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Abstract

Gene duplication is a major mechanism for the origin of new genes. Subsequent 

function divergence and acquisition of new regulatory DNA elements is the necessary 

step for survival of a newly duplicated gene. However, despite of existence of several 

models, it remains unclear how paralogs evolve after the duplication and develop new 

functions. An example of evolution by gene duplication is PRNP, coding for prion 

protein (PrP), and its downstream duplicate, PRND, coding for doppel (Dpi). Both 

genes are well known in Eutherian mammals: PRNP, notoriously for its involvement in 

neurodegenerative disorders, and PRND as a testis-specific gene whose loss in knockout 

mice leads to male sterility. In addition, recent studies have shown that PrP possesses 

neuroprotective functions while Dpi is neurotoxic and induces apoptosis. Expression of 

PrP and Dpi is altered in various neurodegenerative disorders, such as Alzheimer’s, as 

well as after brain injury and during development; this suggests their possible 

antagonistic coregulation by a so far unknown mechanism.

The aims of the work described in this thesis are to examine the evolution of the PRNP 

and PRND genes using three models: frog (Xenopus laevis), marsupial opossum 

(Monodelphis domestica) and mouse, and to define the molecular mechanisms 

underlying the antagonism in the functions of their proteins.

Previously unreported amphibian and marsupial PRND transcripts were cloned and 

characterised. Tissue expression analysis demonstrated that in frog PRND relies 

primarily on regulatory DNA elements of the PRNP gene and is expressed in brain as a 

chimeric transcript, sharing the first two 5’ UTR exons of the PRNP gene. PRND 

acquires its own promoter in mammals and develops new tissue specificity. 

Conservation of the chimeric transcript in mouse and its translation (shown by 

polysome binding assay) in mice embryos suggests possible functional significance in 

development.

Transcription factors that might regulate the antagonistic relationship of PrP and Dpi by 

varying expression of the genes under specific cellular conditions were predicted by 

bioinformatics (phylogenetic footprinting analysis) and comparative genomics analysis



of the two genes within vertebrates. The predicted FAC1/BPTF binding site, situated 

next to the second non-coding exon of PRNP, was selected for experimental analysis 

based on the literature-deduced relationship between FAC1/BPTF, PrP, and Dpi. 

Reporter gene assays demonstrated upregulation of luciferase expression in constructs 

containing both a Prnp conserved non-coding DNA region with the predicted 

FAC1/BPTF binding site and a Prnd promoter region without FAC1/BPTF binding site; 

the latter might be explained by an indirect effect. Binding sites for the transcription 

factors E2F1, CREB, AP2, USF1, and NFY cluster were predicted in the PRND 

proximal promoter by computational analysis. Consequently, a model of PrP/Dpl 

coregulation is proposed that includes recruitment of BPTF by USF1, phosphorylation 

of retinoblastoma protein Rb induced by FAC 1/BPTF followed by E2F1 derepression 

leading to activation of the PRND promoter. Discovery and characterisation of 

previously undetected mouse Bptf transcript variants suggests tissue-specific 

modulations of this mechanism, as well as having wide implications for the functions of 

“BPTF” and “FAC1” not previously suspected.

Overall, the results presented are important for understanding of evolution by gene 

duplication in general. For the first time, development of gene structure and expression 

are compared across three evolutionarily distant vertebrate species: amphibians, 

marsupials, and mammals. The proposed mechanism for PrP and Dpi coregulation by 

FAC 1 /BPTF provides novel insights into neuronal death.
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Chapter 1. 
Introduction

The focus of this study is to characterise two paralogous genes, PRNP and PRND, and 

propose the mechanism for their coregulation. PRNP and PRND, together with their 

parental gene, SPRN, represent an example of a gene family created by gene 

duplication.

In the introduction I will briefly overview the mechanisms of gene duplication, fate of 

duplicated genes and chimeric transcription as one of the ways of survival of newly 

duplicated genes, and the aspects of prion protein (PrP) and doppel (Dpi) structure and 

function related to my research project.

1.1 Evolution by gene duplication

Gene duplication plays a key role in evolution by generating genomic material for new 

proteins to create new functions (Ohno, 1970). A duplicated copy of an existing gene is 

redundant and, therefore, would accumulate mutations, mostly deleterious. Mutations 

beneficial for species survival are retained by natural selection, resulting in appearance 

of new genes with new functions.

Gene duplication frequently creates clusters of paralogous genes referred to as gene 

families, the most studied cases being Hox genes (Pick and Heffer, 2012), globins 

(Storz et al., 2012), olfactory receptors (Zhang and Firestein, 2002), and major 

histocompatibility complex molecules (Yeager and Hughes, 1999).

1.1.1 Mechanisms of duplication and fate of duplicated genes

An existing locus may be duplicated by:

• tandem duplication or unequal crossing over occurring during meiosis if 

homologous chromosomes pair up incorrectly (Shoja and Zhang, 2006) (Figure 

1-1, a);

• duplicative transposition or segmental duplication (Bailey et ah, 2003, Samonte 

and Eichler, 2002);

• whole genome duplication (Skrabanek and Wolfe, 1998); or

1



Chapter 1 Introduction

• RNA-mediated retro-transposition (Brosius, 2003) (Figure 1-1, b).

(a)

Unequal crossing-over ct

Tandem duplication

(b)
C*l

^  Transcription

mt v i i  a  -— =

i

Reverse transcription and integration

" T  AAA. ..

Retrogene

Figure 1-1. The most common mechanisms for origination of new gene copies through 
gene duplication, (a) DNA-based duplication. Tandem duplication may occur via unequal 
crossing-over that is mediated by transposable elements (light green), (b) RNA-based 
duplication or retroposition. Reverse transcription of mRNA and its integration into the genome 
results in retroposed gene copies. Exons are marked as gold and blue boxes; black connecting 
lines symbolise exon splicing; red right-angled arrows show transcriptional start sites; pink box 
shows additionally transcribed flanking sequence at the insertion site of the retrogene. Source: 
(Kaessmann, 2010)

Based on their ability to survive, the fate of duplicated genes can be (Figure 1-2):

• Pseudogenisation, the most common fate of duplicated genes, when the 

duplicated copy becomes nonfunctional by mutations (Lynch and Conery, 

2000).

• Conservation of function, when paralogs retain very similar sequences and 

function under strong purifying selection (Nei and Rooney, 2005). This is the 

fate of strongly expressed genes, such as histones (Piontkivska et al., 2002), 

ubiquitins (Nei et al., 2000), and rRNAs (Rooney and Ward, 2005).
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Chapter I Introduction

• Subfunctionalisation, when each duplicate performs part of the function of their 

parental gene (Hughes, 1994).

• Neofunctionalisation, when a new function emerges (Laukaitis et al., 2005, 

Deng et al., 2010, Lynch, 2007).

Regulatory 
DNA region Protein coding region

\  t /
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factor protein
binding aitea domains

Gene duplication

T
Redundancy
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Figure 1-2. Evolutionary fate of duplicated genes.

Small-scale DNA-mediated gene duplications (tandem and segmental duplications) may 

include not only exon-intron regions of the gene, but the associated regulatory DNA 

sequences and transcription factor binding sites, resulting in functional duplicates.

Subfunctionalisation and neofunctionalisation result in changes in gene expression (Gu 

et al., 2002). Loss of some regulatory DNA elements and conservation of others will 

result in differential tissue expression of duplicates and could increase the probability of 

their conservation (Force et al., 1999). Therefore, evolution of regulatory DNA 

elements and establishment of regulatory networks is no less important for new function
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development and survival of duplicated genes than differentiation of protein sequence 

(Ohta, 2003). Gene regulatory elements might evolve from inserted retroelements (long 

interspersed elements (LINEs), short interspersed elements (SINEs), and LTR 

retrotransposons (Ball et al., 2004, Muotri et al., 2005, Nigumann et al., 2002, Plant et 

al., 2001, Wheelan et al., 2005).

1.1.2 Chimeric transcription

Retroposed duplicates, unlike DNA-based events, lack the promoter and regulatory 

DNA sequences associated with the parental gene and thus immediately become 

pseudogenes (Mighell et al., 2000). However, there are multiple cases of expression of 

retroposed duplicates (Vinckenbosch et al., 2006, Sakai et al., 2007, Svensson et al., 

2006). Duplicates without regulatory DNA elements can “hitchhike” the promoter from 

a neighbouring gene, and sometimes also pick its exons to create chimeric genes 

(Vinckenbosch et al., 2006). Examples of such chimeric ORFs made of exons from both 

the host and the retrogene are the jingwei gene in the fruit fly (Long and Langley, 1993) 

and the TRIMCyp gene in the owl monkey (Sayah et al., 2004). It is estimated that 

about 4-5% of the tandem gene pairs in the human genome can be transcribed as 

chimeric proteins (Lee et al., 2006b, Parra et al., 2006).

The outcome of polycistronic pre-mRNA expression is not necessarily chimeric protein. 

Consecutive alternative splicing might result in monocistronic mRNAs, as was first 

described in C. elegans by Blumenthal (Blumenthal, 1998). In C. elegans, ~25% of the 

genes are estimated to be contained in polycistronic units (Zorio et al., 1994). Such units 

are rare in mammals, one example being bicistronic SNURF-SNRPN transcript (Gray et 

al., 1999). Interestingly, genes expressed from the common promoter can share non-

coding exons which remains present in both mRNAs after bicistronic transcription and 

alternative splicing, as in case of the C. elegans unc-17/cha-l genes (Alfonso et al., 

1994).

In Chapter 3 I will describe how survival and evolution of the PRNP and PRND tandem 

gene pair relied on the ability of the downstream gene to share the promoter and 

resulted in chimeric transcription.
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1.2 PRNP and PRND and their functions.

1.2.1 Prion protein family genes

The prion protein family includes three genes:

• SPRN, the gene coding for Shadoo (Sho) protein, is considered the oldest 

member of the family (Premzl et al., 2004).

• PRNP, the prion protein (PrP) gene (Oesch et al., 1985, Lee et al., 1998), is 

suggested as being the result of an ancient duplication of SPRN (Premzl et al., 

2004).

• PRND, that encodes a protein called Doppel (Dpi), is a downstream duplication 

of PRNP (Moore et al., 1999). Curiously, it was discovered during attempts to 

elucidate PrP function as an explanation for why some strains of Prnp knockout 

mice develop ataxia and others do not.

In fish, PrP-like genes PrPl and PrP2, which are more related to Sho than to PrP, were 

first reported by Premzl et al. (2004) and further work was then published and reviewed 

by (Strumbo et al., 2006). It is unclear if the PrP duplication in fish/mammal ancestor 

evolved into PrPl and PrP2 in fish, and PrP and Dpi in amphibians, reptiles, and 

mammals. The phylogenetic relationship between Sho, PrP, and Dpi, which includes 4 

clusters (as the tetrapod Shos and fish PrP 1,2s grouped separately) of then available 

sequences across vertebrate species, is shown in Figure 1-3.

All proteins are encoded by a single exon. Despite highly diverged sequence among the 

three proteins, many structural features are conserved (Figure 1-4): signal sequences, 

basic regions, and N-glycan attachment sites (CHO). Disulphide bridges (S-S) are 

present in PrP and Dpi, but not Sho. Repeats and the hydrophobic region are conserved 

between PrP and Sho, but Dpi lacks both of these structural features (Figure 1-4). The 

absence of the hydrophobic region in Dpi is very significant. It is suggested, that the 

hydrophobic domain determines selective polarized sorting between PrP (basolateral 

side of cells) and Dpi (apical surface) (Uelhoff et al., 2005) and is essential for the 

conformational change to the “scrapie” form of PrP associated with prion disease 

(Prusiner, 1998). PrP, Dpi and Sho are all extracellular, GPI-anchored proteins (Oesch 

et al., 1985, Premzl et al., 2003, Moore et al., 1999).
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Figure 1-3. Phylogenetic tree of prion protein family genes. Numbers refer to four major 
clusters: (1) Shos, Sho2s and PrP-like; (2) fish PrP Is and PrP2s; (3) tetrapod PrPs; (4) Dpls. 
The bootstrap values >50 are depicted. The horizontal bar shows 0.2 amino acid substitutions 
per site. Source: Premzl & Gamulin, 2007.
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Figure 1-4. Protein structural regions of mammalian Shadoo (Sho), prion protein (PrP), 
and doppel (Dpi); numbers refer to human Sho and PrP (based on Premzl et al., 2003) and 
mouse Dpi (based on Moore et al., 1999). These structures are presented with more details 
based on their NMR analysis in Chapter 3 (Figure 3-20).

The resolved NMR structures revealed that Dpi folding is very similar to that of PrP, 

despite limited sequence homology, being characterised by three a-helixes, and two ß- 

strands (Figure 1-5). The Dpi structure differs by a kink in the second helix and a 

different orientation of the ß-sheet. The structure is also stabilised by an additional 

disulfide bond (Luhrs et al., 2003).

The evolutionarily conserved positions involved in PrP and Dpi fold maintenance will 

be discussed in detail in Chapter 3.
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hPrP hDpI

Figure 1-5. Three-dimentional structures of human PrP and Dpi. Helices a l ,  a2, and a3
are red and yellow, ß-strands are cyan, nonregular secondary structures are grey, and the 
flexibly disordered segments of residues 23-124 of hPrP and 24-50 of hDpl are green and 
orange, respectively. Source: (Riek and Luhrs, 2003).

1.2.2 Expression and tissue distribution

PrP has wide tissue distribution with the highest amount in brain (Bendheim et al., 

1992, Makrinou et al., 2002). In brain, PrP mRNA is detectable in neurones of the 

hippocampus, cortex, thalamus, cerebellum and medulla (Mclennan et al., 2001). 

Considerable amounts of PrP are found in immune system cells (Dodelet and Cashman, 

1998, Kubosaki et al., 2001). PrP is reported in heart, lung, pancreas, thymus, spleen, 

testis, kidney, gut, skin, stomach, ovary, skeletal muscle, and liver of adult mammals 

and in developing embryos (Manson et al., 1992, Horiuchi et al., 1995, Fournier et al., 

1998, Moudjou et al., 2001, Ning et al., 2005). However, PrP’s ubiquitous distribution 

can be explained by specialised expression at high levels only in discrete 

subpopulations of cells, especially those of the “neuroimmune network” (Ford et al., 

2002b). Dpi expressed mainly in testes (Makrinou et al., 2002), although broader tissue 

distribution has been reported (Table 1-1). Similarly to PrP, presence of Dpi in other 

tissues can be attributed to its expression in endothelial cells, peripheral nerves and 

scattered lymphocytes (Rondena et al., 2005). Analysis of expression in mouse testes 

reveals that Prnp (Ford et al., 2002b) and Prnd (Peoc'h et al., 2000a) are coexpressed in 

Sertoli cells, spermatocytes, spermatids and epididymis. However, unlike Dpi knockout 

mice, PrP knockouts are fertile (Behrens et al., 2002).
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During embryogenesis, Prnp is induced as early as E6.5 days in extra-embryonic 

tissues (placenta, umbilical cord and mesodermal layer of yolk sac) (Manson et al., 

1992), between E8.5 and E9 days in embryonic tissues during transition from anaerobic 

to aerobic metabolism (Miele et al., 2003), and from E l3.5 in developing brain and 

spinal cord (Manson et al., 1992). Prnd is widely expressed in foetal tissues (Makrinou 

et al., 2002).

Table 1-1. Tissue expression and distribution of Dpi as reported in the literature.

T issu e origin T issu e  (T ech n iq u e) R eference
Human Testis (Northern blot) (Makrinou et al., 2002)
Human fetal 
11.5-16.5 weeks

Testis, intestine, limbs, kidney, brain 
(RT-PCR)

(Makrinou et al., 2002)

Mouse Testis and heart (Northern blot); brain 
(RT-PCR); mammary gland, spleen 
(EST database)

(Moore et al., 1999)

Ovine, Bovine Testis, epididymis (Northern blot); testis, 
spleen, ovary, heart, mammary gland, 
kidney, lung (RT-PCR)

(Tranulis et al., 2001)

Bovine Testis (Western blot); endothelial cells, 
peripheral nerves and scattered 
lymphocytes in intestine, liver, spleen, 
lymph nodes, kidney, ovary, heart, lung, 
diaphragm (immunohistochemistry)

(Rondena et al., 2005)

Human Testis, spermatozoa, seminal plasma 
(Western blot)

(Peoc'h et al., 2002)

Mouse, human Testis, brain (RT-PCR) (Peoc'h et al., 2003)
Mouse, 9 weeks Testis, heart, spleen, muscle (Northern 

blot)
(Li et al., 2000b)

Neonatal mouse Brain, spleen, gut (Northern blot) (Li et al., 2000b)

1.2.3 Normal functions of PrP

The normal role of PrP remains unclear despite extensive research over the last 30 years 

and numerous functions proposed (Aguzzi and Polymenidou, 2004, Lasmezas, 2003). 

PrP gene knock out experiments on this widely expressed gene did not show obvious 

phenotype, although mice were resistant to scrapie infection (Bueler et al., 1992, Bueler 

et al., 1993). However, some subtle phenotypic changes have been reported, such as 

alterations to circadian rhythms and sleep disturbance (Tobler et al., 1996, Sanchez-

9



Chapter 1 Introduction

Alavez et al., 2007), to short- and long-term memory performance (Coitinho et al., 

2003), altered fear-induced behaviour (Lobao-Soares et al., 2008) and sensitivity to 

oxidative stress (Brown et al., 2002). A recent microarray study revealed biological 

pathways altered in Prnp()() mice, such as cell signalling, cell-cell communication and 

transduction processes, calcium homeostasis, nervous system development, synaptic 

transmission, and cell adhesion (Benvegnu et al., 2011).

The proposed PrP functions are:

1. Copper binding and antioxidant activity. Mammalian PrP binds copper via 

histidine residues present in the proximal octarepeats (Brown et al., 1997). It 

was suggested this property of PrP is used for alteration of synaptic activity by 

modulating presynaptic copper concentration (Herms et al., 1999), for uptake of 

copper ions from the extracellular milieu, which also stimulates endocytosis of 

PrP from the cell surface (Pauly and Harris, 1998), and for activation of the 

copper-dependent antioxidant enzyme, superoxide dismutase (Brown and 

Besinger, 1998).

2. Regulation of intracellular calcium concentration (Herms et al., 1997, Herms 

et al., 2001, Krebs et al., 2007).

3. Learning and memory. The requirement of PrP for long-term memory 

formation was established from knockout mice experiments. PrP" mice 

performed worse than wild-type mice in water and labyrinth learning tests 

(Nishida et al., 1997). Molecular evidence has been provided by PrP enrichment 

in the dentate gyrus of the hippocampus, which is involved in synaptic plasticity 

and memory formation (Bendheim et al., 1992). Expression on the surface of 

elongating axons suggests a PrP role in axon growth and polarisation (Sales et 

al., 2002); this is supported by experiments with cultured hippocampal neurons 

(Kanaani et al., 2005).

4. Activation of lymphocytes. PrP is expressed at high levels in T cells, B cells, 

monocytes and dendritic cells (Li et al., 2001). Activation of T lymphocytes 

increases the expression of PrP on the T-cell surface (Li et al., 2001, Bainbridge 

and Walker, 2005, Mabbott et al., 1997).

5. Signal transduction. PrP is involved in numerous signal transduction pathways, 

including cAMP/protein kinaseA, mitogen-activated protein (MAP) kinase,
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phosphatidylinositol 3-kinase/Akt pathways, and non-receptor tyrosine kinases 

(reviewed in (Linden et al., 2008)).

6. Cell-cell interaction. PrP mediates binding of molecules in the extracellular 

matrix and on the cell membrane, such as the laminin receptor precursor (Rieger 

et ah, 1997), laminin itself (Graner et ah, 2000), and neural cell-adhesion 

molecule (N-CAM) (Schmitt-Ulms et ah, 2001).

7. Antiapoptotic properties, discussed extensively in section 1.2.5.4 below.

8. Regulation of embryonic stem cell pluripotency and differentiation 

(Miranda et ah, 2011).

1.2.4 Dpi and spermatogenesis

One of the most studied functions of Dpi is its involvement in spermatogenesis; its main 

expression is in adult testes, as referenced in Table 1-1. Dpi is expressed in the 

seminiferous tubules, Sertoli cells, mature spermatozoa and their flagella, and seminal 

plasma (Peoc'h et ah, 2002). Dpi is involved in early testes development, and later 

stages of spermatogenesis, in particular the final remodelling and maturation of 

elongated spermatids (Espenes et ah, 2006).

Absence of Dpi in PrncTcomo knockout mice results in male sterility due to malformed 

sperm, incapacity to perform the acrosome reaction in fertilisation, and poor sperm 

motility but otherwise does not affect embryonic or postnatal development or fertility of 

female mice (Behrens et ah, 2002) (Figure 1-6). However, Prnd null mouse created by 

another research group, although also male-sterile, showed normal sperm concentration, 

motility, and morphology, and ability to fertilise in vitro albeit with unviable embryos 

(Paisley et ah, 2004).
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Figure 1-6. Malformation of spermatozoa from Dpl-deficient mice. Sperm morphology in 
wild-type (A, B) and Pm<feolneo knockout mice (C-F). Sperm in knockout mice has visible 
structural abnomarlities of flagellum and malformation of sperm head (Behrens et al., 2002).

1.2.5 Role of PrP and Dpi in neurodegeneration

1.2.5.1 Prion disease

Prion diseases owe their name to proteinaceous infectious particle or “prion”, which 

seems to be the only pathological agent without any known organism or virus involved 

in infection (Prusiner, 1982). Prion diseases are a group of fatal neurodegenerative 

disorders affecting several species, for example, Creutzfeldt-Jakob disease (CJD), 

Gerstmann-Sträussler-Scheinker syndrome (GSS) and Fatal Familial Insomnia (FFI) in 

humans, bovine spongiform encephalopathy in cattle and scrapie in sheep. These 

diseases are associated with structural conversion of the normal alpha-helical cellular 

prion protein (PrPc) into a beta-sheet-rich “scrapie” conformation (PrPSc) and are 

characterised by degeneration of brain tissue and amyloid deposit (Prusiner, 1998). 

Several PrP mutations have been linked to prion misfolding (Figure 1-7). The 

conversion is possibly assisted by an elusive ligand protein, “protein X” (Telling et al., 

1995, Prusiner, 1998). It has been proposed that misfolded peptides form ion channels 

and as a result dysregulate Ca~ signalling and depolarise cell membrane causing 

neuronal cell death (Lin et al., 1997a). In humans, approximately 10% of CJD has 

genetic causes (Prusiner and Scott, 1997) but 75% of all cases are spontaneous 

transformation of PrPc to PrPSc (Kubier et al., 2003). There is no treatment for prion 

diseases and the diseases progresses inevitably to death (Knight and Will, 2004).
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Figure 1-7. Three-dimensional structure of human PrP with mapped amino acids 
associated with TSEs. The mutated amino acids associated with CJD are labelled in red; with 
GSS are in black. Source: (Riek and Luhrs, 2003).

1.2.5.2 PrP and Dpi in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common cause of mental disorders associated 

with ageing. It is associated with amyloid deposits, derived from cleavage of amyloid 

precursor protein (APP) into the amyloid-beta (Aß) peptide of 40-42 amino acid 

residues, forming senile plaques with subsequent neuronal loss affecting memory, 

speech, and recognition (Hardy and Selkoe, 2002). There is an intriguing link between 

AD, PrP and Dpi, as expression of both proteins is altered in AD.

Abnormal PrP deposits were observed in AD brain as diffuse plaques, neuritic plaques, 

and amyloid cores of senile plaques, colocalising with ß-amyloid (Ferrer et ah, 2001). It 

was suggested that PrP expression is altered as a response to cellular stress (Kovacs et 

ah, 2002, Voigtlander et ah, 2001). However, overexpression of Syrian hamster PrP in 

transgenic mice carrying mutant human APP resulted in a 35% increase of Aß plaques 

suggesting that PrP participates in formation of Aß plaques (Schwarze-Eicker et ah,
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2005). Nevertheless, alternative evidence, based on overexpression or depletion o f PrP 

in neuronal cell lines and significant increase o f Aß in PrP" mice, support a PrP- 

protective role during AD through PrP-mediated inhibition o f the cleavage o f APP by ß- 

secretase and reduction o f Aß formation (Parkin et al., 2007). Suprisingly, although PrP 

ihhibits Aß formation, it might mediate Aß-induced impairment o f synaptic plasticity 

by direct interaction with soluble Aß at synapses (Lauren et al., 2009). Pathology o f this 

interaction is explained by Fyn kinase activation which leads to phosphorylation o f 

NM DA (A-methyl-D-aspartate) glutamate receptors and alters their localisation (Urn et 

al., 2012).

Dpi expression in AD was detected around amyloid deposits o f neuritic plaques and, as 

was suggested, might trigger the astrocytic and microglial response (Ferrer et al., 2004). 

Surprisingly, considering increasing interest to PrP-Dpl antagonism and growing 

evidence o f PrP importance in AD, no further research has been done to decipher the 

role o f Dpi in AD.

1.2.5.3 Putative ligands and functional domains of the PrP

Attempts to identify a “ protein X ”  which contributes to pathological conversion from 

normal PrP  ̂ to PrPSc (section 1.2.5.1) have resulted in generation of vast amounts of 

data on putative ligands o f the prion protein. Experimental screening techniques used 

for ligand detection (two-hybrid screen, crosslinking, coimmunoprecipitation, binding 

assays, ELISA (enzyme-linked immunosorbent assay), and mass-spectrometry) expose 

only approximate regions o f binding and often do not reveal the amino acid residues 

most important for binding. Nevertheless, comparative analysis o f binding sites might 

provide insights into PrP and Dpi evolution. Ligands o f PrP with defined binding 

domains are summarised in Table 1-2 and Figure 1-8. The most important region for 

PrP function is formed by residues 106-126 (human). It plays the central role in prion 

disease neurotoxicity (Forloni et al., 1993). The isolated peptide forms ion-permeable 

channels in cell membranes causing dysregulation in ionic homeostasis, specifically, o f 

calcium (Lin et al., 1997a). Deletions o f this region (Table 1-3) cause 

neurodegenerative disorders, suggesting the existence o f a putative ligand that mediates 

neuroprotection (Shmerling et al., 1998, Li et al., 2007, Baumann et al., 2007).
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Dpi has structural similarities with PrP in its C-terminal end and truncation of the N- 

terminal tail of PrP results in Dpl-like neurotoxicity (Flechsig et al., 2003, Radovanovic 

et ah, 2005). The fusion protein of the N-terminal octarepeat region and half of the 

hydrophobic region of PrP to Dpi showed antiapoptotic function (Lee et ah, 2006a). 

This indicates that common ligands might exist; however, almost no research has been 

done on putative Dpi ligands or common PrP-Dpl ligands. Two identified Dpl-binding 

partners, plasma metalloproteinase inhibitors alpha-1-inhibitor-3 (aiL) and alpha-2- 

macroglobulin (obM), do not interact with PrP (Benvegnu et ah, 2009). The only 

common interacting ligand discovered so far is laminin receptor (Yin et ah, 2004).

Structural comparison of PrP and Dpi provided additional information to deduce 

functional properties of regions of secondary structure. The main aim of reported 

functional studies has been to solve the enigma of PrPc misfolding to disease-associated 

conformation PrPSc. For example, substitution of residues at positions 167, 171, 214, or 

218 prevented PrPSc formation (Kaneko et ah, 1997). Table 1-3 overviews findings in 

key functional domains and residues of PrP.

Table 1-2. PrP-interacting ligands and their putative binding positions on PrP. Amino acid 
residue numbers refer to mouse PrPc. Data obtained from human or other animal PrP analysis 
are transposed to homologous mouse structure (based on review Linden et ah, 2008)

Ligand Description Binding site 
on PrP Reference

LRP1
Lipoprotein receptor-related protein 1, 
scavenger receptor.
Endocytic trafficking of PrPc.

23-107
(Taylor and Hooper, 
2007)
(Parkyn et ah, 2008)

LRP/LR Laminin receptor precursor/Laminin receptor. 
Subcellular trafficking. 143-178

(Gauczynski et ah, 
2001, Hundt et ah, 
2001, Rieger et ah, 
1997)

LPR Laminin receptor, residues 100-220. 
Interaction with Dpi, PrP-Dpl antagonism. 26-100 (Yin et ah, 2004)

Laminin Extracellular matrix component. 
Interaction promotes neuritogenesis. 173-182 (Coitinho et ah, 2006, 

Graner et ah, 2000)

Vitronectin Extracellular matrix component. 105-119 (Hajj et ah, 2007)

Heparin/
heparin
sulfate

Glucosaminoglycans. 23-52, 53-92, 
109-127

(Horonchik et ah, 
2005, Pan et ah, 2002, 
Warner et ah, 2002)

14-3-3 Intracellular scaffolding protein. 23-137 (Satoh et ah, 2005)

Cu2+ Binds octapeptide repeat, histidine residues. 58-110 (Brown et ah, 1997)
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In d u c tio n  o f  C K 2  p h o sp h o tra n s fe ra se  ac tiv ity .

9 3 -2 2 8 (M e g g io  e t a l., 2 0 0 0 )

G rb 2

G ro w th  fa c to r re c e p to r-b o u n d  p ro te in , a d a p to r  
p ro te in  fo r  ty ro s in e  k in a se  re c e p to rs .
In te ra c ts  in in tra c e l lu la r  v e s ic le s , p o ss ib ly  
s ig n a l tra n sd u c tio n .

23 -231
(S p ie lh a u p te r  an d  
S c h a tz l , 2 0 0 1 )

S y n a p s in  lb
S y n a p tic  v e s ic le  re le a se  re g u la to r .
P o ss ib ly  re g u la tio n  o f  c e ll-c e ll c o n ta c t an d  
e x tra c e llu la r  s ig n a llin g .

23 -231
(S p ie lh a u p te r  an d  
S c h a tz l , 2 0 0 1 )

A P L P 1 A m y lo id  p re c u rso r- l ik e  p ro te in . 23-231 (Y e h ie ly  e t a l., 1997)

N rf2
N u c le a r  fa c to r  E 2 -re la te d  fa c to r-2 , 
tr a n sc r ip tio n  fac to r.

23 -231 (Y e h ie ly  e t a l., 1997)

G A S P
G  p ro te in -c o u p le d  re c e p to r-a s so c ia te d  so r tin g  
p ro te in .

23 -231 (Y e h ie ly  e t a l., 1997)

h n R N P
A 2/B 1

H e te ro g e n e o u s  n u c le a r  r ib o n u c le o p ro te in , 
R N A -b in d in g  p ro te in .

u n k n o w n (S tro m  e t a l., 2 0 0 6 )

A ld C A ld o la se  C /z e b rin . u n k n o w n (S tro m  e t a l., 2 0 0 6 )

B c l-2
A n tia p o p to tic  p ro te in .
P rP  c o u ld  s e q u e s te r  B c l-2  fro m  its in tra c e l lu la r  
o rg a n e lle  p o o ls  an d  c o n tr ib u te  to  a p o p to s is .

7 2 -2 5 4

(K ü rsc h n e r  an d  
M o rg a n , 1995, 
K ü rsc h n e r  an d  
M o rg a n , 1996)

A ß
A m y lo id -ß  , a c c u m u la te s  in A lz h e im e r ’s 
d ise a se .

9 5 -1 0 5
(L a u re n  e t a l., 2 0 0 9 , 
B a rry  e t a l.)
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GAG (24-35)
◄— ►

HS (23-52, 53-92, 109-127)
◄----------- ►«J---------------► «4—

LRP1 (23-107)__________ .

Cu (58-110)
◄-----------------------►

14-3-3 (23-137)
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128 143 152 162
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GPI
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LRP/LR (143-178)
*  *  Laminin (173-182)

Pintl (90-231)
Hsp60 (179-209)

CK2 (93-228)

Grb, Synlb, APLP1, Nrf2, GASP, HnRPN A2/B1, AldC

g] Signal Sequence g] Basic region [7\] Repeat region QJ] Hydrophobic region 
I  Sheet {=| Helix

Figure 1-8. Schematic representation of binding sites of PrP ligands (modified from 
Linden et al., 2008). PrP structure with major domain shaded corresponds to mouse sequence. 
Ligand binding data based on research in other species (human, hamster, or bovine) were 
transposed to homologous mouse sequence. Numbers in parentheses next to each binding 
partner and arrows refer to PrP amino acid residues and PrP binding domain. GAG, 
glycosaminoglycans; HS, heparan sulfate; LRP1, low-density lipoprotein receptor-related 
protein; LRP, laminin receptor precursor protein; LR, laminin receptor; Pintl, prion protein 
interactor 1; CK2, casein kinase 2; Grb, growth factor receptor-bound protein; Synlb, synapsin 
lb; APLP1, amyloid precursor-like protein 1; Nrf2, nuclear factor E2-related factor-2; GASP, G 
protein-coupled receptor-associated sorting protein; Fbx, F-box only; HnRNP, heterogeneous 
nuclear ribonucleoprotein; AldC, aldolase C/zebrin; Aß, amyloid-beta.

Table 1-3. Functionally important domains and residues of PrP reported in the literature.
Amino acid residue numbers refer to mouse or human (when marked) PrPc.

Description Residue Reference

Signalling peptide for reintemalisation of PrP. 23-42 (Nunziante et al., 2003)
N-terminal octapeptide repeat domain, 
contributes to extracellular copper ion 
binding.

65-95 (Viles et al., 1999, Jackson 
et al., 2001)

SH3-binding motif, binds C-terminal SH3 
domain of Grb2. 100-110

(Spielhaupter and Schatzl, 
2001, Lysek and Wuthrich, 
2004)

Deletion results severe illness, mice died 
within 1 month after birth. 105-125 (Li et al., 2007)
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D e le tio n  re s u lts  in  a ta x ia  a n d  a p o p to s is . 3 2 -1 2 1 , 3 2 -1 3 4 (S h m e rlin g  e t a l., 1998)

U n s tru c tu re d  ce n tra l d o m a in  (c h a rg e  c lu s te r  
9 5 -1 1 0  a n d  h y d ro p h o b ic  1 1 2 -1 3 4 ).

