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RESUMO 

 

Estudo do efeito de genes e proteínas do tipo priónico na susceptibilidade ao 

tremor epizoótico e na fertilidade de ovinos 

A relação estabelecida entre os polimorfismos do gene priónico (prnp) e a susceptibilidade ao tremor 

epizoótico determinou o desenvolvimento de programas de seleção, visando aumentar a resistência a 

esta doença no efetivo ovino de países da União Europeia. A fim de estudar as eventuais 

consequências indesejáveis por parte da seleção generalizada para o genótipo prnp ao nível da 

diversidade genética e das características reprodutivas dos ovinos, centrámos inicialmente o nosso 

trabalho no gene prnd, que codifica uma proteína do tipo priónico designada por Doppel. Este gene 

localiza-se na mesma região cromossómica do gene prnp, mas a sua expressão fisiológica ocorre 

maioritariamente no testículo, ao contrário do gene prnp cuja expressão apresenta maior afinidade 

para o sistema nervoso. De facto, a proteína Doppel apresenta características de neurotoxicidade 

quando a sua sobrexpressão é induzida no tecido nervoso. No nosso estudo, começámos por 

genotipar 460 ovinos (207 fêmeas e 253 machos) de 8 raças (Bordaleira entre Douro e Minho, Churra 

Badana, C. Galega Mirandesa, C. Mondegueira, Merino da Beira-Baixa, M. Branco, Saloia e Serra da 

Estrela), ao nível dos genes prnp e prnd, estabelecendo posteriormente uma associação entre um 

polimorfismo no gene prnd (78G>A) e a susceptibilidade ao tremor epizoótico. Foi igualmente 

possível identificar uma associação entre os polimorfismos detetados no gene prnd e certos 

parâmetros reprodutivos dos ovinos. Posteriormente, quando adicionámos doses crescentes de 

proteína Doppel recombinante (rDpl) ao meio de capacitação de espermatozoides de carneiro 

verificámos uma melhoria na motilidade individual e vigor dos espermatozoides, assim como na sua 

capacidade de fertilização in vitro. Foi igualmente possível determinar por espectroscopia de 

Ressonância Magnética Nuclear (RMN) a estrutura tridimensional da região N-terminal (1-30) da 

proteína Doppel ovina (OvDpl), permitindo caracterizar melhor uma região que abarca o referido 

polimorfismo e a sequência integral do péptido de sinal desta proteína. Esta nova estrutura foi 

posteriormente utilizada em estudos bioinformáticos de docking com o domínio M da proteína de 

reconhecimento do sinal (SPR54M). Simultaneamente, fazendo uso das propriedades de chaperone 

da proteína SUMO, foi possível expressar a proteína Dpl ovina na forma solúvel. Finalmente foi 

desenvolvido um novo anticorpo policlonal demonstrando pela primeira vez que o gene prnt é um 

gene funcional, tendo sido possível identificar através de técnicas de imunofluorescência e 

imunohistoquímica, o padrão de localização da proteína Prt ovina em células germinativas no decurso 

da espermatogênese, e em espermatozoides ejaculados. De forma a complementar os dados obtidos 

foi realizado o bloqueio da Prt ovina durante a fertilização in vitro, sendo assim possível obter 

indicadores que apontam para um papel de relevo por parte desta proteína ao nível da fase inicial da 

fertilização (eventualmente ao nível da ligação dos espermatozoides à zona pelúcida), reafirmando 

assim a importância das proteínas do tipo priónico na fisiologia reprodutiva dos ovinos.  

Palavras-chave: anticorpo, carneiro, Doppel, espermatogénese, péptido sinal, polimorfismo, prião, 

prnd, Prt, reprodução, RMN.  
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ABSTRACT 

 

Insights into the role of prion-like genes and proteins on scrapie susceptibility 

and ram fertility  

The established association between polymorphisms of prnp prion gene and susceptibility to scrapie 

disease in sheep prompted the development of breeding programmes aimed at increasing the natural 

resistance to scrapie in the European Union. In order to study the possible undesirable consequences 

from the widespread selection for the prnp genotype on ovine genetic diversity and reproduction, we 

primarily focused our investigation in the ovine prnd gene which encodes a prion-like protein 

designated as Doppel that maps to the same chromosomal region as prnp, but is mainly expressed in 

testis. When prnd is overexpressed in the nervous tissue, Doppel is neurotoxic and causes 

neurodegenerative disease. We genotyped 460 animals (207 female and 253 male) from 8 

Portuguese sheep breeds (Bordaleira entre Douro e Minho, Churra Badana, C. Galega Mirandesa, C. 

Mondegueira, Merino da Beira-Baixa, M. Branco, Saloia e Serra da Estrela), for prnp and prnd and 

established a parallel between a polymorphism in the prnd gene (78G>A) and scrapie susceptibility. 

We also identified an association between prnd polymorphisms and fertility traits. Upholding the 

emphasis on ovine reproduction, recombinant Doppel (rDpl) was supplemented in different 

concentrations to ram spermatozoa during the capacitation process. Regardless of dosage, rDpl 

improved sperm individual motility and vigour, and enhanced in vitro spermatozoa fertilizing ability. In 

addition, we determined by Nuclear Magnetic Resonance (NMR) spectroscopy the three-dimensional 

structure of the N-terminal (1-30) ovine Doppel (OvDpl) peptide, encompassing the 78G>A 

polymorphism and the entire signal peptide sequence. The new solved three-dimensional structure 

was subsequently used to construct molecular models with the M-domain of the signal recognition 

particle subunit (SRP54M). Simultaneously, we were able to obtain soluble mature Dpl protein through 

the co-expression with the SUMO chaperone. Finally, we developed a new polyclonal antibody 

(APPA) demonstrating for the first time that the recently discovered ovine prnt gene is a translated 

protein-coding gene and not a pseudogene, and identified through immunofluorescence and 

immunohistochemistry the location pattern of the encoded protein Prt in ram testis along 

spermatogenesis and in ejaculated spermatozoa. These results guided us to our last work, where data 

obtained through Prt blockage pointed to a physiological role for Prt in ovine fertilization (possibly 

through an interaction with zona pellucida proteins), reinforcing the importance of prion-like genes and 

proteins in the ovine reproductive physiology. 

Key-words: antibody, Doppel, polymorphisms, prion, prnd, Prt, ram, reproduction, RMN, 

spermatogenesis.  
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INTRODUCTION 

Prions are the etiological agents of transmissible spongiform encephalopathies (TSEs), a 

class of fatal neurodegenerative diseases affecting humans and other mammals (Smith, 

Booth, & Pedersen, 2011). Research regarding the identification of the infectious nature of 

prion diseases and the discovery of the chemical nature of this type of infectious agent have 

been recognized by two Nobel Prizes in Physiology or Medicine: one in 1976 to D. Carleton 

Gajdusek (for his work on kuru, the first human prion disease demonstrated to be infectious) 

and the other in 1997 to Stanley B. Prusiner. A hallmark of prion diseases - whether 

sporadic, dominantly inherited, or acquired by infection - is the conversion of the cellular 

prion protein (PrPC), expressed by the prion protein gene (prnp), into an abnormally folded 

isoform, designated as PrPSc (prion protein associated with scrapie), which is the major 

component of infectious prions (Prusiner, Scott, DeArmond, & Cohen, 1998). This 

transconformation is produced by an autocatalytic process induced by PrPSc itself and is the 

mechanism responsible for TSEs, such as bovine spongiform encephalopathy (BSE), scrapie 

in sheep, and the human equivalent, Creutzfeldt-Jakob disease (CJD). Infection is mediated 

by passage of PrPSc (devoid of nucleic acid) from host to host (the protein-only hypothesis), 

provided they contain a functional prnp gene (DeArmond & Bouzamondo, 2002; Prusiner, 

1998). Due to its neuroinvasiveness, PrPSc reaches the mammalian brain and aggregates 

leading to neuronal death (Prinz et al., 2003).  

prnp is no longer alone, and new key players, like prnd and prnt, need to be taken into 

consideration as a family of prion genes that interact among them. Some, like prnd and prnt 

seem to play a major role in the reproduction field and further studies could thus elucidate 

possible causes of male infertility. Despite the numerous scientific data reported so far, 

several aspects remain obscure and need to be further enlightened. One very important 

issue to address is the thorough characterization of a possible association between genetic 

variation in the prion-like protein Doppel gene (prnd), and polymorphisms of the prion protein 

gene (prnp) related to scrapie susceptibility in sheep, with consequent implications on 

genetic diversity and reproduction traits, arising from the widespread selection for the prnp 

resistant genotype (ARR/ARR). Another major area which needs further investment is to 

better understand the in vivo physiological function of Dpl protein. In fact, Dpl study would 

certainly contribute to gain insight into the biology of male infertility, which remains poorly 

elucidated. Finally, it is also of utmost importance to determine the relevance of the recently 

discovered prnt gene (which encodes the putative Prt protein), at the ram reproductive 

system. Indeed, Prt distribution was only studied so far (in caprine and human tissues), at the 

mRNA level, and the tissue distribution and localization of this protein, in each tissue, has not 

yet been investigated, leading to the assumption that ruminant prnt is a pseudogene, with no 

protein expression.  
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This thesis is divided in 5 chapters, in order to thoroughly address these issues. The first 

chapter revises summarily the current knowledge on the prion gene complex, providing a 

scientific background in the genetic, structural and biochemical properties of prion and prion-

like genes and proteins. Subsequently, attention was driven into prionoses (prion diseases) 

along with the breeding programmes aimed at improving resistance to prion disease. 

Finally, the importance of these prion genes and proteins in the reproductive physiology field 

is described with a special focus on the male reproductive system. At the end of the 

bibliographic review, the objectives of this thesis are clearly defined. Chapters 2, 3 and 4 are 

adapted from papers based on scientific manuscripts, already published or submitted to 

international peer reviewed journals. Each chapter is composed by an abstract, introduction, 

description of experimental procedures (Materials and Methods), results, discussion and/or 

conclusions. Finally, chapter 5 aims to discuss and conclude, in an integrated form, the 

results obtained in each of the 3 previous chapters, indicating also future areas of interest to 

pursue research.  
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1.  BIBLIOGRAPHIC REVIEW1 

The purpose of this review is to appraise key issues in the genetics and biology of the prion 

protein family crossing from prion diseases to male fertility. The biological role and the 

potential biomedical applications for prion proteins will be also discussed. 

1.1.  Prion gene complex 

In 1982, a new term "prion" was proposed to denote a small proteinaceous infectious 

particle, resistant to inactivation by most procedures that modify nucleic acids (Prusiner, 

1982) and encoded by the prnp gene (Chesebro et al., 1985; Oesch et al., 1985). Later, 

spontaneous cerebellar neurodegeneration and ataxia syndromes in certain strains of prnp0/0 

mice led to the discovery of a novel gene, prnd (Moore et al., 1999), which encodes a prion-

like protein designated as Doppel. prnd gene is located 16–52 kb (depending on the species) 

downstream from prnp (Moore et al., 1999). prnd contributes, together with prnp and with the 

recently discovered prnt (that expresses prion protein testis specific - Prt) and sprn (shadow 

of prion protein gene that encodes Shadoo) genes, to the so called “prion gene complex” 

(Figure 1). Transcription-mediated gene fusion by intergenic splicing was long thought to be 

exceedingly rare, but after the discovery of individual cases early in the past decade, 

genome-wide surveys unearthed large numbers of transcription-induced chimeras 

(Kaessmann, 2010). Notably, many of these chimeras involve fusions of protein-coding 

exons from adjacent genes. Indeed, fused genes tend to reside closer on the genome with 

the median distance between fused genes being 8.5 kb in the human gene population, which 

in turn indicates that the mechanism involved in transcription-induced chimeras generation 

strongly prefers shorter distances between the genes (Akiva et al., 2006). Likewise, the size 

of prnp/prnd intergenic region observed in sheep (52 kb), seems to explain why in this 

species no chimeric prnd/prnp mRNAs have yet been observed (Essalmani, Taourit, 

Besnard, & Vilotte, 2002; Tranulis, Espenes, Comincini, Skretting, & Harbitz, 2001), which 

contrasts with that described in rodents (Moore et al., 1999) where prnd generates major 

transcripts of 1.7 and 2.7 kpb as well as some unusual chimeric transcripts generated by 

intergenic splicing with prnp (located only 16 kb upstream). Interestingly, some chimeric 

transcripts are translated into bifunctional proteins with properties from the proteins of both 

original genes (Pradet-Balade et al., 2002; Thomson et al., 2000). Expression of prnp and 

prnd mRNAs from the same promoter might thus comprise a stringent mechanism to 

synchronize synthesis of the respective proteins in rodents (Moore et al., 1999).  

                                                

1
 Adapted from Pimenta, Prates, and Pereira (2012d). 
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Figure 1. Prion gene complex in sheep. 

 

Dpl, Doppel protein; prnd, prion-like protein gene; prnp, prion protein gene; prnt, prion protein testis-specific gene; 

PrP
C
, cellular isoform of prion protein; Prt, prion protein testis specific; Sho, Shadoo protein; sprn, shadow of prion 

protein gene. Cr, chromosome; a.a., amino acid; kb, kilo base pairs. The size of intergenic regions is indicated in 

base number (kb), and the size of encoded or putative (expected) proteins, in number of amino acid residues 

(a.a.). Source: (Pimenta et al., 2011). 

 

prnp, and its homologues, sprn, prnd and prnt, show similar gene organizations, which 

encompass two or three exons (Premzl & Gamulin, 2007). Nonetheless these genes present 

distinct expression patterns, suggesting different biological functions. Analysis of both adult 

and fetal human tissues confirmed the ubiquitous but variable expression profile of prnp, with 

the highest levels observed in the central nervous system (CNS) and testis. Contrastingly, 

although human prnd shows a wide tissue expression pattern in fetal tissues, it is expressed 

exclusively in adult testis, whereas all three isoforms of human prnt are exclusively 

expressed in the adult testis and are not present in any of the fetal tissues, including testis, 

implying that prnd is developmentally regulated (Makrinou, Collinge, & Antoniou, 2002). 

Doppel is expressed on both Sertoli and germ cells in mice, rats, swine (Behrens et al., 2002; 

Serres et al., 2006), humans (Peoc'h et al., 2002), ovine (Espenes et al., 2006) and bovine 

(Rondena et al., 2005), in goat Leydig cells (Kocer et al., 2007) and in boar epididymis 

epithelial cells (Serres et al., 2006), which allied to the sterility of prnd0/0 mice (Behrens et al., 

2002) suggests an important physiological role on male fertility.  

Our results strength this hypothesis as a possible association between prnd gene 

polymorphisms and ram semen traits/freezability and embryo production was identified 



 

5 

 

(Baptista et al., 2008; Pereira et al., 2009). Moreover the direct involvement of Doppel protein 

in enhancing spermatozoa fertilizing ability was also determined (Pimenta, Dias, et al., 2012). 

 

1.2.  Genetic background, structural and biochemical properties 

1.2.1.  Genetic background 

1.2.1.1.  prnp 

Prions are the product of a single gene that is highly conserved in mammals (Comincini et 

al., 2001). Mammalian prnp is a housekeeping gene, present in both eutherians and fish 

(Premzl & Gamulin, 2007), that has been characterized in several species, like hamster (Li & 

Bolton, 1997), human, sheep, mouse (Lee et al., 1998) and bovine (Hills et al., 2001). These 

analyses have identified, as conserved features of eutherian (placental mammals) prnp 

promoters, their GC richness and a lack of TATA box. However, there are some differences 

in gene structure and regulation of gene expression among species. prnp genes contain 

three exons, with exons 1 and 2 encoding the 5’UTR (untranslated region) of mRNA in 

mouse, sheep (Lee et al., 1998), rat (Saeki, Matsumoto, & Onodera, 1996) and bovine (Hills 

et al., 2001), but only two exons in human, the first of which encodes the 5´UTR region (Lee 

et al., 1998). Two or three exons are transcribed alternatively in the mRNA encoded by the 

Syrian hamster prnp (Li & Bolton, 1997). Complete open reading frame (ORF) and 3’ UTR 

region are encoded by the 3’ terminal prnp exon. There is a single known transcription start 

site in all eutherian prnp genes, except for rodent species (mouse, rat and hamster) which 

have multiple transcription start sites (Premzl et al., 2005). 

 

1.2.1.2.  prnd 

In sheep, TSE susceptibility is influenced by polymorphisms of the prnp gene, with the alleles 

coding for alanine, arginine and arginine at positions 136, 154 and 171 of the prion protein 

being associated with a high resistance to classical scrapie and bovine spongiform 

encephalopathy (BSE) (Hunter, 2007). Nevertheless, this resistance is not absolute, leading 

to a growing interest in other genes and proteins which could have an influence on TSE 

susceptibility in sheep. One of these genes is prnd (which encodes a prion-like protein 

designated Doppel or Dpl), a prnp homologue found near the prnp gene and having 

structural and biochemical similarities with prnp (Lampo et al., 2007). prnd lies adjacent to 

prnp in the genomic sequence (located 20kb (Makrinou et al., 2002), 16 kb (Moore et al., 

1999), 16.8 kb (Comincini et al., 2001), and 52 kb (Essalmani et al., 2002) 3´ to prnp, in 

humans, mouse, cattle and sheep, respectively). It was proposed that prnd and prnp arose 

by an early gene duplication event of an ancestral PRN gene (Moore et al., 2001), which in 



6 

 

turn may have originated from an ancestral zinc transporter (LZT) gene (Ehsani et al., 2012). 

For instance, the human, sheep and cattle prnd genes map to the same chromosomal 

location (respectively 20p12-pter, OA13q17/18 and BTA13q17) as the prnp gene (Comincini 

et al., 2001). prnd gene contains either two (as described in sheep, cattle (Comincini et al., 

2001; Tranulis et al., 2001) and goat (Uboldi et al., 2005)) or three (as described in mouse 

and human (Moore et al., 1999)) exons. The ruminant prnd genes exhibit a similar structure, 

with a non-coding 5´ exon longer than that found in human and mouse, and with the entire 

coding sequence found within a larger second exon that also contains the 3´UTR region 

(Comincini et al., 2001; Moore et al., 1999) (Figure 2). 

 

Figure 2. Comparison of the prnd gene structure in bovine, ovine, mice and human. 

 

Cds: coding sequence; the size of CDS and exons are indicated in base number. Based on Comincini et al. 

(2001). 

 

The promoter region comprises a TATA box, an E-box and CCAAT boxes in mouse, and 

transcription initiation sites in sheep, cattle and human (Comincini et al., 2001; Del Vecchio 

et al., 2005; Essalmani et al., 2002; Nagyova, Pastorek, & Kopacek, 2004). Interestingly, 

some binding sites for several transcription factors that are found in the testis have been 

identified in prnd, noticeably GATA-1, Sp 1 (Comincini et al., 2011; Essalmani et al., 2002), 

Brn-3a and Brn-3b (Calissano, Ensor, Brown, & Latchman, 2004). Although the Brn-3a and 

Brn-3b POU family transcription factors were originally identified in neuronal cells, their 

expression in some non-neuronal cell types has previously been reported. Budhram-

Mahadeo et al. (2001) reported that Brn-3a and Brn-3b are also expressed in the testis with 
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expression of each factor being observed at distinct stages of germ cell development. Thus, 

Brn-3a is expressed in spermatogonia whereas Brn-3b expression is observed in post-

meiotic spermatids. Binding sites for inhibitory factors were also identified, suggesting a very 

precise regulation of prnd expression at the tissue level (Del Vecchio et al., 2005). The 

promoting region does not share particular similarities with those of prnp. prnd gene presents 

characteristics of a housekeeping gene, although in all the species studied, Dpl protein is 

found to be mainly expressed in the male genital tract, suggesting that transcription and/or 

translation of prnd is submitted to a tight regulation. As prnd promoter is GC rich and 

potentially methylated, one hypothesis could be that prnd transcription could be regulated by 

differential methylation process according to tissues. Peoc'h, Guerin, Brandel, Launay, and 

Laplanche (2000), screened the coding region of human prnd for genetic variants of the prnd 

gene. Four polymorphisms in prnd (three structural changes, T26M, P56L and T174M and a 

silent polymorphism, T174T) were detected, but no strong association was found between 

any of these polymorphisms and human prion diseases. However, Schroder et al. (2001) 

conclude that the different human prnd genotypes could act as a predisposition factor in TSE 

development. Additional polymorphisms were revealed at the human prnd coding region 

(Mead, Beck, Dickinson, Fisher, & Collinge, 2000; Schroder et al., 2001), and the prnd codon 

174 genotype frequencies seemed to be associated with the occurrence of early vs late-

onset Alzheimer's disease (AD), as the frequencies of the ACG/ACG (Thr/Thr) and 

ACG/ATG (Thr/Met) codon 174 genotypes were higher in late-onset than in early-onset AD 

patients (Golanska et al., 2004). Also, and although there have been several published 

studies on the association of SNPs in prnd with sporadic Creutzfeldt-Jakob disease (sCJD) a 

fatal transmissible neurodegenerative disease in humans, particularly prnd T174M, other 

studies could not confirm this association (Vollmert et al., 2006). In cattle, genotype 

distributions of C4819T and R132Q (A4930G) polymorphism are significantly different in 

breeding bulls and BSE-positive animals, with a higher frequency of the T and the A (R) 

allele in BSE animals (Balbus et al., 2005). In the goat, another TSE-affected species 

(Agrimi, Ru, Cardone, Pocchiari, & Caramelli, 1999; Eloit et al., 2005), seven nucleotide 

positions showed variation: T28C, C65T, A151G, G286A, C385G, T451C, and T528C. Five 

were commonly represented polymorphisms (T28C, T451C, and T528C are silent mutations 

at codons L10, L151, and I176, respectively), while A151G and C385G determine a T51A 

and L129V amino acid change, respectively. The two remaining variants, C65T and G286A, 

were rare, leading to the amino acid substitutions S22F and E96K, respectively. None of the 

polymorphisms was significantly relatable to the TSE status, and the same result was 

obtained by the analysis of the combined haplotypes at the five major polymorphic sites, 

namely, T28C, C65T, A151G, G286A, and C385G (Uboldi et al., 2005). Caprine prnd gene 

coding region was also analysed by multiple restriction fragment-single strand conformation 

polymorphism (MRF-SSCP) and RFLP (restriction fragment length polymorphism) with 
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HindIII restriction endonuclease, in three Portuguese goat breeds. Sampling including 8 

goats (4 Serrana, 2 Charnequeira, and 2 Algarvia animals), showed variation in three 

nucleotide positions: E96K, L129V and T51A (Mesquita et al., 2007). Finally, in ovine, two 

synonymous substitutions (I12I, A26A) were found in sheep, without an established 

association with prion disease incidence, when compared with prnd polymorphisms in 

scrapie-affected animals (Comincini et al., 2001). 

 

1.2.1.3.  sprn 

The third member of the prion gene family, termed sprn (for Shadow of prion protein gene), 

encoding the Sho protein (also named Shadoo, the Japanese word for shadow), was 

annotated in eutherians and fish (Premzl et al., 2003; Watts et al., 2007). sprn is not part of 

the PRN genomic locus (containing prnp and prnd), and instead can be found on 

chromosomes 7, 10 and 22, in mice, humans and sheep, respectively (Lampo et al., 2007; 

Watts et al., 2007). sprn comprises two exons, with the ORF contained within a single exon 

(as prnp and prnd), exon 2 (Premzl et al., 2003; Watts et al., 2007). Daude et al. (2009) 

defined abundant coding sequence variation in the ovine sprn gene. Some allelic variants 

approach a frequency of 20%. Most variation occurred in a hydrophobic tract encoded by 5 

tandem repeats, and four alleles varying in this region engender stable proteins that may in 

turn determine different biological responses. In the coding sequence, a polymorphism 

causing a deletion of two alanines was found to be associated with susceptibility for classical 

scrapie in sheep (Lampo et al., 2010). In sheep, a highly relevant species in prion matters, 

sprn shows a high level of homology with the bovine, and to a lesser extent with the human 

sprn sequence (Lampo et al., 2007). 

 

1.2.1.4.  prnt 

The fourth member of the prion gene family, termed prnt (prion protein testis-specific gene), 

was described closer to prnd than prnp in the human genomic sequence (situated 3 kb in 

human (Makrinou et al., 2002), and 6 kb in cattle (Kocer et al., 2007), 3´ downstream of 

prnd), and emerged possibly due to a duplication event that occurred early during eutherian 

species divergence (Harrison, Khachane, & Kumar, 2010; Makrinou et al., 2002). It has a 

two-exon structure (Makrinou et al., 2002) as described in primates, and predicted in cow, 

sheep, horse and dog, through the two exon RNA structures that align to 90% of human prnt 

(Harrison et al., 2010). While the eutherian prnp and sprn promoters incorporate CpG 

islands, the prnd and prnt promoters do not (Makrinou et al., 2002; Premzl & Gamulin, 2007), 

suggesting that these genes are expressed in a tissue-specific manner. All three human prnt 

isoforms were detected only in adult testis (Makrinou et al., 2002). In caprine, prnt is weakly 
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and stochastically expressed in both testes and ovaries at various development stages, 

suggesting either that the expression pattern of this gene differs between ruminant and 

human or, most probably, that ruminant prnt is a pseudogene (Kocer et al., 2007). The goat 

and bovine genomes, contain a 100% 227-bp-long prnt homologous region, both with a 

premature stop codon, and a second AUG initiation codon located downstream (Kocer et al., 

2007). 

 

1.2.2.  Gene expression, structural and biochemical properties of prion and 

prion-like proteins 

1.2.2.1.  PrPC 

In 1966, Alper, Haig, and Clarke (1966), from inactivation studies using ionising and UV-

irradiation, concluded that the target size of the scrapie infectious agent (50-150 kDa) was 

too small for a virus but more characteristic of a protein. Many experimental results were left 

unexplained until Prusiner took up the inactivation studies and performed systematic analysis 

using not only chemical and physical, but also enzymatic procedures (Prusiner, 1982). PrPSc 

is derived from the benign, cellular isoform of the prion protein (PrPC) by a posttranslational 

process involving a profound conformational change (Kaneko et al., 1995). Although PrPC is 

mainly thought as a glycoprotein attached to the cell surface by a GPI anchor (Figure 3), 

PrPC is actually synthesized as a family of four members: the secretory membrane anchored 

glycoprotein (SecPrP), two N- and C- transmembrane forms with opposite topologies (NtmPrP 

and CtmPrP), and a cytosolic soluble form (CytPrP) of PrPC (Hegde & Rane, 2003). PrPC 

presents a folded domain at the C terminus that consists of a three-helix structure (Figure 4) 

with a single disulfide bond and a pair of short β-strands (Mo et al., 2001). 
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Figure 3. Secondary structure of ovine PrP
C
 protein. 

 

The secondary structures are boxed. Source: Adapted from Martin, Gallet, Rocha, and Petit (2009). 

 

Figure 4. Tertiary structure of ovine PrP
C
 protein. 

 

Schematic representation of ovine PrP
C
 molecule (PDB ID: 1UW3). The ribbons represent α-helices and are 

numbered H1 to H3. Short segments of anti-parallel β-strands are labelled (“a” and “b”) and shown as arrows 

(Haire et al., 2004). 
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The function of PrPC is still largely unknown, although there is some evidence that the 

octarepeat sequence (octapeptide PHGGGWGQ repeated four times) in the N-terminal 

unstructured region of the protein (Figure 3) binds Cu(II) ions, which indicate that PrPC can 

exist in a Cu-metalloprotein form in vivo (Brown, Qin, et al., 1997). PrPC may have a 

protective effect against neuronal insults. In particular, PrPC is upregulated following ischemic 

brain damage, in both humans and mice (McLennan et al., 2004; Weise et al., 2004) and has 

a neuroprotective activity against apoptosis in vivo (Moore et al., 2001; Nishida et al., 1999; 

Rossi et al., 2001; Westergard, Christensen, & Harris, 2007). Among other alternatives, PrPC 

could also be a signal transduction protein, as its activation in vitro triggers a signalling 

pathway for which the terminal targets in both neuronal and non-neuronal cells are the MAP 

kinases ERK1/2 (Schneider et al., 2003). 

prnp is expressed in a broad range of vertebrate tissues such as spleen, lymph nodes, lung, 

heart, kidney, muscle and mammary glands. It is also found in the gonads (testicles and 

ovaries) but most abundantly occurs in the Central Nervous System (Miranda, Pericuesta, 

Ramirez, & Gutierrez-Adan, 2011), where it is clearly upregulated at both fetal and adult 

stages, with PrPC predominantly localized to synaptic membranes (Herms et al., 1999). 

 

1.2.2.2.  Doppel 

Like PrPC, Dpl is a GPI anchored glycoprotein (structured by three α-helices and two -

sheets, (Figure 5), although it has only a 25% amino acid similarity to PrPC and lacks the 

distinctive PrPC repeats and the hydrophobic domain (Silverman et al., 2000) (Figure 6). 

Some structural differences (Figure 6) and the lack of Dpl overexpression in patients with 

PrP-induced diseases suggest that Dpl is not involved directly in prion pathology (Behrens, 

Brandner, Genoud, & Aguzzi, 2001).  
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Figure 5. Three-dimensional alignment between mouse PrP
C
 (mPrP) and mouse Dpl (mDpl). 

 

Both (mPrP, residues Val
120

-Arg
229

; SwissProt entry: P04925, and mDpl, residues Asn
55

-Gly
155

; SwissProt entry: 

Q9QUG3) with three alpha helices (αA, αB and αC) and two beta strands (βA and βB). A significant difference is 

that αB helix of Dpl (in green) is bent and that the two beta strands are oriented differently than those in the PrP
C
 

(in orange). Adapted from Benvegnu et al. (2009). 

 

Figure 6. Murine Dpl and PrP
C
 secondary structure elements. 

 

Both PrP
C
 and Dpl have two N-glycosylation sites (*) and respectively one and two disulfide bridges (S-S). PrP

C
 

and Dpl also share a positively charged N-terminus. PrP
C
 contains five octapeptide repeats capable of binding 

copper through histidine residues. Like PrP
C
, Dpl has a highly enriched basic amino acids flexible amino terminal 

region which likely contributes to its cellular trafficking, and N- and C-terminal cleavable signal peptides and a 

GPI-moiety, which links the proteins to the extracellular side of the cellular membrane. HT, Transmembrane 

region (residues 106-126). Adapted from Benvegnu et al. (2009). Absence of the palindromic amino acid 

sequence AGAAAAGA, (murine PrP, residues 112–119) in mDpl, and the presence of an additional disulphide 

bond seem to prevent Dpl conversion into a scrapie-like form (Mo et al., 2001). 

 

The open reading frame of the ovine and bovine sequences encodes a 178-amino acid 

protein with 95% sequence identity (and 96% identity with respect to cDNAs), reflecting the 

close evolutionary relationship between these two species (Tranulis et al., 2001) (Figure 7).  
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Figure 7. Alignment of the cattle (Bos) and sheep (Ovis) Dpl amino acid sequences. 

 

N-terminal signal peptide cleavage site between Dpl residues 26-27 and the GPI anchor site at residue 154. Cys 

amino acid residues involved in disulfide bridges at residues 94-147 and 108-142. The putative N-glycosylation 

sites at residues of asparagine (abbreviated as N) 98 and 110. Source: Adapted from Tranulis et al. (2001). 

 

Although the attachment sites for GPI anchors often correspond to Asp or Ser residues 

(Furukawa, Tsukamoto, & Ikezawa, 1997), they can occur at a variety of different small 

amino acids, including alanine, aspartate, asparagine, glycine, or serine (Micanovic, Gerber, 

Berger, Kodukula, & Udenfriend, 1990; Moran, Raab, Kohr, & Caras, 1991). In the case of 

Dpl (Figure 7), computer modelling predicts addition to Gly154 (Silverman et al., 2000). 

Glycosylation is the reaction in which a carbohydrate, i.e. a glycosyl donor, is attached to a 

hydroxyl or other functional group of another molecule (a glycosyl acceptor). N-linked 

glycans attach to nitrogen of asparagine or arginine side-chains in the lumen of the 

endoplasmic reticulum. O-linked glycans attach to the hydroxyl oxygen of serine, threonine, 

tyrosine, hydroxylysine, or hydroxyproline side-chains, or to oxygen on lipids such as 

ceramide, in the Golgi apparatus (Varki et al., 2009). In ovine testis, Dpl protein appears to 

carry two N-glycans, but apparently lacks O-glycans (Espenes et al., 2006). After being 

synthesized in the endoplasmic reticulum, the Dpl polypeptide is processed at its C- and N- 

terminus and is then exposed to the cell membrane (Uelhoff, Tatzelt, Aguzzi, Winklhofer, & 

Haass, 2005). 

 

1.2.2.3.  Shadoo (Sho) 

Sho and Doppel proteins are tantalizing in that they correspond roughly to the front and back 

halves of PrPC itself. As such, in an aerial view of biomedical research, Sho and Dpl can be 
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considered as adjacent islands in a prion protein archipelago (Westaway, Daude, 

Wohlgemuth, & Harrison, 2011). Shadoo (or Sho) is a hypothetical GPI-anchored protein 

encoded by the sprn gene (‘shadow of the prion protein’), exhibiting homology and domain 

organization similar to the N-terminus of PrP. Sho expression engenders a PrPC-like 

neuroprotective activity and overlaps PrPC, but is low in cerebellar granular neurons 

containing PrPC and high in PrPC-deficient dendritic processes (Watts et al., 2007). Shadoo, 

demonstrates a number of biochemical and cell biological properties also exhibited by PrPC. 

Sho is predicted to be extracellular and GPI-anchored, includes N-glycosylation at one or two 

sites and a cleavage event likely positioned N-terminal to the hydrophobic (composed of 

aliphatic amino acids) tract (Lampo et al., 2007; Premzl et al., 2003; Watts et al., 2007). In 

PrPC, the hydrophobic region also plays a role in the conversion into PrPSc (Norstrom & 

Mastrianni, 2005). The centre of both PrPC and Sho comprises a functionally conserved and 

ancient activity domain contributing to neuroprotection, and observed loss of Sho protein 

during prion infections might be related to interference by parenchymal PrPSc with the 

physiological protective activity of Sho (Watts et al., 2007). In sheep, Sho expression 

presented high levels in cerebrum and cerebellum, and low levels in testis, lymph node, 

jejunum, ileum, colon and rectum (Lampo et al., 2007). Lampo et al. (2011) 

developed a polyclonal antibody against ovine Shadoo and assessed the presence and 

distribution of this protein in the ovine brain by immunohistochemistry. The strongest staining 

level was found in the cerebellum (especially in the Purkinje cells) and in the pons, but 

cerebrum, hippocampus, pituitary gland, medulla oblongata, thalamus and hypothalamus 

were also immunopositive. Remarkably, a typical granular pattern was seen in most of the 

tested brain tissues, which might indicate that Shadoo is primarily expressed at synapses. 

 

1.2.2.4.  Prt 

Homology between human PrPC and Prt is lower (44% similarity and 30% identity) than 

between ORFs from prnd and prnt (50% similarity and 42% identity). In bovine, prnt encodes 

an N-terminally truncated protein of 55 a.a. in length, homologous (55% identity) to its human 

counterpart (Kocer et al., 2007). No signal peptides were predicted for Prt sequences, 

suggesting that they are intracellular proteins (Premzl & Gamulin, 2007). The function of this 

prion-like protein remains largely unknown. 
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1.3.  Prion-like genes and reproduction 

1.3.1.  prnp and PrPC 

In adult testis, prnp mRNA is elevated to levels almost as high as in the brain (Makrinou et 

al., 2002). In situ hybridization analysis of mouse testes showed that the positive signals for 

prnp mRNAs were predominantly observed in spermatogenic cells, but not in somatic cells 

such as Sertoli cells, Leydig cells and peritubular myoid cells. The signals were observed 

moderately in spermatogonia, and strongly in spermatocytes and round spermatids, but not 

in elongate spermatids and spermatozoa, which indicates that prnp may have a possible role 

in germ cell differentiation during mammalian spermatogenesis (Fujisawa et al., 2004). Since 

the oxidative stress gives severe damage to testes (Jow et al., 1993), PrPC may play an 

important function in spermatogenesis related to the regulation of copper/zinc superoxide 

dismutase (Cu/Zn SOD:SODI), as a copper binding protein (Brown, Qin, et al., 1997; Brown, 

Schmidt, & Kretzschmar, 1997). In addition, PrPC expression was also associated with 

ovarian follicle growth and development suggesting that it may be involved in the success of 

follicle development (Forde et al., 2008). In the reproductive tract of the ram, Gatti et al. 

(2002) showed that different PrP isoforms are present in the genital tract fluids and are 

secreted by the epididymal epithelium. By RT-PCR and Northern blotting, Ecroyd, Sarradin, 

Dacheux, and Gatti (2004) also observed that PrP mRNA is expressed in the testis and all 

regions of ram epididymis. PrP isoforms seem to be compartmentalized within the 

reproductive tract of the ram. In sperm a large part of PrP is associated (as a C-terminal 

truncated isoform) with the cytoplasmic droplets that are released during maturation and in 

mature sperm is found associated with lipid rafts. In the ram reproductive fluid, PrP isoforms 

(full-length protein, C-terminally truncated and N-terminally truncated isoforms) were found in 

epididymosome vesicles and, although being a ‘‘membrane’’-associated protein, also in a 

soluble circulating form within this fluid. 

 

1.3.2.  prnd and Dpl 

The expression of Dpl focuses on testis tissue at the adult, and takes an important role in 

maintaining sperm integrity, normal fertility, and motion ability (Guan et al., 2009). To 

investigate the physiological function of Dpl, Behrens et al. (2002) generated mice 

harbouring a homozygous disruption of the prnd gene (prnd 0/0). Dpl deficiency did not 

interfere with embryonic and postnatal development, but resulted in male sterility. Spermatids 

of Dpl mutants were reduced in numbers, immobile, malformed and unable to fertilize 

oocytes in vitro, but mechanical dissection of the zona pellucida partially restored in vitro 

fertilization. Interestingly, haploid spermatozoa lacking the Dpl gene (prnd0) are perfectly 

fertile when generated in the context of a heterozygous (prnd+/0) mouse. This may be related 
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to the fact that sperms spend much of the maturation time in the form of syncytia, with 

maturating cells connected to each other by cytoplasmic bridges which may allow sufficient 

amounts of Doppel protein to be transferred from prnd+ to prnd0 spermatids, and rescue 

fertility (Beal, Lang, & Ludolph, 2005; Behrens et al., 2002). Given that Dpl is a highly 

glycosylated protein that has been shown to be mainly located outside of the plasma 

membrane (Moore et al., 1999; Silverman et al., 2000), and that oligosaccharides have been 

implicated in sperm binding and signalling for the acrosome reaction (Wassarman & Litscher, 

2001), it is plausible that Dpl present on the sperm plasma membrane could be directly 

involved in the sperm-egg interaction (Behrens et al., 2002). Paisley et al. (2004), using 

different prnd0/0 mouse lines (different genetic backgrounds) demonstrated that Dpl is also 

required for sperm to contribute to embryonic development beyond the morula stage and that 

the elevated levels of DNA damage observed, indicate that it is involved in protection from 

oxidative stress. In fact, reactive oxygen species (ROS) have been shown to modulate 

fertility, with increasing ROS leading to a decrease in motility, and reduced performance of 

spermatozoa (Whittington et al., 1999). Dpl has also been shown to bind copper (Qin et al., 

2003), that was shown to affect the fertilizing capacity of human gametes in vitro and 

interfere with the sperm-oocyte interaction (Roblero, Guadarrama, Lopez, & Zegers-

Hochschild, 1996). A proper dialogue between spermatozoa and the oocyte is essential for 

conception of a new individual in sexually reproducing animals. Calcium is crucial in 

orchestrating this unique event leading to a new life (Darszon, Nishigaki, Beltran, & Trevino, 

2011). As such, a function of Dpl in intracellular calcium homeostasis has also been 

suggested (Brini, Miuzzo, Pierobon, Negro, & Sorgato, 2005). With regard to prnd expression 

at the bovine, goat and ovine reproductive system (Table 1), it was highest (mRNA) in testis 

(Kocer et al., 2007; Tranulis et al., 2001), in agreement with mouse (Essalmani et al., 2002; 

Li et al., 2000; Moore et al., 1999) and hamster (Li et al., 2008) prnd expression. Moreover, 

in a recent study, greater Doppel mRNA abundances were detected in bulls with high sire 

conception rate (Kasimanickam et al., 2012). Northern blot analyses revealed also a low 

amount of transcripts in bovine epididymis (Tranulis et al., 2001). The localization of Dpl on 

both somatic and germinal cells (Kocer et al., 2007; Peoc'h et al., 2002; Rondena et al., 

2005; Serres et al., 2006; Tranulis et al., 2001), strongly suggests that this protein may play a 

major role in male fertility. 
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Table 1. Dpl detection and prnd expression at the bovine, caprine and ovine reproductive system. 

Species Localization Expression Technique 

used 

References 

Ovine Testis +++ RT-PCR, NB, 

WB 

(Espenes et al., 2006; Tranulis et 

al., 2001). 

 Ovary + RT-PCR (Tranulis et al., 2001). 

 Seminiferous epithelium (within Sertoli cells cytoplasm), 

maturation phase spermatids (inner aspect of the spermatid 

heads). 

+++ IHC, IF (Espenes et al., 2006). 

Bovine Testis +++ RT-PCR, NB, 

IHC, WB 

(Rondena et al., 2005; Tranulis et 

al., 2001). 

 Ovary + RT-PCR (Tranulis et al., 2001). 

 Epidymis + NB (Tranulis et al., 2001). 

 Testis (all developing stages of germinal cells (from 

spermatogones to ejaculated spz), and in Sertoli cells), Ovary 

(ovarian follicles (granulosa cells and follicular fluid)). 

+++ IHC (Rondena et al., 2005). 

 

 Ejaculated spz (acrosome, post-acrosome, equatorial 

segment, and midpiece) 

+++ FC,IF (Kasimanickam et al., 2012; 

Rondena et al., 2005). 

Caprine Testis (increases between 36 and 46 dpc) +++ RT-PCR (Kocer et al., 2007). 

 Ovary ++ RT-PCR (Kocer et al., 2007). 

 Testis (nucleus of germinal cells and cytoplasm of Leydig cells 

at 44 dpc; cytoplasm of Leydig cells, some Sertoli and germinal 

cells at 62 dpc). Ovary (nucleus of germinal cells at 44 dpc, 

and mainly in their cytoplasm at 62 dpc). 

++ IF (Kocer et al., 2007). 

 

dpc, days postcoitum; FC, Flow Cytometry; IF, Immunofluorescence; IHC, Immunochemistry; NB, Northern Blot; ngc, nucleus of germinal cells, Northern Blot; RT-PCR, Reverse 

transcription polymerase chain reaction; WB, Western Blot.
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Although prnd is permanently expressed in the Sertoli cells, its expression in the testicular 

germ cells varies according to species, especially in the ejaculated spermatozoa where its 

detection was not always possible. Ovine Dpl protein was detected in the seminiferous 

epithelium in the final stages of spermatogenesis associated with maturation phase 

spermatids and subsequently within Sertoli cells, but was not detected on ovine ejaculated 

spermatozoa. Contradictorily Dpl expression was detected in bovine and human ejaculated 

spermatozoa and in boar epididymal epithelial cells, suggesting also a possible epididymal 

origin of Dpl (Espenes et al., 2006; Kocer et al., 2007; Rondena et al., 2005; Serres et al., 

2006). In goat, prnd was found to be expressed in testes and ovaries (with higher levels in 

testes) at various development stages, which differs from the expression pattern described in 

sheep in which no expression was observed in prepubertal testis (Espenes et al., 2006; 

Kocer et al., 2007), signifying that at least in caprine, Doppel might be involved in testis 

differentiation (Kocer et al., 2007). Mammalian spermatozoa motility is a subject of growing 

importance because of rising human infertility and the possibility of improving animal 

breeding (Gaffney, Gadêlha, Smith, Blake, & Kirkman-Brown, 2011). The involvement of Dpl 

in the motility of human spermatozoa was also suggested by Peoc'h et al. (2002) upon 

detection of this protein on the flagella of mature ejaculated spermatozoa. 

Later, Pimenta, Dias, et al. (2012) showed that ram sperm supplementation with 190 ng.ml-1 

of recombinant Dpl (rDpl) during in vitro capacitation significantly improves spermatozoa 

motility, vigour, viability and fertilization rate. This observation suggests an important function 

for Dpl during ovine sperm capacitation and also in the consequent fertilization process. 

Furthermore, during the capacitation process, ovine spermatozoa were supplemented with 

different concentrations (40, 80 and 190 ng.ml-1) of Dpl protein and the enhanced 

spermatozoa viability was achieved regardless of dosage. This may argue in favour of 

putative physiological functions of soluble forms of Dpl and could be of fundamental 

importance for the potential biomedical applications of this prion like protein. 

 

1.3.3.  sprn and Shadoo 

Young et al. (2011) generated reporter mice carrying a transgene to study the expression 

profile of Shadoo in mice. The transgene (sprn-LacZ) was only expressed in brain, testicle 

and ovary. In the testis, sprn-LacZ was expressed in the Leydig cells that are located in the 

interstitial tissue between the seminiferous tubules and are the site of testosterone 

biosynthesis that is required for the development of the male reproductive system, and the 

initiation and maintenance of spermatogenesis. In the ovary sprn-LacZ was expressed in the 

granulosa cells of the developing follicle, suggesting a role for Shadoo in fertility and 

reproduction, demanding further investigation. 
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1.3.4.  prnt and Prt 

Prt distribution in caprine and human tissues was studied, so far, only at the mRNA level 

(Kocer et al., 2007; Makrinou et al., 2002). In humans, all three prnt isoforms were only 

detected in adult testis, and were not present in any of the human fetal tissues (including 

testis) analysed (11.5-16.5 week gestation) (Makrinou et al., 2002). As such, Makrinou et al. 

(2002) suggested that human prnt expression is most likely restricted to cell types found 

exclusively in testis such as Sertoli, Leydig, and germ cells at various stages of maturation, 

and that absence of prnt expression within fetal testis implied that the function of prnt is 

required at a post-pubertal stage, when the above-mentioned cell types are actively involved 

in the production of male sex hormones and sperm. As previously mentioned, in caprine, prnt 

is weakly and stochastically expressed in both testes and ovaries at various development 

stages, suggesting either that the expression pattern of this gene differs between ruminant 

and human or, most probably, that ruminant prnt is a pseudogene (Kocer et al., 2007). 

However, during the present work (Pimenta, Domingos, et al., 2012), we succeeded in 

demonstrating for the first time the presence of Prt in ruminants, using a new developed anti-

ovine Prt polyclonal antibody (APPA). When tested by indirect immunofluorescence, APPA 

showed high avidity to the ram sperm head apical ridge subdomain, before and after induced 

capacitation. Ovine Prt was also found in the testis when assayed by immunohistochemistry 

during ram spermatogenesis, where spermatogones, spermatocytes, spermatids and 

spermatozoa, stained positive. These observations strongly suggest ovine prnt to be a 

translated protein-coding gene, pointing to a role for Prt protein in the ram reproductive 

physiology. 

 

1.3.5.  Zona pellucida proteins involved in sperm-zona binding 

As previously mentioned, sperm from Dpl deficient mice appears to be unable to undergo the 

normal acrosome reaction and fertilize the oocyte, which strongly suggest that Dpl may play 

a major role in male fertility (Behrens et al., 2002; Paisley et al., 2004). Moreover, Behrens et 

al. (2002) speculated that Dpl could actually be involved in the sperm-egg interaction. 

