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Background: Prion diseases in mammals are caused by the structural conversion of the natural prion protein (PrPC) to a pathogenic isoform, the “scrapie form of prion protein (PrPSc).” Several studies reported that the shadow of prion protein (Sho), encoded by the shadow of prion protein gene (SPRN), is involved in prion disease development by accelerating the conformational conversion of PrPC to PrPSc. Until now, genetic polymorphisms of the SPRN gene and the protein structure of Sho related to fragility to prion disease have not been investigated in pheasants, which are a species of poultry.

Methods: Here, we identified the SPRN gene sequence by polymerase chain reaction (PCR) and compared the SPRN gene and Sho protein sequences among various prion disease-susceptible and -resistant species to identify the distinctive genetic features of pheasant Sho using Clustal Omega. In addition, we investigated genetic polymorphisms of the SPRN gene in pheasants and analyzed genotype, allele, and haplotype frequencies, as well as linkage disequilibrium among the genetic polymorphisms. Furthermore, we used in silico programs, namely Mutpred2, MUpro and AMYCO, to investigate the effect of non-synonymous single nucleotide polymorphisms (SNPs). Finally, the predicted secondary and tertiary structures of Sho proteins from various species were analyzed by Alphafold2.

Results: In the present study, we reported pheasant SPRN gene sequences for the first time and identified a total of 14 novel SNPs, including 7 non-synonymous and 4 synonymous SNPs. In addition, the pheasant Sho protein sequence showed 100% identity with the chicken Sho protein sequence. Furthermore, amino acid substitutions were predicted to affect the hydrogen bond distribution in the 3D structure of the pheasant Sho protein.

Conclusion: To the best of our knowledge, this is the first report of the genetic and structural features of the pheasant SPRN gene.
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Introduction

Prion diseases are fatal, infectious neurodegenerative disorders caused by the misfolding of a benign prion protein (PrPC) into an abnormal prion protein (PrPSc) (1). The exact process of converting PrPC to PrPSc remains unclear, but several factors that play crucial roles in the conversion process have been identified (1, 2). The ability to infect some species and not others is a remarkable prion characteristic (3). A wide variety of species, including various members of mammalian families such as cattle, goats, deer, cats and other primate families, are susceptible to prion diseases (4–8). However, horses, dogs, and chickens are resistant to prion diseases (9–11). Previous studies have also indicated that genetic characteristics of the SPRN gene are significantly different between prion disease-susceptible species (cattle, goats) (12, 13) and -resistant species (horses, dogs, and chickens) (9, 10, 14). Therefore, the investigation of the prion disease-related genes in prion-resistant species has been of particular interest as it provides insights into the determinants of susceptibility.

Among the prion protein family, there are members such as shadow of prion protein (Sho) and PrPC, which are mostly expressed in brain tissue (15, 16). These proteins have been reported to affect embryonic and mammary development (17). Previous studies suggest that the Sho protein, encoded by the shadow of prion protein gene (SPRN), interacts with PrPC (18). This interaction speeds up the conversion of PrPC to PrPSc (19). Since these two proteins interact and share similar characteristics, including protein expression profile and function (20, 21), it is essential to investigate the genetic characteristics of the SPRN gene to interpret the pathomechanism of prion diseases.

In the phylogenetic tree of the order Galliformes, chickens and pheasants have a close evolutionary relationship (22–24). Pheasants are members the genus Phasianus within the bird family (25). To date, prion infection has not been reported in birds and some other vertebrate species (26, 27). In our previous study, we reported 34 polymorphisms in the pheasant prion protein gene (PRNP), including 8 non-synonymous single nucleotide polymorphisms (SNPs) and 6 insertion/deletion polymorphisms (28). Furthermore, it has been reported that the pheasant PrPC has a 3D structure similar to the chicken PrPC; thus, pheasant PrPC is predicted to have relatively prion-resistant feature (28). Genetic polymorphisms in prion-related genes contribute significantly to interindividual variation, so they have been investigated as useful biomarkers in medicine, as well as in the study of pathology, pharmacology, epidemiology, and clinical immunology (29). In addition, polymorphisms of the SPRN gene in prion disease-susceptible species play a crucial role in determining their susceptibility to prion diseases (12, 30, 31). The SPRN polymorphisms, which contribute to expression level or protein function, show strong associations with the pathogenesis of prion diseases in different species (32, 33). However, the SPRN gene sequence, genetic polymorphisms, and structural features of Sho in pheasants have not yet been investigated.

