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high amyloid propensity of

the frog prion protein
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Prion diseases are fatal infectious neurodegenerative diseases caused by the
proteinase K-sensitive form of prion protein (PrP°¢). The exact origin of prion
seeding and the transition factor of PrP>¢ has not been elucidated. The main
hosts of prion diseases are herbivores, so the feces and corpses of Amphibians
can seed PrP%¢ through ecosystems. The frog is an excellent candidate for
transmission studies for this reason, but genetic analyses of the prion protein
gene (PRNP) in the context of prion-related characteristics of frog species are
lacking. We amplified frog PRNP gene sequences in Dybowski's frog and the
American bullfrog by polymerase chain reaction (PCR) and amplicon sequencing.
In addition, we carried out multiple sequencing alignments and annotated major
PrP components including signal peptide, tandem repeat domain, and Prp©-
PrP>¢ interaction region of frog PrPs by bioinformatics tools. We predicted
secondary and tertiary structures and amyloid propensities of frog PrPs using
AlphaFold2 and AMYCO, respectively. We obtained DNA sequences of the PRNP
gene in Dybowski's frog and the American bullfrog, as well as a partially
conserved palindromic sequence (PrPS-PrP5¢ interaction region) and absence
of tandem repeat region of PrP in seven frog species. We analyzed protein
structure of among these frog species and found that the high Himalaya frog has
high aggregation propensity and the western clawed frog does not have the N-
terminal signal peptide. To the best of our knowledge, this was the first
comparative genetic study regarding prion-related features of frog species.
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1 Introduction

Prion diseases are amyloid-induced neurodegenerative diseases
caused by beta sheet-rich and proteinaceous infectious particles
(PrP%9) converted from normal prion protein (PrP®), leading to
dysfunction of the central nervous system accompanied by
accumulation of PrP*, vacuolation, and gliosis in brain lesions
(Prusiner and Dearmond, 1994; Johnson, 2005; Kim et al., 2021).
Since the first prion disease, scrapie, was initially reported in 1732
(Nichols, 2014), various prion diseases have been presumed to be
transmitted across species barriers and in a wide range of hosts
including goats, cattle, deer, elk, raccoon, mink and humans over
more than two centuries (Marsh and Hadlow, 1992; Kirkwood and
Cunningham, 1994; Anderson et al., 1996; Bons et al., 1996;
Lasmezas et al., 1996; Bruce et al., 1997; Baron et al., 1999; Bons
et al., 1999; Lasmezas et al., 2001; Marsh et al., 2005). The central
event of prion diseases is that seed prions convert templates of
PrP%, the prion protein (PrP), which is encoded by prion protein
gene (PRNP) (Kupfer et al,, 2009). PrP is mainly expressed on cell
surfaces and have several major conserved components across
species including the signal peptide, tandem repeat domain
“AGAAAAGA” palindromic sequence (PrP“-PrP*° interaction
region) and glycosylphosphatidylinositol (GPI) anchor (Gabriel
et al., 1992; Norstrom and Mastrianni, 2005; Orge et al., 2021).
To date, several pathogenic mutations of the PRNP gene associated
with prion disease progression have been identified. In sheep, three-
codon haplotypes A136V/T, R154H/L, and Q171R/H/K have been
reported to affect susceptibility to scrapie (Baylis and Goldmann,
2004). The 12-bp insertion/deletion (in/del) polymorphism in the
introns and the 23-bp in/del polymorphism in the promoter region
are pivotal risk factors for bovine spongiform encephalopathy (BSE)
(Mead et al., 2019). In deer, single nucleotide polymorphism (SNP),
such as Q95H, G96S, and A116G in white-tailed deer, and S225F in
mule deer, affect vulnerability to chronic wasting disease (CWD)
(Moazami-Goudarzi et al, 2021). However, the proportion of
genetic human prion diseases is low (<15%), no other animal
prion disease-related casual mutations have been identified thus
far (Appleby et al.,, 2022). Prion disease does not occur in brain
organoids carrying a pathogenic mutation E200K. In addition, PrP
synthesized by bioengineering does not show PrP* seeding activity
(Foliaki et al., 2020). Therefore, the exact origin of prion seeds or
transition factors of spontaneously generated PrP*° has not been
elucidated thus far.