9 5 -1 3 4
(B a u m a n n  et a l., 2 0 0 7 , Li 
e t a l., 2 0 0 7 )

D e le tio n  re s u lts  in  d e m y e lin a tio n  an d  a x o n  
lo ss  in sp in a l c o rd  an d  c e re b e lla r  w h ite  m a tte r .

9 4 -1 4 4
(B a u m a n n  et a l., 2 0 0 7 , 
R a d o v a n o v ic  e t a l., 2 0 0 5 )

G lo b u la r  C - te rm in a l, G P I a tta c h m e n t. 134-231 (R ie k  e t a l., 1996)

Im p o rta n t ro le  in  in te rm o le c u la r  in te ra c tio n s , 
in c lu d in g  p o te n tia l ly  k ey  d e te rm in a n t o f  p rio n  
p ro te in  a g g re g a tio n .

b e ta 2 -a lp h a 2  lo o p  (1 6 6 - 
175, h u m a n )

(B il le te r  e t a l., 1997)

A s s o c ia te d  w ith  sp e c ie s  b a rr ie r  d if fe re n c e s . b e ta 2 -a lp h a 2  lo o p (B e tt e t a l., 2 0 1 2 )

M a jo r  ro le  in  P rP  c o n v e rs io n . 1 2 7 -1 5 7
(C o h e n  a n d  P ru s in e r, 
1998)

S u rfa c e  re g io n s  th a t m ay  b e  in v o lv e d  in in itia l 
b in d in g  o f  P rP c to  P rP Sc.

1 5 6 -1 7 5 , 2 0 2 -2 1 1 ,2 4 6 -  
2 6 4

(H o riu c h i e t a l., 2 0 0 0 )

P re d ic te d  tra n sm e m b ra n e  h e lix . 113-1 2 8
(H e g d e  e t a l., 1998, 
S te w a rt e t a l., 2 0 0 1 )

S u b s titu tio n  o f  a  b a s ic  re s id u e  a t th e se  
p o s i t io n s  p re v e n te d  fo rm a tio n  o f  P rP Sc.

167, 1 7 1 ,2 1 4 ,2 1 8  
(h u m a n )

(K a n e k o  e t a l., 1997)

P ro te in  X  b in d in g .
Q 1 6 7 , Q 1 7 1 , T 2 1 4 , 
Q 2 1 8

(K a n e k o  e t a l., 1997)

In h ib itio n  o f  p r io n  re p lic a tio n  in tra n sg e n ic  
m ic e  w h e n  su b s titu te d .

Q 1 6 7 R  o r  Q 2 1 8 K (P e r r ie r  e t al., 2 0 0 2 )

A m in o  a c id  su b s titu tio n  a s s o c ia te d  w ith  A D , 
im p o r ta n t in  s ta b il is in g  c o n fo rm a tio n .

M l2 9 V  (h u m a n ) (B e rr  e t a l., 2 0 0 3 )

A m in o  a c id  su b s titu tio n  a s s o c ia te d  w ith  
C re u tz fe ld t- J a k o b  d ise a se .

D 1 7 8 N , V I 2 9 , E 1 9 6 K , 
V 2 0 3 I, E 2 1 1 Q  (h u m a n )

(D o sse n a  e t a l., 2 0 0 8 ) 
(P e o c 'h  e t a l., 2 0 0 0 b )

C u " c o o rd in a tio n . H 9 6 , H i l l  (h u m a n ) (V ile s  e t a l., 1999)
C o n s ti tu t iv e  e n d o c y to s is  o f  P rP  an d  c e llu la r  
tr a f f ic k in g  in  n e u ro n a l ce lls .

N - te rm in a l, p o s itiv e ly  
c h a rg e d , K K R P K P

(S u n y a c h  e t a l., 2 0 0 3 )

A m in o  a c id  s u b s titu tio n  a s so c ia te d  w ith  
n e u ro d e g e n e ra tio n .

A 1 1 7 V (H e g d e  e t a \., 199 8 )

S p o n ta n e o u s  n e u ro d e g e n e ra tio n . P 1 0 1 L (T e ll in g  e t a l., 1996)
V a ria b le  su s c e p tib i l i ty  fo r  p rio n s P 1 0 2 L , E 2 0 0 K (A sa n te  e t a l., 2 0 0 9 )
R e su lts  in h ig h  s tru c tu ra l o rd e r  o f  th e  b e ta 2 -  
a lp h a 2  loop .
C a u s e d  tra n sm is s ib le  n e u ro d e g e n e ra tio n .

S 1 7 0 N , N 1 7 4 T (S ig u rd so n  e t a l., 2 0 0 9 )

P ro g re s s iv e  e n c e p h a lo p a th y  c h a ra c te r is e d  by  
a b u n d a n t P rP  p la q u e  fo rm a tio n , sp o n g ifo rm  
c h a n g e  an d  g lio s is .

D 1 6 7 S (S ig u rd so n  e t a l., 2 0 1 1 )

A ss is ts  s ta b il is a t io n  o f  P rP  fo ld .

1 7 9 ,1 8 0 ,1 8 4  (H 2 ); 
2 0 3 ,2 0 6 ,2 0 9 ,2 1 0 ,2 1 3 ,2  
14 (H 3 ); V al 161 ( S I ) ;  
T y r l5 0  (H I ) ;  
1 3 4 ,1 3 7 ,1 3 9 ,1 4 1 ,1 5 7 ,1  
5 8 ,1 9 8  (3 lo o p  re g io n s)

(R ie k  e t a l., 1996)

R e s id u e s  im p o r ta n t fo r sp e c ie s  b a rr ie r . 9 6 -1 6 7 (T e ll in g  e t a l., 1995)
R e s id u e s  th a t fo rm  an  e p ito p e  th a t is in v o lv e d  
in  th e  c o n tro l o f  th e  sp e c ie s  b a rr ie r  an d  
re c o g n itio n  o f  p ro te in  X .

184, 186, 2 0 3 ,2 0 5 (S c o tt  e t a l., 1997)
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1.2.5.4 PrP is neuroprotective, Dpi is neurotoxic

Despite some similarity in their structure, PrP and Dpi seem to have antagonistic effects 

on neuronal cell survival (Behrens and Aguzzi, 2002, Qin et al., 2006a). Although 

overexpression of PrP is associated with neurodegeneration without conversion into 

PrPNL (Westaway et al., 1994), there are multiple examples implicating PrP in protection 

against apoptotic cell death, demonstrated in both cell culture and animal models 

(Kuwahara et al., 1999, Mclennan et al., 2004, Weise et al., 2004, Yamaguchi et al., 

2004, Sakudo et al., 2005).

The first evidence of Dpi neurotoxicity was reported in 1999; and was the cause o f Dpi 

discovery. Studies were prompted by the desire to find out why Prnp)() mice strains 

showed neurodegenerative features. Dpi overexpression was shown to be the reason 

why some of the strains develop late onset ataxia and Purkinje cell degeneration in the 

cerebellum that led to the discovery of Dpi (Moore et al., 1999, Moore et al., 2001). 

Similarly, transgenic mice selectively overexpressing Dpi in Purkinje cells develop 

ataxia and Purkinje cell loss despite of the presence of PrP (Anderson et al., 2004). 

Overexpression of an N-terminally truncated PrP, which makes it structurally more 

similar to Dpi, also causes ataxia (Shmerling et al., 1998). Prnp"  mice are rescued from 

Purkinje cell degeneration by introduction of transgenic PrP (Nishida et al., 1999).

The mechanism of Dpi neurotoxicity and PrP counteraction is still unclear. The 

proposed mechanisms include their opposite effects on apoptosis and calcium signalling 

pathways and oxidative stress. Experiments in primary neuronal cultures suggest Dpl- 

triggered apoptosis might be mediated by the proapoptotic protein BAX, caspase-3 and 

caspase-10 (Qin et al., 2006b, Didonna et al., 2012). By contrast, PrP demonstrates 

anti-BAX activity and protects neurons against BAX-mediated cell death (Park and Li, 

2011, Bounhar et al., 2001). Dpi expression is correlated with the induction of heme- 

oxygenase-1 and nitric oxide synthases nNOS and iNOS in Prnp){)mice, which suggests 

that Dpi intensifies oxidative stress (Wong et al., 2001). The mechanism of Dpi toxicity 

mediated via nitric oxide production and its inhibition by PrP was confirmed in 

neuronal cells (Cui et al., 2003). PrP protects retinal explants against light damage and 

retinal degeneration; this serves as another example of PrP action against oxidative 

stress (Chiarini et al., 2002, Frigg et al., 2006). PrP and Dpi have opposite effects on 

Ca“ homeostasis (Brini et al., 2005). In Chinese hamster ovary cells, transiently
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transfected PrP regulates Ca  ̂ in an antiapoptotic way by limiting Ca release from the 

endoplasmic reticulum and Ca2 uptake by mitochondria. Alternatively, Dpi stimulates 

Ca“ accumulation in mitochondria and its discharge from the endoplasmic reticulum. 

As expected, coexpression with PrP abolishes the Dpi effect on Ca2 signalling (Brini et 

al., 2005). PrP antiapoptotic function might be explained by its ability to regulate 

copper homeostasis (Millhauser, 2007). Indeed, fusion o f the PrP octarepeat to Dpi 

protects against apoptosis (Lee et al., 2006a). Intracellular copper might promote 

apoptosis by accelerating degradation o f XIAP, an antiapoptotic copper-binding protein 

(Mufti et al., 2006). Coexpression o f Dpi in neuronal cells might affect the copper- 

homeostasis functions o f PrP by inhibition o f its endoproteolytic cleavage (Sakudo and 

Onodera, 2011).

1.2.5.5 Interaction of PrP and Dpi

Biochemical and structural homology o f PrP and Dpi and their antagonistic effects on 

neurodegeneration raises the question o f their potential functional interaction.

The models o f possible interaction are based on the “ ligand”  hypothesis first proposed 

by Shmerling et al. in 1998 to explain ataxia development in mice overexpressing PrP 

without octarepeats (Shmerling et al., 1998). According to these models, cell death is 

caused either by ligand binding to Dpi in the absence o f PrP or ligand binding to PrP is 

necessary to prevent Dpl-induced cell death (Figure 1-9, (a, b)). Another possibility is 

the formation o f toxic channels by Dpi, counteracted by PrP (Figure 1-9, c). A recently 

proposed model for antagonistic interaction o f PrP and Dpi includes a still unidentified 

transmembrane molecule; it is proposed that PrP binds to that molecule via the N- 

terminal region, and that binding o f Dpi that occurs when PrP is absent or truncated 

results in the toxic signal (Sakaguchi, 2008).
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(a)

PrPc Dpi PrPC-OpI
homomultimers homomultimers. heteromultimers: 

no channel patent toxic channel defective channel
TRENDS in Neurosciences

Figure 1-9. Hypothetical models of Dpl-PrPc interaction, (a) PrPc and Dpi compete for a 
common ligand (X). In the absence of PrPc, binding of X to Dpi might cause cell death, (b) 
PrPc and Dpi perform antagonistic functions through an as yet unidentified mechanism. Dpi 
might cause cell death when unopposed by PrPc. (c) Dpi might form a homomultimeric toxic 
channel that is inactivated by participation of any full-length PrPc. Source: (Behrens and 
Aguzzi, 2002)

The proposed direct interaction of PrP and Dpi has been tested experimentally in the 

human neuroblastoma cells. Exogenous expression of PrP and Dpi demonstrated their 

similar distribution when transfected separately and colocalisation at the plasma 

membrane after cotransfection (Massimino et al., 2004). Additional evidence of 

interaction was the internalisation of both proteins into the same vesicles when cells 

were stimulated by antibodies specific to either PrP or Dpi (Massimino et al., 2004). 

However, in similar experiments conducted in testicular cells by another group, PrP and 

Dpi failed to coimmunoprecipite with the appropriate antibodies and so were not 

colocalised (Shaked et al., 2002). This inconsistency may be explained by cell-specific 

functions of Dpi that differ in neuronal and testis cells. Indeed, experiments in other 

neuronal cell lines support the interaction hypothesis (Qin et al., 2006a). Furthermore, 

recent evidence suggests that interaction occurs on the basolateral, detergent-resistant 

surface, of membranes (lipid rafts) and is cholesterol-dependent (Caputo et al., 2010).
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1.2.6 Regulation of PrP and Dpi gene expression

A fundamental mechanism to control the function of a protein is to regulate its amount 

and localisation at the cellular, tissue and whole organism level. This can be achieved at 

several stages in the pathway from the gene DNA sequence to the protein at its site of 

action. PrP and Dpi are differentially expressed and localised in a species, 

developmental and tissue-specific manner (Tranulis et al., 2001, Ford et ah, 2002b, 

Makrinou et ah, 2002) suggesting that their functional evolution may be linked to the 

regulation of their expression pattern. There is evidence that both transcription factor- 

mediated expression and chromatin remodelling are important for PrP and Dpi 

expression.

Regulatory mechanisms described for PrP and Dpi are:

1. Transcriptional control by transcription factors. Transcription factors can control 

the rate of gene transcription by stimulating (activators) or inhibiting (repressors) basal 

transcription machinery carried out by RNA polymerase in a tissue-specific manner. 

The PRNP promoter region has been analysed in detail and is assumed to be analogous 

to a housekeeping gene based primarily on its constitutive expression in adult 

mammalian tissue (Oesch et ah, 1985). The promoter was first characterised in hamster 

where it was shown to lack a TATA box for initiation and to contain three Sp-1 binding 

sites typically found in housekeeping genes (Oesch et ah, 1985). Analysis of the human, 

bovine and rat PRNP promoter predicted only ubiquitous transcription factors, such as 

Spl, Apl and Ap2 (Mahal et ah, 2001, Inoue et ah, 1997, Saeki et ah, 1996). 

Comparisons in mammals showed some variation in promoter transcription factor 

binding sites: hamster, 3 Sp-1 and 1 AP-1; mouse, 2 Sp-1 and 1 AP-1; human 2 Sp-1 

and 1 AP-1 (shared with rodents); but ovine, 1 AP2 and no Sp-1 or AP-1 (Lee et ah, 

1998, Premzl et ah, 2005). However, phylogenetic footprinting of the marsupial, 

human, mouse, bovine and ovine PRNP sequences, conducted in our group, predicted 

both brain-specific factors (MEF-2), and other specific and ubiquitous transcription 

factor binding sites (MZF-1, MyTl, Oct-1, and NFAT) (Premzl et ah, 2005). Most of 

the putative transcription factor binding sites for PRNP are found in the first intron 

suggesting this region might be involved in transcriptional regulation.
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Evidence to date suggests that PRND is less ubiquitously expressed and its 

transcriptional regulation may have unique features in different cell types (Tranulis et 

al., 2001, Makrinou et al., 2002). Only two transcription factors, both ubiquitous, are 

reported so far to bind Prnd promoter. Nagyova et al. performed a mutational analysis 

of the mouse Prnd gene promoter using a luciferase reporter and identified NF-Y as a 

vital transcription factor and confirmed its binding to the promoter by gel shift analysis 

(Nagyova et al., 2004). Sepelakova et al. demonstrated USF-1 binding by a several-fold 

increase of the luciferase activity when coexpressed with the -185/+27 Prnd-promoter 

fragment inserted into luciferase reporter gene, by the gel shift assay, supershift with 

USF-1 antibody and UV crosslinking (Sepelakova et al., 2005).

2. Transcriptional control through the modification of chromatin structure. Gene 

activity can be altered through the recruitment of protein complexes which can 

modulate chromatin architecture and so accessibility to transcriptional machinery. 

Although no studies have been done to characterise the chromatin architecture of PRNP 

and PRND genes, some evidence suggests chromatin remodelling might be critical in 

regulating their expression. Firstly, despite the supposed regulation by only ubiquitous 

transcription factors, mouse Prnp has cell-specific expression pattern in multiple tissues 

(Ford et al., 2002b), during leukocyte maturation (Dodelet and Cashman, 1998), and 

embryogenesis (Manson et al., 1992, Miele et al., 2003). Also, Prnd shows high 

expression during spermatogenesis (Rondena et al., 2005), where unique chromatin 

remodelling events are known to regulate transcription (Sassone-Corsi, 2002) as well as 

wide distribution in foetal tissues but restricted in adults (Makrinou et al., 2002). 

Second, cells treated with a histone deacetylase inhibitor, trichostatin A, showed 

increased PrP expression in phechromocytoma and glioma rat cell lines (Cabral et al., 

2002). Interestingly, Sp-1 is known to interact with histone deacetylase 1 to initiate gene 

silencing (Doetzlhofer et al., 1999) suggesting that this sequence-specific DNA-binding 

protein may be required to initiate chromatin remodelling events over the promoter 

region. Finally, important roles for chromatin-dependent regulation have recently been 

proposed in synaptic plasticity and memory formation (Fevenson and Sweatt, 2005), 

providing another link to PrP potential regulation.

3. Post-transcriptional control. Post-transcriptional regulatory mechanisms of PrP are 

also implicated, including presence of the conserved signal for nuclear-specific
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polyadenylation and the cytoplasmic polyadenylation element (CPE) in the PRNP 3’ 

UTR (Premzl et al., 2005), compartmentalisation of mRNA in vesicles 

(epididymosomes) (Ecroyd et al., 2004) for delayed translation, protein trafficking or 

degradation (Ford et al., 2002a), and cell-surface sorting (Uelhoff et al., 2005).

1.3 Motivation and aims of the thesis

Our early discovery of the “chimeric” expression of PRND from its parental gene PRNP 

promoter in the amphibian X. tropicalis provided an extraordinary opportunity to 

investigate the evolutionary mechanism of survival of duplicated genes. Although much 

research has been done to study gene evolution and gene families, nobody had a 

convenient model before to follow gene evolution from the “nascence” of the gene and 

to analyse systematically changes in gene structure and expression.

The PRNP/PRND genomic contig is a remarkable subject for evolutionary research due 

to its coexpression in vertebrates. Previous studies have not focused on evolutionary 

origin of this system. The objective of this thesis is to cover this gap by demonstrating 

the evolution of structure and function of PRNP and PRND genes and their proteins to 

provide new insight into their physiological activity, specifically to understanding of 

their roles in neurodegenerative diseases, such as prion diseases and Alzheimer’s.

Throughout this thesis, the term “function” will refer to molecular processes in which 

gene products are involved. Similarly, the term “functional evolution” will refer to the 

distribution of parental gene function between two duplicates.

Ohno (1970) proposed that the first step in the functional divergence between duplicate 

genes is expression divergence. Thus, my first aim will be to characterise previously 

unknown amphibian and marsupial PRND transcripts and to study their tissue- 

expression patterns.

A more complex model of functional evolution suggests that changes in gene 

expression result from loss or acquisition of regulatory DNA elements (Ohta, 2003). 

The term “regulatory DNA region” will refer to DNA regions involved in transcription 

and transcriptional regulation. Transcriptional expression is achieved by proteins - 

transcription factors - and their target cis-regulatory DNA elements. Thus, my second
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aim will be to investigate regulation of expression of PRNP and PRND as the molecular 

basis for expression divergence.

The characterisation of Prnpn 0 mice and mutant mice where various PrP/Dpl functional 

domains were deleted or swapped established an antagonistic functional relationship of 

PrP and Dpi, as referenced in section 1.2.5.4, These studies reveal the possibility that 

PrP and Dpi coevolved within vertebrates which led me to the proposition that the best 

way to understand their functional relationship is to study them simultaneously. I 

hypothesised that PrP and Dpi are coregulated to achieve balance between apoptosis and 

survival. Conceptual analysis of the existing data complemented with novel 

experimental results provides the necessary information for comparative analysis of 

PRNP and PRND. So, the third aim of this thesis is to analyse putative transcription 

factors that could regulate both genes simultaneously, and to develop a theory of how 

simultaneous regulation can be achieved.
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Materials and Methods

In this chapter I describe the background o f extensive range o f methods I used. 

Interpretation o f the results cannot be fully understood without understanding the basis 

o f these methods. Detailed technical methodology can be found in relevant chapters. In 

addition, I summarise general molecular biology protocols (Section 1.8), software 

(Table 2-1), reagents (Table 2-2), kits (Table 2-3), buffers (Table 2-4), and cell lines 

(Table 2-5).

2.1 Homology modelling

Homology modelling is a computational method applied to generate a three-dimensional 

structure o f a particular protein using its amino-acid sequence. This requires availability 

o f experimentally determined structure and deposited X-ray or NMR data for an 

evolutionarily related homologous protein for use as a template. The model is 

constructed based on sequence similarity between the query (protein o f interest) 

sequence and the template sequence comprising four main steps: selection o f the 

evolutionarily related protein with known three-dimensional structure, sequence 

alignment, construction o f the three-dimensional model, and model evaluation (Marti- 

Renom et al., 2000). As protein structures are conserved among homologues (Chothia 

and Lesk, 1986), the predicted structure for the target protein should be reliable. 

However, there are some limitations when homology is based on evolutionarily distant 

proteins, with higher sequence divergence. Proteins with sequence identity less than 

20% can have significantly different structure (Chothia and Lesk, 1986). Therefore, the 

accuracy o f the model should be carefully evaluated to assess the relevance o f the model 

for protein function (Baker and Sali, 2001).

2.2 RACE

2.2.1 5’ GeneRacer™ kit (Invitrogen)

This method is based on the assumption that intact mRNA has a special structure “ cap” 

at its 5’end. The procedure starts with dephosphorylation. This step prevents ligation o f 

the oligonucleotide adaptor, which requires 5’ -phosphate group, to the 5’ end o f
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degraded mRNA or other types of RNA. Therefore, they will not be converted to cDNA 

in later steps. The cap is then removed to make the 5’ phosphorylated end available for 

the ligation reaction. The adaptor-linked mRNA is reverse-transcribed into full-length 

cDNA with oligo(dT) primer which contain another adaptor sequence at the 3’end. The 

cDNA ends are amplified in two separate reactions by using primers specific to the 5’ or 

3’adapter sequences, respectively, together with the gene-specific primers listed in 

Appendix 1.

Main problem with this method is possible mRNA degradation after the cap, which 

protects the 5’end, is removed. Degraded mRNA will result in a range of cDNAs with 

variable, not fully amplified 5’ UTRs. The detection step includes PCR amplification of 

the mixture of cDNAs and cloning into sequencing vector with subsequent bacterial 

colonies analysis leading to the reduced possibility of uncovering the full-sized mRNA 

among multiple products.

2.2.2 BD SMART™ RACE cDNA Amplification Kit (Clontech)

In my experience, this method produces much more accurate results in terms of intact 

5’UTR amplification. There is no need for adaptor ligation and other time-consuming 

enzymatic reactions. This method is based on the template switch from mRNA 

molecule to the adaptor RNA oligo, as shown in Figure 2-1. First-strand cDNA 

synthesis is primed using a modified oligo(dT) primer. BD PowerScript reverse 

transcriptase (RT) has terminal activity. It adds 3-5 dC residues to the 3’end of the first- 

strand cDNA. The BD SMART1M oligo contains terminal G residues that anneal to the 

tail of the cDNA and serve as an extended template for reverse transcriptase (RT) 

(Figure 2-1).
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5’
3’

5’

5’ ----------- GGG
BD SMART™ 
oligonucleotide

GGG
ccc-

---------------------- AAAAAAAA polyA 3’

*  Oligo(dT) primer

First-strand synthesis 
with template switching 
and extension by RT

RNA

cDNA

AAAAAAAA
◄------------------

Figure 2-1. Mechanism of BD SMART1 M cDNA synthesis.

2.3 Cloning

The choice of cloning method was based on the application.

Examination of transcripts requires fast and efficient cloning method for sequencing. 

The best approach is to use the TOPO-TA Cloning Kit for Sequencing (Invitrogen). 

Gel-purified PCR product is directly inserted into topoisomerase-containing plasmid 

vector. The method is based on the properties of Taq polymerase to add 3’ 

deoxyadenosine (A) overhangs to the PCR product and the ability of the topoisomerase 

to ligate the PCR product to the vector containing 3’ thymidine (T) overhangs. Plasmid 

vector contains specific sites for forward and reverse sequencing primers. It allows 

sequencing previously unidentified transcripts by eliminating the need for sequence- 

specific primers.

More complex applications, such as protein expression or analysis of promoter activity, 

require a ligation into specialised vectors and, therefore, creation of a specific restriction 

site. I used three different approaches to address this problem. First, I analysed the 

sequences for presence of appropriate restriction sites. If the sites were present, the 

sequence was PCR-amplified over these sites, cleaved with appropriate restriction 

enzyme and cloned into corresponding restriction sites in the vector. Second, when the 

restriction sites were absent, I introduced them by using pCRK4-TOPOK cloning vector 

(Invitrogen) that contains multiple restriction sites. I used TOPO-TA cloning with 

consecutive restriction digestion to create the DNA fragment with appropriate ligation 

ends. Third, restriction sites were introduced by using PCR primers containing specific 

sequences.
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2.4 Site-Directed Mutagenesis

Site-directed mutagenesis was performed using the Stratagene kit approach. The 

modification is introduced by using two synthetic complementary oligonucleotide 

primers containing the desired mutation and the plasmid with the DNA insert to be 

mutated (Figure 2-2). PCR using proof-reading Pfu Turbo DNA polymerase 

(Invitrogen) amplifies the whole plasmid incorporating the mutation from primers 

(Figure 2-2). Following the PCR, the product is treated with the endonuclease Dpnl, 

which is specific for methylated DNA and, therefore, only digests the template DNA. 

The nicked vector mutant DNA is then transformed into E.coli (XL-1 blue strain) which 

repairs the nick and replicates the DNA. E.coli transformed with the plasmid is selected 

by plating on LB plates containing specific antibiotic. Successful nucleic acid 

mutagenesis is confirmed by sequencing over the site of the mutations.

x

Plasmid with 
target site (*) 
for mutation

Mutagenic 
primers carrying 
mutation (X)

PCR amplification 
with mutagenic 
primers results in 
nicked circular 
strands

Figure 2-2. Site-directed mutagenesis by PCR amplification with mutagenic primers 
carrying desired mutation.
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2.5 Luciferase assay

The luciferase assay is a powerful method for studies of transcriptional regulation 

designed to investigate the response of the gene promoter to specific transcription 

factors. The capacity of luciferase reaction to emit light allows monitoring the 

upregulation or downregulation of promoter elements. For this study I used Dual- 

GloIMLuciferase Assay System (Promega) that includes firefly luciferase vector and 

Renilla luciferase expression plasmid. Firefly luciferase vector is used for cloning the 

promoter of interest upstream of the luciferase gene originated from the firefly species 

Photinus pyralis. Renilla luciferase, originated from the sea pansy Renilla reniformis, is 

used as an internal control for DNA transfection efficiency and normalisation of 

expression of the firefly luciferase. Mammalian cells are transfected with plasmids 

containing specific gene promoters cloned into the luciferase vector, the Renilla 

luciferase plasmid, and with plasmids expressing the transcription factors being 

investigated. Activation or downregulation of the cloned promoter affects the base level 

of luciferase protein expression. This level can be easily detected using a luminometer 

that measures luminescence emitted in the presence of luciferase substrate (luciferin for 

firefly luciferase and coelenterazine for Renilla luciferase), with the consequent 

calculation of a normalised firefly luminescence / Renilla luminescence ratio for each 

sample. It is assumed that the transcription factor activates the promoter if the relative 

expression of luciferase cotransfected with the specific transcription factor is higher 

than without that factor.

2.6 Polysome-binding assay

The level of mRNA is not always reliable as an estimate of the corresponding protein 

abundances (Anderson and Seilhamer, 1997, Gygi et al., 1999). The polysome-binding 

assay is one of the most common methods to estimate transcript translation (Arava, 

2003). It is based on the assumption that polysome-bound mRNAs are translated. This 

method takes into consideration translational control of mRNA expression by enabling 

the separation of free mRNA from ribosome-loaded mRNA and correlates closely with 

protein synthesis (Pradet-Balade et al., 2001, Smith et al., 1999).
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Cell lysate

----- T --------Free Polysome

4 10

>

Figure 2-3. Polysome-binding assay. RNAs from the cell lysate are separated in a sucrose 
gradient based on their ribosomal load. The UV absorbance profile shows fractions that contain 
40S, 60S, and 80S ribosomal RNA; and fractions that are separated according to the number of 
mRNA-associated ribosomes (polysomes); numbered are 2, 3, 4, and 10 ribosome fractions 
(modified from (Melamed and Arava, 2007)).

2.7 Reagents, Kits, Solutions, and Cel! lines

The list o f common reagents used for this study and their suppliers are listed in Table 2- 

2. Molecular biology kits are listed in Table 2-3. Cell lines and solutions used for 

experimental work are listed in Tables 2-4 and 2-5 respectively. LB media and PBS 

buffer was provided by the John Curtin School o f Medical Research (JCSMR), 

Australian National University media/wash-up facility.

2.8 General molecular biology protocols

2.8.1 Bacterial Cultures

Transformed bacterial strains were grown on LB plates supplemented with 100 |ag/ml 

am picillin overnight at 37 °C. Single colonies were selected for liquid culture mini or 

maxipreps (5 ml and 400 ml respectively) and grown overnight at 37 °C in LB media 

containing I00fag/ml ampicillin.

2.8.2 DNA Preparations

Plasmid constructs and their descriptions are listed in Table 1.5. Plasmids were purified 

from bacterial strains using Wizard" Plus SV Minipreps DNA Purification System 

(Promega) or GenEluteIM Endotoxin-free Plasmid Midiprep k it (Sigma), according to 

the manufacturer’s instructions.
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2.8.3 Agarose Gel Electrophoresis

Electrophoretic separation o f DNA was carried out using 1-2% agarose gels in lxTAE 

buffer containing 0.5 pg/ml ethidium bromide. Purification o f DNA excised from the 

gel was carried out using the QIAquick Gel extraction kit (Qiagen) or GenEluteIN1 

Agarose Spin Column (Sigma).

2.8.4 Oligonucleotide Primers

Oligonucleotide primers for PCR, sequencing, and mutagenesis were designed by using 

Primer3 software (http://frodo.wi.mit.edu/primer3) (Rozen and Skaletsky, 2000) and 

synthesised by Sigma-Aldrich (Australia). Primers were shipped as dry pellets and then 

resuspended in sterile ddfhO to a 100 pM stock concentration. Later, primer stocks 

were further diluted to achieve the desirable working concentration, normally 10 pM for 

PCR reactions and 2 pM for sequencing reactions. Primer sequences are provided in the 

corresponding thesis chapters.

2.8.5 Automated Sequencing

DNA sequencing was performed based on the chain termination method using the AB I 

prism Big Dye v3.1 Sequencing Ready Reaction K it (Perkin-Elmer Applied 

Biosystems), according to the manufacture’s protocol. Briefly, 400 ng o f purified 

plasmid DNA was combined with 1 pi o f Big Dye, 3.5 pi o f 5X Big Dye reaction 

buffer, 1.6 pi o f 2 pM plasmid-specific primer (forward or reverse), and sterile ddH20 

to the final volume 15 pi. Sequencing PCR was carried out in an Eppendorf Thermal 

Cycler. The sequencing program consisted o f 1 cycle o f 96 °C for 1 min followed by 30 

cycles o f 96 °C for 20 sec, 50 °C for 10 sec, 60 °C for 4 min. Extension products were 

purified by adding 1.0 pi o f 3 M NaOAc and 50 pi o f 95 % EtOH. The mixture was 

vortexed briefly then incubated at room temperature for 15 min. The tubes were 

centrifuged for 15 min at 13200 rpm and the pellet washed with 1 ml 70 % EtOH, 

vortexed and centrifuged again for 3 min. The pellet was dried at room temperature for 

10 min. Sequencing products were analysed at the Biomolecular Resource Facility 

(BRF), in the John Curtin School o f Medical Research (JCSMR), Australian National 

University by using the ABI 3730 capillary DNA Analyzer (Applied Biosystems).
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2.8.6 Mammalian Cell Culture Methods

Mammalian cell lines were maintained in the culture media, described in Table 1.4, at 

37 °C in 5 % CO2. Cells were grown in 10 ml dishes and 25 ml or 75 ml flasks (Nunc 

Brand products, Nalge Nunc International, Denmark). Frozen cell stocks were prepared 

in the culture media supplemented with 10 % FBS and 10 % DMSO. Cells were 

subcultured after they reached confluence at a ratio 1:10. For luciferase-assay 

experiments, cells were grown in 12-well plates to about 90 % confluency. Plasmids 

were transfected using MetafectenekPro, a polycationic liposomal transfection reagent, 

obtained from Biontex Laboratories (Munich, Germany).

