHC) detected intense astrogliosis, with hyperplasia and hypertrophy of astrocytes in both the striatum (I) and thalamus (J), as well as in all 
regions showing spongiform changes; the corresponding brain areas in the uninfected controls lacked these features (K,L). All images were taken at the same 
magnification (20× objective), bar: 100 μm.
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42 different polymorphisms were identified in cervid PrP. Building on 
previous work from our laboratory, we compared all the polymorphic 
variants from cervid PrP to the sequences of every wild-type mammal 
PrP described to date, which are publicly available on the PrPdex 
website (https://prpdex.com/) (Erana et al., 2024). Thus, we identified 
14 unique polymorphisms in the cervid PrPs within residues 100–230 
(bank vole numbering), the region covered by PrPdex. These poly
morphisms—N103I, N103T, K109Q, A116G, A123T, R151H, Y153F, 
P168S, T191A, K197E, K207M, R211Q, Q215K, and Q226K—had not 
been reported in other wild-type mammals, rendering their effects on 
protein flexibility, stability, or misfolding susceptibility unknown. While 
no relation between the polymorphism and the disease has been re
ported, our results show a 100 % spontaneous misfolding propensity 
score, suggesting that a potential link cannot be discarded. This is 
exemplified by the change A116G in white-tailed deer PrP, which 
modifies NA CWD properties, giving rise to the strain 116 AG (Hannaoui 
et al., 2021). Additionally, the variant K109Q present in moose PrP has 
been found in some animals affected by Nordic CWD (Sola et al., 2023).

Apart from these cervid-exclusive polymorphisms, other amino acid 
changes within cervid sequences have been previously linked to mis
folding susceptibility or strain emergence. For instance, M132L is a 
polymorphism described in elk PrP (Schatzl et al., 1997) that is related 
to a low susceptibility to NA CWD (Green et al., 2008) and is able to 
modify the original strain, resulting in the CWD strain LL132 (Moore 
et al., 2020). While most wild-type mammal PrPs have M at position 
132, the presence of L could only be found in 1.8 % of the species whose 
PrP has been sequenced, all of them characterized by low spontaneous 
misfolding scores according to PrPdex (https://prpdex.com/) (Erana 
et al., 2024). However, while the misfolding score of the M132L Q226E 
variant is lower than that of the cervid reference variant, it still shows a 
high score. This suggests that, while the variant may be resistant to the 
NA CWD strain, its high potential for spontaneous misfolding could lead 
to the emergence of new strains, potentially resembling the LL132 strain 
or even entirely new, unstable strains, as observed in some Nordic CWD 
cases. The position 132 of cervid PrP is equivalent to position 129 of 
human PrP, which is notable for the existence of a dimorphism (129 M 
or 129 V) that modulates the susceptibility of humans to certain prion 
diseases, such as Variant Creutzfeldt-Jakob disease (vCJD) (Collinge, 
2001). Collectively, these facts reflect the importance of that position in 
terms of susceptibility. While the residue at that position of the elk 
variant does not match its counterpart in human PrP, there are other 
polymorphisms within cervid PrP that introduce amino acids present in 
the equivalent position of human PrP, such as N173S, T177N, and 
V187I. Similarly, some amino acid changes in cervid PrP match those in 
sheep PrP, such as T98S, N173S, T177N, and M208I, all of which are 
present in the same variant (Zink et al., 2020). Thus, that cervid variant 
shares its amino acid sequence with sheep ARQ PrP, one of the main 
sheep PrP genotypes along with the sheep VRQ and the sheep ARR 
variants (Hamir et al., 2006). Interestingly, there is another cervid 
variant with all those amino acid changes (T98S, N173S, T177N, and 
M208I) that also displays the polymorphisms A136V and Q171R (Zink 
et al., 2020), giving rise to a PrP that would be equivalent to a hypo
thetical sheep VRR PrP, which does not exist in nature. Since VRQ and 
ARR variants are known for their different susceptibility to scrapie 
(Smits et al., 1997), this could shed some light on the importance of 
residues 136 and 171 in terms of prion disease susceptibility. Regarding 
spontaneous misfolding, we have found, as expected, that Q171R 
variant exhibited very low susceptibility, while A136V also showed 
some resistance when expressed in the context of the reference cervid 
PrP (Supplementary Fig. 4).

Melting temperatures (Tm) are commonly used as an experimentally 
affordable approximation of the free energy of unfolding (ΔGu) of pro
teins, which ultimately determines their thermostability (Wright et al., 
2017). Changes in these properties upon mutation (ΔTm as a proxy for 
ΔΔGu) allow inferring whether a given protein would be more or less 
thermostable through either kinetic or thermodynamic stabilization 

mechanisms (Kotov et al., 2021). In prions and related proteins with the 
ability to misfold into fibrillar structures, one could hypothesize that 
increasing the thermal resistance of the globular form of the protein to 
unfold might slow down misfolding by reducing the concentration of 
(partially) unfolded states prior to aggregation.