The main hosts of prion disease are herbivores, so feces and
corpses of animals that potentially spontaneously generate PrP*,
living around plants and water, can be the seed or transition factors
of PrP¢ through ecosystems (Pritzkow et al., 2015, Pritzkow et al.,
2018). Among animals with these habitat characteristics, there are
over 8,694 species of amphibians (AmphibiaWeb database; accessed
on Nov 18 2023), of which 7,658 are frogs and toads with similar
habitat characteristics to herbivores, the main hosts of prion
diseases. A previous bioinformatic study reported that frog PrP
has a modified binding sequence of PrP5%¢ (AIGAAAGA) and does
not have tandem repeat sequences that contribute copper-ion
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homeostasis, unlike other prion-related species (Calzolai et al,
2005; Kim et al., 2008). However, that study investigated only one
species, the African clawed frog (Xenopus laevis) and did not
evaluate potential for prion seeding activity, such as the amyloid
propensity of PrP.

In Korea, Rana dybowskii (Dybowski’s frog) is one of most
common indigenous frog species (Yang et al., 2000). Dybowski’s frog
is raised in commercial farms and consumed as meat and as a health
food. Another major food species is Lithobates catesbeianus (American
bullfrog), which was imported from North America in 1958. The main
infection route for prions is the gastrointestinal tract, and although
frogs have been reported to have PrP, no research has been conducted
on prions from these two frog species that are widely consumed in
Korea (Davies et al., 2006; Harrison et al., 2010).

In the current study, we present the first report of the frog PRNP
gene, in Dybowski’s frog and the American bullfrog, derived by
polymerase chain reaction (PCR) and amplicon sequencing. In
addition, we performed multiple sequencing alignments and
analyzed major PrP components including signal peptide, tandem
repeat domain, the PrPC-PrP° interaction region, and the GPI-
anchor of frog PrPs using bioinformatics tools. Furthermore, we
analyzed secondary and tertiary structures and amyloid propensities
of frog PrPs using AlphaFold2 and AMYCO, respectively.

2 Materials and methods
2.1 Animal samples

Four frogs of two species (two Rana dybowskii, two Lithobates
catesbeianus) were obtained from animal farms in the Republic of
Korea. The experimental procedures were reviewed and accredited
by the Institutional Animal Care and Use Committee of Andong
National University (IACUC No. 2023-2-0420-02-01).

2.2 Genomic DNA extraction

Genomic DNA was extracted from muscle tissue using
QIAGEN DNA Purification Kits (QIAGEN, Hilden, Germany)
following the manufacturer’s guidelines.

2.3 Polymerase chain reaction (PCR)

To identify the PRNP DNA sequences of these species, we
designed forward and reverse primers using Primer3Plus (https://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi)
based on the PRNP DNA sequence of Rana temporaria (common
frog) registered in GenBank at the National Center for
Biotechnology Information (NCBI) (Gene ID: 120932994)
(PRNP-F: 5°- ttgcaaaatgagaccctgtg-3’; PRNP-R: 5’-gcagtggagcag
gatatctgtat-3’). The designed primers were used to amplify the
coding region of the frog PRNP gene by PCR using BioFACT
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Taq DNA Polymerase (BioFACT, Daejeon, Korea) following the
manufacturer’s guidelines.