Table 2-1. Public databases and software

Name Reference
BioEdit, version 
5.0.9 http://www.mbio.ncsu.edu/BioEdit/bioedit.html

ClustalW http://www.ebi.ac.uk/clustalw/
EMBOSS http://www.ebi.ac.uk/emboss/
Ervsembl www .ervsembl .org
FANTOM www.gsc.riken.go.jp/e/FANTOM/
Genomatix www.genomatix.de
GPI ancor http://mendel.imp.univie.ac.at/sat/gpi/gpi_server.html
NCBI www.ncbi.nlm.nih.gov
N-glycosylation http://www.cbs.dtu.dk/services/NetNGlyc/
PolyA sites http://www.imtech.res.in/raghava/polyapred/index.html
Primer3 http://frodo.wi.mit.edu/primer3
PyMol http://pymol.org/educational/
RepeatMasker http://ftp.genome.Washington.edu/RM/RepeatMasker.htm
Sanger EST database http://www.sanger.ac.uk/cgi-bin/blast/submitblast/x_tropicalis
SignalP http://www.cbs.dtu.dk/services/SignalP/
SWISS-MODEL http://swissmodel.expasy.org
TRANS FAC http://www.gene-regulation.com/pub/databases.html
XenBase http://genome.jgi-psf.org/Xentr4/Xentr4.home.html
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Table 2-2. Commonly used reagents and their sources

Reagent Source

A c c u T a q IM L A  D N A  P o ly m e ra se S ig m a -A ld ric h

A m p ic illin S ig m a -A ld ric h

C y c lo h e x im id e S ig m a -A ld ric h

D ith io th re ito l A s tra l S c ie n tif ic

D M S O S ig m a -A ld ric h

E D T A S ig m a -A ld ric h

F e ta l B o v in e  S eru m  (F B S ) In v itro g e n

G la c ia l a c e tic  ac id A JA X  C h e m ic a ls

L -g lu ta m in e In v itro g e n

H e p a rin , so d iu m  sa lt S ig m a -A ld ric h

H o rse  S e ru m In v itro g e n

L iC l S ig m a -A ld ric h

2 -m e rc a p to e th a n o l S ig m a -A ld ric h

M e ta fe c te n e KPro B io n te x  L a b o ra to r ie s , G e rm a n y

M g C l2 S ig m a -A ld ric h

N a C l S ig m a -A ld ric h

N o n id e t-P 4 0 R o ch e  A p p lie d  S c ie n c e

P h e n o l-c h lo ro fo rm -iso a m y l a lco h o l S ig m a -A ld ric h

P la tin u m  T aq  p o lim e ra se In v itro g e n

P ro te in a se  K S ig m a -A ld ric h

R e s tr ic tio n  e n z y m e s N e w  E n g la n d  B io lab

R N  A  la te r A m b io n

R N A sin P ro m e g a

S D S S ig m a -A ld ric h

S u c ro se S ig m a -A ld ric h

T ris -H C l M erk

T R Iz o l"  re a g e n t In v itro g e n

T ry p s in -E D T A In v itro g e n

V R C N e w  E n g la n d  B io lab
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Table 2-3. Kits and their suppliers

Kit Supplier

A B I p r is m  B ig  D y e  t e r m in a to r  c y c le  S e q u e n c in g  R e a d y  R e a c t io n P e lk in  E lm e r

B D  S M A R T ™  R A C E  c D N A  A m p l i f ic a t io n C lo n te c h

D u a l - G lo iML u c ife ra s e  A s s a y  S y s te m P ro m e g a

G e n E lu t e IM A g a r o s e  S p in  C o lu m n S ig m a

G e n E lu t e IM E n d o to x in - f r e e  P la s m id  M id ip r e p  k i t S ig m a

G e n e R a c e r IM I n v i t ro g e n

Q I A q u ic k  G e l e x t r a c t io n Q ia g e n

R N A e a s y  M in i K it Q ia g e n

S u p e r s c r i p t  11 r e v e r s e  t r a n s c r ip ta s e In v i t ro g e n

T O P O - T A  C lo n in g K K it  fo r  S e q u e n c in g In v i t ro g e n

W i z a r d K P lu s  S V  M in ip r e p s  D N A  P u r i f ic a t io n  S y s te m P ro m e g a

Table 2-4. Cell lines used and culture media

Cell line Tissue origin Media

b E N D .3
( A T C C :C R L - 2 2 9 9 )

M o u s e  b ra in  
e n d o te l ia l

D M E M , 1 0 %  fe ta l  b o v in e  s e r u m , 1%  
g lu ta m in e

G C 1
(A T C C : C R L - 2 0 5 3 )

M o u s e  te s t is ,  
s p e r m a to g o n ia

D M E M , 1 0 %  fe ta l  b o v in e  s e r u m , 1 %  
g lu ta m in e

G C 2
(A T C C : C R L - 2 1 9 6 )

M o u s e  te s t is ,  
s p e r m a to c y te

D M E M , 1 0 %  fe ta l  b o v in e  s e r u m , 1%  
g lu ta m in e

T M 4

(A T C C : C R L - 1 7 1 5 )
M o u s e  S e r to l i  
c e l ls

D M E M /F 1 2 ,  5 %  h o r s e  s e r u m , 2 .5 %  fe ta l  
b o v in e  s e ru m

S H S Y 5 Y
(A T C C : C R L - 2 2 6 6 )

H u m a n

n e u r o b la s to m a
D M E M , 1 0 %  fe ta l  b o v in e  s e r u m , 1%  
g lu ta m in e
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Table 2-5. Buffers and Solutions

Name of media Composition

L u ria -B e rta n i (L B ) 10 g/1 b a c to - try p to n e ; 5 g/1 b a c to -y e a s t e x tra c t; 10 g/1 N aC l

LB  p la te s LB  +  1 .5%  (w /v )  a g a r  +  a m p ic ill in  a n tib io tic

P B S
137 m M  N a C l, 7 m M  N a 2H P 04*2 H 2O , 2 .5  m M  NaLLPCL* 
H 20 ,  p H 7 .4

P o ly so m e  ly sis  b u ffe r
10 m M  T ris -H C l a t pH  8 .0 , 140 m M  N a C l, 1.5 m M  M g C L , 
0 .5 %  N o n id e t-P 4 0 , 20  m M  d ith io th re ito l ,  150 p g /m l 
c y c lo h e x im id e , 5 0 0  U /m l R N A sin , 4 0  m M  V R C

S u c ro se  g ra d ie n t
15 -4 0 %  su c ro se , su p p le m e n te d  w ith  10 m M  T ris -H C l a t pH  
7 .5 , 140 m M  N a C l, 1.5 m M  M g C L , 10 m M  d ith io th re ito l ,  
100 p g /m l c y c lo h e x im id e , 0 .5  m g /m l h e p a rin

T A E  (5 0 X ) 2 M  T ris -H C l, 5 .7 %  g la c ia l a c e tic  a c id , 50  m M  E D T A

T E 10 m M  T ris -H C l, p H 8 .0 ; 1 m M  E D T A , pH  8 .0

T ry p s in , 0 .2 5 % 0 .2 5 %  (w /v )  try p s in , 1 m M  E D T A  in P B S
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Chapter 3.
Evolution of PRN and PRND

Chapter 1 introduced gene duplication as a major mechanism for evolution of new 

proteins and functions. In order to survive, duplicates need to acquire new regulatory 

DNA elements for their expression and develop a new function or functions.

In Chapter 3 I will demonstrate “evolution in action” using PRNP gene duplication as 

an example.

3.1 Introduction

The PRNP gene has been reported in fish, amphibians, reptiles, birds, marsupials and 

eutherian mammals and characterised in different classes of these vertebrates (Section 

1.2).

Currently, partially characterised PRNP transcripts are available for

• amphibian X. laevis with partial 5’UTR and unknown numbers of exons 

(Strumbo et al., 2001).

• marsupial brush-tailed possum genomic clone with unknown number of exons 

and non-defined 5’ and 3’ UTRs (Windl et al., 1995), M domestica (unusual 

ORF, unknown number of exons), and tammar wallaby with one coding and one 

non-coding exon (Premzl et al., 2005).

• eutherian mammals with 2 non-coding and one coding exon (Inoue et al., 1997, 

Ford et al., 2002b, Van Rheede et al., 2003) except human and hamster 

transcripts that have only one non-coding exon (Oesch et al., 1985; Makrinou et 

al., 2002).

In contrast, the PRND gene is still poorly characterised. So far it has been reported only 

in eutherian mammals (Table 1-1). Bioinformatics prediction of PRND transcripts, 

including chimeric transcripts, is only available for mouse and can be found in the 

Ensembl database (www.ensembl.org).

Genome sequencing projects revealed that PRND is absent in ray-finned fish: examples 

are zebrafish (Danio rerio) and pufferfish (Takifugu rubripes) (Premzl et al., 2004).
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From these results we can infer that the duplication of PRNP, the parental gene of 

PRND, occurred after the last common ancestor of fish and amphibians. Here, I 

investigate how the expression mechanism of the newly duplicated PRND gene 

developed. The aim of this chapter is to characterise PRND expression in early 

quadruped and intermediate vertebrates (amphibians and marsupials), that have not been 

reported and analysed before, and to compare it with PRND expression in mouse. For 

experimental transcript analysis I selected one model animal from three major 

evolutionary groups: amphibians, marsupials, and mammals (Figure 3-1). A model for 

the bird group was excluded as chicken was extensively studied by Nagesh Chakka, a 

former PhD student in our group. He reported that the PRND gene is absent in chicken. 

For the reptile group, turtle and lizard genomes were not assembled at the time of the 

experimental research for this thesis and tissues for the common model species are not 

available in Australia because of quarantine issues. Although a diploid amphibian, 

Xenopus tropicalis has been used as the model organism for genome sequencing, only 

the tetraploid Xenopus laevis is available for researchers in Australia due to the 

quarantine issues. Thus, although I was able to initially clone and characterise 

amphibian PRNP and PRND cDNAs from X  tropicalis, more detailed research was 

conducted using tissues from X  laevis. I found that whole genome duplication in X  

laevis resulted in retention of both PRNP gene loci, but only one of the PRND genes. 

This provided an interesting opportunity to investigate gene duplication issues further.

In summary, I will follow and compare the development of the transcripts and 

expression of the PRNP and PRND gene duplicates using three vertebrate models: 

amphibian Xenopus laevis, marsupial Monodelphis domestica and mouse. This 

information provides essential knowledge for understanding coregulation of PRNP and 

PRND, as presented in Chapter 4.
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450

Amphibian

Turtle

Monotreme

Marsupial

Mammal

Figure 3-1. The molecular evolutionary timescale. The numbers indicate the years of 
separation in millions (Kumar and Hedges, 1998).

3.2 Material and Methods 

3.2.1 Total RNA extraction

Purified RNA from X  tropicalis adult male brain and testis was obtained as a gift from 

Dr Timothy C. Grammer (Harlands lab, University of California, Berkeley). X  laevis 

total RNA was extracted from various adult male tissues (brain, testis, kidney, liver, 

lung, muscle, gut, spleen, skin, stomach, eye, heart, pancreas and gall bladder), using 

TRIZOL Reagent (Invitrogen) as recommended in the manufacturer’s manual.

Adult opossum (Monodelphis domestica) tissues preserved in RNAlater solution 

(Ambion) were kindly provided by Prof Norman R. Saunders, University of Melbourne. 

Adult wild-type BALB/C mice (6, 12 and 18 weeks old) tissues were collected and 

preserved in RNAlater. RNA was isolated from brain, kidney, liver, ovaries, lung, 

muscle, gut, stomach, heart, and pancreas of female, and testis and eye of male 

opossum, and brain, testis, kidney, liver, lung, spleen, muscle, heart, gut, stomach, eye, 

and thymus of male mouse. All RNA extractions were conducted using the RNAeasy 

Mini Kit (Qiagen). DNase treatment (Ambion) was included to remove residual DNA 

contamination.

X  laevis and mouse tissues were salvaged from animals maintained locally in the John 

Curtin School of Medical Research (JCSMR), Australian National University.
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3.2.2 Amplification of X. laevis PRND ORF fragment

A genomic fragment, corresponding to part of the PRND gene, was amplified from X. 

laevis DNA using primers specific to the X  tropicalis sequence in the genome database 

(http://genome.jgi-psf.org/xenopus). For the first PCR reaction, 100 ng of genomic 

DNA and 0.2 pM F3 and R2 primers (Appendix 2) were used to amplify the PRND 

fragment. The PCR cycle was 94 °C 2 min, (94 °C for 30 sec, 51 °C for 30 sec, 72 °C 

for 30 sec) 35 cycles, 72 °C 10 min. 1 pi of the first amplification reaction and 0.2 pM 

F3 and R3 were used as a template for nested PCR with the same cycling parameters. 

The PCR products were cloned into pCRK4-TOPO vector (Invitrogen) and sequenced 

by the Australian Genome Research Facility (AGRF), Brisbane, Australia.

3.2.3 5’ and 3’ Rapid amplification of cDNA ends (RACE)

To isolate the cDNAs coding for the Dpi and PrP proteins in X  tropicalis and X  laevis, 

the GeneRacerIM Kit (Invitrogen) was used. 1 pg of total RNA from brain and testis 

was dephosphorylated, decapped, ligated to GeneRacerlv1 RNA Oligo and reverse- 

transcribed into cDNA following the manufacturer’s instructions. Cloned AMV RT 

enzyme and GeneRacer1M Oligo(dT) Primer were used to synthesise full-length cDNA. 

To amplify the cDNA ends, GeneRacerIM Primers homologous to sequence in the 

GeneRacerIM RNA Oligo (5’ end) or GeneRacerIM Oligo(dT) Primer (3’ end) were 

used together with the gene specific primers listed in Appendix 1. 50 ng of brain cDNA 

for PRNP or testis cDNA for PRND were amplified by PCR using Taq DNA 

polymerase (Promega). The PCR cycling conditions were 94 °C 2 min, (94 °C 30 sec, 

72 °C 1 min) 5 cycles, (94 °C 30 sec, 70° C 1 min) 5 cycles, (94 °C 30 sec, 63 °C 30 

sec, 72 °C 1 min) 25 cycles, 72 °C 10 min. 1 pi of the first amplification reaction was 

used as a template for nested PCR. Cycling conditions were 94 °C 2 min, (94 °C 30 sec, 

63 °C 30 sec, 72 °C 1 min) 35 cycles, 72 °C 10 min. The PCR products were cloned 

into pCRK4-TOPO vector (Invitrogen) and sequenced by the Biomolecular Resource 

Facility (BRF), JCSMR, the Australian National University (ANU).

The 5’ UTR and 3’ UTR of M. domestica cDNAs coding for PrP and Dpi were 

amplified using the BD SMARTIM RACE cDNA Amplification Kit (Clontech) and 

1 pg of total testis RNA. Gene-specific primers (Appendix 1) were designed following 

the RACE kit manual instructions. PCR cycling conditions were (94 °C 30 sec, 72 °C 

3min) 5 cycles, (94 °C 30 sec, 70 °C 30 sec, 72 °C 3 min) 5 cycles, (94 °C 30 sec, 68 °C
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30 sec, 72 °C 3 min) 25 cycles, 72 °C 10 min. 1 jal of the first amplification reaction 

was used as a template for nested PCR. Cycling conditions were 94 °C 2 min, (94 °C 30 

sec, 68 °C 30 sec, 72 °C 3 min) 35 cycles, 72 °C 10 min. The PCR products were 

cloned into pCRK4-TOPO vector (Invitrogen) and sequenced by the BRF, JCSMR, 

ANU.

3.2.4 Reverse transcription (RT)-PCR and tissue expression 
analysis

1 pg of total RNA from each X  laevis, opossum or mouse tissue was primed by an 

oligo(dT) primer and first strand cDNAs were synthesised by using Superscriptlll 

reverse transcriptase (Invitrogen), following the manufacturer’s instructions. 1 pi of the 

first-strand cDNA was used as a template for PCR with 0.2 pM primers (Appendix 2). 

Primer pairs for A. laevis tissue expression analysis were F4/R6 for PRNP-la, F5/R4 for 

PRNP-Jb, F7/R6 for PRNP-2a, F6/R6 for PRNP-2b, F4/R7 for PRND-ch, F9/R7 for 

PRND-a, F10/R7 for PRND-b and Fl 1/R10 for GAPDH (Figure 3-2). Primer pairs for 

M. domestica tissue expression analysis were LmdPrPl/RmdPrP521 and 

LmdPrP 1 /RmdCPE 167 for PRNP, LmdPrPl/RmdDpl350, Lmd2D/RmdDpl350 and 

Lmd5D/RmdDpl350 for PRND and LmdGAPDH/RmdGAPDH for GAPDH (Figure 3- 

6) .  Primer pairs for mouse tissue expression analysis were LmmPexl-94/RM587 for 

chimeric Prnd, LMexl Dpl/RM587 for non-chimeric Prnd and Lß-actin/Rß-actin for ß- 

actin (Figure 3-11). To avoid genomic DNA amplification, all RNA samples were 

treated with DNase (Ambion) and primer pairs were designed as specific to different 

exons (in this case DNA amplification would result in a larger size PCR band) or 

overlapping exon-exon border (in this case DNA amplification was not possible). FUO 

control was used to test for template contamination. PCR cycling conditions were 94 °C 

for 2 min initial denaturation followed by 25 cycles of the reaction (94 °C for 30 sec, 

58 °C for 30 sec, 72 °C for 1 min) for PRNP variants and GAPDH, or 35 cycles for 

PRND, with final elongation at 72 °C for 10 min. The amplified DNA fragments were 

cloned into pCRlTTOPO vector (Invitrogen) and sequenced in the BRF, JCSMR, 

ANU, to confirm their identity.

3.2.5 Database searches

TBLASTN (Altschul et al., 1990) was used to search the X. tropicalis genome trace 

reads database (http://genome.jgi-psf.org/xenopus) using various mammalian Dpi
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sequences as query. The query sequence from human Dpi containing the N- 

glycosylation sites and Cys involved in the disulfide bridge (HumDpl 57-140) picked up 

a hit from trace read TKS687278.gl, which corresponded to a stretch of the ORF of 159 

residues but lacked the complete N-terminal region. The BLAST parameters used were 

a cut-off e-value of 1, default gap penalties, gapped blast program and low complexity 

regions permitted. A search with the nucleotide sequence from the 5’ end of 

TKS687278.gl (using BLASTN) gave another overlapping contig AAWU3059.gl to 

complete the ORF for X  tropicalis Dpi. X  tropicalis PrP was identified using the X  

laevis PrP sequence (Strumbo et al., 2001) as query. With the later release of assembled 

versions of the genome data, including the current version 4.1 (http://genome.jgi- 

psf.org/Xentr4/Xentr4.home.html), we were able confirm our findings obtained from 

trace reads and were also able to define the genes surrounding PrP and Dpi. Screening 

the EST library (NCBI EST database and Sanger EST database

(http://www.sanger.ac.Uk/cgi-bin/blast/submitblast/x tropicalis) for Dpi in X  laevis and 

X  tropicalis did not produce any positive hits but showed multiple hits for PrP for both 

species. Both BLASTN and TBLASTN programs with default Blast parameters were 

used for the searches.

M. domestica protein-coding sequences were revealed by construction of a local 

standalone BLAST database which was managed by Perl scripts (createBlastdb.pl). 

Initial searches were made on the assembled version 0.5, which was the latest at the 

time of study. Homology searches were performed using TBLASTN with the 

Tricosurus vulpecular amino acid query sequence for PrP and human sequence for Dpi. 

This database search work was carried out by Nagesh Chakka. I used the obtained 

sequence information to design primers for the experimental work. Amino acid 

sequences were predicted based on the genome data (Appendix 4).

3.2.6 Sequence analysis

N-terminal signal peptide cleavage sites for X  tropicalis, X  laevis and M. domestica 

PrPs and Dpls were predicted using the SignalP program (version 3.0) (Nielsen et al., 

1997) (http://www.cbs.dtu.dk/services/SignalP/).
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GPI modification sites were predicted by using the program Big-pi (Eisenhaber et al., 

1999) (http://mendel.iinp.univie.ac.at/sat/gpi/gpi server.html); modification sites for 

PrPs were identified but clear sites for Dpls were not predicted.

N-glycosylation sites were predicted by using the NetNglyc server (Gupta and Brunak, 

2002) (http://www.cbs.dtu.dk/services/NetNGlyc/)

Polyadenylation sites were predicted by using the PolyApred program (Ahmed et al., 

2009) (http://www.imtech.res.in/raghava/polyapred/index.html).

Multiple sequence alignments were performed using web-based ClustalW (Higgins, 

1994) (http://www.ebi.ac.uk/clustalw/) using default parameters, and then manually 

edited using BioEdit Version 5.0.9 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). 

The percentage identity in pairwise sequence alignments was calculated using the 

Needleman-Wunsch global alignment algorithm (Needleman and Wunsch, 1970) 

provided by EMBOSS (http://www.ebi.ac.uk/emboss/align/).

3.2.7 Homology modelling

The SWISS-MODEL Automated Protein Modelling Server 

(http://swissmodel.expasy.org) was used for homology modelling. Graphic images were 

produced using PyMol software (http://pymol.org/educational/). Representative 

structures from mouse Dpi (PDB ID 1117), X  laevis PrP (PDB ID 1XU0), tammar 

wallaby PrP (PDB ID 2ICFL), and mouse PrP (PDB ID 1AG2) were used as templates.

3.2.8 Transposable element content analysis

I used the Repeat Masker program to determine the relative content of repeats and 

transposable elements in the X. tropicalis, M. domestica, and mouse PRNP/PRND locus 

(http://ftp.genome.Washington.edu/RM/RepeatMasker.htm).

3.2.9 Polysome binding assay

Polysomes were prepared and analysed using published protocols (Del Prete et al., 

2007, Mikulits et al., 2000). Briefly, a piece (~20 mg) of solid tissue was pulverised 

under liquid nitrogen and the obtained powdered tissue was lysed by pipetting up and 

down 10 times in 1 ml of lysis buffer (10 mM Tris-HCl at pH 8.0, 140 mM NaCl, 1.5 

mM MgCE, 0.5% Nonidet-P40, 20 mM dithiothreitol, 150 pg/ml cycloheximide,
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500 U/ml RNAsin (Promega), 40 mM VRC (New England Biolabs). The nuclei were 

removed by centrifugation (12000 g, 10 sec, at 4 °C). The supernatant was 

supplemented with 30 pi heparin (50 mg/ml) and centrifuged (12000 g, 5 min, at 4 °C) 

to remove mitochondria and membrane particles. The supernatant was layered onto a 10 

ml linear sucrose gradient (15-40% sucrose, supplemented with 10 mM Tris-HCl at pH 

7.5, 140 mM NaCl, 1.5 mM MgCC, 10 mM dithiothreitol, 100 pg/ml cycloheximide, 

0.5 mg/ml heparin) and centrifuged in a SW41Ti rotor (Beckman) for 120 min at 38000 

rpm at 4°C, with brake off. Fractions (20 x 550 pi) were collected and treated with 100 

pg proteinase K in 1% SDS and 10 mM EDTA for 30 min at 37°C. RNAs were 

recovered by phenol-chloroform-isoamyl alcohol extraction, followed by ethanol 

precipitation. For the EDTA release control experiments, lysis buffer was supplemented 

with 25 mM EDTA (pH 8.0). Heparin was neutralised by 2 M LiCl precipitation. RNAs 

from similar fractions (cytoplasmic, monosomal, polysomal) were pooled and reverse- 

transcribed using random hexamers and Superscript III polymerase (Invitrogen). 

Corresponding cDNAs were analysed by RT-PCR.

3.3 Results

3.3.1 Cloning and characterisation of the X. tropicalis and X. laevis 
PRNP and PRND cDNAs

3.3.1.1 Discovery of the most PRND in X. tropicalis

We searched the translated X  tropicalis genome database using a series of mammalian 

Dpi sequences as probes, as described in Methods, and identified 2 overlapping trace 

files containing the complete ORF. As the PRND gene had been reported so far only in 

mammals, and our group and others have established that it is not present in the 

available fish genomes (Premzl et al., 2004), this finding places amphibians as the 

earliest vertebrates known to contain the gene. We identified the X  tropicalis PRNP 

gene for PrP in the genome database without difficulty using the X  laevis PrP sequence 

(Strumbo et al., 2001) as query. No ESTs for A. tropicalis Dpi were found in databases, 

but there were several for PrP.

To confirm expression of PrP and Dpi in A. tropicalis, total RNAs from brain and testis 

were reverse-transcribed into cDNA and analysed by RT-PCR, using the Fl/Rl and 

F2/R2 primer pairs (Appendix 2) specific to identified PRNP and PRND fragments, 

respectively. The resulting 400 bp fragments of the PRNP and PRND ORFs were
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cloned and sequenced. Unexpectedly, Dpi expression was found not only in testis, but 

in brain as well; Dpi is not highly expressed in adult mammalian brain (Moore et al., 

1999, Silverman et ah, 2000).

To determine the structure of both genes, I amplified and sequenced cDNAs, and 

aligned them against genomic DNA. 5’ and 3’ RACE primers were constructed to 

amplify the complete PRNP and PRND cDNAs. To obtain better PCR products for 

cloning, I ran two consecutive PCRs with nested primers (Appendix 1). Amplification 

of the PRNP 5’ end gave two PCR products of similar size, and a single product for the 

3’ end. The results for PRND indicated two variants of the 3’ end and one variant of the 

5’ end. I aligned the sequences of these cDNAs against the X  tropicalis genomic DNA 

sequence. Both PRNP transcripts have three exons with total lengths 850 bp or 815 bp 

for the two 5’ end variants. Both PRND transcripts have four exons with total lengths 

1262 and 752 bp for the long and short 3’ end variants, respectively (Table 3-1, Figure 

3-3). As for mammalian (Lee et ah, 1998) and marsupial (Premzl et ah, 2005) PRNP 

and mammalian (Moore et ah, 1999, Comincini et ah, 2001) PRND genes, the entire 

ORF is contained within the last exon. Surprisingly, PRNP and PRND transcripts share 

the two first exons (Figure 3-2(b), (c)). As a result, the intron separating the second and 

third exons of PRND is 27,099 bp and contains exon 3 of PRNP. Because this sharing 

creates a chimera of two genes, I will refer to it as a chimeric transcript (PRND-ch) .  A 

non-chimeric PRND transcript, i.e. an analogue of mammalian PRND with its own 

transcriptional start site, was not found. Full nucleotide and deduced amino acid 

sequences for the A. tropicalis cDNAs are presented in Appendix 5.

3.3.1.2 Finding both chimeric and non-chimeric PRNP and PRND 
transcripts in X. laevis

RNAs from X. tropicalis tissues other than brain and testis were not available to conduct 

tissue expression studies. I continued amphibian PRND characterisation using the X  

laevis frog model, as a colony of these is available in ANU. X. laevis cDNA coding for 

prion protein was known from earlier work (Strumbo et ah, 2001), but as these authors 

had not been able to extend the 5’ end, I decided to use 5’ RACE to amplify the missing 

sequence. 5’ RACE PRNP sequencing gave, as for X  tropicalis, two variants, one 

slightly shorter than the other (Table 3-1). The common PRNP!PRND-ch exon 1 was 

longer for PRND-ch than for both PRNP variants. I considered the possibility of RNA
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degradation during the RACE procedure, and constructed a primer specific to the 5’ end 

of the PRND-ch exon 1 (F8; Appendix 1). PCR amplification of exon 1 of PRNP with 

this primer and a primer specific to the ORF of PRNP (R4; Appendix 1) was 

performed. The 5’ ends of PRNP-la and PRND-ch were confirmed to be of equal length 

Figure 3-2 (e), (g). However, this raises the question whether these transcripts (PRNP- 

la, PRNP-la (vl and v2) have alternatively spliced 5’ UTRs or are just the result of 

RNA degradation.

The PRND gene in X  laevis has not been characterised so far and genomic sequence 

was not available. Firstly, I amplified the PRND ORF fragment using primers specific 

to the X  tropicalis PRND sequence as described in Material and Methods (3.2.2). PCR 

was conducted with several combinations of primers specific to X  tropicalis PRND 

sequence with consecutive nested PCR reactions. Final PCR product was isolated, 

cloned into TOPO-TA vector and sequenced. Next, I constructed 5’ and 3’ RACE 

primers to amplify the complete PRND cDNA.

5’ RACE for the X  laevis PRND gene produced more transcripts than for the X  

tropicalis PRND gene. As for X  tropicalis, one was a chimeric transcript (PRND-a 

shown in Figure 3-2 (g)) sharing the first two exons with PRNP but there was no 

analogue to the third X  tropicalis exon (Figure 3-2 (c)). Two other transcripts were 

non-chimeric, one 328 bp longer than the other (Figure 3-2 (h) and Table 3-1). It is 

unclear if these transcripts (PRND-a, PRND-h) are alternatively spliced, have different 

promoters or are just the result of RNA degradation. Attempts to determine the intron 

size by amplifying genomic DNA between the non-chimeric exon and the PRND ORF 

were unsuccessful: hence, I suspect a long intron. Full nucleotide and deduced amino 

acid sequences for the X  laevis cDNAs are given in Appendix 4; in the absence of 

genomic sequence, the exon boundaries were predicted based on alignments of the 

PRND and PRNP-1 sequences with those for A", tropicalis, and by aligning the A. laevis 

variants among themselves.

I used 3’ RACE to evaluate the 3’ UTR length of the PRNP and the PRND. I confirmed 

the unusually short, 80 bp, 3’ UTR for2f. laevis PRNP reported earlier (Strumbo et al., 

2001). Similarly, the detected 3’ UTR of X  tropicalis PRNP was only 30 bp, again 

much shorter than those of mammalian PRNPs. I detected two 3’ UTR variants for both
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X  tropicalis and X. laevis PRND (Table 3-1). My results do not confirm a very longX. 

laevis 3’ UTR annotated by NCBI (BC094089) and cloned from oocyte cDNA library.

X. tropicalis (PRNP and PRND gene locus) 
1 2 3

|a,- 0 — Q-
284 r-n 7676

27099

PRNP

PRND

4

£H

1024Of
X. laevis (PRNP and PRND gene locus 1)

1 2 3 4 5

PR N P-1 a

PRNP-1b

( 9 )

PRND-ch
R7

( h )

X. laevis (PRNP gene locus 2)

(i)

(j)

( k )

PRNP-2a

PRNP-2b

Figure 3-2. Transcripts coding for PRNP and PRND in X. tropicalis and X. laevis. Genomic 
contigs corresponding to PRNP!PRND gene loci are shown in (a), (d), and (i). Exons are 
numbered according to their relative positions in the corresponding locus. Exons l, 2, and 4 
from X  tropicalis locus and X  laevis locus l are non-coding; exon 5 is the coding exon. ForX 
laevis locus 2, exons l, 2, and 3 are non-coding and exon 4 is the coding exon. Transcripts are 
shown for X  tropicalis PRNP (b), and X. laevis PRNP-la and PRNP-lb with alternate start 
sites (e), (!)• The first two non-coding exons of PRNP transcripts in both species are shared with 
PRND transcripts; these generate chimeric structure (c), (g). X  laevis PRND-a (dotted line) and 
PRND-b (solid line) have alternative non-chimeric start sites (h). Transcript structures for X. 
laevis PRNP at the second PRNP locus are shown in (j) and (k). Intron sizes for X  tropicalis
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are shown in base pairs. Intron sizes for X  laevis are not available, except when sequenced (k), 
because of absence of genomic sequence information. Exon sizes are summarised in Table 3-1. 
Primers used for transcripts 5’ and 3’ RACE amplification are summarised in Appendix 1; 
approximate positions of primer pairs for A. laevis tissue expression analysis (F4/R6 for PRNP- 
la, F5/R4 for PRNP-lb, F7/R6 for PRNP-2a, F6/R6 for PRNP-2b), F4/R7 for PRND-ch, F9/R7 
for PRND-a, F10/R7 for PRND-b) are indicated.

Table 3-1. Summary of exon sizes for X. tropicalis and X. laevis PRNP and PRND 
transcripts. Exons are numbered according to their relative positions in the PRNP/PRND locus 
(Figure 3-2). Exon 1 and exon 2 are non-coding and shared between PRNP and chimeric 
PRND-ch in both Xenopus species. Coding exons are exon 3 for PRNP, PRNP-1a and PRNP- 
1b, exon 4 for PRNP-2a and PRNP-2b, exon 5 for PRND, PRND-ch and PRND-a, b. 
Alternative 5’ and 3’ UTRs are marked as vl and v2.

X . tro p ic a lis X . la e v is

PRNP PRND PRNP-
la

PRND-
ch

P R N P -lb PRND-a, b
PRNP-

2a PRNP-2b

E xonl 79v1
44v2

64 142v1 
115v2 208 - - 44 -

Exon2 60 60 63 63 145 - - 99

Exon3 712 - 741 - 649 399v1
77v2 56 56

Exon4 - 55 - - - 990 990

Exon5 - 1075v1
573v2

632v1
569v2

633v1
569v2

Polyadenylation (polyA) signals were predicted by using recently developed PolyApred 

software (Ahmed et al., 2009). PolyApred is based on a support vector machine method 

and is expected to predict polyA signals with higher accuracy than other methods 

(Ahmed et al., 2009). A putative polyA signal is non-canonical for A", laevis PRNP-la 

and PRNP-lb (TATA A A) and absent in X  tropicalis PRNP (Figure 3-3 (a), (b)). 

Nevertheless, a putative polyA signal is present in genomic DNA sequence downstream 

of the experimentally predicted X  tropicalis 3’ UTR. Comparison of regions situated 

downstream of X  tropicalis and X  laevis PRNP ORFs (source: genomic DNA for X  

tropicalis and BC094089 for X  laevis PRNP locus 1) reveals the conservation of the 

downstream region and indicates that the 3’ UTR might be longer than detected (Figure 

3-3 (c)). Unfortunately, attempts to extend the X  tropicalis PRNP 3' UTR to include the 

polyadenylation site were unsuccessful. The PolyApred software failed to predict polyA 

signals for both X. tropicalis and X  laevis PRND, although visual sequence analysis
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identifies a canonical AATAAA signal for A. tropicalis PRND (Figure 3-3 (d)) and a 

non-canonical ACTAAA signal for A laevis PRND (Figure 3-3 (e)) (complete only for 

the longer variant) (Table 3-1).

Amino acid sequences of A. tropicalis and A laevis PrPs (Figure 3-4) show very strong 

conservation over the complete protein (88.9% sequence identity) apart from two short 

indels in the N-terminal region. Much greater sequence variation is observed between A. 

tropicalis and A. laevis Dpi sequences with only 69.2% sequence identity, but the 

lengths differ by only one amino acid (Figure 3-4).