In this study, we amplified the SPRN gene sequence by polymerase chain reaction (PCR) and performed multiple sequence alignment of pheasant SPRN gene and Sho protein sequences with those of prion disease-susceptible and -resistant species. In addition, we performed amplicon sequencing of SPRN to identify genetic polymorphisms and investigated the genotype, allele and haplotype frequencies as well as linkage disequilibrium (LD) of SNPs of pheasant SPRN gene. Furthermore, we evaluated the change of Sho by non-synonymous SNPs in the pheasant SPRN gene using in silico tools. Lastly, we predicted the secondary and 3D structure of Sho in several prion disease-susceptible and -resistant species using AlphaFold2.



Materials and methods


Ethical statements

Tissues of the cerebral cortex from pheasants (Phasianus colchicus) (n = 135) were collected from slaughterhouses in Korea and stored in a deep freezer (−80°C). The Institutional Animal Care and Use Committee (IACUC) at Jeonbuk National University (JBNU 2020-209) approved this study.



Genomic DNA

Genomic DNA was extracted from 20 mg cerebral cortex of 135 pheasants by a Bead Genomic DNA Prep kit (Biofact, Daejeon, Korea) according to the manufacturer’s instructions.



Genetic analysis of the pheasant SPRN gene

To amplify the pheasant SPRN gene, a PCR was performed with primers, designed based on the chicken SPRN gene (Gene ID: BN000836.1), namely SPRN-F (GTGCACTGCATGTGGTGAAGT) and SPRN-R (CGCATTGTCACCCAGCTTTA). Detailed information regarding the primers is described in Figure 1A. The 25 μL PCR mixture composed of 2.5 μL of 10× H-star Taq reaction buffer, 2.5 μL of 5× band helper, 1 μL of each 10 mM dNTP mix, 1 μL of each primer (10 μM), and 0.2 μL of H-star Taq DNA polymerase (BIOFACT, Daejeon, Korea). The following experimental conditions were used for PCR: 98°C for 15 min for denaturation; 40 cycles of 98°C for 20 s, 58°C for 40 s and 72°C for 1 min for denaturation, annealing and extension, respectively and 1 cycle of 72°C for 5 min for the final extension. The PCR products were purified using a FavorPrep GEL/PCR Purification Mini Kit (FAVORGEN, Pingtung City, Taiwan), and sequenced using an ABI 3730xl sequencer (ABI, Foster City, CA, USA). Genotyping was carried out using Finch TV software (Geospiza Inc., Seattle,WA, USA).
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FIGURE 1
 Identification of shadow of prion protein gene (SPRN) sequences in pheasants. (A) SPRN DNA sequence comparison between chicken and pheasant. The arrow indicates the one nucleotide (c.183) difference between chicken and pheasant. (B) Multiple sequence alignments of amino acid sequences of the shadow of prion protein (Sho) in various species including humans, cattle, goats, sheep, horses, dogs, chickens, and pheasants. Amino acid chemical properties are indicated by different colors; blue: acidic; red: small and hydrophobic; magenta: basic; green: hydroxyl, sulfhydryl, amine and glycine. The arrows denote the non-synonymous single nucleotide polymorphisms (SNPs) found in this study. The red box highlights the interaction region of Sho with prion protein (PrP) and the black box represents the NXT glycosylation motif of Sho.


To compare linkage between the SNPs of the pheasant’s PRNP and SPRN genes, data were obtained from our previous study (28). In brief, PCR was performed to amplify the pheasant PRNP gene with gene-specific primers, including PRNP-F (ATAAAGGAGGTGGGGAT GGG) and PRNP-R (CGTGGACACGATGTCATCTC). These primers were designed based on the pheasant PRNP gene (Gene ID: 116238382).