PCR was conducted using peripheral tissue-extracted genomic
DNA from Rana dybowskii and Lithobates catesbeianus. PCR was
performed in an S-1000 Thermal Cycler (Bio-Rad, Hercules, CA,
USA), and the PCR conditions were as follows: 95°C for 3 minutes,
followed by 36 cycles of 95°C for 30 seconds, 65°C for 30 seconds,
and 72°C for 1 minute, and then 1 cycle of 72°C for 10 minutes for
the final extension. The length of the PCR products was verified
using a BioFACT ™ DNA Ladder (Biofact, Daejeon, Korea). PCR
products were eluted using the AccuPrep® PCR/Gel Purification
Kit (Bioneer, Daejeon, Korea) and analyzed with an ABI PRISM
3730XL Analyzer (ABI, Foster City, CA, USA). The sequencing
result was analyzed using Finch TV software (Geospiza Inc., Seattle,
WA, USA). The 899 bp amplicon was verified by agarose gel
electrophoresis (Supplementary Figure 1).

2.4 Multiple sequence alignments and
phylogenetic analysis of frog PrPs

The frog PrP sequences were collected from GenBank or obtained
in the present study. Detailed information on amino acid sequences is
as follows: Xenopus tropicalis (western clawed frog, XP_012821570.1),
Xenopus laevis (African clawed frog, XP_018106305.1), Hyla sarda
(Sardinian tree frog, XP_056427363.1), Nanorana parkeri (high
Himalaya frog, XP_018424224.1), Rana temporaria (common frog,
XP_040201852.1), Lithobates catesbeianus (American bullfrog, In this
study), Rana dybowskii (Dybowski’s frog, In this study). The PrP
sequences were compared using ClustalW2 (https://www.ebi.ac.uk/
Tools/msa/clustalo/).

The amino acid sequences of frog PrPs were used for
phylogenetic analysis by MEGA X program using the neighbor-
joining method with 3,000 bootstrap replicates. The tree was drawn
based on evolutionary distances estimated using the Poisson
correction method.

2.5 Secondary and tertiary structure
analysis of frog PrPs

Secondary and tertiary structures of frog PrPs were predicted by
Alphfold2 based on machine learning (https://colab.research.
google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.
ipynb). The confidence of predicted structures was assessed by the
predicted local distance difference test (pLDDT) value. Electrostatic
potential and hydrogen bonds were predicted and visualized by the
DeepView program (https://spdbv.unil.ch). Hydrogen bonds were
analyzed according to amino acid properties and interatomic
distance and predicted whether hydrogen was in the range from
1.2 to 2.76 A of a potential donor atom. Electrostatic potential was
predicted by the Poisson-Boltzmann equation based on the surface
charges of surface amino acids.
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2.6 Amyloid propensity

AMYCO (http://bioinf.uab.es/amycov04) was used to predict
the aggregation propensity of frog PrPs. AMYCO calculates the
impact of amyloidogenic sequences based on pWALTZ and PAPA
algorithms with the PSEP score. The detailed PSEP score indicated
weak aggregation propensity (<0.45).

2.7 N-terminal signal peptide prediction

The N-terminal signal peptide was predicted using SignalP 5.0
(https://services.healthtech.dtu.dk/service.php?SignalP-5.0) using a
neural network-based internal algorithm.

3 Results

3.1 Identification of the PRNP gene
sequences in Dybowski's frog and
American bullfrog

There were no previous reports of the DNA sequences of the
PRNP gene in Rana dybowskii and Lithobates catesbeianus. The
morphological differences between the two frog species are
presented inSupplementary Figure 2. To identify the PRNP DNA
sequences of these species, we designed forward and reverse primers
based on the PRNP DNA sequence of Rana temporaria (common
frog) registered in GenBank. In this study, we carried out amplicon
sequencing and identified the frog PRNP DNA sequence of Rana
dybowskii and Lithobates catesbeianus for the first time.