(a) 3’ end of X. tropicalis PRNP transcripts
TGTGTATCACTGAGTACAGGAGAGGATCGGGATTTAAGGTGCTCTCTAACCCTTGGCTGA 7 8 0  
TCCTCACTATCACTCTTTTTGTTTACTTTGTGATAGAGTGACCAGAGGGAAGGCCAAATG 8 4 0
TATGTATATAG 8 5 1

(b) 3’ end of X. laevis PRNP-1a transcripts
ACAGGAGAGGATCGGGATTCAAAGTGCTCTCTAACCCTTGGCTGATCCTTACTATCACTC 8 4 0
TCTTTGTTTACTTTGTGATAGAGTG|TCAAAGGAAATATTAATAAAAAGGCCAAATGTAT 9 0 0  
GTATATATAGAGAGAG|TATAAA|CCGATTCTGAACTGTTCCGTCTCA 94 6

(c) Downstream sequence conservation between X. tropicalis PRNP and 
X. laevis PRNP-1a
XtPRNP
X lP R N P

CCTTGGCTGATCCTCACTATCACTCTTTTTGTTTACTTTGTGATAGAGTGACCAGAG-----  8 2 7
CCTTGGCTGATCCTTACTATCACTCTCTTTGTTTACTTTGTGATAGAGTGATCAAAGGAA 8 7 5
* ★ * ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★  ★ ★ ★ ★ * ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★  ★ ★

XtPRNP
XlPRNP

-GGAAGGCCAAATGTATGTATATAGAGATTTAAAGAGAATATAAA CCGATTC
ATATTAATAAAAAGGCC AAATGTATGTATATATAGAG-------AGAGAG TATAAACCGATTC

8 7 8
9 3 1

X tP R N P  TGAACTGTCCTGTCTCACGCCCAGTCTGACAGTCTCTGTTGTGATTCCCTTGCGCAGCAC 9 3 8  
X lP R N P  TGAACTGTTCCGTCTCACGCCCAGTCTGACCGTCTCTATTGTGATTCCCTCGTGCAGCGC 9 9 1  

★  ★ ★ ★ ★ ★ ★ ★  ★  ★ ★ ★ ★ ★ ★ ★ *★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★ ★ ★ ★ ★  ★ *★ ★ ★ ★ *★ ★ ★ *★  ★  ★ ★ ★ ★ ★  ★

X tP R N P  TGTTGGATCCAATGTGAATCCAGCCCAGCTTTCTACCATCCGTAAGCAACTATGGATTTG 9 9 8  
X lP R N P  TGTTGGGTCCTATGTAAATCCAGCCCAGCTTCCTACTATCAGTTATCAACCTTGGAGTTG 1 0 5 1  

★  *★ ★ ★ ★  ★ ★ ★ .★ ★ ★ ★  ★ ★ ★ *★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★ ★  ★ ★ ★ ★  .★ ★ ★ ★  **★

X tP R N P  TACCTCTCGCTTCAATACTGACCGAAATTCCCACTTCTGCATCAGCTACGATCTCTGCTT 1 0 5 8  
X lP R N P  TATATCTTGCTTCAATACCGACCTGAATTCCCACTTCTGCATCAACCACGACTTCTGCTT 1 1 1 1  

★  ★  ★ ★ ★  *★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ *★ ★ ★ ★ ★ ★ ★  ★  ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★

XtPRNP GACAACCTACATTTTGGACATCACAAATGGGCTTTATGTAACAGTGCATG- TTATTAATG 111 7  
XlPRNP AACAACGCACCTTTCTGACATTGTGAATGGGCTTTATGTAGCAGTGCATGTATATTACTA 1 171  

★  ★ ★ ★ ★  *★  ★ ★ ★  .*★ ★ ★ ★  ★

X tP R N P  AGATATCTTGCAGGTTCCAGTACCGAAGAGCCACATTTTTGTGAATTTATAGAAGCCTT- 1 1 7 6  
X lP R N P  AGATACCTTGCAGGTTCCCGCACCAAAGAGCCCCGTTTCT- TTAATTTATGGAAGGCTTG 1230 

★  ★ ★ * ★  ★ ★ ★ ★ ★ ★ * ★ ★ ★ ★ ★  ★  ★ ★ ★  ★ ★ ★ ★ ★ ★ *  ★  ★ ★ ★  ★  ★  ★ ★ * ★ ★ ★ ★  ★ ★ ★ ★  ★ ★ ★

XtPRNP TGTAGAATCCGTCAACTGCAGATTTGTTTTCCATATCTTGGACACCCTAAAGGGTCCACT 1 2 3 6  
XlPRNP TTTTTAATATCTTGTCCACTG-------TACCGATTGATACACAACTCAGACTTTGTGCA 1 2 8 3
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(d) 3’ end of X. tropicalis PRND transcripts
AGTGACCTGCACTGGTGGATTGTGGGTCTTTATAGGTGTCATGCATTTTTTTTTTTTATT 720
TAGGAAGGGAGACTA^AGCCTAGGAATTCTGTattttatatgaacttttaagaactaact 780 
gtactagcccagaggttcagcagccctataacagcaatgatccaggccttcaaatttgtc 840 
cacagcagctcttggatctcatcttggatcttttgagtgtcagtgacactgcacattctc 900 
agtgtgcagggctgctgttaaagactacgccatctgtcatagaatgcacgtttctacaca 960 
ggaatatactctaatatataggaatatatgtgcatgcaccctactaatagttcagcctgc 1020 
cagagatcaccaaggagttgcatagccttttttacaaacatatccttcatctaaaacttc 1080 
atctgtgacttctaatagtcttataaattacaacaggagcaatattatattctatattat 1140 
atacatataagcaggaattatggctgctgttgtgcacacagggaagttggaggtttggcc 1200 
acggtttgttttccccttattataattgatga|aataaa|aatcaggttaaactgg 1254

(e) 3’ end of X. laevis PRND transcripts
TGTTATGAAAACTATGTAAAGCCTACCAATGGGGCAGTGACCTGCACAGGAGGACTGTGG 78 0 
GTCTTCATAGGTGTCATTCACCTCCTTTTTTTTACTCAGAAAGGGAGTTAATGGGAACTA 840
AAGCCTGAATTCTGTATTTCTTATATTGA|ÄCTaaa|tgtacccgcccagaggttcagcagc 900 
tct 903

Figure 3-3. The 3’ ends of PRNP and PRND in X. tropicalis and X. laevis. 3 ’ UTRs for X  
tropicalis and X  laevis PRNP and PRND were amplified by 3’ RACE. Numbering starts from 
first nucleotide of cDNA sequence. Bases highlighted in grey correspond to the 3’ end of 
protein coding sequences. Boxed bases were predicted as putative polyadenylation signals, (a) 
PolyA signal is absent in X  tropicalis PRNP. (b), (e) PolyA signals are non-canonical in X  
laevis PRNP and PRND. (d), (e) PolyA sites in X  tropicalis and X  laevis PRND were predicted 
by visual search only, X. laevis PRND v2 does not have polyA site. The 3' end PRND variants 
are represented by lower case letters, (c) Conservation of sequence downstream ORF in X  
tropicalis and A. laevis PRNP; ends of experimentally defined 3’ UTRs are underlined; putative 
polyA signals are boxed.

(a)
X tP r P  MLRSLWTSLVLISLVCALTVSSKKSGSGKSKTGGWNSGSNRNPNYPGGYGWNTGGNTGGS 60 
X IP r P  MPQSLWTCLVLISLICTLTVSSKKSGGGKSKTGGWNTGSNRNPNYPGGY--------PGNTGGS 56

X tP r P  WG-QPYNPSGGNNFNNKQWKPPKSKTNMKAVAVGAAAGAIGGYMLGNAMGRMSYHFSNPM 1 1 9  
X IP r P  WGQQPYNPSG--------YNKQWKPPKSKTNMKSVAIGAAAGAIGGYMLGNAVGRMSYQFNNPM 1 12

X tP r P  EARYYNDYYNQMPERVYRPMYRGEEHVSEDRFVTDCYNMSVTEYIIKPAEGKNTSEVNQL 1 7 9  
X IP r P  ESRYYNDYYNQMPNRVYRPMYRGEEYVSEDRFVRDCYNMSVTEYIIKPTEGKNNSELNQL 1 72  

★  • ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  • ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  • ★ ★ ★ ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  • ★ ★  • ★ ★ ★

X tP r P  ETRVKSQIIREMCITEYRRGSGFKVLSNPWLILTITLFVYFVIE 2 2 3  
X IP r P  DTTVKSQIIREMCITEYRRGSGFKVLSNPWLILTITLFVYFVIE 2 1 6  

• ★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★

(b)
X tD p l MGRQNLFSCLILLLLILYCSLSSPRRAAS-SKKISKTTDLSRGAKRRPKVTNSPALGDLS 5 9
X lD p l  MERQNVFSCLILLVLILYCGLSCPRRSGSGIKKYFKISDLSRGAKKRSKVAHSPVLGHLF 60

X t D p l  FRGRALNVNFNLTEESELYTANLYS FPDGLYYPRPAHLSGAGGT DE FISGCLNTTIERNK 1 1 9
X lD p l  FRSKELDVNLNFTEEYELYTENLYRFPDGLYYPWRSQLNDAAGTEEFMNGCLNTTVERNK 1 2 0

★ ★  • ★ ★ ★ ★  ★ ★ ★  ★ ★ ★ ★ ★ ★ ★ ★
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XtDpl VWISQLEDDEEGDIYMSVATQVLQFLCMENYVKPTNGAVTCTGGLWVFIGVMHFFFLFRK 179
XlDpl VWISGLEEEDEGETYMSVGMQVLQFLCYENYVKPTNGAVTCTGGLWVFIGVIHLLFFTQK 180

★  ★ ★ ★  • • ★  ★  • ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ • ★ •  • 9r

XtDpl D 181 
XlDpl GS 182

Figure 3-4. Protein sequence comparison for X. tropicalis and X. laevis PrP and Dpi. (a) X.
tropicalis (XtPrP) and X. laevis (XIPrP) PrP amino acid sequences show high level of 
conservation (identity 89%). (b) X. tropicalis (XtDpl) and X. laevis (XlDpl) Dpi amino acid 
sequence comparison shows relatively fast divergence after the duplication (identity 69%).

3.3.1.3 Alternatively spliced PRNP mRNA and PRNP expressed from the 
duplicated gene in tetraploid X. laevis

Several PRNP sequences were found in the X  laevis EST database (NCBI 31081059, 

31094494, 31092138, 31092434, 43385448, and 46388120). This analysis was done in 

collaboration with another PhD student, Nagesh Chakka. In the following, I refer to a 

form described in the original report (Strumbo et al., 2001) as PRNP-la! PrP la and to 

the novel variant forms as PRNP-1 hi PrP lb, PRNP-2a/PrP2a and PRNP-2bl PrP2b 

(Figure 3-2). We ran several PCRs to confirm expression of the transcripts and map 

their sequences. Initially, we supposed that the transcription start site for PRNP-lb is 

the same as for PRNP-la. This implies that exon 1 could be missing in the sequence 

found in EST-database and that exon 2 could be spliced alternatively. To test this 

hypothesis we ran a PCR with primers F8/R9 (Appendix 1) complementary to exons 1 

and 2 of PRNP-la, respectively, using reverse transcribed RNA as a template. Two 

amplification products are expected if alternative splicing applies, but we found only 

one corresponding to the PRNP-la variant. Next, we amplified the intron between the 

first and second exons of PRNP-la with the F4/R9 primer pair (Appendix 1), using 

genomic DNA. It was found that sequence corresponding to exon 2 of PRNP-la is 

common for both forms but that the PRNP-lb form has additional sequence preceding 

exon 2 (Figure 3-2 (f)). The PRNP-lb variant alternative start site was confirmed by 

PCR with the F5/R4 primer pair (Appendix 1). We found no corresponding PRND 

transcript with this extended exon 2 start site.

Expression of two PRNP-2 variants was confirmed by PCR using primer F6 for PRNP- 

2a, F7 for PRNP-2b, and the common primer R6 (Appendix 1). The EST sequences 

(NCBI 46388120 and 31081059 for PRNP-2a and PRNP-2b, respectively) indicated
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they had different first exons but a shared second exon; the sequences were 

characterised by a series of PCR reactions. By amplification of genomic DNA between 

the first exon (exon 2) of PRNP-2b (primer F7) and the shared exon 3 (primer R5) the 

size of a small intron (314 bp) was determined but there was no PCR product from 

attempted amplification between the first exon (exon 1) of PRNP-2a (primer F6) and 

the shared exon 3 (primer R5), suggesting its intron is either large or rich in repeat 

sequence. The structures of the PRNP-2 variants are shown in Figure 3-2 (i), (j), (k). 

Significant differences in amino acid sequence for the ORF suggest PRNP-2 is a 

retained duplicate, the result of the X  laevis alloploidy; this is discussed later. We found 

no evidence for a retained duplicate of PRND.

3.3.1.4 X. laevis tissue expression

Novel genes are often expressed in tissue-specific patterns similar to those of the 

parental gene. In X  laevis, PRNP-la and PRNP-lb are expressed in multiple tissues, 

but highest in brain (Figure 3-5). Although PRND expression does not follow this 

pattern closely, there is a high level of the chimeric transcript in brain. The results for 

PRND-a and PRND-b show that expression from the developing PRND promoter starts 

initially in testis, eye and pancreas. I will discuss the evolution of PRND tissue 

expression patterns in more detail, comparing the three vertebrate models, in later 

sections of this chapter.

The alternative PRNP-lb transcript shows a more restricted tissue distribution pattern 

than that of the ubiquitous expression of PRNP-la. Similarly, the PRNP-2a transcript 

expressed from the duplicated gene is more specific than its ubiquitous alternative 

PRNP-2b. All PRNP variants are highly expressed in brain, eye, and heart. Differential 

distribution of PRNP-lb and PRNP-2a in other tissues and, interestingly, absence in 

testis, could indicate the importance of regulation of PrP functions through alternative 

promoters and thus provide an explanation for retention of the duplicate.
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PRNP-lu
PRNP-lb
PRNP-2a
PRNP-2b

PRND-ch

PRND-u

PRND-b
GAPDH

c# \e^ cfsV  gyairt'®^©
A«*®'

Figure 3-5. X. laevis tissue expression. RNA from adult male X  laevis tissues was analysed 
by RT-PCR for the presence of alternative PRNP and PRND transcripts. PRNP-la, PRNP-lb, 
chimeric PRND-ch, and non-chimeric PRND-a and PRND-b are expressed from the first 
PRNP/PRND locus. PRNP-2a and PRNP-2b are expressed from the second, duplicated, locus. 
GAPDH was used as a positive control. Original gel images with a molecular marker and no 
template control can be found in Appendix 3.

3.3.2 Characterisation of M. domestics PRNP and PRND cDNAs

3.3.2.1 Cloning of M. domestics PRNP and PRND cDNAs

Isolation and characterisation of the M  domestica PRNP and PRND genes enables us to 

understand further their evolution after the duplication. Although marsupial PRNP 

sequence has been reported for brush-tailed possum (Windl et al., 1995) and tammar 

wallaby (Premzl et al., 2005), marsupial PRND sequence has not been characterised so 

far. Cloning of the 3’ end of M domestica PRNP was first reported by our group 

(Premzl et al., 2005). However, the 5’ UTR was not characterised and the 3’ UTR was 

found by screening a M. domestica testis cDNA library. Strangely, the last 11 amino 

acid residues of the reported ORF do not accord with the expected sequence pattern. 

Consequently, I decided to clone and characterise M. domestica PRNP as well as 

PRND.

Partial sequences of PRNP and PRND genes were found by searching the M. domestica 

genome database. Based on this initial information, I constructed primers (Appendix 1) 

to perform 5’ and 3’ RACE using total RNA isolated from M. domestica testis tissue.
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3.3.2.2 Genomic organisation of PRNP/PRND locus

Mapping the PRNP and PRND cDNA sequences onto the genomic sequence located the 

intron/exon boundaries. Three variant transcripts for PRNP and five variants for PRND 

were identified (Figure 3-6, Appendix 6). The PRNP/PRND locus spans over 942126 

bp and contains 8 exons (Figure 3-6, Table 3-2), two of which code for the PrP and Dpi 

proteins. The intergenic region between M. domestica PRNP and PRND genes is 68359 

bp; this is 5.5 times larger than mouse Prnp/Prnd intergenic region (12433 bp).

3.3.2.3 PRNP structure and 3’ end alternative splicing

M. domestica PRNP has two exons: a single non-coding 103 bp exon and an ORF- 

containing second exon. This is the same as the PRNP structure from another model 

marsupial, tammar wallaby (Macropus eugenii) (Premzl et al., 2005). Amplification of 

the 3’ UTR by 3’ RACE produced two transcripts (Figures 3-6 (b), (d), 3-6). I expected 

to find the cytoplasmic polyadenylation element (CPE) at the 3’ end, which is 

characteristic of mammalian PRNP sequence (Premzl et al., 2005). However, one of the 

RACE-amplified PRNP transcripts (PRNP-1, Figure 3-7) did not contain the CPE motif 

(Figure 3-6 (b)). Analysis of the second RACE-amplified transcript (PRNP-3, Figure 

3-7) revealed the presence of a 1607 bp intron interrupting an alternative 3’end of the 

ORF (Figure 3-6 (c)). The resulting protein-coding sequence has an alternative C- 

terminal end, not conserved with other marsupials (Figure 3-8). Nevertheless, as this C- 

terminal region is in the signal sequence for GPI attachment, no difference in the mature 

proteins is expected. This unusual protein was initially described as the unique 

marsupial PrP (Premzl et al., 2005) and annotated (NCBI accession number 

AY659989). The presence of the intron was not recognized due to lack of genomic 

sequence information at the time of their study.

1 estimated the relative abundance of the PRNP-1 and -3 transcripts by RACE PCR 

band comparison (Figure 3-7). The ORF1 transcript without the CPE motif (PRNP-1) is 

the most abundant; the ORF2 transcript with the CPE (PRNP-3) is rare. It was amplified 

only by a second, nested, 3’ RACE PCR. The PRNP-2 transcript with the CPE motif 

was not amplified by RACE; from this result I assume this transcript is scarce. I 

confirmed the presence of the PRNP with the CPE motif by running RT-PCR with 

primers LmdPrPl/RmdCPE167 covering PRNP sequence from exon 1 to the CPE motif 

(Appendix 2).
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48851  ̂0 ^ ^ 3 6 0 8 9 ^ ^ ^  j—j ^895^ PRND-1

2059

(j) PRND-5

Figure 3-6. Transcripts coding for PRNP and PRND in M. domestica. (a) Genomic 
PRNP/PRND contig, exons are numbered. Exons 1, 3-6 are non-coding; exon 2 is coding for 
PRNP\ exon 7 is coding for PRND. (b) PRNP-1 variant without the CPE motif, (c) PRNP-2 
variant with the CPE motif, (d) PRNP-3 variant with intron in the coding region and the CPE 
motif, (e) to (h) Chimeric PRND transcripts with alternative intergenic exons. (\) Non-chimeric 
PRND. The CPE motif is marked as a black line at the 3’ end of PRNP-2 and PRNP-3 
transcripts. The length of the introns is in base pairs. The length of exons is summarised in 
Table 3-2. Primers used for transcripts 5’ and 3’ RACE amplification are summarised in 
Appendix 1; approximate positions of primer pairs for M. domestica tissue expression analysis 
(LmdPrPI/RmdPrP521 and LmdPrPl/RmdCPE167 for PRNP, LmdPrPI/RmdDpl350, 
Lmd2D/RmdDpl350 and Lmd5D/RmdDpl350 for PRND) are indicated.

Table 3-2. Exon sizes of M. domestica transcripts. Exons are numbered according to their 
relative positions in the PRNP/PRND gene locus (Figure 3-6 (a)). Exon 1 is non-coding and 
shared between PRNP and chimeric PRND-1, PRND-2, PRND-3, and PRND-4. Coding exons 
are exon 2 for PRNP and exon 7 for PRND. Alternative 3’ UTRs are marked as vl, v2 and v3.

Exon n um ber 1 2 3 4 5 6 7

Exon size, bp 103
2 2 6 9 v l
2594v2

(793+203)v3
90 65 186 288

1125v 1 
1714v2
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PRNP-1 (ORF1) without CPE 

PRNP-3 (ORF2) with CPE

Figure 3-7. M. domestica PRNP transcripts with alternative coding regions (ORF1 and 
ORF2) amplified by 3’ RACE and 3’ nested RACE. Line 1, 2-log DNA Ladder (NEB); Line 
2, ~1.7 kb product of 3’ RACE; Line 3, ~1.5 kb product of 3’ nested RACE corresponding to 
PRNP-1 without CPE motif (Figure 3-6 (b) and -650 bp product corresponding to PRNP-3 
with CPE motif and an intron inside the coding region (Figure 3-6 (c)).

MdORFl MGKIHLGYWFLALFIMTWSDLTLCKKPKPRPGGGWNSGGNRYPGQSGGWGHPQGGGTNW 60 
MdORF2 MGKIHLGYWFLALFIMTWSDLTLCKKPKPRPGGGWNSGGNRYPGQSGGWGHPQGGGTNW 60

★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★

MdORFl QPHAGGSNWGQPRPGGSNWGQPHPGGSNWGQPHPGGSNWGQAGSSYNQKWKPDKPKTNMK 120 
MdORF2 QPHAGGSNWGQPRPGGSNWGQPHPGGSNWGQPHPGGSNWGQAGSSYNQKWKPDKPKTNMK 120

★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ • A -

MdORFl HVAGAAAAGAWGGLGGYMLGSAMSRPIMHFGNDYEDRYYRENQYRYPNQVMYRPIDQYN 180 
MdORF2 HVAGAAAAGAWGGLGGYMLGSAMSRPIMHFGNDYEDRYYRENQYRYPNQVMYRPIDQYN 180

MdORFl
MdORF2

MdORFl
MdORF2

NQNNFVHDCVNITVKQHTTTTTTKGENFTETDIKIMERVVEQMCITQYQNEYRSAYSVAF
NQNNFVHDCVNITVKQHTTTTTTKGENFTETDIKIMERVVEQMCITQYQNEYRSAYSVAF

FSAPPVTLLLLSFLIFL
FSAPPVTLLLLSFLIFL

VS--------
: :■ . y  i .

t
260
269

•k'k'k-k'k'k'k-k-k'k'k'k'k'k'k'k-k'k •

240
240

Figure 3-8. Comparison of two M. domestica PrPs with variant ORF. The difference in the 
C-terminal sequence is boxed. The GPI-attachment site is indicated by the arrow.
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3.3.2.4 Alternative PRND transcription in M. domestica

Five PRND transcripts were found in total: four chimeric (e)-(h), and one non-chimeric 

(i) (Figure 3-6). The non-chimeric PRND transcript shares its first, non-coding, exon 

with three of the alternative chimeric transcripts. Although exon 1 (exon 6 in the 

genomic contig diagram, Figure 3-6) of the non-chimeric transcript is shorter (66 bp) 

than the overlapping exon of the chimeric transcripts (288 bp) I am not able to exclude 

the possibility that this transcript is a product of degradation and that the full non- 

chimeric transcript (i.e. complete exon 6) was not found, or that it does not exist (i.e. it 

is a degradation product of a chimeric transcript). I assessed the relative abundance of 

the five PRND isoforms by RACE PCR band-size analysis (results not shown). The 

major chimeric transcript is PRND-3 (Figure 3-6 (g)). The 3’ RACE results showed a 

long and a short variant of the 3’ UTR (Table 3-2). It is unclear whether all transcripts 

have both variants or whether the 3’ UTR variations are transcript-specific. Nucleotide 

sequences and deduced amino acid sequences of PRND cDNA for the chimeric and 

non-chimeric transcripts are summarised in Appendix 6.

3.3.2.5 Tissue expression of M. domestica PRNP and PRND transcripts

To analyse tissue distribution of transcript variants identified by RACE, I performed 

RT-PCR analysis of total RNA derived from a range of tissue samples (brain, kidney, 

liver, ovary, lung, muscle, gut, stomach, heart, and pancreas of female and testis and eye 

of male).

PRND expression was not detected in liver, lung, muscle and stomach. PRND-1 and 

PRND-2 transcripts (Figure 3-6 (e) and (f)) are testis-specific (Figure 3-9); PCR 

amplification gave products of approximately the same size, not distinguishable on a 

1% agarose gel. PRND-3 (Figure 3-6 (g)) shows the highest level of expression of all 

transcripts. It is present in brain, testis, ovary, kidney, eye, and heart, with highest 

expression in testis, eye and heart (Figure 3-9). PRND-4 (Figure 3-6 (h)) shows highest 

expression in brain and heart and is expressed in the same tissues as PRND-3 plus also 

gut and pancreas (Figure 3-9). It is not possible to assess tissue specificity of the 

presumed non-chimeric transcript PRND-5 (Figure 3-6 (i)) because it does not have 

unique sequence that is not shared with chimeric transcripts PRND-1, -2, and -3. 

Consequently, only four PRND variants will be amplified simultaneously when primers

57



Chapter 3 Evolution o f PRNP and PRND

specific to common exons 6 and exon 7 are used (PRNP/PRND contig numbering,

Figure 3-6 (a)).

PRNP expression analysis showed that PRNP-3 (Figure 3-6 (d)) is testis-specific. Both 

PRNP-l and PRNP-2 are present in all tissues (Figure 3-9). Nevertheless, the transcript 

with the CPE motif (PRNP-2) is much less abundant than that without the CPE motif as 

assessed with different PCR cycling conditions. PRNP-l amplification is much stronger 

after 30 cycles than PRNP-2 amplification. However, as the primers used to detect 

PRNP-l cannot discriminate between PRNP-l and PRNP-2 the result shows 

amplification of both transcripts. Better evidence that PRNP-2 is a minor transcript is 

its absence in 3’ RACE amplification (section 3.3.2.3). It was detected by direct PCR 

amplification using primers specific to the ORF (RmdPrP521) and the CPE motif 

(RmdCPE167) (Appendix 2); this result is shown in Figure 3-9.

PRND-l, 2
PRND-3
PRND-4
PRNP-l
PRNP-2
PRNP-3
GAPDH

yC\<y' C' ) \,V*e* ^ s °Xe s xp«'aCV'

Figure 3-9. M. domestica tissue expression for PRNP and PRND. RNA from M. domestica 
tissues was analysed by RT-PCR. 40 cycles of the amplification was performed for PRND 
transcripts, except for PRNP-l and PRNP-2 where 30 cycles of amplification was used. 
GAPDH was used as a positive control. Note that PRNP-l result includes Prnp-2 due to 
common primers. PRNP-2 result is from specific primer. Original gel images with a molecular 
marker and no template control can be found in Appendix 3.

3.3.3 Prnd transcription in mouse 

3.3.3.1 Chimeric transcription in mouse

Chimeric Prnd in mouse was initially reported by two independent groups (Moore et al., 

1999, Li et al., 2000a). Both groups discovered three alternative chimeric Prnd 

transcripts in Prnp knockout mice (Figure 3-10). One chimeric isoform was also 

detected in wild-type mouse brain by RT-PCR (Moore et al., 1999), but not by in situ 

hybridisation (Li et al., 2000a). In order to confirm the expression of chimeric Prnd in
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wild-type mice, 1 first attempted to amplify the chimeric 5’ UTR by 5’ RACE. 

However, this resulted in non-chimeric transcripts only, probably because of the high 

relative proportion of the non-chimeric Prnd form in mouse. Despite unsuccessful 

RACE, I was able to amplify chimeric transcripts by RT-PCR using primers specific to 

Prnp exon 1 (LmmPexl-5 or LmmPexl-94, Appendix 1) and the Prnd ORF (RM587, 

Appendix 1). I found three alternative chimeric forms that share two non-coding exons 

with Prnp (Figure 3-11). Two of the chimeric Prnd transcripts (Figure 3-11 (c), (d)) 

have small exons in the intergenic region (Table 3-3).

(b)
Wildtype RcmO Prnp ao 
I I I I
1 2  3 4

Figure 3-10. Chimeric Prnp/Prnd transcripts discovered in Prnpm knockout mice (Moore 
et al., 1999). (a) Overview of Prnp/Prnd gene region with the most abundant forms Prnp and 
Prnd transcripts (shown at the top of the figure, non-chimeric Prnd is incorrectly presented as 
three-exon transcript) and chimeric transcripts (i-iii) shown underneath, (b) RT-PCR detection 
of chimeric Prnd in adult wildtype and knockout mouse brain, chimeric transcripts i-iii are 
indicated.
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1 2 4 5 6

(b)

(c)

( d )

(e)
40716 Prnd-ch3 ?.....1

(f) [j2̂  Prnd

Figure 3-11. Transcripts coding for Prnp and Prnd in mouse, (a) Genomic Prnp/Prnd contig 
with exons numbered. Exons 1, 2, 4-6 are non-coding; exon 3 is coding for Prnp\ exon 7 is 
coding for Prnd. (b) Prnp with the CPE motif, marked by a black line at the 3’ end. (c), (d), (e) 
Chimeric Prnd transcripts with alternative intergenic exons, (f) Non-chimeric Prnd. The longer 
alternative Prnd 3’ UTR is represented with dotted lines. The length of the introns is in base 
pairs. The length of exons is summarised in Table 3-3. Primers used for transcripts 
amplification are summarised in Appendix 1; approximate positions of primer pairs for mouse 
tissue expression analysis (LmmPexl-94/RM587 for chimeric Prnd, LMexlDpl/RM587 for 
non-chimeric Prnd) are indicated.

Table 3-3. Exon sizes of mouse Prnp and Prnd transcripts. Exons are numbered according to 
their relative positions in the Prnp/Prnd gene locus (Figure 3-11 (a)). Exons 1 and 2 are non-
coding and shared between Prnp and chimeric Prnd-chl, Prnd-ch2, and Prnd-ch3. Coding 
exons are exon 3 for Prnp and exon 7 for Prnds. The source of the information for exons 1-3, 6, 
and 7 is the NCBI web site (http://www.ncbi.nlm.nih.gov) and for exons 4 and 5 is this 
sequencing of the chimeric Prnd PCR-amplified products.

E x o n  n u m b e r 1 2 3 4 5 6 7

E x o n  s i z e ,  b p 7 6 9 8 2 0 1 2 163 103 55
3 1 2 2 v 1 
18 8 4 v 2
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3.3.3.2 Mouse Prnd tissue expression

I assessed Prnd tissue expression in BALB/C mice of different ages (6, 12 and 18 

weeks old) using forward primer LmmPexl-94 and reverse primer RM587 for chimeric 

Prnd-eh (1,2,3) (Figure 3-11 (c), (d), (e)) and LMexl Dpl/RM587 for non-chimeric 

Prnd (Figure 3-11 (f)) (Appendix 1). Prnd tissue distribution was the same for all three 

stages. Expression analysis for 18-week-old mouse is presented in Figure 3-12. 

Although it is generally accepted that Prnd is predominantly expressed in testis and 

only weakly in other organs in adult animals (Behrens et al., 2002, Comincini et al., 

2001, Paisley et ah, 2004, Peoc'h et ah, 2002), I found expression in all tissues (just 

traces in brain and liver). At first I thought that Prnd, which is known to be expressed in 

all mouse embryonic tissues (Li et ah, 2000b), is still not switch off in 6-week-old mice 

but further experiments with older mice showed this theory is not correct and that 

expression is present in all tissues. This result confirms the more ubiquitous Prnd 

expression which was reported by the early workers in mouse (Moore et ah, 1999, Li et 

ah, 2000b), and for bovine and ovine tissues (Rondena et ah, 2005, Tranulis et ah, 

2001).

Prnd-ch2 (Figure 3-11 (d)) is the most abundant of the three alternative chimeric 

transcripts. It is highly expressed in brain, testis, muscle, heart, and stomach and less so 

in kidney, liver, lung, eye, and thymus (Figure 3-12). The Prnd-ch3 transcript (Figure 

3-11 (e)) is less abundant with highest expression in brain, testis, kidney, liver, and 

muscle. The Prnd-chl transcript (Figure 3-11 (c)) appears to be rare, with highest 

expression in testis (Figure 3-12).

V v ^ e< v.oV'S * * * * * 0>*K

P rnd mmm M M mmmt mmm mmm mmm mmm M » mmm m m
Prnd-ch1
Prnd-ch2
Prnd-ch3 —sc " * * * * * —

ß-Actin m m J m m * m m* m m * mmm mmm m m * mmm M M M M

Figure 3-12. Mouse Prnd transcript expression. RNA from 18-week-old mouse tissues was 
analysed by RT-PCR. 40 cycles of amplification was performed for chimeric Prnd transcripts 
and 35 cycles for non-chimeric Prnd. ß-Actin was used as a positive control. Original gel 
images with a molecular marker and no template control can be found in the Appendix 3.
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3.3.4 Analysis of translation of mouse chimeric Prnd transcripts by 
polysome binding assay

Conservation o f chimeric transcripts during evolution raises the question o f their 

functional significance. We might assume that a transcript is functional i f  it is 

translated. In the case o f Prnd, protein translated from both chimeric and non-chimeric 

transcripts are the same, so antibody detection cannot tell us from which transcript the 

protein comes. I used a polysome-binding assay to investigate whether chimeric 

transcripts are translated, as an initial means to assess functionality o f the alternative 

Prnd transcripts. This assay is based on distribution o f mRNA into different fractions on 

a sucrose gradient depending on the amount o f ribosomes attached to it. The 

background to this method is given in Chapter 2.

3.3.4.1 Polyribosome distribution after centrifugation

Mouse brain tissue samples were homogenised and lysed under mild conditions and the 

resultant cytoplasmic extract loaded onto a sucrose gradient and centrifuged as 

described in Methods. mRNAs distribute among the different fractions o f the gradient 

depending on the amount o f ribosomes attached to them. Twenty fractions were 

collected and total RNA isolated and analysed for transcript presence. Fractions l-9 

contain cytoplasmic untranslated mRNA and free ribosomes. RNA in fractions 10-20 is 

associated with monosomes and polyribosomes and is thus translated. To exclude the 

possibility that mRNA is associated with other protein complexes, I conducted a control 

experiment where lysis buffer was supplemented with EDTA to dissociate polysomes. 