Sequence prediction and multiple sequence alignments analysis

The amplicons of the SPRN gene in pheasants were analyzed by a web-based translation tool.1 Clustal Omega was used to align the amino acid sequences of Sho. The amino acid sequences of Sho from various species, humans (Homo sapiens, NP_001012526.2), cattle (Bos taurus, AAY83885.1), goats (Capra hircus, AGU17009.1), sheep (Ovis aries, NP_001156033.1), horses (Equus caballus, XP_023492126.1), dogs (Canis lupus familiaris, NC_051832), and chickens (Gallus gallus, CAJ43796.1), were obtained from the GenBank of the National Center for Biotechnology Information.



In silico evaluation of the effect of amino acid substitution

The impacts of each amino acid substitution were estimated using the Mutpred2,2 MUpro,3 and AMYCO in silico programs.4 MutPred2 is a web server designed to classify mutations as either disease-associated or neutral utilizing a machine-learning-based technique to estimate the molecular mechanism of the pathogenicity of an amino acid substitution. For a pathogenic mutation, the MutPred2 score is higher than 0.5 (34). MUpro can predict alterations in protein stability resulting from missense SNPs. If this tool score predicts a negative delta G (ΔG), it implies that the analyzed SNP may destabilize the protein (35). AMYCO program evaluates the impact of mutation on the aggregation propensity of prion-like domain (PrLD) in prion-like proteins (36).



3D structure analysis

The 3D structure of Pheasant SPRN was predicted by AlphaFold2, a tool reliant on machine learning.5 The confidence of the predicted structure was evaluated by the predicted local distance difference test (pLDDT) value, scaled from 0 to 100. The outcomes of the hydrogen bond alterations from the amino acid substitutions were predicted by the Swiss-PdbViewer (37).6



Statistical analyses

The LD and haplotype analyses were performed using Haploview version 4.2 (Broad Institute, Cambridge, MA, USA). The Hardy–Weinberg Equilibrium (HWE) test was calculated by the chi-square test.




Results


First identification of the SPRN gene sequence in pheasants

We first performed PCR to amplify the open reading frame (ORF) region of the pheasant SPRN gene. We designed SPRN gene-specific primers based on the SPRN gene sequences of the chicken (Gallus gallus) (Figure 1A). The PCR result revealed only one nucleotide difference (c.183) in the ORF of SPRN gene between the pheasant and chicken sequences.



Multiple sequence alignments of Sho among various species

Multiple sequence alignments of amino acid sequences of the Sho protein were performed among humans, cattle, goats, sheep, horses, dogs, chickens, and pheasants (Figure 1B). Pheasants and chickens share the same protein, despite differing by a single nucleotide (c.183). The Sho proteins of pheasants and chickens were the shortest among the eight species (117 amino acids). As in a previous study, although the Sho-PrP interaction regions (red box) and the NXT glycosylation motif (black box) were conserved among every species (14), the N-terminal and C-terminal regions exhibited significantly low sequence homology between mammals and pheasants.



Identification of novel polymorphisms of the pheasant SPRN gene

We identified a total of 14 novel SNPs: 11 SNPs (c.18C > T (A6A), c.20G > A (C7Y), c.29 T > C (V10A), c.67G > A (A23T), c.131G > A (R44H), c.148C > T (L50L), c.160G > A (G54S), c.183A > G (A61A), c.219A > G (A73A), c.241A > G (T81A), c.271 T > C (W91R)) in the ORF region; 2 SNPs (c.-4C > T, c.-3G > A) upstream of the ORF of the SPRN gene; and 1 SNP (c.354 + 33A > G) downstream of the ORF of the SPRN gene (Figures 2A,B; Table 1). We found 7 non-synonymous and 4 synonymous SNPs. Detailed values of the genotype and allele frequencies of the SNPs in the pheasant SPRN gene are described in Table 1.
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FIGURE 2
 Identification of single nucleotide polymorphisms (SNPs) in pheasant shadow of prion protein gene (SPRN). (A) Gene map and polymorphisms identified in the SPRN in pheasant. The open reading frame (ORF) within exon is marked by a shaded block. Arrows indicate the 14 polymorphisms found in this study. The edged horizontal bar indicates the region sequenced. (B) Electropherograms of the 14 novel SNPs of the SPRN found in 135 pheasants. The peak colors indicate each base of the DNA sequence (green: adenine; red: thymine; blue: cytosine; black: guanine). The locations of the SNPs found in the present study are indicated by red arrowheads. MM indicates major homozygotes, Mm indicates heterozygotes, and mm indicates minor homozygotes.