To investigate differences of the open reading frame (ORF) in
the PRNP gene among seven frog species, we compared the DNA
sequences using ClustalW2 (Figures 1A, B). Among seven frog
species, Dybowski’s frog showed the highest DNA sequence
similarity with Rana temporaria (common frog, 98.9%), followed
by American bullfrog (95.8%) and Nanorana parkeri (high
Himalaya frog, 82.3%). Of note, some frog species, including
Xenopus tropicalis (Western clawed frog 53.4%), Xenopus laevis
(African clawed frog, 53.6%) and Hyla sarda (Sardinian tree frog,
65.6%) showed low DNA sequence similarity (50-60%) with
Dybowski’s frog.

3.2 Comparison amino acid sequences of
frog PrPs

We performed multiple sequence alignment to find prion-
related features of the amino acid sequences of frog PrPs
(Figure 2). Similar to our DNA comparison results, Dybowski’s
frog showed the highest similarity of amino acid sequence with the
common frog (99.6%), followed by American bullfrog (93.6%) and
high Himalaya frog (77.4%). Of note, some frog species, including
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Species name Common name Gene Bank Identity (%)
number

Xenopus tropicalis Western Clawed frog 100158502 534
) AATCCATATGIOCCTGAAGHAAGETTTGTCACTGACTGTGTCATACTACCATOOTTGM  ss2
) MTCTHTGTGETGMOATAGSTGICTGACTGTGTCMTACTAOU TERTTGN 552 Xenopus laeis African Clawed frog 308272 536
o s ACHAT OGO MG MACATTAOTAMCEATIGSMCDS 7 Hyla sarda Sardinian tree frog 130368102 65.6
s 98272 "
Nanorana parkeri High Himalaya frog 108797150 823
Rana temporaria Common frog 120932994 98.9
Lithobates catesbeianus American bullfrog In this study 95.8

Rana dybowskii Dybowski's frog In this study

0
‘GTTARARACACCATCATTCGBCAGATGTGOGTCACCGATACAAGOGCTCACCTGHATAT 672
GTCARAACCACCATCAT T CGBCAGATGTGOGTCACT GAATACOGGOGCTCACCTGAATAT 72

The comparison of the open reading frame (ORF) of the prion protein gene (PRNP) was compared in 7 frog species. (A) Multiple sequence alignment
of ORF of the PRNP gene sequences in frog species using ClustalW2. (B) Detailed information on the sequence similarity of ORF of the PRNP gene
sequences in seven frog species. The sequence alignment includes Xenopus tropicalis (western clawed frog, Gene ID: 100158502), Xenopus laevis
(African clawed frog, Gene ID: 398272), Hyla sarda (Sardinian tree frog, Gene ID: 130368102), Nanorana parkeri (high Himalaya frog, Gene ID:
108797150), Rana temporaria (common frog, Gene ID: 120932994), Lithobates catesbeianus (American bullfrog, Gene ID: In this study) and Rana
dybowskii (Dybowski's frog, Gene ID: In this study). Asterisks indicate identical positions among frog species.

western clawed frog (48.8%), African clawed frog (50%) and
Sardinian tree frog (62.7%) showed low similarity (40-60%) of
amino acid sequences with Dybowski’s frog.

Except for Xenopus tropicalis (western clawed frog), all frog
species showed high levels of similarity in the N-terminal region (1-
30aa). Similar to a previous study of the African clawed frog
(Calzolai et al., 2005; Kim et al., 2008), we did not find tandem
repeat domains (octapeptide repeat region) in all seven frog species.
However, the “AGAAAAGA” palindromic sequence (PrP©-Prp*
interaction region) was partially conserved across all seven frog
species (western clawed frog: AVGAAAGA; African clawed frog:
AIGAAAGA; Sardinian tree frog: AAGAAAGA; high Himalaya
frog: AGAAAAGV; common frog: AGAAAVGV; American
bullfrog: AGAAAVGV; Dybowski’s frog: AGAAAVGYV).