Sperm-egg plasma membrane interaction is a critical step in fertilization, which requires a 

series of proteins from both spermatozoa and oocyte to mediate membrane adhesion and 

subsequent fusion (Ying et al., 2010). Concerning sperm-zona binding, the widely accepted 

involvement of zona pellucida (ZP) proteins (Figure 8), has emerged as a key factor. The 

phylogenetic analysis classifies ZP genes in six subfamilies: the ZPA/ZP2 subfamily, the 

ZPB/ZP4 subfamily, the ZPC/ZP3 subfamily, the ZP1 subfamily, the ZPAX subfamily, and the 

ZPD subfamily (reviewed in Goudet, Mugnier, Callebaut, and Monget (2008)). The different 

ZP glycoproteins share an apparent overall similar architecture, around a conserved C-
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terminal ZP domain (∼260 residues), preceding their transmembrane segment (Jovine, 

Darie, Litscher, & Wassarman, 2005). In addition, each protein has an N-terminal signal 

peptide, a consensus furin cleavage site (CFCS), a C-terminal putative TMD 

(transmembrane domain), and a short cytoplasmic tail. These proteins are concomitantly 

synthesized, secreted, and assembled into a ZP thick extracellular coat that surrounds 

oocytes as they grow (Han et al., 2010). The mammalian ZP is composed of either three or 

four glycoproteins (Gupta & Bhandari, 2011). Pig (Hedrick & Wardrip, 1987), cow (Noguchi et 

al., 1994) dog (Goudet et al., 2008) and putatively cat, and rabbit (Goudet et al., 2008) have 

three glycoproteins, but instead of ZP1 (as in murine ZP matrix, (Bleil & Wassarman, 1980; 

Goudet et al., 2008)), ZP4 is present (ZPA/ZP2, ZPB/ZP4, and ZPC/ZP3). However, the ZP 

matrices of rats, hamsters, bonnet monkeys, chimpanzee, macaque and humans are 

composed of four glycoproteins (Conner, Lefievre, Hughes, & Barratt, 2005; Ganguly, 

Sharma, & Gupta, 2008; Hoodbhoy et al., 2005; Hughes & Barratt, 1999; Izquierdo-Rico et 

al., 2009; Lefievre et al., 2004). In non-mammalian species, more than four ZP genes have 

been detected; for example, the chicken genome contains six genes (Zp1, Zp2, Zp3, Zp4, 

ZpAX and ZpD; Smith, Paton, Hughes, and Burt (2005)). Recent and accumulating data 

support a ZP2 cleavage model for sperm-oocyte recognition, in which sperm adhere to the 

surface of the zona pellucida if ZP2 is intact, independent of fertilization and cortical granule 

exocytosis. Thus, sperm bind to normal oocytes but not to two-cell embryos in which ZP2 

has been cleaved by a protease that is released during cortical granule exocytosis, rendering 

the zona pellucida either permissive (intact ZP2) or nonpermissive (cleaved ZP2) for sperm- 

oocyte recognition (Gahlay, Gauthier, Baibakov, Epifano, & Dean, 2010). In fact, human ZP2 

was found to be necessary and sufficient to support human sperm binding, with the site of 

gamete interaction localized to the N terminus of ZP2 (115 aa), upstream of the post 

fertilization cleavage site (Baibakov, Boggs, Yauger, Baibakov, & Dean, 2012). In both pig 

and bovine a heterocomplex consisting of ZP3 and ZP4 binds to sperm (Yonezawa, Kanai-

Kitayama, Kitayama, Hamano, & Nakano, 2011), although in cattle, Yonezawa et al. (2001) 

identified the strongest sperm-binding activity with ZP4 among the bovine ZP components. 

Bovine ZP3 also showed sperm-binding activity and the activity per molecule was about one-

sixth that of ZP4. No significant sperm-binding activity was detected with ZP2.  
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Figure 8. Zona pellucida (ZP) proteins. 

 

The structure of zona pellucida consists of repeating units of ZP3 and ZP2, occasionally cross-linked by ZP1. 

Source: Adapted from Gilbert (2003). 

 

Also, and as reviewed in Clark (2011), multiple adhesion proteins on sperm seem to bind 

both to N-glycans and accessible protein regions located within the C-terminal domain of 

ZP3. These adhesion proteins are very likely localized to the detergent resistant membrane 

fraction in mouse sperm (Nixon et al., 2009). The three-dimensional structures of ZP proteins 

(as ZP3 (Han et al., 2010; Monne, Han, Schwend, Burendahl, & Jovine, 2008), and ZP 

domain (Lin, Hu, Zhu, Woodruff, & Jardetzky, 2011)) may provide further insights into protein 

interaction, between the pericellular zona pellucida matrix that surrounds oocytes, with 

eukaryotic proteins with variable architecture and biological function, as the prion-like 

proteins.  
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1.4.  Prions in diseases 

As stated earlier, a primary objective of this work consists in the thorough characterization of 

a possible association between genetic variation in the prion-like protein Doppel gene (prnd), 

and polymorphisms of the prion protein gene (prnp) related to scrapie susceptibility in sheep. 

Scrapie was first recorded over two hundred years ago and sporadic CJD was first described 

in humans in the 1920s. Nevertheless, the TSEs remained a rather obscure group of 

diseases until 1986 when BSE first appeared. In the years since the emergence of BSE, new 

TSEs have also been found in exotic species of ruminants in UK zoos, exotic and domestic 

cats and, in 1996, vCJD was described in humans (Bostock, 2000). 

 

1.4.1.  The Central Nervous System Invasion 

A widely discussed model predicts that prion neuro-invasion consists of two distinct phases: 

lympho-invasion and neuro-invasion proper (Aguzzi, Montrasio, & Kaeser, 2001). The 

second phase has long been suspected to involve peripheral nerves, and may depend on 

expression of PrPC by nerves (Glatzel & Aguzzi, 2000). 

 

1.4.1.1.  Transmission routes 

Prions, the agents causing TSEs, colonize the brain of hosts after oral, parenteral, 

intralingual, or even transdermal uptake, and can be experimentally or naturally transmitted 

via prion-contaminated food, blood, milk, saliva, faeces, nasal secretions, urine and placenta 

(Gough & Maddison, 2010; Haybaeck et al., 2011). Upon oral challenge, an early rise in 

prion infectivity can be observed in the distal ileum of infected organisms. There, Peyer's 

patches acquire strong immunopositivity for the prion protein. PrPSc accumulates and is 

amplified in follicular dendritic cells (FDCs) within Peyer's patches and other isolated 

lymphoid follicles possibly by an interaction with dendritic cells or macrophages. Following 

accumulation in gut-associated lymphoid tissues, PrPSc is thought to move to the enteric 

nervous systems by an interaction with FDCs or dendritic cells. As a result of neuroinvasion 

into the enteric nervous systems, PrPSc spreads to the CNS (Ano, Sakudo, Nakayama, & 

Onodera, 2009; van Keulen et al., 1996; Wells et al., 1994). Scarification of the most 

superficial layers of the skin, and subsequent administration of prions, has been known for a 

long time to be a highly efficacious method of inducing prion disease (Taylor, McConnell, & 

Fraser, 1996). Following inoculation by this route TSE agent accumulation upon FDCs is 

likewise essential for the subsequent transmission of disease to the brain (Glaysher & 

Mabbott, 2007). Recently, Haybaeck et al. (2011) demonstrated that prions can also be 

transmitted through aerosols. Aerogenic exposure to prions is very efficacious and can lead 

to direct invasion of neural pathways without an obligatory replicative phase in lymphoid 
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organs (without the need of a functionally intact immune system). Airborne prions follow a 

pathway of direct prion neuroinvasion along with olfactory neurons which extend to the 

surface of the olfactory epithelium. This previously unappreciated risk for airborne prion 

transmission may warrant re-thinking on current prion-related biosafety guidelines and health 

standards, in diagnostic and scientific laboratories potentially confronted with prion infected 

materials.  

Several different cell types have been proposed to have a role in prion spreading. Of these, 

some of the most important players are described below. 

 

1.4.1.2.  Dendritic cells (DCs) 

DCs are hemopoietic (bone marrow derived) specialized antigen-presenting cells and 

essential mediators of immunity and tolerance. DC and monocyte lineages originate from a 

common progenitor, the monocyte and dendritic cell progenitor (Liu & Nussenzweig, 2010). 

DCs were implicated as potential vectors of prions in oral and haematogenous spread of the 

agent (Aucouturier et al., 2001; Huang, Farquhar, Mabbott, Bruce, & MacPherson, 2002). 

Using co-cultures of prion-loaded bone-marrow-derived-dendritic-cells and cerebellar 

neurons, Langevin, Gousset, Costanzo, Richard-Le Goff, and Zurzolo (2010) characterized 

the transfer triggered by direct cell-cell contact of the prion protein and the resulting infection 

of the neuronal cultures, suggesting an active transport of prion aggregates, in accordance 

with a role of tunnelling nanotubes. Gousset et al. (2009) demonstrated that these tunnelling 

nanotubes (TNTs) are in fact involved in the spreading of PrPSc from the peripheral site of 

entry to the Peripheral Nervous System (PNS) by neuroimmune interactions with dendritic 

cells, and within neurons in the Central Nervous System (CNS). Also, DCs have the ability to 

migrate to the CNS during prion diseases. DCs were in fact detected in the cerebral cortex, 

subcortical white matter, thalamus and medulla oblongata of C57BL/6 mice intraperitoneally 

infected with the mouse-adapted KFu strain of Gerstmann-Sträussler-Scheinker syndrome, a 

human genetic prion disorder (Rosicarelli et al., 2005). 

 

1.4.1.3.  Follicular Dendritic Cells (FDC) 

FDCs are mesenchymal (nonhemopoietic) cells, located in lymphoid follicles within the 

microenvironment of germinal centres. These cells retain native antigens (Ags) in the form of 

immune complexes on their membrane for months, and present these Ags to B cells during 

the secondary response. FDC rescue bound B cells from apoptosis, and induce the 

differentiation of B cells into long-term memory B cell clones. Furthermore, FDC have also 

been implicated in the pathogenesis of TSEs (Munoz-Fernandez et al., 2006). TSE infection 

adversely affects the maturation and regression cycle of FDCs, supporting the hypothesis 
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that TSEs cause an abnormality in immune function (McGovern, Mabbott, & Jeffrey, 2009). 

FDCs, especially those expressing PrPC, could also serve as a prion "reservoir" during the 

latency phase, thus playing a key role during the scrapie lymphoinvasion (Toppets et al., 

2011). In fact, temporary dedifferentiation of FDCs by treatment with an inhibitor of the 

lymphotoxin-β receptor signalling pathway (LTβR-Ig), blocked the early accumulation of 

PrPSc and TSE infectivity within the draining lymph node, in C57BL/Dk mice inoculated (by 

skin scarification) with the ME7 strain of scrapie, indicating that FDCs are essential for the 

accumulation of PrPSc within lymphoid tissues and subsequent neuroinvasion (Mohan, Bruce, 

& Mabbott, 2005). 

 

1.4.1.4.  Membranous (microfold) epithelial cells (M-Cells) 

Intestinal epithelial cells are bound to each other by tight junctions. This close-packed 

structure forms a highly selective barrier for macromolecules and limits the access of 

pathogenic bacteria to the underlying host tissues (Turner, 2006). Gut epithelia are 

composed of two different epithelial types. One is the villous epithelium, and the other is the 

follicle-associated epithelium, which overlies gut-associated lymphoid tissues (GALTs) such 

as Peyer's patches. The follicle-associated epithelium is considerably different from the 

surrounding villous epithelium, in that it contains M-cells, which are specialized epithelial 

cells. Because M-cells have a high capacity for the transcytosis of a wide range of 

macromolecules, they act as an Ag sampling system from the gut lumen to mucosal immune 

cells. Recently, Miyazawa et al. (2010) demonstrated that bovine M cells are also able to 

deliver agents of TSE. Moreover, M-cell differentiation (dependent on signals transmitted by 

intra-epithelial B-cells) is necessary (and sufficient) for active transepithelial prion transport in 

vitro (Aguzzi, 2003). In fact, following M-cell depletion, early prion accumulation upon FDC in 

Peyer's patches is blocked and in the absence of M cells at the time of oral exposure, 

neuroinvasion and disease development are likewise blocked (Donaldson et al., 2012). 

Furthermore, Nakato et al. (2012) suggested that orally infected Brucella abortus (a Gram-

negative bacteria causing brucellosis), invades the host through M cells by using PrPC on the 

apical surface of M cells as an uptake receptor. In fact, B. abortus expresses heat shock 

protein 60 (Hsp60) on its cell surface that binds to the PrPC (Nakato et al., 2012). Once B. 

abortus penetrate M cells, the bacteria are capable of surviving inside DCs (dendritic cells), 

which accumulate beneath the M cells, by forming replicative vacuoles with subsequent 

systemic spread to other organs. 

 



 

25 

 

1.4.1.5.  B-Cell Lymphocytes 

B cells not only play a pivotal role in humoral immunity, but are also involved in a broad 

spectrum of immune responses, including Ag presentation and T-cell function regulation 

(Matesanz-Isabel et al., 2011). Using a panel of immune-deficient mice inoculated with prions 

intraperitoneally, Klein et al. (1997) found that defects affecting only T lymphocytes had no 

apparent effect, but that all mutations that disrupted the differentiation and response of B 

lymphocytes prevented the development of clinical scrapie. Also, scrapie developed after 

peripheral inoculation in mice which had differentiated B cells (but no functional follicular 

dendritic cells), leading to the conclusion that differentiated B cells are crucial for prion 

neuroinvasion. Moreover, a subpopulation of B cells was recently identified that may 

contribute to the trafficking of prions to the spleen during early pathogenesis of the disease 

(Edwards, Moore, Hawthorn, Neale, & Terry, 2010).  

 

1.4.1.6.  Brain Invasion and Damage 

In nature, prion diseases are usually transmitted by extracerebral prion infection, but clinical 

disease results only after invasion of the CNS (Klingeborn et al., 2011). Sympathectomy 

appears to delay the transport of prions from lymphatic organs to the thoracic spinal cord, 

which is the entry site of sympathetic nerves to the CNS. However, denervated (sympathetic 

fibers) mice eventually develop scrapie, probably due to an alternative low-efficient route of 

entry, such as the possible access through the vagal nerve (Aguzzi, 2003; Aguzzi et al., 

2003; Baldauf, Beekes, & Diringer, 1997; McBride et al., 2001). The brain, as the primary site 

of prion replication, can reversely provide infectious prions to peripheral tissues, becoming a 

source of intestinal prion accumulation. In fact, following intracerebral inoculation with prions, 

PrPSc was detected in the ileum (Peyer's patches) of infected mice (Lawson et al., 2010). 

The mechanism of neurodegeneration in prion diseases is still poorly understood, and not 

much is known about the mechanism by which prions actually impair neuronal function and 

cause cell death. Interestingly, there is increasing evidence that the infectious and neurotoxic 

properties of PrP conformers are not necessarily coupled, as transgenic mouse models 

revealed that some PrP mutants interfere with neuronal function in the absence of infectious 

prions. On the other hand, propagation of prions can occur without causing neurotoxicity. 

Consequently, it appears plausible that two partially independent pathways exist, one 

pathway leading to the propagation of infectious prions and another one that mediates 

neurotoxic signalling (Resenberger, Winklhofer, & Tatzelt, 2011). There is now a growing 

body of evidence that PrPC, in addition to serving as a precursor of PrPSc, acts as a signal 

transducer or mediator of the neurotoxic effects of PrPSc (Harris & True, 2006). When mice 

were produced that did not express PrPC, they appeared developmentally and behaviourally 

normal. These mice do not propagate prions or develop pathology when inoculated with 
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mouse-adapted prion strains, confirming the requirement of PrPC for animals to contract 

prion diseases, and suggesting that PrPSc is not directly neurotoxic to non-prion protein 

expressing cells (Brandner et al., 1996; Bueler et al., 1993; Bueler et al., 1992). Cre 

recombinase-induced PrP knockout (PrP transgene construct flanked by loxP sites, allowing 

its conditional excision) after prion inoculation, reversed spongiosis and prevented 

hippocampal neuronal cell loss indicating that targeting neuronal PrP during established 

prion infection can prevent clinical onset and that early neurological damage can be reversed 

(Mallucci et al., 2007). In control mice with GPI-anchored PrPC, intracerebral or sciatic nerve 

inoculation resulted in rapid CNS neuroinvasion and clinical disease. In contrast, in 

anchorless PrPC mice, these routes resulted in slow and infrequent CNS neuroinvasion, 

showing that anchored PrPC was an essential component for the rapid neural spread and 

CNS neuroinvasion of prion infection (Klingeborn et al., 2011). Historically, prion diseases 

have been characterised neuropathologically by neuronal vacuolation (spongiosis), brisk 

reactive proliferation of astrocytes and microglia, and by the deposition of amyloid plaques 

(Brandner, 2003). Several hypotheses have been put forward to explain the neurotoxicity that 

leads to apoptosis. Among them are, oxidative stress (Milhavet et al., 2000), 

microgliamediated damage (Betmouni, Perry, & Gordon, 1996), and even the involvement of 

copper (Wong et al., 2001) leading to increased levels of caspase 3, Fas activation, and up-

regulation of the transcription factor c-jun (Fraser, 2002). However the mechanism of prion-

induced cell death still remains obscure (Brandner, 2003). 

For PrPC, a variety of physiological functions have been proposed, including roles in metal 

ion trafficking, cell adhesion, and signal transduction, protection against apoptotic and 

oxidative stress, and formation and maintenance of synapses (Linden et al., 2008; Mange, 

Milhavet, Umlauf, Harris, & Lehmann, 2002; Mouillet-Richard et al., 2000; Pauly & Harris, 

1998; Westergard et al., 2007). However, the evidence in favour of each of these 

hypothesized functions is not definitive (Solomon, Schepker, & Harris, 2010).  

 

1.4.2.  Prionoses 

1.4.2.1.  Spongiform Encephalopathies  

The neurodegenerative disorders included among the human prion diseases are Creutzfeldt–

Jakob disease (CJD), Gerstmann–Straussler–Scheinker disease (GSS), fatal insomnia and 

kuru. The animal diseases include scrapie of sheep and goats, transmissible mink 

encephalopathy, chronic wasting disease of mule deer and elk, feline spongiform 

encephalopathy and BSE. These disorders have been collectively classified as the 

‘transmissible spongiform encephalopathies’ (TSE) because they can be transmitted to 

humans and to animals and because vacuolar degeneration of the grey matter neuropil are 
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the most characteristic neuropathological features (DeArmond & Bouzamondo, 2002; Marsh, 

Kincaid, Bessen, & Bartz, 2005). The prion diseases are characterized by a triple aetiology 

being sporadic, most cases of CJD; inherited, familial CJD and most cases of GSS disease; 

or infectious, this last category includes the vast majority of cases namely BSE, scrapie and 

kuru (Fornai et al., 2006; Prusiner et al., 1998). As referred, a wealth of data supports the 

contention that scrapie prions are devoid of nucleic acid and seem to be composed 

exclusively of a modified isoform of PrP, the PrPSc. The normal cellular PrPC is converted into 

PrPSc through a process whereby a portion of its α-helical and coil structure is refolded into β-

sheet (Prusiner et al., 1998). Several factors can switch on this mechanism, by interfering at 

various levels with the synthesis and/or metabolism of PrPC. This might occur following 

mutation of prnp gene, that leads to synthesis of misfolded prion proteins, or exogenous 

PrPSc “contamination”, that enhances deposition of cytosolic forms of PrPC, or finally as a 

consequence of an excess of PrPC synthesis and/or an inefficient degradation by the 

ubiquitin–proteasome system. According to Fornai et al. (2006), these conditions might 

actually occur in inherited, “infectious”, and sporadic prion disorders, respectively. In different 

TSE phenotypes, PrPSc exhibits disease-specific properties, including distinctive cleavage 

sites after proteolytic treatment, ratio of glycoforms, and deposition patterns, all features 

useful in providing a means of strain identification (Bessen & Marsh, 1992; Hill et al., 1997; 

Hill et al., 1998).  

The prototypical TSE, scrapie, has been observed in European sheep for >200 years, 

whereas BSE in domestic cattle (Bos taurus and Bos indicus; hereafter, cattle) dates to 

1986, presumably resulting from scrapie and/or BSE infected cattle feed. Thus, BSE seems 

to be a more recent phenomenon associated with modern agricultural practices. 

Unfortunately a new variant of CJD, designated vCJD, was transmitted to humans by 

ingestion of BSE-contaminated food products in Great Britain and to a lesser extent in the 

rest of Europe (Casalone et al., 2004; Hill et al., 1997; Scott et al., 1999). The unprecedented 

biological properties of the BSE agent, which circumvents the so-called ”species barrier” 

between cattle and humans and adapts to different mammalian species, has raised 

considerable concern for human health (Casalone et al., 2004; Hill et al., 1997). Given the 

hypothesis that the novel prion strain causing BSE was originated from exposure of cattle to 

sheep scrapie, the European Community decided to engage in a selection programme based 

on the known genotypes of the prnp that have been associated with different grades of 

susceptibility to scrapie. Hence a genetic basis for this susceptibility was identified in sheep 

and four different single nucleotide mutations in the coding region of prnp gene, were linked 

to different resistance to scrapie disease. Consequently, a “table of susceptibility” with 5 

groups of different grades of resistance (R1-R5) was elaborated, being the genotypes 

ARR/ARR (R1) and VRQ/VQR (R5) respectively the less and the most susceptible to this 

disease (Hunter, 1998, 2007). In 2003, the European Community decided (Decision (EC) 
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100, 2003) to implement this selection programme intending to eradicate scrapie from its 

member states and several countries have established breeding programmes to create 

disease-resistant national flocks, with the ram as a major selection target. This allows the 

introduction of scrapie-resistant genes into sheep populations within a short period 

eliminating the most susceptible. However, especially in small populations and in breeds with 

unfavourable ARR allele frequencies, such strategy increases the risk that valuable genetic 

diversity may be lost due to selective breeding for disease-resistant genotypes (Ehling et al., 

2006; Gama, Carolino, Santos-Silva, Pimenta, & Costa, 2006). Above all, doubts have been 

raised as to whether the intense selection for the classical prnp genotype alone might have 

undesirable consequences, namely a blind selection for other genes, especially those related 

with reproduction and/or linked to the prnp gene, like prnd and prnt. Sawalha, Brotherstone, 

Conington, and Villanueva (2007) demonstrated that PrP genotypes associated with higher 

susceptibility to scrapie, carrying the wild-type ARQ allele, have higher postnatal survival 

rates in the absence of the disease, than sheep carrying the more scrapie-resistant alleles 

(ARR or AHQ). This association helps to explain the existence, and in many instances the 

high frequency, of the ARQ allele in sheep populations. Moreover a preliminary evidence for 

a correlation between Doppel polymorphism and prnp genotypes, as well as with scrapie 

susceptibility was established by our team (Mesquita, Batista, et al., 2010). In the Portuguese 

sheep breeds, an association between the heterozygotia in the codon 26 of prnd gene and 

ARQ/AHQ prnp genotype and the absence of prnd polymorphic variants in the rams 

belonging to the more resistant scrapie susceptibility group (characterized by the ARR/ARR 

prnp genotype) was observed. As it is now well established that Dpl is related with male 

fertility (Pereira et al., 2009; Pimenta, Dias, et al., 2012) and that prnd gene polymorphisms 

may be associated with ovine semen traits/freezability and fertility (Baptista et al., 2008), the 

putative undesirable consequences of the widespread selection for the prnp genotype on 

genetic diversity and reproduction traits must be considered. On the other hand, large 

variations in the prevalence rates of the classical and also atypical forms of scrapie as well 

as in the surveillance plans among the European countries have been reported (Del Rio 

Vilas & Pfeiffer, 2010; Orge et al., 2010; Rodriguez-Martinez et al., 2010). Therefore it is 

expectable that selection for genetic resistance to scrapie through the European Community 

breeding programme should be conducted carefully, to avoid further losses of genetic 

variation in breeds generally endangered of extinction, although maintaining the intense 

surveillance for public health safety. 

 

1.4.2.2.  Prions and Cancer 

Doppel, a membrane-bound glycoprotein mainly expressed in the testis of adult, is generally 

absent in the CNS. In mice, Dpl is expressed in adult testis and heart, while in the brain it is 
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detectable only during embryogenesis (Li et al., 2000). In humans, in addition to testis, 

immunometric assays revealed low levels of Dpl in healthy brains (Peoc'h et al., 2003). 

However, when overexpressed in neurologic tissue, Dpl is neurotoxic and causes a 

neurodegenerative disease (Moore et al., 1999). Recently, ectopic expression of Dpl was 

found in two different tumour types, specifically in glial and haematological cancers 

(Comincini et al., 2004; Comincini et al., 2007). Dpl is ectopically expressed in astrocytoma 

specimens which are human brain tumours that arise from astrocytes, the most abundant 

type of glial cells of the CNS. Astrocytomas are graded I to IV according to their histological 

features. Low-grade astrocytomas typically display a long clinical history with relatively 

benign prognosis, whereas the prognosis of high-grade astrocytomas is devastating, 

although low-grade astrocytomas have an inherent tendency to progress toward more 

malignant forms. Real-time prnd gene expression profiling, revealed large differences 

between each grade of malignancy, suggesting that prnd mRNA quantitation might be useful 

to distinguish astrocytoma subtypes in disease stratification, and in the assessment of 

specific treatment strategies (Comincini et al., 2007). Most low-grade astrocytomas (83%) 

show a membrane-bound Dpl, like human healthy testis tissue, whereas the majority of high-

grade astrocytomas (75%) display a cytosolic Dpl. Dpl, at the onset of the disease, is likely to 

be anchored to the outer leaflet of the plasma membrane, through its GPI moiety. 

Afterwards, as the tumour progresses, Dpl could fail to anchor to the membrane and localize 

within the cytoplasm. Taken together, these findings show that in astrocytomas, Dpl might 

constitute an additional tool to characterize the glial tumour progression (Rognoni et al., 

2010). Travaglino et al. (2005) investigate Dpl expression and distribution in normal bone 

marrow cells, in leukemic cell lines and in bone marrow cells from patients with acute 

myeloid leukaemia and myelodysplastic syndrome (MDS), in order to evaluate its possible 

ectopic expression in such disorders. The differential expression of Dpl observed in acute 

myeloid leukaemia and myelodysplastic syndrome compared with healthy subjects makes it 

a possible leukaemia-associated Ag with important diagnostic and therapeutic applications. 

As for other tumour-associated Ags, Dpl may elicit an immune response that could be the 

basis of a therapeutic approach. Moreover, the quantification of Dpl levels might aid in the 

assessment of minimal residual disease after treatment in acute leukaemia. Dpl expressing 

HL-60 (human premyeloid) and K562 (human myelogenous leukaemia) cell lines may 

provide a useful in vitro model to study the protein function as well as the development of 

cancer immunotherapy responses. Also, the expression levels of prnp may have a prognostic 

value in colorectal cancer, suggesting a role for the prion protein in this disorder 

(Antonacopoulou et al., 2010). More recently, Sollazzo, Galasso, Volinia, and Carinci (2012) 

demonstrated that prnp and prnd are significantly over-expressed in osteosarcoma, inducing 

a negative regulation of apoptosis, thus promoting osteosarcoma development and 

progression. Osteosarcoma is a very aggressive tumour and the second leading cause of 
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cancer-related death in children and young adults (Mohseny et al., 2009). Since prion 

proteins seem to be related to osteosarcoma development, their inhibition could thus 

represent a new approach to the molecular treatment of osteosarcoma (Sollazzo et al., 

2012). 

 

1.4.3.  Therapeutics 

Most current approaches to the treatment of prion diseases (prionoses) are based on 

inhibiting the accumulation of PrPSc (Trevitt & Collinge, 2006). Identification of the cellular 

pathways activated by neurotoxic forms of PrP would allow development of an entirely new 

class of anti-prion therapeutics based on blocking these pathways (Solomon et al., 2010). 

Candidate therapeutic targets for prion diseases include the following four factors: the PrPC; 

the PrPSc; the cellular factors associated with the conversion of PrPC into PrPSc; and the 

cellular factors responsible for the neurodegenerative process (Sakasegawa & Doh-ura, 

2007). Aspirin, an anti-inflammatory drug, is a known ERK 1/2 (mitogen-activated protein) 

inhibitor and prevents neurodegenerative disorders. Prion peptide PrP 106-126 (PrP (106-

126)) shares many physiological properties with PrPsc; it is neurotoxic in vitro and in vivo 

inducing neurotoxicity by the overexpression of PrPC and activation of ERK1/2. Recent data 

(Jeong et al., 2011) suggests that ERK1/2 is a key modulator of the protective effect of 

aspirin on PrP (106-126) mediated cellular prion protein overexpression and neurotoxicity 

and also suggest that aspirin may prevent neuron cell damages caused by the prion peptide. 

The calcium-dependent phosphatase Calcineurin (CaN) is hyper activated both in vitro and in 

vivo as a result of PrPSc formation. CaN activation mediate prion-induced neurodegeneration, 

suggesting that inhibition of this phosphatase could be a target for therapy. To test this 

hypothesis, prion infected wild type mice were treated intra-peritoneally with the CaN inhibitor 

FK506 at the clinical phase of the disease. Treated animals exhibited lower degree of 

neurodegeneration (higher number of neurons and a lower quantity of degenerating nerve 

cells), reduced severity of the clinical abnormalities and increased survival time. Taken 

together, these findings may provide a novel strategy for therapy at the clinical phase of the 

disease (Mukherjee et al., 2010) that may also include immunomodulatory approaches 

(Wisniewski & Goni, 2012).  
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1.5.  Objectives 

Overall, this work aims to elucidate several unresolved questions concerning the relevance 

and implications of the ovine prion-like genes (prnd and prnt) and proteins (Dpl and Prt, 

respectively), in the ovine reproductive physiology. Also, we intended to evaluate possible 

associations between the establishment of breeding programmes aimed at selection for 

resistance to scrapie, and loss of prnd genetic variability, in native breeds of sheep that are 

already in a highly threatened situation. 

 

The specific objectives of this thesis can, therefore, be resumed to the following points: 

 

 To establish a correlation between prion-like Doppel (prnd) gene polymorphisms and 

scrapie susceptibility in Portuguese sheep breeds (Chapter 2), and thus anticipate 

possible undesirable consequences from widespread selection for prnp genotype on 

genetic diversity and reproduction traits. 

 

 To determine a possible relationship between Doppel (prnd) gene polymorphisms 

and ram fertility (Chapter 2), reinforcing the implication of the prnd gene to the male 

reproductive physiology. 

 

 To evaluate the importance of recombinant ovine Doppel (rDpl) in vitro 

supplementation, on ram spermatozoa capacitation and fertilization (Chapter 3), 

which in turn may be of fundamental importance to improve methods of sperm 

cryopreservation for commercial application, and to help meliorate the treatment of 

male infertility.  

 

 To determine by NMR spectroscopy the three-dimensional structure of the N-terminal 

(1-30) ovine Doppel peptide that encompasses the codons where the only two 

synonymous substitutions (I12I, A26A) have been found in sheep (Chapter 3). This 

peptide may act as a cell-penetrating peptide responsible for the internalization of the 

entire protein, and induce transmembrane pores, which might help in part to explain, 

the antagonistic roles of this prion-like protein, at the neurological and reproductive 

field.  

 

 To demonstrate the location of ovine Prt protein in ram testis and spermatozoa, along 

spermatogenesis and throughout in vitro capacitation, confirming that ovine prnt gene 

is transcribed into coding RNA and effectively translated. Also, to evaluate a possible 

relationship between Prt location and prnd (Doppel) gene polymorphism (Chapter 4).  
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 Finally, to block ovine Prt, adding an antibody into the fertilization medium incubated 

with spermatozoa and oocytes, in order to study its physiological function, and to 

establish a computational model to help assess the extent to which the results 

obtained could be related to a hypothetical role for Prt in sperm-zona binding. 

(Chapter 4).  
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2.  RELATIONSHIP BETWEEN PRND POLYMORPHISMS WITH SCRAPIE 

SUSCEPTIBILITY AND RAM FERTILITY 

 

2.1.  Prion-like Doppel gene polymorphisms and scrapie susceptibility in 

Portuguese sheep breeds. 
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2.1.1.  Abstract 

The establishment of an association between prion protein gene (prnp) polymorphisms and 

scrapie susceptibility in sheep has enabled the development of breeding programmes to 

increase scrapie resistance in the European Union. Intense selection for prnp genotype may 

lead to correlated selection for genes linked to prnp. We intended to investigate if any 

association exists between genetic variation in prion-like protein Doppel gene (prnd) and 

scrapie susceptibility (determined through prnp genotyping). Sampling included 460 sheep 

from eight Portuguese breeds and the prnd gene coding region was analysed by multiple 

restriction fragment-single strand conformation polymorphism (MRF-SSCP), whereas prnp 

genotyping was carried out by primer extension. A synonymous substitution (78G>A) was 

detected in codon 26 of the prnd gene, in all breeds except Churra Mondegueira. Linkage 

disequilibrium was found between the prnd and prnp loci (P = 0.000). Specifically, prnd was 

monomorphic in the 45 animals with the more resistant ARR/ARR prnp genotype (P = 0.003), 

whereas a higher frequency of prnd heterozygotes (GA) was associated with ARQ/AHQ (P = 

0.029). These results constitute preliminary evidence of an association between a 

polymorphism in the prnd gene and scrapie susceptibility, and indicate that the possibility of 

undesirable consequences from widespread selection for prnp genotype on genetic diversity 

and reproduction traits needs to be further investigated. 
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2.1.2.  Introduction 

Transmissible spongiform encephalopathies (TSE), which include scrapie disease in sheep, 

are fatal neurodegenerative disorders thought to be caused by a post-translational change in 

the conformation of the cellular prion protein (PrPC), a membrane glycoprotein encoded by 

the prion protein gene (prnp), into the pathogenic scrapie isoform (PrPSc) (reviewed in 

Prusiner (1998)). Analysis of two prnp-knockout mouse lines (prnp0/0) suffering from loss of 

Purkinje cells and ataxia syndromes, led to the discovery of a novel gene (prnd), which 

encodes a prion-like protein designated Doppel (Dpl) (Moore et al., 1999). This ataxic 

phenotype is linked to the overexpression of prnd and is corrected after introducing a wild-

type transgene in prnp0/0 mice (Moore et al., 2001; Nishida et al., 1999; Rossi et al., 2001), 

suggesting a direct or indirect interaction between Dpl and PrPC. Located about 16 kb 

downstream of the murine prnp, the prnd gene is thought to result from its ancestral 

duplication and is evolutionary conserved from human to sheep and cattle, suggesting an 

important function for Dpl (Moore et al., 1999; Rivera-Milla et al., 2006; Tranulis et al., 2001). 

However, unlike PrPC, Dpl is poorly expressed in the brain, and prnd-knockout mice (prnd0/0) 

are susceptible to scrapie, implying that Dpl is not needed for prion propagation (Behrens et 

al., 2001). prnd is strongly expressed in the testis of mice, human, sheep and cattle (Moore 

et al., 1999; Peoc'h et al., 2002; Tranulis et al., 2001). prnd is permanently expressed in 

Sertoli cells, at different levels according to the species, whereas in testicular germ cells it is 

mainly detected in spermatids, with a transient presence in the acrosome (Espenes et al., 

2006; Peoc'h et al., 2002; Rondena et al., 2005; Serres et al., 2006). Therefore, it is not 

surprising that while mice females lacking Dpl are viable and fertile, prnd0/0 males are sterile 

(Behrens et al., 2002; Paisley et al., 2004). prnd0/0 mice have normal sexual behaviour with 

reduced or normal sperm concentrations and mainly show abnormalities in spermiogenesis 

and acrosome biogenesis, with large consequences on oocyte fertilization or early embryo 

development. Together these observations strongly suggest that Dpl may play a major role in 

male fertility. The isolation and structural organization of the ovine prnd gene was achieved 

by Comincini et al. (2001). prnd maps to the same chromosomal region as prnp, namely 

OA13q17/18, and only two synonymous substitutions (I12I, A26A) were found in the ovine 

prnd coding region. In contrast, it is well established that the coding region of the ovine prnp 

gene is highly polymorphic and that polymorphisms at codons 136 (coding either alanine, A 

or valine, V), 154 (coding arginine, R, or histidine, H) and 171 (coding R, H or glutamine, Q) 

of the prnp gene strongly affect the degree of susceptibility or resistance to scrapie in sheep 

(reviewed in Baylis and Goldmann (2004); Hunter (2007); Tranulis et al. (2001). Depending 

on the haplotype combinations in these three codons, animals are currently considered to 

carry five alleles identified as A136R154R171 (ARR), and accordingly ARQ, ARH, AHQ and 

VRQ. In general, it is accepted that mutations coding for A136 and R171 confer higher 
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resistance, and those for V136 and Q171 render animals more susceptible to scrapie, while the 

role played by codon 154 and its significance in scrapie resistance are controversial (Alvarez, 

Arranz, & San Primitivo, 2006; Elsen et al., 1999; Gama et al., 2006). As a result, the VRQ 

allele and in breeds where VRQ is rare or absent the ARQ allele, are associated with higher 

susceptibility to scrapie whereas ARR confers genetic resistance to this disease (Baylis & 

Goldmann, 2004; Clouscard et al., 1995; Elsen et al., 1999; Hunter et al., 1996; Hunter, 

Goldmann, Benson, Foster, & Hope, 1993; Hunter, Goldmann, Foster, Cairns, & Smith, 

1997; O'Doherty et al., 2002; O'Rourke et al., 1997). Based on this correlation, the European 

Union has initiated programmes to eradicate scrapie from its member states and several 

countries have established breeding programmes to create disease-resistant national flocks, 

with the ram as a major selection target. Doubts have been raised as to whether the intense 

selection for the prnp genotype alone might have undesirable consequences, namely a blind 

selection for other genes, especially those related with reproduction and/or linked to the prnp 

gene, like prnd. In the present study we aim to characterize polymorphisms in the coding 

region of the prnd gene in 8 Portuguese sheep breeds and subsequently to determine if 

there is a relationship between these prnd polymorphisms and prnp genotypes and/or 

scrapie susceptibility. To the best of our knowledge, this is the first study of this nature 

developed in European native breeds of sheep having low frequencies of the ARR allele, but 

where classical scrapie has been rarely reported. 

 

2.1.3.  Materials and Methods 

2.1.3.1.  Animals 

A total of 460 healthy animals (207 female; 253 male) from eight Portuguese sheep breeds 

were analysed: 64 Bordaleira entre Douro e Minho (BordaleiraDM), 58 Churra Badana 

(CBadana), 71 Churra Galega Mirandesa (CGMirandesa), 19 Churra Mondegueira 

(CMondegueira), 65 Merino da Beira-Baixa (MBeiraBaixa), 62 Merino Branco (MBranco), 52 

Saloia and 69 Serra da Estrela (SEstrela). We have followed EU guidelines regarding the 

protection of animals used for experimental and other scientific purposes (Council Directive 

86/609/EEC, 1986; Decreto-Lei nº 129/92). 

 

2.1.3.2.  Analysis of the ovine prnp and prnd genes 

prnp and prnd genotype frequencies were calculated, their distribution was compared in 

different populations, and possible deviations from Hardy–Weinberg equilibrium were 

evaluated, all using the Genepop software version 3.4 (Laboratoire de Genetique et 

Environment, Montpellier, France). Linkage disequilibrium (LD), between the prnd and prnp 
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loci, was tested using Arlequin software version 3.1 (Computational and Molecular 

Population Genetics Lab, University of Berne, Switzerland). Differences were considered 

significant when P < 0.05. prnp genotypes were grouped according to five grades of scrapie 

susceptibility – R1 to R5 (from less to more susceptible) – as defined by European 

organizations (Dawson, Hoinville, Hosie, & Hunter, 1998). The prnd coding region (located at 

exon 2) was amplified by PCR and analysed by MRF-SSCP and sequenced, as in Pereira et 

al. (2009).  

 

2.1.3.2.1.  DNA extraction and amplification of the ovine prnp gene  

The DNA extraction from sheep blood samples and the amplification of a fragment containing 

the codons 136, 154 and 171 of the ovine prnp gene as well as the subsequent detection of 

point mutations in these codons by primer extension and sequencing were done according to 

Gama et al. (2006) (Figure 9).  
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Figure 9. Detection of ovine prnp gene SNPs 

 

Single nucleotide polymorphisms in codons 136 (coding either alanine, A or valine, V), 154 (coding arginine, R, or 

histidine, H) and 171 (coding R, H or glutamine, Q) of the PrP locus were detected by primer extension with the 

Snapshot commercial kit (Applied Biosystems), using four primers designed to identify point mutations in these 3 

codons. Analysis of fragments was performed by capillary electrophoresis, with an ABI310 automated sequencer. 

Results of the capillary electrophoresis were read directly with the Genescan® software and interpreted with the 

Genotyper® software. Nucleotides: A-Green, C-Black, G-Blue, T-Red. 

 

2.1.3.2.2.  DNA extraction and amplification of the ovine prnd gene  

DNA was extracted from peripheral blood leukocytes using the Puregene DNA Isolation Kit 

(Gentra Systems). The prnd coding region (located at exon 2) was amplified by PCR using 

specific primers (DOP1-F: 5’-TCCGACACAATGAGGAAACATCTGGG-3’ and DOP1-R: 5’-

TTGATCTCTGTGGCTGCCAACTTGC-3’), designed based on the published ovine prnd 

gene sequence (Essalmani et al., 2002). PCR reactions were performed in an UNOII 

thermocycler (Biometra) according to the following conditions: 50 ng of genomic DNA; 16 

pmol of each primer; 1 U Taq DNA polymerase (GE Healthcare); 10 mM Tris-HCl, pH 9; 50 

mM KCl; 2 mM MgCl2; 200 µM of each dNTP, for a final volume of 25 µl. The amplification 

included a initial denaturation at 95 ºC for 5 min; 30 cycles of denaturation at 95 ºC for 30s, 

annealing at 59 ºC for 30 s and extension at 72 ºC for 30 s; followed by a final extension at 
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72 ºC for 5 min. The resulting 579 bp amplification fragment was analysed by electrophoresis 

on a 2% agarose gel containing 0.14 µg/ml ethidium bromide (Qbiogene). 

 

2.1.3.2.3.  Analysis of the ovine prnd gene polymorphisms  

The coding region of the prnd gene was analysed by multiple restriction fragment-single 

strand conformation polymorphism (MRF-SSCP): 5-7.5 µl of the amplification products were 

digested with 3U EcoRV restriction enzyme (GE Healthcare) at 37 ºC for 18 h. 22.5 µl of a 

denaturing solution (containing 95% formamide, 10 mM NaOH, 0.05% xylene cyanol and 

0.05% bromophenol blue) were added to the products of the digestion. The samples were 

heat-denatured at 95 ºC for 5 min, chilled at 0 ºC and the total volume was loaded onto an 

12% polyacrilamide/TBE gel, with a 2.5% crosslinking, and containing 2.5% glycerol. Each 2 

gels were run at 50W for 9-10h (6000Vh) at 20 ºC in a DCode TM Universal Mutation 

Detection System (Bio-Rad), coupled to a refrigeration system. The resulting single-stranded 

DNA band patterns were detected by silver staining using the PlusOne DNA Silver Staining 

Kit (Amersham Biosciences). The region containing the relevant prnd polymorphism was 

amplified and sequenced (Applied systems 3730xl and ABI 3700). After identifying the 

molecular nature and location of the polymorphism, prnd genotypes were established. 

 

2.1.4.  Results 

2.1.4.1.  Analysis of SNPs in the ovine prnp gene 

Of the 15 possible prnp genotypes, resulting from combinations of the five alleles found in 

this study, only three were not represented among the 460 animals sampled (ARR/ARH, 

ARH/ARH and VRQ/VRQ) (see Table S 1 of the Supplemental Information). 

Overall, the more frequent genotype was ARQ/ARQ, followed by ARR/ARQ and ARR/ARR. 

ARQ/ARQ was the principal genotype in all the breeds, except for Merino Branco and Serra 

da Estrela, where ARR/ARQ was predominant (with 39% and 42%, respectively). ARQ/ARQ 

ranged from around 30% in Merino Branco and Serra da Estrela to 74% in Churra 

Mondegueira, being between 44 and 55% in all the other breeds. The frequency of the more 

resistant genotype (ARR/ARR) was 1.4% in Churra Galega Mirandesa sheep and between 

5% and 10% in all the other breeds, except for Merino Branco and Serra da Estrela, where it 

reached almost 20%. Of the more susceptible genotypes, ARH/VRQ was only present in 

Bordaleira Entre Douro e Minho and ARQ/VRQ was absent in Churra Badana, Churra 

Mondegueira (where any genotype involving VRQ was missing) and Merino Branco. These 

results are in close agreement with those of Gama et al. (2006). Frequencies of the five 

alleles investigated (ARR, ARQ, AHQ, ARH and VRQ) in the 8 breeds studied are presented 
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in Table S 2 of the Supplemental Information. The ARR allele was present in all breeds, 

ranging from 10-14% in Churra Galega Mirandesa and Churra Mondegueira to 40-43% in 

Merino Branco and Serra da Estrela; in all the other breeds, the frequency of ARR was 

between 22 and 24%. The ARQ allele had a frequency of 84% in Churra Mondegueira, and 

ranged between 51 and 75% in all other breeds. The AHQ allele was present in all the 

breeds, except for Churra Mondegueira, but at frequencies below the maximum of 7-9%, 

observed in Churra Galega Mirandesa and Saloia sheep. Similarly, the ARH allele was 

present in all the breeds, except for Merino da Beira Baixa, but at frequencies lower than 6%. 

The undesirable VRQ allele was not present in Churra Badana and Churra Mondegueira, 

had frequencies of 0.8% in Merino Branco, and between 2 and 6% in all other breeds. The 

prnp genotypes, previously determined by SNP analysis, were grouped according to 5 

grades of scrapie susceptibility, as defined by European organizations (Dawson et al., 1998) 

(see Table S 3 of the Supplemental Information). The high-resistance group (R1) included 

less than 20% of the animals in all the breeds, reaching maximum values in Merino Branco 

and Serra da Estrela (19 and 17%, respectively). The lowest frequencies were observed in 

Churra Galega Mirandesa (with 1.4%) and in the other breeds values ranged between 5% 

and 10%. The proportion of animals more susceptible to scrapie (R4 and R5 groups), ranged 

from around 30-36% in Merino Branco and Serra da Estrela to 84% in Churra Mondegueira, 

being between 50 and 66% in all the other breeds. In Churra Badana, Churra Mondegueira 

and Merino Branco there are no animals in the highest risk group (R5); all the other breeds 

have frequencies from around 2-3%, in Saloia and Serra da Estrela to almost 8% in 

Bordaleira Entre Douro e Minho and Merino da Beira Baixa. 