TABLE 1 Genotype and allele frequencies of shadow of prion protein gene (SPRN) polymorphisms in 135 pheasants.
[image: Table1]

We also analyzed the LD among all polymorphisms of the pheasant SPRN gene with their r2 values (Table 2). A total of 5 strong LDs (r2 > 0.333) were found. In addition, we investigated LD values between PRNP and SPRN polymorphisms. Strong LD (r2 > 0.333) was not observed between PRNP and SPRN polymorphisms in pheasants (Table 3). Furthermore, we conducted a haplotype analysis of all the polymorphisms found in the SPRN gene of the pheasant (Table 4). Three major haplotypes were identified in pheasants. The CGCGTGGCGAAATA (haplotype1, HT1) was most frequently observed (93.3%) in the pheasant SPRN gene, followed by CGCGTAGCGAAATA (haplotype2, HT2) (1.1%) and CGCGTGGCGAAATG (haplotype3, HT3) (1.1%).



TABLE 2 Linkage disequilibrium (LD) analysis of the 14 SPRN polymorphisms of pheasants.
[image: Table2]



TABLE 3 Linkage disequilibrium (LD) analysis between polymorphisms in the PRNP and SPRN genes in pheasants.
[image: Table3]



TABLE 4 Haplotype frequency of 14 SPRN polymorphisms in pheasants.
[image: Table4]



The comparison of number of SNPs of the SPRN gene in prion disease-susceptible and prion disease-resistant species

To identify differences in the number of SNPs between pheasants and other species, we collected polymorphisms in the ORF of the SPRN gene from prion disease-susceptible (human, cattle, goat, sheep) and prion disease-resistant (horse, dog, chicken) species. Notably, the prion disease-susceptible species exhibited several genetic polymorphisms that lead to amino acid changes in the ORF of the SPRN gene. Three non-synonymous SNPs were reported in cattle and goats, and five non-synonymous SNPs were reported in sheep. However, only one synonymous SNP was identified in prion-resistant species, such as horses and chickens. In this study, we identified several genetic polymorphisms, including 7 non-synonymous and 4 synonymous SNPs, in pheasants (Figure 3).

[image: Figure 3]

FIGURE 3
 Distribution of genetic polymorphisms in the open reading frame (ORF) of the shadow of prion protein gene (SPRN) in various species. The figure shows previously reported genetic polymorphisms of the SPRN gene in a multitude of species such as humans, cattle, goats, sheep, horses, dogs, and chickens, as well as pheasants reported in this study. The edged horizontal bar signifies the length of the amino acids in the SPRN.




In silico analysis of the effect of polymorphisms in the pheasant SPRN gene

To analyze the functional and structural effects of non-synonymous SNPs in the pheasant Sho, we used MutPred2 and MUpro (Table 5). According to the MutPred2 analysis, the 7 non-synonymous SNPs had scores less than 0.5, indicating benign effects. However, the MUpro analysis gave these 7 non-synonymous SNPs scores below 0.0, indicating a decrease in protein stability (Table 5). We used AMYCO to analyze the effects of the 7 non-synonymous SNPs on the amyloid propensity of pheasant Sho. The pheasant Sho sequences containing the 7 non-synonymous SNPs had a score of 0.0, which is identical to that of the wild-type pheasant Sho (Table 5).