In our case, however, our analysis did not reveal a clear connection 
between melting temperatures (measured by CD) and misfolding pro
pensities (estimated by PMSA) in the cervid PrPᶜ variants tested 
(Fig. 6A). Hence, variants with the highest measured Tm values (72 ◦C) 
showed either complete misfolding propensity (N176D Q226Q; V187I 
Q226Q) or no misfolding propensity (T98S A136V Q171R N173S T177N 
M208I Q226Q) in our hands. On the other side of the spectrum, variants 
with the lowest Tm values (66 ◦C) can preserve a full to partial mis
folding propensity. Local correlations or anticorrelations within certain 
variants subsets are suggestive but should not be overinterpreted.

In agreement with Tm measurements, extensive MD simulations on 
26 cervid PrP variants modelled based on the wild type mule deer PrP 
(PDB ID: 4YXH) demonstrate that they all have similar conformational 
and flexibility profiles in the cellular isoform, presenting essentially 
equivalent RMSD and per-residue RMSF profiles, with variations within 
the expected range of simulation variability. As expected for fully 
functional proteins, the secondary structure elements characteristic of 
the cellular isoform are likewise globally preserved, suggesting that the 
effect exerted by mutations on the misfolding propensity cannot be 
attributed to large structural or stability differences in PrPC (Fig. 6B) but 
rather to the modulation of the aggregation process, or to the structure 
of PrPSc.

Some of the mutations described in this work have shown a certain 
resistance to CWD in vivo and, therefore, presumably to misfolding 
(Arifin et al., 2021). These variants include Q95H Q226Q, G96S Q226Q 
(Johnson et al., 2011; Robinson et al., 2012), A116G Q226Q (Hannaoui 
et al., 2017), M132L Q226E (Green et al., 2008), S138N Q226Q (Rhyan 
et al., 2011), and S225F Q226Q (Angers et al., 2014; Fox et al., 2006). 
Despite their reported resistance, when assessing their spontaneous 
misfolding propensity by PMSA, most of these showed a score higher 
than 80, indicating a relatively high propensity to misfold. The only 
exception was the S225F Q226Q variant, which displayed a score of 53, 
showing lower susceptibility to spontaneous misfolding.

The disparity between spontaneous misfolding in our system and in 
vivo CWD susceptibility may stem from differences in the protein’s 
expression and the misfolding process itself. PMSA utilizes rec-PrP, 
while in vivo prion infection involves brain-derived PrP, which in
cludes GPI anchoring and glycosylation, factors absent in vitro. Addi
tionally, we study spontaneous misfolding, whereas most CWD research 
focuses on seed-induced propagation, where certain amino acids may 
play different roles. Prion propagation depends on structural compati
bility between donor and acceptor PrP, while spontaneous misfolding is 
driven by a single PrP sequence’s tendency to adopt its neurotoxic 
conformation. According to the quasi-species theory, when prions are 
transmitted to a host with a heterologous PrP, the most favored con
formers in a potential mixture are selected, or the original prion strain 
must adapt to the new host PrP (Collinge and Clarke, 2007; Li et al., 
2010). This could explain why the same polymorphic variants may 
exhibit distinct behaviors depending on the strain received from the 
donor, likely through specific interactions that are absent in sponta
neous misfolding. An example of this differential behavior is seen with 
Nor98 compared to classical scrapie (Benestad et al., 2003; Curcio et al., 
2016; Rodríguez-Martínez et al., 2010). Similarly, different Nordic 
moose CWD strains, hypothesized to have a spontaneous origin like 
Nor98 (Pirisinu et al., 2018; Tranulis, 2021), have shown different 
transmission properties from North American CWD when transmitted to 
bank voles (Nonno et al., 2020), gene-targeted (Gt) mice expressing 
wild-type deer or elk PrP (Bian, 2019; Bian et al., 2021; Sun et al., 2023), 
or Gt mice expressing cervid PrP variants (Arifin et al., 2024; Arifin 
et al., 2023). Therefore, our results on spontaneous misfolding pro
pensity may not necessarily align with observations from CWD 
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transmission experiments but could help identify polymorphic PrP 
variants or cervid species where spontaneous prion disease is more 
likely. This is exemplified by the fact that CWD-diseased moose found in 
nature so far presented the cervid PrP reference sequence (Q226Q) or 
the variant K109Q Q226Q, both of which displayed a score of 100 in our 
study.