 

2.1.4.2.  Analysis of the ovine prnd gene polymorphisms 

Under the established conditions, PCR-MRF-SSCP analysis of the prnd gene coding region 

(Figure 10) revealed three distinct patterns (Figure 11).  
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Figure 10. Ovine prnd coding region 

DNA:  atgaggaaacatctgggtggatgctggttggccattgtctgtgtcctgctctttagccaa 

+1fr: ·M··R··K··H··L··G··G··C··W··L··A··I··V··C··V··L··L··F··S··Q· 

 

DNA:  ctctcctcagtcaaggcgagaggcataaagcacagaatcaagtggaaccggaaggtcttg 

+1fr: ·L··S··S··V··K··A··R··G··I··K··H··R··I··K··W··N··R··K··V··L· 

 

DNA:  ccaagtacctcccaggtcacggaggcccacactgcggaaatccgcccaggggccttcatc 

+1fr: ·P··S··T··S··Q··V··T··E··A··H··T··A··E··I··R··P··G··A··F··I· 

 

DNA:  aagcaaggccgaaagctggatatcaactttggagtggagggcaataggtactatgaggcc 

+1fr: ·K··Q··G··R··K··L··D··I··N··F··G··V··E··G··N··R··Y··Y··E··A· 

 

DNA:  aactattggcagtttcctgacggcatccattacaacggctgctccgaggccaatgtcacc 

+1fr: ·N··Y··W··Q··F··P··D··G··I··H··Y··N··G··C··S··E··A··N··V··T· 

 

DNA:  aaggaaaagtttgtcaccagctgcattaatgccacccaggtggcaaatcaagaggaactg 

+1fr: ·K··E··K··F··V··T··S··C··I··N··A··T··Q··V··A··N··Q··E··E··L· 

 

DNA:  tcccgtgagaaacaagacaacaagctttaccagcgggtcctgtggcagctgatcagggag 

+1fr: ·S··R··E··K··Q··D··N··K··L··Y··Q··R··V··L··W··Q··L··I··R··E· 

 

DNA:  ctctgctccatcaagcactgtgacttttggttggaaaggggagcaggacttcaggtcact 

+1fr: ·L··C··S··I··K··H··C··D··F··W··L··E··R··G··A··G··L··Q··V··T· 

 

DNA:  ctggaccagcccatgatgctctgcctgctggttttcatttggtttattgtgaaataa 

+1fr: ·L··D··Q··P··M··M··L··C··L··L··V··F··I··W··F··I··V··K··*· 

Ovis aries doppel protein (prnd) gene, complete cds (178 a.a.). GenBank: AF394223.1. SNP location at codon 26 

that encodes the alanine amino acid is in bold type. Signal peptide (1-26 a.a.;Box); Mature form (Chain (27-154 

a.a.)) with: a Flexible tail (27-50 a.a.), and a Globular region (51-154 a.a. Underlined). Propeptide (155-178 a.a.; 

Box). Putative Dpl C-terminal cleavage site and addition of a GPI-anchor at residue 154 (GPI-anchor amidated 

glycine).  



 

41 

 

Figure 11. PCR-MRF-SSCP analysis of the prnd gene 

 

The resulting PCR fragment (579 bp) amplification from the prnd CDS (at exon 2) region, was digested with 

EcoRV restriction enzyme, leaving two fragments (369 and 210 bp). Sequencing of the same PCR fragment of 

the prnd gene in three different animals, characterized by each one of the three MRF-SSCP patterns, revealed 

three genotypes (GG, AA and GA), which resulted from a synonymous polymorphism (G78A substitution) in 

codon 26 of the prnd gene. Both GCG (wild-type codon 26) and GCA codons, encode the alanine amino acid 

(synonymous substitution). GG-normal genotype; GA-heterozygous; AA-homozygous.  

 

The genotype and allele frequencies obtained after PCR-MRF-SSCP analysis of the prnd 

gene coding region in 460 animals from 8 Portuguese sheep breeds are presented in Table 

2. 
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Table 2. prnd genotype and allele frequencies in 8 Portuguese sheep breeds. 

 

 

Genotype frequencies 

 

 Allele frequencies 

 

 

 n A26A A26A A26A* 
2
 P G A 

2
 P 

Breed  GG GA AA       

Bordaleira Entre Douro e Minho 64 0.938 0.047 0.016 bc  0.961 0.039 bc  

Churra Badana 58 0.793 0.190 0.017 ab  0.888 0.112 ad  

Churra Galega Mirandesa 71 0.732 0.254 0.014 a 0.006 0.859 0.141 a 0.005 

Churra Mondegueira 19 1.000 0.000 0.000 c  1.000 0.000 c  

Merino da Beira Baixa 65 0.908 0.092 0.000 bc  0.954 0.046 bcd  

Merino Branco 62 0.952 0.048 0.000 c  0.976 0.024 c  

Saloia 52 0.731 0.269 0.000 a 0.026 0.865 0.135 a 0.028 

Serra da Estrela 69 0.986 0.014 0.000 c 0.002 0.993 0.007 c 0.003 

Total 460 0.872 0.122 0.007   0.933 0.067   

n indicates the number of animals analysed in each breed. The underlined (A26A) or asterisked (A26A*) amino acid letters indicate synonymous heterozygous or homozygous DNA 

polymorphisms, respectively. 2 test: breeds with different letters are statistically different (P<0.05). p is indicated when the difference in the distribution of the prnd genotypes/alleles 

between one population and the one observed for the global population of 460 animals is statistically significant (Genepop version 3.4). GG-wild-type genotype; GA-heterozygous; AA-

homozygous.
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This polymorphism was found in all but Churra Mondegueira breed. The frequency of allele A 

was higher (around 14%) in Churra Galega Mirandesa and Saloia breeds than in Bordaleira 

Entre Douro e Minho (P=0.005 and P=0.014, respectively), Churra Mondegueira (P=0.008 

and P=0.021, respectively), Merino da Beira Baixa (P=0.011 and P=0.019, respectively), 

Merino Branco (P=0.001 and P=0.002, respectively), and Serra da Estrela (P=0.000) (overall 

below 5%). The frequency observed in Churra Badana was similar (P>0.05) to the frequency 

observed in Churra Galega Mirandesa and Saloia breeds, being significantly higher than in 

Bordaleira entre Douro e Minho (P=0.047), Churra Mondegueira (P=0.039), Merino Branco 

(P=0.008) and Serra da Estrela (P=0.000). When compared with the total population, Churra 

Galega Mirandesa and Saloia breeds presented a significantly higher prevalence of 

heterozygotes GA (25-27%) (P=0.006 and P=0.026, respectively), while Serra da Estrela 

animals were significantly less polymorphic (with 1.4% of heterozygotes) (P=0.002). 

Homozygous AA animals were only found in Bordaleira entre Douro e Minho, Churra Badana 

and Churra Galega Mirandesa breeds, with frequencies lower than 2.0%. The eight breeds 

and the overall population were found in Hardy-Weinberg equilibrium (χ2=9.1; df=14; 

P=0.826). When compared with the total population, a lower frequency of heterozygotes GA 

is associated with the ARR/ARR prnp genotype (0%) (p=0.003), and a higher frequency with 

the ARQ/AHQ genotype (37.5%) (p=0.029) (see Table S 4 Figure 12-A). 
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Figure 12. prnd genotype frequencies 

 

prnd genotype frequencies (GG-normal genotype; GA-heterozygous; AA-homozygous) associated (A) with prnp 

genotypes and (B) with scrapie susceptibility groups (R1 to R5). P is indicated when the difference in distribution 

of prnd genotypes between one population and total population of 460 animals is statistically significant. (A) When 

compared with total population, the absence of prnd heterozygotes GA is significantly associated with ARR/ARR 

prnp genotype, and a higher frequency (37.5%) with ARQ/AHQ genotype (Genepop v3.4). (B) Accordingly, in 

what concerns scrapie susceptibility, animals belonging to R1 (less susceptible group) do not present prnd 

polymorphic variants (P=0.003). 

 

Homozygous AA animals (n=3) were found only associated with the ARQ/ARQ genotype. In 

what concerns scrapie susceptibility groups, the animals belonging to the less susceptible 
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one (R1) do not present polymorphic variants and this observation is significantly different 

from what happens in the total population (p=0.003) (see Table S 5 of the Supplemental 

Information and Figure 12–B). All the homozygous AA animals detected belong to the R4 

scrapie susceptibility group. Frequencies of each of the five prnp alleles associated with each 

prnd genotype are presented in Table S 6 of the Supplemental Information. The distribution 

of the prnp alleles was different when comparing the animals characterized by the prnd 

genotypes GG and GA. The most striking difference is the higher frequency of the ARR allele 

associated with the population characterized by the GG prnd genotype. Obviously, 

homozygous AA animals (n=3) were found only associated with the ARQ allele. 

 

2.1.5.  Discussion 

Scrapie susceptibility in sheep is associated with polymorphisms of the prnp gene, 

particularly those at codons 136, 154 and 171. Portuguese sheep breeds, including the ones 

used in this study have been characterized in terms of the referred SNPs in the prnp locus 

(Gama et al., 2006; Orge, Galo, Sepulveda, Simas, & Pires, 2003). Our results are in close 

agreement with those of Gama et al. (2006) in what concerns the prnp genotype/allele 

frequencies observed for the 8 Portuguese breeds we have studied. However, when 

comparing with the report by Orge et al. (2003) there are some differences in the 6 breeds 

studied in common, that maybe are due to the lower number of animals characterized in their 

study. Altogether we observe that Churra Galega Mirandesa breed has the lowest ARR/ARR 

genotype frequency, while Merino Branco and Serra da Estrela are characterized by the 

highest frequencies of ARR/ARR, together with the highest prevalence of ARR/ARQ (and 

consequently of the ARR allele) and the lowest of ARQ/ARQ, which is mostly incident in 

Churra Mondegueira animals. Churra Galega Mirandesa and Saloia breeds are also 

characterized by the highest frequency of AHQ allele. We next considered the distribution of 

the animals of each breed by the R1 to R5 scrapie susceptibility groups, which represent 

assemblies of prnp genotypes that confer distinct susceptibility to scrapie (from less to more 

susceptible), as defined by European organizations (Dawson et al., 1998). While in Churra 

Galega Mirandesa less than 2% of the animals belong to R1 scrapie susceptibility group, 

almost 20% of the Merino Branco and Serra da Estrela sheep fit into this high-resistant 

group. On the other hand, considering the animals more susceptible to scrapie (those 

belonging to R4 and R5 groups), they are less prevalent in these last two breeds (32 and 

36%, respectively), presenting the highest frequencies (84%) in Churra Mondegueira. 

Dissimilarly to what happens with prnp gene, the present work shows that the 8 Portuguese 

sheep breeds examined are poorly polymorphic at the prnd gene, since the only identified 

polymorphism was a synonymous G>A substitution in codon 26 (G78A), coding for alanine. 

Churra Galega Mirandesa and Saloia breeds are characterized by the higher frequencies of 
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the A allele for this polymorphism (around 14%), while Serra da Estrela is the less 

polymorphic breed (with 0.7% of the animals carrying the A allele). Churra Mondegueira 

animals (at least the 19 studied) are monomorphic. Moreover, Serra da Estrela is 

characterized by a frequency of heterozygotes between those of Merino Branco and Churra 

Mondegueira, the two breeds from which it arises. The same prnd polymorphism was 

recently detected in Assaf Spanish sheep (Alvarez, Fuertes, San Primitivo, Garcia-Marin, & 

Arranz, 2006), with genotype frequencies similar to our Bordaleira Entre Douro e Minho. In 

total, only two synonymous substitutions (I12I and A26A) have been reported so far in the 

ovine prnd coding region (Comincini et al., 2001), in contrast to the highly polymorphic prnp 

gene in sheep. Interestingly, goats are clearly differentiated from sheep, since we have 

detected several synonymous and non-synonymous substitutions in the prnd gene in 

Portuguese goat breeds (Mesquita et al., 2007), similarly to what has been shown for Italian 

goats (Uboldi et al., 2005). Goats are also less polymorphic at the codons of prnp gene that 

modulate the susceptibility/resistance to scrapie in sheep (Vaccari et al., 2006). None of the 

polymorphisms already detected in prnd gene in sheep, cattle and goat was significantly 

associated with prnp polymorphisms and the incidence of prion diseases (Comincini et al., 

2001; Uboldi et al., 2005). Of the 4 polymorphisms reported in the human prnd coding region 

(Croes et al., 2004; Golanska et al., 2004; Mead et al., 2000; Peoc'h et al., 2000; Schroder et 

al., 2001), only one at residue 174 was associated with Creutzfeldt-Jakob disease (CJD) 

(Croes et al., 2004; Schroder et al., 2001), but with inconsistent results. The apparent lack of 

correlation between prnd and prnp did not discourage us from our main objective, that is, to 

determine if there is an association between the prnd polymorphism found in our breeds and 

prnp genotypes and/or scrapie susceptibility. In fact, when compared with the total 

population, a lower frequency of prnd heterozygotes GA (0%) is significantly associated with 

the ARR/ARR prnp genotype (p=0.003), and a higher frequency (37.5%) with the ARQ/AHQ 

genotype (p=0.029). Homozygous AA animals (total of 3) were found only associated with 

the ARQ/ARQ genotype, the most prevalent one, overall and in particular in the 3 breeds 

where the homozygotes AA were detected (Bordaleira Entre Douro e Minho, Churra Badana 

and Churra Galega Mirandesa). In what concerns scrapie susceptibility, the major finding is 

that the animals belonging to R1 scrapie susceptibility group (less susceptible one) do not 

present prnd polymorphic variants and this fact is significantly different from what happens in 

the total population. Also, when we compare the distribution of the prnp alleles by the prnd 

genotypes GG, GA and AA, the most striking observations are the higher frequency of the 

ARR allele associated with the population characterized by the GG prnd genotype and the 

higher prevalence of AHQ in GA animals. The current scrapie eradication strategy followed 

by the European Union in sheep, requires fixation of the ARR prnp haplotype (Decision (EC) 

100, 2003; and Regulation (EC) 1492, 2004). Together, our results suggest that when 

selecting for the resistance-associated ARR/ARR genotype, the GG prnd genotype is at all 
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times inherited. Besides, as the frequency of ARQ/AHQ genotype is expected to be reduced, 

through selection for the ARR allele, we expect to observe a decrease in the number of 

animals characterized by the GA prnd genotype. These observations (i) constitute a 

preliminary evidence for a correlation between a prnd polymorphism and scrapie 

susceptibility; (ii) suggest that the European Union selection programme to eradicate scrapie, 

based only on prnp genotype, can have unintended consequences on genetic diversity, and 

possible repercussions on reproduction traits, in view of the fact that prnd is implicated in 

male fertility. Actually, we have shown that in the polymorphic Churra Galega Mirandesa 

breed, GG prnd genotype can be characterized through the results of ram fertility tests, 

confirming Doppel relationship with male reproduction (Pereira et al., 2009). In addition, 

preliminary data indicate that sperm from Churra Galega Mirandesa animals with GA 

genotype is characterized by a higher viability and lower occurrence of abnormalities 

(Baptista et al., 2008). The polymorphism we have found in the ovine prnd gene results in the 

substitution of the wild-type codon 26 (GCG) by a synonymous one (GCA). Notwithstanding 

the knowledge that synonymous SNPs do not produce
 

altered coding sequences, and 

therefore they are not expected
 
to change the function of a protein, recent studies have 

indicated that both synonymous and non-synonymous SNPs can influence mRNA stability, 

processing and maturation, thereby affecting its allelic expression. Besides, synonymous 

codon substitutions (namely changes from frequent to infrequent codons) may lead to 

different kinetics of mRNA (protein) translation, and thus affect the co-translational folding 

pathway, yielding a protein with a different final structure and function (Komar, 2007). For 

instance, synonymous mutations in the human dopamine receptor D2 (DRD2) altered the 

predicted mRNA folding, led to a decrease in mRNA stability and translation, and 

dramatically changed dopamine-induced up-regulation of expression (Duan et al., 2003). 

Substrate specificity of P-glycoprotein, the product of the multidrug resistance gene1 

(MDR1), was also altered by SNPs presumed to be synonymous and silent (Kimchi-Sarfaty 

et al., 2007). These authors reported similar mRNA and protein levels, but different 

conformations for the wild-type and the polymorphic protein. Moreover, recent studies from 

Carcangiu et al. (2009) identified a relationship between a synonymous polymorphism in the 

melatonin receptor 1a (MTNR1A) gene and seasonal reproduction in the Italian Sarda goat 

breed. The fact that the prnd polymorphism we have reported in codon 26 is located at the 

nucleotide sequence coding for the N-terminus of Doppel protein, also caught our attention. 

Actually, it has been shown that changes in the nucleotide sequence close to the initiation 

codon result in the formation of secondary structures in this region that influence translation, 

having a marked effect on gene expression (Wallis, Sami, & Wallis, 1995). More recently, 

Khan, Sadaf, and Akhtar (2007) have discovered that some key silent nucleotide alterations 

at certain sites of 5'-end of the sequence can also reorganize the secondary structure, with a 

consequent impact on translation. Interestingly, the ovine prnd gene polymorphism herein 
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described is at a similar position to one of the prnd polymorphisms that have been found in 

man (Peoc'h et al., 2000), although the latter results in the non-synonymous substitution of 

Threonine to Metionine at residue 26. In contrast to predictions (von Heijne, 1986) and 

according to the results of N-terminal sequencing, codon 26 correspond to the first N-

terminal aminoacid of mature human Doppel protein. Notably, the polymorphism at codon 26 

(T26M) of prnd gene did not prevent cleavage of the signal peptide, causing no major 

abnormality in cellular trafficking of the human Doppel protein and no cell toxicity effect 

(Peoc'h et al., 2002). Pereira et al. (2009) have shown that in polymorphic CGMirandesa 

breed, the GG PRND genotype could be characterized through the results of ram fertility 

tests, suggesting a relationship between Doppel and male reproduction. In addition, 

preliminary data indicate that sperm from CGMirandesa animals with the GA genotype is 

characterized by higher viability and lower occurrence of abnormalities (Baptista et al., 2008).  

 

2.1.6.  Conclusions 

In conclusion, all these observations (i) show an association between the identified prnd 

polymorphism and prnp genotypes that strongly affect the degree of susceptibility/resistance 

to scrapie in sheep; and (ii) suggest that the EU selection programme to eradicate scrapie, 

based only on prnp genotypes, may have unintended consequences on genetic diversity in 

sheep, with hypothetical repercussions on reproduction traits. 
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2.2.1.  Abstract 

Transgenic knockout of the gene encoding the prion-like protein Doppel leads to male 

infertility in mice. The precise role of Doppel in male fertility is still unclear, but sperm from 

Doppel-deficient mice appear to be unable to undergo the normal acrosome reaction 

necessary to penetrate the zona pellucida of the oocyte. The objective of this study was to 

characterize Doppel gene (prnd) polymorphisms in 8 Portuguese sheep breeds and to 

determine a possible relationship between these polymorphisms and ram fertility. Ovine 

genomic DNA of 364 animals of different breeds (Bordaleira entre Douro e Minho, Churra 

Badana, Churra Galega Mirandesa, Churra Mondegueira, Merino da Beira Baixa, Merino 

Branco, Saloia and Serra da Estrela) were analysed by multiple restriction fragment-single 

strand conformation polymorphism (MRF-SSCP). This analysis revealed a synonymous 

substitution G>A in codon 26 of prnd gene. Churra Galega Mirandesa and Saloia breeds 

were more polymorphic (P=0.005 and P=0.04, respectively) than the overall population, while 

Serra da Estrela and Merino Branco animals were less polymorphic (P=0.007 and P=0.04). 

No polymorphism was found in Churra Mondegueira breed. Semen from 11 rams of Churra 

Galega Mirandesa breed (7 homozygous wild type GG and 4 heterozygous GA) routinely 

used in the Portuguese Animal Germoplasm Bank was collected and frozen for fertility tests. 

A classification function was estimated, using data from post-swim-up semen motility and 

concentration and Day 6 embryo production rate, allowing the identification of the Doppel 

homozygous GG genotype with 86.7% of accuracy. This preliminary study detected the 

presence of only one polymorphism in codon 26 of prnd gene in the Portuguese sheep 

breeds. In the polymorphic Churra Galega Mirandesa breed, GG genotype could be 

characterized through a model using three fertility traits, suggesting a relationship with male 

reproduction. Any future research should investigate not only AA genotype and its influence 

on ram fertility but also the possible consequences of the European Community selection 
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programme to eradicate Scrapie on the prnd genotypes and indirectly on sheep breed’s 

viability and preservation.  

 

Keywords: prion-like protein Doppel, ram, fertility, polymorphism, genetic variability 

2.2.2.  Introduction 

Prion protein (PrPC) is critically involved in the transmission and pathogenesis of 

transmissible spongiform encephalopathies (TSE) which include scrapie in sheep, variant 

and sporadic Creutzfeldt-Jakob disease in humans and bovine spongiform encephalopathy 

in cattle. The normal, cellular PrPC protein encoded by the prion protein gene (prnp) is 

required for susceptibility to TSE (Chesebro, 2002). Analysis of prnp-knockout mouse lines 

suffering from loss of Purkinje cells and ataxia syndromes led to the discovery of another 

gene, Doppel (an acronym derived from downstream prion protein like), whose locus is 

located about 16 kb downstream of that of the prnp (Moore et al., 1999). The prnd gene 

coding for Doppel is thought to result from the ancestral duplication of prnp and is 

evolutionary conserved from human to sheep and cattle, suggesting an important function for 

Doppel (Rivera-Milla et al., 2006; Tranulis et al., 2001). Unlike PrPC, Doppel is poorly 

expressed in the brain, and prnd-knockout mice are susceptible to scrapie, implying that 

Doppel is not needed for prion propagation (Behrens et al., 2001). Nonetheless, the apparent 

co-regulation of PrPC and Doppel suggests a functional link between them (Moore et al., 

2001). Interestingly, females lacking Doppel are viable and fertile but males without Doppel 

are sterile. Male prnd-knockout mice had normal sexual behaviour with reduced or normal 

sperm concentrations but its spermatozoa (spz) were unable to perform the acrosome 

reaction and fertilize the oocyte (Behrens et al., 2002; Paisley et al., 2004). Moreover the 

localization of Doppel on both Sertoli and germ cells (Espenes et al., 2006; Peoc'h et al., 

2002) strongly suggests that this protein may play a major role in male fertility. The European 

Community has initiated programmes to eradicate Scrapie from its member states, and 

several countries have established breeding programmes to create disease-resistant national 

flocks with the ram as a major selection target. This allows the introduction of Scrapie-

resistant genes into sheep populations within a short period. However, especially in small 

populations and in breeds with unfavourable ARR allele frequencies, such strategy increases 

the risk that valuable genetic diversity may be lost due to selective breeding for disease-

resistant genotypes (Ehling et al., 2006). In Portugal, the ARR allele is present in all the 

Portuguese sheep breeds (Gama et al., 2006), although in some of them the frequency is 

extremely low (0.07 in the Churra Mondegueira breed). Breeding schemes aiming the 

creation of ARR-homozygous would be possible with intense selection taking for instance at 

least 11 years in the Churra Mondegueira breed. Nevertheless, this intense selection for the 
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prnp genotype alone would have undesirable consequences in terms of inbreeding, and 

correlated responses in production and adaptation traits should be evaluated before such a 

scheme is adopted (Gama et al., 2006). Moreover doubts have been arisen as to whether 

this programme might lead to a blind selection for other genes, especially those related with 

reproduction and/or linked to prnp gene, as the referred prnd (Lipsky, Brandt, Luhken, & 

Erhardt, 2008; Mesquita et al., 2007). The first objective of this study was to characterize 

prnd gene polymorphisms in 8 Portuguese sheep breeds. Secondly, we aim to determine if 

there is a relationship between these polymorphisms and ram fertility. Specific functional in 

vitro assays were designed to test the ability of frozen-thawed spermatozoa from 

polymorphic rams for the prnd gene to undergo complex processes such as capacitation, 

acrosome reaction, oocyte fertilization and embryo development in vitro. 

 

2.2.3.  Materials and Methods 

2.2.3.1.  Animals 

A total of 364 animals from 8 Portuguese sheep breeds were used in the present study: 50 

Bordaleira entre Douro e Minho, 50 Churra Badana, 55 Churra Galega Mirandesa, 19 Churra 

Mondegueira, 50 Merino da Beira Baixa, 50 Merino Branco, 40 Saloia and 50 Serra da 

Estrela. These animals were randomly chosen from different flocks at their local regions, all 

registered in the corresponding flockbook. Some of them belong to the Portuguese Animal 

Germoplasm Bank (BPGA). 

 

2.2.3.2.  DNA extraction and amplification 

 

DNA was extracted from peripheral blood leukocytes using the Puregene DNA Isolation Kit 

(Gentra Systems, ref. D5500). The prnd coding region (located at exon 2) was amplified by 

PCR using specific primers (DOP1-F: 5’-TCCGACACAATGAGGAAACATCTGGG-3’ and 

DOP1-R: 5’-TTGATCTCTGTGGCTGCCAACTTGC-3’) designed based on the published 

ovine prnd gene sequence (Essalmani et al., 2002). PCR reactions were performed in an 

UNOII thermocycler (Biometra) according to the following conditions: 50 ng of genomic DNA; 

16 pmol of each primer; 1 U Taq DNA polymerase (GE Healthcare, ref. 27-0799-04); 10 mM 

Tris-HCl, pH 9; 50 mM KCl; 2 mM MgCl2; 200 µM of each dNTP, for a final volume of 25 µl. 

The amplification included a initial denaturation at 95 º C for 5 min; 30 cycles of denaturation 

at 95 ºC for 30s, annealing at 59 ºC for 30 s and extension at 72 ºC for 30 s; followed by a 

final extension at 72 ºC for 5 min. The resulting 579 bp amplification fragment was analysed 



 

52 

 

by electrophoresis on a 2% agarose gel containing 0.14 µg/ml ethidium bromide 

(Qbiogene,ref. ETBC1001).  

 

2.2.3.3.  Polymorphism analysis by MRF-SSCP 

The amplified fragments were analysed by multiple restriction fragment-single strand 

conformation polymorphism (MRF-SSCP): 5-7.5 µl of the amplification products were 

digested with 3U EcoRV restriction enzyme (GE Healthcare, ref. E1042Y) at 37 ºC for 18 h. 

22.5 µl of a denaturing solution (containing 95% formamide, 10 mM NaOH, 0.05% xylene 

cyanol and 0.05% bromophenol blue) were added to the products of the digestion. The 

samples were heat-denatured at 95 ºC for 5 min, chilled at 0 ºC and the total volume was 

loaded onto an 12% polyacrilamide/TBE gel, with a 2.5% crosslinking, and containing 2.5% 

glycerol. Each 2 gels were run at 50W for 9-10h (6000Vh) at 20 ºC in a DCode TM Universal 

Mutation Detection System (Bio-Rad), coupled to a refrigeration system. The resulting single-

stranded DNA band patterns were detected by silver staining using the PlusOne™ DNA 

Silver Staining Kit (Amersham Biosciences, ref. 17-6000-30). The region containing the 

relevant prnd polymorphism was amplified and sequenced (Applied systems 3730xl and ABI 

3700). After identifying the molecular nature and location of the polymorphisms, prnd 

genotypes were established.  

 

2.2.3.4.  Semen collection and freezing  

Semen was collected from 11 rams of the local sheep breed Churra Galega Mirandesa 

belonging to the BPGA, by artificial vagina. Only semen with good quality (mass motility >4; 

individual motility >60 %; concentration >2.5 x 109 spz mL-1) was refrigerated and frozen in 

mini-straws (300 x 106 spz) using a cryoprotective medium (egg yolk 15% and glycerol 6.5%) 

(Marques et al., 2006). The straws were placed in liquid nitrogen (LN2) vapours during 25 

minutes and then submersed and kept in a LN2 container until the fertility assays were 

performed. 

 

2.2.3.5.  Preparation and evaluation of thawed semen  

After thawing, sperm motility was immediately examined. Frozen-thawed semen was then 

incubated at 38.5 ºC and 5% CO2 for 1 hour in modified Bracket’s medium containing 20% 

ovine serum for swim-up (Marques et al., 2006). Post swim-up sperm motility and 

concentration were determined and aliquots of this semen were used for spz capacitation 

status evaluation and in vitro fertilization.  
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2.2.3.5.1.  Acrosome reaction assay 

Acrosome reaction assays were performed on 5 µL aliquots of motile spermatozoa stained 

using a modified technique described by Perez, Valcarcel, de las Heras, Moses, and 

Baldassarre (1996). Briefly: a chlortetracycline (0.8 mM, Merck ref. K1615512-926) and L-

cysteine (7 mM, Merck ref. 1.02838.0025) solution was prepared in a buffer containing 130 

mM NaCl and 400 mM Tris. Aliquots (5 µL) of semen were mixed with 5 µL of the staining 

solution and the process was interrupted after 20s, using 1 µL of a 12.5% (v/v) 

glutaraldehyde (Merck ref. 8.20603.0100) solution. Finally, 1 µL of a 0.22M DABCO (1.4-

Diazabicyclo[2.2.2]octane, Merck ref. 8.03456.0100) solution in glycerol was added to 

prevent fading. Sperm was evaluated under fluorescence within 12h and spermatozoa 

classified according to their acrosomal status: non-capacitated, capacitated with intact 

acrosome and reacted acrosome. 

 

2.2.3.5.2.  In vitro fertilization  

Ovaries collected from sheep at the local slaughterhouse were transported to the laboratory 

in Dulbecco’s phosphate buffer saline (PBS, GibCo, ref. 14040-91) at 37 ºC. PBS was 

supplemented with 0.15% (w/v) of bovine serum albumin (BSA, Fraction V, Sigma, ref. A-

7888) and 0.05 mg mL−1 of kanamycin (Sigma, ref. K-4000). At the laboratory, the 2-6 mm 

follicles were aspirated to obtain cumulus-oocyte complexes. These complexes were 

incubated in maturation medium (TCM-199 Sigma ref. M-4530, 10 µM cysteamine Sigma ref. 

M-9768, 10 ng mL-1 epidermal growth factor Sigma ref. E-4127, 10 µg mL-1 estradiol Sigma 

ref. E-4389 and 10 µL mL-1 gentamicin Sigma ref. G-1272) at 39 ºC and 5% CO2 for 22h. 

Sheep cumulus enclosed mature oocytes were washed to remove excess cumulus cells and 

then co-cultured with the spermatozoa (1x106 spz mL-1) for 18 h. Samples of presumptive 

zygotes (18 h p.i.) were fixed in ethanol:acetic acid prior to staining with 1% aceto-lacmoid to 

assess fertilization. Oocytes were considered to be fertilized according to the observation, 

under a light microscope, of a decondensed sperm head, pro-nuclei or zygotes (synkaryosis, 

1 or 2 nucleous). Polyspermy was defined by the presence of more than two swollen sperm 

heads, or more than two pronuclei within a single oocyte. 

 

2.2.3.5.3.  Embryo culture 

After fertilization, presumptive zygotes were denuded and cultured in droplets (25 µL) of 

synthetic oviductal fluid (SOF) enriched with amino acids (20 µL mL-1 BME Sigma M-7145, 

10 µL mL-1 MEN Sigma B-6766) and bovine serum albumin (6 mg mL-1 BSA, Sigma ref. A-

7888) at 38.5 ºC, under 5% O2, 5% CO2 and 90% N2 in an humidified atmosphere until the 

stage of 2-4-8 cell embryos. After assessing cleavage, embryo development proceeded until 
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the blastocyst stage in SOF+BSA and 10% FCS. Cleavage rate was calculated as the 

number of cleaved embryos per number of inseminated oocytes and D6 embryo rate as the 

number of morulae and blastocyts at that day per number of cleaved embryos.  

 

2.2.3.6.  Statistical analysis 

Genotypic and allele frequencies were calculated and χ2 tests were performed for each 

breed to evaluate possible deviations from Hardy-Weinberg equilibrium, using the Genepop 

software version 4.0 (Rousset, 2008). Data representing 15 and 12 replicates for ram fertility 

assays of homozygous and heterozygous prnd genotypes, respectively, are expressed as 

means ± standard error of means (s.e.m.). Each ram was tested 3 times. In each session, 2 

rams of different prnd genotypes were run simultaneously. After two sessions the two 

homozygous rams (GG) from the previous sessions were tested together. The association 

between prnd genotypes and ram fertility was assessed in two different ways. Firstly, a 

univariate analysis was performed. Means were compared by analysis of variance 

considering sessions as a block factor and prnd genotype as fixed treatment effect. 

Secondly, a stepwise discriminant analysis was performed with all variables to verify the 

existence of linear discriminations between prnd genotypes and to find a classification 

function. The variables semen post-thawed motility and capacitation status, fertilization and 

cleavage rates were eliminated from the model. Differences were considered significant 

when P≤0.05 (Statsoft, 1995). 

 

2.2.4.  Results and Discussion 

2.2.4.1.  Results 

2.2.4.1.1.  Polymorphism analysis by MRF-SSCP 

The PCR fragment of the prnd gene exon 2 analysed by MRF-SSCP was found to be 

polymorphic in all but not in Churra Mondegueira breed. Under the established conditions, 

three SSCP patterns were detected (Figure 13). Sequencing results of the three SSCP 

patterns were consistent with three genotypes (GG, GA and AA) which resulted from a 

synonymous substitution G → A in the codon 26 of the prnd gene. 

  



 

55 

 

Figure 13. SSCPs of the ovine prnd gene 

 

Three unique SSCP (single-strand conformation polymorphism) patterns, GG, GA and AA, were detected in this 

study. 

 

The results of genotype and allele frequencies obtained after MRF-SSCP analysis of the 364 

animals from eight Portuguese sheep breeds are represented in Table 3. 

 

Table 3. Genotype and allele frequencies in the codon 26 of the prnd gene in 8 Portuguese 

sheep breeds 

Breed n 
Genotype 

frequencies 

 
Allele frequencies 

  

GG GA AA χ
2
 

 
G A χ

2
 

Bordaleira entre Douro e Minho 50 0.940 0.040 0.020 bc  0.960 0.040 cd 

Churra Badana 50 0.800 0.180 0.020 ab  0.890 0.110 abc 

Churra Galega Mirandesa 55 0.727 0.255 0.018 a  0.855 0.145 a 

Merino Branco 50 0.960 0.040 0.000 c  0.980 0.020 d 

Merino da Beira Baixa 50 0.900 0.100 0.000 bc  0.950 0.050 bcd 

Churra Mondegueira 19 1.000 0.000 0.000 c  1.000 0.000 d 

Saloia 40 0.725 0.275 0.000 a  0.863 0.138 ab 

Serra da Estrela 50 0.980 0.020 0.000 c  0.990 0.010 d 

Total 364 0.871 0.121 0.008 
 

 0.931 0.069 
 n, Number of animals; χ

2
 test: breeds with different letters are statistically different (P ≤ 0.05). 

 

The frequency of allele A was higher in Churra Galega Mirandesa than in Bordaleira entre 

Douro e Minho (P = 0.009), Merino Branco (P = 0.001), Merino da Beira Baixa (P = 0.02), 
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Churra Mondegueira (P = 0.007) and Serra da Estrela (P = 0.0001), but similar (P > 0.05) to 

the frequency observed in Saloia and Churra Badana breeds. This frequency was also 

higher in Churra Badana and Saloia than in Merino Branco (P = 0.02 and P = 0.003, 

respectively), Churra Mondegueira (P = 0.03 and P = 0.01, respectively) and Serra da 

Estrela (P = 0.003 and P = 0.001, respectively). Moreover, Saloia breed presented also a 

higher frequency of allele A than Bordaleira entre Douro e Minho (P = 0.03). When compared 

with the total population, Churra Galega Mirandesa and Saloia breeds had the highest 

prevalence of heterozygous (P = 0.005 and P = 0.04, respectively) and Serra da Estrela and 

Merino Branco animals were the least polymorphic (P = 0.007 and P = 0.04, respectively). 

Churra Mondegueira breed was monomorphic. Homozygous AA animals were found only in 

Bordaleira entre Douro e Minho, Churra Badana and Churra Galega Mirandesa breeds in 

frequencies equal or lower than 2.0%. The eight breeds and the overall population were 

found in Hardy–Weinberg equilibrium (χ2 = 7.171; df = 12; P = 0.846). Churra Galega 

Mirandesa rams were chosen for fertility tests due to their highest frequency of heterozygous 

(25.5%). From the 11 Churra Galega Mirandesa rams belonging to BPGA and trained for 

semen collection by artificial vagina, 7 were homozygous (GG) and 4 heterozygous (GA) in 

codon 26 of prnd gene. None of the BPGA rams were AA homozygous.  

 

2.2.4.1.2.  Fertility tests 

Two Churra Galega Mirandesa rams both homozygous GG in codon 26 of prnd gene were 

discarded because one was azoospermic and the other presented semen without enough 

quality for cryopreservation. No significant differences were observed either for post-thawed 

and post-swim-up sperm concentration or capacitation status or fertilization rates between 

homozygous (GG) and heterozygous (GA) Churra Galega Mirandesa rams (Table 4 and 

Table 5). In neither case were any significant differences found for embryo production rates 

(Table 5).  
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Table 4. Post-thawed sperm quality parameters evaluation according to prnd genotype 

Ram n Thawed  Post-swim-up  Capactitation status 

  

Motility 

(%) 

 
Motility (%) 

Conc. 

(×10
6
 mL

−1
) 

 
NCap (%) Cap (%) AR (%) 

GG 15 42.7 ± 2.1  49.0 ± 2.3 16.1 ± 3.4  52.8 ± 2.8 21.7 ± 1.9 26.2 ± 2.6 

GA 12 44.6 ± 3.1  52.9 ± 4.2 21.5 ± 7.1  52.4 ± 3.1 20.0 ± 2.6 27.4 ± 3.4 

Post-thawed sperm quality parameters evaluation of Churra Galega Mirandesa Portuguese sheep breed 

according to Doppel genotype (homozygous GG or heterozygous GA in the codon 26 of prnd gene). Motility, 

individual spermatozoa motility; conc., spermatozoa concentration; NCap, non-capacitated spermatozoa; Cap, 

capacitated spermatozoa with intact acrosome; AR, acrosome reacted spermatozoa. 

 

Table 5. IVF parameters evaluation according to prnd genotype 

Ram Fertilization 
a
  Embryo production 

 

Inseminated 

oocytes 

Fertilization 

(%) 

Polyspermic 

(%) 

 
Inseminated 

oocytes 

Cleavage 

(%) 

D6 

embryos 

(%) 

GG 198 63.3 ± 3.3 3.5 ± 1.3  674 52.8 ± 2.8 21.7 ± 1.9 

GA 139 54.4 ± 5.5 1.4 ± 0.7  554 52.4 ± 3.1 20.0 ± 2.6 

IVF parameters evaluation of Churra Galega Mirandesa Portuguese sheep breed according to prnd genotype 

(homozygous GG or heterozygous GA). 
a 

Oocytes fixed prior to staining with aceto-lacmoid 18 h post-

insemination. 

 

Nevertheless using data from post-swim-up semen motility (variable a) and concentration 

(variable b) and Day 6 embryo production rates (variable c) it was possible to discriminate 

rams from the prnd genotypes through a stepwise discriminant analysis. A classification 

function was estimated (y = −0.713a − 0.674b + 0.869c) allowing an identification accuracy 

of 86.7% for GG and 58.3% for GA genotypes (Table 6). 
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Table 6. Classification matrix 

Ram genotype 
Correct classification 

(%) 
Assigned genotype 

  

GG GA 

GG 86.7 13 2 

GA 58.3 5 7 

Total 74.1 18 9 

Number of rams in which Doppel genotypes in the codon 26 were correctly or incorrectly assigned on the basis of 

discriminant function of post-swim-up semen motility and concentration and Day 6 embryo production rates 

(classification matrix). 

 

2.2.4.2.  Discussion 

Present results showed that the examined 8 Portuguese sheep breeds are poorly 

polymorphic for prnd gene. The only identified polymorphism was a synonymous substitution 

G → A in codon 26 of the prnd gene. Churra Badana, Churra Galega Mirandesa and Saloia 

breeds were characterized by a higher frequency of the rare allele A for this polymorphism, 

while Serra da Estrela and Merino Branco breeds were less polymorphic. Churra 

Mondegueira breed seems to be monomorphic. Regarding geographic/origin of the breeds, 

Serra da Estrela have frequencies between Merino Branco and Churra Mondegueira, the two 

breeds from which Serra da Estrela arises. As referred, the discovery of Doppel gene in mice 

by Moore et al. (1999) resulted from the analysis of prnp-knockout mouse lines that suffered 

from loss of Purkinje cells and ataxia syndromes. Later on, the isolation and structural 

organization of the bovine and ovine prnd genes were achieved by Comincini et al. (2001). 

prnd maps to the same chromosomal region as prnp, namely OA13q17/18 and three 

polymorphisms (R50H, N110H and R132Q) were revealed in the cattle prnd coding region. In 

sheep only two synonymous substitutions (I12I, A26A) were found. It is well established that 

the ovine PrPC coding region is highly polymorphic and that some polymorphisms, namely 

those at codons 136, 154 and 171, strongly affect scrapie susceptibility (Baylis & Goldmann, 

2004). As shown here, the situation with prnd appears different because we only detected a 

synonymous substitution. The same occurred in Spain with Alvarez, Fuertes, et al. (2006). 

Interestingly, goats are clearly differentiated from sheep. Goats are less polymorphic at the 

codons of prnp gene that modulate the susceptibility/resistance to scrapie in sheep (Vaccari 

et al., 2006) but previous studies from our laboratory (Mesquita et al., 2007) and from Uboldi 
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et al. (2005) identified several synonymous and non-synonymous substitutions in prnd gene 

in Portuguese and Italian goats. None of these polymorphisms were significantly relatable to 

TSE status. Also in bovine and ovine the detected Doppel gene polymorphisms did not show 

any clear association with BSE or scrapie diseases (Comincini et al., 2001). Like PrPC, 

Doppel is a GPI-anchored glycoprotein structured by three α-helices and two β-sheets, yet it 

has only ∼25% amino acids similarity to PrPC and lacks the distinctive PrPC repeats and 

hydrophobic domain (Silverman et al., 2000). Because its coding locus, prnd lies adjacent to 

prnp, it was proposed that the two genes are ancient duplicates (Rivera-Milla et al., 2006; 

Tranulis et al., 2001). However prnp and prnd have different expression patterns, suggesting 

that the gene products exhibit different biological functions. Whereas PrPC is an ubiquitous 

glycoprotein produced in large amounts in the neurons (Kretzschmar et al., 1986), Doppel 

seems to be tissue specific in mice, sheep and cattle. Unlike PrPC, Doppel gene transcripts 

are present only in very small amounts in the brain and are principally found in heart and 

testis (Moore et al., 1999; Tranulis et al., 2001). Doppel is expressed on both Sertoli and 

germ cells in mice, rats, swine (Behrens et al., 2002; Serres et al., 2006), humans (Peoc'h et 

al., 2002), ovine (Espenes et al., 2006) and bovine (Rondena et al., 2005) where it appears 

to be involved in male fertility. These authors identified Doppel expression in all the 

developing stages of germinal cells. However, whereas Doppel is permanently expressed in 

the Sertoli cells, its expression in the testicular germ cells varies according to species, 

especially in the ejaculated spermatozoa where its detection was not always possible due to 

Doppel transient expression (Espenes et al., 2006; Serres et al., 2006). Moreover, studies 

with prnd0/0 mouse lines showed that males without Doppel are sterile. prnd-knockout mice 

had normal sexual behaviour with reduced or normal sperm concentrations but its 

spermatozoa were unable to perform the acrosome reaction and fertilize the oocyte (Behrens 

et al., 2002; Paisley et al., 2004). Post-thawed semen quality assessed by general 

characteristics of spermatozoa, such as sperm motility and sperm morphology, is not always 

significantly correlated with fertility, especially if it lies within accepted ranges of normality 

(Morris, Johnson, Leibo, & Buckrell, 2001) as we could expect. Therefore, specific functional 

in vitro assays were designed to disclose the ability of frozen–thawed ram spermatozoa to 

undergo complicated processes such as capacitation, acrosome reaction, fertilization of 

oocytes and embryo development in vitro. Although no differences were found for each 

fertility test between prnd homozygous (GG) and heterozygous (GA) rams, a discriminant 

analysis, using data from post-swim-up semen motility and concentration and Day 6 embryo 

production rate, correctly identified genotype GG in 86.7% of the rams. GG rams are a 

homogeneous group. In contrast, GA genotype was incorrectly assigned in 41.7% of rams, 

probably due to their heterozygosity, needing a comparison with both GG and AA rams and 

the introduction of new fertility traits as variables to optimize the classification equation. 

Unfortunately none of the rams belonging to the BPGA and trained for semen collection were 
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homozygous AA. We intend to keep looking for this Doppel genotype in the Portuguese 

sheep breeds to confirm our previous results and help to clarify the importance of the 

identified polymorphisms in ram reproduction. Notwithstanding the knowledge that 

synonymous single-nucleotide polymorphisms (SNP) do not produce altered coding 

sequences, and therefore they are not expected to change the function of the protein in 

which they occur, recent studies have indicated that both synonymous and nonsynonymous 

SNPs can affect mRNA stability, mRNA processing, and mRNA maturation, thereby affecting 

allelic mRNA expression. In fact SNP which are considered “silent” can affect protein folding 

and its activity/substrate specificity (Kimchi-Sarfaty et al., 2007). For instance, some 

synonymous mutations in the human dopamine receptor D2 (DRD2) have functional effects. 

957T, rather than being “silent”, altered the predicted mRNA folding, led to a decrease in 

mRNA stability and translation, and dramatically changed dopamine-induced up-regulation of 

DRD2 expression (Duan et al., 2003). A synonymous SNP in the Multidrug Resistance 1 

gene results in a gene product P-glycoprotein (P-gp) with altered drug and inhibitor 

interactions (Kimchi-Sarfaty et al., 2007). These authors reported similar mRNA and protein 

levels, but altered conformation for the wildtype and polymorphic P-gp. Also recent studies 

from Carcangiu et al. (2009) found a relationship between the synonymous melatonin 

receptor 1a gene polymorphism and seasonal reproduction in different Italian goat breeds. 

Although the identified polymorphism did not induce any amino acid change, the R/r 

genotype was present only in Sarda breed and in these animals the reproduction activity was 

strongly (P < 0.001) influenced by photoperiod. Doppel expression studies in the testicular 

tissue of polymorphic rams could help to establish the spatial expression profile and the 

function/s of this gene/protein. In conclusion, we can state that the polymorphism in codon 26 

of prnd gene was the only one detected in the Portuguese sheep breeds, under the MRF-

SSCP conditions used in this work. In the polymorphic Churra Galega Mirandesa breed, GG 

genotype could be characterized through a model using three fertility traits, suggesting a 

relationship with male reproduction. Any future research should investigate not only AA 

genotype and its influence on ram fertility but also the possible consequences of the 

European Community selection program to eradicate Scrapie on the prnd genotypes, and 

indirectly on sheep breed's viability and preservation. 
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3.  EXPRESSION, APPLICATION AND ANALYSIS OF RECOMBINANT OVINE 

DPL PROTEIN. 

3.1.  The prion-like protein Doppel enhances ovine spermatozoa fertilizing 

ability. 
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Adapted from Pimenta, Dias, et al. (2012). 

 

3.1.1.  Abstract 

The function of prion-like protein Doppel was suggested to be related to male fertility. In this 

study, the importance of ovine Doppel polypeptide on spermatozoa capacitation and 

fertilization was evaluated. After refolding, recombinant Doppel (rDpl) was supplemented with 

different concentrations (40, 80 or 190 ng/ml) to ovine spermatozoa during the capacitation 

process. In experiment 1, post-thawed ovine spermatozoa were incubated with different 

concentrations of rDpl during 1 h for swim-up, and changes in sperm motility, concentration, 

vigour, viability and capacitation were monitored (10 replicates). In experiment 2, the 

fertilization ability of post-swim-up spermatozoa incubated as above was tested through 

heterologous fertilization of bovine in vitro matured oocytes (n = 423, three replicates). 

Regardless of dosage, rDpl improved (p ≤ 0.03) spermatozoa viability. Sperm individual 

motility and vigour were the highest (p ≤ 0.04) for the group receiving 190 ng/ml rDpl. Sperm 

supplemented with the highest doses of rDpl achieved higher (p = 0.02) fertilization rates 

(56.0 ± 3.0%) than control (39.1 ± 2.2%) and 40 ng/ml rDpl (39.8 ± 2.7%). Preliminary data 

suggest that Doppel protein may enhance in vitro spermatozoa fertilizing ability.  