TABLE 5 In silico evaluation on effect of non-synonymous single nucleotide polymorphisms (SNPs) in the pheasant.
[image: Table5]



Prediction of the 3D structure of Sho among various species using AlphaFold2

We used AlphaFold2 to analyze the 3D structures of Sho in eight species: humans, cattle, goats, sheep, horses, dogs, chickens, and pheasants. The structures of chicken and pheasant exhibited the same shape (Figure 4A). Two α-helices were predicted to be linked with the coil in Sho from all species except chicken and pheasant Sho. However, chicken and pheasant Sho proteins were predicted to have five α-helices (codons 3–22, 57–63, 70, 74–77 and 107–115) (Figure 4B). In addition, we predicted the 3D structure of the pheasant Sho carrying the CGCGTAGCGAAATA (haplotype2, HT2) and found it to be distinct from the wild type (Figure 5A). Pheasant Sho carrying the HT2 has three α-helices (codons 3–22, 102 and 106–115) (Figure 5B). Pheasant Sho carrying HT1 is the same as the wild-type, and HT3 is in the downstream of the ORF of the SPRN gene. HT3 has no effect on the structure of the Sho protein.

[image: Figure 4]

FIGURE 4
 Prediction of 3D and secondary structures of the shadow of prion protein (Sho) in various species. (A) The 3D structures of human, cattle, goat, sheep, horse, dog, chicken, and pheasant Sho were analyzed by Alphafold2. (B) The secondary structures of human, cattle, goat, sheep, horse, dog, chicken, and pheasant Sho. In the structures, α-helices are represented in red, and coils are represented in white.


[image: Figure 5]

FIGURE 5
 Prediction of 3D and secondary structures of the shadow of prion protein (Sho) in pheasants. (A) The 3D structures of wild-type and CGCGTAGCGAAATA (haplotype2, HT2) pheasant Sho. (B) The secondary structures of wild-type and CGCGTAGCGAAATA (haplotype2, HT2) pheasant Sho. In the structures, α-helices are represented in red, and coils are represented in white.




Prediction of the structural alteration of pheasant Sho induced by non-synonymous SNPs

We explored the effects of 7 non-synonymous SNPs on the 3D structure of the pheasant Sho protein (Figure 6). First, the 3D structures of wild-type pheasant Sho were predicted by AlphaFold2. Then, the predicted structure was pictured using Swiss-PdbViewer, and the impact of 7 non-synonymous SNPs on pheasant Sho protein was analyzed. The C7 and Y7 alleles have three hydrogen bonds of the same length (Figure 6A). The V10 and A10 alleles have three hydrogen bonds of the same length (Figure 6B). Hydrogen bonds were absent in the A23 allele, but the T23 allele showed a hydrogen bond with Q20 (2.78 Å) (Figure 6C). Hydrogen bonds were absent in the R44, H44, G54 and S54 alleles (Figures 6D,E). The T81 allele showed a hydrogen bond with R78 (3.29 Å), but a hydrogen bond was absent in the A81 allele (Figure 6F). The W91 and R91 alleles also did not have hydrogen bonds (Figure 6G).

[image: Figure 6]

FIGURE 6
 Prediction of the 3D structure and hydrogen bonds of the shadow of prion protein (Sho) in pheasants. (A) 3D structure of pheasant Sho carrying the C7 and Y7 alleles. (B) 3D structure of pheasant Sho carrying the V10 and A10 alleles. (C) 3D structure of pheasant Sho carrying the A23 and T23 alleles. (D) 3D structure of pheasant Sho carrying the R44 and H44 alleles. (E) 3D structure of pheasant Sho carrying the G54 and S54 alleles. (F) 3D structure of pheasant Sho carrying the T81 and A81 alleles. (G) 3D structure of pheasant Sho carrying the W91 and R91 alleles.





Discussion

Considering that chickens are known to be resistant to prion diseases, it becomes crucial to investigate the genes associated with prion disease in pheasants. In the present study, we are the first to report pheasant SPRN gene sequences (Figure 1A). Chicken and pheasant have one nucleotide difference, but they share the same amino acid sequence. To identify the specific features of the pheasant Sho protein, we conducted a comparison of the amino acid sequences of the Sho from a variety of species and found that major components of Sho protein including prion interaction region and NXT glycosylation motif were conserved in pheasant like other prion-related species (Figure 1B).