In addition to identifying variants prone to spontaneous misfolding, 
which may need close monitoring for the risk of new cervid prion strains 
emerging, our results highlight residues that strongly influence mis
folding resistance. Although these residues may affect spontaneous 
misfolding differently than known CWD strains propagation, PMSA 
could pinpoint amino acids with the highest impact, with those reducing 
spontaneous misfolding as promising candidates for enhancing CWD 
resistance. Moreover, recent insights into the structure of NA CWD 
prions underscore the value of our findings. For instance, several resi
dues that lower spontaneous misfolding propensity align with key re
gions of the prion monomer, such as the polymorphism A136V, located 
in the E motif, and the changes Q171R and N173S, present at the inner 
part of the central strand (Alam et al., 2024).

Finally, through intracerebral inoculation of one representative 
spontaneously generated PMSA product in transgenic mice expressing 
bank vole 109I PrP (TgVole 1×) (Fernández-Borges et al., 2017), we 
demonstrate that these misfolded recombinant proteins are bona fide 
prions, and further confirmed its transmissibility through a second 
passage in the same model. The spontaneous in vitro generation of re
combinant bona fide cervid prions provides new tools to perform sys
tematic in vitro studies and explore the effects of all cervid PrP variants 
on prion propagation. It will also be useful for studies requiring high 
amounts of pathological prions in a simple and chemically defined 
environment, such as structural studies. Additionally, the bioassay of the 

recombinant prions revealed variable phenotypes, possibly indicative of 
the propagation of different sub-strains. When the brains of the diseased 
animals were analyzed after both the first and second passage, animals 
inoculated with the same PMSA preparation showed slightly different 
electrophoretic PrPres profiles and heterogeneous histopathological 
lesion and PrPres deposition patterns. However, the heterogeneity of 
phenotypes observed in the second passage needs to be interpreted with 
caution since some of the observed features could be attributed to a 
minimal component of the spontaneous strain generated in the TgVole 
1× model which could have arisen during the first passage (>342dpi). 
The intense hippocampal vacuolation and astrogliosis as well as the 
punctate PrPres deposition pattern in the oriens layer could be features of 
the propagation of this atypical strain, plausible for models with the 
I109 polymorphism or equivalents (Otero et al., 2019; Vidal et al., 
2022). Nonetheless, biochemical analysis ruled out the presence of an 
atypical PK resistant component in these brains, of the characteristic low 
molecular weight single banded pattern in WB analysis supporting the 
sub-strains hypothesis. Moreover, the intense vacuolation observed in 
the striatum region is a feature previously observed in other PMSA 
generated prion bioassays, and it has been associated with those con
formers obtained with dextran sulfate as a cofactor (Erana et al., 2023), 
since in vitro misfolded mouse recombinant PrP conformers obtained 
without this cofactor lacked an involvement of the striatum, when 
inoculated to TgVole 1× mice (Pérez-Castro et al., 2025). The punctate 
PrPres immunolabeling pattern observed in the brain stem (thalamus, 
midbrain and medulla oblongata) of all the animals in the group re
sembles that of TgVole 1× adapted CWD and seems to be a constant 
feature in both 1st and 2nd passages of Deer-Dx-D. However, the het
erogeneity of other features, such as the presence or absence of plaques 
in the hippocampus’ albeus layer or the presence or absence of a strong 

Fig. 6. Spontaneous misfolding propensity, thermostability, and protein flexibility of cervid PrP variants are not correlated. Pairwise scatter plots illustrate the 
relationship between the three parameters. Each variant is represented by a different colour. The calculated regression line is shown in red, with its confidence 
interval displayed in gray. The low slope of the regression lines and the wide confidence bands in all three plots suggest a weak or nonexistent relationship between 
the parameters. A) Spontaneous misfolding propensity (score, %) of cervid PrP variants, analyzed through Protein Misfolding Shaking Amplification (PMSA), plotted 
against thermostability, assessed as melting temperature (Tm, ◦C) measured by circular dichroism. No correlation is observed, as indicated by the very low coefficient 
of determination (R2 = 0.001) and a p-value far above 0.05 (p = 0.846). B) Spontaneous misfolding propensity (score, %) plotted against protein flexibility, analyzed 
through molecular dynamics simulations and expressed as the root mean square deviation (RMSD, Å) of the backbone atoms (Cα, C, N) of each variant. Again, no 
correlation is observed (R2 

= 0.001; p = 0.904). C) Protein flexibility (RMSD, Å) plotted against thermostability (Tm, ◦C). The statistical parameters obtained (R2 
=

0.113; p = 0.0863) suggest a weak relationship between these parameters. However, the lack of statistical significance (p > 0.05) and the low explanatory power (R2 