This causes polysome-bound, translated mRNA to be redistributed towards cytoplasmic 

fractions, as shown from a literature example in Figure 3-13 (a).
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Figure 3-13. Polyribosome distribution after centrifugation on a sucrose gradient, (a)
Literature example of the polysomal profile (www.natureprotocols.com). (b) Total RNA quality 
control (my work). Mouse brain total RNA was isolated from cytoplasmic fractions 1-9, 
monosomal fractions 10-11, and polysomal fractions 12-19, and resolved on a 1% agarose gel. 
Visible bands correspond to 28S (top band) and 18S (lower band) ribosomal RNA. (c) Same 
total RNA sample centrifuged after EDTA treatment. Polysomes are dissociated and RNA is 
absent in polysomic fractions.

3.3.4.2 Chimeric Prnd is translated in mouse brain

I compared mouse 12-week-old adult and 1-day-old postnatal brain tissues for Prnd 

translation (Figure 3-14). Total RNA from similar fractions were pooled, converted to 

cDNA and analysed by PCR for the transcript presence. Presence of chimeric transcripts 

in polysomal fractions implies they are translated. After polysome dissociation by 

EDTA, transcripts can be detected only in cytoplasmic fractions; this confirms their 

initial binding to ribosomes and not to other protein complexes. For 1-day-old brain all 

Prnd transcripts are present in higher polysomal fractions than in adult brain. This 

indicates they have more ribosomes attached and, thus, the translation rate for Prnd in 

developing mouse brain is higher than in adult brain. Three possible chimeric transcript 

variants (Figure 3-11) are detected in developing brain (although the Prnd-chl band is 

very weak) but only one, Prnd-ch2 (Figure 3-11 (d)), in adult brain (Figure 3-14). As a 

control for assay reliability I assessed Prnp and non-chimeric Prnp distribution in the 

gradient fractions. These two genes are known to be translated in brain at different 

levels (Li et al., 2000b, Moore et al., 1999). As expected, there is a high level of Prnd
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translation in 1-day-old brain, much less in adult brain and a high level of Prnp 

translation in both cases.

These experiments confirm that chimeric transcripts are translated and possibly have 

some function, especially in development.

1-day-old mouse brain
\  rtj <5

adult mouse brain

N3 &

Chimeric Pmd

Prnd

+EDTA

h - ----------------------- - i l l  • I_____ 1______ _ 1 i

Prnp —  —  —
—

+EDTA

+EDTA

Figure 3-14. Ribosomal distribution of Prnd and Prnp transcripts in adult and postnatal 
mouse brain is shown by RT-PCR analysis. After separation on a sucrose gradient, RNA 
from similar fractions was pooled, converted to cDNA and analysed. Fractions 4-9 are 
cytoplasmic RNA; 10-11 are monosomes; 12-18 are polysomes. After EDTA treatment, a shift 
towards cytoplasmic fractions is observed. Strongly visible double PCR bands in the chimeric 
Prnd, 1-day-old brain panel, correspond to Prnd-ch2 and Prnd-ch3. Only Prnd-ch2 is visible in 
the adult brain panel.

3.3.4.3 Translation of alternative PRNP and PRND transcripts in X. laevis

Brains and testes of X. laevis were collected, processed, and analysed as described in 

Material and Methods (3.2.9). RT-PCR analysis of isolated cytoplasmic and polysomal 

fractions revealed that all four PRNP transcript variants (Figure 3-2) in frog are 

translated (Figure 3-15). However, the expression analysis of PRND (both chimeric and 

non-chimeric) was inconclusive; the RT-PCR results were not reproducible. Possible 

reasons are that the low level of PRND expression leads to barely detectable RT-PCR 

products or that incomplete removal of contaminants, such as heparin, during RNA 

purification from sucrose buffer might affect cDNA synthesis. Nevertheless, the 

preliminary results suggest that chimeric PRND is not translated in adult frog, as the 

transcript was detected in cytoplasmic fractions only. Further analysis is needed to
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assess whether PRND transcripts are translated and, if so, define which tissues and 

development stage.

3?
N*

PRND-ch
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PRNP-2b
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Figure 3-15. Ribosomal distribution of PRND and PRNP transcripts in X. laevis is shown 
by RT-PCR analysis. After separation on a sucrose gradient, RNA from similar fractions was 
pooled, converted to cDNA and analysed. Fractions 4-9 are cytoplasmic RNA; 10-11 are 
monosomes; 12-18 are polysomes. EDTA treatment results in shift towards cytoplasmic 
fractions. Chimeric PRND is in the cytoplasmic fraction. All PRNP transcripts are associated 
with ribosomes.

3.4 Discussion

3.4.1 Expression of chimeric PRND

Cloning and characterisation of previously unknown amphibian and marsupial PRNP 

and PRND transcripts and their comparison with analogous mouse sequences allows 

tracking of their evolution. A gene duplication event in an amphibian ancestor resulted 

in the birth of the PRNP paralogue gene, PRND. In both Xenopus species and in M. 

domestica, PRND is transcribed from its parental gene promoter and its transcripts share 

non-coding exons with PRNP. A transcript with chimeric PRND structure persists in 

mouse despite dominant transcription from its own promoter. It is noteworthy that 

although chimeric Prnd was initially discovered in Prnp knockout mice and reported as 

a low abundance transcript in wild-type mouse and rat (Moore et al., 1999), this 

interesting finding received no further attention.
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The results for the recently duplicated PRND in amphibians show it is expressed mainly 

as a chimeric transcript sharing its 5’ UTR with its parental gene. I take this as evidence 

of promoter sharing and PRND reliance on PRNP regulatory DNA elements. The highly 

brain-specific tissue expression pattern (Figure 3-5) for both PRND-ch and PRNP is 

consistent with this idea. However, another attribute of PRNP expression -  ubiquity -  is 

not present. Thus, although PRND-ch is expressed in several other tissues, such as 

testis, pancreas, intestine, spleen, eye and heart, there is no expression in kidney, liver, 

lung and muscle (Figure 3-5). This differences in tissue distribution despite a common 

promoter suggests the operation of other regulatory mechanisms for chimeric PRND 

expression, for example chromatin remodelling (Komblihtt, 2006).

Surprisingly, the results show chimeric expression is more ubiquitous in mammals, 

Prnd-ch being expressed in multiple mouse tissues (Figure 3-12). It is possible, that 

functions requiring coregulated expression from shared PRNP promoter in amphibian 

and marsupial resisted in mammals. However, in interpreting this finding account needs 

to be taken of work of Ford et al. (2002), showing that, despite the Prnp wide tissue 

distribution, it is selectively expressed at high levels only in discrete subpopulations of 

cells, especially those of the “neuroimmune network”. Vertebrate evolution has led to 

the development of more complex neuronal and immune systems in mammals. It is 

possible that chimeric Prnd started in neural cells and then acquired a wider expression 

pattern with the evolution of the neuroimmune network.

It has been suggested that PrP and Dpi have antagonistic effects on neuronal cell 

survival, PrP being neuroprotective and Dpi neurotoxic (Moore et al., 2001, Qin et al., 

2006b). Colocalisation of PrP and Dpi at the cell surface in neuronal cells points at their 

possible interaction (Massimino et al., 2004). This functional interaction can regulate 

apoptotic cell death (Sakudo et al., 2005). Simultaneous expression of PRNP and PRND 

from the common promoter, even though level of chimeric PRND expression is 

relatively low in mammals, might be necessary to provide an additional control over the 

balance between apoptosis and survival.

The most likely mechanism for formation of the chimeric PRND is by bicistronic 

transcription (Figure 3-16, Section 3.4.2). Polycistronic transcription of genes 

organized in operons occurs frequently (-25%) in the nematode Caenorhabditis elegans 

genome (Blumenthal, 1998). It is common in Drosophila as well (Andrews et al., 1996,
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Nozawa et al., 2005, Brogna and Ashburner, 1997, Wang et al., 2000). The possible 

significance of this kind of coordinated transcription in mammals has received little 

attention but some cases of bicistronic transcription in mice and humans are reported 

(Sakuma-Takagi et al., 1999, Li et al., 2006b, Lee, 1991, Mcmillan and Singer, 1993, 

Szabo et al., 1994). Comprehensive bioinformatic analysis of sequenced genomes has 

provided new insights into chimeric transcription. Analysis of the human genome 

revealed that 4-5 % of tandem genes could be spliced into chimeric mRNAs (Parra et 

al., 2006). Transcripts of more than 20 gene pairs in the human genome share the 5’ 

UTR (Yang et al., 2008).

Chimeric transcription might also occur as a consequence of “promoter hitchhiking” by 

retroposed genes (Vinckenbosch et al., 2006). Evolution of PRND might have some 

analogies with expression of retroposed genes. Thus, if PRNP duplication did not 

include the regulatory DNA region, PRND would have needed to rely on the regulatory 

DNA elements of its parental gene in order to survive.

The long intergenic intron between the duplicated genes, PRNP and PRND, poses 

additional problem for transcription. The distance between exon 1 of PRNP and the 

ORF exon of PRND is 28.6 kb in frog, 43 kb in mouse and 92.4 kb in opossum. The 

studies of Vinckenbosch et al. (2006) showed that retroposed genes might be able to use 

the promoter or regulatory DNA elements from a neighbour gene and be transcribed if 

the median distance is about 22.9 kb but that retroeopies are transcriptionally silenced at 

a median distance of 38.7 kb. It thus appears that PRNP/PRND gene pair chimerism 

challenges the transcription machinery and is truly remarkable.

3.4.2 Mechanisms for alternative splicing of the bicistronic 
transcript

My results indicate that after bicistronic transcription of the PRNP and PRND genes the 

initial pre-mRNA bicistronic transcript is processed to give alternative mature 

monocistronic transcripts. Possible mechanisms for an alternative splicing model in C. 

elegans have been proposed (Alfonso et al., 1994) for transcripts of the unc-17 and cha- 

1 proteins processed from a bicistronic pre-mRNA. Similarly to the PRNP/PRND pair, 

the two C. elegans genes share the first exon but in this case the unc-17 coding region is 

entirely contained within the intron of the cha-1 gene. The proposed model has “rapid
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and slow” splicing steps together with exon skipping events. PRNP/PRND splicing 

might follow the same steps: a possible scheme is shown in Figure 3-16.
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Figure 3-16. Schematic representation of bicistronic transcription leading to two different 
gene products, PRNP and chimeric PRND. The numbering corresponds to the exon/intron 
number; “P” and “D” represent PrP and Dpi, respectively. Exons are shown in green, introns in 
pink; splicing events are represented by “*”. Slow splicing 1 removes intron 2P, intergenic 
intron and PRND exons 3D and 4D resulting in PRNP mRNA. Slow splicing 2 removes intron 
2D that harbours intron 2P, coding PRNP exon 3P, and the intergenic intron resulting in PRND 
mRNA. Figure adapted from thesis of N. Chakka.

Absence of a “canonical” AATAAA polyadenylation signal promotes chimeric 

transcription (Liu et al., 2001). The PRNP polyadenylation signal is canonical in 

eutherian mammals and marsupials (Premzl and Gamulin, 2007), but not in frogs. 

Although absence of the canonical polyadenylation signal may have promoted the initial 

chimeric transcription and pre-mRNA splicing soon after the duplication, conservation 

of chimeric transcription in mammals and marsupials suggests that factors other than 

the nature of the polyadenylation signal affect splicing.

A second possible reason for chimeric transcription is an inefficient splice acceptor. The 

removal of the splice acceptor from Prnp terminal intron in ataxic lines of Prnpn 0 mice 

resulted in chimeric Prnd (Moore et al., 1999, Li et al., 2000a). The idea that splicing 

elements in the Prnp terminal intron (intron 2P, Figure 3-16) are linked to bicistronic
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transcription is supported by splice-site mutation research using the EGFP (enhanced 

green fluorescence protein) system (Yoshikawa et al., 2007). This in vitro transient 

transfection system with EGFP cloned downstream of Prnp mimics expression of a 

chimeric Prnd. Deletion of the splicing elements caused the expression of EGFP and 

fluorescence emission thus demonstrating functional linkage between chimeric Prnd 

expression and the Prnp exon 3 splice acceptor. The importance of the splice acceptor is 

underlined by another case of mammalian bicistronic transcription of genes sharing a 

promoter and the first two exons (Bailleul et ah, 1997).

It is unclear if the Prnd transcript produced in this way is functional. It has been 

reported that only one ORF from an original bicistronic structure might be translated 

(Sakuma-Takagi et ah, 1999). My investigation of the chimeric Prnd functionality using 

polysome binding experiments is discussed later.

3.4.3 Conservation of chimeric transcripts throughout evolution

Apart from the expected difficulties posed by the huge intron between the spliced genes, 

conservation of bicistronic transcription raises several questions:

• Why has chimeric PRND not disappeared during the evolution

• What is the reason for the parallel existence of chimeric and non-chimeric 

transcripts of PRND which, although having alternative 5’ UTRs, share the same 

open reading frame, i.e. same confirmed or predicted protein?

• Does its retention indicate the necessity of additional 5’ UTR regulatory 

elements for PRND expression?

• Do common promoter elements serve to coordinate transcription which might be 

desirable for correct function?

Alternative splicing increases the potential for protein complexity. Although most cases 

involve alternative splicing of a single gene, there are several examples reported in 

mammals of chimeric proteins containing domains (i.e. parts of ORFs) from two 

discrete proteins, translated from mRNA formed from bicistronic transcription of the 

two genes (Fee et al., 2006b, Parra et al., 2006, Akiva et al., 2006). However, in our 

case, only the 5’ UTR is shared. Although such cases are reported in mammals (Yang et 

al., 2008), these genes tend to be expressed from a unique common promoter rather than
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there being an option for the downstream gene to be transcribed efficiently from an 

“independent” alternative promoter.

Functionally related genes can be grouped in operons not only in prokaryotes but in 

eukaryotes as well (Blumenthal et al., 2002). To assess whether the chimeric transcripts 

were translatable, and thus functional, I performed polysome-binding assays. I could not 

find evidence of translation in adult X  laevis, the transcript being found in the 

cytoplasm only. It would be useful to repeat these experiments in embryonic (tadpole) 

tissues. However, our attempts of breeding frogs and raising tadpoles were confounded 

by irresolvable technical difficulties. But the results showed the mouse chimeric 

transcripts are polysome-bound in brain. I compared polysomal distribution in post- 

embryonic day 1 and adult mouse stages. The former is much higher; this might indicate 

the importance of chimeric transcription in development.

Coordinated bicistronic expression has been reported during development of chordate 

features in the ascidian tadpole larva (Swalla et al., 1999). It is interesting to note that 

bicistronic transcription of mammalian genes important for brain development and 

brain functions has also been reported (Sakuma-Takagi et al., 1999, Szabo et al., 1994, 

Lee, 1991, Eiden, 1998). Among reported genes, glutamic acid decarboxylase (GAD) is 

a well-known enzyme which catalyses the conversion of L-glutamate to y-aminobutyric 

acid (GABA), the major inhibitory neurotransmitter in vertebrates (Kmjevic, 1970). 

Alternative splicing of a single exon during early stages of mouse development 

introduces overlapping stop-start codons and converts the original 67-kDa GAD into 

two tandemly arranged ORFs, coding for a 25-kDa leader peptide and a 44-kDa 

enzymatically active truncated GAD (Szabo et al., 1994). In a second case, expression 

of cholinergic neurotransmitters choline acetyltransferase (ChAT) and the vesicular 

acetylcholine transporter (VAChT), situated within the first intron of ChAT and sharing 

the first exon, is coordinated by common cA-acting elements (Eiden, 1998). Another 

bicistronic locus is Lassl-Gdfl (Longevity-assurance gene 1 homolog ceramide 

synthase 1 (initially discovered as Uog-1, upstream of Gdfl) and growth differentiation 

factor 1 (Szabo et al., 1994, Wang et al., 2007). Gdf-1 is a transforming growth factor-ß 

(TGF-ß) family member involved in brain development (Rankin et al., 2000). Mutations 

in the Lassl gene cause cerebellar ataxia and Purkinje cell degeneration (Zhao et al., 

2011). Furthermore, disruption of Gdfl increases expression of Lassl (Bengtsson et al.,
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2008). This is an interesting association with Prnp/Prnd genes, where removal of Prnp 

causes Prnd overexpression and late-onset ataxia (Moore et ah, 1999).

Antagonistic effects of PrP and Dpi have been described (Brini et al., 2005). 

Overexpression of PrP is detrimental for cells and causes neurodegeneration (Westaway 

et al., 1994). It is possible, that coordinated expression of Dpi might offset 

neurodegeneration by antagonising PrP. Dpi protein might be expressed from a 

chimeric transcript because coordinated expression is necessary for regulation of the 

apoptosis/survival balance, especially under some circumstances, e.g. cell stress.

Another possible explanation of conservation of a chimeric PRND transcript is 

translational regulation from alternative 5’ UTRs. A long 5’ UTR might carry an 

internal ribosome entry site (IRES) to initiate cap-independent translation when eIF4G 

(5’cap) initiation machinery is inhibited. This mechanism of regulation has been 

proposed to play a crucial role during development (Van Der Velden and Thomas, 

1999), apoptosis (Gräber and Holcik, 2007, Riley et al.), Alzheimer’s disease (Beaudoin 

et al., 2008), in stress responses (Thomas and Johannes, 2007), and cell cycle control 

(Pyronnet et al., 2000). Chimeric PRND might provide Dpi protein through IRES when 

normal Dpi expression is negatively affected.

Such additional mechanisms for regulation to maintain Dpi expression under as-yet- 

uncharacterised conditions might be important for functions well beyond Dpi’s 

characterised major function in spermatogenesis.

3.4.4 New exon creation

Characterisation of PRNP/PRND transcripts from amphibian to mammals revealed the 

appearance of multiple intergenic exons in the marsupial, M. domestica. None of the 

intergenic exons was found in X  laevis and only one exists in the single chimeric 

transcript in X  tropicalis (Figure 3-2). M. domestica has four chimeric transcripts with 

none, one, two or three intergenic exons (Figure 3-6). Three chimeric transcripts in 

mouse have none, one or two intergenic exons (Figure3-11).

The new exons in the PRNP/PRND intergenic area created variable 5’ UTRs for 

chimeric PRND in marsupial and eutherian mammal (Table 3-4). They correspond to 

minor PRND transcripts, possibly because of inefficient splicing as noted. It is difficult
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to assess if these new exons have been preserved by selection. The intergenic exons are 

not conserved between M. domestica and mouse, although the distance between the last 

intergene exon and the coding exon is similar for M. domestica and mouse (6895 bp and 

6535 bp, respectively, Figure 3-6 and Figure 3-11).

The presence of non-conserved exons in alternatively spliced genes indicates recent 

exon creation events (Modrek and Lee, 2003, Zhang and Chasin, 2006). It has been 

shown that new exons can be created from transposable elements (Sorek, 2007) and 

that nearly all such exons are alternatively spliced (Sorek et al., 2002). This correlates 

with high transposable element content in M. domestica (Table 3-5). Mapping the 

repeat elements to the intergenic region of the PRNP/PRND contig (Figure 3-6 (a)) 

revealed that M. domestica exon 3 overlaps with a SINE element, exon 4 overlaps with 

an LTR, and exons 5 and 6 are situated next to LINEs (downstream and upstream, 

respectively). Creation of such new 5’ UTR exons may have increased opportunities for 

regulatory versatility of the developing PRND gene.

Table 3-4. Numbers of 5’ UTR exons and total lengths of 5’ UTRs for M. domestica and 
mouse PRND transcrips. PRND-1, 2, 3, and 4 are M. domestica transcripts (Figure 3-6). Prnd- 
chl, 2, and 3 and Prndare mouse transcripts (Figure 3-11).

T ra n s c r ip t PRND-1 PRND-2 PRND-3 PRND-4 Prnd-ch1 Prnd-ch2 Prnd-
ch3 Prnd

N u m b e r  o f  
5 ’ U T R  
e x o n s

3 4 2 1 4 3 2 1

5 ’ U T R  
le n g th , bp

577 546 391 103 440 277 174 55

Table 3-5. Transposable element and GC content in X. tropicalis, M. domestica, and mouse 
PRNP/PRND locus.

S p e c ie s L o c u s  
le n g th 3 (b p )

S IN E 0

(%)
L IN E 0

(%)
L T R 0

(%)
D N A 0

(%)
T o ta l0

(%)
GC
(%)

X . tro p ic a lis 2 9 6 8 4 0 0 0 5 9 41
M . d o m e s tic a 9 4 1 2 6 10 37 14 2 66 39
M o u s e 4 6 1 7 4 6 4 33 2 46 46

a Length from exon 1 to end of exons 5, 7 and 7 for X  tropicalis, M. domestica and 
mouse, respectively (see Figures 3-2, 3-6 and 3-11 for locus architecture). 
b SINE, short interspersed element; LINE, long interspersed element; LTR, long 
terminal repeat (retrotransposons); DNA, DNA transposon.
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3.4.5 Evolution of PRND transcriptional regulation

As discussed, survival of the newly duplicated PRND gene has been facilitated by 

borrowing regulatory DNA elements from its parental gene, PRNP. In order to evolve 

new functions, a newly duplicated gene needs to develop new regulatory DNA elements 

(Ohta, 2003). The next evolutionary step started with the acquisition of the alternative 

promoter and appearance of the non-chimeric PRND transcript. As introduced in the last 

section, potential sources of regulatory DNA sequences are transposable elements 

(Jordan et al., 2003, Van De Lagemaat et al., 2003, Bejerano et al., 2006, Santangelo et 

al., 2007). Considering the high transposable element content in M. domestica (Table 3- 

5) and their involvement in the intergenic exons in the chimeric transcrips, the 

alternative PRND promoter may have emerged from insertion of LTRs or LINEs which 

later evolved into an independent promoter that allowed introduction of novel tissue 

specificity and specialised functions.

I was unable to detect a non-chimeric transcript in X. tropicalis. However, it is present 

in testis, eye and pancreas in X  laevis. The tissue distribution of M. domestica non- 

chimeric PRND could not be assessed because it had common exons with the chimeric 

transcripts. Non-chimeric Prnd is expressed in all mouse tissues, with the highest level 

in testes.

It is interesting to note that initial transcription of non-chimeric PRND arose in the most 

recent common ancestor of frog and mammal initially in testis and that a dominant 

testis-specific function of Dpi has developed in mammals. Retrogenes, which can serve 

as an example of genes developing new promoters to survive, are mostly expressed in 

testis with function in spermatogenesis even though their parental genes show 

ubiquitous tissue distribution (Marques et al., 2005). This is consistent with the 

observation that genes involved in male reproduction have a high rate of evolution 

(Swanson and Vacquier, 2002). The fact that in mammals non-chimeric PRND gained 

broader expression pattern points to acquisition of more diverse regulatory DNA 

elements during PRND evolution.

A specific example of correlation of wider PRND expression with more complex 

functionality in mammals is the high PRND expression in the complex mammalian 

heart, which has four chambers and its absence in the three-chambered Xenopus heart. It
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is tempting to speculate that PRND might have evolved as a part of the chamber 

formation system and/or cardiac conduction system and might be specifically expressed 

in Purkinje fibers that conduct impulses between two sets of chambers (Moorman and 

Christoffels, 2003).

3.4.6 3’ UTR evolution: acquisition of CPE motif

3’ UTRs of mRNA are involved in translational control, mRNA stability and 

degradation. The cytoplasmic polyadenylation element (CPE) motif resides in the 3’ 

UTR, a few nucleotides upstream of the polyadenylation signal. It is important for 

translational control and modulates translational repression and mRNA localisation, 

which are involved in germ cell development (Charlesworth et al., 2004), synaptic 

plasticity (Wu et al., 1998) and long term memory formation (Darnell, 2003).

Our research group has previously reported conserved 3’ UTR sequence motifs in 

mammalian and marsupial PRNP include the CPE motif and nuclear-specific 

polyadenylation signal site (Premzl et al., 2005) (Figure 3-17).

The CPE motif is absent in the reported frog X  laevis cDNA sequence (Strumbo et al., 

2001). I confirmed this absence in PRNP transcripts of both X. laevis and X  tropicalis. 

Unexpectedly, I found three different PRNP 3’ ends in M. domestica: long without the 

CPE motif, long with the CPE motif and short with the CPE motif. The short sequence 

with the CPE motif has an intron inside the ORF and is expressed in testis only.

The PRNP transcript with the CPE motif is present in all tissues, but is much less 

abundant than that without it, as shown by PCR amplification (Figure 3-7). My re-

analysis of the previously described and annotated marsupial PRNP sequence (Premzl et 

al., 2005) revealed that the presence of the intron was missed at the time due to lack of 

genomic sequence information. This is the only finding of an intron in the ORF-coding 

exon of a PrP family gene and it is unclear if it has any functional significance. 

Although BAC sequencing of the marsupial tammar wallaby PRNP gene revealed the 

CPE motif, it was found in PRNP cDNA isolated from the pouch young cDNA library 

(Premzl et al., 2005).
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Polyadenylation
GTTTTGTTATATAAAAAAATTGTAAATGTTTAATATCTGACTGAA 
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Figure 3-17. Conserved sequence elements in PRNP 3’ UTRs for mammals and 
marsupials. Hu, human; Mm, mouse; Ra, rat; Bo, bovine; Tw, tammar wallaby; Md, opossum 
M. domestica.

The average length of 3’ UTR sequences has increased during evolution, suggesting that 

their utilisation might contribute to organism complexity (Mazumder et al., 2003). The 

PRNP and PRND 3’ UTRs in X. tropicalis are relatively short compared with those in 

mammals: 536 bp for PRND (opossum 1162 bp; mouse 1337 bp; human 2633 bp) and 

48 bp for PRNP (opossum 1476 bp; mouse 1233 bp; human 1591 bp).

In summary: combined results from the literature and my work indicate that PRNP with 

the CPE motif is absent in Xenopus sp., appears in M. domestica as a minor transcript 

and is the only transcript in mammals. Phylogenetic analysis of PRNP paralogs, SPRN 

and PRND, suggests that the CPE motif is not an ancestral motif that has been lost in 

amphibians. As demonstrated by Premzl et al. (2004), PRNP arose after SPRN 

duplication. The CPE motif is absent in both SPRN and PRND and, thus, absent in the 

common ancestor before SPRN duplication (which resulted in the PRNP gene) and in 

the common ancestor before PRNP duplication (which resulted in the PRND gene). This 

strongly suggests that acquisition of the CPE motif allowed PRNP to develop additional 

post-transcriptional control that made it more effective for new specialised functions in 

the mammalian nervous system.

3.4.7 Genomic context of PRNP/PRND locus

I analysed the genomic environment of the PRNP and PRND locus using the annotated 

mouse genome and more recent X  tropicalis and M. domestica genomes. In mammals,
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genes situated downstream of PRND are RASSF2 and SLC23A1. This organisation, as 

well as direction of expression, has been conserved during evolution over 360 million 

years from amphibian to mammals (Figure 3-18).

Xenopus

< □  ^

Monodelphis

<  I
Mouse

d________________________________________________
C  I ^ S !7 Z /////// / / / / / / / / / / / / / / / / / / / / /A

Human

0 50 100 150 200 250 300
1 ■ I ■ I I I ■ I I I I I ■ I

I  PRNP □  PRND E U  PRNT □  Rassf2 ü SCL23A1

Figure 3-18. Comparative genomic context of PRNP and PRND genes in amphibian (X. 
tropicalis), marsupial (M. domestica\ and mammals (mouse and human). The ruler shows 
approximative distance in kilobase pairs. Dotted lines indicate dominance of bicistronic gene 
expression.

3.4.8 Duplicate of PrP in X. Laevis

X. laevis is a pseudo-tetraploid species with 36 chromosomes, compared with the 

diploid number, 20, in X  tropicalis. Whole genome duplication in X  laevis occurred by 

allopolyploid combination of two different Xenopus species at least 30 million years 

ago (Hughes and Hughes, 1993) providing the possibility of existence of two copies for 

both PRNP and PRND. One copy of X. laevis PRNP has been reported earlier (Strumbo 

et al., 2001). We uncovered a different PRNP sequence by searching EST databases. 

Comparison of the translated EST sequence with that previously reported for PrP 

revealed the existence of two distinct proteins coded by two orthologous genes: PRNP-1 

and PRNP-2, coding for PrPl and PrP2 respectively. A PRND duplicate was not found.

PrPl and PrP2 share high sequence homology (Figure 3-19 (a)). Absence of repeats, 

specific for amphibian PrPs, characterises both proteins. N- and C-terminal signal
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sequences, GPI anchor site, hydrophobic segment, and cysteines involved in the 

disulfide bridge formation are conserved.

PrP2 is 19 residues larger than PrPl with extra residues positioned the N-terminal 

region. The maximum variation is observed in the unstructured N-terminal region and 

between residues 124-128 (“NHHFD”) (Figure 3-19 (a)). There are very few variations 

in the sequences of the a-helices and ß-strands; most replacements are conservative. It 

is possible that substitution of the Arg 146 charged residue in the proximity of the 

Cysl48 (PrPl) with neutral Thrl65 residue in PrP2 might affect the disulphide bridge 

stability. Eutherial mammals and marsupials have a charged His residue in this position, 

but note that X  tropicalis PrP has the Thr residue, similar to PrP2. The first N- 

glycosylation site (PrPl residues N150, M151, SI52) is conserved between PrPl and 

PrP2, but the second site (PrPl residues N165, N166, SI68) is not predicted for PrP2 

(boxed in Figure 3-19, a). Absence of the large N-linked sugar residue might open this 

position for a ligand interaction. X  laevis PrPl differs from other PrPs, including frog 

X  tropicalis, by the Gin 107 substitution of a generally conserved histidine residue. 

However, the His residue is present in PrP2. This conservation might indicate 

subfunctionalisation between two PrPs after the polyploid event. In mammals, the loops 

between a-helix 1 and the first ß-strand and between a-hehxes 2 and 3 are considered 

hot spots for pathogenic conversion of PrP, due to presence of ligand-binding sites 

(Kuwata et al., 2007). However, compared with mammals, residues in these positions in 

X  laevis are not conserved; thus, these two loops might bind ligands different from 

those in mammals.

Residue variation between known X  laevis PrPl (PDB ID 1XUO) and a PrP2 

homology model is mapped onto the PrPl structure in Figure 3-19 (b). N-terminal 

insertions of short GNT/GWNT repeats (3 in the first indel and 2 in the second) in PrP2 

are probably just a consequence of unequal crossing-over, the same unrepeated GWNT 

and GNT motifs being present in PrPl. The N-terminal end has been shown to be 

important for intracellular trafficking (Nunziante et al., 2003). Despite low sequence 

similarity, the short N-terminal segment ofX  laevis PrP (amino acids 23-69), i.e. PrPl, 

fused to truncated mouse PrP restored its secretory and endocytic function (Nunziante et 

al., 2003). Considering this exceptionally high level of evolutionary conservation of
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trafficking function the insertion in this region of PrP2 is unlikely to disrupt this 

function.

Despite sequence similarity, the tissue distribution of PrPl and PrP2 transcripts (Figure 

3-5) are different. This signifies the importance of an alternate transcriptional start site 

and new regulatory DNA elements rather than new specific functions in retaining PrP2. 

Ohno (1970) has proposed that a redundant duplicate gene is free to accumulate 

mutations relatively rapidly. This copy might deteriorate to a pseudogene 

(nonfunctionalisation or pseudogenisation), specialise to perform a different subset of 

its original functions of the in the presence of its sibling copy (subfunctionalisation) or 

develop a new function (neofunctionalisation) and thus contribute to evolution. The 

preservation of PRNP-2 indicates that purifying selection has led to a modified 

presumably beneficial second PrP copy. It is possible that the initial promiscuous 

functions of PrP provided the opportunity for subfunctionalisation or

neofunctionalisation of the duplicate gene. In contrast, PRND, being a relatively young 

gene, was subject to negative selection and pseudogenisation.
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(b)
C

PrP1 PrP2

Figure 3-19. Sequence and structural analysis of X. laevis PrPl and PrP2.
(a) Pairwise alignment of A", laevis PrPl and PrP2. The secondary structural components are 
shown above the sequence (arrows indicate N- and C-terminal cleavage sites; cysteines involved 
in the disulphide bridge are highlighted in magenta. N-glycosylation sites and mutated second 
site in PrP2 are boxed in red; hydrophobic region is boxed in black, (b) X. laevis PrPl (PDB 
1XU0) and PrP2 (modelled using 1XU0 as a template); substituted residues between PrPl and 
PrP2 are labelled and highlighted in red, numbering corresponds to X  laevis PrPl. Structured 
region starts at residue 95 in X  laevis PrP 1.

3.4.9 Evolution of protein function  

3.4.9.1 Overall structure comparison

We can observe from Figure 3-4 (a) that amino acid sequences of X. tropicalis and X. 

laevis PrP are strongly conserved, especially in the folded C-terminal domain from 

residue 95 onwards. A different picture is apparent in Figure 3-4 (b) for Dpi where 

multiple variations throughout the sequence have already accumulated between X  

tropicalis and X  laevis. This observation is consistent with the fate of a recently 

duplicated gene for which the new copy is subject to rapid mutations leading to either 

acquisition of a new function and survival, or inactivation by pseudogenisation (Ohno, 

1970).