To investigate the evolutionary relationships of frog species, the
amino acid sequences of the PrPs were analyzed by MEGA X using
the neighbor-joining method (Figure 3). Similar to the multiple
sequence alignment results, Dybowski’s frog showed the closest
evolutionary relationship with the common frog, followed by
American bullfrog and high Himalaya frog. The two clawed frog
species, western and African clawed frogs, showed the most distant
evolutionary relationships from Dybowski’s frog.

3.3 Secondary and tertiary structures of
frog PrPs

We analyzed secondary and tertiary structures of frog PrPs by
AlphaFold2 (Figure 4). All frog PrPs showed two beta-sheet
structures. However, the number of alpha-helixes was variable
among frog species. In brief, the Sardinian tree and high
Himalaya frogs both had the greatest number of alpha-helixes, 8
Dybowski’s frog showed the fewest, 5.
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3.4 |dentification of high amyloid
propensity in high Himalaya frog PrP

To evaluate the amyloid propensity of frog PrPs, we performed
in silico analysis using AMYCO (Figure 5). The high Himalaya frog
PrP showed the greatest amyloid propensity (0.61), followed by the
African clawed frog (0.45), American bullfrog (0.29), and common
frog (0.29). The lowest amyloid propensity was observed in the
Sardinian tree frog PrP (0).

3.5 Signal peptide prediction

Since N-terminal amino acid sequences are significant
determinants of signal peptides, we predicted N-terminal signal
peptide sequences using SignalP 5.0. Except for the western clawed
frog, all frog PrPs have signal peptide sequences and cutting sites in
the N-terminal region (Figure 6). We did not predict the signal
peptide sequence or cutting site for the western clawed frog.

4 Discussion

Dybowski’s frog is native to East Asia, including Korea, Japan,
Russia, and China, and is classified as a species of “Near
Threatened” on the international union for conservation of
nature (IUCN) red list (https://www.iucn.org/). Dybowski’s frog is
farmed for meat and as a health food in Korea, and is considered as
climate-sensitive biological indicator species by the Korean
National Institute of Biological Resources (NIBR, Incheon, Korea)
(https://www.nibr.go.kr/cmn/main/enMain.do). The American
bullfrog is a large North American species that is native to the
United States and Eastern Canada and was first brought to Korea in
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Species name Common name Gene Bank number Identity (%)
Xenopus tropicalis ‘Western Clawed frog XP_012821570.1 48.8
Xenopus laevis African Clawed frog XP_018106305.1 50
Hyla sarda Sardinian tree frog XP_056427363.1 62.7
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The comparison of the amino acid sequences of the prion protein (PrP) in 7 frog species. (A) Multiple sequence alignment of the amino acid
sequences of the PrP in 7 frog species. (B) Detailed information on the sequence similarity of amino acid sequences of the PrP in 7 frog species.
Protein sequences were obtained from GenBank at the National Center for Biotechnology Information (NCBI), including those of Xenopus tropicalis
(Western clawed frog, XP_012821570.1), Xenopus laevis (African clawed frog, XP_018106305.1), Hyla sarda (Sardinian tree frog, XP_056427363.1),
Nanorana parkeri (high Himalaya frog, XP_018424224.1), Rana temporaria (common frog, XP_040201852.1), Lithobates catesbeianus (American
bullfrog, In this study) and Rana dybowskii (Dybowski's frog, In this study). Protein sequence alignments were performed among frog species using
ClustalW2. Colors indicate chemical properties: green, hydroxyl, sulphhydryl, amine and glycine; blue: acid; red, small and hydrophobic; magenta,
basic. Black box indicates palindromic sequence (normal prion protein (PrP%)-abnormal prion protein (PrP) interaction region).