= 0.0863) indicate that this correlation is likely due to random variation and can be considered negligible. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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striatal involvement might be indicative of the propagation of different 
conformers (or sub-strains). Especially, since similar findings have been 
previously described when PMCA-generated recombinant prions were 
inoculated into mice (Bistaffa et al., 2019), suggesting that in vitro prion 
misfolding could result mostly in different conformer mixtures. How
ever, this phenomenon is not only restricted to prions generated in vitro: 
mixtures of sub-strains were also found when brain-derived prions were 
used to infect cell cultures and vice versa (Li et al., 2010), and when 
sporadic CJD prions were inoculated into transgenic mice expressing 
human PrP (Cassard et al., 2020). Similarly to the last example and 
resembling our spontaneously misfolded Q226Q-variant recombinant 
prion, one of the Nordic moose CWD strains with a possible spontaneous 
origin has already been characterized, showing at least two different 
sub-strains that could be distinguished only after transmission into Gt 
mice expressing cervid PrP (Sun et al., 2023). The concept of prion 
strains being composed of multiple sub-strains is not new (Collinge and 
Clarke, 2007), and the selection/adaptation of some sub-strains over 
others through their transmission into animal models has led to a better 
understanding of prion strains and to the establishment of some well- 
known strains (Block and Bartz, 2023). However, this phenomenon is 
especially notable in CWD, where not only some the new Nordic strains 
seem to be composed of sub-strains, but also the well-established NA 
CWD seems to be a cloud of quasi-species, expressing different disease 
phenotypes depending on the genotype of the host (Bian, 2019). 
Nevertheless, NA CWD has evolved into a stable strain through its 
propagation over the years, while those theoretically spontaneous, 
Nordic CWD strains are highly unstable and have the potential to evolve 
after their transmission into new hosts (Bian, 2019; Bian et al., 2021), 
resembling our spontaneously generated recombinant prions. The fact 
that the different disease phenotypes induced by our recombinant cervid 
prion differ from any other CWD phenotype reported to date, implies 
that the cervid reference sequence (Q226Q) can adopt multiple possible 
prion conformations, each leading to distinct disease phenotypes, and 
that only a few of them have been observed in nature so far in the forms 
of NA CWD and the Nordic CWD strains. This consideration applies to 
the cervid reference sequence, just one of the multiple variants of the 
cervid PrP, but we have shown that most of them have a high propensity 
to spontaneously misfold. This fact implies that, if they behave in a 
similar way than Q226Q variant, the spontaneous misfolding of each 
one of these variants could lead to a plethora of different CWD strains. 
For that reason, in the current situation where different foci of potential 
spontaneous CWD have emerged in the Nordic region of Europe, further 
studies focusing on the relationship between cervid PrP genotypes, and 
the emergence of different strains could provide valuable insights into 
the future of CWD. While our findings demonstrate that flexibility, 
thermostability, and spontaneous misfolding propensity function as 
largely independent parameters in cervid PrP variants, the applicability 
of these observations to other mammalian prion proteins, particularly 
human PrP, requires further investigation. Human genetic prion diseases 
exhibit variable disease onset and progression that may involve addi
tional factors such as strain-specific propagation mechanisms, cellular 
stress responses, and species-specific protein-cofactor interactions that 
differ from the spontaneous misfolding processes examined in this study. 
The sequence differences between human and cervid PrP, distinct post- 
translational modifications, and different cellular environments may 
significantly influence the relationship between protein flexibility and 
disease pathogenesis. Future comparative studies examining flexibility- 
misfolding relationships across different mammalian PrP sequences, 
including human variants associated with genetic prion diseases, would 
be valuable to determine the broader applicability of our findings and 
their relevance to understanding human prion disease mechanisms.

Overall, the evaluation of the spontaneous misfolding propensity of 
all cervid PrP variants using PMSA, combined with Tm measurements 
and in silico estimation of flexibility of the globular isoforms, indicates a 
lack of correlation between these parameters (Fig. 6). This suggests that 
other, yet unknown factors may determine the spontaneous misfolding 

capacity of each PrP variant. Our PMSA assay enabled us to identify 
polymorphic hotspots with a major influence on misfolding suscepti
bility or resistance. Additionally, the study generated a set of bona fide 
recombinant cervid prions for future research, not only on spontaneous 
misfolding but also on prion propagation and strain variation across 
different cervid species.

5. Conclusions

Our findings highlight the complexity of spontaneous PrP misfold
ing, showing that factors beyond thermostability and structural flexi
bility are likely involved. This suggests that these three parameters are 
unrelated, addressing the debate over their potential correlation in 
neurodegenerative diseases associated with protein misfolding, such as 
Alzheimer’s and Parkinson’s. By identifying cervid PrP polymorphic 
residues that strongly influence misfolding susceptibility or resistance, 
this study provides new insights into the structural features that drive 
prion conversion and highlights the potential risk of certain variants in 
the emergence of new CWD outbreaks.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2025.107005.
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