 

Keywords: Prion-like protein Doppel, ovine, spermatozoa, capacitation, fertilization 

 

3.1.2.  Introduction 

Prions are infectious pathogens that cause a group of invariably fatal neurodegenerative 

diseases in both humans and animals. A hallmark of prion diseases is the conversion of the 
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cellular prion protein (PrPC), expressed by the prion protein gene (prnp), into an abnormally 

folded isoform, designated as PrPSc (prion protein associated with scrapie) in ovine, which is 

the major component of infectious prions (Prusiner et al., 1998). Spontaneous cerebellar 

neurodegeneration and ataxia syndromes in certain strains of prnp0/0 mice led to the 

discovery of a novel prion-like protein Doppel gene (prnd), which encodes a prion-like protein 

designated as Doppel (Moore et al., 1999), also named Dpl. This ataxic phenotype is linked 

to the overexpression of prnd and is corrected after introducing a wild-type transgene in 

prnp0/0 mice (Moore et al., 2001), suggesting a direct or indirect interaction between prnd and 

prnp. However, prnd does not seem to be required for prion disease progression or for the 

generation of the PrPSc isoform (Behrens et al., 2001; Eghiaian et al., 2004). Under 

physiological conditions, prnd is poorly expressed in the brain. However, it is highly 

expressed in the male reproductive tract (Moore et al., 1999; Peoc'h et al., 2002; Silverman 

et al., 2000). Like PrPC, Doppel is a glycosylphosphatidylinositol (GPI) anchored glycoprotein 

(structured by three α-helices and two β-sheets), although it has only a 25% amino acid 

similarity to PrPC and lacks the distinctive PrPC repeats and the hydrophobic domain 

(Silverman et al., 2000). In ovine testis, Doppel protein appears to carry two N-glycans but 

apparently lacks O-glycans (Espenes et al., 2006). After being synthesized in the 

endoplasmic reticulum, the Doppel polypeptide is processed at its C- and N- terminus and is 

then exposed to the cell membrane (Uelhoff et al., 2005). However, observations in cells and 

tissues suggest that Doppel may also exist as an intracellular form devoid of the GPI anchor 

(Cordier-Dirikoc, Zsurger, Cazareth, Menard, & Chabry, 2008; Peoc'h et al., 2002). The 

existence of different Doppel forms either associated with the cell membrane via a GPI 

anchor or in the intracellular or extracellular spaces was proposed by Peoc’h and Laplanche 

(2006). Thus, a soluble form of Doppel protein was identified in human seminal fluid while it 

also presented a transient location within the acrosomal granule/matrix of round spermatids 

(Peoc'h et al., 2002). In addition, under certain conditions of cell trafficking, PrPC retains an 

uncleaved signal peptide, which may also hold for the Doppel polypeptide. This N-terminal α-

helical structured region found in unprocessed Doppel proteins could promote the formation 

of oligomeric aggregates and establish a transmembrane pore (Papadopoulos et al., 2006). 

Regarding human Doppel protein, a hydrophobic cleft, surrounded by charged residues and 

evolutionarily conserved, was recognized and might represent a binding site for an 

unidentified but functionally important factor (Luhrs, Riek, Guntert, & Wuthrich, 2003). Serres 

et al. (2006) hypothesized that Doppel could be acquired during the passage of maturing 

spermatozoa through the epididymis, as it has been described for other GPI proteins 

anchored to spermatozoa, thus suggesting a possible epididymal origin of Doppel. In sheep, 

Espenes et al. (2006) detected the transient presence of Doppel in the final stages of 

spermiogenesis which points to an important role of this protein in the final remodeling of 

spermatids prior to their release into the seminiferous lumen. However, theses authors were 
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unable to identify the Doppel protein on ovine spermatozoa from ejaculated sperm, which 

may suggest an expression level smaller than the detection limit of the methods and 

antibodies used. A possible association between prnd gene polymorphisms and ram semen 

traits/freezability and fertility was recently suggested by Baptista et al. (2008) and Pereira et 

al. (2009). Nonetheless, the precise role of Doppel in male fertility remains unclear. Sperm 

from prnd0/0 mice appear to be unable to undergo the normal acrosome reaction necessary 

to penetrate the zona pellucida of the oocyte. Therefore, prnd0/0 mice were sterile, although 

presenting normal sexual behaviour with reduced or normal sperm concentrations, while 

prnd0/0 females were viable and fertile (Behrens et al., 2002; Paisley et al., 2004). The aim of 

this work was to identify Doppel function on spermatozoa capacitation and on the 

consequent fertilization process. Thus, recombinant Doppel protein expressed in Escherichia 

coli was used to supplement ovine spermatozoa during the capacitation process allowing 

studying spermatozoa fertilizing ability.  

 

3.1.3.  Materials and Methods 

3.1.3.1.  Cloning, expression and purification of ovine Doppel protein 

The cDNA fragment encoding the entire mature ovine Doppel protein (Genebank™: 

AF394223) was synthesized (Geneart, http://www.geneart.com) with a codon utilization 

optimized for Escherichia coli expression and cloned into pGA18 vector using KpnI and SacI 

restriction sites and named pGA18-Dpl. cDNA corresponding to the mature Dpl protein 

(amino acids 27–153) was amplified from the pGA18-Dpl vector, using forward and reverse 

primers containing a NheI and a XhoI restriction sites, respectively, which were used to clone 

the nucleic acid into the prokaryotic expression vector pET-21a (Novagen, Darmstadt, 

Germany), generating pET21aDplA. Recombinant Doppel protein contained a C-terminal His 

tag and was termed rDpl. Aiming to improve the solubility of the rDpl, the DNA fragment 

encoding the T7 promoter fused with the ‘thioredoxin’ (trx) coding sequence, that had been 

previously amplified by our group from the pET32a expression vector (Novagen) using 

forward and reverse primers containing a BamHI and a NheI restriction sites respectively, 

and sub-cloned into the pET28a vector (Novagen), was isolated from pET28a, in BamHI and 

NheI restriction sites, and cloned into the pET21aDplA vector BglII and NheI restriction sites, 

respectively, to generate pET21aDplB. BamHI and BglII generate different-but-compatible 

ends with the same GATC tetranucleotide sequence. With pET21aDplB plasmid, Dpl protein 

is expressed as a linear chimera with the trx tag (named TRX-rDPL) following induction with 

isopropyl-β-D-thiogalactopyranoside (IPTG). The plasmids employed in this work were used 

to transform E. coli Origami (DE3) strains (Stratagene, La Jolla, CA, USA), which were 

cultured in Luria Bertani medium supplemented with 100 μg/ml of ampicillin. The bacterial 

http://www.ncbi.nlm.nih.gov.sci-hub.org/entrez/query.fcgi?cmd=search&db=Nucleotide&dopt=GenBank&term=AF394223
http://www.geneart.com.sci-hub.org/
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cells were grown at 37°C to mid-exponential phase (A600 0.6), and expression of the 

recombinant genes was induced by the addition of IPTG to a final concentration of 1 mM. 

Cultures were further incubated for 4 h at 37°C. Recombinant Doppel was expressed by the 

bacterial cells in the form of inclusion bodies. To purify and refold rDpl, cells were harvested 

by centrifugation (8000 g, 4°C for 10 min), and pellets were resuspended in sodium HEPES 

buffer, pH 8.0, containing 50 mm HEPES, 1 m NaCl, 5 mm CaCl2, 1 mmß-mercaptoethanol 

and 10 mm imidazole (Buffer A). Cells were disrupted by sonication (Bandelin Sonoplus 

HD2070; GmbH e Co. KG, Buchen, Germany), and the inclusion bodies were collected by 

centrifugation and resuspended in Buffer A containing 2 M urea. After sonication and 

centrifugation, the debris pellet was resuspended in Buffer A containing 6 M urea, sonicated 

and stirred overnight at 4°C. The mixture was pelleted by centrifugation (13 000 g, 4°C for 

30 min), and the supernatant was filtered through a 0.45-μm filter before loading into a 5 ml 

HiTrap Chelating HP column (GE Healthcare, Pittsburgh, PA, USA) equilibrated in buffer A, 

containing 6 M urea. After washing with Buffer A containing 6 M urea, rDpl was refolded by 

gradually removing the urea through the application of a linear gradient into Buffer A. 

Recombinant Doppel was eluted in Buffer A, containing 300 mm imidazole. Protein purity 

was assessed by SDS-PAGE. Recombinant Doppel was buffer-exchanged to phosphate-

buffered saline (Gibco, Invitrogen, Carlsbad, USA), by gel filtration using PD-10 (GE 

Healthcare) columns. 

 

3.1.3.2.  Semen collection and cryopreservation 

Semen collection was conducted at the experimental farm of INRB in compliance with the 

requirements of the European Union for farm animal welfare and the Portuguese authority 

guidelines for animal experimentation. Semen was collected in autumn from a native 

Portuguese Merino ram already identified by its good in vivo and in vitro fertility results, using 

an artificial vagina. Each ejaculate was immediately evaluated for volume, motility and 

concentration. Good quality ejaculates (mass motility >4; individual motility >60%; 

concentration >2.5 × 109 spz/ml) were diluted using an extender containing a solution of 

45.0 g/l TRIS, 24.4 g/l citric acid, 5.6 g/l glucose, 15% egg yolk (v/v), 6.6% glycerol (v/v) and 

antibiotics. The diluted semen was loaded into 0.25-ml mini-straws (300 × 106 spz) and 

refrigerated to 4°C. Afterwards semen was placed in liquid nitrogen (LN2) vapours during 

25 min and then submersed and kept in a LN2 container (described in Valente et al., 2010). 

 

3.1.3.3.  Preparation and evaluation of thawed semen 

After thawing, sperm motility was immediately examined by the same experienced observer. 

Thawed semen was then incubated at 38.5°C in a 5% CO2 atmosphere in capacitation 
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medium (modified Bracket’s medium containing 20% ovine serum) in the absence and 

presence of different concentrations of purified rDpl (40, 80 or 190 ng/ml) for swim-up. 

Volumes of 40 μl of the thawed semen were layered under 1 ml of capacitation medium in 

glass tubes (two for each treatment), and the motile spermatozoa were allowed to swim-up 

into the medium during an incubation period of 1 h. The upper regions of the overlays were 

harvested and pooled for each medium used. After centrifugation at 225 g for 5 min, the 

supernatant was rejected and the remaining pellet of spermatozoa was evaluated (Pereira et 

al., 2009). 

 

3.1.3.4.  Spermatozoa motility, morphological parameters and capacitation status 

evaluation 

Post-swim-up sperm individual motility (percentage of progressively motile spermatozoa) and 

vigour (scale 0–5) were subjectively determined by visual estimation using a phase contrast 

light microscope (Olympus BX41, Tokyo, Japan). In addition, spermatozoa viability (nigrosin–

eosin staining) and concentration, calculated in duplicate using a Neubauer’s chamber, were 

also measured. The capacitation status of post-swim-up spermatozoa was assessed by 

measuring the binding pattern of chlortetracycline (CTC) staining in spermatozoa 

membranes using a modified technique described by Perez et al. (1996). Briefly, aliquots 

(5 μl) of motile spermatozoa were mixed with 5 μl of CTC solution (0.4 g/l CTC-HCl, 0.9 g/l 

cysteine in 5 ml of 2.4 g/l Tris and 7.6 g/l NaCl solution), 1 μl of 12.5% glutaraldehyde 

solution and 1 μl of DABCO (Merck, Darmstadt, Germany) on microscope slides before a 

coverslip was placed over each sample. Slides were observed under fluorescence within 

12 h. At least 100 spermatozoa were scored for each slide, and three fluorescent staining 

patterns were identified according to the acrosomal status of spermatozoa: uncapacitated 

acrosome intact cells or ‘F’ pattern, bright post-acrosomal or entire head fluorescence; 

capacitated acrosome intact cells or ‘B’ pattern, bright acrosome region fluorescence; and 

acrosome-reacted cells or ‘AR’ pattern, no head fluorescence or fluorescence in the 

equatorial region only (Perez et al., 1996). 

 

3.1.3.5.  Heterologous in vitro fertilization 

Bovine ovaries were collected and processed as described previously (Pereira et al., 2007). 

Briefly, selected cumulus-oocyte complexes were matured in M199 with Earle’s salts, l-

glutamine and 25 mm HEPES (Gibco). This medium was supplemented with 10% 

superovulated oestrous cow serum, 10 μg/ml FSH (Sigma, St. Louis, MO, USA), 100 UI/ml 

penicillin and 100 μg/ml streptomycin (Sigma). Maturation was accomplished in an incubator 

at 38.5°C with humidified atmosphere in air containing 5% CO2 for 22–24 h. Bovine matured 



 

66 

 

oocytes were denuded and inseminated with swim-up ovine spermatozoa as described by 

Valente et al. (2010). Twenty hours after insemination, presumptive zygotes were washed in 

a 1% sodium citrate solution and fixed in ethanol: acetic acid (3:1) prior to staining with 1% 

aceto-lacmoid. Oocytes were considered fertilized if a decondensed sperm head, two 

pronuclei or synkaryosis were observed under a light microscope. Polyspermy was defined 

by the presence of more than two swollen sperm heads, or more than two pronuclei within a 

single oocyte. 

 

3.1.3.6.  Experimental design 

These experiments were designed to understand the importance of the Doppel protein during 

the capacitation of ovine spermatozoa and the consequent fertilization processes. As both 

rDpl (from pET21aDplA) and TRX-rDpl (from pET21aDplB) were expressed in the form of 

insoluble inclusion bodies, implying the latter an additional step to remove thioredoxin from 

the fusion partner, only refolded and purified rDpl was supplemented with different 

concentrations to ovine spermatozoa during the capacitation process in two experiments. In 

experiment 1, post-thawed ovine spermatozoa were incubated in the absence and presence 

of different concentrations of purified rDpl (40, 80 or 190 ng/ml) during 1 h for swim-up, and 

changes in sperm motility, concentration, vigour, viability and capacitation were monitored. 

Different ejaculates collected and frozen during the breeding season from the same Merino 

ram were used in a total of 10 replicates. In each session, a pool of semen from two straws 

collected and frozen in the same day was used. In experiment 2, ovine spermatozoa were 

incubated in the absence and presence of different concentrations of rDpl (40, 80 or 

190 ng/ml) for swim-up as described earlier, and their fertilization ability was tested. 

Heterologous fertilization was performed using bovine matured oocytes (n = 423) and frozen-

thawed semen from different ejaculates in three replicates (105–180 oocytes/ejaculate). The 

percentage of fertilized oocytes ((decondensed sperm head, two pronuclei, synkaryosis and 

polyspermic oocytes)/total matured oocytes) and of each fertilization stage ((decondensed 

sperm head, two pronuclei, synkaryosis or polyspermic oocytes)/fertilized oocytes) were 

determined. 

 

3.1.3.7.  Statistical analysis 

All results were expressed as mean value ± standard error of mean. Data representing 10 

replicates of spermatozoa motility, morphological parameters and capacitation status as well 

as three replicates for heterologous fertilization rates analysis were performed by analysis of 

variance using a MIXED procedure. The mixed linear model included rDpl doses treatment 

as fixed effect and replicates as random effect. When significant effects were identified, 
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group means were compared by the least significant difference. Pearson’s coefficient of 

correlation and regression equations were calculated to determine the relationship between 

variables and rDpl increment. Mann–Whitney U test was used to compare heterologous 

fertilization stages among groups (Statsoft, 2000). Differences were considered significant 

when p ≤ 0.05. 

 

3.1.4.  Results 

3.1.4.1.  Production of ovine Doppel protein 

Recombinant Doppel protein, here termed rDpl, was purified and refolded from inclusion 

bodies, after expression in E. coli Origami (DE3) transformed with pET21aDplA and 

pET21aDplB. The molecular mass of the recombinant proteins was in accordance with the 

expected molecular weight deduced from the protein primary sequences, and the proteins 

were considered to be more than 95% pure. The fusion of the Doppel protein to the 

thioredoxin sequence (Figure 14-B) had no impact on the overall solubility of the protein in 

vivo, which led us to select the recombinant Doppel protein derived from the expression 

vector pET21aDplA (Figure 14-A) for the experiments described below. 

 

Figure 14. SDS-PAGE (14%). 

 

SDS-PAGE (14%) Doppel (rDpl) protein expressed individually (A) or in fusion with the thioredoxin protein coding 

sequence (B). Both proteins were obtained by purification from inclusion bodies. The molecular masses (kDa) of 

protein standards (NZYTech Ltd., Lisbon, Portugal) are indicated. 

 

3.1.4.2.  Doppel effect on spermatozoa motility, morphological parameters, 

capacitation and fertilizing ability 

In experiment 1, sperm individual motility and vigour were higher after swim-up in the 

presence of 190 ng/ml rDpl than with 80 ng/ml (p = 0.002 and p = 0.04, respectively), 

40 ng/ml (p = 0.0009 and p = 0.04, respectively) or control (p < 0.0001 and p = 0.009, 
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respectively). Spermatozoa viability was improved (p ≤ 0.03) by Doppel protein regardless of 

dosage while the concentration and the capacitation status were not significantly (p > 0.05) 

changed (Table 7).  

 

Table 7. Effect of different concentrations of rDpl protein on spermatozoa 

 Effect of different concentrations of ovine Doppel protein on spermatozoa morphological parameters and 

capacitation status (10 replicates). Data within columns with different superscripts are statistically different 

(P≤0.05); 40 rDpl, 80 rDpl and 190 rDpl =40, 80 and 190 ng/ml of mature ovine Doppel protein (rDpl) in the 

capacitation medium, respectively; Motility – individual spermatozoa motility; conc. - spermatozoa concentration; 

NCap – non-capacitated spermatozoa; Cap – capacitated spermatozoa with intact acrosome; AR – acrosome 

reacted spermatozoa. 

 

In experiment 2, a total of 423 bovine matured oocytes were used to assess the fertilizing 

ability of ovine spermatozoa incubated in the presence and absence of different rDpl 

concentrations. Fertilization rate was higher after spermatozoa incubation with 190 ng/ml 

rDpl during the swim-up than with 40 ng/ml rDpl (p = 0.02) or control (p = 0.02) (Table 8). 

  

 Morphological parameters  Capacitation status 

 

Groups 

Motility  

(%) 

Vigour  

(1-5) 

Viability  

(%) 

Conc. 

(10
6
mL

-1
) 

 NCap  

(%) 

Cap  

(%) 

AR  

(%) 

Control 50.0±3.3
a
 4.5±0.1

a
 34.1±1.4

a
 37.3±8.3  32.0±3.3 47.5±2.4 20.5±2.9 

40 rDpl 53.5±3.5
a
 4.5±0.1

a
 42.1±2.9

b
 25.9±3.8  32.2±4.5 45.5±3.2 23.2±3.3 

80 rDpl 54.0±2.1
a
 4.6±0.1

a
 40.7±2.2

b
 23.4±3.6  31.0±3.7 50.8±2.8 18.2±2.1 

190 rDpl 62.0±2.6
b
 4.9±0.1

b
 44.6±2.5

b
 33.1±7.1  27.8±2.6 53.5±2.2 18.7±2.9 
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Table 8. Effect of different concentrations of rDpl on spermatozoa fertilizing ability. 

Effect of different concentrations of ovine Doppel protein on the spermatozoa fertilizing ability (n=423, 3 

replicates). Data within columns with different superscripts are statistically different (P≤0.05); 40 rDpl, 80 rDpl and 

190 rDpl =40, 80 and 190 ng/ml of mature ovine Doppel protein (rDpl) in the capacitation medium, respectively. 

 

Moreover, a positive correlation (r = 0.884, p < 0.001) between rDpl increments during 

capacitation and fertilization rates was identified (Figure 15). Nevertheless, no differences 

(p > 0.05) in the stages of heterologous fertilization were found among groups. 

 

Figure 15. Linear regression between fertilization and rDpl increments. 

 

Linear regression between purified mature ovine Doppel protein (rDpl) increment during spermatozoa capacitation 

process and fertilization rate. 

 

3.1.5.  Discussion 

To our knowledge, this is the first time that the role of ovine Doppel protein in improving the 

fertilizing ability of ram spermatozoa is reported. Data presented here suggest that sperm 

supplementation with 190 ng/ml of rDpl during in vitro capacitation significantly improves 

spermatozoa motility, vigour, viability and fertilization rate. This observation suggests an 

Groups 
 Fertilization 

(%) 

Decondensed spz 

(%) 

Pro-nucleous 

(%) 

Synkaryosis 

(%) 

Polyspermy 

(%) 

Control 
 

39.1±2.2
a
 43.2±13.6 34.1±16.6 22.8±8.1 0.0±0.0 

40 rDpl 
 

39.8±2.7
a
 32.2±9.7 44.8±2.6 20.2±7.6 2.8±2.8 

80 rDpl 
 

45.4±1.0
ab

 51.1±5.7 20.8±2.9 20.8±2.9 7.2±1.0 

190 rDpl 
 

56.0±3.0
b
 33.9±5.4 31.2±12.2 31.5±12.0 3.5±1.8 



 

70 

 

important function for Doppel during ovine sperm capacitation and also in the consequent 

fertilization process. Furthermore, during the capacitation process, ovine spermatozoa were 

supplemented with different concentrations (40, 80 and 190 ng/ml) of Doppel protein, and the 

enhanced spermatozoa viability was achieved regardless of dosage. Doppel function in male 

fertility is not clearly defined. In mice, Behrens et al. (2002) found that in the absence of 

Doppel, spermatids were malformed and showed a defect in acrosome function which 

resulted in the inability to achieve oocyte fertilization. Moreover, Paisley et al. (2004) found 

that prnd0/0 mice spermatozoa, although presenting normal morphological characteristics, 

only rarely fertilized oocytes in vivo because of an inability to perform the acrosome reaction. 

In addition, prnd0/0 and also prnp0/0/prnd0/0 sperm are capable of fertilizing oocytes in vitro, 

albeit at reduced rates, but unable to support the development of the generated embryos 

beyond the morula stage. Elevated levels of oxidative spermatozoa DNA damage were found 

in both mutants. Mammalian sperm capacitation is a maturation step that enables sperm to 

achieve an acrosome reaction and penetrate the oocyte. During capacitation, several Ca2+ 

induced membrane modifications occur, resulting in an increased motility and hyperactivation 

(Parrish & First, 1993). Reports linking Doppel protein to the control of Ca2+ movements in 

local cell domains, such as the endoplasmic reticulum and the mitochondrial matrix or 

beneath the plasma membrane, have emerged (Brini et al., 2005; Cordier-Dirikoc et al., 

2008). After exposure to rDpl, enhanced spermatozoa viability (all doses, p ≤ 0.03) and 

motility (p < 0.0001), vigour (p = 0.001) as well as fertilization rate at the highest dose 

(p ≤ 0.02) were observed. Perhaps the positive effect of Doppel protein on ovine sperm is 

exerted through its ability to influence Ca2+ transients. Nonetheless, the ability of 

spermatozoa to undergo the calcium ion-induced capacitation or acrosome reaction, as 

identified through CTC staining, was not improved in this study. Human Doppel protein was 

found on mature ejaculated spermatozoa in particular on the flagella (Peoc'h et al., 2002). 

These authors suggest the involvement of Doppel in the motility of spermatozoa which 

comes in agreement with the results presented here regarding sperm individual motility. On 

the other hand, the Doppel polypeptide being described as a GPI-linked membrane protein is 

present in unusual locations such as the acrosomal matrix (Serres et al. 2006) and seems to 

bind to partner(s) and induce the activation of intercellular Ca2+ signalling pathway in B cells. 

This may argue in favour of putative physiological functions for soluble forms of Doppel 

(Cordier-Dirikoc et al., 2008), like the one used in this study. For instance, human PrPC was 

reported as N-terminally truncated isoforms in the human brain (Peoc'h et al., 2002), as well 

as C-terminally truncated isoform in ejaculated spermatozoa (Shaked, Rosenmann, Talmor, 

& Gabizon, 1999). The N-terminal part of Doppel (that embraces the signal peptide) not 

present in the rDpl may, as previously mentioned, adopt a transmembrane location, 

suggesting a possible channel formation mechanism (Papadopoulos et al., 2006). The 

possibility that these transmembrane pores could help in cell–cell interactions, between 

http://onlinelibrary.wiley.com.sci-hub.org/doi/10.1111/j.1439-0531.2011.01827.x/full#b27
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Sertoli and germ cells, throughout spermatogenesis, along with other reported cell adhesion 

molecules should be further investigated. Another possible explanation for the Doppel effect 

on ovine spermatozoa motility, vigour and viability as well as on the consequent fertilization 

process could be related to its action on the modulation of nitric oxide synthase enzyme (Cui, 

Holme, Sassoon, & Brown, 2003). Hence, the synthesis of nitric oxide in spermatozoa has 

been associated with the enhancement of tyrosine phosphorylation of sperm proteins, an 

essential component of the cascade of biochemical changes leading to sperm capacitation 

(Aitken, Paterson, Fisher, Buckingham, & van Duin, 1995), and also in the different events of 

fertilization (Reyes, Vazquez, & Delgado, 2004). In sheep, cervical insemination with frozen-

thawed semen results in low pregnancy rates which is the primary reason for the limited use 

of artificial insemination in this species (Valente et al., 2010). Following either transcervical or 

oviductal insemination of ewes, conception rates and percentage of fertilized ova with frozen-

thawed ram semen were approximately 20% less than with fresh semen (Maxwell, Evans, 

Rhodes, Hillard, & Bindon, 1993). Cryopreservation initiates ‘cryo-capacitation’, producing a 

sperm subpopulation with a shortened life span in vivo, effectively reducing the fertilization 

efficiency of the population as a whole (Bailey, Bilodeau, & Cormier, 2000). The data 

presented here reveal that during the capacitation process, Doppel protein, although not 

significantly affecting spermatozoa capacitation status as identified by CTC staining, 

improves ram semen post-thawed characteristics namely spermatozoa motility, vigour and 

viability, particularly in the highest dose. These better sperm post-thawed characteristics 

resulted in an increased fertilizing capacity. For a preliminary approach, heterologous 

fertilization was chosen to test the fertilizing ability of ram semen. Several authors reported 

heterologous fertilization as a useful tool for predicting the fertility of frozen-thawed ram 

semen either in vivo or in vitro because a high relationship was showed between 

heterologous IVF and in vivo male fertility as well as embryo production rates (Choudhry, 

Berger, & Dally, 1995; Garcia-Alvarez et al., 2009; Valente et al., 2010). The enhanced 

fertilizing ability of frozen-thawed ram semen after exposure to rDpl suggests the possibility 

of using this protein to improve conception rates. Behrens et al. (2002) and Paisley et al. 

(2004) proposed that Doppel is involved in sperm protection from oxidative stress known to 

be increased during the frozen-thawed process. A possible association between prnd gene 

polymorphisms and ram semen traits/freezability and fertility was identified by Pereira et al. 

(2009) that used specific functional in vitro assays to disclose the ability of frozen-thawed 

spermatozoa from prnd polymorphic rams to undergo complicated processes such as 

capacitation, acrosome reaction, fertilization of oocytes and embryo development in vitro. In 

addition, preliminary data indicated that sperm from Churra Galega Mirandesa rams 

heterozygous for 78G>A polymorphism in codon 26 of the prnd gene is characterized by a 

higher viability and lower occurrence of abnormalities (Baptista et al., 2008). In conclusion, 

the data presented in this report indicate that mature ovine Doppel protein may enhance in 
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vitro spermatozoa fertilizing ability. Whether Doppel binds to spermatozoa or is involved in 

direct membrane interactions remains unclear. The clarification of the biological mechanisms 

involving the Doppel protein during capacitation and fertilization could be of fundamental 

importance to elucidate possible causes of male infertility and on the other hand to develop 

improved methods of sperm cryopreservation for commercial application. 
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3.2.  Paving the way through prion-like biosynthesis. Ovine Doppel co-

expression with SUMO fusion technology, and NMR solution structure of its N-

terminal sequence (1-30). 
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3.2.1.  Abstract 

Prion protein (PrPC) biosynthesis involves a multi-step process that includes translation and 

post-translational modifications. While PrP has been widely investigated, for the homolog 

Doppel (Dpl), limited knowledge is available. In this study, we focused on two vital steps of 

eukaryotic protein biosynthesis: targeting by the signal recognition particle (SRP) and 

chaperone-assisted folding. Taking the ovine Dpl (OvDpl(1-30)) peptide as a template, we 

studied its behaviour in two different hydrophobic environments. CD spectroscopy shows that 

TFE promotes the shift of OvDpl(1-30) from a predominant random coil to an α-helical 

conformation. Also, using NMR spectroscopy, the OvDpl(1-30) solution structure was 

determined in DHPC micelles, revealing a stable α-helical central region extending from residue 

Cys8 until Ser22. The NMR structure was subsequently included in a computational docking 

complex with the mammal SRP subunit (SRP54M), and further compared with the N-terminal 

structures of mouse Dpl and bovine PrPC proteins, allowing the determination of (i) common 

predicted N-terminal/SRP54M polar contacts (Asp331, Gln335, Glu365 and Lys432) and (ii) different 
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N-C orientations between prion and Dpl peptides at the SRP54M hydrophobic groove, that are 

in agreement with each peptide largest positive patch and electrostatic potential. Furthermore, 

we used a SUMO-Hexa-His tag-type approach to express recombinant OvDpl(27-153) in the 

E.coli Origami strain, which enhanced significantly its solubility, suggesting that Dpl may, as 

PrPC, benefit from chaperone-assisted folding. Together, these findings provide new insights 

into the biosynthesis of prion-like proteins, raising also new possibilities of achieving soluble 

mature Dpl protein through the co-expression with the SUMO chaperone. 

 

Keywords  

Doppel, prion, signal peptide, SRP54M, SUMO, solubility.  

 

3.2.2.  Introduction 

Prions are the product of a single gene that is highly conserved in mammals (Castiglioni, 

Comincini, Drisaldi, Motta, & Ferretti, 1998). Prion protein gene (prnp) encodes the PrPC protein, 

and is actually synthesized as a family of four members: the membrane anchored glycoprotein 

(SecPrP), two transmembrane forms with opposite topologies (NtmPrP and CtmPrP) and a soluble 

form (CytPrP) (Hegde & Rane, 2003). CytPrP is a PrP isoform that accesses the nucleus, 

interferes with cell growth being constitutively populated by nascent chains that spill into the 

cytosol due to inefficient N-terminal signalling (Drisaldi et al., 2003; Rane, Yonkovich, & Hegde, 

2004). The first discovered prion protein gene homologue was prnd, which lies adjacent to prnp 

in the genomic sequence, and encodes the Doppel protein (Dpl) (Comincini et al., 2001; Moore 

et al., 1999). Dpl, shows the same overall protein architecture as PrPC, but their functions 

diverged along with their sequences (Mo et al., 2001), with Dpl exhibiting a key role in 

successful gametogenesis that calls for close scrutiny (Westaway et al., 2011). This is 

especially important, since the expression of Dpl is focused on the adult testis tissue, where it 

plays an important role in maintaining sperm integrity, normal fertility and motion ability (Guan et 

al., 2009; Mastrangelo & Westaway, 2001). During biosynthesis, PrPC is directed 

cotranslationally into the lumen of the endoplasmic reticulum (ER) by a N-terminal signal 

peptide (SP) (Nunziante, Gilch, & Schatzl, 2003) which is recognized and bound by the SRP 

conserved protein-RNA complex (Batey, Rambo, Lucast, Rha, & Doudna, 2000; Miesbauer, 

Rambold, Winklhofer, & Tatzelt, 2010). SRP54 (SRP S domain 54-kDa subunit (Halic et al., 

2004)), binds the signal peptides through its C-terminal methionine-rich M-domain (SRP54M) 

(Hainzl, Huang, Merilainen, Brannstrom, & Sauer-Eriksson, 2011; Shao & Hegde, 2011), that 
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contains the SP binding site (Batey et al., 2000). Although SP display substantial variation in the 

amino acid sequence due to the higher evolutionary rate (Williams, Pal, & Hurst, 2000), the 

mechanism of cotranslational targeting to the ER membrane of eukaryotes is evolutionarily 

conserved (Keenan, Freymann, Walter, & Stroud, 1998). As such, most of them consist of a 

positively charged N-terminal region (n-region), a hydrophobic central region (h-region) in which 

functional h-motifs are embedded, and a neutral polar C-terminal region (c-region) (Duffy, 

Patham, & Mensa-Wilmot, 2010; Molhoj & Degan, 2004). The h-region has been found to be the 

most essential part of the SP for targeting to and insertion into the ER membrane (Martoglio & 

Dobberstein, 1998).  

In PrP, SP insufficiency appears to play a direct role in at least a subset of familial diseases 

(Rane, Chakrabarti, Feigenbaum, & Hegde, 2010). For instance, the information for the 

mentioned CytPrP synthesis is contained in its N-terminal signal sequence (Juanes, Elvira, 

Garcia-Grande, Calero, & Gasset, 2009). Also, a short 9 residue polybasic region 

(KKRPKPGGW) at the N- terminus (residues 23-31) of mice PrPC (mPrP), is essential for 

efficient prion propagation (Turnbaugh et al., 2012), and has also been implicated in endocytic 

trafficking, binding to glycosaminoglycans and lipid bilayer interactions (Pan et al., 2002; 

Pasupuleti et al., 2009; Shyng, Moulder, Lesko, & Harris, 1995; Sunyach et al., 2003; Taubner, 

Bienkiewicz, Copie, & Caughey, 2010; Wadia, Schaller, Williamson, & Dowdy, 2008; Warner, 

Hundt, Weiss, & Turnbull, 2002). Moreover, mPrP(1-28) functions as a cell penetrating peptide 

able to facilitate the transport of large hydrophilic cargoes through the cell membrane (Lundberg 

et al., 2002).  

In the case of Dpl, membrane leakage experiments have shown that mouse Doppel (mDpl(1-

30)) is more potent than mPrP (1-28) and almost equally potent as the melittin cytolytic peptide 

(Su, He, West, & Mentzer, 2001) in causing leakage of calcein from large unilamellar vesicles 

(LUVs) (Papadopoulos et al., 2006). Also, Dpl contains a basic sequence at the N-terminal (25-

30) similar to the basic sequence (residues 23-28) found at the N-terminal of PrPC 

(Papadopoulos et al., 2006), that resembles a nuclear localization sequence (NLS, residues K25-

P30 in bovine PrPC (bPrP) (Biverstahl, Andersson, Graslund, & Maler, 2004)), and appears to 

have an important role for the internalization of PrPC via endocytosis in neurons (Sunyach et al., 

2003). Furthermore, previous work from our group (Baptista et al., 2008; Mesquita, Batista, et 

al., 2010; Pereira et al., 2009) that focused in a synonymous polymorphism located in codon 26 

of the ovine prnd gene, helped to reinforce the relevance of the Dpl N-terminal region through 

the established association with the susceptibility to scrapie disease and ram reproductive traits.  
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Like PrPC, the mature Dpl is expressed on the cell surface and anchored there with a 

glycosylphosphatidylinositol moiety (Silverman et al., 2000). However, much less is known 

about the cell trafficking of Dpl than of PrPC (Papadopoulos et al., 2006). For instance, it has 

been observed that PrPC can interact with several chaperones from the ER (Watts et al., 2009), 

including Pdia3 and Grp58 (Hetz et al., 2005), suggesting that in physiological condition, PrPC 

requires assistance to fold into the correct conformation (Abskharon et al., 2012). Also, lack of 

sumoylation control of the nuclear population of PrPC is involved in deregulation of cellular 

growth resulting in G0/G1 phase arrest, suggesting that sumoylation can play a stringent 

regulation of this isoform activity (Juanes et al., 2009). Regarding the Dpl protein, SUMOsp 2.0 

(Ren et al., 2009) predicts a Type II non-consensus sumoylation site at position 124 (SREKQDN 

peptide) of ovine Dpl (Figure S 1). Recent proteomics studies suggested that a considerable 

part of sumoylation occurs on non-consensus sites, supporting the emerging view that non-

consensus sumoylation is a common event in live cells (Blomster et al., 2010). 

Dpl shares common structural and biochemical properties with the cellular form of PrPC 

(Benvegnu et al., 2009), and both Dpl (Westaway et al., 2011) and the small ubiquitin-related 

modifier SUMO (Vigodner, 2011) proteins have key roles in successful gametogenesis, which 

led us to investigate the potential benefits for recombinant OvDpl(27-153) expression, that could 

be withdrawn from the chaperoning effects of SUMO. Another crucial feature to the proper 

conformation and stability of Dpl (Whyte et al., 2003) and PrPC proteins (Maiti & Surewicz, 

2001), relates to the formation of disulfide bonds. Based on the aforementioned, we combined 

the use of SUMO-1 as a promoter of peptide solubilization (Zuo et al., 2005), with the co-

expression in the E. coli Origami (DE3) strain, that is permissive to the formation of disulfide 

bonds in the more oxidative cytoplasm (Prinz, Aslund, Holmgren, & Beckwith, 1997). Combining 

these two approaches we were able for the first time to obtain recombinant OvDpl (27-153) 

protein, directly in the soluble form. 

Herein, we focused in two essential steps of eukaryotic protein biosynthesis: (i) targeting by the 

SRP and (ii) chaperone-assisted folding. As such, we began by studying the N-terminal (1-30) 

sequences of ovine Dpl and PrPC peptides and variants from other species via a bioinformatics 

approach. Later we analysed the OvDpl(1-30) secondary structure content via CD 

spectroscopy, and determined its NMR solution structure in a DHPC micellar medium, 

mimicking a membrane environment. Additionally, we used the biomolecular modeling program 

HADDOCK (De Vries et al., 2007) to generate structural models that allowed us to anticipate 

possible interactions that may form between prion and prion-like signal sequences with the 

conserved SRP54 M-domain, thereby opening new perspectives into the mechanisms of the 
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eukaryotic prion-like protein-targeting machinery. Finally, we expressed the OvDpl(27-153) 

protein in the E.coli Origami strain, by using a gene fusion expression system that takes 

advantage of the natural chaperoning properties of the SUMO tag, which enhanced the 

solubility of the purified protein, thereby helping to pave the way for future structural and 

functional studies. Therefore, two different yet complementary paths were tread towards a 

common goal – which is to deepen the knowledge of the mechanisms that sustain prion-like 

biosynthesis. 

 

3.2.3.  Materials and Methods 

3.2.3.1.  Bioinformatics analysis 

Doppel and PrPC N-terminal (1-30) sequences were aligned using Clustal Omega (Sievers et 

al., 2011), and displayed with Uniprot (Consortium, 2012). Sequence logos were generated with 

WebLogo (Crooks, Hon, Chandonia, & Brenner, 2004). H-regions of PrPC signal peptides (PrPC 

h-region sequences (Uniprot ID) from Horse(Q866V7), Donkey(A1Z1U1), Bovine(P10279), 

Zebu(Q5UJI7), Sheep(P23907), Mouse(P04925), Human(P04156), Cat(Uniprot:O18754), 

Dog(O46501), Pig(P49927), Rabbit(Q95211), Green monkey(P67988), Marmoset(P40247), 

Dromedary(P79141) and Rhesus macaque(P67997), in a total of 15 sequences) were analysed 

using PRATT 2.1 (Brazma, Jonassen, Ukkonen, & Vilo, 1996; Jonassen, 1997; Jonassen, 

Collins, & Higgins, 1995) with the following parameters: C=100%; PL=50; PN=50; PX= 5; FN= 

5; FL=2; FP=20; E=0. The physicochemical characteristics (hydrophobic moment (µH), net 

charge at pH=7.4 (z), and hydrophobicity (H)) and the helical wheel diagrams of prion (bPrPp 

(S8-V21)) and Doppel ((mDpl(T7-S19) and OvDpl (C8-S22)) proteins, were determined using 

HELIQUEST (Gautier, Douguet, Antonny, & Drin, 2008). 

 

3.2.3.2.  CD Spectroscopy 

CD spectra were recorded for OvDpl(1-30) peptide in two aqueous TFE concentrations (0.6% 

and 30% v/v). CD measurements were executed on a Jasco 815 spectrometer between 190 

and 260 nm, using of 0.5 cm of path-length cells. The spectra were measured at a peptide 

concentration of 20 μM m/v (in 30% v/v TFE) and 24 μM m/v (in 0.6% v/v TFE). 
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3.2.3.3.  NMR 

3.2.3.3.1.  Sample preparation 

The N-terminal sequence (1-30) of OvDpl was obtained as a synthetic peptide (CASLO 

Laboratory ApS, Denmark) and was used without further purification. Deuterated dihexanoyl-sn-

glycero-3-phosphatidylcholine (DHPC-d22) was purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL). For the NMR experiments, micelle-containing samples were prepared by 

dissolving OvDpl(1-30) powder (3 mM (m/v)) in a mixture of 100 mM DHPC, 90% H2O and 10% 

D2O. The pH was adjusted to 3.5 without buffers and measured at room temperature, with no 

allowance made for isotope effects.  
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3.2.3.3.2.  NMR measurements 

All NMR experiments were carried out at 318 K on a Bruker Avance III 800 MHz (Bruker, 

Wissembourg, France) equipped with a 5 mm inverse detection triple-resonance z-gradient 

probe. For resonance assignment and structure calculation purposes, two dimensional 1H-

COSY, TOCSY, and NOESY spectra were acquired. The COSY spectrum was acquired with 2 

scans and 2048 points in the direct dimension and 512 increments in a spectral window of 

12821 Hz centred at 3784 Hz with a relaxation delay of 1.5 s. The TOCSY spectrum was 

acquired with 16 scans and 2048 points in the direct dimension and 1024 increments, centred at 

3784 Hz. The mixing time was set at 60 ms and the relaxation delay was 1.5 ms. The NOESY 

spectra was acquired with 32 scans and 2048 points in the direct dimension and 1024 

increments, centred at 3784 Hz. The mixing time was set at 120 ms and the relaxation delay 

was 1.5 ms. All spectra were processed with Topspin2.0 (Bruker).  

 

3.2.3.3.3.  Estimation of helix population 

To estimate the helix population we compared the observed chemical shift values of 1Hα with 

the random coil values, according to Wishart and Nip (1998). 1Hα chemical shifts smaller than 

the random coil values tend to occur for helical residues. Then, the average ΔδHα (ΔδHα = δHα
obs - 

δHα
rand. coil, ppm) values for all helical residues was divided by the ΔδHα value corresponding to 

100% helix, -0.39 ppm (Jiménez, Barrachi-Saccilotto, Valdivia, Maqueda, & Rico, 2005) and 

multiplied by 100%. 

 

3.2.3.3.4.  Structure calculation 

Analysis of the spectra and manual assignment of backbone and side-chain protons was 

performed using Sparky 3.114 (Goddard & Kneller). Structure calculations were performed with 

the software ATNOS/CANDID/CYANA in the UNIO software package (Fiorito, Herrmann, 

Damberger, & Wuthrich, 2008; Guntert, 2004; Herrmann, Guntert, & Wuthrich, 2002a; Volk, 

Herrmann, & Wuthrich, 2008), using as input the 2D NOESY spectrum, the chemical shift list 

from Sparky and the amino acid sequence. The standard protocol with seven cycles of peak 

picking using ATNOS (Herrmann et al., 2002a), NOE assignment with CANDID (Herrmann, 

Guntert, & Wuthrich, 2002b), and structure calculation with CYANA 2.1 (Guntert, 2004) was 

applied. A total of 388 distance constraints (125 intramolecular, 115 sequential, 128 medium 

range and 20 long range) were obtained from the NOESY spectra (see Table S 7 of the 
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Supplemental Information). Standard annealing algorithms were used, and a total of 80 

structures were calculated, from which a final ensemble of 20 structures was selected, based on 

their target function and constraint violations, to represent the solution structure. The quality of 

the structure was checked with the program PROCHECK NMR (Laskowski, Rullmann, 

MacArthur, Kaptein, & Thornton, 1996). The coordinates of the final structure together with the 

input constraints have been deposited at the PDB under accession code 2M1J and at the 

BMRB under the accession code 18865. 

 

3.2.3.3.5.  Structure refinement 

The 20 conformers with the lowest final CYANA target function values were further subjected to 

restrained energy-minimization in explicit solvent using the AMBER 12 (Case et al., 2012) and 

the all atom force field ff99SB (Hornak et al., 2006). The structures were immersed in an 

octahedral box using the TIP3P water model (Jorgensen, Chandrasekhar, Madura, Impey, & 

Klein, 1983), with a thickness of 10 Å. A total of 5 chlorine atoms were also included to 

neutralize charge. The simulation was performed under periodic boundary conditions and the 

particle-mesh Ewald approach was used to account for the electrostatic interactions (Darden, 

York, & Pedersen, 1993). After energy minimization (2000 cycles) to regularize the CYANA 

structures, the temperature of the system was rapidly increased to 1000 K over 20 ps, and then 

slowly cooled to 0 K over 250 ps. The distance and torsion angle constraints were applied with 

force constants of 32 kcal.mol-1Å-2 and 50 kcal.mol-1.rad-2, respectively. These structures were 

inspected for any local regions of high restraint violation. The quality of the final ensemble was 

assessed using the PROCHECK-NMR.67 Selected optimized structures of OvDpl(1-30) peptide 

were chosen for further docking simulations. 

 

3.2.3.4.  Predicted docking protocol between N-terminal peptides and SRP54M 

Using the structure of the human SRP54 M-domain (Clemons, Gowda, Black, Zwieb, & 

Ramakrishnan, 1999) (as monomer: PDB entry code 1QB2 chain A(326-432); and dimer: PDB 

entry code 1QB2 chain A and B(326-434)) as template, molecular models of the complex 

between the ovine, mouse and bovine N-terminal(1-30) three-dimensional structures 

(respectively PDB entry codes: 2M1J, 1Z65 and 1SKH) and hSRP54M, were constructed with 

the biomolecular modelling program HADDOCK (De Vries et al., 2007; Dominguez, Boelens, & 

Bonvin, 2003). The interface prediction in both partners (active and passive residues) was 
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determined through the CPORT (de Vries & Bonvin, 2011) prediction method that is optimized 

for use with HADDOCK. The HADDOCK docking protocol was performed as described 

elsewhere (Dominguez et al., 2003). The first docking step consisted in a rigid body energy 

minimization. 10×103 complex conformations were calculated at this stage. The 500 best 

solutions were then selected for further simulated annealing refinements. Firstly the two proteins 

were considered as rigid bodies and their respective orientation was optimized, then the side 

chains at the interface were allowed to move in a second simulated annealing simulation. In the 

third simulating annealing simulation both backbone and side chains at the interface were 

allowed to move. The resulting complex structures were energy minimized through 200 steps of 

the steepest descent method. In the final docking stage, the structures obtained were gently 

refined (100 MD heating steps at 100, 200 and 300 K followed by 750 sampling steps at 300 K 

and 500 MD cooling steps at 300, 200 and 100 K all with 2 fs time steps) in an 8 Å shell of 

TIP3P water molecules. A cluster analysis was performed on the final docking solutions using a 

minimum cluster size of 10. The root mean square deviation (RMSD) matrix was calculated over 

the backbone atoms of the interface residues using a 5.0 Å cut off. The resulting clusters were 

analysed and ranked according to the HADDOCK score which consists in a weighted sum of 

intermolecular electrostatic, van de Waals, desolvation and AIR (ambiguous interaction 

restraints) energies, and a buried surface area term. Structural figures were constructed using 

Chimera 1.6 (Pettersen et al., 2004) and Pymol 1.4 (Schrödinger, 2010). 

 

3.2.3.5.  Cloning, expression and purification of recombinant proteins 

3.2.3.5.1.  Dpl expression vector 

Cloning of OvDpl(27-153) chain sequence into pET-21a (Novagen, Germany), generating 

pET21aDplA, was performed as described elsewhere (Pimenta, Dias, et al., 2012). 