Comparative sequence and structural analysis allows tracking of the main features of 

PrP and Dpi protein evolution. Despite differences in sequence length, the relative 

positions of the main structural elements (signal sequences, basic regions, hydrophobic
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regions, a-helices and ß-sheets, GPI-anchor site) are conserved among Xenopus, 

Monodelphis and mouse PrPs and Dpls (Figure 3-20). The N-terminal repeat region of 

PrP shows most difference among amphibians, marsupials and mammals. It is absent in 

amphibians, both in X  laevis (Strumbo et al., 2001) and X  tropicalis (our results). An 

important difference in Dpi (amphibian) is absence of the second disulphide bridge. 

Both PrP and Dpi have two N-glycosylation sites in folded C-terminal domain.

Protein N-glycosylation affects protein stability (Wormald and Dwek, 1999). Although 

the position of one N-glycosylation site is conserved between PrP and Dpi (Figure 3- 

28, residues N180 and Ni l ,  respectively in mouse), the second site is positioned 

differently and is also different between mouse and Monodelphis Dpi (at proximate end 

of helix 2) and Xenopus Dpi (at proximate end of helix 1). Divergent evolution of the N- 

glycosylation sites may have contributed to the functional divergence of PrP and Dpi 

through divergence of the fold structure and stability.
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Figure 3-20. Overall structures of X. laevis, M. domestica and mouse PrP and Dpi. Positions 
of a-helices and ß-strands were deduced from known PDB NMR structures and using 
SwissModel software for Monodelphis and Xenopus Dpi and Monodelphis PrP (PDB ID: 1AG2, 
mouse PrP; 2K.LF, tammar wallaby PrP; 1XU0, X.laevis PrPl; 1117, mouse Dpi). Numbers 
indicate the first and last residue of each motif and positions of post-translational modification 
sites. Shaded are signal sequence, basic region, repeats, hydrophobic region, ß-sheets, and a- 
helices; CHO, N-glycosylation site; S-S, disulphide bond; GPI, glycophosphatidylinositol 
anchor.
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3.4.9.2 Evolution of Dpi functions

Evolutionary history of Dpi starts after the PRNP gene duplication. A molecular 

estimation of divergence times places that event at about 360 million years ago (Kumar 

and Hedges, 1998). The most ancient elements of Dpi sequence, inherited from parental 

PrP, are the N-terminal signal sequence for extracellular export, the hydrophobic C- 

terminal end peptide for addition of a GPI-anchor, one N-glycosylation site, one 

disulphide bridge, and the general fold of the C-terminal domain. Their positions are 

well conserved, but both PrP and Dpi acquired a second N- glycosylation site in 

different positions and PrP acquired a second disulphide bridge between amphibians 

and marsupials (Figure 3-20).

The overall sequence conservation among amphibian, marsupial, and mammalian Dpls 

is low (Table 3-6). Taking M. domestica (diverged 173 myr ago) as a mid point of Dpi 

evolution, comparison of the two periods reveals fast initial Dpi divergence, with 

sequence identity between M. domestica and X. tropicalis being only 22%. This rapid 

initial evolution slowed down during the second period, with sequence identity between 

M domestica and human Dpi being 45%. This is still much less than PrP sequence 

conservation of 70% between M. domestica and human for the same period (Table 3-7). 

Dpi sequence conservation among mammals is comparable with that of PrPs being, 

respectively for (human/mouse) 73% and 88%, for (human/bovine) 76% and 87%, and 

for (mouse/bovine) 76% and 83%. It reveals fast accumulation of mutations in Dpi 

sequence during the evolution.
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Figure 3-21. Evolution of Dpi protein sequence. Multiple alignment of human (HuDpl), 
mouse (MmDpl), rat (RaDpl), ovine (OvDpl), bovine (BoDpl), X. tropicalis (XtDpl), andX 
laevis (XlDpl) sequences, a-helices and ß-sheets are conserved in all species and indicated on 
top of the alignment based on mouse Dpi structure (PDB 1117). The N-glycosylation sites are 
indicated in red boxes. Cysteine (C) residues involved in disulphide bridge formation are 
highlighted in brown. Residues conserved during evolution are highlighted in different colours; 
their significance is discussed in the text. Cleavage sites are marked by arrows (J,).

Table 3-6. Matrix of sequence identity between Dpls from different species. Matrix was 
created by ClustalW alignment of human (HuDpl), mouse (MmDpl), bovine (BoDpl), marsupial 
opossum (MdDpl), and amphibians A"! tropicalis (XtDpl) andX  laevis (XlDpl) using BioEdit 
software.

H uDpl M m D pl B oDpl M dD pl XtD pl X lD pl
H uDpl 0.73 0.76 0.45 0.19 0.20
M m D pl 0.73 0.76 0.46 0.17 0.17
B oDpl 0.76 0.76 0.49 0.19 0.18
M dDpl 0.45 0.46 0.49 0.22 0.19
XtD pl 0.19 0.17 0.19 0.22 0.69
XlD pl 0.20 0.17 0.18 0.19 0.69
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Despite amino acid sequence divergence among mouse, Monodelphis and Xenopus 

Dpls, homology modelling of the latter using the mouse NMR structure (PDB ID 1117) 

as template shows that protein folding of the 3 a-helices and 2 ß-strands is predicted to 

be well conserved (Figure 3-22). The sequence identity between M. domestica and 

mouse Dpi proteins is high enough for reliable modelling, but the relatively low 

conservation for Xenopus, makes the model speculative. The models have been 

constructed with the Swiss-Model program (Bordoli et al., 2009) which automatically 

builds the homology model, using the mouse structure as template. As already 

discussed, X  tropicalis Dpi has only one disulfide bridge rather than two as in 

marsupials and mammals; its structural position is shown in Figure 3-22. Also, one of 

its N-glycosylation sites is displaced from the loop region between ß2 and a2 in 

marsupial and mammal to the loop region between ßl to al.

Multiple sequence alignment (Figure 3-21, Appendix 8) identifies totally conserved 

residues among species. Their spatial distribution mapped onto homology models can 

be seen in Figure 3-23. Apart from the conserved Cysl09-Cysl43 (mouse numbering) 

pair forming the disulphide bridge, the most highly conserved region is Phe86-Pro87- 

Asp88 situated just before and overlapping the first ß-sheet. Asp88 is closely associated 

with Leu67 (Figure 3-21) forming a surface, as revealed in the 3-D model, that might 

be involved in interactions with other proteins or ligands. The other totally conserved 

residues include Leu-40, Glu-74, Tyr-79, Tyr-92, Asn-111, and Thr 113. Another 

interesting conserved residue is Asnl 17 which is responsible for a kink in the second a- 

helix (Mo et al., 2001). Comparing conservation among different animal models allows 

some speculations about functional development of Dpi during evolution. For example, 

residues conserved between Dpls in higher and lower vertebrates are likely those 

necessary to preserve the fold and key posttranslational modifications of Dpi, whereas 

those conserved between mammals and marsupials will likely be important for more 

recently acquired functions.
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XtPrP MdPrP

Figure 3-22. Homology models for X. tropicalis (XtDpl) and M. domesticu (MdDpl). X.
tropicalis and M. domestica models were created by using mouse Dpi template (PDB ID 1117). 
Conserved residues (in red) between marsupial and amphibians were mapped onto the MdDpl 
surface using PyMOL graphics software. Positions of Cys involved in disulphide bridge 
formation, Asn involved in N-glycosylation, and some conserved residues are labelled. 
Numbers correspond to Xenopus or Monodelphis sequences.

Figure 3-23. Distribution of evolutionarily conserved residues mapped onto the mouse Dpi 
structure. Residue numbers correspond to mouse sequence, (a) Residues conserved between 
marsupial (M domestica) and mammal (mouse) are shown coloured red; (b) Residues 
conserved among mammal, marsupial, and amphibian are shown in blue.
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3.4.9.3 Evolution of PrP functions

Gene duplication allows development of new functions of both duplicates (Ohno, 1970). 

According to this model, PrP either lost some of its functions to Dpi 

(subfunctionalisation) and/or acquired new ones (neofunctionalisation). PrP underwent 

fast initial divergence between amphibians and marsupials as shown by sequence 

identity between Monodelphis and X  tropicalis PrP being only 25% (Table 3-7). This 

rapid initial evolution might be attributed to the duplication event, which allowed PrP 

the opportunity to develop new functions. Amphibian PrP differs from that in 

marsupials and mammals by absence of the repeat region. Taking into account the 

overall structural conservation of PrP, it is clear that a significant part of evolution of 

PrP has been driven by repeat expansion. The number of repeats varies from octarepeats 

in mammals to decarepeats in marsupials. The P(H/R)(G/P)GG(—)WGQ motif is 

conserved. The process of PrP neofunctionalisation was probably mostly complete in 

the most recent common ancestor of marsupial and placental mammals as may be 

deduced from the fact that sequence identity between mammals and marsupials (70%) 

and within the mammalian group (88%) are fairly similar, compared with that between 

amphibian and marsupial, despite an evolutionary distance of 173 myr for marsupials 

and 20-40 myr for mammals (Table 3-7).

Evolution of PrP molecular domains may have an impact on its function. Conserved 

residues were identified from multiple sequence alignment (Figure 3-24, Appendix 7) 

and mapped onto homology models to reveal their spatial distribution (Figures 3-25 

and 3-26). Various conserved residues are involved in fold integrity (Riek et al., 1996). 

Some of them are in similar positions to those of Dpi, as may be seen from Figures 3- 

23 and 3-24 and will also be discussed later (Figure 3-28). However, some of the 

conserved residues are on the outer surface and these may be responsible for 

evolutionarily preserved functions of PrP: E l45, Y148, Y149, El 51, N152 (Calzolai et 

al., 2005). Substitutions in Xenopus sp. El 19D and N120Y are conservative and thus 

could support the same function.

The most conserved region of PrP which is not involved in fold formation is the basic 

region (100-109). It is suggested to bind the C-terminal SH3 domain of Growth factor 

receptor-bound protein 2 (Grb2) and affect signal transduction (Spielhaupter and 

Schatzl, 2001, Lysek and Wuthrich, 2004). Another region is the hydrophobic region
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(110-126). However, the frog hydrophobic region is shorter with GAAA deleted (85- 

96). Conserved Gly residues at the beginning of the N-terminal domain (30, 34, 35, 45) 

are probably important for intracellular trafficking and mediation of endocytosis; 

restoration of wild-type function by addition of the N-terminus of the X  laevis PrP to 

N-terminally truncated mouse PrP has been demonstrated (Nunziante et al., 2003).

Despite overall structural similarities, Xenopus PrP sequence is strongly diverged from 

those of mammalian PrPs. It has more stable structure as loop 131-140 appears to be 

stabilised by a 2-amino-acid insertion in XIPrP (Calzolai et al., 2005). Residues 

associated with PrPSL conversion in mammals (human M l29, D178, V I80, FI98, E200, 

V210, Q217 (Prusiner, 1993)) are not conserved in amphibians, except for M l29 and 

D178. The putative protein X binding residues (mouse Q167, Q 171, Q218 (Kaneko et 

al., 1997)) are also not conserved in Xenopus.

Conservation of some PrP residues points at development of a stable C-terminal domain 

fold and appearance of some functions early in evolution. However, sequence 

divergence of mammalian PrP from that of amphibian suggests the development of 

novel functions later; additional experiments are needed to test this suggestion.

Table 3-7. Matrix of sequence identity between PrPs from different species. Matrix was 
created by ClustalW alignment of mammals (human (HuPrP), mouse (MmPrP), bovine 
(BoPrP)), marsupials (opossum (MdPrP), possum (PoPrP), tammar wallaby (TwPrP)), and 
amphibians (X. tropicalis (XtDpl) and X  laevis (XlDpl)) using BioEdit software.

H uPrP M m PrP B oPrP M dPrP PoPrP Tw PrP XtPrP X IPrP
H uPrP 0.88 0.87 0.68 0.71 0.70 0.25 0.27
M m PrP 0.88 0.83 0.68 0.71 0.69 0.24 0.26
B oPrP 0.87 0.83 0.69 0.72 0.70 0.24 0.26
M dPrP 0.68 0.68 0.69 0.84 0.83 0.25 0.27
PoPrP 0.71 0.71 0.72 0.84 0.93 0.26 0.28
Tw PrP 0.70 0.69 0.70 0.83 0.93 0.26 0.28
XtPrP 0.25 0.24 0.24 0.25 0.26 0.26 0.85
XIPrP 0.27 0.26 0.26 0.27 0.28 0.28 0.85
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Figure 3-24. Evolution of PrP protein sequence. Multiple alignment of human (HuPrP), 
mouse (MmPrP), rat (RaPrP), ovine (OvPrP), bovine (BoPrP), X  tropicalis (XtPrP), and X  
laevis (XIPrP) sequences; a-helices and ß-sheets are conserved in all species and indicated on 
top of the alignment. The repeat region is indicated in red box. Cysteine (C) residues involved 
in disulphide bridge formation are highlighted brown. Residues conserved during evolution are 
highlighted in different colours; their significance is discussed in the text. Cleavage sites are 
marked by arrows (j).

88



Chapter 3 Evolution o f PRNP and PRND

Asn207

XtPrP MdPrP

G136

Figure 3-25. Homology models for X. tropicalis (XtPrP) and M. domestica (MdPrP). TheX. 
tropicalis model was created by using X  laevis PrP template (PDB ID 1XU0). M. domestica 
model was created by using tammar wallaby PrP template (PDB ID 2KFL). Conserved residues 
between marsupial and amphibians are mapped onto the MdPrP surface in red using PyMOL 
graphics software. Positions of Cys involved in disulphide bridge formation and Asn involved 
in N-glycosylation, and some conserved residues are labelled. Numbers correspond to Xenopus 
or Monodelphis sequences.

Figure 3-26. Distribution of evolutionarily conserved residues mapped onto the mouse PrP 
structure. Compared are NMR structures ofX  laevis (PDB ID 1XU0), tammar wallaby (PDB 
ID 2KFL), and mouse (PDB ID 1AG2). Residue numbers correspond to mouse sequence. 
Residues conserved among mammal, marsupial, and amphibian are shown in blue.
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3.4.9.4 Comparative analysis of PrP and Dpi structures

It is accepted that the longer the evolutionary distance between paralogues, the more 

different they become. We can expect that soon after the duplication, PrP and Dpi had 

similar amino acid and secondary structure that later diverged. To test this expectation I 

aligned PrP and Dpi sequences from different species (Figure 3-27, Appendix 9) and 

compared sequence identity of their C-terminal domains (Table 3-8). Sequence identity 

of the N-terminal region was not calculated because of large length differences and 

obvious divergence, and the particularly disordered PrP repeats and hydrophobic region. 

Sequence identity was calculated as the percentage of identical residues between the PrP 

and Dpi C-terminal ends, excluding the signal sequences. This analysis reveals that 

sequence identity of the C-terminal is similar (~20%) among amphibians, marsupials 

and eutherial mammals. This suggests that rapid evolution and sequence divergence of 

the C-terminal region was essentially complete in the most recent common ancestor of 

amphibians and mammals, with conserved residues restricted to those essential for fold 

maintenance. Later, functional divergence of PrP and Dpi was driven by large changes 

in the N-terminal disordered end and in C-terminal residues which are not important for 

folding.

Despite several hundred million years of divergence and low sequence similarity, the C- 

terminal domain structure characterised by 3 a-helices and 2 ß-sheets is strongly 

retained between PrP and Dpi (Table 3-8). Both PrP and Dpi also retain the overall 

structural domain features (signal sequences, GPI anchor attachment, N-glycosylation 

site, folded C-terminal domain, disordered N-terminal domain and, as noted, share 

conserved residues (Figure 3-28). Conserved residues, stabilising fold formation in PrP 

are C178/C213 connected by a disulphide bond, Y162/T182 connected by a hydrogen 

bond, Y148/Y149 anchored to the protein core (Calzolai et al., 2005, Luhrs et al., 2003) 

(Figure 3-28, PrP, numbering correspond to mouse sequence). They correspond to 

residues C109/C148, Y92/T113, and Y78/Y79 mapped onto mouse Dpi structure 

(Figure 3-28, Dpi). PrP residues FI40 (F71 in Dpi), N152 (N82), PI57 (P87), Y159 

(Y92), and FI74 (F/L105) are also involved in structure maintenance (Luhrs et al., 

2003). Leucine (L) residue at position 105 in mouse and rat Dpls is uniquely different 

from phenylalanine (F) in other species (Appendices 8 and 9). The N-glycosylation site 

(N180 for PrP and N111 for Dpi) also contributes to fold stability. The conserved
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V179/V110 next to the disulphide bridge might contribute to fold stability and bridge 

formation.

It can be hypothesised that stabilisation of the C-terminal region fold was required for 

the function of the primordial ‘PrP’ before the duplication event. It is possible that this 

basic function is retained in both PrP and Dpi but the fact that PrP, in particular, has a 

reported plethora of binding partners involving both the C-terminal and N-terminal 

domains and putative functions makes it difficult to decipher what it might be. 

Functional studies have shown that N-terminally truncated PrP mimics Dpi (Shmerling 

et al., 1998, Flechsig et al., 2003), and that only N-terminally truncated PrP coexists 

with Dpi in mature spermatozoa (Peoc'h et al., 2002). Thus this hypothesis seems 

plausible.

Rapid evolution of both PrP and Dpi just after the duplication with a subsequent slow 

down is consistent with the normal fate of duplicates. Following duplication, genes 

usually experience a brief period of relaxed selection with subsequent strong purifying 

selection during which the majority of duplicates are silenced and only a few survive 

(Lynch and Conery, 2000); PrP and Dpi are such a pair.

Table 3-8. Sequence identity between the C-terminal region of PrP and Dpi in different 
species, excluding the signal sequences. % ID was calculated from ClustalW alignment of PrP 
and Dpi sequences from mouse, marsupial M, domestica, and amphibian X. tropicalis using 
BioEdit software. Starting points for C-terminal region shown by blue arrows in Figure 3-27.

Species C-term inal, %  ID
X. tropicalis 1 6 .6
M. dom estica 2 0 .0
M o u s e 18 .5
H u m a n 2 0 .0
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Figure 3-27 Sequence similarity between PrP and Dpi in (a) X. tropicalis; (b) M. domestica; 
(c) Mouse. Identical residues are highlighted in grey; a-helices and ß-strands are boxed; their 
positions were deduced from known PDB NMR structures and using SwissModel software for 
Monodelphis and Xenopus Dpi and Monodelphis PrP (PDB ID: 1AG2, mouse PrP; 2KLF, 
tammar wallaby PrP; 1XU0, Xlaevis PrP; 1117, mouse Dpi). Signal sequence cleavage sites are 
indicated by arrows, and conserved Cys of disulphide bridge by dots. Starting point for C- 
terminal region for calculation of % identities in Table 3-8 are shown by blue arrows.
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Y14
Y1

PrP Dpi

Figure 3-28. Structural conservation of PrP and Bpl among mouse, M. domesticu and X. 
tropicalis. The conserved residues were identified from multiple sequence alignment of PrPs 
and Dpls from different species (Appendix 9) and are mapped in blue onto the mouse PrP 
structure (1AG2) and the mouse Dpi structure (1117). Residue numbers correspond to mouse 
PrP or Dpi sequence, respectively. LI05 residue in mouse Dpi corresponds to a conserved F Dpi 
residue in other species.

3.5 Conclusion

The evolution of functions of the PRNP and PRND genes illustrates a range of 

evolutionary processes after tandem and whole genome duplication. The novel finding 

of the PRND gene in Xenopus species allowed me to demonstrate mechanisms of gene 

retention, sequence divergence, and acquisition of new tissue distribution and apparent 

functions after the tandem gene duplication. Furthermore, the discovery of a variant 

PRNP gene, but not PRND, in the tetraploid frog Xenopus laevis provided additional 

insights into the divergence of duplicate genes or their loss after whole genome 

duplication from allopolyploidy. My results demonstrate that PrP and Dpi evolved 

concurrently and possibly cooperatively. Both genes acquired novel, more specialised 

functions, which contributed to physiological complexity of mammals. Evolution of PrP 

was given impetus by the acquisition of the CPE motif at the 3’ UTR of the mRNA for 

posttranslational regulation and elaboration of N-terminal repeats in the protein. At the
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same time, the Dpi gene evolved by gaining new regulatory DNA elements and new 

tissue specificity. From comparative sequence analysis and tissue distribution, I 

conclude that the functions of PRNP and PRND in mammals differ significantly from 

those in frogs. However, conservation of the main structural domains of PrP (a-helices, 

ß-strands, N- and C-terminal signal sequences, N-glycosylation sites, GPI anchor 

attachment site, disulfide bonds, and basic and hydrophobic regions) suggests that PrP 

may have retained its original function and evolved additional promiscuous functions 

rather than gaining one completely new function.

The intrinsic functional flexibility of PrP is demonstrated by retention of its second 

copy after the whole genome duplication in X. laevis. Conversely, loss of the second 

variant of PRND might point to its functional immaturity at the time of the whole 

genome duplication and little selective advantage in retaining two copies with modified 

properties.

A key aspect of the early evolution of the Dpi gene is the existence of chimeric 

transcripts sharing 5’ untranslated exons with the PrP gene in Xenopus sp., together with 

non-chimeric PRND transcripts expressed from a newly acquired promoter. Our 

findings suggest that divergence of PrP and Dpi started with subfunctionalisation 

followed by neofunctionalisation. This is consistent with a suggestion that functional 

evolution of duplicated genes cannot be explained by subfunctionalisation or 

neofunctionalisation alone, but that subfunctionalisation may be a transient mechanism 

before neofunctionalisation (He and Zhang, 2005, Rastogi and Liberies, 2005).

Neofunctionalisation of Dpi begins with the acquisition of a novel regulatory DNA 

region and, as a result, a novel tissue distribution: specifically higher expression in testis 

and repressed expression in brain. It seems that initial chimeric transcription allowed 

PRND to evolve very rapidly by mutation while its expression was preserved by 

coexpression with PRNP, thus allowing for selection for new functions and escape from 

pseudogenisation.

In summary, the discovery of the recently duplicated PRND gene in amphibians and 

marsupial, especially in its chimeric transcript form, allows us to better understand the 

process of gene evolution.
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Chapter 4.
Regulation of expression of PRNP and 
PRND

As introduced in Chapter 1, expression of PrP and the PrP-homologue protein Dpi is 

altered in various neurodegenerative disorders, such as Alzheimer’s, as well as after 

brain injury and during development. Recent studies suggest that PrP possesses 

neuroprotective functions while Dpi is neurotoxic and induces apoptosis. Although 

PrP/Dpl antagonism is currently explained by competitive ligand binding (Sakaguchi, 

2008), there is no proposed mechanism for how this antagonism is regulated.

This chapter aims to define the regulatory mechanisms underlying this antagonism. I 

hypothesised that the antagonistic relationship of PrP and Dpi is transcriptionally 

coregulated to achieve balance between apoptosis and survival of neuronal cells. Using 

bioinformatics, experimental methods, and the conceptual biology approach, I propose a 

molecular mechanism for PrP and Dpi coregulation and novel insights into neuronal 

death.

4.1 Introduction

4.1.1 Antagonistic functions of PrP and Dpi

PrP’s antiapoptotic activity is illustrated by protection against oxidative stress through 

SOD activity (Brown and Besinger, 1998), prevention of neurodegeneration in PrP-null 

mice which overexpess Dpi (Moore et al., 2001, Nishida et ah, 1999), inhibition of 

proapoptotic protein Bax (Park and Li, Bounhar et ah, 2001, Roucou et ah, 2003), 

promotion of survival of cerebellar granule neurons in culture (Krebs et ah, 2007, Chen 

et ah, 2003), and antiapoptotic regulation of Ca“ signalling by limiting Ca“ 

accumulation in mitochondria (Brini et ah, 2005). On the contrary, Dpi proapoptotic 

function is demonstrated by loss of Purkinje cells in PrP-null mice (Moore et ah, 2001, 

Nishida et ah, 1999), apoptosis in Dpl-expressing cerebellar neurons and astrocytes (in 

culture) mediated through caspase-3 and caspase-10 activation (Qin et ah, 2006b), 

exacerbation of oxidative damage by Dpi expression (Wong et ah, 2001), and
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2 +
proapoptotic regulation o f Ca“ signalling when overexpressed Dpi increases 

mitochondrial Ca: (Brini et al., 2005).

4.1.2 Reported transcription factors for PRNP

PRNP is widely expressed in adult mammalian tissue and was originally considered a 

house-keeping gene (Oesch et al 1985). Only ubiquitous transcription factors (TFs), 

such as Spl, Ap l and Ap2 were predicted to bind the human, bovine and rat PRNP 

promoter (Mahal et al., 2001, Inoue et al., 1997, Saeki et al., 1996, Baybutt and 

Manson, 1997). However, cell-specific expression o f PrP (Ford et al., 2002b) suggests 

some chromatin rearrangement and tissue-specific TFs might be involved to inhibit 

ubiquitous PrP expression. Indeed, early phylogenetic footprinting comparison o f 

multiple mammalian and one marsupial sequences (Premzl et al., 2005) revealed 

conserved DNA regions with MEF2, Oct-1, M yT l and NFAT transcription factor 

binding sites (TFBSs), and later work developed this approach (Chakka and Gready, 

2006).

4.1.3 Reported transcription factors for PRND

Even though PRND is non-ubiquitously expressed and seems to have specialisation in 

spermatogenesis, only ubiquitous TFBSs, USF1 (Sepelakova et al., 2005) and NF-Y 

(Nagyova et al., 2004) are reported so far in the published literature in the mouse Prnd 

promoter region that spans -185/+27 relative to the transcription start site (Nagyova et 

al., 2004).

4.1.4 Chromatin and PRNP/PRND regulation

Important roles for chromatin-dependent regulation have recently been proposed in 

synaptic plasticity and memory formation (Levenson and Sweatt, 2005). Recent data 

indicate that TSA (histone deacetylase inhibitor) treatment affects PrP promoter activity 

and expression (Cabral et al., 2002), suggesting histone modification may be regulating 

accessibility o f DNA to activating factors.

Dpi shows high expression during spermatogenesis (Rondena et al., 2005), where 

unique chromatin remodelling events are known to regulate transcription (Sassone- 

Corsi, 2002), as well as wide distribution in foetal tissues but restricted in adults.
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4.2 Materials and Methods

4.2.1 Cell lines

The cell lines used are mouse spermatogonia GC-l (ATCC: CRL-2053), mouse primary 

spermatocyte GC-2 (ATCC: CRL-2196), mouse sertoli cell TM4 (ATCC: CRL-1715) 

(provided by Prof Kate L. Loveland, Monash Institute of Medical Research, 

Melbourne), mouse cerebral cortex endothelial bEND.3 (ATCC:CRL-2299) (provided 

by Prof Carolyn Geczy, Inflammatory Disease Research Unit School of Medical 

Sciences, University of New South Wales), and human neuroblastoma SHSY5Y 

(ATCC: CRL-2266) (provided by Dr Alison Shield, Australian National University). 

All cell lines, except TM4, were maintained in DMEM media supplemented with 10% 

fetal bovine serum and 1% glutamine in a 37 °C incubator with 5% CO2 supply. TM4 

was maintained in DMEM/F12 media supplemented with 5% horse serum and 2.5% 

fetal bovine serum.

4.2.2 Total RNA extraction and cDNA synthesis

Wild-type BALB/C mice tissues at different stages (El4, embryonic day 14; PI, 

postnatal day 1; PI5, postnatal day 15; and adult, 18 weeks old) were collected and 

preserved in RNAlater solution (Ambion). Total RNA was isolated from brain (El4, PI, 

PI5, and adult), adult testis, heart, kidney, liver, lung, muscle, spleen, and thymus. GC1, 

bEND, and SHSY5Y cells were grown as described, trypsinised, washed in PBS 

solution and collected by centrifugation. All RNA extractions were conducted using the 

RNAeasy Mini Kit (Qiagen). DNase treatment (Ambion) was included to remove 

residual DNA contamination. Human brain total RNA was purchased (AmbionK Human 

Brain Reference RNA, pooled several brain regions of multiple donors, catalog #6050).

1 pg of total RNA from each mouse tissue, cell lines and human brain was primed by 

an oligo(dT) primer and first strand cDNAs were synthesised using Superscript 11 

reverse transcriptase (Invitrogen), following the manufacturer’s instructions.

4.2.3 Oligonucleotide primers

Oligonucleotide primers for mouse Prnp and Prnd promoter amplification and 

mutagenesis were synthesised by Sigma (Australia). Primer sequences and their 

descriptions are provided in Table 4-1.
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Primers used for RT-PCR analysis of mouse Prnp, Prnd, Bptf/Facf E2F1, and ß-actin 

were synthesised by Sigma (Australia); they are summarised in Table 4-2. To avoid 

genomic DNA amplification, primer pairs were designed as specific to different exons 

(in that case DNA amplification would result in a larger size PCR band). FEO control 

was used to test for template contamination.

Table 4-1 Summary of mouse-specific primers used for promoter amplification and site- 
directed mutagenesis. Predicted transcription factor binding sites are highlighted in grey, 
mutated nucleotides are in bold.

LprFACl TACTGCTCCATTTTGCGTGA
RprPrP CATACAGGGAGTTCCAGGTCA
LprDplBam GAGGTTGGGTCTTGATGGTC
RprDplHind CATACAGGGAGTTCCAGGTCA
RP3 ACAAGCACGGAGGTTTTCTG
LmutMAZl GATGGTCTTGGAGAGGGTTGGGAGGG
RmutMAZl CCCTCCCAACCCTCTCCAAGACCATC
LmutMAZ2 GGGAGGGTTGGGAGAAGAACTGAAAAATCATC
RmutMAZ2 GATGATTTTTCAGTTCTTCTCCCAACCCTCCC
LmutFACl AGTTTTCTCTTTTTGGTGTTTT AAAGGACTCC
RmutFACl GGAGTCCTTTAAAACACCAAAAAGAGAAAACT
LmutFAC2 GGATTTTTCTTGTTTGGTGTTTGTTTTTTAATTTGG
RmutF AC 2 CC AAATT AAAAAAC A AACACCAAAC AAG AAAAATCC
LmutE2Fl CTCAGTCCTGCTTCTCCCACATACCCAG
RmutE2Fl CTGGGT ATGTGGGAGAAGC AGGACTGAG

Table 4-2. Summary of mouse-specific primers used in RT-PCR analysis. Superscript 
numbers indicate position of the first and the last nucleotides of the primer in cDNA relative to 
the ORF first nucleotide.

LmmFacl 1 '“ GACCCAGAAAAGGACAAGCA1 ™1
RmmFacl ^ACGAGTGGACCCAGATGTTC2345
LmmE2Fl 3 8 3 ATC TG AC C AC C A A A C G C TT C 407
RmmE2Fl W TAATCCCGTCTGCACTCTCC8"
LmmPexl-94 “ GCATTCTGCCTTCCTAGTGG'43
Rpp3 ^TGAAGTTCTCCCCCTTGGTG373
LMexlDpl •"TCAGAGGCCACAGTAGCAGA16
RM587 526ACCAAACGAAACCCAGCAGMI8
LMexlDpl ‘35TCAGAGGCCACAGTAGCAGA16
Lß-actin 349a g a t g a c c c a g a t c a t g t t t g 369
Rß-actin 989a g c a a t g a t c t t g a t c t t c a t g 968
LhFACl l74iGCCAAAAAGGGAGAC ATTGAl76:'
RhFACl 2388a t t c g a g t t g a g c c a g a t g c 2369

98



Chapter 4 Regulation of expression o f PRNP and PRND

LhE2Fl ^ ’TGCCAAGAAGTCCAAGAACC55''
RhE2Fl "^ATCTGTGGTGAGGGATGAGG1016
LhexlDpl ■4,’TCCAGAGGCACACTCCAGA‘zi
RH505 4J4CAATGCTTGAGGGAGCAGAG415
LhPrPex ■Jl'AGCTTCTCCTCTCCTCACGA‘a’
RhPrP 313GCTT ACTCGGCTTGTTCCAC394

4.2.4 Cloning of Prnp conserved non-coding DNA region and Prnd 
promoter

A 630 bp mouse Prnp fragment harbouring the predicted TFBSs for FAC1, MEF2, and 

MAZ transcription factors and a 650 bp mouse Prnd proximal promoter fragment were 

amplified by PCR (BD Advantage Polymerase mix, BD Biosciences; 95 °C 2 min, 

followed by 30 cycles (95 °C 30 sec, 60 °C 30 sec, 68 °C 3 min), 72 °C 10 min from 

mouse genomic DNA using primers LprFACl/RprPrP for Prnp and 

LprDplBam/RprDplHind for Prnd (Table 4.1). The 630 bp Prnp PCR product was first 

cloned into TOPO-TA vector to create Xhol/Hindlll restriction sites. The Prnd PCR 

product was directly digested with Xhol/Hindlll restriction enzymes to obtain the 650 

bp fragment. Both Prnp and Prnd fragments were then cloned into the corresponding 

sites of the pGL4 luciferase reporter vector (Promega). Ligation reactions (T4 DNA 

ligase, Invitrogen) were carried out by first incubating DNA at a vector to insert molar 

ratio of 1:6 at 65 °C for 5 minutes, followed by cooling on ice and adding 5X ligation 

buffer followed by incubation at room temperature for 1 hour.

Two truncations of the 630 bp Prnp fragment were cloned into the luciferase vector 

(Figure 4-3). A 320 bp Prnp fragment was amplified with the LprFACl/RP3 primer 

pair (Table 4-1) to remove one of the two predicted FAC1 binding sites. A 190 bp Prnp 

fragment containing the second predicted FAC1 site, but with the predicted MAZ and 

MEF2 binding sites removed was obtained by Kpnl digestion of the 630-Prnp- 

luciferase plasmid, isolation by gel purification and cloning into Kpnl sites of the 

luciferase vector.