FIGURE 3

Rana temporaria (Common frog, XP_040201852.1)

Rana dybowskii i's frog, In this study)

Lithobates (American bullfrog, In this study)

Nanorana parkeri (High Himalaya frog, XP_018424224.1)

Hyla sarda tree frog, XP_056427363.1)

Xenopus tropicalis (Western Clawed frog, XP_012821570.1)

Xenopus laevis (African Clawed frog, XP_018106305.1)

Phylogenetic analyses of the PrP in 7 frog species. The phylogenetic tree was obtained using the Molecular Evolutionary Genetics Analysis (MEGA) X
software and includes amino acid sequences of Xenopus tropicalis (Western clawed frog, XP_012821570.1), Xenopus laevis (African clawed frog,
XP_018106305.1), Hyla sarda (Sardinian tree frog, XP_056427363.1), Nanorana parkeri (high Himalaya frog, XP_018424224.1), Rana temporaria
(common frog, XP_040201852.1), Lithobates catesbeianus (American bullfrog, In this study) and Rana dybowskii (Dybowski's frog, In this study). The
phylogenetic tree was analyzed by the neighbor-joining method and branch nodes indicate bootstrap confidence intervals (3,000 replicates). The
branch lengths represent the number of amino acid substitutions per site.

Frontiers in Animal Science

05

frontiersin.org


https://doi.org/10.3389/fanim.2024.1457653
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Won and Kim

A) (B)

(E)

(H)

Xenopus tropicalis
(Western Clawed frog, XP_012821570.1) al

Xenopus laevis
(African Clawed frog, XP_018106305.1) al

Hyla sarda
(Sardinian tree frog, XP_056427363.1) “’1

Nanorana parkeri
(High Himalaya frog, XP_018424224.1) al

Rana temporaria

(Common frog, XP_040201852.1) (ll

Lithobates catesbeianus al
(American bullfrog, In this study)

Rana dybowskii

(Dybowski's frog, In this study) (ll

FIGURE 4

10.3389/fanim.2024.1457653

(D)

©)

250

ﬁ a2@a3a4 as a6

21‘7

8B+ H
245

it a2 2 w304 05 a6aro8
257
b &k B EiiE
256

[ll a2|lz a3a4 05 0607

272

|lla2[l2a3a4u5 a6

2?2

[lluZ[iZ 3 o4 a5

The tertiary and secondary structures of frog PrPs. The 3D modeling of the tertiary structure model and schematic representation of the secondary structure
of frog PrPs was predicted by AlphaFold2. (A) The tertiary structure of the Xenopus tropicalis (Western clawed frog) PrP. (B) The tertiary structure of the
Xenopus laevis (African clawed frog) PrP. (C) The tertiary structure of the Hyla sarda (Sardinian tree frog) PrP. (D) The tertiary structure of the Nanorana
parkeri (high Himalaya frog) PrP. (E) The tertiary structure of the Rana temporaria (common frog) PrP. (F) The tertiary structure of the Lithobates catesbeianus
(American bullfrog) PrP. (G) The tertiary structure of the Rana dybowskii (Dybowski's frog) PrP. Colors indicate B-sheets (yellow), a-helices (red) and coils
(white). (H) The secondary structure of 7 frog species including Xenopus tropicalis (Western clawed frog), Xenopus laevis (African clawed frog), Hyla sarda
(Sardinian tree frog), Nanorana parkeri (high Himalaya frog), Rana temporaria (cormmon frog), Lithobates catesbeianus (American bullfrog, In this study) and
Rana dybowskii (Dybowski's frog, In this study). The colors indicate o-helices (orange), B-sheets (blue) and coils (gray)

the 1970s for food purposes, but became an invasive species that
disrupts the ecosystem and has rapidly proliferated through escapes
from breeding facilities and unauthorized release (Koo and Choe,
2021). Since both frog species are widely used as food in Korea, and
pathogenesis of prion diseases are mainly mediated by the
gastrointestinal tract, further research on the characteristics of the
PrP in these species is necessary.