 

3.2.3.5.2.  SUMO-Dpl fusion expression vector 

The cDNA fragment encoding the entire ovine Doppel protein (Uniprot ID: Q9GJY2) was 

synthesized (Geneart, Life Technologies Corporation) with a codon utilization optimized for E. 

coli expression, and cloned into pGA18 (ampR) using KpnI and SacI restriction sites. cDNA 

corresponding to the ovine Dpl protein chain sequence (27-153) was amplified from pGA18, 

with a proofreading DNA polymerase (NZYDNA Change; NZYTech, Portugal), using forward 

and reverse primers containing BsaI (Eco31I) and XbaI restriction sites, respectively. NZYPCR 
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cloning kit (NZYTech, Portugal) was used for direct cloning of the blunt-ended PCR product, into 

the pNZY28 Vector (linearized with EcoRV). The recombinant vector was digested with BsaI 

and XbaI enzymes, and the excised gene gel-purified, extracted and cloned (directional 

insertion) into the pE-SUMO vector (SUMOpro Expression System, Lifesensors, Inc.), 

previously linearized with BsaI, generating pE-SUMO-Dpl. The final construct was verified by 

sequencing (StabVida, Portugal) for in frame cloning of the gene of interest with the Smt3 (yeast 

SUMO) tag and confirmation that no mutations accumulated during the PCR. The recombinant 

protein contains a His tag located at the N-terminal of the Smt3 protein sequence. 

 

3.2.3.5.3.  Expression of recombinant proteins in E. coli 

Both pET21aDplA and pE-SUMO-Dpl plasmids were used to transform a variety of expression 

strains: BL21(DE3), Origami (DE3), and Tuner (DE3) from Novagen. Cells were grown on high-

nutrient medium (super-broth (Barbas III, Burton, Scott, & Silverman, 2001)) supplemented with 

100 μgmL-1 of ampicillin. The bacterial cells were grown at 37°C to mid-exponential phase 

(O.D.600 of 0.9) and expression of the recombinant gene was induced by the addition of 

isopropyl-β-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cultures were 

further incubated at 20ºC overnight, as previously described for other recombinant proteins 

expressed with the Smt3 (Saccharomyces cerevisae yeast SUMO) protein tag (Marblestone et 

al., 2006). Of the host cells studied, only Origami (DE3) strain produced high amounts of 

recombinant proteins (with both pET21aDplA and pE-SUMO-Dpl plasmids), and was used for 

high level protein expression. 

 

3.2.3.5.4.  Purification of recombinant proteins 

Cells were harvested by centrifugation (8000×g, 4 °C for 10 min), and pellets were resuspended 

in sodium HEPES buffer, pH 7.5, containing 50 mM HEPES, 1 M NaCl and 5 mM CaCl2 (Buffer 

A), and 10 mM imidazole. Cells were disrupted by sonication (Bandelin Sonoplus HD2070, 

GmbH e Co.KG) and again harvested by centrifugation (13000×g, 4 °C for 30 min). The 

supernatant, containing the cell free extract, was filtered through a 0.45 µm filter before loading 

into a HisTrap™ column (GE Healthcare), equilibrated in Buffer A (containing 10 mM imidazole), 

for purification of the His-tagged fusion protein by immobilized metal affinity chromatography 

(IMAC), using the fast protein liquid chromatography (FPLC) system (GE Healthcare). The 

column was washed with 100 ml of Buffer A (containing 30 mM imidazole), and bound 
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polypeptides were eluted with Buffer A (containing 300 mM imidazole), using a gradient step. 

Eluted fractions were tested for the presence of the recombinant protein with the Bradford 

reagent (Sigma) as described in Bradford (1976) and through SDS-PAGE analysis with 

Coomassie blue staining. The insoluble pellets (IB) obtained after sonication (containing either 

Dpl or Dpl-SUMO IBs) were resuspended in Buffer A (containing 10 mM imidazole and 2 M 

urea). After sonication and centrifugation, the resulting pellets of inclusion bodies, were 

resuspended in Buffer A (containing 10 mM imidazole and 6 M urea), sonicated and stirred 

overnight at 4 °C. The mixture was pelleted by centrifugation (13000×g, 4 °C for 30 min) and the 

supernatant containing the denatured insoluble proteins was filtered through a 0.45 µm filter, 

before loading into a His GraviTrap™ column, equilibrated in Buffer A (containing 10 mM 

imidazole and 6 M urea), for purification of the histidine-tagged fusion proteins (Dpl and Dpl-

SUMO) by IMAC. The column was washed with 100 ml of Buffer A (containing 30mM imidazole 

and 6 M urea), and bound polypeptides were eluted with Buffer A (containing 300 mM imidazole 

and 6 M urea), using a gradient step. Eluted fractions were tested for the presence of the 

recombinant protein as previously described. 

 

3.2.3.5.5.  Western blotting 

Proteins expressed with the pET21aDplA and pE-SUMO-Dpl plasmids were extracted from 

soluble and insoluble fractions (as mentioned) separated by SDS-PAGE, and transferred onto 

nitrocellulose membranes (HybondTM-C Extra, Amersham Bioscience, UK) at 300 mA for 1 h 

(Mini-PROTEAN Tetra Electrophoresis System, Biorad). Membranes were then incubated 

overnight at 4 ºC with TTBS buffer, containing 5% skimmed milk. The expressed protein was 

probed with anti-His horseradish peroxidase (HRP) enzyme conjugated antibody (1/500, Roche, 

Germany). The membranes were finally washed with TTBS buffer for 50 min and visualized with 

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, USA). 

 

3.2.4.  Results 

3.2.4.1.  Sequence analysis 

Figure 16 shows the N-terminal (1-30) sequences of ovine Doppel and PrPC proteins, as well as 

some related variants from other species. The signal sequences of PrPC from different species 

can be classified into two classes according to the variable n-region: those with an uncharged 

and shorter n-region (composed of MANLSYW) and those with a longer, positively charged n-
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region (composed of MVKSHIGSW); or into three groups on the basis of the number of Met 

residues and their position with respect to regional boundaries (Juanes et al., 2009). Counting + 

1 for the initiator methionine (which carries a positively charged free amino group in 

eukaryotes), +1 for the basic residues Arg, and Lys (His is predominantly neutral at 

physiological pH), and -1 for the acidic residues Asp and Glu (as described in von Heijne 

(1984)), the net charge for the SP n-region of the sequences identified in Figure 16, are +3 for 

Dpl peptides, +2 for the prion protein sequences (e.g. bPrPp) containing a longer n-region 

(MVKSHIGSW), and +1 for the prion protein sequences containing a shorter n-region 

(MANLSYW). Moreover, and contrarily to Dpl, all the prion signal sequences represented in 

Figure 16 exhibit an acidic electrically charged residue (Asp, D) in their C-terminal regions. Also, 

the PrPC NLS sequence contains more charged amino acid residues relatively to the Dpl 

counterpart (Figure 16).  
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Figure 16. Sequence alignment of the N-terminal part (1-30) of Dpl and PrP
C
 sequences. 

 

Amino acid sequences of Dpl (first 7 sequences) and PrP
C
 (last 7 sequences) from different species. Positions for the 

predicted sites of cleavage between the SP and the mature protein are identified with red arrows. H-regions (Juanes 

et al., 2009; Kim, Rahbar, & Hegde, 2001) within PrP
C
 SP are underlined (solid line). Putative PrP

C
 NLS (Lundberg et 

al., 2002) are dashed underlined. Chameleon pentamer (STVKA (Gendoo & Harrison, 2011; Kuznetsov & Rackovsky, 

2004)) in mDpl sequence, is dotted underlined. Hydrophobicity (blue), and positive (green) and negative (red) 

charges, are highlighted. A phylogram of Dpl and PrP
C
 amino acid sequences is displayed on the left. 

 

Ability to take up a helical conformation appears to be required at some point in the function of a 

signal sequence (Jones, McKnight, & Gierasch, 1990). Interestingly, within this region (first 30 

amino acid residues), and for the studied sequences (Figure 16), from the first methionine, a 

hydrophobic amino acid is present at every three or four residues for, roughly, the first 30 amino 

acids. This suggests that this section of the protein has great potential to acquire α-helical 

conformation (namely in hydrophobic environments), since the α-helix, which has 3.6 residues 

per turn (Pauling, Corey, & Branson, 1951), tends to include sequences where hydrophobic 

residues appear with a periodicity of three to four residues to allow for the hydrogen bonds 

between the CO of residue n and the NH of residue n + 4 or n+3 to be formed (Levitt & Greer, 

1977; Pauling et al., 1951; Schiffer & Edmundson, 1967), fitting well with the observed 

sequence conservation data. Moreover, since in residue 26 or 28 (PrPC with shorter or longer n-

region, respectively) a proline (Pro, P) appears in about half of the sequences shown while, in 

Doppel, a glycine (Gly, G) is shown at the same 28 position (including in the ovine version of the 
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peptide) and knowing that these two amino acids tend to disrupt α-helices (Izard, Doughty, & 

Kendall, 1995; Levitt & Greer, 1977; Schiffer & Edmundson, 1967), it is indeed possible that the 

OvDpl(1-30) peptide has an α-helical conformation that stops at amino acid 28. Overall, given 

that these α-helical disruptive residues are highly conserved, this might be directly related to the 

N-terminal peptide function, whereby an α-helix is required for its physiological function to be 

formed up to residue 28 (and no longer than that). The N-terminal region (Figure 16) 

encompasses the signal peptide sequence. Despite the lack of primary structural homology, the 

features of signal sequences enable them to be identified in protein sequences with high 

confidence (Bendtsen, Nielsen, von Heijne, & Brunak, 2004). The common features are also 

quite universal, characterizing signal sequences from prokaryotes, yeast, and mammals. In fact, 

signal sequences from one organism generally work to specify export in the other organisms. In 

addition, many different signal sequences within a given organism are recognized by each of 

the recognition species (SecA or SRP) (Clerico, Maki, & Gierasch, 2008). Given the ‘h-motif 

hypothesis’ (Duffy et al., 2010) that h-regions are not random hydrophobic sequences, but 

‘scaffolds’ in which functional embedded h-motifs confer biological activity to signal peptides, we 

searched the PrPC h-region sequences for the presence of these motifs. A motif consists of ICs 

(identity components) that are joined by linker amino acids, and each IC can be represented 

either by a single amino acid (fixed component) or multiple (alternative) residues (i.e. 

ambiguous component). Motifs are characterized by three features: (i) composition of ICs; (ii) 

order of residues in the ICs; and (iii) length of spacers (Duffy et al., 2010). 

 

Table 9. h-motifs in aligned prion signal peptide h-regions sequences. 

Best Patterns Unique Motifs Fitness Hits (Sequences) 

1 L-x-[LV]-F-V-[ATV] 18.3005 15(15) 

2 L-x(0,2)-F-V-[ATV] 14.1168 30(15) 

3 F-V-[ATV] 10.9467 15(15) 

4 L-x(0,1)-V 7.8401 26(15) 

5 L-x(0,2)-F 7.3401 30(15) 

 

A total of 15 prion h-regions were analysed with PRATT using the parameters described (see “Materials and 

Methods”). PROSITE style: e.g. L-x(0,2)-F-V-[ATV] is a pattern with four components (three identity: L, F, and V and 

one ambiguous [ATV]) and one flexible wildcard region. This pattern matches any sequence containing an L followed 

by any two or zero arbitrary amino acids, followed by an F, a V, and finally an A, T or V. The fixed identity residues 
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(bold) are the hydrophobic aliphatic: leucine (L) and valine (V) and the hydrophobic aromatic: phenylalanine (F), 

amino acids. Hits: Combined number of times the pattern occurs in all the h-regions. Logo diagram (Crooks et al., 

2004) below represents the amino acid sequence conservation at each amino acid residue position. 

 

Leucine-rich signal sequence is necessary for optimal interaction with SRP (Zheng & Nicchitta, 

1999) For human h-regions, leucine richness clearly increases the probability that an h-motif 

occurs in the peptide (Duffy et al., 2010), which is also observed in the prion h-region (fixed 

identity amino acid residues and positions 2 and 4 of the sequence logo of Table 9). Moreover, 

in avian prion proteins (Uniprot ID: P27177(Chicken), Q6JM13(Budgerigar), Q9I8G1 (Duck), 

G1MPX8 (Common Turkey), Q9I9F3 (Pigeon), Q9I9F2 (Quail) and Q6JM14 (Peafowl)) , the 

homologous sequence (aligned with Clustal Omega (Sievers et al., 2011)) to the mammal h-

region, is the consensus LLALLLA sequence, which also presents leucine residues in position 2 

and 4 and further strengths the leucine-richness feature. Also, from the mammal prion h-motif 

analysis (Table 9), several general features of prion h-motifs are apparent. First, the fixed ICs in 

the major motifs are leucine, valine and phenylalanine. Second, the ambiguous ICs are alanine, 

threonine and valine. Third, in the minor h-motifs (patterns 4 and 5), leucine, valine and 

phenylalanine remain as fixed ICs, with leucine preponderance (present in both patterns). Also, 

we can verify that conserved L, F and V residues in the 2, 5 and 6 h-region positions (L-x(0,2)-F-

V-[ATV]; second pattern in Table 9), likely confer structural characteristics that are important for 

prion SP biological activity. We then compared the ovine prion h-region, with identical segments 

(aligned with Clustal Omega (Sievers et al., 2011)) present in ovine signal peptides (18 

experimentally verified sequences) obtained from the SPdb (Choo, Tan, & Ranganathan, 2005) 

signal peptide database, using the same PRATT 2.1 (Brazma et al., 1996; Jonassen, 1997; 

Jonassen et al., 1995) parameters as before (except for a C%=89). The best identified pattern 

(27 hits in 17 sequences, and a fitness score of 9.5210) was L-x(0,2)-L-x-[AGLV]. Comparing 

with the second pattern from Table 9, we can observe that both have in common the L-x(0,2) 

pattern. Moreover, when Leu455 in the hydrophobic core of the SP (PDB code: 3KL4) was 

mutated to Arg, this mutant was eluted in the void volume, suggesting that the signal sequence 

no longer binds to the M domain and causes aggregation (Janda et al., 2010). Interestingly, 

when we carried out in silico prediction for missense variants effects by using Pathogenic-Or-

Not-Pipeline (PON-P (Olatubosun, Valiaho, Harkonen, Thusberg, & Vihinen, 2012)), in order to 

test the effect of changing, one at the time, the residues in the ovine (W9ILVLFVAMW18) and 

human PrPC (W7MLVLFVATW16) sequences, encompassing the h-region, by the basic 

electrically charged Arg residue, the highest probability of pathogenicity value was obtained in 

the homologous Leu11 (ovine) and Leu9 (human) residues (with 0,95 and 0,67 respectively), that 
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corresponds to the L fixed ICs in the previously described PRATT parameters. PON-P 

predictions suggest that substitution of leucine by arginine in the referred positions changes 

significantly the protein properties and therefore would not be tolerated, further emphasizing the 

importance of this residue at this location. In the case of Doppel proteins, we forecast a longer 

h-region relatively to PrPC, extending from the Leu10 to the Phe18 residues (e.g. in the sheep 

sequence; Figure 16) or between Val10 and Ala18 (e.g. in the mouse sequence; Figure 16). This 

is based on the following features: i) The last (C-terminal) predicted Dpl h-region residue 

precedes a helix-breaking residue (Ser19) (Perlman & Halvorson, 1983; von Heijne, 1983, 1986), 

that is virtually absent in the h-region (von Heijne, 1985); ii) scanning the sequence upstream 

towards the N-terminal, we can assign the h-region at the first occurrence of at least two 

consecutive hydrophobic residues (as Leu17 and Phe18 in sheep and Leu17 and Ala18 in mouse); 

iii) the Dpl h-region N-terminal (Leu10 in sheep and Val10 in mouse) is set after the Trp9 residue 

(in Sheep, Bovine, Mouse and Human), that aligns to the Trp7 (human and mouse) and Trp9 of 

prion sequences (Figure 16). 

 

3.2.4.2.  CD spectroscopy 

As mentioned, the OvDpl(1-30) sequence suggests the possibility of an α-helical conformation, 

comprising amino acid residues with favourable helix propensities (Pace & Scholtz, 1998) (e.g. 

Leu and Ala) and exhibiting an overall sequence identity (Altschul et al., 1997) of 77% with 

mDpl(1-30) peptide. Also, Papadopoulos et al., who performed CD experiments on the mDpl(1-

30) peptide, identified an α-helical conformation under a variety of conditions and concluded 

that in comparison with mouse prion (mPrP(1-28)) this probably reflects its weaker tendency for 

aggregation with concomitant β-structure induction (Papadopoulos et al., 2006). As such, we 

decided, as an initial approach, to determine the peptide secondary structure content in different 

environments via circular dichroism. Binary H2O/TFE mixtures have often been used to mimic 

the unique chemical environment of membrane (Lee, Tung, & Luo, 2012), as TFE in aqueous 

solution forms a dynamic micelle-like cluster which enhances the effect of alcohol (Yamaguchi, 

Naiki, & Goto, 2006). TFE is a well-known secondary structure inducer (Buck, 1998), that tends 

to enhance the stability of backbone hydrogen bonds of which the carbonyl groups are from 

non-polar residues (Shao, Fan, Yang, & Qin Gao, 2012) and has been shown to induce and 

stabilize α-helices in sequences with intrinsic helical propensity (Izard et al., 1995; Sonnichsen, 

Van Eyk, Hodges, & Sykes, 1992) without altering helix limits (Nelson & Kallenbach, 1989). 

Moreover, it is a solvent considered to mimic the hydrophobic solvent-excluded environment, 
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which may form early in the protein folding pathway (Padmanabhan, Jimenez, & Rico, 1999). 

Binding of TFE to the hydrophobic face of the peptide allows TFE to reside on the peptide 

surface, displacing the water molecules that compete with intramolecular hydrogen bonds (Lee 

et al., 2012).  
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Figure 17. Effect of TFE on OvDpl(1-30) CD spectra. 

 

CD spectrum of OvDpl(1-30) peptide in 0.6% (dashed line) and 30% (solid line) TFE. In 0,6% TFE, the peptide 

adopts an extended conformation, as seen by the negative band around 200 nm. The peptide acquires an α-helical 

conformation with increasing TFE, as indicated by the final shape of the curve, with two local minima at [θ]222 and 

[θ]209, as well a local maxima, at [θ]215 nm, in 30% TFE, thus closely resembling a classical α-helical curve. The 

final peptide concentration was 24 μM (0.6% TFE) and 20 μM (30% TFE). The temperature was 25°C. [θ], Molar 

elipticity. 

 

The CD data (Figure 17) shows that in low (0.6%) TFE concentration OvDpl(1-30) is mostly in a 

random conformation with some degree of helical peptide present. When TFE is added up to 

30%, the OvDpl(1-30) shifts toward an α-helical conformation, with dual minima at 222 nm and 

209 nm. As such, it can be hypothesized that the peptide in a predominantly aqueous solution is 

neither in an entirely random coil nor in a completely α-helical conformation, possible 

continuously interchanging between the two conformations. Conversely, in a membrane 

environment, in the presence of hydrophobic phospholipids, or upon binding to the SRP54M 

hydrophobic groove, it may switch to an α-helical conformation. Moreover, it has been shown 

that amino acids such as Gly, Ile, and Val (included in the OvDpl(1-30) sequence) that do not 

display a propensity to α-helical conformation in aqueous solution, do so in a bilayer or 

membrane mimetic environment such as TFE (Deber, Liu, & Wang, 1999). Therefore, the 
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hydrophobic environment in SRP54M could serve as an α-helical inductor, prompting OvDpl(1-

30) transition to the desired α-helical active conformation. This is in agreement with previous 

results by Papadopoulos et al. (2006) for mouse Dpl(1-30) and prion(1-28) peptides, that 

suggest that membrane interactions with the N-termini of the whole proteins may be important 

for structuring of the sequences (Papadopoulos et al., 2006). SRP could thus perform a 

chaperone function maintaining the signal sequence in a suitable dynamic conformation for 

binding to membrane components of the ER, as previously proposed by others (Zheng & 

Nicchitta, 1999). 

 

3.2.4.3.  NMR spectroscopy 

3.2.4.3.1.  Structure of OvDpl(1-30) peptide in DHPC micelles 

To test if the peptide was indeed able to gain structure and, namely, an α-helical conformation 

in a hydrophobic environment, we studied the effect of DHPC phospholipid containing micelles 

(a closer model of biological membranes (Warschawski et al., 2011)) on the peptide secondary 

structure by NMR. The 1H NMR spectra of the peptide in DHPC micelles shows good chemical 

shift dispersion, indicating that it adopts a stable secondary structure under the studied 

conditions. The analysis of the secondary chemical shifts for the 1Hα protons, calculated 

according to Wishart and Nip (1998) (Figure 18-A), indicates an α-helical central region, 

between residues Trp9 and Ser19, corresponding to 40% helical content. This evidence is further 

supported by NOE data (Figure 18-B). Overall, the helix population, estimated as described in 

Materials and Methods, is about 64%. Due to the good quality of the NMR spectra obtained, it 

was possible to assign 95.2% of all protons of the peptide (167 out of 175). From the assigned 

NOE cross peaks, 388 distance constraints and 125 angles were generated and used in 

structure calculation, corresponding to an average of about 20 restraints per residue (Figure 18-

C). Clearly, the central region of the peptide has more restraints per residue then the terminals, 

thus its better definition in the final structure. Figure 18 shows the final structure, represented by 

an ensemble of the minimized 20 best structures. The structural statistics are summarized in 

Table S 7 of the Supplemental Information. The quality of the structure was checked with the 

program PROCHECK NMR (Laskowski et al., 1996) and the Ramachandran plot shows that all 

the amino acid residues are in allowed regions (86.2% for most favoured regions, 12.4% for 

additional allowed regions and 1.4% for generously allowed regions). Although the secondary 

chemical shift for the 1Hα protons only indicates an α-helical region between residues Trp9 and 

Ser19, further analysis of the backbone torsion angles and hydrogen bonding pattern, suggests 
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that the helix can extend further at both the N- and C-terminus. In fact, when calculating the 

structure, and after the minimization, it was showed that the α-helix extends from residue Cys8 

until Ser22.   
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Figure 18. Conformation of OvDpl(1-30) as determined by NMR spectroscopy. 

 

A) Experimental secondary chemical shifts for the 1Hα protons of OvDpl(1-30); B) Region of the NOESY spectrum, 

corresponding to the HN–HN NOE correlations. C) Number of restraints per residue. The data corresponds to a 

solution of 3 mM OvDpl(1-30) in 100 mM DHPC micelles at pH 3.5 and 318 K, prepared in 90% H2O and 10% D2O. 

D) Representation of the 3D structure of OvDpl(1-30) in solution. Superposition of the minimized 20 best structures 

(PDB code: 2M1J). The structures are represented as ribbons. The α-helical section is depicted in blue and the 

random coil is depicted in grey. The letters N and C refer to the amino and carboxyl termini, respectively. 

 



 

94 

 

These results are in good agreement with the CD analysis, supporting the formerly raised 

hypothesis. 

 

3.2.4.3.2.  Comparison of OvDpl(1-30) with other related peptides 

The NMR structure of the OvDpl(1-30) peptide is very similar to those of mDpl(1-30) 

(Papadopoulos et al., 2006) and bPrPp(1-30) (Biverstahl et al., 2004), determined under similar 

conditions (Figure 19). When comparing the three structures we see that the rmsd is very low 

(0.81 Å (for 17 Cα atoms) and 0.76 Å (for 14 Cα atoms), for the comparison of OvDpl(1-30) with 

mDpl(1-30) and bPrPp(1-30), respectively. A common feature in most Doppel and Prion protein 

variants is the presence of one or more Trp residues at the N-terminal end (Figure 16). As in the 

mDpl(1-30) (Papadopoulos et al., 2006), a tryptophan residue is located close to the N-terminal 

end of the α-helix. Its position is similar to that seen by Papadopoulos et al. (2006), with the 

plane of the rings of the Trp parallel to the α-helix axis, putting the Trp favourably positioned at 

the membrane interface (Figure 19). This Trp residue is thought to be responsible for anchoring 

the SP to the micelle (Rankenberg et al., 2012). 

 

Figure 19. Superposition of the ovine, bovine and mouse 3D NMR structures. 

 

Superposition of the 3D NMR structures of OvDpl(1-30) peptide (blue) and the corresponding fragment of mDpl(1-30) 

(light grey) and bPrPp(1-30) (dark grey). For each protein the conformer with the smallest rmsd to the mean of the 

final 20 (ovine) and 22 (mouse and bovine) conformers is shown. The N-terminal Trp residue in all structures is 

shown as sticks. 

 

In a recent work, Sauve, Buijs, Gingras, and Aubin (2012) determined the NMR solution 

structure of the human prion protein, PrP(110–136), in dodecylphosphocholine (DPC) micelles 

and verified that the peptide adopted a curved α-helical conformation with the glycines and short 

chain amino acids lining the concave side of the curved helix and the larger hydrophobic side 

chains of valine and leucine residues located on the convex side. Most interestingly, when 
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comparing this structure with the OvDpl(1-30) (rmsd = 0.90 Å, for 14 Cα atoms), although the α-

helical structure is shorter, we see the same curved conformation (see Figure S 2 of the 

Supporting Information). Moreover, the amino acid distribution is also similar, with the bulkier 

residues located mostly in the convex side and the smaller residues located in the concave side. 

This may be indicative of a similar peptide/micelle interaction, revealing a common feature 

among this type of peptides. 

 

3.2.4.4.  Predicted SP/SRP54 M-domain docking 

As can be seen from the intermolecular energies in Table S 8 of the Supporting Information, the 

associations are dominated by electrostatic interactions. Clusters with higher HADDOCK scores 

were selected and the polar contacts mapped, thus giving structural insights of PS/SRP54M 

interaction, as represented in Figure 20.  
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Figure 20. PS/SRP54M predicted polar contacts.  

 

SRP54M is represented as a monomer in A, D and G; and as a dimer in B, C, E, F, H and I. (A-C) OvDpl(1-

30)/SRP54M model; (D-F) mDpl(1-30)/SRP54M model; (G-I) bPrPp(1-30)/SRP54M model. In A, B, D, E, G and H, 

SRP54M and signal peptides are shown respectively in semi-transparent surface (pale cyan) and cartoon (orange) 

representations. SRP54M polar contacts are indicated with one-letter code in the figures. SP polar contacts are in 

bold type and underlined (amino acid sequences). (C, F, I) Cartoon representation of hSRP54m dimer with the 

monomers colored gray with no (chain A) and low (chain B) transparency, showing the hydrophobic groove occupied 

by helix 1 from the neighboring molecule, and signal peptides as they are located in the monomer (SP in orange, 

superimposing SRP54M helix 1), or the dimer (SP in blue). 
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3.2.4.5.  Helical-wheel analysis 

Despite the general high affinity of signal sequences to membranes, the functional relevance of 

such direct interaction is still under debate (Klein et al., 2012). As such, the positively-charged 

amphiphilic (rather than being hydrophobic) but not necessarily helical structure, is essential for 

mitochondrial pre-sequence function (Pfanner, 2000; Roise et al., 1988). Moreover, signal 

sequence binding pocket is formed by the hydrophobic faces of SRP54M amphipathic helices 

(Bernstein et al., 1989). Based on the structural data obtained with NMR spectroscopy for the 

OvDpl(1-30), mDpl(1-30) and bPrPp(1-30) peptides, we determined the amphiphilic character of 

the α-helical structures within these sequences (see Figure S 6 of the Supporting Information). 

The physicochemical properties and amino acid composition of bPrPp (Ser8-Val21), mDpl(Thr7-

Ser19) and OvDpl (Cys8-Ser22) α-helices were calculated with HELIQUEST (Gautier et al., 2008) 

and plotted as helical wheels to observe the relative conservation of amphipathicity, as 

predicted by the hydrophobic moment (µH) analysis (see Figure S 6 of the Supporting 

Information). Although exhibiting low overall hydrophobic moments (µH), the last window of 11 

amino acids was consistently higher than the first one in the three sequences. Moreover, prion 

bPrPp(Ser8-Val21) α-helix, besides exhibiting the highest µH value in the full sequence, also 

showed a substantially higher gap (0,2) between the last and first windows of 11 residues, 

relatively to mDpl(Thr7-Ser19) and OvDpl (Cys8-Ser22) Dpl sequences (0,06 and 0,03 

respectively), which may partly contribute to the cellular prion sorting. Additionally, we also 

observe (see Figure S 6-D, E and F of the Supporting Information) that helices are more 

hydrophobic on the N-terminal side, according to the described elsewhere (Engel & DeGrado, 

2004). 

 

3.2.4.6.  SUMO enhances solubility of fused ovine Dpl protein 

Two set of constructs were used to evaluate the effect of SUMO co-expression in increasing the 

solubility of recombinant OvDpl(27-153). Cloning of OvDpl(27–153) sequence into: (i) pET-21a 

(Novagen, Darmstadt, Germany), generating pET21aDplA, and used as a negative control for 

SUMO absence, and (ii) pE-SUMO vector (SUMOpro Expression System, Lifesensors, Inc.), 

generating pE-SUMO-Dpl, used as a positive control for expression in the presence of SUMO. 

The solubility of each construct was subsequently evaluated with an immunoblot assay (anti-

His-tag antibody), where soluble OvDpl(27-153) was only detected when co-expressed with 

SUMO (Figure 21).  
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Figure 21. Immunoblot analysis.  

 

Immunoblot analysis using anti-His-tag antibody to evaluate the effect of the co-expression of SUMO on the 

expression of soluble Dpl in the cytoplasm of E. coli Origami™ (DE3) cells. Expression trials in the absence of 

SUMO: Lane 1(soluble fraction), and Lane 2(insoluble fraction), and in the presence of SUMO: Lane 3(soluble 

fraction), and Lane 4(insoluble fraction). 

 

Previous studies showed that co-expression with several chaperones did not succeed in 

producing reasonable quantities of soluble PrPC (Kyratsous, Silverstein, DeLong, & 

Panagiotidis, 2009), and only recently Abskharon et al. (2012) described a method for producing 

soluble PrPC in E. coli. However, production of recombinant Dpl protein is still currently achieved 

by refolding protocols. Here we show that the co-expression of this prion-like protein with the 

SUMO-1 chaperone produces soluble recombinant Dpl in the E. coli Origami (DE3) strain, 

providing a good alternative for prion-like protein expression. 

 

3.2.5.  Discussion 

Signal peptides shared functions and abilities to interact with a variety of species despite widely 

varying sequences, present a central puzzle of signal sequence structure–function correlation 

(Clerico et al., 2008). Further studies using a range of different signal peptides should thus help 

explain how SRP54M can maintain selectivity while tolerating diversity in signal peptide length 

and sequence (Benham, 2012). Many of the molecular details of the SP/SRP interaction are 

unknown. However, some possibilities that include amphiphilicity, hydrophobic moment, 

molecular hydrophobicity potential, a slowing of the rate of synthesis of some of the signal 

peptides (allowing a longer time for interaction with SRP), or the conformation/orientation 

(position in space) of the SP, have not been so far firmly established (Matoba & Ogrydziak, 
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1998). Towards this goal, we began by studying the N-terminal (1-30) sequences of ovine Dpl 

and PrPC peptides and variants from other species via a bioinformatics approach. The N-

terminal region of PrPC and Dpl sequences seem to have a great potential to acquire α-helical 

conformation (namely in hydrophobic environments) that stops at the conserved residue of 

proline (positions 26 or 28 of PrPC with shorter or longer n-region, respectively) or residue of 

glycine (position 28 in Dpl sequences). Also, and given the ‘h-motif hypothesis’ (Duffy et al., 

2010) that h-regions are not random hydrophobic sequences, but ‘scaffolds’ in which functional 

embedded h-motifs confer biological activity to signal peptides, we searched the PrPC h-region 

sequences for the presence of these motifs and found the common L-x(0,2) pattern (Table 9), 

further emphasizing the importance of the leucine amino acid residue. The analysis of the 

OvDpl(1-30) secondary structure in a binary H2O/TFE mixture (that mimics the chemical 

environment of membranes) via CD spectroscopy (Figure 17) shows that in low (0,6%) TFE 

concentration, OvDpl(1-30) is mostly in a random conformation with some degree of helical 

peptide present. However, when TFE is added up to 30%, the OvDpl(1-30) shifts towards an α-

helical conformation. As proposed, this could also be the case inside the SRP54M hydrophobic 

groove, with SRP maintaining the signal sequence in a suitable conformation for subsequently 

binding to membrane components of the ER. To test if the peptide was indeed able to gain 

structure and, namely, an α-helical conformation in a hydrophobic environment, we studied the 

effect of DHPC phospholipid containing micelles (a closer model of the amphiphilic nature of 

biological membranes) on the peptide secondary structure by NMR. The NMR derived structure 

in DHPC micelles shows a stable α-helical central region extending from residue Cys8 until Ser22 

(Figure 18), with an estimated helix population of about 64%. The obtained structure is very 

similar to homologous structures (Biverstahl et al., 2004; Papadopoulos et al., 2006), with a Trp 

residue located close to the N-terminal end of the α-helix in a favoured position to interact with 

the membrane (Figure 19). Also, the peptide adopted the same curved α-helical conformation 

as seen in other related peptides (Sauve et al., 2012) (Figure S 2), indicating a possible 

common peptide/micelle interaction mode. Combining our structural data obtained with NMR 

spectroscopy for the OvDpl(1-30), with the already reported for mDpl(1-30) and bPrPp(1-30) 

peptides, we determined the amphiphilic character of α-helical structures within these 

sequences (see Figure S 2 of the Supplemental Information). The bPrPp (Ser8-Val21) α-helix, 

besides exhibiting the highest µH value in the full sequence, also showed a substantially higher 

gap (0,2) between the last and first windows of 11 residues, relatively to mDpl(Thr7-Ser19) and 

OvDpl (Cys8-Ser22) Dpl sequences (0,06 and 0,03 respectively), which may partly contribute to 

the cellular prion sorting. The NMR solution structure of OvDpl(1-30) was subsequently included 
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in a computational docking complex with the mammal SRP subunit (SRP54), along with the N-

terminal structures of mouse Dpl and bovine PrPC proteins. The sequences of SRP54 proteins 

are highly conserved among different species (Sauer-Eriksson & Hainzl, 2003), with the human 

SRP54M (hSRP54M) sequence being no exception. The hSRP54m monomer (Clemons et al., 

1999; Kuglstatter, Oubridge, & Nagai, 2002) consists of seven α-helices, h1 to h7, and presents 

a deep and elongated hydrophobic groove which is formed with contributions of helices 2, 3 and 

4 (including the connecting loops). In the hSRP54m dimer crystal, this groove is occupied by 

helix 1 from a neighboring molecule (Figure 20) suggesting that the groove is the site of SP 

recognition, with the α-helical SP expected to be oriented in the same N-to-C-direction as helix 

1, because the position of the acidic residues Asp384 and Asp388 would form favourable 

interactions with the positively charged N-terminus of the signal peptide as it emerges from the 

ribosome (Clemons et al., 1999). Furthermore, Huang, Abdulrahman, Yin, and Zwieb (2002) 

proposed that hSRP54 binds and releases the signal peptide by altering the conformation of the 

SP binding groove mediated by the RNA and a bulky nonpolar residue Leu329 (in helix 1), that is 

conserved across species. On the other hand, the overall electrostatic potential of the SP-

binding groove is negative, thereby suggesting a gross mechanism of signal peptide binding by 

simple field effects (Clemons et al., 1999). Upon capture of the signal sequence, strong 

hydrophobic interactions would then occur along the entire length of the SP, displacing the 

protecting helix 1 of a neighboring molecule of the SRP54M dimer. However, data presented by 

Ilangovan et al. (2008) suggest that both the Archaeoglobus fulgidus and human M-domains do 

not form dimers, favouring an alternate mechanism whereby signal peptide would bind in the 

wide and short groove formed by the ends of α-helices 1 and 2 and the exposed face of α -helix 

5 (Batey et al., 2000; Keenan et al., 1998; Rosendal, Wild, Montoya, & Sinning, 2003). Also, the 

fingerloop bordering the wide and short groove (Keenan et al., 1998; Rosendal et al., 2003) 

could play a role both in shielding the hydrophobic groove from solvent and in stabilizing the SP 

once bound (Ilangovan et al., 2008; Janda et al., 2010; Rosendal et al., 2003) in a likely 

reversible manner in order to permit SP release upon the binding of SRP54 to the SRP receptor 

(Ilangovan et al., 2008). Accordingly, the hypothetical alternative conformation of the hSRP54M 

monomer raised by Huang, Abdulrahman, et al. (2002) where Leu329 is located closer to the 

RNA binding site of hSRP54M, could thus be considered as a plausible alternative. Our 

computational models, allowed to predict four different N-terminal/SRP54M polar contacts 

(Asp331, Gln335, Glu365 and Lys432), that were common among the three studied SP structures. 

Also, when the electrostatic potential molecular surface calculations are undertaken with APBS 

(Baker, Sept, Joseph, Holst, & McCammon, 2001) and displayed alongside with each peptide 
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largest positive patch (Shazman, Celniker, Haber, Glaser, & Mandel-Gutfreund, 2007), we 

notice that bPrPp(1-30) peptide behaves differently (see Figure S 4 of the Supporting 

Information) relatively to Dpl peptides (OvDpl(1-30) and mDpl(1-30)), which is probably 

associated to the inverted orientation that it presents inside the SRP54M hydrophobic groove 

(Figure 20 and Figure S 5 of the Supporting Information). In this “inverted” orientation, bPrPp(1-

30) seems to favour an interaction between two charged amino acids, as predicted respectively 

by the Asp20 and Lys5 (bPrPp) with Lys362 and Asp388(hSRP54M) polar contacts. Also, and 

as expected, no polar contacts were predicted inside the bPrPp signal peptide h-region, as well 

as within the homologous regions of mDpl and OvDpl, confirming the preponderant role played 

by hydrophobic interactions in this region. Regarding hSRP54M secondary structure, we 

anticipate a biased interaction towards α-helix 7 (Figure S 3), with polar contacts established 

inside the Tyr424-Lys432 region. Taking all of the above into consideration, it is thus tempting to 

speculate that OvDpl SP, immediately upon synthesis and while connected to the ribosome in 

the aqueous environment, adopt an essentially random structure. Interaction with SRP54M then 

takes place, in a coordinated mechanism that joins electrostatic forces and polar contacts, 

followed by the stabilizing effect of hydrophobicity. Upon binding, OvDpl SP may then stabilize 

into a dynamic α-helical conformation, maintained within the hydrophobic environment of 

SRP54M, thus promoting its latter binding to the ER translocator receptor. 

Unlike SRP, chaperones do not recognize signal sequences. Instead, they bind to the mature 

region of presecretory proteins late during translation or post-translationally to maintain 

translocation competence and to ensure that signal peptides are accessible to gate open 

translocation channels (Randall & Hardy, 1986). Post-translational modification of proteins by 

SUMO is an important transient regulatory mechanism in many cellular processes, most notably 

transcriptional regulation, DNA damage, signal transduction (Hay, 2005; Rytinki, Kaikkonen, 

Pehkonen, Jääskeläinen, & Palvimo, 2009), and ER homeostasis (Chen & Qi, 2010). We 

evaluated the solubility of OvDpl(27-153) in the presence and absence of SUMO-1 tag 

demonstrating that the co-expression with this small ubiquitin-related chaperone can be used to 

enhance solubility, using the benefits of a chaperone-assisted folding mechanism. While the 

SUMO tag has been previously found to increase the solubility of recombinant proteins 

(Malakhov et al., 2004; Marblestone et al., 2006), Johanssen, Barnham, Masters, Hill, and 

Collins (2012) achieved the greatest E. coli expression levels of recombinant SUMO-PrP C-

terminal fragment as ICs, implying the usage of subsequent refolding protocols. As we only 

intended to test if SUMO-1 could directly enhance Dpl solubilization, the purification step was 

performed without prior separation of the SUMO tag. To our knowledge this is the first time that 
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this system was used to express Doppel prion-like protein as a linear chimera with the Smt3 

protein tag. The soluble recombinant Dpl produced with this method avoids laborious refolding 

protocols, and may subsequently be applied in upcoming functional and structural studies. 

Moreover, this new approach may also become a springboard for industrial level production of 

SUMO-fusion Dpl protein, if a similar positive correlation is observed to the previously described 

by Pimenta, Dias, et al. (2012) between ram spermatozoa subjected to recombinant Dpl 

increments and fertilization rates. Studies that aim to evaluate this possibility are in progress. 

The molecular details of how signal peptides are recognized efficiently by SRP and targeted 

specifically despite their considerable variation in sequence has been puzzling (Clemons et al., 

1999). Basic research on the prion and prion-like proteins may provide new insights into cellular 

pathways of general interest. To approach an answer to this important biological question, we 

have solved the three-dimensional structure of OvDpl(1-30), allowing a balanced comparison 

between three constructed molecular models, which provided tantalizing clues as to how the 

protein signal sequences are specifically recognized. The remarkable correlation between 

simulation results, in a three-species unbiased approach, further supports the confidence in the 

attained models. Although several features remain unexplained about signalling pathways and 

their cross-talk with the trafficking machinery, research on the prion family proteins has even 

more to offer, requiring further genetic, biochemical, and structural approaches to help 

unrevealing the nuances behind the regulation of complex organism physiology. 
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4.  IDENTIFICATION OF PRT IN THE RAM REPRODUCTIVE SYSTEM. 

4.1.  Is prnt a pseudogene? Identification of ram Prt in testis and ejaculated 

spermatozoa. 
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4.1.1.  Abstract 

A hallmark of prion diseases or transmissible spongiform encephalopathies is the conversion of 

the cellular prion protein (PrPC), expressed by the prion gene (prnp), into an abnormally folded 

isoform (PrPSc) with amyloid-like features, that causes scrapie in sheep, among other diseases. 

prnp together with prnd (which encodes a prion-like protein designated as Doppel), prnt (that 

encodes the prion protein testis specific - Prt) and with sprn (shadow of prion protein gene, that 

encodes Shadoo or Sho) genes, constitute the ‘‘prion gene complex”. Whereas a role for prnd in 

the proper functioning of male reproductive system has been confirmed, the function of prnt, a 

recently discovered prion family gene, comprises a conundrum; leading to the assumption that 

ruminant prnt is a pseudogene, with no protein expression. The main objective of the present 

study was to identify Prt localization in the ram reproductive system and simultaneously to 

elucidate if ovine prnt gene is transcribed into protein-coding RNA. Moreover, as Prt is a prnp-

related protein, the amyloid propensity was also tested for ovine and caprine Prt. Recombinant 

Prt was used to immunize BALB/c mice and the anti-Prt polyclonal antibody (APPA) immune 

response was evaluated by ELISA and Western Blot. When tested by indirect 
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immunofluorescence, APPA showed high avidity to the ram sperm head apical ridge 

subdomain, before and after induced capacitation, but did not show the same behaviour against 

goat spermatozoa, suggesting high antibody specificity against ovine Prt. Prt was also found in 

the testis when assayed by immunohistochemistry during ram spermatogenesis, where 

spermatogonia, spermatocytes, spermatids and spermatozoa, stained positive. These 

observations strongly suggest that ovine prnt is a translated protein-coding gene, pointing to a 

role for Prt protein in the ram reproductive physiology. Besides, caprine Prt appears to exhibit a 

higher amyloid propensity than ovine Prt, mostly associated with its phenylalanine residue. 

 

Keywords: Prion proteins; prnt; Prt; ovine; male reproduction; immunoreactivity 

 

Abbreviations used: agg, amyloid aggregation propensity; AP, Alkaline phosphatase; APPA, anti-ovine 

Prt polyclonal antibody; CGIs, CpG islands; Dpl, Doppel protein; ORFs, open reading frames; PMT, 

photomultiplier tube; prnd, prion-like protein gene; prnd 
0/0

, prnd gene ablated mice; prnp, prion protein 

gene; prnt, prion protein testis-specific gene; PrP, prion protein; PrP
C
, cellular isoform of PrP; PrP

Sc
, 

scrapie isoform of PrP; Prt, prion protein testis specific; Sho, Shadoo protein; sprn, shadow of prion 

protein gene; spz, spermatozoa; TE, transposable element; TSE, transmissible spongiform 

encephalopathies. 

 

4.1.2.  Introduction 

Prion gene family comprises four identified genes: the prion protein gene, prnp, the prion-like 

protein gene, prnd, the shadow of prion protein gene, sprn and the prion protein testis-specific 

gene, prnt (Pimenta, Prates, & Pereira, 2012). prnp, and its homologues, sprn, prnd and prnt, 

show similar gene organizations, which encompass two or three exons (Premzl & Gamulin, 

2007). Mammalian prnp, that encodes the cellular prion protein (PrPC), is a housekeeping gene, 

present in both eutherians and fish (Premzl et al., 2003) that has been characterized in several 

species, like hamster (Li & Bolton, 1997), human, sheep, mouse (Lee et al., 1998) and bovine 

(Hills et al., 2001). prnd, which encodes a prion-like protein designated as Doppel (or Dpl) is 

located 16–52 kb downstream from prnp, depending on the species (Comincini et al., 2001; 

Essalmani et al., 2002; Makrinou et al., 2002; Moore et al., 1999). prnd contributes together with 

prnp, the recently discovered prnt, that encodes the prion protein testis specific – Prt (Moore et 

al., 1999), and the sprn shadow of prion protein gene, that encodes Shadoo (Premzl et al., 

2003), to the so called “prion gene complex”. Although the normal physiological function of the 

cellular prion protein, PrPC, remains largely unclear, an aberrant conformation with amyloid-like 
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features of PrPC is thought to be the essential component of the infectious particle, involved in 

transmissible spongiform encephalopathies (TSE) in mammals (Diaz-Espinoza, Mukherjee, & 

Soto, 2012). The normal prion protein exists in the α-helix-rich form and is harmless while the 

pathogenic form exists as rod-like particles with 10-12 nm in diameter. Besides TSE, these rod-

like particles known as amyloids, are associated to a large number of diseases such as 

Alzheimer’s disease, diabetes mellitus type 2, Parkinson’s disease, among many others 

(Calzolai, Lysek, Perez, Guntert, & Wuthrich, 2005; Saiki, Hidaka, Nara, & Morii, 2012). prnp is 

a single-copy gene, but other prnp-related proteins, may also contribute to the pathogenesis of 

TSEs (Makrinou et al., 2002) demanding further investigation.  

Several studies reported that prnd as well as prnt are highly expressed in the testicular tissue 

(Comincini et al., 2001; Makrinou et al., 2002; Rondena et al., 2005), which allied to the sterility 

of prnd 0/0 mice (Behrens et al., 2002; Paisley et al., 2004) and the enhanced fertilizing ability of 

ovine spermatozoa (spz) after Doppel supplementation (Pimenta, Dias, et al., 2012), suggest an 

important physiological role on male fertility. Prion protein testis-specific gene, prnt, was 

described as being closer to prnd than prnp in the human genomic sequence. prnt is located 3 

kb in human (Makrinou et al., 2002), and 6 kb in cattle (Kocer et al., 2007), 3´ downstream of 

prnd, and possibly emerged due to a duplication event that occurred early during eutherian 

species divergence (Harrison et al., 2010; Makrinou et al., 2002). This gene has a two-exon 

structure in humans (Makrinou et al., 2002). Likely two-exon RNA structures that align to > 90% 

of human prnt can also be predicted in cow, sheep, horse and dog (Harrison et al., 2010). 

Vertebrate CpG islands (CGIs) are short interspersed DNA sequences that deviate significantly 

from the average genomic pattern by being GC-rich, CpG-rich, and predominantly non-

methylated. Most, perhaps all, CGIs are sites of transcription initiation, including thousands that 

are remote from currently annotated promoters (Deaton & Bird, 2011). Housekeeping genes use 

primarily CpG-dependent core promoters, whereas the majority of tissue-specific genes 

possess neither CGIs nor TATA-boxes in their core promoters (Zhu, He, Hu, & Yu, 2008). While 

the eutherian prnp and sprn promoters incorporate CGIs, the prnd and prnt promoters do not 

include CGIs (Makrinou et al., 2002; Premzl & Gamulin, 2007) suggesting that these genes are 

expressed in a tissue-specific manner. Analysis of both adult and fetal human tissues confirmed 

the ubiquitous but variable expression profile of prnp, with the highest levels observed in the 

Central Nervous System and testis. Contrastingly, prnd shows a wide tissue expression pattern 

in fetal tissues, while it is expressed exclusively in adult testis implying that prnd is 

developmentally regulated. In addition, all three human prnt isoforms were detected only in adult 

testis (Makrinou et al., 2002). In caprine, prnt is weakly and stochastically expressed in both 
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testes and ovaries at various development stages, suggesting either that the expression pattern 

of this gene differs between ruminant and human or, most probably, that ruminant prnt is a 

pseudogene (Kocer et al., 2007). Some pseudogenes appear to harbour the potential to 

regulate their protein-coding cousins. Far from being silent relics, many pseudogenes are 

transcribed into RNA, some exhibiting a tissue-specific pattern of activation (Pink et al., 2011). 