Plasmids for transfections were prepared using the GenEluteIM Endotoxin-free Plasmid 

Midiprep kit (Sigma).
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4.2.5 Site-directed mutagenesis of transcription factor binding sites

Site-directed mutagenesis was performed to introduce point mutations into the predicted 

FAC1 and MAZ binding sites on the 630 bp Prnp conserved non-coding DNA region 

and the predicted E2F1 binding site on the 650 bp Prnd promoter cloned into the pGL4 

reporter vector (Promega). The method is based on using complementary forward and 

reverse primers containing mutations of corresponding TFBSs. The extension of 

primers annealed to templates occurred during PCR using high fidelity Platinum*R) Pfx 

DNA polymerase (Invitrogen) under the following conditions: 94 °C for 15 sec, 55 °C 

for 30 sec, 68 °C for 5 min, 15 cycles. Following temperature cycling, the product was 

treated with the endonuclease Dpnl (New England Biolab), which only digests the 

template DNA. The nicked vector mutant DNA is then transformed into the TOP 10 

E.coli strain (Invitrogen) which repairs the nick and replicates the DNA. Site-specific 

mutagenesis was confirmed by sequencing.

The primer pairs carrying point mutations were LmutMAZl/RmutMAZl and 

LmutMAZ2/RmutMAZ2 for MAZ binding sites, LmutE2Fl/RmutE2Fl for the E2F1 

binding site, and LmutFACl/RmutFACl and LmutFAC2/RmutFAC2 for FAC1 binding 

sites (Table 4-1).

4.2.6 Transfection and luciferase reporter assays

1 x 10̂  cells were seeded per well in serum-free and antibiotic-free media in 12-well 

plates. 1.5 pg of total plasmid DNA [800 ng of cloned promoter-pGL4-luciferase 

plasmid (described in Section 4.2.4), 300 ng of pRL-TK renilla (Promega), 400 ng of 

pcDNA3 expression vector containing transcription factor or empty for control] was 

transfected using MetafectenekPro reagent (Biontex Laboratories, Germany), in a ratio 

1.5 pg : 3 pi. Total DNA concentration was adjusted with pcDNA3 (a gift from Dr 

Alison Shield, ANU). Expression vectors used were human /vlC7-M2flag in 

pcDNA3.1, mouse Bptf in pcDNA, human E2F1 in pcDNA, and human pRb (all gifts 

from Dr Kelly Jordon-Sciutto, UPenn, USA). Transfected cells were incubated for 24 h 

in a 37 °C incubator with 5% CO2 and then trypsinised, resuspended in 50 pi of DMEM 

medium and transferred into a 96-well plate for measurement of luciferase activity using 

the Dual-Luciferase Reporter Assay System (Promega). The luciferase activity was 

normalised against the renilla expression produced by the pRL-TK renilla vector
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(Promega). Mean values with standard deviation were calculated from at least two 

independent experiments performed in triplicate.

4.2.7 Bioinformatics analysis

Phylogenetic footprinting and TFBS analysis of PRNP was carried out by Nagesh 

Chakka (Chakka and Gready, 2006). Phylogenetic footprinting is a computational 

method developed for identifying TFBS in a single gene by comparing orthologous 

sequences from several species. The basic assumption is that functional regions, 

including TFBS, are under greater selective pressure, and will be more conserved 

among species than nonfunctional regions. Motif-discovery and alignment-based 

phylogenetic footprinting methods with the integrated TRANSFAC professional 

database (http://www.gene-regulation.com/pub/databases.html) were applied to develop 

a high throughput screening pipeline to search for conserved motifs. Animal species 

were selected based on their evolutionary distances and availability of sequence 

information at the time of analysis. Representative sequences are from human, dog, rat, 

mouse, cow, and sheep for eutherian mammals, Monodelphis domestica and tammar 

wallaby for marsupials, frog Xenopus tropicalis for amphibians, and chicken for avians. 

Analysed genomic sequence covered a 2 kb region upstream of the transcription start 

site of PRNP, the whole exon-intron region, and 2 kb downstream from the transcription 

stop site.

I conducted additional analysis of the mouse and human PRND promoter region using 

Genomatix software (www.genomatix.de).

4.3 Results and Discussion

4.3.1 Bioinformatics prediction of PRNP transcriptional control sites

The phylogenetic footprinting technique was used to predict transcription factor binding 

sites for the PrP gene. This method is based on the assumption that sequence motifs that 

have some biological significance are likely to be conserved under selective pressure 

during evolution. First, conserved motifs were obtained with motif-discovery method 

analysis of multiple orthologous DNA sequences from mammals, marsupials, frog, and 

chicken. Then, the conserved sequence motifs obtained were screened against the TFBS 

database (http://www.gene-regulation.com/pub/databases.html). Total numbers of 

predictions were 30 TFs for mammals, 15 TFs for marsupials, 6 TFs for amphibian, and
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3 TFs for chicken. These conserved binding sites for eutherian mammals (human, dog, 

mouse, rat, cow, and sheep), marsupials (M domestica and tammar wallaby), amphibian 

X  tropicalis, and avian are mapped in Figure 4-1 to illustrate overlapping predictions. 

Predicted TFBSs were mainly found in intron 1 and 2 (Figure 4-1). Interestingly, the 

most conserved TFBSs between species are for the FAC1 and MAZ TFrs (as can be 

seen from overlapping regions of the diagram), positioned as a cluster in the 630 bp 

region next to exon 2. The third most conserved TF, MEF2, is situated in intron 2, about 

3 kb upstream of the PRNP ORF. There is another MEF2 transcription factor binding 

site in the 630 bp region that is conserved only in mammals. The FAC1 TF was selected 

for further experimental analysis. Its conservation among evolutionarily diverse species 

may reflect early specialisation of the PRNP gene. Absence of the FAC1 TFBS in 

chicken PRNP conserved non-coding DNA region is intriguing, considering that the 

PRND gene is absent in chicken (Nagesh Chakka, PhD thesis, 2008).

Mammals,' 
30 TFs

E « N

DBP / / ^ YY1 5 b p 5 a f  /  MAF I qx xj D
PSX1 /  XVENT1 / mYB

I * FAC1
AP3 I PAX2/MYB| mEF2

V STATÎ V  — >-
, MEF2 \  V\C l/y Y 1 \M A Z

LSTAT4~ a

TBP/GAT/O

Frog, 
6 TFs

I N I 2 ^ ----- - " N F I Chicken, 
3 TFsMarsupial, 

15 TFs
ETS/STATB

6
TSS 2.2kb

PRNP
24kb

Figure 4-1. Transcription factors predicted in the PRNP conserved non-coding DNA 
region. The diagram illustrates overlapping predictions for 6 eutherian mammals (human, dog, 
mouse, rat, cow, and sheep), 2 marsupials (M domestica and tammar wallaby), frog A 
tropicalis, and chicken. Total numbers of predicted transcription factors (TFs) for each 
evolutionary animal group are indicated. The schematic of the mouse Prnp gene shows 2 non-
coding exons and 1 coding exon, transcription start site (TSS), sizes of introns, the most 
conserved transcription factor binding sites among species (FAC1 and MAZ) and the MEF2 
binding site, conserved in mammals only, positioned as a cluster in the 630 bp region next to 
exon 2.
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4.3.2 Biological significance of FAC1, MEF2, and MAZ and their 
relationship with PrP and Dpi

The clustering of two of the most conserved TFs (FAC1 and MAZ) and mammalian- 

conserved MEF2 in the same 630 bp region of PRNP next to exon 2 makes them 

attractive candidates for experimental analysis. First, I searched key information about 

their function and possible relationship with PrP and Dpi expression.

The myocyte enhancer factor 2 (MEF2) family of TFs plays an important role in muscle 

differentiation (Martin et al., 1993). MEF2 is an essential regulator of cardiac 

myogenesis and right ventricular development (Lin et al., 1997b). Furthermore, MEF2s 

are also abundantly expressed in neurons and contribute to the development and 

function of the nervous system. Importance of MEF2 for development of the Purkinje 

cells in the cerebellum (Lyons et al., 1995), for vascular endothelium development (De 

Val et al., 2004), control of synapse number (Flavell et al., 2006), as well as expression 

of MEF2C in B cells and thymic medulla (Swanson et al., 1998), correlates well with 

possible roles for PrP activity, as both are involved in neuronal maturation and synaptic 

plasticity. MEF2 is able to recruit a histone methyltransferase to target gene promoters 

(Zhang et al., 2002) and is linked to both transcriptional repression through recruitment 

of histone deacetylase and activation by histone acetyltransferase interaction (Gruffat et 

al., 2002).

Fetal Alzheimer reactive Clone 1 (FAC1) was first identified in brain homogenates 

from patients with Alzheimer’s disease (Bowser et al., 1995). Its alternatively spliced 

form was discovered later as BPTF (Jones et al., 2000). I describe FAC1 and BPTF 

proteins and their transcripts in detail in Chapter 5 as BPTF variant 1 and variant 2.

There are several points of relationship between PrP, Dpi and FACE

• FAC1 and PrP are both involved in oxidative stress regulation (Strachan et al., 

2004, Brown and Besinger, 1998). They might interact during common 

participation in the oxidative stress response Nrf2/Keapl pathway. FAC1 

interacts with Nrf2/Keapl in the cytoplasm; in response to oxidative damage, 

Nrf2 is released (Strachan et al., 2005b). There is evidence of PrP interaction 

with Nrf2 (Yehiely et al., 1997).
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• Both FAC1 and PrP are important for neurite outgrowth (Rhodes et al., 2003, 

Zawlik et ah, 2006).

• PrP expression is upregulated in the dentate gyrus of the hippocampus after 

traumatic brain injury (Marciano et ah, 2004, Weise et ah, 2004). FAC1 

demonstrates similar pattern of expression following entorhinal cortex lesion. 

(Styren et ah, 1997).

• PrP, Dpi and FAC1 are all involved in Alzheimer’s disease. PrP is abundant in 

synaptic terminals and aberrant neuritic of senile plaques in AD (Ferrer et ah, 

2001). Expression of Dpi increases in amyloid-containing diffuse and neuritic 

plaques (Ferrer et ah, 2004). FAC1 is observed in diffuse and neuritic plaques 

(Schoonover et ah, 1996) and activated microglia (Bowser and Reilly, 1998) in 

AD brain.

• FAC1 expression level increases rapidly following nerve growth factor (NGF) 

treatment of PC 12 cells (Rhodes et ah, 2003). PrP behaves similarly (Zawlik et 

ah, 2006).

• FAC1 interacts with MAZ and reduces its transcriptional activity; both proteins 

show similar expression patterns in normal tissues and colocalise in AD brain 

(Jordan-Sciutto et ah, 2000). The existence of a MAZ-binding site in the 

proximity of a FAC 1-binding site is, thus, tantalizing evidence of a mechanism 

for such interaction and indicative of the power of the current bioinformatic 

predictions.

The link between FAC1, PrP, and Dpi points to FAC1 as a prospective candidate which 

simultaneously regulates PrP and Dpi.

4.3.3 Effect of FAC1 on 630bp-Prnp conserved non-coding DNA 
region

To analyse predicted FAC 1-binding sites, I cloned mouse 190 bp, 320 bp, and 630 bp 

Prnp conserved non-coding DNA region fragments into the pGL4 luciferase reporter 

plasmid. The 630 bp fragment contained two FAC1, and one MAZ and MEF2 binding 

sites; in the 320 bp fragment the rightmost FAC1 and MEF2 sites were removed; the 

190 bp fragment retained only the left FAC1 site (Figure 4-2). In addition, and taking 

account of the demonstrated interaction between FAC1 and MAZ (Jordan-Sciutto et ah, 

2000), point mutations were introduced into the MAZ binding site in two different
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positions (Table 4-1). Unfortunately, attempts to mutate FAC1 binding sites were not 

successful.

Initially, mouse cerebral cortex endothelial bEND.3 cells were selected for transfections 

and luciferase assay experiments. Because the purpose o f the experiment was to test for 

the coregulation o f PRNP and PRND genes, the choice o f cell line was made based on 

reported mouse Prnd promoter activity in bEND.3 cells (Nagyova et al., 2004). 

Comparison o f luciferase activity between cells transfected with empty pGL4 vector 

and 630bp-/V/7/>pGL4 construct demonstrated transcriptional activity of the 630 bp 

conserved non-coding DNA region with a 5-fold increase in luciferase activity. 

However, cotransfection o f hFACl-expressing plasmid with the 630bp-/V>7/?-pGL4 

construct into the bEND.3 cell line showed no effect on luciferase activity (Figure 4-2).

Figure 4-2. Activity of the 630bp-Prnp conserved non-coding DNA region. bEND.3 cells 
were transiently cotransfected with a pGL4 luciferase reporter vector or 630bp-Pr«/?-pGL4 
construct and either pcDNA or hFACl-expressing plasmid. Luciferase activity was assayed 24 
h after transfection and normalised to pRL-TK renilla expression. The 630bp-Prnp region is 
transcriptionally active with a 5-fold increase in luciferase activity. Cotransfection with human 
FAC 1-expressing plasmid has no further effect on promoter activation, possibly due to the 630 
bp region being activated by endogenous factors. Standard deviation is indicated by the error 
bars; n (replicates) = 3, n (different biological samples) = 2.
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The experiment was repeated in mouse primary spermatocyte GC-2 cells with 

additional mutated constructs. Both the 190 bp and 320 bp truncations of the 630 bp 

conserved non-coding DNA region and MAZ binding site mutated fragments were not 

affected by cotransfection with \\FAC1 plasmid (Figure 4-3). However, comparison of 

luciferase activity of the original 630 bp Prnp conserved non-coding DNA region and 

its mutated variants demonstrated activity of the region in bEND.3 cells. Luciferase 

expression directed by the 320 bp construct was about 2.3 times lower than that induced 

by the 630 bp construct, whereas for the 190 bp construct carrying only one FAC1 

binding site it was 2.4 times activated. Luciferase activity of the 630bp-TV77/?-pGL4 

construct was reduced 1.5 times by mutation of the MAZ-binding site (Figure 4-3).

The similarity of luciferase activity between control pcDNA plasmid and hFACl- 

expressing pcDNA plasmid might be explained by presence of endogenous 

FAC1/BPTF in bEND.3 and GC2 cells or absence of some cofactors. It is interesting, 

that mutation of the MAZ binding site reduced promoter activity. This is consistent with 

studies of Jordan-Sciutto et al., (2000) which showed that FAC1 interacts with MAZ 

and represses its activity. So, it is possible that the MAZ binding site mutation affected 

activation of the promoter with endogenous FAC1/BPTF.
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Figure 4-3. Transcriptional activity of Prnp conserved non-coding DNA region constructs 
in GC2 cells, (a) Cells were transiently cotransfected with Prnp-^)GL4 constructs and pcDNA 
or hFACl-expressing plasmid. Luciferase activity was assayed 24 h after transfection and 
normalised to pRL-TK renilla expression. Mutation or truncation of the 630bp-Prnp region 
results in variation in luciferase activity: 2.3-fold downregulation after truncation to 320 bp 
fragment, 2.4-fold upregulation after truncation to 190 bp fragment, and 1.5-fold 
downregulation after MAZ-binding site mutations. Standard deviation is indicated by the error 
bars; n (replicates) = 3, n (different biological samples) = 2. (b) Prnp conserved non-coding 
DNA region constructs created for luciferase assay. Schematic position of second Prnp exon 
and predicted transcription factors (FAC1, MAZ, and MEF2) are indicated on the 630 bp 
construct.

I hypothesised that cooperation of some cell-specific cofactors which are absent in 

bEND.3 and GC2 cells is needed to initiate FAC1 action. In order to test this, I 

compared 630bp-Prnp luciferase activity in various cell lines (mouse spermatogonia 

GC-1, mouse primary spermatocyte GC-2, mouse sertoli cell TM4, mouse cerebral
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cortex endothelial bEND.3, and human neuroblastoma SHSY5Y) (Figure 4-4). Cells 

were cotransfected with the 630bp-Prnp luciferase construct and either with pcDNA3.1 

or mouse Bptf in pcDNA3.1. Because /i/v!C/-M2flag-pcDNA expresses truncated 

protein (see Chapter 5), Z?/?//:pcDNA was used in this experiment to test whether the 

full length protein is required for promoter activation. The result showed a similar 

activation profile for cotransfection of bEND and GC2 cells with BPTF-expressing 

plasmid as for hFACl-expressing plasmid (Figure 4-4). Cotransfection in TM4 and 

SHSY5Y cells resulted in activation of the Prnp conserved non-coding DNA region by 

approximately 2 and 3 times, respectively (Figure 4-4).

This latter outcome does not agree with hFACl-mediated transcriptional repression 

reported previously in mouse embryonic fibroblast NIH3T3 cells (Jordan-Sciutto et al., 

1999). This difference may be due to cell-specific variations in cofactors. In my 

experiments, luciferase activity was repressed only in the GC-1 cell line, by 

approximately 2-fold (Figure 4-4). However, the GC1 cells were suspected to be 

contaminated with mycoplasma (not analysed to confirm) and they did not look very 

healthy. This might explain the atypical result (compared with the other 4 cell lines I 

used). It is tempting to speculate that unhealthy cells have increased apoptotis, and that 

as a result, additional cofactors are expressed in these cells which contribute to 

downregulation of Prnp expression to shift the balance towards apoptosis. In 

conclusion, the variability in promoter activity in different cell lines shows that the 

effect of FAC 1 is cell-specific and that the presence of some cofactors is required.
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Figure 4-4. Prnp promoter activity in response to BPTF transfection has cell-specific 
response. Various cell lines were transiently cotransfected with the 630bp-Pr«/?-pGL4 construct 
and pcDNA or mouse Bptf-pcDNA plasmid. Luciferase activity was assayed 24 h after 
transfection and normalised to pRL-TK renilla expression. Prnp-pGL4 activity is 2.2-fold 
downregulated in GC1 cells, not affected in bEND and GC2 cells, 2.2-fold upregulated in TM4 
cells, and 2.8-fold upregulated in SHSY5Y cells. GC-1, mouse spermatogonia; GC-2, mouse 
primary spermatocyte; TM4, mouse sertoli; bEND.3, mouse cerebral cortex endothelial; 
SHSY5Y, human neuroblastoma. Standard deviation is indicated by the error bars; n 
(replicates) = 3, n (different biological samples) = 2.

4.3.4 PRND promoter contains conserved transcription factor 
binding sites

The first step to develop a hypothesis about PrP and Dpi coregulation was to analysejthe 

PRND promoter. Analysis of the proximal PRND promoter using Genomatix software 

resulted in prediction of E2F1, AP-2, CREB, USF1, and NFY TFBSs. As described in 

the literature, the E2F1 site can be organized in regulatory modules or clusters of TFs 

with AP-2 (Jin et al., 2006), CREB and NFY (Elkon et al., 2003). Thus, the presence of 

this cluster of binding sites in the 650bp PRND proximal promoter and its conservation 

between mouse and human (Figure 4-5) provide strong support for the reliability of this 

prediction.
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650bp
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CTCAAGTÄTCCCTÄGGGÄCCCCAAAÄAAGCCCAAAGTCCCGGGCACTCAAGTTTGTCTCCCTCCTCÄCTC
a g t c c t g c | t t t c c c a c a ,4a c c c a g g a g a a a g t g g t g a c t t t t c c a c t t t t g g g g g c t c c a g c 7\acatg g
CATGGTGGATGGGGGTGGGGGTCCAGACAAATGGCAGTCCTTCTAAATTGTCCCTTCCCATGAGGTTGCC
TGAAAGAGGCCCCTTGTCACTGGCGACTGGTCTTAAGGGGCAGGACAACAGATGTACCCAGCAAGGCTTC
CTTCAGCCCCCTTGGCTGTGGGCACTGGAAGCTGCCCAGGCTGTAGTTCTTCCCAGGCCGGTCTTAACAT
CGAGATCTTpACGTGGiTTTATCAGTGAAGAGTAACAAGAGGCTCCAACCTTCCAGGGTGGAGGAGTGAT
g c a g g a g c c c t t g a t t g g t | ctg ctg t g ga gg ga ag gg c t ac cc t at t tg ga gg gc tg ga gc t cg gt ag a
GAGGCCCCCTCCCCCTGCAGCGCCTÄTATÄGCTGÄGTGGTGGCCGÄGGGAÄGGTGTTCCGGAGAAGTGAG
GGCTCCAAGCTTCAGAGGCCACAGTAGCAGAGAACCGAGGTATGTGGCGGGGATTTCCCAGACCAAGCAG

Figure 4-5. Genomatix prediction of transcription factor binding sites (TFBS) on the 
proximal PRND promoter, (a) Arrangement of predicted TFBS cluster in the 650 bp mouse 
Prnd proximal promoter. Numbers correspond to position of TFBS in the mouse Prnd proximal 
promoter relative to TSS. TSS, transcription start site, (b) The nucleotide sequence of the 650 
bp mouse Prnd proximal promoter. Positions of TFBS are highlighted: CREB in yellow, AP-2 
in grey, E2F1 in blue, USF1 in magenta, NFY in green. Exon 1 is in bold and underlined.

4.3.5 BPTF activates and E2F1 represses the 650bp-Prnc/promoter

To verify if Prnd promoter activity can be modulated by FAC1/BPTF, the 650 bp 

mouse Prnd promoter fragment was cloned into the pGL4 luciferase reporter plasmid 

and cotransfected with mouse Bptf-pcDNA expressing plasmid into the different cell 

lines (GC-2, TM4, bEND.3, SFISY5Y) (Figure 4-6). Cotransfection resulted in increase 

of luciferase activity in GC-2 cells (l.4-fold), TM4 cells (2.6-fold), and SHSY5Y cells 

(2-fold), but had no effect in bEND cells. As in the case of the 630bp-/Y77/?-pGL4 

experiments, this can be explained by strong promoter activation by endogenous factors.

I next examined the role of E2F1 in repression of the Prnd promoter. Luciferase assays 

were again conducted in the different cell lines (GC2, SFISY5Y, TM4, and bEND.3) 

(Figure 4-6). The human E^fV-pcDNA expressing plasmid or control pcDNA3 plasmid
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was cotransfected with 650bp-/V/7<7-pGL4. There was a decrease of luciferase activity in 

GC2 cells (3.7-fold), in TM4 cells (2.9-fold), in bEND cells (3.1-fold), and in SHSY5Y 

cells (5.5-fold) compared with pcDNA3 control, supporting the prediction that E2F1 

might be involved in Prnd regulation (Figure 4-6).

To provide further evidence for direct binding of E2F1 to the Prnd promoter, a point 

mutation T(-465)C was introduced into the predicted E2F1 binding site (Figure 4-5b, 

TTTTCCCACAT4 7) with site-directed-mutagenesis primers LmutE2Fl and 

RmutE2Fl (Table 4-1). Flowever, the mutation did not abolish E2F1-mediated 

downregulation of the Prnd promoter (Figure 4-6, tested in TM4 cell line only). It 

might be possible that E2F1 still binds the Prnd promoter because of ineffectiveness of 

the chosen point mutation. The E2F1 consensus binding motif is defined as TTTSSCGC 

(S stands for C or G) (Tao et al., 1997). However, whole genome analysis of E2F1- 

binding sites revealed that this canonical consensus binding motif is not common but 

rather it is very diverse in its nucleotide composition (Bieda et al., 2006, Rabinovich et 

al., 2008, Cao et al., 2011); this might cause problems with selecting the right point 

mutation to study E2F1 binding.
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Figure 4-6. Cotransfection with Bptf-pcDNA activates and with £2F/-pcDNA suppresses 
the proximal mouse Prnd promoter. Comparison of 650bp-fVw/-pGL4 promoter activity in 
response to cotransfection with either control pcDNA plasmid or Bptf-pcUNA or hE2F1- 
pcDNA plasmids. The 650bp-/,m7-pGL4 with mutated E2F1 binding site (mutE2Fl) was 
cotransfected with h£2F/-pcDNA into TM4 cell line. Luciferase activity was assayed 24 h after 
transfection and normalised to pRL-TK renilla expression. GC2, TM4, bEND3, and SHSY5Y 
cell lines were transfected and analysed. Standard deviation is indicated by the error bars; n 
(replicates) = 3, n (different biological samples) = 2.

4.3.6 Tissue-specific correlation of Fad/Bptf, E2F1, and Prnd 
expression

To investigate the relationship between FACl/BPTF, E2F1 and Dpi experimentally, I 

conducted tissue expression analysis by RT-PCR amplification of corresponding RNAs 

isolated from a range of mouse tissues (embryonic brain (El4), adult brain, testis, 

thymus, spleen, heart, muscle, kidney, liver, lung) (Figure 4-7). Interestingly, 

previously unreported splice variants of mouse Bptf are detected in different amounts in 

all these tissues and are major transcripts in muscle and heart, as will be discussed in 

Chapter 5. I will call them variants 3-6 to continue the NCBI-proposed numbering of 

transcript isoforms as variant l encoding for BPTF and variant 2 encoding for FACE
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Figure 4-7. Tissue-specific distribution of Facl/Bptf E2F1, and Prnd transcripts in mouse 
tissues by RT-PCR. Analysed tissues are embryonic brain (stage E l4), adult brain, testis, 
thymus, spleen, heart, muscle, kidney, liver, and lung. Top band on the Facl/Bptf expression 
panel corresponds to F a d  (Bptf variant 2) signature; middle band reveals Bptf variants 3-6 with 
only one exon spliced, bottom band corresponds to £/?(/'(variant 1) signature (see Chapter 5 for 
detailed explanation), ß-actin is shown as RT-PCR control. Original gel images with a 
molecular marker and no template control can be found in Appendix 3.

The observed patterns can be organized in three groups: brain, where Facl is present 

and Prnd expression is suppressed in adults, possibly due to high level of E2F1; then 

E14 embryonic brain/testis/thymus/spleen, where Bptf vl is present and both Prnd and 

E2F1 are highly expressed and, so, E2F1 repression might be alleviated by BPTF due to 

chromatin remodelling; muscle and heart, where E2F1 is absent and no repression of 

Prnd is observed, and Bptf v3-6 are the most abundant transcripts; kidney and lung, 

were Bptf v3-6 seems to be equally or more abundant than Bptf vl and both E2F1 and 

Prnd are expressed; and liver that has a similar Bptf and E2F1 expression profile to 

kidney and lung, but no Prnd, which indicates a different regulatory mechanism.

In conclusion, the tissue expression results support the proposed model where E2F1 

suppresses Prnd expression and this suppression can be removed by BPTF or its 

variants, coded by Bptf v3-6. FAC1 expression does not remove E2F1 -mediated 

repression of the Prnd promoter.
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4.3.7 Expression of FAC1/BPTF and PRND changes throughout 
brain development

In order to emphasize the importance of various BPTF transcripts during development 

and verify the relevance of selected cell lines to study BPTF-mediated PRND induction, 

FACH BPTF, PRNP, and PRND expression was compared in brain tissues at different 

stages and in cell lines, both human and mouse (Figure 4-8).

The amount of mouse Bptf vl in brain decreases from embryonic day 14 (El4) to adult 

stage, when it is no longer expressed. In contrast, expression of mouse Facl increases 

becoming the strongest in adult stage; this is more apparent in the adult human brain 

sample. Bptf v3-6 is present in all stages. As expected, the increase of Facl expression 

correlates with decrease of Prnd expression in brain. Both mouse spermatogonia GC-l 

and mouse cerebral cortex endothelial bEND cell lines lack Facl but express Bptf vl 

and v3-6. Human neuroblastoma SHSY5Y cells show the most similarity to brain 

expression, resembling the mPl5 pattern, however, PRND is absent in these cells, as 

well as in mouse bEND.3 cells. Based on these results, it would be best to use SHSY5Y 

cells for luciferase-assay analysis of PRND activation by FACl/BPTF.

The comparison between tissue and cell-line expression profiles also emphasizes the 

problem of translating interpretations of results obtained from cultured cells to tissue 

samples and the importance of careful selection of the cell line model.
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Figure 4-8. Expression of F a d  I Bptf Prnd, and Prnp in mouse and human brain and 
selected cell lines. Comparison of expression between stages of brain development (mE14, 
mouse embryonic day 14; mPl, mouse postnatal day 1; mP15, mouse postnatal day 15; m-18w, 
mouse adult 18 weeks old; hBrain, human adult brain), two mouse cell lines, bEND and GC1, 
and human cell line, SHSY5Y. The top band on the Fac///^(/"expression panel corresponds to 
Facl (Bptf variant 2) signature; middle band reveals B ptfvariants 3-6 with only one exon 
spliced, bottom band corresponds to ^//"(variant 1) signature (see Chapter 5 for detailed 
explanation). PCR products for human and mouse differ in sizes as a result of selected primers 
positions, ß-actin is shown as RT-PCR control. Original gel images with a molecular marker 
and no template control can be found in Appendix 3.

4.3.8 Mechanism of PrP and Dpi coregulation

Experiments described in previous sections demonstrated that both Prnp and Prnd  

expression can be affected by FAC 1/BPTF, although the FAC 1-binding site is not 

predicted to be present in the Prnd  promoter. This raises the question of the mechanism 

of this activation. My proposed hypothesis is based on my experimental results and 

literature-derived observations:

1. FAC 1 /BPTF has a predicted retinoblastoma protein (Rb)-binding site (Zhu and 

Bowser, 1996) (also see details in Chapter 5, Figures 5.1 and 5.8).

2. FAC1 overexpression appears to induce Rb phosphorylation and FAC1 binds 

phosphorylated isoforms of Rb as demonstrated by experimental analysis 

(Jordan-Sciutto, unpublished, personal communication).
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3. The Prnp promoter has heat shock transcription factor (HSF) binding sites (Shyu 

et al., 2002); Drosophila NURF interacts with HSF (Xiao et al., 2001).

Therefore, I hypothesise key principles of PrP/Dpl coregulation, speculating that the

FAC1 might activate transcription by binding to the predicted distant binding site.

(Figure 4-9):

1. In mature neurons FAC1 is bound to the Prnp conserved non-coding DNA 

region and might have repressing effect on the Prnd promoter. The Prnp 

promoter might not be affected.

2. During development, in Alzheimer’s or under oxidative stress FAC1/BPTF 

directly or indirectly phosphorylates Rb; this leads to downstream effects on the 

E2F1-Rb gene regulation mechanism analogous to that of the basic cell cycle 

mechanism: when Rb is phosphorylated and no longer suppresses E2F1 

activity, the Prnd promoter is activated which leads to apoptosis.

3. Recruitment of BPTF to USF1 is an initial step followed by Rb phosphorylation 

and E2F1 activation. BPTF-containing nucleosome remodelling complex 

NURF might compete with histone deacetylase complex HDAC1 for RbAp48 

and facilitate E2F1 transcriptional activation of the the Prnd promoter involving 

CREB/CPB-mediated histone acetylation.

4. BPTF might be recruited to the Prnp promoter by HSF and increase Prnp 

expression resulting in neuronal growth or neuroprotection.

5. Additional unknown cell-specific factors are involved to direct FAC1/BPTF 

action towards Prnp or Prnd promoters. This effect might also be produced by 

cell-specific BPTF variants that are described in Chapter 5.
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(a)
Mature neurons

Any effect ?

Prnp,ex2TSS, Prnp

(b)
Development, AD, 
oxidative stress
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Figure 4-9. The proposed model of how FAC1/BPTF might activate the Prnd promoter, (a)
In mature neurons FAC1 binds distant binding site next to the Prnp exon 2 and contributes to 
Prnd promoter repression mediated by the E2F1 assembly with Rb. The FAC1 might regulate 
Prnd expression by binding to the predicted distant binding site, (b) FAC 1 does not bind DNA 
during development or Alzheimer’s (AD), Rb is phosphorylated and removed from E2F1, and 
the Prnd promoter is activated. Recruitment of the BPTF/NURF chromatin remodelling 
complex by the USF1 transcription factor and its CBP/RbAp48-mediated interaction with E2F1 
might be involved. TSS, transcription start site.

In vitro luciferase assay experiments demonstrated that FAC1 and BPTF have the same 

effect on the Prnp and Prnd promoters. The question remains how they act in vivo and 

how they could influence both the Prnp and Prnd genes. It is known that enhancers can 

modulate tissue-specific gene expression (Blackwood and Kadonaga, 1998). 

Simultaneous regulation from distant enhancers was reported for tandem paralogs 

Ypl/Yp2 (Chung et al., 1996) and Dlx6/Dlx4 (Zerucha et al., 2000) and even for 

unrelated neighbouring genes APOC3/APOA1 (Kan et ah, 2000). So far, BPTF has 

been shown to be involved in chromatin remodelling and FAC1 is described as a
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transcription factor. FAC1 differs from BPTF by the presence of the PEST domain and 

absence of the bromodomain. FAC 1-induced apoptosis requires the presence of only the 

Rb-binding domain but doesn’t require the PEST domain (Jordan-Sciutto, unpublished, 

personal communication). Therefore, I suggest that all BPTF isoforms might contribute 

to Prnd promoter activation by inducing both Rb phosphorylation and chromatin 

remodelling.

The FAC1/BPTF isoforms might create functionally distinct chromatin remodelling 

complexes to achieve cell-specific regulation. This kind of regulation was reported for 

Drosophila NURF (nucleosome remodelling factor) chromatin remodelling complex 

(Kwon et al., 2009). The largest subunit of Drosophila NURF, NURF301, is an 

ortholog of human BPTF with 3 full-length isoforms and one short isoform, C- 

terminally truncated. The short isoform is coexpressed with full-length NURF301 and 

can form a complex with all other NURF subunits, although it lacks the ability to target 

the H3K4me3 histone (Kwon et al., 2009). The formation of different FAC1/BPTF 

isoform NURF complexes might explain cell-type-specific altered expression of PrP 

and Dpi in AD with PrP activated in diffuse plaques, neuritic plaques, and amyloid 

cores of senile plaques and Dpi around amyloid deposits of neuritic plaques (Ferrer et 

al., 2001).

Additional information from the literature, presented below, can help with deeper 

understanding of the steps of this hypothesis and involved factors.