In the present study, we present the first report of frog PRNP
gene sequences in Dybowski’s frog and the American bullfrog
(Figure 1). None of the frog PrPs have a tandem repeat domain
(Figure 2). In mammals, there are conserved tandem repeat
domains (octapeptide repeat, PHGGGWGQ) related to copper
binding that play pivotal roles in copper homeostasis (Brown
et al,, 1997; Garnett and Viles, 2003). Although bird species have
a significantly different form of the tandem repeat domain
(hexapeptide repeat, NPGYPH), chicken has twice the number of

Frontiers in Animal Science

amino acids (histidine, major copper binding amino acid) in the
tandem repeat region (Kim et al., 2018; Jeong et al., 2021; Kim et al.,
2022). Since tandem repeat regions of mammalian and bird PrPs
are pivotal in copper-related physiology, frog species may use other
proteins for copper-related physiology. Further research is needed
to identify the proteins responsible for the copper-related
physiology of frogs in the context of the absence of the tandem
repeat region of frog PrP (Strumbo et al., 2001).

In the present study, we observed abnormally high aggregation
propensity of frog PrP in the high Himalaya frog (Figure 5).
Currently, there are no confirmed reports specifically identifying
frogs as candidate organisms for the transmission of prion diseases.
Most research has focused on mammals, particularly livestock such
as cattle and deer, which are known to be susceptible to prion
infections (Orge et al., 2021). However, given the consumption of
amphibians like frogs in some regions, and the wide range of species
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FIGURE 5

Prediction of the aggregation propensities in frog PrPs species including 7 frog species including Xenopus tropicalis (Western clawed frog), Xenopus
leavis (African clawed frog), Hyla sarda (Sardinian tree frog), Nanorana parkeri (high Himalaya frog), Rana temporaria (common frog), Lithobates
catesbeianus (American bullfrog, In this study) and Rana dybowskii (Dybowski's frog, In this study). The aggregation propensities of the PrPs were
analyzed by AMYCO.
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FIGURE 6

Signal peptide prediction using the SignallP-5.0 server in 7 frogs. (A) The signal peptide prediction of Xenopus tropicalis (Western clawed frog).
(B) The signal peptide prediction of Xenopus laevis (African clawed frog). (C) The signal peptide prediction of Hyla sarda (Sardinian tree frog).

(D) The signal peptide prediction of Nanorana parkeri (high Himalaya frog). (E) The signal peptide prediction of Rana temporaria (common frog).
(F) The signal peptide prediction of Lithobates catesbeianus (American bullfrog). (G) The signal peptide prediction of Rana dybowskii (Dybowski's
frog). Each lane indicates probability of signal peptide-related structure (signal peptide: red lane; cleavage site: green lane; yellow lane: no
signal peptide).
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that may be affected by prions, it is important to investigate their
potential role in prion transmission. This study identified potential
candidates carrying a predicted high aggregation propensity of frog
PrP. Therefore, future studies are necessary to validate the prion-
forming ability of frog PrP using in vivo and in vitro systems to
explore the possibility of prion seeding in frogs.

Even though PrPs show low aggregation in some frog species
(Sardinian tree frog, American bullfrog), they can show high PrP
aggregation formation ability depending on genetic polymorphisms
of the PRNP gene. Previous studies have reported that genetic
polymorphisms and germline mutations of the PRNP gene are
significantly related to the pathomechanisms of several types of
prion disease. In humans, over 30 mutations (V1801I, E200K, V2031,
etc.) are widely reported in genetic Creutzfeldt-Jakob disease (CJD).
In addition, M129V and E219K confer resistance to variant and
sporadic CJD (Jackson and Clarke, 2000; Takada et al., 2017).
Furthermore, the G127V genotype of the PRNP gene confers
complete resistance to kuru and in prion-inoculated transgenic
mice (Asante et al., 2015). In artiodactyls including sheep, goats,
deer and elk, genetic polymorphisms of the PRNP gene are
significantly associated with vulnerability to prion diseases. Those
mutations and genetic polymorphisms impact the tertiary structure
of PrP and regulate the amyloid propensity of PrP* (Sanchez-
Garcia and Fernandez-Funez, 2018; Myers et al., 2020). Since
several studies have suggested that genetic variations of PrPs
serve as seeds to spread prion diseases, additional research is
needed to evaluate the possibility that frog PrPs will become
prion seeds in the future. In addition, conducting further studies
involving additional laboratory experiments to determine the
potential susceptibility of amphibians to mammalian prions
would provide valuable information for academia and the public.