The caprine and bovine genomes contain a 227-bp-long prnt region, showing 100% identity, 

both with a premature stop codon, and a second AUG initiation codon located downstream 

(Kocer et al., 2007). Homology between human PrPC and Prt is lower (44% similarity and 30% 

identity) than between ORFs (open reading frames) from prnd and prnt (50% similarity and 42% 

identity). In bovine, prnt encodes for an N-terminally truncated protein of 55 amino acids (aa) in 

length, homologous (55% identity) to its human counterpart (Kocer et al., 2007). In humans, the 

potential ORF for prnt has 94 aa before a TAA stop codon (Makrinou et al., 2002). No signal 

peptides were predicted for Prts, which suggests that Prts could be intracellular proteins (Premzl 

& Gamulin, 2007). Prt distribution in caprine and human tissues was studied, so far, only at 

mRNA level (Kocer et al., 2007; Makrinou et al., 2002). The tissue distribution and localization of 

this protein, in each tissue, has not yet been investigated. The main aim of this work was to 

identify Prt localization in ram spz and testicular tissue, confirming that ovine prnt gene is 

transcribed into protein-coding RNA. Furthermore, and although Prt involvement in TSEs has 

not yet been confirmed, we also tested for ovine and caprine Prt amyloid propensity as Prt is a 

prnp-related protein.  

 

4.1.3.  Materials and Methods 

This experimental protocol was reviewed by the Ethics Committee of CIISA/FMV and approved 

by the Animal Care Committee of the National Veterinary Authority (Direção Geral de 

Alimentação e Veterinária, Portugal), following the appropriate European Union guidelines 

(Council Directive 86/609/EEC, 1986) 

 

4.1.3.1.  Immunization of animals, production and validation of a polyclonal 

antiserum against ovine Prt 

4.1.3.1.1.  Immunization of animals 

The ovine 52 aa Prt peptide (Accession number ABO86196.1) was obtained from CASLO 

Laboratory ApS (Denmark) showing 96.88% purity, and used without further purification. Five to 
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six-week-old female BALB/c mice were injected intraperitoneally with 20 µg of purified ovine Prt 

emulsified in incomplete Freund’s adjuvant (Sigma-Aldrich, St. Louis, USA) and boosted 

monthly (four times), with an equal mass of ovine Prt.  

 

4.1.3.1.2.  Enzyme linked immunosorbent assay (ELISA) 

Antibody responses generated against ovine Prt were measured by ELISA. Briefly, Costar 3690 

96-well ELISA plates were coated with 0.5 µg/well (ovine Prt; Caslo, Denmark) overnight at 4 

ºC, followed by a three time wash and then blocked with 100 µL/well of 5% (w/v) skim milk 

(Difco, USA) in PBS containing 0.05% (v/v) Tween-20 (PBS-T), for 1 h at room temperature. 

The ELISA plates were washed three times with PBS-T and the serum from immunized mice 

and from non-immunized control mouse were incubated for 1 h at 37 ºC, followed by another 

three time wash. Alkaline phosphatase (AP)-conjugated goat anti-mouse IgG antibody (Sigma-

Aldrich, St Louis, USA), diluted 1:5000 in PBS-T, was added (100 µL/ well) and incubated for 1 

h at 37 ºC. Analysis of the AP activity (colour development) was read on an ELISA plate reader 

(Bio-Rad, USA) at a wavelength of 405 nm, after adding and incubating with p-Nitrophenyl 

Phosphate (p-NPP; J.T. Baker, The Netherlands), for 30 min at room temperature. 

 

4.1.3.1.3.  Western blot assay 

 

4.1.3.1.3.1.  Preparation of sperm extract 

Fresh ejaculated ram semen collected with an artificial vagina was used in this study. Semen 

was brought to the laboratory and centrifuged at 800 g for 10 min at 4 ºC to separate 

spermatozoa from seminal plasma. The sperm pellet was washed three times in phosphate-

buffered saline (PBS) at pH 7.4, as described in Kamaruddin, Kroetsch, Basrur, Hansen, and 

King (2004), and resuspended in lysis buffer containing 1% Triton X-100 (v/v) at a final 

concentration of 5 x 105 spermatozoa µl-1. The mixture was incubated O/N at 4ºC. Finally, the 

mixture was centrifuged at 10000 g for 10 min., and the pellet was resuspended in sodium 

dodecyl sulphate (SDS) sample buffer (Laemmli, 1970), boiled for 5 min and stored at -80 ºC 

until further use. 
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4.1.3.1.3.2.  Blocking with immunizing peptide 

Demonstration of antibody specificity was carried out by antigen blocking. Briefly, 4 µl of APPA 

(anti-ovine Prt specific polyclonal antiserum), was incubated (37ºC, 2h) with a Prt peptide 

solution (20 µg/ 200 µl PBS-T). After centrifugation (10000g for 15 min at 4ºC), the supernatant 

was carefully removed. Total volume (2 ml) was completed with PBS-T, to reach a 1/500 dilution 

of the primary antibody (APPA). 

 

4.1.3.1.3.3.  Western blotting 

Each well was loaded with 20 µl of sperm extract (obtained from sperm pellet). Proteins were 

separated by SDS-PAGE electrophoresis and electroblotted onto Immobilon-PSQ Transfer 

Membranes (Millipore, USA) at 200 mA for 1 h (Mini-PROTEAN Tetra Electrophoresis System, 

Biorad). Membranes were blocked overnight at 4ºC with PBS-0.2% Tween 20 buffer, containing 

5% skimmed milk. Membranes were then incubated with APPA (with and without previous 

peptide blocking, both at a dilution of 1/500), overnight at 4ºC, washed with PBS-0.2% Tween 

20 buffer, and incubated for 1 h with goat anti-mouse-HRP (horseradish peroxidase enzyme 

conjugated) antibody (1/5000, BioRad, Cat#170-6516). The membranes were finally washed 

with PBS-0.2% Tween 20 buffer for 50 min and visualized with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, USA). 

 

4.1.3.2.  Sample collection and evaluation 

4.1.3.2.1.  Collection of tissue samples 

Ram testes were obtained in a slaughterhouse, from 4-6 years-old Merino sheep breed animals. 

Testicles were cut in pieces and fixed in buffered isosmotic 4% (w/v) formaldehyde solution. 

 

4.1.3.2.2.  Semen collection 

Semen collection was conducted at the experimental farm of INRB in compliance with the 

requirements of the European Union for farm animal’s welfare and the Portuguese authority 

guidelines for animal experimentation. Semen ejaculates were collected using an artificial 

vagina from three 2-6 years-old rams, two of them belonging to the Portuguese native Churra 

Galega Mirandesa breed of sheep and previously genotyped for the synonymous substitution 

(78G>A), at the codon 26 of the prnd gene (GA and GG genotypes) (Pereira et al., 2009), and 

the other one belonging to the Merino breed. Semen ejaculates were also obtained from two 
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male goats (same age) belonging to the Portuguese native Serrano goat breed. These animals 

were already identified by their good in vivo and in vitro fertility results. After collection, each 

ejaculate was immediately evaluated for volume, motility and concentration. In addition, spz 

viability and abnormalities (nigrosin-eosin staining) were analysed.  

 

4.1.3.2.3.  Preparation and evaluation of capacitated semen 

After collection, ram ejaculates were kept at room temperature and light protected for up to 2h, 

then washed in synthetic oviductal fluid (SOF) and centrifuged at 225g for 5 minutes as 

previously described (Dattena, Ptak, Loi, & Cappai, 2000). The medium used for washing the 

spz was SOF enriched with bovine serum albumin (4 mg mL-1 BSA, Sigma-Aldrich, St Louis, 

USA) plus glutamine (1.5 µg mL-1, Sigma-Aldrich, St Louis, USA). Volumes of 25 µl of the 

centrifuged semen were layered under 1.2 mL of capacitation medium in glass tubes and the 

motile spz were allowed to swim up into the medium during an incubation period of 1 hour. The 

upper regions of the overlays were harvested and after centrifugation at 225g for 5 minutes, the 

supernatant was rejected and the remaining pellet of spz evaluated for individual motility, 

concentration and vigour (Pereira et al., 2009).  

 

4.1.3.3.  Immunolocalization 

4.1.3.3.1.  Indirect immunofluorescence staining and confocal microscopy 

Ovine and caprine fresh sperm were suspended in PBS, adjusting the cell concentration to 35 to 

50 × 106 cells mL-1. Fifteen µL of fresh sperm suspension or of capacitated spz were smeared 

and air-dried on thoroughly cleaned glass slides, and smear was allowed to attach for 10 min. 

Slides were fixed for 5 min in absolute methanol, air dried, and kept at -20ºC for further studies. 

Slides were washed three times for 10 min with TBS and incubated in TBS-T (TBS containing 

0.1% (v/v) Tween-20) supplemented with 5% (w/v) BSA (Carl Roth GmbH+Co.KG, Germany) 

for 60 min, to block nonspecific sites. After blocking, slides were incubated (120 min at 4ºC) 

either with the APPA primary antibody, with mouse control serum (pre-immune) or with TBS 

(negative controls). Afterwards, wells were extensively washed with TBS-T and further 

incubated for 60 min at room temperature with the appropriate secondary antibody, consisting of 

a Goat anti-Mouse IgG (gamma) antibody FITC-conjugated (Invitrogen, USA). After 30 min with 

the secondary antibody, 5 µl of DAPI (4,6-diamidino-2-phenylindole, dihydrochloride; Invitrogen; 

diluted 1/1000 in T-TBS), were added to the slide for nucleic acid staining, and allowed to 
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incubate another 30 minutes. Finally, slides were thoroughly washed with TBS-T and images 

were acquired with a Zeiss LSM 510 META inverted laser scanning confocal microscope using 

a Plan-Apochromat 63x/1.4 objective. DAPI fluorescence was detected using a Diode 405 nm 

laser (50 mW nominal output) and a BP 420-480 filter. FITC fluorescence was detected using 

the 488 nm laser line of an Argon laser (45 mW) and a LP 505 filter. A transmitted light PMT 

was also used with 488 nm laser excitation for transmitted light imaging. Images were acquired 

with a pixel width of 140 nm (frame size 1024x1024) and pixel time 1.60 us, using sequential 

multi-track imaging to avoid any potential bleed-through between DAPI and FITC channels. 

 

4.1.3.3.2.  Immunohistochemistry 

Ram testicular samples fixed in 4% (w/v) formaldehyde were embedded in paraffin. Sections (4 

µm) were cleared, rehydrated, blocked (endogenous peroxidase activity), incubated with the 

primary (APPA, diluted 1:500 in antibody diluent reagent solution, Invitrogen) and secondary 

(horseradish peroxidase-conjugated anti-mouse) antibodies, treated with diaminobenzidine, and 

counterstained with Hematoxylin, according to the BenchMark ULTRA IHC/ISH Module staining 

protocol (Ventana Medical Systems, Inc.; Roche, USA). Negative controls were performed 

either by incubating sections with the secondary antibody alone, or using mouse control serum 

(pre-immune), as the primary antibody. To precisely determine the different cellular types 

present at the seminiferous tubules, and thus facilitate the identification of the cells expressing 

Prt, two other antibodies were used: one directed against Vimentin (Monoclonal Mouse Anti-

Vimentin, clone Vim 3B4, Code M7020, Dako, Dilution 1/200), and the other against Ki-67 

(Monoclonal Mouse Anti-Human Ki-67 antigen, clone MIB-1, Code M7240, Dako, Dilution 

1/100), to locate respectively the Sertoli cell cytoskeleton, and the germinal cells with particular 

emphasis to the spermatides, as Ki-67 is a nuclear protein that is mainly expressed in 

proliferating cells (Staut, 2009). Microphotographs were captured using a digital camera (Nikon 

sight Ds-Fi 1) mounted on a triocular optical microscope (Nikon eclipse 50 i). 

 

4.1.3.4.  Comparison between ovine and caprine Prt 

4.1.3.4.1.  Sequence Alignment 

Alignment of ovine and caprine Prt sequence was undertaken with the M-Coffee web server 

(Moretti et al., 2007), a meta-method for computing multiple sequence alignments (MSAs) by 

combining alternative alignment methods. 
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4.1.3.4.2.  Amyloid propensity prediction  

It has been shown that certain protein sequences have an increased propensity to 'aggregate' 

into amyloid structures resulting in a wide range of amyloid diseases. Prions are a special case 

among amyloid proteins because of their unusual properties. They originate from the conversion 

of a normal host protein into a fibrillar structure that then acts as an infectious particle (Prusiner, 

1998). Amyloidogenic propensity prediction from sequence was conducted simultaneously with 

different tools (as described in http://biophysics.biol.uoa.gr/AMYLPRED). 

 

4.1.3.4.3.  Predicted secondary and tertiary structure 

Both ovine (Accession nº ABO86196.1) and caprine (Accession nº CAL85353.1) Prt secondary 

and tertiary structures were predicted with the I-TASSER software (Roy, Kucukural, & Zhang, 

2010; Zhang, 2007). 

 

4.1.4.  Results 

4.1.4.1.  Comparison of the ovine and caprine Prt 

4.1.4.1.1.  Sequence Alignment 

Kocer et al. (2007) demonstrated the occurrence of prnt-related sequences in ruminant 

genomes, and revealed the presence of a premature stop codon on the bovine and caprine 

ORF, responsible for the size difference between ruminant Prt and its human counterpart (94 

aa), and a second AUG initiation codon located downstream with a G located in position + 4, as 

described in Kozak (1997). Comparison between published ovine (ABO86196.1.) and caprine 

(CAL85353.1.) Prt sequences is presented in Figure 22, showing a conserved aa substitution 

[Leucine (L)  Isoleucine (I)], and two non-conserved substitutions [Cysteine (C)  Glycine 

(G), and Serine (S)  Phenylalanine (F)]. Both proteins exhibit a theoretical isoelectric point (pI) 

of 6.51, and a molecular weight (MW) around 5.9 kDa (ExPASy Compute pI/Mw tool). 

Comparison between ruminant (ovine and caprine) Prt, and primate (human and monkey) N-

terminally truncated homologous protein (Figure 22), denotes a high level of conservation 

between these proteins, with a pronounced homology in the C-terminal region.  
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Figure 22. Sequence alignment of the Prt sequences. 

 

Sequence alignment of the amino acid sequences of the ovine, caprine, human and monkey Prt (prion protein testis-

specific). Top lane: complete ovine Prt sequence GenBank: ABO86196.1. Second lane: complete caprine Prt 

sequence, GenBank: CAL85353.1. Third lane: truncated (42-94 a.a.) human Prt sequence, UniProtKB/Swiss-Prot: 

Q86SH4.1. Forth lane: truncated (42-94 a.a.) Rhesus monkey (Macaca mulatta) Prt sequence, NCBI Reference 

Sequence: XP_001112273.2. Blue letters with arrows on top: different amino acids between sheep and goat Prt; 

Asterisk (*) denotes identical residue; colon (:), conservative change; period (.), related substitution. Dark red 

indicates residues aligned in a similar fashion among all the individual MSAs; Dark yellow, orange and red residues 

can be considered to be reliably aligned. Alignment using the M-Coffee program (Moretti et al., 2007).   
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4.1.4.1.2.  Amyloid propensity prediction for ovine and caprine Prt 

It is becoming increasingly clear that specific regions of the amino acid sequences of 

polypeptide chains, sometimes known as “aggregation-prone” regions, play a major role in 

determining their tendency to aggregate and, ultimately, to form organized structures such as 

amyloid fibrils (Tartaglia et al., 2008). At neutral pH, the phenylalanine residue, in caprine Prt 

sequence, have one of the highest amyloid aggregation propensities (agg = 2.8), in contrast to 

the serine residue (agg = -5.08; as described in Pawar et al. (2005)) in ovine Prt sequence, 

found in the same sequence position (Figure 23). 

 

Figure 23. Prt amyloid propensity prediction. 

 

Amyloid propensity prediction for ovine and caprine prion protein testis specific (Prt). Top lane: ovine Prt sequence 

ABO86196.1. Second lane: caprine Prt sequence CAL85353.1. Consensus predictions for amyloid propensity [ovine 

(8-13 and 24-34 residues) and caprine (6-13 and 24-34 residues)] with different methods (as described in 

http://biophysics.biol.uoa.gr/AMYLPRED), are labelled with a number sign symbol (#). Note the key role of 

phenylalanine residue (caprine aa position 6) in increased amyloid formation propensity. 

 

4.1.4.1.3.  Predicted secondary and tertiary structure of ovine and caprine Prt 

Like PrPC, Dpl is a GPI anchored glycoprotein, structured by three α-helices and two -sheets 

(Silverman et al., 2000). However, Doppel does not exhibit the α→β transformation that occurs 

between the normal cellular isoform, PrPC, and PrPSc (Whyte et al., 2003). The supersecondary 

structure of amyloids and prions is difficult to determine, although probability-based prediction of 

discrete β-strand pairs can offer insight into these structures (Bryan et al., 2011). The secondary 

and tertiary structures of ovine and caprine Prt predicted with the I-TASSER software (Roy et 

al., 2010; Zhang, 2007) are shown respectively in Figure 24 and Figure 25. In both cases, the 

theoretical globular model predicts a secondary structure constituted mainly by α-helixes, and 

with a less tendency for β-sheet strands. Note that intrinsic secondary structure propensity of 

http://biophysics.biol.uoa.gr/AMYLPRED
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residues (like phenylalanine, a large aromatic which favours β-strands) can determine to some 

extent the global tertiary structural features (Jiang, Guo, Peng, & Sun, 1998).  
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Figure 24. Predicted secondary structure comparison of Prt 

 

Predicted secondary structure comparison of the ovine and caprine Prt (prion protein testis-specific) proteins. α: 

Alpha helix; β: Beta sheet; C: Coil. I-TASSER software (Roy et al., 2010; Zhang, 2007). 

 

Figure 25. Predicted tertiary structure of Prt 

 

Predicted tertiary structure of: A) ovine and B) caprine prion protein testis specific (Prt), using the I-TASSER software 

(Roy et al., 2010; Zhang, 2007). 

 

4.1.4.2.  Detection of ovine Prt by Western blot, immunofluorescence and 

immunohistochemistry. 

 

4.1.4.2.1.  Detection of ovine Prt by Western blot 

Western blot analysis revealed Prt-immunoreactivity confined to a band of about 7 kDa (Figure 

26).  



 

116 

 

 Figure 26. Western blot analysis. 

 

Western blot analysis of crude preparations of adult ovine spermatozoa (sperm extracts) with the anti-ovine prion 

protein testis specific (Prt) polyclonal antiserum (A). No hybridization was detected when the primary antibody was 

preabsorbed with the immunizing peptide (B). Molecular masses are indicated. 

 

4.1.4.2.2.  Location of Prt on ovine and caprine spermatozoa by immunofluorescence 

After the initial evaluation, only goat or ram ejaculates of good quality (mass motility >4; 

individual motility >60%; concentration >2.5×109 spz mL−1) were used for Prt location. Moreover 

following ovine semen capacitation, standard values were obtained for the spz individual 

motility, concentration and vigour (Pereira et al., 2009). Ovine Prt was detected by 

immunofluorescence, at the sperm head apical ridge subdomain of ejaculated ram spz 

(corresponding to the acrosome region) and after in vitro capacitation. Results obtained suggest 

that no Prt positivity was detected at the acrosome region of goat spz (Figure 27). 

 

Figure 27. Immunofluorescence images of Prt location in spermatozoa with anti-ovine Prt 

polyclonal antibody (APPA). 
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Immunofluorescence images of prion protein testis specific (Prt) location in spermatozoa, using mouse anti-ovine Prt 

polyclonal antibody (APPA). Ovine Prt (Churra breed) is present on the ram spermatozoa head apical ridge 

subdomain, corresponding to the membranes over the acrosome, after ejaculation (A and B) and in vitro capacitation 

(C). Same results were obtained for the Merino breed animals (data not shown). No immunofluorescence staining 

was detected with APPA on goat (Serrana breed) spermatozoa (F). Negative controls (D, E, G and H) were carried 

out with samples processed exactly the same way but using either pre-immune serum from the same BALB/c mouse 

(E and H), or TBS (D and G) as the primary antibody. Anti-mouse FITC antibody (green), nucleus (DAPI / blue), 

Scale bar: 10µm. 
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4.1.4.2.3.  Detection of ovine Prt in the ram testis by immunohistochemistry 

In order to study the localization of Prt in ovine tissues, immunohistochemical assays were 

performed on ram testicular sections. The seminiferous epithelium undergoes cyclic changes 

characterized by certain cellular compositions reappearing at regular intervals (Franca, Becker-

Silva, & Chiarini-Garcia, 1999). Results showed that ovine Prt was found in seminiferous 

tubules, along the developing stages of germinal cells, but not in the wall of the spermatogenic 

epithelium (Figure 28-E). With a higher magnification, ovine Prt was detected in spermatogonia, 

spermatocytes and spermatides (Figure 28-A, C and D) and also in spz (Figure 28-B). The 

specificity of the staining was supported by the negative control sections obtained with the 

secondary antibody alone and with pre-immune serum (Figure 28-F).   
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Figure 28. Immunohistochemistry distribution of Prt in ram testis. 

 

Ovine prion protein testis specific (Prt) distribution in ram testis using immunohistochemistry, and produced anti-ovine 

Prt polyclonal antibody (APPA). APPA labeling of ram germinal cells in seminiferous tubules (E). Positive cells were 

detected (arrows) in spermatogonia (C), spermatocytes (D), spermatides (A), and spermatozoa (B). Negative control 

using mouse control serum (pre-immune), as the primary antibody (F). Same results were obtained when incubating 

sections with the secondary antibody alone (data not shown). Vimentin (G) and Ki-67 antigen (H), immunodetection 

of Sertoli cells cytoskeletal and spermatides, respectively. Spermatogonia (Sg), spermatocytes (Sc), spermatides 

(Sp), spermatozoa (Spz), Sertoli cell (S). Magnifications (A, B, C and D) x1000, (E and F) x100.  
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4.1.5.  Discussion  

Although the normal physiological function of prion proteins remains largely unclear, recent 

studies strongly suggest that some, like Doppel and Prt, seem to play a major role in the 

reproduction field (Pimenta, Dias, et al., 2012; Pimenta, Prates, et al., 2012). Doppel is 

expressed on adult testis tissue and takes an important role in maintaining sperm integrity, 

normal fertility and motion ability (Guan et al., 2009). Females lacking Doppel are viable and 

fertile but males without Doppel are sterile. Male prnd knockout mice had normal sexual 

behaviour with reduced or normal sperm concentrations but its spz were unable to perform the 

acrosome reaction and fertilize the oocyte (Behrens et al., 2002; Paisley et al., 2004). Moreover 

the localization of Doppel on both Sertoli and germ cells (Espenes et al., 2006; Peoc'h et al., 

2002) strongly suggests that this protein may play a major role in male fertility (Pereira et al., 

2009). prnd and prnt are located in close proximity and in opposite orientations, a structural 

arrangement frequently encountered in genomic regions that have a similar structural 

organization and expression profiles (Makrinou et al., 2002). Allied to the described expression 

of Prt on testis tissue (Kocer et al., 2007; Makrinou et al., 2002), this study intended to elucidate 

if this protein could also exert a key role in male fertility. Based on immunofluorescence and 

immunohistochemistry assays, using a newly developed anti-ovine Prt specific polyclonal 

antiserum (APPA), we report here for the first time the location of ovine Prt protein in spz, 

confirming that ovine prnt gene is transcribed into coding RNA and effectively translated. 

Besides, caprine in comparison to ovine Prt sequence seems to exhibit a slightly enhanced 

predicted tendency to form amyloid fibrils (Figure 23) presenting also different predicted primary 

(Figure 22), secondary (Figure 24) and tertiary structures (Figure 25). This appears to be related 

to the high intrinsic amyloidogenic propensity of the phenylalanine (Azriel & Gazit, 2001) a 

nonpolar aromatic aa located in the caprine protein sequence (position 6), in contrast to the 

serine polar aa of the ovine Prt sequence (same aa position) (Figure 23). Many studies that 

have examined the molecular mechanism of TSE have suggested the possibility that not only 

prnp, but also prnd, prnt, and the Ras association domain family 2 (RASSF2), are functionally 

associated with prion disease in humans (Makrinou et al., 2002; Moore et al., 1999; Preuss, 

Peischl, Melchinger, & Geldermann, 2004; Sparkes et al., 1986). Further research will be 

required to elucidate the functional role of prnt and its role in prion diseases (Choi et al., 2006). 

Amyloid propensity prediction is important both for rationalizing the effects of sequence changes 

on the aggregation of polypeptide chains and for the development of targeted strategies to 

combat diseases, such as TSEs, that are associated with amyloid formation (Azriel & Gazit, 

2001; Tartaglia et al., 2008). This new developed polyclonal antibody antiserum could also 
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promote further study related to the potential implications of Prt at the prion protein conversion. 

As previously mentioned, Prt expression pattern at the mRNA level, has already been 

investigated in caprine and human tissues (Kocer et al., 2007; Makrinou et al., 2002) but, to our 

knowledge, the tissue distribution and localization of this protein had not yet been explored. In 

humans, all three prnt isoforms were detected only in adult testis, and were not present in any of 

the human fetal (11.5-16.5 week gestation) tissues analysed, including testis (Makrinou et al., 

2002). In contrast, caprine prnt is very weakly expressed in adult testes and ovaries (Kocer et 

al., 2007). Data presented here revealed that ovine Prt is present in ejaculated ram sperm head 

apical ridge subdomain, corresponding to the acrosome region, remaining after in vitro 

capacitation (Figure 27-A, B and C), and also in germinal cells from seminiferous tubules, 

including spermatogonia, spermatocytes, spermatides and spz (Figure 28). For instance, 

ruminant Doppel protein encoded by the prnd gene is expressed intensively in testis while 

sparsely in other organs (Comincini et al., 2001; Tranulis et al., 2001). Bovine Doppel was 

detected by immunocytochemistry on ejaculated spz with an intense positive staining extending 

from the neck to the middle piece (Rondena et al., 2005). Human Doppel was found on the 

flagella of epididymal and mature spz, suggesting that this protein is involved in the motility of 

spermatozoa after being transferred to the membrane during spz maturation (Peoc'h et al., 

2002). Previous work developed in our group (Mesquita, Batista, et al., 2010) identified a 

possible association between Doppel gene polymorphism (silent polymorphism corresponding 

to a 78G>A synonymous substitution in codon 26), with ram semen traits/freezability and 

embryo production (Baptista et al., 2008; Pereira et al., 2009). Moreover, the direct involvement 

of Doppel protein in enhancing spz fertilizing ability was also determined (Pimenta, Dias, et al., 

2012). With APPA, we consistently observed an intense staining of the ovine ejaculated spz 

acrosome, unrelated to the prnd genotype or to the capacitation status (Figure 27-A, B and C). 

Capacitation is broadly defined as the functional modifications rendering sperm competent to 

fertilize, encompassing the ability of the sperm to bind to the zona pellucida and subsequently 

undergo the acrosome reaction (Gupta & Bhandari, 2011). For instance, ovine Prt staining of 

the acrosome throughout the capacitation process could indicate a hypothetical involvement of 

this protein in the subsequent sperm-egg interaction. As with human Doppel (Peoc'h et al., 

2002), Prt immunofluorescence staining was also present on the flagella of ram spz (Figure 27-

A, B, C and F). However, because similar patterns could also be observed (Figure 27-D, E, G 

and H) in negative controls (using either pre-immune serum or TBS, instead of the primary 

antibody), we concluded that spz flagella staining could possibly be the consequence of 

nonspecific staining from the secondary antibody. For instance, no specific staining was 
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detected with APPA on ejaculated goat spz (Figure 27-F), which could be explained by the 

different predicted primary (Figure 22), secondary (Figure 24) and tertiary structures (Figure 25) 

for the caprine and ovine Prt protein, confirming the specificity of the APPA antibody. Choi et al. 

(2006), concluded that prnt is only present in primates and not in bovine, indicating that the prnt 

gene appeared in the primate lineage after the evolutionary split from rodents. This could be 

explained by the low homology between the human and ovine prnt sequences. Kocer et al. 

(2007) suggested either that the expression pattern of Prt differs between ruminant and human 

or, most probably, that ruminant prnt is a pseudogene. As referred, some pseudogenes appear 

to harbour the potential to regulate their protein-coding cousins, being transcribed into 

noncoding RNA that contributes to normal cellular regulation (Pereira et al., 2009). Premzl and 

Gamulin (2007) suggested that prnt could be viewed as a TE (transposable element)-associated 

gene. Apart from proving that prnt is a protein-coding gene, we managed to detect ovine Prt 

protein, with immunohistochemistry, along the developing stages of ram germinal cells and with 

immunofluorescence at the ram sperm head apical ridge subdomain, corresponding to the 

acrosome region. During mammalian spermatogenesis, spermatogenic stem cells proliferate to 

produce spermatogonia, which differentiate into primary spermatocytes. After a prolonged 

meiotic prophase, the latter undergo two consecutive meiotic divisions to generate haploid 

spermatids. Spermatids then undergo marked morphological changes from an initially round to 

a progressively elongated shape with condensed nuclei, and eventually form spz (Cooke & 

Saunders, 2002). Contrastingly to ovine Dpl (Espenes et al., 2006), ovine Prt was found in 

seminiferous tubules, along the developing stages of germinal cells (Figure 28), but not in the 

wall of the spermatogenic epithelium or at the Sertoli cells. Primarily expression in the nuclei of 

spermatogonia and spermatocytes, and subsequently in the elongated spermatides (Figure 28) 

and in the spz acrosome (Figure 27), unrelated to spz capacitation, indicate that ovine Prt may 

play an important role in ram spermatogenesis, including spermatogenic cell proliferation and 

sperm maturation, as well as in fertilization. In conclusion, our data shows that ovine prnt is a 

translated protein-coding gene and not a pseudogene. The data strongly suggest a major 

physiological function of Prt in ovine reproduction. As an important spermatogenesis-related 

protein, the biochemical structure, function and role of Prt in different stages of spermatogenesis 

should be studied in greater detail in the near future. 
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4.2.  Inhibition of ovine in vitro fertilization by anti-Prt antibody. Hypothetical 

model for Prt-ZP interaction. 
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4.2.1.  Abstract 

4.2.1.1.  Background 

The impact of prion proteins in the rules that dictate biological reproduction is still poorly 

understood. Likewise, the role of prnt gene, encoding the prion-like protein testis specific (Prt), 

in ram reproductive physiology remains largely unknown. In this study, we assessed the effect 

of Prt in ovine fertilization by using an anti-Prt antibody (APPA) in fertilization medium incubated 

with spermatozoa and oocytes. Moreover, a computational model was constructed to infer how 

the results obtained could be related to a hypothetical role for Prt in sperm-zona pellucida (ZP) 

binding. 
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4.2.1.2.  Methods 

Mature ovine oocytes were transferred to in vitro fertilization medium alone (control) or 

supplemented with APPA, or pre-immune serum (CSerum). Oocytes were inseminated with 

ovine spermatozoa and after 18h, presumptive zygotes (n=142) were fixed to evaluate 

fertilization rates or transferred (n=374) for embryo culture until D6-7. Predicted ovine Prt 

tertiary structure was compared with data obtained by circular dichroism spectroscopy (CD) and 

a protein-protein computational docking model was estimated for a hypothetical Prt/ZP 

interaction. 

 

4.2.1.3.  Results 

The fertilizing rate was lower (P=0.006) in APPA group (46.0±6.8%) when compared to control 

(78.5±7.5%) and CSerum (64.5±6.7%) groups. In addition, the cleavage rate was higher 

(P<0.0001) in control (44.1±4.2%) than in APPA group (19.7±4.2%). Prt CD spectroscopy 

showed a 22% α-helical structure (α) in 30% (m/v) aqueous trifluoroethanol (TFE) and 17% α in 

0.6% (m/v) TFE. The predominant α-helical secondary structure detected correlates with the 

predicted three-dimensional structure for ovine Prt, which was subsequently used to test Prt/ZP 

docking. Computational analyses predicted a favourable Prt-binding activity towards ZP 

domains. 

 

4.2.1.4.  Conclusions 

Our data indicates that the presence of APPA reduces the number of fertilized oocytes and of 

cleaved embryos. Moreover, the CD analysis data reinforces the predicted ovine Prt trend 

towards an α-helical structure. Predicted protein-protein docking suggests a possible interaction 

between Prt and ZP, thus supporting an important role for Prt in ovine fertilization. 

 

Keywords: Prion proteins; Prt; zona pellucida; circular dichroism; docking; ovine; reproduction.  

 

4.2.2.  Background 

The prion protein gene prnp, which encodes the protein PrPSc, is the major structural component 

of prions, the infectious pathogens causing a number of disorders in mammals, including 

scrapie in sheep and bovine spongiform encephalopathy (Mastrangelo & Westaway, 2001). 
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Moreover, the expression of prnp is also found in the gonads (testis and ovary) (Bendheim et 

al., 1992; Fujisawa et al., 2004). In situ hybridization analysis of mouse testes showed that the 

positive signals for prnp mRNAs were predominantly observed in spermatogenic cells, but not in 

elongate spermatids and spermatozoa (spz) or in somatic cells such as Sertoli cells, Leydig and 

peritubular myoid cells, which indicates that prnp may have a role in germ cell differentiation 

during mammalian spermatogenesis (Fujisawa et al., 2004). 

A novel possibility for the function of prion protein has emerged from the identification of the 

paralogue prnd, that lies downstream of prnp and encodes the Doppel (Dpl) protein 

(Mastrangelo & Westaway, 2001). While Dpl exhibits no more than 25% of amino acid identity 

with PrPC in linear alignments, an NMR structure showed remarkable similarity to the C-terminal 

part of PrPC in a folded structure encompassing three α-helices and two antiparallel β- strands 

(Westaway et al., 2011). The expression of Dpl focuses on testis tissue at the adult, and takes 

an important role in maintaining sperm integrity, normal fertility and motion ability (Guan et al., 

2009; Mastrangelo & Westaway, 2001) and eventually in the sperm-oocyte interaction (Behrens 

et al., 2002), which might be linked to its physiological role in acrosome biogenesis (Serres et 

al., 2006). 

A third member of the prion gene family, prnt (that encodes the Prt protein), was described as 

being closer to prnd than prnp in the human genomic sequence (located 6 kb downstream of 

prnd in cattle (Kocer et al., 2007)), and emerged possibly due to a duplication event that 

occurred early during eutherian species divergence (Harrison et al., 2010; Makrinou et al., 

2002). prnd and prnt genes are located in close proximity and in opposite orientations, a 

structural arrangement frequently encountered in genomic regions that have a similar structural 

organization and expression profiles (Makrinou et al., 2002). All three isoforms of human prnt 

are exclusively expressed in the adult testis and are not present in any of the foetal tissues, 

including testis (Makrinou et al., 2002). In caprine, prnt is weakly and stochastically expressed in 

both testes and ovaries at various development stages, suggesting that the expression pattern 

of this gene differs between ruminant and human (Kocer et al., 2007). Recent results 

demonstrated that Prt is also found in the ram germinal cells (Pimenta, Domingos, et al., 2012). 

Prt was found in seminiferous tubules, along with the developing stages of germinal cells, but 

not in the wall of the spermatogenic epithelium or in Sertoli cells. Primarily expression in the 

nuclei of spermatogonia and spermatocytes, and subsequently in the elongated spermatides 

and in the spz acrosome, unrelated to spz capacitation, indicate that ovine Prt may play an 

important role in ram spermatogenesis, throughout spermatogenic cell proliferation and sperm 

maturation, as well as in fertilization.  
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Vertebrate oocytes are surrounded by an extracellular matrix called the zona pellucida (ZP) in 

mammals, synthesized, secreted and assembled during folliculogenesis and composed of 

complex highly glycosylated glycoproteins that participate, together with molecules found in the 

sperm plasma membrane, in taxon-specific sperm-oocyte binding during fertilization, and 

protect the embryo during early development (Bogliolo et al., 2012; Goudet et al., 2008; Monne 

& Jovine, 2011). The different ZP glycoproteins share an apparent overall similar architecture 

(Jovine et al., 2005) and are classified in six gene subfamilies: ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, 

ZP1, ZPAX and ZPD (reviewed in Goudet et al. (2008) and Spargo and Hope (2003)) with the 

same nomenclature used interchangeably hereafter to describe the corresponding genes and 

proteins. In mammals, all ZPs share ZP2 and ZP3 proteins (and one or both of the ZP1 and ZP4 

proteins), indicating that both genes have functional importance (Goudet et al., 2008). 

Accordingly, pig (Hedrick & Wardrip, 1987) and cow (Noguchi et al., 1994) show three 

glycoproteins, but only ZP4 is present. 

The ability of sperm to bind to ZP is one of the most important indicators for sperm fertilizing 

ability (Barratt & Publicover, 2001; Franken et al., 1993; Liu & Baker, 1992; Liu, Garrett, & 

Baker, 2004; Oehninger et al., 1997). Therefore, and based in the Prt location and expression in 

male germ cells (Kocer et al., 2007; Makrinou et al., 2002; Pimenta, Domingos, et al., 2012), it is 

reasonable to suggest a role for Prt during early sperm-oocyte binding events, that could be 

mediated by ZP proteins. The main aim of the present investigation is thus to explore the role of 

Prt in fertilization, given the potential impact that it may have in the reproduction of mammals, 

including humans. To accomplish this (for simplicity and given the host lab previous experience 

(Pimenta, Domingos, et al., 2012)), a ovine model system was employed, with two distinct yet 

complementary approaches: one focused on data collected in vivo (via classical cell culture 

assays), and the other zoomed in the role of individual molecules (via biophysical assays and in 

silico analysis of the proteins involved). In the first approach, ovine Prt was partly inhibited 

during fertilization by addition of an anti-Prt polyclonal antibody (APPA) to the culture medium. 

Fertilization and cleavage rates were determined. In the second approach, Prt predicted tertiary 

structure was refined and compared with data from CD spectroscopy. Then, a forecast 

computational model was undertaken for protein-protein docking between predicted tertiary 

structures of Prt and ZPs. 
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4.2.3.  Materials and Methods 

Ovine semen collection and in vitro fertilization protocols (Pereira et al., 2009; Valente et al., 

2010) were reviewed by the Ethics Committee of CIISA/FMV and approved by the Animal Care 

Committee of the National Veterinary Authority (Direção Geral de Alimentação e Veterinária, 

Portugal), following the appropriate European Union guidelines (Council Directive 86/609/EEC). 

 

4.2.3.1.  Experimental design 

In order to define a role for Prt in ovine fertilization, we hypothesized that the antiserum 

blockage of ram Prt would limit the fertilizing capacity of ram spermatozoa and subsequent 

embryo development. As Prt was detected (as described in Pimenta, Domingos, et al. (2012)) in 

the sperm head apical ridge subdomain of ejaculated ram spz (corresponding to the acrosome 

region) and along in vitro capacitation, it seemed reasonable to investigate its connection to the 

first steps of sperm-zona binding. To test our hypotheses, different experiments were 

conceptualized:  
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4.2.3.1.1.  Does Prt blockage interfere with fertilization rates? 

Mature ovine oocytes (n=516) were randomly divided and transferred to in vitro fertilization 

medium alone (control group) or supplemented with 1 µLmL-1 (v/v) of anti-Prt serum (APPA 

group), or with 1 µLmL-1 (v/v) of pre-immune serum (CSerum group) and then co-cultured for 

18h with a mixed pool of frozen/thawed spermatozoa (from three Merino rams) previously 

submitted to swim up. Afterwards, samples of oocytes were fixed and stained for fertilization 

assessment (18h, n=142). Analysis of data representing 4 replicates of fertilization evaluation 

was performed.  

 

4.2.3.1.2.  Does Prt blockage interfere with embryo production rates? 

Presumptive zygotes (from previous steps, n= 564) were denuded and cultured until the stage 

of 2-4-8 cells embryos. After assessing cleavage, embryo development proceeded until the 

blastocyst stage, and D6-7 embryo rates were evaluated. Analysis of data representing 4 

replicates of embryo production was performed. 

 

4.2.3.1.3.  Can Prt bind to ZP proteins? 

The predicted (I-TASSER software (Roy et al., 2010; Zhang, 2007)) tridimensional structure of 

ovine Prt was refined (Amber software (Case et al., 2012)), and compared to data from CD 

spectroscopy of Prt in 30% (m/v) and 0.6 % (m/v) aqueous TFE. The predicted 3D structures of 

bovine ZPs (ZP2, ZP3 and ZP4) with homologous ovine fragments were also refined, and used 

to test for Prt/ZP computational docking, with the HADDOCK software (de Vries, van Dijk, & 

Bonvin, 2010). 

 

4.2.3.2.  Antibodies 

Unless stated, all reagents used were provided from Sigma-Aldrich (St. Louis, USA). Mouse 

anti-ovine Prt polyclonal antibody (APPA) which has been shown to be specific for ovine Prt (as 

described in Pimenta, Domingos, et al. (2012)), was used in these studies. Briefly, five to six-

week-old female BALB/c mice were injected intraperitoneally with 20 µg of synthetic ovine Prt 

peptide (obtained from CASLO Laboratory ApS, Denmark; GenBank: ABO86196.1 and 

emulsified in incomplete Freund’s adjuvant), and boosted monthly (four times) with an equal 

mass of the referred peptide. Antibody responses generated against ovine Prt were measured 
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by ELISA, and Prt location in semen was demonstrated by Western Blot assay of a protein 

extract from ram spermatozoa. Membranes were incubated with APPA, with and without 

previous peptide blocking in order to demonstrate the antibody specificity.  

 

4.2.3.3.  Semen collection and cryopreservation 

Semen collection was conducted at the experimental farm of INRB. Semen was collected from 

native Portuguese Merino rams, already identified by its good in vivo and in vitro fertility results, 

using an artificial vagina. Immediately after collection, each ejaculate was evaluated for volume, 

motility and concentration. Good quality ejaculates (mass motility >4; individual motility >60%; 

concentration >2.5×109 spz mL−1) were diluted using an extender containing a solution of 45.0 g 

L-1 TRIS, 24.4 gL-1 citric acid, 5.6 g L-1 glucose, 15% egg yolk (v/v), 6.6% glycerol (v/v) and 

antibiotics. The diluted semen was loaded into 0.25 ml mini-straws (300×106 spz), refrigerated 

till 4 ºC and frozen in nitrogen vapours as described in Valente et al. (2010). 

 

4.2.3.4.  In vitro fertilization (IVF) 

Ovine ovaries collected at the local slaughterhouse were transported to the laboratory in 

Dulbecco’s phosphate buffer saline (PBS, GIBCO) at 37 ºC. PBS was supplemented with 0.15% 

(w/v) of bovine serum albumin (BSA, Fraction V) and 0.05 mg mL−1 of kanamycin. At the 

laboratory, the 2–6 mm follicles were aspirated to obtain cumulus–oocyte complexes. These 

complexes were incubated in maturation medium (TCM-199, 10 µg mL-1 FSH, 0.3 mM sodium 

pyruvate, 100 µM cysteamine, 10 ng mL−1 epidermal growth factor, 10 µg mL−1 estradiol and 10 

µL mL−1 gentamicin, as described in Romão et al. (2013)), at 38.5 ºC and 5% CO2 for 22h. For 

oocyte fertilization, a pool of frozen/thawed semen from 3 Merino rams was used in each 

session. After thawing three straws, pooled sperm motility was immediately examined. Then 

spermatozoa were submitted to swim-up in capacitation medium (modified Bracket’s medium 

containing 20% ovine superovulated oestrus serum) at 38.5 ºC and 5% CO2 for 1 hour. The 

upper layer was centrifuged at 225 g for 5 minutes and the supernatant rejected, according to 

Pereira et al. (2009). The remaining pellet of spermatozoa was evaluated prior to be used to 

fertilize the oocytes in fertilization medium. Mature ovine oocytes were transferred to in vitro 

fertilization medium alone (control group) or supplemented with 1 µL mL-1 (v/v) of anti-Prt serum 

(APPA group), or with 1 µL mL-1 (v/v) of pre-immune serum (CSerum group) and then co-

cultured with the spermatozoa (1×106 spz mL−1) for 18h. The fertilization medium consisted of 
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synthetic oviductal fluid (SOF) containing glutamine (1.5 µg mL-1), BME (20 µL mL-1) and MEM 

amino acids (10 µL mL-1), gentamicin (10 µL mL-1) and 10% ovine superovulated oestrus serum. 

Samples of oocytes after 18h of insemination were fixed and stained for fertilization 

assessment, while the remaining inseminated oocytes proceeded to assess embryo 

development. 

 

4.2.3.5.  Fertilization assessment 

Eighteen hours after oocyte insemination, samples of presumptive zygotes from all groups 

(control, n=42; APPA n=50, CSerum n=50) were fixed and stained with 1% aceto-lacmoid. 

Fertilization was considered to occur by the observation in a phase microscope of either a 

decondensed sperm head or 2 pro-nuclei or zygotes and also when observing more than 2 

swollen sperm heads or 2 pronuclei within a single oocyte. Fertilization rate was calculated as 

the number of fertilized oocytes per number of fertilized and matured oocytes. Immature and 

unidentified oocytes were not accounted. 

 

4.2.3.6.  Embryo culture 

After fertilization, presumptive zygotes were denuded and cultured in droplets of SOF enriched 

with amino acids (20 µL mL−1 BME, 10 µL mL−1 MEM and 6 mg mL−1 bovine serum albumin 

(BSA) at 38.5 ºC, under 5% O2, 5% CO2 and 90% N2 in an humidified atmosphere until the 

stage of 2-4-8 cell embryos. After assessing cleavage, embryo development proceeded until the 

blastocyst stage in SOF plus BSA and 10% (v/v) fetal calf serum. Cleavage rate was calculated 

as the number of cleaved embryos per number of inseminated oocytes and D6-7 embryo rate 

as the number of morulae and blastocyts at these days per number of cleaved embryos. 

 

4.2.3.7.  Sequence alignment 

Sequence alignment was undertaken with the M-Coffee server (www.tcoffee.org), a web server 

that computes multiple sequence alignments (MSAs) by running several MSA methods and 

combining their output into one single model (Moretti et al., 2007).  
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4.2.3.8.  Circular Dichroism Spectra  

The secondary structure of the Prt peptide previously used to induce APPA antiserum 

production was studied in two aqueous TFE concentrations (0.6 and 30% v/v) by CD 

spectroscopy. CD measurements were executed on a Jasco 815 spectrometer between 190 

and 260 nm, using of 0.5 cm of path-length cells. The spectra were measured at a peptide 

concentration of 15 μM m/v (in 30% v/v TFE) and 10.2 μM m/v (in 0.6% v/v TFE). The 

secondary structure content of Prt peptide was calculated using the CD spectrum deconvolution 

software CDNN (Bohm, Muhr, & Jaenicke, 1992) which calculates the secondary structure of 

this peptide by comparison with a database of CD spectra of known protein structures. 