In addition, we found 14 novel SNPs, including 7 non-synonymous and 4 synonymous SNPs, using amplicon sequencing (Figure 2). Previous studies have reported that prion disease-susceptible species, including cattle, goats, and sheep, have highly polymorphic SPRN genes (12, 13, 38, 39). In contrast, a prion disease-resistant species, horses and chickens have one polymorphism of the SPRN gene (9, 14, 40). Dogs, a prion disease-resistant animal, have one insertion/deletion polymorphism in SPRN gene (10). Interestingly, insertion/deletion polymorphisms have not been identified in the ORF of the pheasant SPRN gene. Although, phylogenetic analysis revealed that pheasants are closely related to chickens, a prion-resistant species (22–24), our results showed that pheasants have many polymorphisms. Further research is necessary to explore the SPRN gene in other species and to investigate the relationship between the number of SPRN gene polymorphisms and susceptibility to prion diseases. This is important because pathogenic mutations have a higher likelihood of occurring in SPRN genes that exhibit high polymorphism, as reported previously (10). Moreover, SPRN SNPs with low frequency have been discovered. Although the pheasant Sho sequence was identical to chicken Sho, the presence of a significant number of SNPs, albeit at a low frequency, can lead to structural abnormalities in the prion protein that encodes the prion-related protein. Therefore, further study is needed to comprehend how these characteristics could contribute to the progression of prion diseases and determine their impact on the prion pathomechanism.

To evaluate the impact of amino acid substitutions, we employed in silico programs (Table 5). The MutPred2 scores for all 7 non-synonymous SNPs were below 0.5, indicating no pathogenicity. We used MUpro to predict the effects of the SNPs on protein stability and found that a decrease in protein stability was associated with the 7 non-synonymous SNPs. Prion diseases are characterized by protein misfolding, and previous research has identified two important residues in PrP that promote stability in dogs and horses, animals known to be resistant to prion diseases (41). Those residues induce local changes that decrease the β-sheet content and enhance the structural stability of horse and dog PrPC, allowing the changes to spread to nearby regions (41). Further research is needed to understand how the decreased stability of the protein, in addition to its association with accelerated prion formation, can be interpreted in relation to the intrinsic functions of the Sho protein, such as embryo development. In addition, we employed AMYCO to estimate the impact of the mutations on the aggregation propensity of the PrLDs in prion-like proteins. Protein aggregation is a characteristic observed in various neurodegenerative disorders (42). The pheasant Sho sequences, when substituted with 7 non-synonymous SNPs, exhibited a score of 0.0, suggesting that the 7 non-synonymous SNPs do not have any amyloid-prone features.

We analyzed the 3D structures of Sho among various species predicted by AlphaFold2. Interestingly, with the exception of chicken and pheasant Sho, all species displayed a similar 3D structure, and none of the Sho proteins from any species exhibited a β-sheet (Figure 4). Additionally, we analyzed pheasant Sho according to the haplotype of pheasant Sho (Figure 5). By comparing the 3D structures of the pheasant Sho with both the wild-type allele and an HT2 variant, we observed a decrease in the number of α-helices in the pheasant Sho with HT2. The presence of HT1 and HT3 did not seem to impact the structure of the Sho protein. Since Sho plays a vital role in embryonic development, gaining insights into its structure can greatly contribute to comprehending its functional mechanisms (17, 43). Research is needed to investigate how structural changes in the haplotype affect the general function of Sho and its ability to interact with PrPC.



Conclusion

In this study, we first reported pheasant SPRN gene sequences and found 14 novel SNPs of the pheasant SPRN gene, including 7 non-synonymous and 4 synonymous in a total of 135 pheasants. In silico analysis, it was predicted that 7 non-synonymous SNPs induce decrease of protein stability. In addition, the secondary and tertiary structures of the wild-type pheasant Sho are identical to those of the chicken Sho. To the best of our knowledge, this is the first study on genetic polymorphisms of the pheasant SPRN gene.
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Footnotes

1   
https://web.expasy.org/translate/


2   
http://mutpred.mutdb.org/


3   
http://mupro.proteomics.ics.uci.edu/


4   
http://bioinf.uab.cat/amyco/


5   
https://colab.research.google.com/github/sokrypton/ColabFold/blob/v1.2.0/AlphaFold2.ipynb


6   
https://spdbv.unil.ch/
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