A previous study reported that frogs do not have the
“AGAAAAGA” palindromic sequence of PrP. The palindromic
sequence is the PrPC-PrP5 interaction region, which plays a
crucial role in the conversion of PrP€ to PrP* (Norstrom and
Mastrianni., 2005). Although the exact palindromic sequence has
not been identified in frog species, we observed palindromic
sequences the were partially conserved in all frog species
(Figure 2). The palindromic sequence plays a pivotal role in the
conversion of PrP® to PrP%, and experimental disruption of the
palindromic sequence inhibits the prion conversion process. Since
the partially conserved palindromic sequence may be important in
the prion pathology of frogs, research is needed to determine
whether this partially conserved palindromic sequence can
interact with PrP*° in the future.

We also found significantly different sequence homologies of
amino acid sequences among frog species (Figure 2). In particular,
the N-terminal signal peptide was not predicted in the western
clawed frog (Figure 6). This region (~25 amino acids at the N-
terminal) is not conserved across species (Figure 2). It may be a
western clawed frog-specific sequence, and this region could play a
crucial role in influencing the specific structure or stability of the
protein. There is a need for further research to validate the structure
or function in the future. PrPs are mainly expressed as
glycosylphosphatidylinositol (GPI) anchor proteins on the cell
surface and have an N-terminal signal peptide that is conserved
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across species (Mead et al, 2019). Since the N-terminal signal
peptide was not observed in western clawed frogs, further study is
needed for PrP localization in the western clawed frog.

In Korea, CWD was introduced by the importation of
asymptomatic CWD-infected elk. Subsequently, CWD was
reported in elk, red deer, and sika deer across the country (Sohn
et al., 2020). Except for CWD, there are no reports of animal prion
diseases, including scrapie and BSE, in South Korea. In Japan, BSE
was first reported in 2001, and the country has the largest number of
BSE cases outside Europe (Yamanouchi and Yoshikawa, 2007).
Additionally, classical scrapie has been reported in sheep, and
atypical scrapie in goats. However, the exact epidemiology
remains unclear (Matsuura et al., 2019; Onodera and Saeki,
2000). Although Dybowski’s frog and the American bullfrog have
relatively low amyloid propensity (Figure 5), since soil and water
can easily become contaminated by scrapie and CWD prions
derived from the body fluids of prion-infected animals, these
environmental factors may play a pivotal role in the mode of
transmission for frogs. Further research on the relationship
between prion and mode of transmission for frogs is highly
desirable in the future.

In the present study, we present the first report of DNA
sequences of the PRNP gene in Dybowski’s frog and the
American bullfrog. In addition, we analyzed sequence similarity
and evolutionary relationships among frog species and found
partially conserved palindromic sequence (PrP“-PrP*® interaction
region) and absence of the tandem repeat region among several frog
species. We analyzed protein structures of frog species and found
that high Himalaya frog has abnormally high aggregation
propensity and the western clawed frog does not have the N-
terminal signal peptide. To the best of our knowledge, this was
the first genetic comparative study among frog species relevant to
the potential spread of prion diseases.
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lanes 3-4 are American bullfrog. Lane M, 100 bp DNA ladder
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Dorsal and ventral views of the Rana dybowskii (Dybowski's frog) and
Lithobates catesbeianus (American bullfrog). (A) Dorsal views of both
species. (B) Ventral views of both species. Left: Rana dybowskii (Dybowski's
frog); Right: Lithobates catesbeianus (American bullfrog)
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