 

4.2.3.9.  Predicted Prt/ZP docking protocol 

Since the complete ovine ZP sperm-binding proteins sequences are not known, the predicted 

(with I-TASSER software (Roy et al., 2010; Zhang, 2007)) tertiary structures of bovine ZP 

sperm-binding protein sequences [ZP2 (UniProtKB: Q9BH10), ZP3(UniProtKB: P48830) and 

ZP4(UniProtKB: Q9BH11) (Chen, Costa, & Beja-Pereira, 2011; Ikeda et al., 2002; Yonezawa et 

al., 2001)] were used, replacing the corresponding bovine sequence, with the homologous ovine 

fragments ovine ZP2 (UniProtKB: E5FYD9), and ovine ZP3 (UniProtKB: E5FYG4) (Chen et al., 

2011)]. 

The ovine Prt (UniProtKB: A4ULE2) and bovine ZPs (with the referred ovine fragments) protein 

structures predicted by I-TASSER were energy minimized by molecular mechanics in AMBER 

12 (Case et al., 2012) using the ff12SB force field through 1000 steps of the steepest descent 

method, followed by the conjugate gradient method until a 0.0001 convergence Kcal.mol-1 was 

achieved. The Prt peptide was refined afterwards in explicit solvent using an isometric truncated 

octahedron TIP3P-water box of 11 Å and the proper number of counter ions was added using 

tleap as implemented in AMBER package. The simulation was carried out using periodic 

boundary conditions following a five-step protocol: The first step consisted in a 20000 cycles of 

minimization to remove any possible unfavourable contacts between the water and the peptide. 

The first 50×102 cycles of the minimization were performed with the steepest descent method, 

followed by the conjugate gradient method. In this step, the solute was restrained in the 

cartesian space using a harmonic potential restraint (weight 200 kcal mol–1.Å–2). Subsequently, 

a 10×103 cycles of minimization (30×102 steps of steepest descent and 7000 steps of conjugate 

gradient method) without restraints was performed. The system was then heated up to 298 K for 

50 ps using a NVT ensemble and a weak positional restraint (10 mol–1Å–2) on the solute, to 
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avoid wild structural fluctuations, using the Langevin thermostat with a collision frequency of 1 

ps-1. The positional restraint was removed and a molecular dynamics run in an isothermal-

isobaric (NPT) ensemble at 298 K for 1 ns was performed for equilibration at 1 atm with 

isotropic scaling and a relaxation time of 2 ps. Finally, NPT data production run was carried out 

for 10 ns and snapshots of the system were saved to a trajectory file every 0.2 ps. All bonds 

involving hydrogen atoms were constrained with the SHAKE algorithm (Ryckaert, Ciccotti, & 

Berendsen, 1977) allowing the use of a 2 fs time step. The Particle Mesh Ewald method 

(Darden et al., 1993) was used to treat the long-range electrostatic interactions and the non-

bonded van der Waals interactions were truncated with a 9 Å cut-off. The structural collected 

data were analysed with the PTRAJ module as implemented in the AMBER package. The MD 

trajectory was clustered by RMSD similarity using the average-linkage clustering algorithm 

(Shao, Tanner, Thompson, & Cheatham, 2007). A representative conformation of the cluster 

with larger population was taken for further docking studies.  

The docking simulations were performed with the HADDOCK webserver (De Vries et al., 2007), 

using the structures previously optimized. The interface prediction in both partners (active and 

passive residues) was determined through the CPORT (de Vries & Bonvin, 2011) prediction 

method that is optimized for use with HADDOCK. The HADDOCK docking protocol was 

performed as described elsewhere (Dominguez et al., 2003). The first docking step consisted in 

a rigid body energy minimization. 10×103 complex conformations were calculated at this stage. 

The 500 best solutions were then selected for further simulated annealing refinements. Firstly 

the two proteins were considered as rigid bodies and their respective orientation was optimized, 

then the side chains at the interface were allowed to move in a second simulated annealing 

simulation. In the third simulating annealing simulation both backbone and side chains at the 

interface were allowed to move. The resulting complex structures were energy minimized 

through 200 steps of the steepest descent method. In the final docking stage, the structures 

obtained were gently refined (100 MD heating steps at 100, 200 and 300 K followed by 750 

sampling steps at 300 K and 500 MD cooling steps at 300, 200 and 100 K all with 2 fs time 

steps) in an 8 Å shell of TIP3P water molecules. A cluster analysis was performed on the final 

docking solutions using a minimum cluster size of 6. The root mean square deviation (RMSD) 

matrix was calculated over the backbone atoms of the interface residues using a 2.0 Å cut off. 

The resulting clusters were analysed and ranked according to the HADDOCK score which 

consists in a weighted sum of intermolecular electrostatic, van de Waals, desolvation and AIR 

(ambiguous interaction restraints) energies, and a buried surface area term. All molecular 

diagrams were drawn with PyMOL 1.4.1. (Schrödinger, 2010). 
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4.2.3.10.  Statistical analysis 

The results were expressed as least squares means±standard error. Data representing 4 

replicates of fertilization stages evaluation and embryo production rates analysis were 

performed by the MIXED procedure of Statistical Analysis Systems Institute (SAS Inst., Inc., 

Cary, NC, USA). The mixed linear model included treatment (control, anti-Prt immune serum 

and pre-immune serum, in fertilization medium) as fixed effect and replicates as random effect. 

When significant effects were identified, values were compared using the Bonferroni test. 

Differences were considered significant when P≤0.05. 

 

4.2.4.  Results 

4.2.4.1.  Fertilization and embryo rates 

A total of 706 ovine mature oocytes were used to assess the fertilizing ability of ovine 

spermatozoa incubated in the presence and absence of anti-Prt serum and pre-immune serum. 

The anti-Prt serum clearly interfered (P=0.006) with the fertilization rate (Figure 29). This rate 

was lower in APPA group than in Control (P=0.001) and CSerum (P=0.05) groups. Accordingly 

the percentage of Methaphase II oocytes was higher in APPA group than in Control (P=0.001) 

and Cserum (P=0.05). CSerum group had more (P=0.02) zygotes at synkaryosis stage than 

APPA group. No differences (P>0.05) were identified for sperm head decondensation; two 

pronuclei, embryo or polyspermic rates among groups (Figure 29).  
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Figure 29. Assessment of in vitro fertilization of ovine oocytes incubated in the absence and 

presence of anti-Prt serum and pre-immune serum. 

 

Assessment of in vitro fertilization of ovine oocytes incubated in the absence (Control) and presence of anti-Prt serum 

(APPA) and pre-immune serum (Cserum) in 4 replicates. MII: metaphase II; Decond: sperm head decondensation ; 

2-4 cells: 2-4 cell embryos; Least squares mean values within columns with different letters differ statistically 

(P≤0.05). 

 

In what concerns embryo production rates, only cleavage rates were affected (P<0.001) by the 

presence of anti-Prt immune serum in the fertilization medium, being higher (P<0.0001) in 

control (44.1±4.15%) than in APPA (19.7±4.22%) group. No differences were identified for D6-7 

embryo rates among groups (Table 10). 

 

Table 10. Effect of anti-Prt serum on embryo and cleavage rates. 

Treatment n Cleavage  

(%) 

D6/7 embryo  

(%) 

Control 127 (63) 44.1±4.15
a
 (9) 21.0±5.12 

APPA 118 (27) 19.7±4.22
b
 (6) 24.3±7.12 

CSerum 129 (47) 32.2±4.06
ab

 (8) 22.9±5.56 

Effect of spermatozoa incubation in the presence of anti-Prt serum (APPA) or pre-immune serum (CSerum) in the 

fertilization medium on embryo production rates in 4 replicates for cleavage and 3 replicates for D6/7 embryos (least 

squares means ± standard error). n: total number; data within columns with different superscripts are statistically 

different (P≤0.05). Cleavage rate: number of cleaved embryos per number of inseminated oocytes; D6-7 embryo rate 

as the number of morulae and blastocysts at these days per number of cleaved embryos.  
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4.2.4.2.  CD Measurements 

Figure 30 shows the CD spectrum of Prt peptide dissolved in TFE. In the far UV region (180-240 

nm), which corresponds to peptide bond absorption, CD spectrum exhibits two negative bands 

located at 204 (0.6% TFE) and 207 nm (30% TFE), combined with positives bands near 190 

nm, suggesting the presence of a stable α-helical conformation over the TFE range. This is 

confirmed by secondary structure analysis using the CDNN (Bohm et al., 1992) software that 

suggests that 17.6% and 22% of the Prt peptide populates an α-helical conformation (in 0,6 and 

30% TFE, respectively). In aqueous solution it is mostly a random coil (data not shown).  

 

 

Figure 30. CD spectrum of Prt peptide in TFE. 

 

The final peptide concentration was 10.2 μM (0.6% TFE) and 15 μM (30% TFE). The temperature was 25°C. [θ], 

Molar elipticity. 

 

Biophysical studies of aggregation processes frequently employ chemical cosolvents to reduce 

experimental variability, simulate cellular conditions, or induce the formation of atypical 

aggregate structures. The TFE fluorinated alcohol (2,2,2-trifluoroethanol), is one of the most 

commonly used membrane-mimicking cosolvents in these studies assays (Anderson & Webb, 

2012; Otzen, 2010). TFE tends to enhance the stability of backbone hydrogen bonds of which 

the carbonyl groups are from non-polar residues (Shao et al., 2012). TFE has been shown to 

induce and stabilize α-helices in sequences with intrinsic helical propensity (Sonnichsen et al., 

1992) without altering helix limits (Nelson & Kallenbach, 1989) and is a solvent considered to 

mimic the hydrophobic solvent-excluded environment, which may form early in the protein 
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folding pathway (Padmanabhan et al., 1999). Moreover, Lehrman, Tuls, and Lund (1990) 

suggested that the TFE-enhanced α-helicity, is indicative of the α-helical propensity. 

 

4.2.4.3.  Sequence alignment between ZP domains 

In this colored output (Figure 31), each residue has a colour that indicates the agreement of the 

individual multiple sequence alignments (MSAs) with respect to the alignment of that specific 

residue. Residues in red are in perfect agreement with every constituting multiple alignments. 

Previous analysis indicates that 90% of the residues having an individual score of 7 or higher 

(dark yellow, orange and red) are correctly aligned (Abergel et al., 2003; Moretti et al., 2007). 

Average consistency presents a main score above 70 (Figure 31).  
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Figure 31. Sequence alignment of bovine Zona pellucida sperm-binding protein ZP domains. 

 

Top lane: Bovine ZP2 (UniProtKB: Q9BH10) ZP domain sequence. Second lane: Bovine ZP3 (UniProtKB: P48830) 

ZP domain sequence. Third lane: Bovine ZP4 (UniProtKB: Q9BH11) ZP domain sequence. Fourth lane: consistency. 

Asterisk (*) denotes identical residue; colon (:), conservative change; period (.), related substitution. Dark red 

indicates residues aligned in a similar fashion among all the individual MSAs (multiple sequence alignments). Dark 

yellow, orange and red residues can be considered to be reliably aligned. The top of the output provides the average 

consistency (ranging from of 0 to 100) for each sequence, indicating sequence alignment reliability (score lower than 

50 is considered poor). Hereafter, amino acids are represented by single letter code for amino acid residues. The 

alignment was performed using the M-Coffee program (Moretti et al., 2007).  

 

4.2.4.4.  Predicted Prt/ZP docking 

Predicted Prt and ZPs 3D protein structures were obtained with the I-TASSER software (Roy et 

al., 2010) from amino-acid sequences, using mainly the crystal structures of the full-length 

chicken sperm receptor ZP3 (PDB: 3NK3 and 3NK4) as templates for bovine ZP2, ZP3 and ZP4 

homology modelling, and ab initio structure modelling in the case of ovine Prt, as described in 

Wu, Skolnick, and Zhang (2007). Compared with other modelling methods, the average 

performance of I-TASSER is either much better or is similar within a lower computational time 

(Wu et al., 2007), and models exhibiting higher C-scores (a confidence score for estimating the 

quality of predicted models by I-TASSER), were further optimized with the Amber software 

(Case et al., 2012). The biomolecular modelling program HADDOCK (De Vries et al., 2007; 
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Dominguez et al., 2003) was then used to generate a structural model of the possible interaction 

between Prt and ZPs. As can be seen from the intermolecular energies in Table S 9 of the 

Supplemental Information, the associations are dominated by electrostatic interactions. 

Clusters with the lowest HADDOCK scores were selected and the polar contacts mapped, thus 

giving structural insights of ZP-Prt interaction, as represented in Figure 32 and Figure 33. 

Images of the three best presenting clusters (Haddock scores), for ZP2, ZP3 and ZP4 are also 

available as additional material files (Figure S 7). According to the predicted docking results, Prt 

seems to exhibit a trend towards the ZP domain within the ZP protein chains, that are structural 

elements predicted to exist as a bipartite structure corresponding to ZP-N and ZP-C regions 

tethered by a linker (Lin et al., 2011). In the case of ZP3, polar contacts are predominantly 

distributed along the expected bovine ZP-N subdomain (Figure 33). As such, and in order to test 

if the ZP-N of mouse sperm receptor ZP3, could provide a better template for the homologous 

bovine subdomain, we specified mouse ZP-N (ZP3) crystal form I (PDB: 3D4C) as a template 

for bovine ZP-N (ZP3) 3D modelling with I-TASSER. Interestingly, the best C-score was again 

obtained using the full-length chicken sperm receptor ZP3 as a template (not shown), 

reinforcing the attained models.  
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Figure 32. Prt/ZP predicted binding. 

 

(A) Prt/ZP2 model; (B) Prt/ZP3 model; (C) Prt/ZP4 model. ZPs and Prt are shown respectively in surface and cartoon 

representations. Residues 36-150 of bovine ZP2 are colored in orange. ZP2 (36-635), ZP3 (23-346) and ZP4 (18-

461) chains, are colored in light green. Polar contacts are colored in red (corresponding ZP amino acids are indicated 

with one-letter code). N-terminal signal peptide, and C-terminal propetide (both removed in mature form), are colored 

in light gray. Ovine Prt model (cartoon) is colored in blue. UniProt ID: Prt (A4ULE2), ZP2 (Q9BH10), ZP3(P48830) 

and ZP4(Q9BH11).  
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Figure 33. Prt/ZP domain, predicted binding. 

 

(A) Prt/ZP2 (ZP domain) model; (B) Prt/ZP3(ZP domain) model; (C) Prt/ZP4(ZP domain) model. ZP domains and Prt 

are shown respectively in surface and cartoon representations. N-terminal region of ZP domain is coloured in yellow-

orange. C-terminal region of ZP domain is coloured in pale cyan. Expected Internal Hydrophobic Patch (IHP) 

interdomain linker (using the mouse and human IHP linkers as templates; as described in Jovine et al. (Jovine, Qi, 

Williams, Litscher, & Wassarman, 2004)), are coloured in magenta. Polar contacts with corresponding ZP amino 

acids are indicated with one-letter code. Based on UniProtKB/Swiss-Prot sequences Prt (A4ULE2); ZP2 (Q9BH10; 

a.a. 366-632); ZP3(P48830; a.a. 44-306); ZP4(Q9BH11; a.a. 188-465). 

 

4.2.5.  Discussion 

In our previous study (Pimenta, Domingos, et al., 2012) we determined the location of ovine prnt 

along the developing stages of ram germinal cells and specifically at the sperm head apical 

ridge subdomain of ejaculated and capacitated ovine spermatozoa. Therefore, the aim of our 

present work was to determine if Prt, like Doppel (Behrens et al., 2002; Paisley et al., 2004), 

could also play a role in the fertilization process. In order to elucidate the molecular foundations 

of fertilization, we employed an antibody based approach by which we blocked Prt function via 

an anti-Prt antibody, following previous similar approaches by other authors (Evans, 2012). 
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Herein we showed that adding APPA, an antibody that binds and subsequently blocks Prt 

function, to a culture medium where the spermatozoa are actively attaching, penetrating and 

fertilizing the oocytes, effectively and significantly (P=0.006) decreases the fertilization rate, with 

the overall fertilizing ability of ram spermatozoa being lower than in control (fertilization rates: 

46±6.8 vs. 78.5±7.5%, P=0.001, Figure 29). This seems to indicate a key role for Prt during 

fertilization. Accordingly, the cleavage rate of APPA group, which is as an indicator of the 

progress of fertilization, was also lower than in control (19.7±4.2 vs. 44.1±4.2%, P<0.0001, 

Table 10), although not significantly different from CSerum group. Interestingly, no differences 

were identified for D6-7 embryo rates among groups, implying that no repercussions of APPA 

blockage on the development from 2-4 cells embryos to blastocyst were identified. Taken 

together, these observations suggest that Prt could exert its main function in the fertilization 

process, potentially in the initial steps due to its location in the acrosome of ovine spermatozoa.  

Mammalian fertilization is the net result of a highly programmed sequence of molecular events 

(Tulsiani & Abou-Haila, 2011), that are mediated by protein molecules found both on the sperm 

plasma membrane and the oocyte ZP (Monne & Jovine, 2011; Tulsiani, Yoshida-Komiya, & 

Araki, 1997). Among them, Izumo, a sperm protein belonging to the immunoglobulin superfamily 

has already showed to be essential for fertilization (Inoue, Ikawa, Isotani, & Okabe, 2005). 

Izumo, hidden under the plasma membrane and invisible on the surface of fresh sperm, 

becomes detectable only after the acrosome reaction (Inoue et al., 2003). Contrarily, ram Prt is 

readily detected in germ cells (but not in testis somatic cells) throughout spermatogenesis and 

spermiogenesis (the final stage of spermatogenesis, that consists of the complex differentiation 

of spermatids into spermatozoa), on fresh sperm and along the capacitation process (Pimenta, 

Domingos, et al., 2012), possibly indicating divergence relatively to the temporal control of 

Izumo expression. 

In the case of the other prion family proteins, Dpl was detected both in germ and somatic 

Leydig, Sertoli and epididymal epithelial cells (Espenes et al., 2006; Kocer et al., 2007; Peoc'h 

et al., 2002; Rondena et al., 2005; Serres et al., 2006; Tranulis et al., 2001), and PrPC was 

detected in germ and somatic epididymal epithelial cells (Ecroyd et al., 2004; Fujisawa et al., 

2004; Gatti, Metayer, Belghazi, Dacheux, & Dacheux, 2005; Gatti et al., 2002; Shaked et al., 

1999; Tranulis et al., 2001). Finally, the protein Shadoo (Sho), a paralogue of prion protein 

(Premzl et al., 2003), also reveals testis expression but only in specific somatic cell types of the 

testicle (namely interstitial Leydig cells) (Young et al., 2011). 

From the outlined data, it is possible to observe that the prion family genes (prnp, prnd, sprn 

and prnt) exhibit different expression patterns in mammalian testis, so it seems conceivable that 
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they might also present gentle deviations in terms of their function in reproduction, as has been 

previously suggested by Makrinou et al. (2002). Thus, it appears reasonable to theorize that Prt 

could be involved in the early steps of fertilization, along the sperm-zona binding process. A 

hypothesis-driven three-dimensional computational prediction was therefore developed to help 

understand if the study of Prt/ZP binding could represent an interesting path that might be 

followed in future research. For that purpose, the predicted 3D structure (I-TASSER; (Roy et al., 

2010; Zhang, 2007)) of ovine Prt was refined with the Amber software (Case et al., 2012) and 

compared with data obtained from CD spectroscopy (Figure 30) which confirmed the α-helical 

structure. Prediction of bovine ZPs (ZP2, ZP3 and ZP4) three-dimensional structures was also 

undertaken with the I-TASSER software. 

Sperm–oocyte fusion is known to be less species-specific than sperm–zona interaction (Kouba, 

Atkinson, Gandolf, & Roth, 2001). Nevertheless, cross-species fertilization of oocytes from 

domestic farm species has proven successfully, and a high relationship was showed between 

heterologous IVF and in vivo male fertility as well as embryo production rates (Garcia-Alvarez et 

al., 2009; Pimenta, Dias, et al., 2012; Valente et al., 2010). Moreover, the primary structures of 

ZP2 and ZP3-related glycoproteins from different species are relatively well conserved (∼65% 

to 98% identity) (Jovine et al., 2005), and in parallel Chen et al. (2011) suggested that bovine 

ZP2 and ZP3 genes may not play an important role in reproductive isolation between bovine 

species. In fact, within the ZP2, ZP3 and ZP4 gene families, the DNA and deduced amino acid 

sequences are highly homologous to each other, and are most homologous between members 

of the same order within Mammalian (Harris et al., 1994). This might be the case of cattle and 

sheep, as both belong to the same Order (Artiodactyla; even-toed ungulates (Rubes et al., 

2012)). As such, and since the complete ovine ZP sperm-binding protein sequences are not 

submitted, and considering that the ZP glycoproteins have been conserved throughout the 

course of evolution and across species (Gupta et al., 2012), we used mainly the bovine ZPs 

sequences for our theoretical model of Prt/ZP docking (Figure 31). 

In bovine, sperm binds to ZP through a heterocomplex consisting of ZP3 and ZP4 (Yonezawa et 

al., 2011), with the strongest sperm-binding activity towards ZP4 (Yonezawa et al., 2001). As 

such, bovine ZP4 predicted tertiary structure was also tested in this study. Recently ZP2 has 

also drawn attention as human ZP2 was found to be necessary and sufficient to support human 

sperm binding, with the site of gamete interaction localized at the N-terminus of ZP2, upstream 

of the post-fertilization cleavage site (Baibakov et al., 2012), corresponding to residues 36-150 

of bovine ZP2. Moreover, ZP3 initiates the acrosomal reaction after sperm have bound to it, but 



 

144 

 

depends on the cleavage status of ZP2 for sperm-oocyte recognition as after cleavage of 

mouse ZP2 , sperm can no longer bind to the ZP (Gahlay et al., 2010). 

ZP glycoproteins exhibit extensive post-translational modifications including glycosylation and 

sulfation (Prasad et al., 2000), and carbohydrates of ZP3 have been repeatedly implicated in 

binding to sperm. Nonetheless, there is highly conflicting evidence about the chemical nature 

and location of the bioactive glycans, as well as about their functional importance relative to the 

polypeptide moiety of the protein (Han et al., 2010; Shur, 2008; Wassarman & Litscher, 2008). 

Thus, the role of ZP carbohydrate moieties in species-specific sperm-zona binding remains to 

be clarified. In fact, the amino acid sequence could be sufficient for sperm recognition in some 

mammals as ZP proteins expressed in Escherichia coli, a species incapable of synthesizing 

glycoproteins, bind to homologous spermatozoa and stimulate acrosomal exocytosis. This was 

demonstrated in cattle by Hinsch et al. (Hinsch, Aires, Hedrich, Oehninger, & Hinsch, 2005) 

finding that acrosomal exocytosis can be induced by a synthetic ZP3 peptide DVTVGPLIFL 

(359–368) that is not glycosylated. Also, Gahlay et al. (2010), despite having observed that the 

sperm-oocyte recognition depends on the cleavage status of ZP2, could not provide sufficient 

experimental evidence to address the role of glycosylation in initial murine sperm-oocyte 

binding. Additionally, computational docking of a long chain glycan such as the ZP glycan to a 

protein is not practical and likely to be inaccurate due to the high flexibility of the glycan chain 

(Xu et al., 2012), overall supporting the application of our model in which carbohydrates were 

not contemplated. 

In the present report we predicted a preferential binding ability between Prt and ZP domains 

(Figure 32 and Figure 33). Computational modelling predicts a preferential docking for Prt within 

the ZP domain (residues 366-632), predominantly in its C-terminal region, downstream of the 

interdomain linker IHP (Internal Hydrophobic Patch; residues 485-491) and without any residues 

located inside the homologous ZP2 N-terminus domain (corresponding to bovine residues 36-

150) described by Baibakov et al. (2012) at the humanized zona pellucida. With respect to 

Prt/ZP3 binding, all predicted polar contacts are also located in the ZP domain (residues 44-

306), with >85% of polar contacts inside the ZP-N subdomain, upstream of the predicted bovine 

IHP (residues 166-172). Also, predicted polar contacts for Prt/ZP4 binding seem to locate 

predominantly inside the N-terminal region of the ZP domain. 

Preliminary findings and predicted analysis emphasize the role of ‘ZP domain’ modules, along 

with Prt, at the early steps of mammalian fertilization. ZP domains are structural elements, found 

in hundreds of extracellular proteins having diverse functions (Gupta et al., 2012; Jovine, 

Litscher, & Wassarman, 2002), and from a wide variety of organisms, from nematodes to 



 

145 

 

mammals, consisting of ∼260 amino acids positioned close to the C-terminus of the polypeptide 

(Jovine et al., 2005). This structural element characterized by a set of eight highly conserved 

cysteines, is predicted to exist as a bipartite structure corresponding to ZP-N and ZP-C regions 

tethered by a linker (Lin et al., 2011). Recent in vivo analyses indicate that the functional 

organization of ZP-N is conserved throughout species, suggesting also that alteration of ZP-N 

structure affects polymerization of ZP-domain proteins (Fernandes et al., 2010). Also, the 

conserved duplicated motif that include the IHP linker located between ZP-N and ZP-C 

domains, and the external hydrophobic patch (EHP; an integral part of the ZP-C domain 

according to Lin et al. (2011)), assume an important role in the assembly of mouse ZP proteins 

(Jovine et al., 2004). Moreover, preliminary findings suggest that ZP domain (aa residues 273 – 

551) of human ZP1 is sufficient to induce an acrosome reaction (Ganguly et al., 2010). As such, 

and taking cue from these preliminary findings, it is imperative to pursue further studies so as to 

unearth the motifs and molecular mechanisms involved, hoping that with such background 

information, results may then be interpreted in a more reliable manner. 

 

4.2.6.  Conclusions 

Our results point out a role for spermatozoa Prt in ovine fertilization, possibly through a 

structural interaction with ZP proteins. Therefore, the search for sperm surface proteins that 

function in sperm-zona binding, should consider Prt as a potential candidate that may help to 

elucidate the underlying mechanisms behind conception. Further studies of this Prt prion-like 

protein function could lead to a better understanding of the ovine fertilization process, eventually 

providing avenues into the clinical treatment of infertility or towards the development of new 

contraceptive approaches that could potentially include sperm-zona blockage.  
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5.  GENERAL DISCUSSION, GENERAL CONCLUSIONS AND FUTURE 

PERSPECTIVES 

 

5.1.  General discussion 

Prions are pathological agents causing sporadic, genetic and acquired neurodegenerative 

disorders. Although the molecular mechanisms of these diseases are not well understood, the 

“protein-only” hypothesis suggests a misfolded PrPC (PrPSc) as the etiologic agent (DeArmond & 

Bouzamondo, 2002; Guest, Plotkin, & Cashman, 2011; Prusiner, 1998). In nature prion 

diseases are usually transmitted by extracerebral prion infection, but clinical disease results only 

after invasion of the central nervous system (CNS) (Klingeborn et al., 2011). Several different 

cell types have been implicated in prion lympho- and neuro-invasion, such as dendritic cells, 

follicular dendritic cells, membranous epithelial cells and B-cell lymphocytes, among others. 

However, recently described airborne pathway of direct prion neuroinvasion without an 

obligatory replicative phase in lymphoid organs should warrant re-thinking on current prion-

related biosafety guidelines (Haybaeck et al., 2011). The mechanism of neurodegeneration in 

prion diseases is still poorly understood, and not much is known about the mechanism by which 

prions actually impair neuronal function and cause cell death, although it appears plausible that 

two partially independent pathways exist, one leading to the propagation of infectious prions and 

another one that mediates neurotoxic signalling (Sandberg, Al-Doujaily, Sharps, Clarke, & 

Collinge, 2011). Historically, prion diseases have been characterised neuropathologically by 

neuronal vacuolation (spongiosis), brisk reactive proliferation of astrocytes and microglia, and 

by the deposition of amyloid plaques (Brandner, 2003). Several different prion linked 

neurodegenerative disorders have been described in humans and animals and collectively 

classified as ‘transmissible spongiform encephalopathies’. Therapeutic approaches describing 

promising anti-prion agents that are effective in animal models and in cell culture experiments, 

have yet to prove its efficacy in humans and livestock animals. Identification of the cellular 

pathways involved in the physiological function of PrPC would allow development of an entirely 

new class of anti-prion therapeutics based on blocking these pathways. Moreover, the 

quantification of the prion-like prnd gene expression levels and Dpl ectopic expression in glial 

and haematological cancers might constitute an additional tool to characterize tumour 

progression (Comincini et al., 2004; Comincini et al., 2007; Rognoni et al., 2010). 

Since the implementation of the Portuguese surveillance plan for scrapie in small ruminants in 

2002, the atypical cases were identified all over the country (except in Madeira and Azores). 
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Despite this extended TSE surveillance, no classical scrapie had been diagnosed in Portugal 

until 2008, when a total of nine sheep showing classical scrapie phenotype were identified in the 

centre east region of Portugal (two slaughtered for human consumption and seven fallen stock). 

Seven sheep were from the same flock in which one atypical case was also confirmed, 

demonstrating that more than one TSE strain could coexist within the same flock (Orge et al., 

2010). Atypical/Nor98 scrapie was first identified in 1998 in Norway (Benestad et al., 2003) and 

it is now considered as a worldwide disease of small ruminants and currently represents a 

significant part of the detected TSE cases in Europe (where its prevalence was estimated to 

range between 5 to 8 positive small ruminants per 10,000 tested per year), as well as in other 

countries like Canada, USA and New Zealand (Andreoletti et al., 2011; Benestad, Arsac, 

Goldmann, & Noremark, 2008; Fediaevsky et al., 2008). In Atypical/Nor98 scrapie the sheep 

genetic susceptibility is significantly different from what is observed in classical TSE forms, with 

homozygous and heterozygous ARR allele carriers being susceptible to the disease (Arsac et 

al., 2007; Luhken et al., 2007; Luhken, Buschmann, Groschup, & Erhardt, 2004; Moreno et al., 

2007; Saunders, Cawthraw, Mountjoy, Hope, & Windl, 2006), which has been the basis of a 

large scale genetic selection policy aiming at the control of TSE diseases by increasing the 

frequency of the ARR allele in general population and restocking affected flocks with ARR 

animals. In contrast to classical scrapie, atypical scrapie is usually detected in older animals 

(mean age of five to six years) (Benestad et al., 2008) and prnp genotypes that include alleles 

A136H154Q171 and/or A136F141R154Q171, are more at risk (Moum et al., 2005). Moreover, atypical 

scrapie does not seem to cluster in positive flocks supporting the hypothesis that atypical 

scrapie, in contrast to classical scrapie, is not a contagious disease (Fediaevsky et al., 2010). 

As such, since 2002, 28 European countries (25 EU member states plus Iceland, Norway and 

Switzerland) have been involved in scrapie surveillance in accordance with EC regulation 

(Regulation (EC) 999, 2001) for at least one year (Fediaevsky et al., 2010), but specific 

provisions for control of atypical scrapie were only first introduced in July 2007 (Regulation (EC) 

727, 2007). However, we must be aware that the capacity of Atypical/Nor98 scrapie agent to 

cross species barrier, is insufficiently documented (Andreoletti et al., 2011). In fact, data from 

transmission of an Atypical/Nor98 scrapie isolate into transgenic mice over-expressing the 

porcine PrPC (Espinosa et al., 2009), underline the urgent need for further investigations on the 

potential capacity of Atypical/Nor98 scrapie to propagate in species, other than small ruminants. 

In Portugal, atypical/Nor98 scrapie is the predominant form of TSE in small ruminants (Orge et 

al., 2010). prnp genotyping of Portuguese atypical scrapie cases revealed a variety of 

genotypes rarely linked with classical scrapie, which included ARR/AFRQ, ARR/ARR, 
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ARQ/AFRQ and AFRQ/AFRQ (Orge et al., 2004; Orge et al., 2010), contradicting studies that 

reported the AHQ allele as being most frequently (then AFRQ allele) associated with atypical 

scrapie (Baylis & McIntyre, 2004; Benestad et al., 2008; Fediaevsky, Morignat, Ducrot, & 

Calavas, 2009; McIntyre, del Rio Vilas, & Gubbins, 2008). This could be related to the low 

frequency of this AHQ allele in the Portuguese sheep population (Gama et al., 2006; Orge et al., 

2003). As previously referred, the present work was mainly co-funded by two research projects 

(POCTI/CVT/57148/2004 and PTDC/CVT/098607/2008). Included in the 2008 project, is the 

method for simultaneous detection of eight single nucleotide polymorphisms in seven codons of 

the ovine prnp, with a single-base extension. This method, described by Benkel, Valle, 

Bissonnette, and Hossain Farid (2007), permits among others, to detect the AF141RQ allele 

(strongly associated with scrapie Nor98 (Moum et al., 2005)), and the ALQ allele (carrying a 

nonpolar aliphatic-hydrophobic amino acid leucine at codon 154, instead of the wild-type polar 

hydrophilic, positively charged arginine-AR154Q) that might play a role in susceptibility to scrapie 

as codon 154 belongs to a region considered to have an important role in conformational 

conversion of the cellular to the pathogenic protein (Alvarez, Arranz, et al., 2006). In fact, codon 

154 belongs to the α-helix 1 (H1) region of the mature protein, which is considered to play a 

major role in the conformational conversion of cellular to pathogenic protein (Kozin et al., 2001). 

Moreover, Megy et al. (2004) showed that the potential nucleation site for the molecular 

rearrangement of the prion protein might be localized to a region spanning residues 152 to 156. 

Also, R154 (arginine in codon 154) seems to be associated with rapid onset of symptoms, 

whereas H154 (histidine in codon 154) involves a delayed onset of symptoms for classical scrapie 

strains (Hunter, 1997). 

Despite the numerous scientific data reported so far, several aspects concerning toxic and 

physiological function of these unusual infectious particles, termed prions, remain obscure and 

need to be further enlightened. Also, selection programs intending to eradicate certain prion 

diseases, as scrapie in sheep, based only on different prnp genetic grades of resistance and 

susceptibility, should take into consideration that such strategy increases the risk that valuable 

genetic diversity may be lost along the process. In fact, prnp is no longer alone and new key 

players like sprn, prnt and prnd need to be taken into consideration, as a family of prion genes 

that interact among them. Some, like prnd and prnt seem to play a major role in the 

reproduction field prompting further studies to encompass these prion-like genes into the germ 

cell research. 

The first part of Chapter 2 (adapted from Mesquita, Batista, et al., 2010) established an 

association between a polymorphism in the prnd gene and scrapie susceptibility, indicating 
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possible undesirable consequences in terms of genetic diversity and reproduction traits that 

may result from the widespread selection for the prnp genotype alone. A total of 460 healthy 

animals (207 female; 253 male) from eight Portuguese sheep breeds were analysed. Despite 

having undertaken different conditions in PCR-MRF-SSCP analysis of the prnd gene coding 

region, the only polymorphism identified was a synonymous 78G>A substitution in codon 26, 

coding for alanine. A significantly higher prevalence of GA heterozygotes were found in Churra 

Galega Mirandesa and Saloia breeds (25% and 27%, respectively), whereas Serra da Estrela 

was less polymorphic (1.4% of heterozygotes), when compared with the total population. 

Overall, only three homozygous AA animals were found (in Bordaleira entre Douro e Minho, 

Churra Badana and Churra Galega Mirandesa breeds), with frequencies lower than 2.0% and 

associated with the ARQ/ARQ genotype (that belong to the R4 scrapie susceptibility group). 

Significant linkage disequilibrium (LD) was detected between the polymorphic locus found in 

prnd (codon 26) and the prnp loci. When compared with the total population, the absence of 

prnd heterozygotes (GA) is significantly associated with the ARR/ARR (R1) prnp genotype, and 

a higher frequency of prnd heterozygotes (37.5%) with the ARQ/AHQ (R3) genotype. 

Accordingly, in what concerns scrapie susceptibility, animals belonging to the R1 (less 

susceptible) group do not present prnd polymorphic variants (P = 0.003). Taken together, our 

results suggest that when selecting for the ARR/ARR genotype, the GG prnd genotype is 

consistently inherited. Besides the fact that the frequency of ARQ/AHQ genotype is expected to 

be reduced with selection for ARR, a decrease in the frequency of the GA prnd genotype is also 

anticipated. In conclusion, all these observations (i) show an association between the identified 

prnd polymorphism and prnp genotypes (that affect the degree of susceptibility/resistance to 

scrapie in sheep); and (ii) suggest that the EU selection program to eradicate scrapie based 

only on prnp genotypes, may have unintended consequences on genetic diversity in sheep, with 

hypothetical repercussions on reproduction traits. More recently, the prnd polymorphism was 

also evaluated in the highly endangered (with only 210 ewes in flock book and 7 breeders, 

according to the Portuguese Society of Animal Genetic Resources1) Churra do Campo 

Portuguese sheep breed (Mesquita, Silva, et al., 2010). From a total of 73 animals analysed 

(16-R1, 36-R3, 18-R4, 3-R5), 72 were GG and only 1 GA, the latter being ARQ/ARQ (R4). The 

low incidence of prnd polymorphic variants in this breed may be explained by mating involving a 

small number of related animals.  

                                                

1
 SPREGA (http://www.sprega.com.pt) 
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The second part of Chapter 2 (adapted from Pereira et al., 2009) seeks to clarify the importance 

of the referred synonymous polymorphism found in codon 26 of the prnd gene, in ram 

reproduction. Semen from 11 rams of Churra Galega Mirandesa breed (7 homozygous wild type 

GG and 4 heterozygous GA) routinely used in the Portuguese Animal Germoplasm Bank, was 

collected and frozen for fertility tests. Using data from post-swim-up semen motility and 

concentration and day 6 embryo production rates, it was possible to discriminate rams from the 

prnd genotypes through a stepwise discriminant analysis. A classification function was 

estimated (y =−0.713a−0.674b + 0.869c) allowing an identification accuracy of 86.7% for GG 

and 58.3% for GA genotypes, suggesting a relationship with male reproduction. Although we 

feel that the main objective of this study was obtained as we succeeded in detecting a 

relationship between prnd polymorphisms and ram reproduction traits, results will benefit from 

the introduction of AA rams and new fertility traits as variables to optimize the classification 

equation. Studies about the impact of selecting for scrapie resistant prnp genotypes in 

reproductive traits are controversial. For instance, Sweeney, Hanrahan, and O'Doherty (2007) 

found that prnp gene selection will not influence ovulation rate or litter size in the Belclare ewes. 

On the contrary, the results of Casellas, Caja, Bach, Francino, and Piedrafita (2007), indicate 

that the selection favourable to increase litter size in the Spanish sheep breed Ripollesa, may 

also increase the ARH haplotype frequency, which contradicts the recommendations of the 

current European Union legislation aiming to increase the genetic resistance to scrapie through 

the ARR haplotype fixation. In our study the ARH allele was present in all breeds (except for 

Merino da Beira Baixa) although at frequencies lower than 6% (ranging from 0.7% in 

CGMirandesa, to 5.3% in CMondegueira). Also, the TRQ allele (Psifidi et al., 2011), a new allele 

detected in the Chios sheep (not yet formally associated with scrapie susceptibility), had a 

significant adverse effect on the age at first lambing, suggesting that carriers of this allele tend 

to mature later. On the other hand, the ARQ allele (that is associated with higher susceptibility 

to scrapie in breeds where VRQ is rare or absent), was found to have a significant favourable 

effect on this trait, which combined with the high frequency of the ARQ allele in the Chios breed 

population, is consistent with the early maturity that is a feature of the breed. Also, a significant 

association of the prnp genotype has been found in the Scottish Blackface breed, as sheep 

carrying the wild type ARQ allele have higher lamb post-natal survival rates than sheep carrying 

the more scrapie-resistant alleles (ARR or AHQ) (Sawalha et al., 2007). The selective 

superiority of the ARQ allele (considered as the wild/ancestral allele as all other alleles are only 

different from it by a single nucleotide substitution) helps to explain its persistence in sheep 

populations (Sawalha et al., 2007; Woolhouse et al., 2001), as is the case of native Portuguese 
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breeds (Gama et al., 2006). ARQ allele exhibited highest values in CMondegueira breed, both in 

our study (84.2%) and in Gama et al. (2006), with 90.9%. Also, and accordingly to Gama et al. 

(2006), fixation of the ARR allele in CMondegueira breed which has the lowest frequency of the 

desirable ARR allele, with either random or assortative mating, could only be reached after 11 

years. Thus, it would take a huge effort to obtain a homozygous scrapie-resistant line in this 

breed that could eventually bring detrimental effects at the reproductive field. Interestingly, 

Brandsma, Janss, and Visscher (2004) detected associations between the VRQ allele 

(significantly associated with a high susceptibility to scrapie) and higher litter size and 135 days 

weight in Dutch Texel sheep (a meat-type and rich-woollen breed), speculating that this might 

have been the reason that led to the persistence of this allele in the studied population. Finally, 

in the Hu sheep (a Chinese native prolific breed), Guan et al. (2011) observed that the litter size 

at first parity for ARH/ARH genotype was significantly higher than those with ARQ/ARQ and 

ARR/ARQ genotypes. Taken together, we can assume that studies on the association of prnp 

polymorphisms with reproductive and production traits can form different conclusions, probably 

due to the genetic background (breed) of the population under study that may influence 

associations between prnp haplotypes and economically important traits. Moreover, and 

considering that a number of genes on chromosome 13 are involved in apoptosis, phagocytosis, 

and immune regulation, it seems prudent to suggest that further studies on the relationship 

between traits such as susceptibility to bacterial (mastitis, foot rot), viral (Maedi-Visna), and 

parasitological (liver fluke and a variety of locally relevant gastrointestinal nematodes) 

infections, are justified. Given that genes on chromosome 13 are also involved in general 

cellular function and potentially late onset obesity, studies on lamb survival and longevity are 

also warranted. Consequently, the proximity of such genes to the prnp locus should also be 

taken into consideration when designing breeding programs aimed at increasing the genetic 

resistance to scrapie (Mesquita, Batista, et al., 2010; Sweeney & Hanrahan, 2008).  

The polymorphism we have found in the ovine prnd gene results in the substitution of the wild-

type codon 26 (GCG) by a synonymous one (GCA), and is located at the nucleotide sequence 

coding for the last residue (C-terminus) of the Doppel signal peptide. Post-translational 

proteolytic processing of the Doppel signal peptide jointly removes the alanine residue encoded 

by the codon 26, which implies that the positive influence of Dpl GA genotype on fresh (higher 

viability) and thawed (lower total and head abnormalities) semen, previously detected by our 

group (Baptista et al., 2008) might be related to changes in the dynamics of transcription or 

translation. In fact, and independently from season, Dpl genotype influenced semen traits in 

Portuguese Churra Galega Mirandesa rams: GG rams had more volume (0.8 vs 0.6 mL, 
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P<0.001), total (24.3 vs 20.1%, P=0.01) and head (14.2 vs 10.9%, P=0.03) abnormalities than 

GA rams, with the latter showing a higher proportion of fresh live spz (75.1 vs 69.5%, P=0.03) 

(Baptista et al., 2008). Synonymous polymorphisms can affect messenger RNA splicing, 

stability, and structure as well as protein folding (Carcangiu et al., 2009; Chamary & Hurst, 

2005; Chamary, Parmley, & Hurst, 2006; Duan et al., 2003; Kimchi-Sarfaty et al., 2007). These 

changes can have a significant effect on the function of proteins, change cellular response to 

therapeutic targets, and often explain the different responses of individual patients to a certain 

medication (Hunt, Sauna, Ambudkar, Gottesman, & Kimchi-Sarfaty, 2009). It is debated whether 

codon usage drives tRNA expression or vice versa, with many recent investigations showing 

that they coevolve (Higgs & Ran, 2008). In fact, protein coding sequence contains far more 

information than merely the encoding of amino acids. This is well illustrated by the phenomenon 

of codon bias (Plotkin & Kudla, 2011), which arises when a given amino acid is preferentially 

encoded by one of various ‘synonymous’ codons. Organisms show a preference for certain 

codons/tRNAs over others, with expression profiles mirroring these biases. As a result, the rate 

at which an amino acid is incorporated into a growing peptide can change significantly from one 

synonymous codon to the next. Synonymous polymorphisms can alter conventional protein 

folding kinetics and can lead to a protein product of distinct conformation and activity (Hunt et 

al., 2009). Also, Cannarozzi et al. (2010) found that once a codon for a particular amino acid is 

used, the subsequent codons for that amino acid are likely to be the same, despite the 

availability of multiple codons for each amino acid, and that this correlation is highly conserved 

across organisms and is shown to increase translation speed. Recent studies have revealed 

prnp genotype significantly influences the expression level of PrPC in different blood 

components (Halliday, Houston, & Hunter, 2005) and in the amount of PrPSc deposited in the 

brains of animals experimentally infected with scrapie (McCutcheon, Hunter, & Houston, 2005) 

which imply that susceptibility of different genotypes is positively linked to quantitative PrPC 

expression. Further work will be required to determine whether prnp-dependent differences in 

PrPC expression levels could operate at the level of gene transcription and translation, or result 

from differences in the rate of turnover of different PrP proteins. For instance, Wang et al. 

(2011) quantified the expression of prnp mRNA in two different sheep genotypes 

ARH/ARQ(R4) and ARR/ARQ(R3) using real-time quantitative RT-PCR, and demonstrated 

that prnp expression levels (healthy animals) in the same tissue of different genotype sheep had 

significant variation. Sheep with the more susceptible ARH/ARQ (R4) genotype, presented the 

higher level of prnp expression in pharynx, liver, oesophagus, rumen, colon, and duodenum, in 

comparison to the more resistant ARR/ARQ (R3) genotype. As it was previously mentioned, 
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when mice were produced that did not express PrPC, they appeared developmentally and 

behaviourally normal, also confirming the requirement of PrPC for animals to contract prion 

diseases (Brandner et al., 1996; Bueler et al., 1993; Bueler et al., 1992). Thus, it seems likely 

that the higher expression in the digestive tract (which is important during scrapie spread 

through oral route) of the more susceptible (R4) genotype mRNA (Wang et al., 2011), could 

thus have implications in the incubation period of prionoses. As predicted by Hunt et al. (2009), 

when the frequency of each nucleotide within the third codon position is measured, preserving 

that the change does not alter the amino acid (i.e., synonymous substitution), guanine appears 

at a higher frequency in the 3rd position than the other nucleotides and thymine has lower 

frequency. In respect to the alanine residue at the prnd codon 26, this would imply that the GCG 

codon (wild-type) would be preferred (followed by GCC, GCA and GCT codons). This seems to 

be the case described in our work (Mesquita, Batista, et al., 2010), with Portuguese sheep 

breeds exhibiting overall allele frequencies of 0.933 (GCG codon) and 0.067 (GCA codon). 

However, when Dpl CDS sequence is analysed with the Optimizer software server (Puigbo, 

Guzman, Romeu, & Garcia-Vallve, 2007), using the Ovis aries codon usage table (Nakamura, 

Gojobori, & Ikemura, 2000) as reference, the suggested codon for position 26 of the Dpl CDS, 

turns to be the GCC codon (followed by GCT, GCA and GCG codons). Even so, the race is not 

always to the swift, but to those who keep on running and translational pauses at critical sites on 

the protein permit individual domains of a protein to fold correctly by curtailing disruptive 

interactions between unfolded regions of the protein. In fact, when consecutive rare codons 

were substituted with synonymous frequent codons in chloramphenicol acetyltransferase, this 

resulted in the enzyme having 20% lower specific activity, which was attributed to a change in 

the dynamics of protein folding (Komar, 2009). Moreover, it has been shown that changes in the 

nucleotide sequence close to the initiation codon result in the formation of secondary structures 

in this region that influence translation, having a marked effect on gene expression (Wallis et al., 

1995). Thus, it may be hypothesized that the different codon 26 composition between wild type 

(GG), synonymous heterozygous (GA) and homozygous (AA) DNA polymorphisms at the ovine 

prnd CDS, could also have functional consequences on the mRNA or the protein level resulting 

in altered gene function or gene dosage at critical times during the development of germinal 

cells, or at the kinetics of mRNA or protein folding, respectively altering a binding site for a 

protein factor or interfering with the correct cleavage site conformation of the Dpl signal peptide 

(SP), with subsequent consequences at the reproductive field. 

The first part of Chapter 3 (adapted from Pimenta, Dias, et al., 2012) evaluated the importance 

of ovine Doppel polypeptide on spermatozoa capacitation and fertilization. During the 
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capacitation process (1 h during swim-up), ovine spz were supplemented with different 

concentrations (40, 80 and 190 ng.ml-1) of recombinant mature ovine Dpl protein (rDpl), and 

enhanced spermatozoa viability (all doses, P≤0.03), motility (P<0.0001) and vigour (P=0.001), 

were observed. Also, sperm supplemented with the highest doses of rDpl (190 ng.ml-1) achieved 

higher (p = 0.02) fertilization rates (56.0 ± 3.0%) than control (39.1 ± 2.2%) and 40 ng.ml-1 rDpl 

(39.8 ± 2.7%) supplementation. Moreover, a positive correlation (r = 0.884, p < 0.001) between 

ram spermatozoa subjected to rDpl increments (during capacitation) and fertilization rates was 

identified. These observations suggest an important function for Doppel during ovine sperm 

capacitation and also in the consequent fertilization process, and are consistent with the 

findings of Kasimanickam et al. (2012), that detected greater Doppel mRNA abundances in bulls 

with high sire conception rate. Dpl physiological function seems to be related to male fertility, 

since its expression is mainly observed in the male genital tract. In humans, although Dpl is 

permanently expressed in the Sertoli cells, its expression in spermatids is transient and 

coincides with the acrosome formation, suggesting a role in acrosome biogenesis (Serres et al., 

2006). Moreover, the silencing of prnd expression (prnd0/0) in two different mouse knockout lines 

(Behrens et al., 2002; Paisley et al., 2004), led to infertility from loss of sperm head integrity, 

suggesting the involvement of prnd during spermiogenesis (the final stage of spermatogenesis, 

that consists of the complex differentiation of spermatids into spermatozoa), particularly during 

acrosome formation. Dpl appears to exist in different forms, either associated to the cell 

membrane via a GPI anchor, or in intra- or extracellular soluble forms (Peoc’h & Laplanche, 

2006). Dpl expression was detected in bovine and human ejaculated spermatozoa and in boar 

epididymal epithelial cells, suggesting also a possible epididymal origin (Espenes et al., 2006; 

Kocer et al., 2007; Rondena et al., 2005; Serres et al., 2006). The involvement of Dpl in the 

motility of human spermatozoa was also suggested by Peoc'h et al. (2002) upon detection of 

this protein on the flagella of mature ejaculated spermatozoa. Dpl could be delivered to germ 

cells by Sertoli cells, acquired during the passage of the maturing spermatozoa through the 

epididymis as is known to happen for other GPI proteins anchored on spermatozoa (and 

suggested by Serres et al. (2006)), or through synthesis by the germ cells, as Pou4f1 (synonym: 

Brn3a) and Pou4f2 (synonym: Brn3b) transcription factors involved in the transcriptional 

regulation of prnd (Calissano et al., 2004) that are also expressed in the spermatogonia and 

spermatids of rat testis (Budhram-Mahadeo et al., 2001). In rams, a soluble form of PrPC is 

synthesized and secreted by the epithelial cells lining the epididymis. These cells produce large 

quantities of a specific isoform of PrPC that seems to be processed post-secretion in different 

ways during epididymal transit, and are inserted into the sperm membrane mainly during 
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ejaculation (Gatti et al., 2002). Ecroyd et al. (2004) also demonstrated that in rams, both 

glycolytic and proteolytic isoforms of PrPC are present within the reproductive fluid and gamete, 

where it exists as a full-length protein and in C- and N-terminally truncated isoforms, with part of 

the fluid protein associated with epididymosomes, that are small membranous vesicles secreted 

by epithelial cells within the luminal compartment of the epididymis. Many proteins are 

associated with epididymosomes, and some of them, are transferred to spermatozoa during the 

epididymal maturation process (Gatti et al., 2005; Gatti et al., 2002; Girouard, Frenette, & 

Sullivan, 2009). The proteins secreted by caput and corpus  epididymis are devoted to the 

acquisition of self-assured motility and to the ability of sperm cells to bind the zona pellucida and 

to fuse with the plasma membrane (Turner, Miller, & Avery, 1995). Proteins secreted by cauda 

epididymis are required to maintain viable and potentially fertile stored sperm cells (Jones & 

Murdoch, 1996). During their transit, spermatozoa acquire some of these proteins, a process 

essential to generate functional male gametes (Cooper, 1998). Detergent-resistant membrane 

domains are present both at epididymosomes and in epididymal spermatozoa (Girouard et al., 

2009), and are involved in epididymal sperm maturation by allowing protein transfer from the 

epididymosomes to specific compartments of spermatozoa (Girouard et al., 2009). Originally 

defined biochemically as detergent-resistant membrane fractions, lipid rafts are proposed to be 

highly dynamic, sub microscopic assemblies that float freely within the liquid disordered bilayer 

in cell membranes and can coalesce upon clustering of their components (Rajendran & Simons, 

2005). Although Shaked, Hijazi, and Gabizon (2002) reported that Doppel and PrPC do not 

share the same membrane microenvironment, Caputo et al. (2010) found that they associate 

with detergent-resistant membranes or lipid rafts, from where they can be co-

immunoprecipitated in a cholesterol-dependent fashion. Furthermore, both Dpl and PrPC could 

be immunoprecipitated with flotillin-2, a raft protein involved in endocytosis and cell signalling 

events that localizes in the sperm acrosomal cap and midpiece, and after the acrosome reaction 

in the equatorial segment of acrosome-reacted sperm, suggesting that they share the same lipid 

environment (Miranda, Allaire, Sosnik, & Visconti, 2009; Otto & Nichols, 2011). In summary, and 

given the available information we would like to hypothesize that both PrPC and Dpl may 

perform their physiological function under different isoforms, either in soluble form or inserted 

into membrane compartments. Furthermore, it appears that the physiological role of these 

proteins may not be limited to spermatogenesis, having a role in the later stage of spermatozoa 

maturation as it passes in the epididymis, where uptake could be mediated either through direct 

endocytosis or with the aid of epididymosomes. In our work (Pimenta, Dias, et al., 2012) we 

succeeded in demonstrating a direct relationship between rDpl supplementation (to spz during 
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swim-up), and sperm individual motility, vigour and fertilization rates. Also, previous data from 

our group, suggests a relationship between a polymorphism in the coding region of ovine prnd 

(Mesquita, Batista, et al., 2010) with male reproduction (Baptista et al., 2008; Pereira et al., 

2009). Although it is not possible to achieve an accurate estimation of in vitro fertility based 

solely on the frozen-thawed semen quality parameters, a relationship for ejaculates with good 

post-thaw semen quality and higher IVP (in vitro embryo production) results, is normally 

observed (Gil et al., 2005; Morris et al., 2001). The fact that we could not observe a direct 

association between prnd genotypes and fertilization rates (Pereira et al., 2009), in contrast to 

the witnessed following rDpl supplementation (Pimenta, Dias, et al., 2012), might be related to 

the fact that in normal animals the gentle effect of the detected polymorphism in male 

reproduction traits is probably difficult to completely determine during in vitro fertilization assays. 

In vivo however, the delicate nuance between spermatogenesis carried under the influence of 

homologous albeit different codons, could make the difference between more or less able spz 

as they cross along the female reproductive tract. During evolution through natural selection, 

patterns of codon bias in CDS belonging to a particular lineage that have been given energetic 

priority, tend to assume bias towards preferred codons. Hudson et al. (2011) generated 20 

random sequences that encode the identical amino acid sequence and characterized the 

entropy that could be expected in the absence of codon bias, devising a new codon bias 

statistic named DICE (DIfferential Codon usage Entropy) by subtracting the entropy of the 

observed sequence from that of the expected. When we apply DICE (using approximate 

entropy, ApEn) to human prnd CDS, we come to a -7 % entropy (and the same for chimp prnd 

CDS), between the randomly expected and the observed, meaning that prnd CDS has already 

experienced an evolutionary modulation in codon bias towards an energetic adaptation like 

would be expected for a priority gene that seems to have a key role in reproduction. Hence, it 

would be interesting to test, in an ovine controlled (without the influence of breed or season) 

genotyped population (for GG, GA and AA prnd polymorphisms), what would be the long-term 

behaviour of these animals at reproduction. In fact, when spz were supplemented directly and 

with incremental dosages of rDpl (Pimenta, Dias, et al., 2012), the effect in fertilization could 

thus be detected by in vitro assays. Dpl could eventually exert a diversified influence under 

different isoforms, timeline, dosage dependency and in agreement to spz location. The work 

mentioned in Chapter 2 (Baptista et al., 2008; Mesquita, Batista, et al., 2010; Pereira et al., 

2009) helped to reinforce the relevance of Dpl N-terminal region through the established 

association between scrapie susceptibility and ram reproductive traits. Also, as reported in the 

first article of Chapter 3, we identified a positive correlation between ram spermatozoa 
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subjected to rDpl increments (during capacitation) and fertilization rates, suggesting an 

important function for Doppel during ovine sperm capacitation and also in the consequent 

fertilization process. 

The second part of Chapter 3 focused in two essential steps of eukaryotic prion and prion-like 

biosynthesis: (i) targeting by the signal recognition particle (SRP) and (ii) chaperone-assisted 

folding. As such, we began by studying the N-terminal (1-30) sequences of ovine Dpl and PrPC 

peptides and variants from other species via a bioinformatics approach. The N-terminal region 

of PrPC and Dpl sequences seem to have a great potential to acquire α-helical conformation 

(namely in hydrophobic environments) that stops at the conserved amino acid proline (positions 

26 or 28 of PrPC with shorter or longer n-region, respectively) or glycine (position 28 in Dpl 

sequences). As these α-helical disruptive residues are highly conserved, this might be directly 

related to the N-terminal peptide function, whereby an α-helix is required for its physiological 

function to be formed up to residue 26 or 28 (and no longer than that). Given the ‘h-motif 

hypothesis’ (Duffy et al., 2010) that h-regions are not random hydrophobic sequences, but 

‘scaffolds’ in which functional embedded h-motifs confer biological activity to signal peptides, we 

searched the PrPC h-region sequences for the presence of these motifs and found the common 

L-x(0,2) pattern, further emphasizing the importance of the leucine residue at this location. Later 

we analysed the OvDpl(1-30) secondary structure content via CD spectroscopy, and determined 

its NMR solution structure in a DHPC micellar medium, mimicking a membrane environment. 

The analysis of the OvDpl(1-30) secondary structure in a binary H2O/TFE mixture via CD 

spectroscopy showed that in low (0.6%) TFE concentration, OvDpl(1-30) is mostly in a random 

conformation with some degree of helical peptide present. However, when TFE is added up to 

30%, the OvDpl(1-30) shifts towards an α-helical conformation. Besides, the OvDpl(1-30) NMR 

derived structure in DHPC micelles shows a stable α-helical central region extending from 

residue Cys8 until Ser22, with an estimated helix population of about 64%. These results are in 

good agreement with the CD analysis, supporting the formerly raised hypothesis. The obtained 

NMR structure is very similar to homologous mouse Dpl (Papadopoulos et al., 2006) and bovine 

prion (Biverstahl et al., 2004) N-terminal structures, with a Trp residue located close to the N-

terminal end of the α-helix in a favoured position to interact with the membrane. Also, the 

peptide adopted the same curved α-helical conformation as seen in other related peptides 

(Sauve et al., 2012), indicating a possible common peptide/micelle interaction mode. The NMR 

solution structure of OvDpl(1-30) was subsequently included in a computational docking 

complex with the mammal SRP54M, along with the N-terminal structures of mouse Dpl and 

bovine PrPC proteins. Our computational models, allowed to predict four different N-
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terminal/SRP54M polar contacts (Asp331, Gln335, Glu365 and Lys432), that were common among 

the three studied SP structures. Also, when the electrostatic potential molecular surface 

calculations were undertaken with APBS (Baker et al., 2001) and displayed alongside with each 

peptide largest positive patch (Shazman et al., 2007), we noticed that bPrPp(1-30) peptide 

behaves differently relatively to Dpl peptides (OvDpl(1-30) and mDpl(1-30)), which is probably 

associated to the inverted orientation that it presents inside the SRP54M hydrophobic groove. In 

this “inverted” orientation, bPrPp(1-30) seems to favour an interaction between two charged 

amino acids, as predicted by the Lys5(bPrPp)-Asp388(hSRP54M) polar contact. Also, and as 

expected, no polar contacts were predicted inside the bPrPp signal peptide h-region, as well as 

within the homologous regions of mDpl and OvDpl, confirming the preponderant role played by 

hydrophobic interactions in this region. Regarding the SRP54M secondary structure, we 

anticipate a biased interaction towards α-helix 7, with polar contacts established inside the 

Tyr424-Lys432 region. Taking all of the above into consideration, it is thus tempting to speculate 

that OvDpl SP, immediately upon synthesis and while connected to the ribosome in the 

aqueous environment, adopt an essentially random structure. Interaction with SRP54M then 

takes place in a coordinated mechanism that joins electrostatic forces and polar contacts, 

followed by the stabilizing effect of hydrophobicity. Upon binding, OvDpl SP may then stabilize 

into a dynamic α-helical conformation, maintained within the hydrophobic environment of 

SRP54M, thus promoting its latter binding to the Endoplasmic Reticulum (ER) translocator 

receptor. Moreover, we expressed the OvDpl(27-153) protein in the E. Coli Origami strain, by 

using a gene fusion expression system that takes advantage of the natural chaperoning 

properties of the SUMO tag, which enhanced the solubility of the purified protein. As we only 

intended to test if SUMO-1 could directly enhance Dpl solubilization, the purification step was 

performed without prior separation of the SUMO tag. To our knowledge this is the first time that 

this system was used to express Dpl prion-like protein as a linear chimera with the Smt3 protein 

tag. The soluble recombinant Dpl produced with this method avoids laborious refolding 

protocols, and may subsequently be applied in upcoming functional and structural studies. 

The first part of Chapter 4 (adapted from Pimenta, Domingos, et al., 2012) evaluated if ovine 

prion protein testis-specific gene (prnt) gene is transcribed into protein-coding RNA (encoding 

the predicted Prt protein), and its location at the ram reproductive system. In fact, Prt distribution 

in caprine and human tissues was studied, so far, only at the mRNA level (Kocer et al., 2007; 

Makrinou et al., 2002). In humans, all three prnt isoforms were only detected in adult testis, and 

were not present in any of the human fetal tissues (including testis) analysed (11.5-16.5 week 

gestation) (Makrinou et al., 2002). In caprine, prnt is weakly and stochastically expressed in 
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both testes and ovaries at various development stages, suggesting that either the expression 

pattern of this gene differs between ruminant and human or, most probably, that ruminant prnt is 

a pseudogene (Kocer et al., 2007). In our work (Pimenta, Domingos, et al., 2012), a synthesized 

Prt peptide was used to immunize BALB/c female mice. Antibody responses generated against 

ovine Prt were measured by ELISA and demonstration of antibody specificity was carried out 

with Western Blot assay. This newly developed anti-ovine Prt specific polyclonal antiserum was 

named APPA. To test our hypothesis, semen ejaculates were collected using an artificial vagina 

from three (2-6 years-old) rams, two of them belonging to the Portuguese native Churra Galega 

Mirandesa breed of sheep and previously genotyped for the prnd synonymous substitution (GA 

and GG genotypes) (Pereira et al., 2009), and the other one belonging to the Merino breed. 

Semen ejaculates were also obtained from two male goats (same age) belonging to the 

Portuguese native Serrano goat breed. Semen smears from the previously described animals 

were submitted to an immunofluorescence assay with APPA. For the immunohistochemistry 

assay (also with APPA), we obtained ram testes in a slaughterhouse, from Merino sheep with 4-

6 years-old. Based on the immunofluorescence and immunohistochemistry results, we 

managed to detect for the first time the location of ovine Prt protein in germ cells, confirming that 

ovine prnt gene is transcribed into coding RNA and effectively translated. Ovine Prt was 

detected (by immunofluorescence) in the ejaculated ram sperm head apical ridge subdomain, 

corresponding to the acrosome region, remaining after in vitro capacitation, and also in germ 

cells (by immunohistochemistry) along spermatogenesis, including spermatogonia, 

spermatocytes, spermatides and spz. Also, no specific staining was detected with APPA on 

ejaculated goat spz, which could be explained by the different predicted secondary and tertiary 

structures between the caprine and ovine Prt proteins, reaffirming the specificity of the APPA 

antibody. prnt was described closer to prnd than prnp in the human genomic sequence (situated 

3 kb in human (Makrinou et al., 2002), and 6 kb in cattle (Kocer et al., 2007), 3´ downstream of 

prnd), and emerged possibly due to a duplication event that occurred early during eutherian 

species divergence (Harrison et al., 2010; Makrinou et al., 2002). Comparisons of the prnt gene 

ORF with that of prnd and prnp indicates that if these genes share a common ancestor, prnt is 

evolutionarily closer to prnd. This possibility is strengthened by the fact that prnd and prnt are 

located in close proximity and in opposite orientations, a structural arrangement frequently 

encountered in genomic regions that have a similar structural organization and expression 

profiles (Makrinou et al., 2002). However, we observed that the staining of Prt at the ovine 

ejaculated spz acrosome was unrelated to the prnd genotype (either GG or GA). In fact, and 

according to Lu et al. (2000); Mastrangelo and Westaway (2001); and Silverman et al. (2000), 
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despite being close to each other, the functions of these three genes (prnp, prnd and prnt) have 

diversified along with their sequence, with their relationship now being so distant that it is 

retained only at the tertiary protein structural level. When we compare Prt location in testis with 

that of PrPC, Dpl and Shadoo proteins, we notice that they do not completely overlap. In the 

case of prnd, expression was detected both in germ and somatic epididymal epithelial, Sertoli 

and interstitial Leydig cells (Espenes et al., 2006; Kocer et al., 2007; Peoc'h et al., 2002; 

Rondena et al., 2005; Serres et al., 2006; Tranulis et al., 2001), and in respect to prnp, in germ 

and somatic epididymal epithelial cells (Ecroyd et al., 2004; Fujisawa et al., 2004; Gatti et al., 

2005; Gatti et al., 2002; Shaked et al., 1999). Finally, the protein Shadoo also reveals testis 

expression but only in the somatic Leydig cells (Young et al., 2011). From the outlined data, it is 

possible to observe that prnp, prnd, sprn and prnt genes exhibit different expression patterns in 

mammalian testis, so it seems conceivable that they might also present gentle deviations in 

terms of their role in reproduction physiology. Based on the results obtained so far by our group, 

it seems reasonable to theorize that Prt may embrace specific targets of ram reproduction. One 

of the original unbiased approaches to elucidate the molecular foundations of fertilization is the 

development of batteries of anti-gamete antibodies (usually against sperm), tested in IVF 

assays for function-blocking activity and/or used to examine antigen localization (Allen & Green, 

1995; Toshimori, Saxena, Tanii, & Yoshinaga, 1998).  

In the second part of Chapter 4 (adapted from Pimenta, Sardinha, et al., 2013) we hypothesized 

that the antiserum blockage of ram Prt would limit the fertilizing capacity of ram spermatozoa 

and subsequent embryo development. As Prt was detected (by Pimenta, Domingos, et al. 

(2012)) in the sperm head apical ridge subdomain of ejaculated ram spz (corresponding to the 

acrosome region) and along in vitro capacitation, it seemed reasonable to investigate its 

connection to the first steps of sperm-zona binding. To test our hypotheses, we employed an 

antibody based approach by which we blocked spz Prt function with APPA, which significantly 

(P=0.006) decreased the fertilization rate, with the overall fertilizing ability of ram spermatozoa 

being lower than in control (fertilization rates: 46±6.8 vs. 78.5±7.5%, P=0.001), which seems to 

indicate a key role for Prt during fertilization. Accordingly, the cleavage rate of APPA group, an 

indicator of the progress of fertilization, was also lower than in control (19.7±4.2 vs. 44.1±4.2%, 

P<0.0001; Table 10). Interestingly, no differences were identified for D6-7 embryo rates among 

groups, implying that no repercussions of APPA blockage on the development from 2-4 cells 

embryos to blastocyst were identified. Taken together, these observations suggest that Prt may 

exert its main function in the fertilization process, potentially in the initial steps due to its location 

in the acrosome of ovine spermatozoa. Secondly, we zoomed in the role of individual 
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molecules, via biophysical assays and in silico analysis of the proteins involved. Prt predicted 

tertiary structure was refined and compared with data from CD spectroscopy. Then, a forecast 

computational protein-protein docking model was undertaken to infer how the results obtained 

could be related to a hypothetical role for Prt in sperm-zona pellucida (ZP) binding. 

Computational modelling predicts a preferential docking for Prt within ZP domains, that are 

structural elements predicted to exist as a bipartite structure corresponding to ZP-N and ZP-C 

regions tethered by a linker (Lin et al., 2011). To our knowledge, this is the first report showing a 

role for spermatozoa Prt in fertilization, possibly through a structural interaction with the ZP 

domain of zona pellucida proteins. This approach may eventually provide avenues into the 

clinical treatment of infertility or towards the development of new contraceptive approaches that 

could potentially include sperm-zona blockage. 

All together, we feel that our findings represent an important development, providing a fertile 

field for answering basic questions regarding and reinforcing the importance of prion-like genes 

and proteins in the molecular mechanisms that sustain ovine reproduction. Even though, 

research on the prion family proteins has even more to offer, requiring further genetic, 

biochemical, and structural approaches to help unrevealing the nuances behind the regulation 

of complex organism physiology. As such, in the light of the foregoing, and in the words of 

Westaway et al. (2011) when referring to biomedical research with prion-like proteins: “the 

coming years of molecular exploration should be extremely interesting”. 

 

5.2.  General conclusions 

In this thesis, we were able to establish an association between a polymorphism in the prnd 

gene and scrapie susceptibility, and detected a relationship between prnd polymorphisms and 

ram reproduction, which reinforces the possibility of undesirable consequences on genetic 

diversity and reproduction traits, from widespread selection for prnp genotype, as recommended 

by the European Union legislation. In fact, we were able to observe that when selecting for the 

ARR/ARR genotype, the GG PRND genotype is consistently inherited. Besides the fact that the 

frequency of ARQ/AHQ genotype is expected to be reduced, with selection for ARR, a decrease 

in the frequency of the GA prnd genotype was also anticipated. This is especially important, 

since preliminary data indicate that sperm from Churra Galega Mirandesa animals with the GA 

genotype is characterized by higher viability and lower occurrence of abnormalities. 

Also, we showed that in the polymorphic Churra Galega Mirandesa breed the GG prnd 

genotype could be characterized through the results of ram fertility tests, giving further evidence 
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of the mentioned relationship between Doppel and male reproduction. These findings should be 

taken into consideration when adopting breeding schemes aiming at the creation of ARR-

homozygous selection nuclei, to prevent disastrous consequences for native breeds of sheep 

that are already in a highly threatened situation. Additionally, we identified a positive correlation 

(r = 0.884, p < 0.001) between ram spermatozoa subjected to recombinant mature ovine Dpl 

protein (rDpl) increments (during capacitation) and fertilization rates, which is in good 

agreement with the recently reported by others, that detected greater Doppel mRNA 

abundances in bulls with high sire conception rate. Later, we analysed the ovine Dpl (OvDpl(1-

30)) peptide that encompasses both the signal peptide sequence and the detected prnd 

synonymous substitution (78G>A) via CD spectroscopy, and determined its NMR solution 

structure in a DHPC micellar medium, mimicking a membrane environment. CD spectroscopy 

showed that TFE promotes the shift of OvDpl(1-30) from a predominant random coil to an α-

helical conformation, and NMR spectroscopy revealed a stable α-helical central region 

extending from residue Cys8 until Ser22, in DHPC micelles. These findings may help to clarify 

the signal peptide behaviour upon binding to the mammal SRP subunit (SRP54M) hydrophobic 

groove or to membrane components of the endoplasmic reticulum. The solved NMR structure 

was subsequently included in a computational docking complex with SRP54M, and further 

compared in a three-species unbiased approach, with the N-terminal structures of mouse Dpl 

and bovine PrPC proteins, allowing the determination of (i) common predicted N-

terminal/SRP54M polar contacts (Asp331, Gln335, Glu365 and Lys432) and (ii) different N-C 

orientations between prion and Dpl peptides at the SRP54M hydrophobic groove, that are in 

agreement with each peptide largest positive patch and electrostatic potential. Simultaneously, 

we used a SUMO-Hexa-His tag-type approach to express recombinant OvDpl(27-153) in the E. 

coli Origami strain, which enhanced significantly its solubility, suggesting that Dpl may, as PrPC, 

benefit from chaperone-assisted folding, providing new insights into the biosynthesis of prion-

like proteins, and raising also new possibilities of achieving soluble mature Dpl protein through 

the co-expression with the SUMO chaperone. 

Finally, we were able to demonstrate for the first time that ovine prnt is a translated protein-

coding gene and not a pseudogene (as previously suggested by other authors) and to identify 

the location pattern of Prt in ram testis along spermatogenesis, and in ejaculated spz. Ovine Prt 

was detected (by immunofluorescence) in the ejaculated ram sperm head apical ridge 

subdomain, corresponding to the acrosome region, remaining after in vitro capacitation, and 

also in germ cells (by immunohistochemistry) along spermatogenesis, including spermatogonia, 

spermatocytes, spermatides and spz. Moreover, using an antiserum (APPA) blockage assay 
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and computational molecular models, we showed that adding APPA, an antibody that binds and 

subsequently blocks Prt function, to a culture medium where the spermatozoa are actively 

attaching, penetrating and fertilizing the oocytes, effectively and significantly (P=0.006) 

decreased the fertilization rate. Also, our computational molecular models pointed a preferential 

binding ability between Prt and zona pellucida ZP domains. Taken together, our results suggest 

that Prt may exert its main function in the initial steps of the fertilization process, possibly 

through a structural interaction with the ZP domain of zona pellucida proteins. 

 

5.3.  Future perspectives 

The studies comprising this thesis have contributed to furthering the understanding of the role of 

prion-like genes and proteins on scrapie susceptibility and ram fertility, and lay an important 

foundation for future studies, which will enhance the knowledge of the mechanisms 

underpinning the genetics and biology of the prion protein family. 

Throughout this study, several questions were raised and answered, including: (i) What is the 

genetic variability of the prnd gene in Portuguese sheep breeds?; (ii) Is there a relationship 

between prnd polymorphism and prnp genotypes? (iii) And between prnd polymorphisms and 

ram fertility?; (iv) The EU selection program to eradicate scrapie, based only on prnp genotypes, 

may bring unintended consequences on genetic diversity in sheep, with hypothetical 

repercussions on reproduction traits?; (v) May recombinant mature ovine Dpl protein (rDpl) 

supplementation, enhance in vitro spermatozoa fertilizing ability?; (vi) Is it possible to increase 

rDpl solubility (avoiding laborious refolding protocols), by using a gene fusion expression system 

that takes advantage of the natural chaperoning properties of the SUMO tag?; (vii) What is the 

three-dimensional structure of the N-terminal ovine peptide (OvDpl(1-30)), that encompasses 

the studied prnd polymorphism, and how does this peptide behaves in an organic and micellar 

medium, mimicking a membrane environment?; (viii) Can we use the OvDpl(1-30) three-

dimensional structure to deepen our knowledge of prion and prion-like signalling pathways?; (ix) 

Is prnt a translated protein-coding gene?; (x) What is the location pattern of the putative prnt 

encoded Prt protein, in ram testis along spermatogenesis and in ejaculated spz?; (xi) What is 

the main role of Prt during the process of fertilization? 

Further directions of this work might involve: (i) More extensive SNP genotyping (112, 136, 141, 

154, 171A, 171B, 231 and 241), beyond the standard 3-codon analysis (codons 136, 154 and 

171; described in Gama et al. (2006); and Mesquita, Batista, et al. (2010)), may reveal 

associations between prnd and prnp genes (and eventually between prnt and prnp) that have so 
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far remained obscured. Afterwards, further refinement of this method to native Portuguese 

breeds specificities (as implemented in Italian breeds by Pongolini, Bergamini, and Bassi 

(2009)) should also be encouraged; (ii) To determine the relationship of prnd mRNA abundance 

and fertility traits (as described in Kasimanickam et al., 2012), using total RNA extracted from 

sperm of homozygous GG, heterozygous GA and homozygous AA (at the codon 26 of the prnd 

gene) rams; (iii) Detection of Dpl on ejaculated spermatozoa from polymorphic (prnd) rams 

(Saloia and Churra Galega Mirandesa), with a flow cytometric protocol (Rondena et al., 2005). 

For that purpose, new anti-ovine Dpl mono and polyclonal antibodies are already in late-stage 

development; (iv) To evaluate if SUMO-fusion Dpl protein in vitro supplementation presents a 

similar positive correlation to the previously observed (Pimenta, Dias, et al., 2012) between ram 

spermatozoa subjected to recombinant Dpl increments and fertilization rates, which in turn may 

become a springboard for industrial level production and functional and structural studies; (v) To 

assess Dpl and Prt function along ram spermatogenesis, using different approaches, as through 

gene silencing (McManus & Sharp, 2002) evaluation in cultured male germ cells (Sofikitis et al., 

2005) from different species, or directly through intratesticular siRNA (small interfering RNAs) 

inoculation (Minakuchi et al., 2004). This RNA silencing technology can also be applied by 

lentiviral vectors (Sumimoto & Kawakami, 2010) to spermatogonial stem cells (Sehgal et al., 

2011), subsequently transplanted into ram testis (Rodriguez-Sosa, Dobson, & Hahnel, 2006; 

Rodriguez-Sosa, Silvertown, Foster, Medin, & Hahnel, 2009); (vi) Site-directed mutagenesis 

should be employed to introduce alterations in the M-domain of the signal recognition particle 

(SRP54M), focused in the predicted (Pimenta, Viegas, et al., 2013) four different N-

terminal/SRP54M polar contacts (Asp331, Gln335, Glu365 and Lys432), that were common among 

the three studied signal peptide (SP) structures, in order to identify the amino acid residues that 

play a major role in the interaction with prion and prion-like SP. Alanine substitutions should be 

chosen because of the propensity to preserve the α-helical character of SRP54M (Huang, 

Abdulrahman, et al., 2002). SP ability to bind SRP54M recombinant mutant polypeptides may 

be determined in vitro with mobility shift affinity electrophoresis; and finally (vii) To assess the 

binding affinity between ovine Prt and zona pellucida ZP domains (Pimenta, Sardinha, et al., 

2013) through a thermodynamic characterization with isothermal titration calorimetry. 

In conclusion, future studies within this framework could be of fundamental importance to 

elucidate the molecular control of male reproduction, providing also foundations for the study of 

several proteinopathies, both in humans and animals. 
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ANNEXES 

Chapter 2 - Supplemental information 

2.1. Prion-like Doppel gene polymorphisms and scrapie susceptibility in 

Portuguese sheep breeds. 
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Tables 

Table S 1. prnp genotype frequencies in 8 Portuguese sheep breeds. 

  
prnp genotype frequencies 

 

 
 

Breed n 

ARR 

ARR 

R1 

ARR 

AHQ 

R2 

AHQ 

AHQ 

R2 

ARR 

ARQ 

R3 

ARQ 

AHQ 

R3 

ARH 

AHQ 

R3 

ARQ 

ARQ 

R4 

ARH 

ARQ 

R4 

ARR 

VRQ 

R4 

AHQ 

VRQ 

R4 

ARQ 

VRQ 

R5 

ARH 

VRQ 

R5 


2
 P

 
 

Bordaleira Entre 

Douro e Minho 
64 0.078 0.047 0.000 0.250 0.047 0.000 0.469 0.016 0.016 0.000 0.047 0.031 def  

Churra Badana 58 0.052 0.017 0.000 0.345 0.052 0.000 0.517 0.017 0.000 0.000 0.000 0.000 ae  

Churra Galega 

Mirandesa 
71 0.014 0.000 0.014 0.254 0.099 0.014 0.549 0.000 0.000 0.000 0.056 0.000 ef 0.024 

Churra 

Mondegueira 
19 0.053 0.000 0.000 0.105 0.000 0.000 0.737 0.105 0.000 0.000 0.000 0.000 a 0.005 

Merino da Beira 

Baixa 
65 0.092 0.000 0.000 0.231 0.031 0.000 0.523 0.000 0.031 0.015 0.077 0.000 f  

Merino Branco 62 0.194 0.065 0.000 0.387 0.016 0.016 0.306 0.000 0.016 0.000 0.000 0.000 bc 0.006 

Saloia 52 0.096 0.038 0.000 0.231 0.135 0.000 0.442 0.019 0.019 0.000 0.019 0.000 cef  

Serra da Estrela 69 0.174 0.014 0.000 0.420 0.014 0.014 0.304 0.014 0.014 0.000 0.029 0.000 bd 0.034 

Total 460 0.098 0.024 0.002 0.296 0.052 0.007 0.457 0.013 0.013 0.002 0.033 0.004   

n indicates the number of animals analysed in each breed; R1 to R5, scrapie susceptibility groups (from less to more susceptible) correspondent to each prnp 

genotype; 2 test: breeds with different letters are statistically different (P<0.05), P is indicated when distribution of prnp genotypes in one breed is statistically 

significantly different (P<0.05) from that observed for total population of 460 animals (Genepop v3.4). 
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Table S 2. prnp allele frequencies in 8 Portuguese sheep breeds. 

  

prnp allele frequencies 

 

 

 

Breed 

n 

 

ARR 

 

ARQ 

 

AHQ 

 

ARH 

 

VRQ 

 


2 

 

P 

  

Bordaleira Entre Douro e Minho 64 0.234 0.648 0.047 0.023 0.047 bcd  

Churra Badana 58 0.233 0.724 0.034 0.009 0.000 cd  

Churra Galega Mirandesa 71 0.141 0.754 0.070 0.007 0.028 cd 0.014 

Churra Mondegueira 19 0.105 0.842 0.000 0.053 0.000 d 0.017 

Merino da Beira Baixa 65 0.223 0.692 0.023 0.000 0.062 b  

Merino Branco 62 0.427 0.508 0.048 0.008 0.008 a 0.004 

Saloia 52 0.240 0.644 0.087 0.010 0.019 bc  

Serra da Estrela 69 0.399 0.543 0.022 0.014 0.022 a 0.023 

Total 460 0.264 0.653 0.045 0.012 0.026   

n indicates the number of animals analysed in each breed. 2 test: breeds with different letters are statistically different (P<0.05). P is indicated when the 

difference in the distribution of the prnp alleles between one population and the one observed for the global population of 460 animals is statistically significant 

(Genepop version 3.4). 
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Table S 3. Distribution of each breed by the scrapie susceptibility groups (R1 to R5). 

  

Scrapie susceptibility groups 

 

 

 

Breed 

n 

 

R1
 

 

R2
 

 

R3
 

 

R4
 

 

R5 

 


2 

 

P 

 

Bordaleira Entre Douro e Minho 64 0.078 0.047 0.312 0.484 0.078 bcd  

Churra Badana 58 0.052 0.017 0.397 0.534 0.000 d  

Churra Galega Mirandesa 71 0.014 0.014 0.366 0.549 0.056 cd  

Churra Mondegueira 19 0.053 0.000 0.105 0.842 0.000 c  

Merino da Beira Baixa 65 0.092 0.000 0.246 0.585 0.077 cd  

Merino Branco 62 0.194 0.065 0.419 0.323 0.000 a 0.008 

Saloia 52 0.096 0.038 0.365 0.481 0.019 abcd  

Serra da Estrela 69 0.174 0.014 0.449 0.333 0.029 ab  

Total 460 0.098 0.026 0.354 0.485 0.037   

n indicates the number of animals analysed in each breed. R1 to R5 represent groups of prnp genotypes that are considered to confer distinct susceptibility to 

scrapie (from less susceptible to more susceptible), as defined by European organizations (Dawson et al., 1998). Of the prnp genotypes observed in our 

population, R1 consists of ARR/ARR genotype; R2 includes ARR/AHQ and AHQ/AHQ; R3 contains ARR/ARQ, ARQ/AHQ and ARH/AHQ; R4 comprises 

ARQ/ARQ, ARH/ARQ, ARR/VRQ and AHQ/VRQ; R5 encompass ARQ/VRQ and ARH/VRQ. 2 test: breeds with different letters are statistically different (P<0.05). 

P is indicated when the difference in the distribution of the animals by the scrapie susceptibility groups between one population and the one observed for the global 

population of 460 animals is statistically significant (Genepop version 3.4). 
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Table S 4. prnd genotype and allele frequencies associated with each prnp genotype. 

 Genotype frequencies  Allele frequencies  

 n A26A A26A A26A* P G A P 

prnp 

genotype   GG GA AA     

ARR/ARR 45 1.000 0.000 0.000 0.003 1.000 0.000 0.004 

ARR/AHQ 11 0.909 0.091 0.000  0.955 0.045  

AHQ/AHQ 1 1.000 0.000 0.000  1.000 0.000  

ARR/ARQ 136 0.897 0.103 0.000  0.949 0.051  

ARQ/AHQ 24 0.625 0.375 0.000 0.029 0.813 0.188 0.006 

ARH/AHQ 3 1.000 0.000 0.000  1.000 0.000  

ARQ/ARQ 210 0.838 0.148 0.014  0.912 0.088  

ARH/ARQ 6 1.000 0.000 0.000  1.000 0.000  

ARR/VRQ 6 1.000 0.000 0.000  1.000 0.000  

AHQ/VRQ 1 1.000 0.000 0.000  1.000 0.000  

ARQ/VRQ 15 0.933 0.067 0.000  0.967 0.033  

ARH/VRQ 2 1.000 0.000 0.000  1.000 0.000  

Total 460 0.872 0.122 0.007  0.933 0.067  

n indicates the number of animals characterized by each prnp genotype. The underlined (A26A) or asterisked (A26A*) amino acid letters indicate synonymous 

heterozygous or homozygous DNA polymorphisms, respectively. P is indicated when the difference in the distribution of the prnd genotypes/alleles between one 

population and the one observed for the global population of 460 animals is statistically significant (Genepop version 3.4). 
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Table S 5. prnd genotype and allele frequencies, associated with each scrapie susceptibility group. 

  Genotype frequencies
 

 Allele frequencies  

 n A26A A26A
 

A26A*
 


2 

P G A 
2
 P 

Scrapie 

susceptibility group  GG GA AA       

R1 (less susceptible) 45 1.000 0.000 0.000 a 0.003 1.000 0.000 a 0.004 

R2 12 0.917 0.083 0.000 ab  0.958 0.042 ab  

R3 163 0.859 0.141 0.000 b  0.929 0.071 b  

R4 223 0.848 0.139 0.013 b  0.917 0.083 b  

R5 (more 

susceptible) 17 0.941 0.059 0.000 ab  0.971 0.029 ab  

Total 460 0.872 0.122 0.007   0.933 0.067   

n indicates the number of animals characterized by each scrapie susceptibility group. The underlined (A26A) or asterisked (A26A*) amino acid letters indicate 

synonymous heterozygous or homozygous DNA polymorphisms, respectively. 2 test: breeds with different letters are statistically different (P<0.05). P is indicated 

when the difference in the distribution of the prnd genotypes/alleles between one population and the one observed for the global population of 460 animals is 

statistically significant (Genepop version 3.4). 
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Table S 6. Distribution of prnp allele frequencies in the animals characterized by each prnd genotype. 

   

prnp allelic frequencies 

 

 

 

prnd genotypes  

 n 

 

ARR 

 

ARQ 

 

AHQ 

 

ARH 

 

VRQ 

 


2 

 

P 

 

A26A GG 401 0.284 0.635 0.039 0.014 0.029 b  

A26A 
 

GA 56 0.134 0.768 0.089 0.000 0.009 b 0.003 

A26A* AA 3 0.000 1.000 0.000 0.000 0.000 ab  

Total  460 0.264 0.653 0.045 0.012 0.026   

n indicates the number of animals characterized by each prnd genotype. 2 The underlined (A26A) or asterisked (A26A*) amino acid letters indicate synonymous 

heterozygous or homozygous DNA polymorphisms, respectively. 2 test: breeds with different letters are statistically different (P<0.05). P is indicated when the 

difference in the distribution of the prnp alleles between one population and the one observed for the global population of 460 animals is statistically significant 

(Genepop version 3.4).
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Chapter 3 - Supplemental information 

3.2. Paving the way through prion-like biosynthesis. Ovine Doppel co-expression 

with SUMO fusion technology, and NMR solution structure of its N-terminal 

sequence (1-30). 

 

Figures 

Figure S 1.OvDpl sumoylation site 

 

Ovine Dpl protein (Uniprot ID: Q9GJY2) Type II sumoylation (non-consensus(Blomster et al., 2010)) site at position 

124 (Lysine; K) predicted with SUMOsp 2.0 (Ren et al., 2009), with a medium threshold and 92.52% accuracy.  
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Figure S 2. Comparison between the OvDpl(1-30) (blue) and human PrP(110-136) (brown) 

structures. 

 

Comparison between the OvDpl(1-30) (blue) and human PrP(110-136) (brown) structures. Both structures reveal a 

curved conformation with the bulkier residues located mostly in the convex side and the smaller residues located in 

the concave side.  
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Figure S 3. Polar contacts established according to hSRP54M secondary structure. 

 

SP (signal peptide); H (hSRP54M α-helix) and Loop according to Kuglstatter et al. (2002). 

.
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Figure S 4. Predicted surface charge distribution for Dpl and PrPC Signal-Peptide Recognition by SRP54. 

 

(A-D) APBS electrostatic potential (Baker et al., 2001) from −1kT/e to 1kT/e (where k is the Boltzmann constant, T is temperature, and e is the charge of electron) 

plotted on the surface of (A) hSRP54M monomer, (B) OvDpl(1-30), (C) mDpl(1-30) and (D) bPrPp(1-30). The electrostatic surface potential is colored in red 

(negative charge), and blue (positive charge). (E-G) Largest positive patch on the surface of B-D (respectively), calculated with the PFplus server(Shazman et al., 

2007) using the 2kT/e cutoff. The residues of the largest positive patch are colored in blue. For better representation, the SP surfaces (B-G) are rotated (180 

horizontally) in order to expose the predicted protein-protein (SP/hSRP54M) binding interfaces.  
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Figure S 5. Hydrophobic surface features of the SP/SRP54M docking. 

 

Surface representation according to the normalized consensus hydrophobicity scale (Eisenberg, Schwarz, Komaromy, & Wall, 1984) of the exposed residues. 

(A,D) OvDpl(1-30); (B,E) mDpl(1-30) and (C, F) bPrPp(1-30) predicted docking with respectively: (A-C) SRP54M monomer and (D-F) SRP54M dimer. Red color 

indicates regions with high hydrophobicity. (A-C) Signal peptides are located along the SRP54M large hydrophobic groove, which is not observed in the (B-F) 

SRP54M dimer representation. 
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Figure S 6. Helical-wheel analysis of prion and Doppel proteins. 

 

Helical-wheel diagrams generated with HELIQUEST (Gautier et al., 2008): Helix containing (signal peptide), full 

sequences of: (A) bPrPp (Ser
8
-Val

21
); (B) mDpl(Thr

7
-Ser

19
) and (C) OvDpl (Cys

8
-Ser

22
), were plotted as helical 

wheels to observe the relative conservation of amphipathicity, as predicted by the hydrophobic moment (µH) analysis. 

The direction and relative magnitude of µH is shown by the arrow. (D-F) Corresponding (from above) hydrophobic 

moment (blue line) and hydrophobicity (red line) of the helix containing SP sequences, calculated as average over a 

window of 11 amino acid residues. Sequence segments with the highest µH values are underlined. The µH value 

ranges from 0 to 3.26 (a large µH value means that the helix is amphipathic perpendicular to its axis (Eisenberg, 

Weiss, & Terwilliger, 1982)).  
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Tables 

Table S 7. Structural statistics for the NMR structure of OvDpl(1-30). 

NMR distance and dihedral constraints 

Total NOE restraints 388 

      Sequential (|i-j| = 1) 115 

      Medium-range (|i-j| < 4) 128 

      Long-range (|i-j > 5) 20 

      Intraresidual (|i-j = 0) 125 

Total dihedral angle restraints 125 

  

Cyana statistics (20 structures)  

Target function (Å
2
) 1.19±0.09 

RMS NOE restraint violation (Å) 0.0153 

RMS Dihedral restraint violation (º) 1.4580 

Average pairwise r.m.s.d. for 20 structures (Å)      

      Heavy 1.16 ± 0.34 

      Backbone  0.66 ± 0.31 

  

Ramachandran plot statistics 
(Laskowski et al., 1996)

 %  

Most favoured regions 86.2 

Additional allowed regions 12.4 

Generously allowed regions 1.4 

Disallowed regions 0.0 
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Table S 8. Structural statistics obtained for the lowest HADDOCK score clusters. 

  OvDpl(1-30)  mDpl(1-30)  bPrPp(1-30) 

 
 SRP54M 

monomer 

SRP54M 

dimer 

 SRP54M 

monomer 

SRP54M 

dimer 

 SRP54M 

monomer 

SRP54M 

dimer 

HADDOCK score 
 

-174.3 ± 8.3 -119.6 ± 20.8 
 

-157.9 ± 9.5 -102.6 ± 9.3 
 

-183.9 ± 9.8 -123.8 ± 5.7 

RMSD* 
 

1.1 ± 0.7 1.2 ± 0.7 
 

0.9 ± 0.5 9.7 ± 0.1 
 

1.1 ± 0.6 6.6 ± 0.3 

Evdw (kcal mol
-1

) 
 

-82.6 ± 8.2 -71.5 ± 6.6 
 

-95.1 ± 3.5 -84.5 ± 6.8 
 

-81.7 ± 9.1 -59.9 ± 6.7 

Eelec (kcal mol
-1

) 
 

-441.5 ± 51.0 -527.4 ± 78.1 
 

-375.6 ± 27.4 -312.1 ± 17.1 
 

-519.0 ± 53.4 642.5 ± 66.9 

Edesolv (kcal mol
-1

) 
 

-34.8 ± 4.5 -1.6 ± 4.8 
 

-26.0 ± 2.9 -23.1 ± 5.0 
 

-25.3 ± 10.5 -0.1 ± 5.7 

Restraints violation 

energy 

 

314.4 ± 45.4 590.0 ± 85.4 

 

383.4 ± 40.1 674.9 ± 58.2 

 

268.8 ± 27.7 647.3 ± 58.2 

Buried surface area (Å
2
) 

 
2784.2 ± 68.7 2351.3 ± 61.4 

 
2821.8 ± 95.9 2426.0 ± 76.8 

 
2965.2 ± 39.9 2421.7 ± 134.1 

 (*) RMSD from the overall lowestenergy structure. 
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Chapter 4 - Supplemental information 

4.2. Inhibition of ovine in vitro fertilization by anti-Prt antibody. Hypothetical 

model for Prt-ZP interaction. 

Figures 

Figure S 7. Images of the three best presenting clusters (Haddock scores), for (A) ZP2, (B) ZP3 

and (C) ZP4. 

A) 

 

B) 

 

C) 
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Tables 

Table S 9. Structural statistics obtained from the 10 best structures of each ZP-Prt cluster 

using HADDOCK. 

 ZP2-Prt ZP3-Prt ZP4-Prt 

HADDOCK score -49.5 ± 10.1 61.4 ± 12.7 -33.3 ± 2.6 

RMSD from the overall 
lowestenergy 
structure 

0.8 ± 0.5 0.6 ± 0.3 2.8 ± 0.4 

Evdw (kcal mol-1) 97.2 ± 8.6 116.1 ± 7.7 116.8 ± 19.8 

Eelec (kcal mol-1) 471.9 ± 47.7 315.7 ± 26.5 220.4 ± 40.3 

Buried surface area 
(Å2) 

3310.9 ± 94.0 2998.5 ± 63.3 2892.0 ± 241.2 

 