• E2F1 is a critical transcriptional regulator of the cell cycle and controls the Gl/S 

transition (Johnson et al., 1993). Derepression of gene transcription is modulated 

through E2F1 interaction with retinoblastoma protein, Rb (Helin et al., 1993), 

and with CREB Binding Protein, CBP (Trouche et al., 1996). Rb protein 

contains multiple phosphorylation sites, and phosphorylation and 

dephosphorylation controls its activity. In particular, if Rb is 

hypophosphorylated it can form a complex with E2F1 at the promoter and 

repress transcription, whereas if Rb is hyperphosphorylated this complex is 

disrupted, and the repression is removed enabling free E2F1 to activate 

transcription of its target genes (Flarbour and Dean, 2000). Rb is involved in 

tumor suppression and its inactivation is associated with the development of 

retinoblastoma and other types of human cancers (Weinberg, 1995, Burkhart and
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Sage, 2008). Thus, a balance between proliferation and apoptosis is controlled 

by E2F1 and Rb levels. It is reported that E2F1 modulates apoptosis in neurons 

and induces neuronal loss (Hou et al., 2000, O'hare et al., 2000, Strachan et al., 

2005a, Dasgupta et al., 2006) and is involved in oxidative stress (Macleod, 

2008). The lack of E2F1 in cortical neurons results in reduced proapoptotic 

protein BAX and caspase-3 activity and protects neurons from ß-amyloid 

toxicity-mediated death (Giovanni et al., 2000). This hints that E2F1 might 

regulate Prnd as Dpl-induced apoptosis is linked to BAX and caspase-3 (Qin et 

al., 2006b, Didonna et al., 2012).

• BPTF-containing complex NURF can be recruited to the 5’HS4 insulator in the 

chicken ß-globin and human a-spectrin loci in erythrocytes by USF1 protein (Li 

et al., 2011). USF1 mostly regulates chromatin structure accessibility and 

recruitment of transcription complexes (Crusselle-Davis et al., 2006) and, in 

case of Prnd, is described as a transcription factor capable of activating the 

proximal Prnd promoter (Sepelakova et al., 2005).

• RbAp48 (or RBBP4 retinoblastoma binding protein 4) binds at the C-terminal 

end of Rb protein (Qian et al., 1993). RbAp48 is suggested to target chromatin 

assembly factors, chromatin remodelling factors, histone acetyltransferases and 

histone deacetylases to their histone substrates, H4 in particular (Verreault et al., 

1998). In addition, RbAp48 can mediate binding of several proteins, illustrated 

by distinct interaction sites for chromatin-modifying subunit, histone H4, and 

GATA-1 cofactor FOG-1 providing a link between transcriptional regulation 

and chromosome remodelling (Lejon et al., 2011). Therefore, it might be 

possible that RbAp48 brings together a kinase and Rb to promote Rb 

phosphorylation. RbAp48 is reported as a mediator of both transcriptional 

repression and activation. RbAp48 association with histone deacetylase HDAC1 

in a Rb-containing complex mediates transcriptional repression of E2F-regulated 

genes (Nicolas et al., 2000). On the other hand, RbAp48 binding to 

phosphorylated CREB/CBP complex promotes histone acetylation during 

transcriptional activation (Zhang et al., 2000). In addition, NURF-mediated 

expression of genes determining cell fate during vulval development was 

described in C. elegants where NURF-like complex antagonises chromatin
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remodelling activities of other complexes, repressors of proapoptotic genes 

(Andersen et al., 2006).

• FAC1 was shown to interact with CPB (Jordan-Sciutto, unpublished, personal 

communication). Both BPTF and CPB are required to activate Smad-dependent 

gene targets essential for cell proliferation and distal visceral endoderm 

development in early mouse embryos and embryonic stem cells (Landry et al., 

2008). Similarly, CBP can bind E2F1 directly stimulating E2F1 transcriptional 

activation capacity (Trouche et al., 1996, Fry et al., 1999).

• Heat shock transcription factor (HSF1) is ubiquitously expressed and is 

implicated in cellular adaptation and survival (Page et al., 2006), aging (Anckar 

and Sistonen, 2011), and brain development (Walsh et al., 1997). Depletion of 

HSF1 promotes senescence, while its overexpression protects from senescence 

(Kim et al., 2012). A protective role of HSF1 against apoptosis under oxidative 

stress was reported in cardiac myocytes (Zhang et al., 2011) and under ischemic 

brain injury (Tucker et al., 2011). Binding sites for this transcription factor are 

found in both Prnp (Shyu et al., 2002) and ßAPP promoters (Dewji and Do, 

1996). Experiments with HSF1 knockout mice demonstrated its protective effect 

against prion-induced neurotoxicity (Steele et al., 2008). It is suggested that 

overexpression of HSF1 mediated by injection of lentivirus vector-HSFl into 

cerebella of AD rats could rescue the Purkinje cells from degeneration (Jiang et 

al., 2013).

4.4 Conclusion
The results presented in this Chapter support the phylogenetic footprinting prediction of 

FAC1 binding sites in the Prnp conserved non-coding DNA region situated next to the 

second non-coding exon and point to a mechanism for PrP and Dpi coregulation by 

FAC1/BPTF mediated through the E2F1 binding site in the Prnd core promoter. This is 

confirmed by increase in the 630bp-Prnp and 650bp-/V/7<7 promoter activity after 

cotransfection with FACl/BPTF-expressing plasmids and 650bp-Prnd promoter 

suppression by E2F1-expressing plasmid. A conceptual approach was used to identify a 

relationship between expression of FAC 1, PrP and Dpi in Alzheimer’s, oxidative stress 

and neuronal development by analysing published data, and using it to design 

experiments to test it.
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Coregulation of PrP and Dpi might be an important pathway regulating neuronal 

apoptosis. This chapter provides the first attempt to elucidate the mechanism of the PrP 

and Dpi antagonistic relationship by providing a hypothetical model based on the 

phylogenetically predicted FAC1/BPTF binding site, and experimental and conceptual 

analysis. However, the proposed model is exploratory and alternatives are possible. 

Unfortunately, no research has been published so far that would allow further 

speculation about the PrP/Dpl co-regulation mechanism. A more comprehensive study 

is needed to examine how PrP and Dpi are co-regulated.

Further confirmatory work might include:

(1) Mutagenesis experiments of the predicted E2F1 binding site to demonstrate 

abolition of E2F1 recruitment to the Prnd promoter.

(2) ChIP analysis to demonstrate direct binding of FAC1 to the Prnp conserved 

non-coding DNA region and E2F1 to Prnd promoter. The best approach would 

be comparison of expression in a healthy- and disease-state mouse model, or in 

embryonic brain, where Dpi is expressed, and adult brain, where Dpi is 

suppressed. In addition, based on previous results that both FAC1 and PrP are 

involved in neurite elongation, cell models might be used; appropriate models 

are rat adrenal PC2 cells or human neuroblastoma SHSY5Y cells. It has been 

shown that expression of both FAC1 and PrP is activated after PC2 cells are 

treated with NGF (Rhodes et ah, 2003, Zawlik et ah, 2006). Similarly, SHSY5Y 

cells differentiate into cells with characteristics of mature neurons after retinoic 

acid and BDNF treatment (Agholme et ah, 2010). It is expected that FAC1 

binding would be observed in untreated cells and BPTF binding in treated cells. 

Investigations by such cellular and animal models might help to develop better 

understanding of coregulation of PrP and Dpi during apoptosis.

Identification of all elements involved in the BPTF-chromatin remodelling mechanism 

in the Prnd promoter would contribute to knowledge of chromatin remodelling. The 

proximity of CREB/CBP, E2F1/Rb, and USF/NURF binding sites (all of which are 

reported to interact with RbAp48) in the Prnd promoter is intriguing. It would be 

interesting to check if other reported CREB/E2F1 clusters of binding sites have a USF1 

binding site in proximity; this would provide evidence that the BPTF mechanism of 

activation is more universal.
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Resolving issues regarding the PrP/Dpl coregulation pathway should allow a better 

understanding of the complexity of neuronal death and survival. These results underline 

the necessity for more study of the functions of BPTF and its involvement in gene 

regulation and chromatin remodelling. The next chapter (Chapter 5) is aimed to answer 

some questions about BPTF transcripts and their structure.
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Chapter 5.
BPTF and its variants

In chapter 4 I proposed a model for coregulation of PrP and Dpi by the FAC1/BPTF 

transcription factor. Motifs for binding of FAC1/BPTF to the conserved non-coding 

DNA region of the PRNP gene -  close to exon 2 - were predicted by phylogenetic 

footprinting analysis, based on their conservation during the evolution. I chose 

FAC1/BPTF for experimental study to test the predictions based on the similarity of its 

tissue distribution to that of PrP and Dpi, and because of predicted roles in neuronal 

development, oxidative stress, Alzheimer’s disease, and spermatogenesis overlap with 

those predicted for PrP and Dpi. Little information is available on FAC 1/BPTF in the 

literature. This motivated me to investigate its expression in mouse tissues. In this 

chapter 1 first describe my discovery of multiple FAC1/BPTF alternative transcripts and 

their tissue expression patterns, and then analyse the possible effects of alternative 

splicing on FAC 1/BPTF functions. I will refer to proteins in accordance with their 

literature descriptions, BPTF for the full-length protein and FAC1 for its short, C- 

terminal truncated variant. As both proteins are expressed from the same gene, BPTF, I 

will refer to its alternative mRNA transcripts as BPTF transcripts using BPTF /BPTF as 

a generic name for all animals or BPTFIBptf when presenting results for mouse.

5.1 Introduction

5.1.1 BPTF and its functions

The National Center for Biotechnology Information (NCBI) annotated two transcripts 

of the human BPTF gene and only one for mouse. Consequently, two proteins are 

described in the literature. FACl was identified first from screening senile plaques with 

monoclonal antibody Alz50 specific to Alzheimer’s disease pathology (Bowser et al., 

1995). It is described as a DNA-binding protein that represses transcription (Jordan- 

Sciutto et al., 1999). FACl is expressed at high levels during human brain and spinal 

cord development and at low levels in adult brain (Bowser et al., 1995, Mu et al., 

1997). FACl expression increases in amyloid-containing diffuse and neuritic plaques in 

Alzheimer’s disease (Schoonover et al., 1996). Some suggested roles of FACl are in
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neuronal development, synaptogenesis, neurodegenerative diseases (Mu et al., 1997, 

Styren et al., 1997), oxidative stress response (Strachan et al., 2004), and apoptosis 

(Strachan et al., 2005b). Location of FAC1 in the cytoplasm during development and 

neuronal differentiation (Rhodes et al., 2003) might be explained by a possible role in 

activation of stored mRNA; this would be consistent with a proposed role in neuronal 

plasticity. As a member of the PHD/LAP zinc finger family, FAC1 might be involved in 

chromatin-mediated transcriptional regulation (Aasland et al., 1995).

The second protein, BPTF, is a more recently discovered transcription factor with 

extensive identity to the smaller FAC1 protein and alternatively transcribed from the 

same gene (Jones et al., 2000). In contrast with FAC1, BPTF is a transcriptional 

activator (Barak et al., 2003). Interestingly, recent microarray analysis of knockout 

mouse embryonic stem cells shows that BPTF can act as an activator or a repressor of 

some genes (Landry et al., 2008). BPTF expression analysis by Northern blot revealed 

ubiquitous expression, with highest levels of transcription in testis, spleen and thymus 

(Jones et al., 2000). In brain, BPTF transcript has been detected within the granule and 

Purkinje cell layer of the cerebellum and the pyramidal neurons throughout the 

hippocampus (Barak et al., 2003). BPTF is essential for early mouse embryogenesis 

(Goller et al., 2008, Landry et al., 2008) and regulates thymocyte maturation (Landry et 

al., 2011).

BPTF differs from FAC1 by containing the bromodomain at the C-terminal end. The 

bromodomain binds acetyl-lysine on histones and is found in many chromatin- 

associated proteins, transcription factors, and in nearly all nuclear histone 

acetyltransferases (Zeng and Zhou, 2002). Consequently, BPTF is part of a nucleosome- 

remodelling factor (hNURF) complex (Barak et al., 2003). Moreover, the second PHD 

finger of BPTF, situated upstream of the bromodomain, contains a binding site to 

histone H3 trimethylated at lysine 4 (H3K4me3) (Li et al., 2006a, Wysocka et al., 

2006). H3K4me3 is associated with transcriptional activation (Santos-Rosa et al., 2002, 

Schneider et al., 2004). This correlates with BPTF-mediated activation of Ergl, a 

homeodomain protein that regulates neuronal development in the mid-hindbrain and 

thymocyte maturation (Barak et al., 2003, Landry et al., 2011). Similarly, the BPTF- 

containing NURF complex potentiates neunte outgrowth in cell culture (Barak et al., 

2003).
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FAC1 and BPTF proteins have similar N-terminal domains with a DNA-binding 

domain, PHD-zinc finger and Rb-binding motifs, but different C-terminal ends with 

glutamine-rich and bromodomain regions for BPTF and a PEST domain with a KEAP1- 

binding site for FAC1 (Figure 5-1). It is hypothesised that the PEST sequence acts as a 

signal peptide for protein degradation (Rogers et ah, 1986). KEAP1 has a predicted role 

as a FAC 1-interacting protein in neuronal response to oxidative stress (Strachan et al., 

2004). The retinoblastoma protein, Rb, is an important regulator of the cell cycle 

(Weinberg, 1995), through E2F inhibition (Dyson, 1998), in particular, but also by 

interaction with chromatin remodelling proteins (Magnaghi-Jaulin et al., 1998, Dunaief 

et al., 1994). BPTF encodes a protein that is very similar to the largest subunit of the 

Drosophila NURF (nucleosome remodelling factor) complex (Barak et al., 2003). The 

NURF complex catalyzes nucleosome sliding on DNA and interacts with sequence- 

specific transcription factors (Xiao et al., 2001).

FAC1

Bromodomain
PHD zinc 
finger

t \ / \  \
Glutamine-rich
domain

Figure 5-1. FAC1 and BPTF protein structure. Facl, 810 amino acids. BPTF, 2781 amino 
acids, counting from TSS-2 (Figure 5-8). Common domains (DNA-binding motif, Rb-binding 
motifs, and PHD zinc finger) are located in the N-terminal end of both proteins. The FAC1 C- 
terminal end contains the PEST domain and KEAP1-binding site. The alternative BPTF C- 
terminal end contains the glutamine-rich domain and bromodomain. Figure is modified from a 
slide of Dr Kelly L. Jordan-Sciutto, University of Pennsylvania (personal communication).
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It is necessary to note that the FAC1 protein has been observed only as a short, 125 

kDa, protein, although only a large 10.5 kb mRNA has been detected by Northern blot 

analysis (Bowser et al., 1995). It has been assumed that the protein is truncated post- 

translationally, but no mechanism for this has been suggested.

The use of similar RNA probes and antibodies for detection of FAC1 and BPTF 

(despite their obvious structural differences) has created confusion about which protein 

or mRNA transcript is actually described. My goal in this chapter is to document the 

inconsistencies and fill in some gaps in BPTF-related research by characterising the 

alternative splicing of the mouse BPTF gene, and determine if different transcripts are 

preferentially expressed in different tissues and therefore have tissue specific functions.

5.2 Materials and methods

5.2.1 Total RNA extraction

Adult BALB/C mouse tissues were collected and preserved in RNAlater solution 

(Ambion). Total RNA was isolated from brain, testis, heart, eye, kidney, liver, lung, 

muscle, spleen, and thymus tissues. All RNA extractions were conducted using the 

RNAeasy Mini Kit (Qiagen). DNase treatment (Ambion) was included to remove 

residual DNA contamination.

5.2.2 RT-PCR analysis of tissue distribution

First strand cDNA for use in subsequent amplification reactions was synthesised from l 

pg of total RNA extracted from each mouse tissue (brain, testis, kidney, liver, lung, 

muscle, spleen, eye, heart, thymus), using an oligo(dT) primer and Superscript 11 

reverse transcriptase (Invitrogen), following the manufacturer’s instructions. I pi of the 

first strand cDNA reaction was used as a template in all subsequent amplification 

reactions that were performed with Platinum Taq polymerase (Invitrogen). Primer pairs 

LmmFacl/RmmFacl and LmmBptf/RmmBptf were used to analyse expression profiles 

of Bptf transcripts (Table 5-1). To avoid genomic DNA amplification, primer pairs 

were designed as specific to different exons (in that case DNA amplification would 

result in a larger size PCR band). FBO control was used to test for template 

contamination.
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5.2.3 Amplification of large Bptf fragment

1 pg of total RNA from each mouse tissue (brain, testis, heart, eye, kidney, thymus) was 

primed by an oligo(dT) primer and first strand cDNAs were synthesised using 

Superscriptlll reverse transcriptase (Invitrogen), following the manufacturer’s 

instructions. 1 pi of the first-strand cDNA was used as a template for PCR with 0.2 pM 

Bptf-spec'\f\c primers, Lm6Bptf and Rm6Bptf, to amplify 6kb sequence covering 

alternatively spliced regions (Table 5-1). The PCR was conducted using AccuTaq1M 

LA DNA Polymerase (Sigma) specially designed for long sequence amplification. After 

an initial 30 sec denaturation at 98 °C the long PCR amplification reaction carried out 5 

cycles of (94 °C for 15 sec, 68 °C for 30 sec, 68 °C for 6 min), followed by 30 cycles of 

(94 °C for 15 sec, 65 °C for 30 sec, 68 °C for 6 min), with a final elongation step at 68 

°C for 30 min.

Table 5-1. Summary of primers used in Bptf expression and sequencing analysis.
Superscript numbers position primer relative to ORF (exons 5 and 6 are present, exon 23 is 
unspliced).

Lm6Bptf 1 “ 9GG ATGTAACGGAAG ACCTG ACC AA1652
Rm6Bptf 8184 AG AGCTTGCTGGC ATTCTGTTTG8206
LmmFacl 1762GACCCAG AAAAGG ACAAGCA1
RmmFacl 2J45 ACGAGTGG ACCC AG ATGTTC2364
LmmBptf /M5TTCACAGCCGATTCCAATTC/5J4
RmmBptf 81 22g c c g c c t g t t t t t c t t c t t t 8 141
LhmmRegl-1 IW8GCCAACAGAAGTTGGGGATAAAGG m 1
RmmFac24 2248t g a t g a t a c g a g t g g a c c c a g a t g 2271
RmmRegl-2 222Uc t c c a a t c t c a g g g t c a t c c 22JV
LmBptfl 2224AGCTGGGAAAGGAACATCTGi;bi
LmBptf2 2W2t g t g c  a g t t a  a g c c  a g t t g t g 242 1
LmBptß 2542GTG AGGGCTTCC ATCTA AGO2561
LmBptf4 4241TCG ATGGG AG ACTAGGTGGT4260
LmBptf5 ^TGGAAACTGAAAGTCCAGAGG51125
LmBptfö 5 “ TGAGCCTGATGTTACGGTTG2 " 2
LmBptf7 64U1AGTCC A ATTC AGGC ATGCTC6421'
LmBptf8 7127g c t c a g g g g a a c a a a a a c a g 714<i
RmBptfl 7478a c t t g g g  a t g g  a g t t g  a t g g 74W
RmBptfZ ‘’" ' ’c a g a g a t g g c a g t g g a a a c a '’7'7
RmBptf3 5y82TGTGGGTGTTTCTTTTGGTG59f>3
RmBptf4 “ “ t g g a a g a a a c c a c a g t t t g c 5244
RmBptf5 “-""GCCCAGTTTCTTACCGTTTG4471
RmBptf6 „48c t t t t g t g g a g c c t g g a g a c 3729

RmBptf7 2 A ACGTGCGTCTTGCTA ATCC2146
RmBptfS 2482ACCACCAGCACCTCTTTCC2465
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5.2.4 Bptf-specific library analysis

PCR products were purified by isolation from agarose gels and cloned into the TOPO- 

TA sequencing vector (Invitrogen), transformed into TOP 10 bacterial competent cells 

(Invitrogen), and grown overnight on LB-plates containing 100pg/ml ampicillin. 25 

colonies were randomly picked from each plate and resuspended in 20 pi of water. 5 pi 

aliquots were used for PCR analyses with primer pairs specific to the different 

alternatively spliced regions: LmmFacl/RmmFacl for Region 1, LmmBptf/RmmBptf 

for Region 2, LhmmRegl-l/RmmFac-24 for Region 1-1, and LmmFacl/RmmRegl-2 

for Region 1-2 (Table 5-1). PCR reactions were performed with Platinum Taq 

polymerase (Invitrogen). Following an initial denaturation step of 94 °C for 5 min, the 

PCR amplification reaction consisted of 35 cycles of (94 °C 30 sec, 58 °C 30 sec, 72 °C 

30 sec), followed by a final extension step of 72 °C 10 min for Regions 1 and 2; and 94 

°C 5 min, (94 °C 30 sec, 64 °C 30 sec, 72 °C 30 sec) 35 cycles, 72 °C 10 min for 

Regions 1-1 and 1-2. To confirm identity of transcripts, each transcript variant was 

sequenced in both directions using the Bptf-specific primers LmBptfl-8 and RmBptfl-8 

(Table 5-1), and the pCRK-TOPO vector-specific T3 and T7 sequencing primers).

5.3 Results and Discussion

5.3.1 Discovery of new transcript variants and their expression 
profiles in mouse tissues.

The tissue-specific distribution of mouse Bptf gene variants has not been characterised 

previously. Human BPTF is highly expressed in testis (Jones et al., 2000); its isoform, 

FAC1, is brain-specific (Bowser et al., 1995). I conducted initial mouse-tissue 

expression analysis based on the NCBI-annotated human transcript variants. Human 

BPTF is a large transcript about 11 kb long, characterised by two alternatively spliced 

regions (Figure 5-2). Region 1 includes two alternatively spliced exons at the 5’ end of 

the open reading frame. BPTF protein variant 1 is encoded by the transcript with both 

exons in Region 1 absent. Region 2 is alternatively spliced from a cryptic site, creating a 

truncated exon. Absence of Region 2 is a signature of BPTF protein variant 2 for which 

the C-terminal truncated human version is named FAC1.

In order to determine whether each of the predicted Bptf transcript variants existed in 

the mouse, I constructed primers to amplify separately two variant-specific regions of
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mouse Bptf (Table 5-1, Figure 5-3 (a)). I also carried out all amplifications on a panel 

of mouse tissues to collect information about the expression profile of each variant. I 

anticipated detecting 603 bp or 228 bp sized bands for PCRs over Region 1, indicating 

Bptf v2 and Bptf vl, respectively, and 640 bp or 230 bp size bands for PCRs over 

Region 2, indicating Bptf v2 and Bptf vl, respectively. RT-PCR analysis of Region 2 

produced the expected results (Figure 5-3 (c)). However, Region 1 analysis gave the 

unexpected outcome of a three-band pattern (Figure 5-3 (b)). The NCBI BPTF 

structure predicted only two spliced variants for the two exons of Region 1, both present 

or both absent. This prediction was confirmed by PCR amplification (Figure 5-3, 603 

bp band and 228 bp band). The third band (414 bp), for Region 1 indicates a third 

alternative with only one of the two exons present. Furthermore, as both exons of 

Region 1 are exactly the same size, four different isoforms of Region 1 can be 

predicted, i.e. with exon 5 or with exon 6. RT-PCR analysis of Region 2 produced 

bands of 640 bp and 230 bp as expected (Figure 2c). Therefore, taking into account the 

two possible splice variants of Region 2, a total of eight alternative splice variants are 

possible for the Bptf gene.
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Chromosome 17 - NC 000017.10

NOL11
SNOCM38B

BPTF

NM_004459.6 h 
NM_182641.3h ' ■ »i f  It > H H  > i

Region 2
Region I

BPTF v1 1925 bp 189bp189bp 4153 bp4836 bp

BPTF v2 429bp

Figure 5-2. NCBI-annotated human BPTF variants (2011). BPTF vl is distinguished by two 
alternatively spliced exons of equal size at the 5’ end (exons 5-6), referred to as Region 1; BPTF 
v2 is distinguished by an alternatively spliced exon at the 3’end (exon 23), referred to as Region 
2 .
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exon 7exon 5exon 4 exon 6

LmmFad LmmReg1-1 RmmReg1-2 RmmFac1/RmmFac24

603 bp PCR product

228 bp

289 bp

246 bp

(b) brain testis eye thymus spleen heart muscle kidn liver lung
603 bp 
414 bp 
228 bp

(C) brain testis eye thymus spleen heart muscle kidn liver lung
640 bp 

230 bp

289 bp

Drain testis eye thymus spleen heart muscle kidn liver lung

246 bp

Figure 5-3. Tissue-specific distribution of Bptf variants, (a) Schematic map of the Region 1 
exons, exon-specific PCR primers, and the resulting products (shown in gel images (b), (d), and 
(e)). (b) RT-PCR analysis of Region 1. Top band corresponds to Bptf v2 signature; bottom band 
corresponds to Bptfv 1 signature; middle band reveals unknown Bptf variants with only one 
exon spliced, (c) RT-PCR analysis of Region 2. Top band corresponds to Bptfv 1 signature; 
bottom band corresponds to Bptf v2 signature, (d) RT-PCR analysis of Region 1 exons showing 
that transcript variants without exon 5 are present in all tissues, except heart and muscle, (e) RT- 
PCR analysis of Region 1 exons showing that transcript variants without exon 6 are present in 
all tissues. All the PCRs were done at the same time; successful amplification from analysed 
tissues using other primer pairs serves as a positive control. Genomic DNA amplification was 
prevented by long intronic sequences. Original gel images with a molecular marker and no 
template control can be found in the Appendix 3.
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I investigated further the existence o f transcript variants o f Region 1 by PCR with exon- 

specific primers. First, I analysed the presence o f exons 5 and 6 using forward primer 

LmmFacl specific to exon 4 and reverse primer RmmRegl-2 specific to exon 6 o f 

Region 1 (Figure 5-3 (a)). The PCR product, resolved on an agarose gel, corresponds to 

a 289 bp fragment when exon 5 is absent but exon 6 is present. This is the case for all 

tissues tested except for heart and muscle. Absence o f PCR products for heart and 

muscle tissues indicates the existence o f transcript variants in which exon 6 o f Region 1 

is absent (Figure 5-3 (d)). Next, I used forward primer LmmRegl-1 specific to exon 5 

o f Region 1 and reverse primer RmmFac24 specific to the exon 7 (Figure 5-3 (a)). The 

appearance o f a 246 bp fragment indicates transcripts with exon 6 absent. Existence o f 

transcript variants o f this type is confirmed for all analysed tissues (Figure 5-3 (e)). It is 

thus clear from these RT-PCR studies that there are multiple tissue-specific Bptf 

variants containing either o f the two exons o f Region 1.

Overall, RT-PCR analysis revealed considerable tissue specificity for a panel o f 10 

mouse tissues and the presence o f multiple alternative transcript variants. However, this 

method for assessing tissue distribution o f alternative transcripts cannot disclose the full 

picture. Thus, although ubiquitous expression o f human BPTF was shown in 16 normal 

tissues by Northern blot (Bowser et al., 1995, Jones et al., 2000), this probe did not 

discriminate between possible transcript variants. A different approach was required to 

characterise Bptf variants.

In the next sections I describe current methods available for discovery and 

characterisation o f alternative transcripts, and their deficiencies for analysis o f large 

transcripts. I then present the method I developed to define tissue distribution o f Bptf 

transcripts more accurately.

5.3.2 Existing computational and experimental methods cannot 
detect BPTF tissue-specific alternative splicing

The problem encountered arises from the large 11 kb size o f Bptf transcripts and the 

relatively small size o f the spliced exons situated 4.8 kb apart (Figure 5-2). An 

additional complexity is that the two exons o f Region 1 are o f equal size (Figure 5-2). 

In such circumstances the alternative transcripts are not resolvable on gels. To date, 

NCBI has annotated two BPTF transcript isoforms for human (NM 004459.6 and 

NM182641.3) and only one for mouse (NM_176850.2). Protein-coding sequences o f
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both predicted human isoforms are very similar in size. There are two alternatively 

spliced regions: the first contains two exons, each of 189 bp, and the second of 429 bp 

alternatively spliced within one exon from a cryptic splice site (Figure 5-2). Either of 

the two exons of Region 1 can be spliced separately. The Region 1 diversity has 

remained undetected because previous experimental analysis has been done by Northern 

blot. The combination of three alternatively spliced exons over two regions produces 

eight possible mouse Bptf transcript variants.

The fact that all eight combinations of Region 1 and 2 configurations could be present 

and significant for BPTF function seems not to have been contemplated before. On 

average, 2.7 alternate transcripts have been found for human genes that are alternatively 

spliced (Takeda et al., 2006) and somewhat less for mouse and chicken (~2.3) (Tang et 

al., 2007). These averages determined from current mappings of ESTs to genome 

sequence are likely to underestimate alternate-splicing frequency due to incomplete and 

uneven EST coverage and other hidden biases. But nonetheless this instance of eight 

variants is well above average and might signify a particularly refined role of BPTF as a 

transcription and chromatin remodelling factor.

Missed computational predictions for BPTF variants are a good example of the 

insufficient coverage of rare alternative splice forms, despite the huge collections of 

mRNA-transcript data (ESTs, cDNA clones). The current method of prediction of 

alternative transcripts involves alignment of EST and cDNA sequences against genomic 

DNA. However, many putative alternative splice forms can be missed because EST 

sequences are biased towards the 5’ and 3’ ends of genes. Even when sufficient EST 

data for particular genes are available, there are problems of assembly and mapping to 

the genome (Tang et ah, 2007). In the case of large or rare transcripts, as exemplified by 

BPTF, coverage of the internal sequence might be insufficient to correctly predict splice 

forms.

It is necessary to note that transcript finishing initiatives have been undertaken to bridge 

gaps between EST clusters mapped against the genomic sequence (Sogayar et ah, 

2004). However, although this laborious approach allows detection of low abundance 

transcripts in a restricted set of tissues, it validates EST clusters separated from each 

other by an average 2879 bp which is still inadequate for multiple alternatively spliced 

exons situated far apart, 4.8 kb in the case of BPTF. These issues are compounded if we
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need to assess tissue distribution o f the alternative transcripts because o f the uneven 

coverage o f EST tissue libraries (Gupta et ah, 2004).

Standard approaches to solve these problems are RT-PCR and microarray analysis and 

in situ hybridisation. However, these methods are useful only i f  spliced exons are 

situated in one region o f the transcript. Prediction o f tissue specificity becomes more 

complicated in cases where transcripts have two or more spliced regions separated by 

common exons. RT-PCR amplification over multiple regions with consecutive agarose 

gel separation and band-size analysis is achievable only for relatively small transcripts. 

It is more difficult to discern variability in large transcripts, taking into account that 

about 80% o f the exons in the human genome are <200 bp in length (Sakharkar et al., 

2004).

In summary, application o f standard computational or experimental methods o f analysis 

cannot detect putative alternative transcripts o f Regions 1 and 2 o f Bptf. To address this 

difficulty, I designed a novel method to analyse tissue expression o f the newly predicted 

B ptf transcripts.

5.3.3 Novel method for discovery of alternative splicing and tissue 
specificity of large transcripts.

5.3.3.1 Construction of a library of alternatively spliced Bptf transcripts.

To confirm the predicted alternative transcripts and to increase the possibility o f finding 

all variants, I isolated RNA from six mouse tissues and coamplified all possible mRNA 

alternate splice forms in a single PCR reaction. The selected normal mouse tissues 

(brain, testis, heart, eye, kidney, and thymus) represent different patterns o f Bptf 

expression (Figure 5-3). PCR primers (Table 5-1, Lm6Bptf/Rm6Bptf and Figure 5-4 

(a)) were designed to amplify 6.2-6.6 kb sequences that include both alternatively 

spliced Regions 1 and 2 (Figure 5-4 (a)). Based on the sequence difference being only 

~3% and spliced regions not being GC-rich, I have assumed that it is likely that all eight 

transcripts would be amplified similarly in a single PCR reaction and, thus, that the 

products o f the long PCR reactions would correctly reflect the composition o f the 

transcript pool. The resulting PCR products, depending on alternate transcription, have 

size differences o f 189 bp, 378 bp, 429 bp, 618 bp, and 807 bp and are visible on an 

agarose gel as a single smeared band (Figure 5-4 (b)). Each smeared PCR band for each
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of the tissue samples was isolated, cloned into a plasmid vector and transformed into an 

E. coli bacterial host to generate six tissue-specific libraries of Bptf alternative 

transcripts. Each library contained multiple single bacterial colonies on a Petri agar 

plate. Each single colony harbored only one transcript variant.

(a)

LmBBptf R m 6B ptf
R1 R 2 .

W
<-------------  6.2-6.6 kb

3
-------------- >

(b)
1 2  3 4
mmmm

Figure 5-4. Amplification of Bptf fragments from various mice tissues. (a)
Schematic representation of amplified Bptf fragment, Regions l (Rl) and 2 (R2) are shown, (b) 
6.2-6.6 kb Bptf fragments amplified from mouse brain (l), testis (2), heart (3), and kidney (4) 
run as single smeared bands on agarose gel.

5.3.3.2 Validation of Bptf alternative transcription and analysis of tissue 
distribution

To assess the tissue distribution of the alternative transcripts, 25 colonies of each tissue- 

specific library were randomly selected for PCR analysis, which used four pairs of 

primers to distinguish between each of the alternative splicing possibilities in Regions l 

and 2 (Figure 5-5 and Table 5-1). Each of the picked bacterial colonies was 

resuspended in 20 pi of double distilled water. Aliquots of 5 pi were used for PCR over 

the alternatively spliced regions to identify transcripts. As the analysis in Section 5.3.1 

determined, up to four different PCR reactions are necessary (Figure 5-3). The first 

reaction, with primer pairs LmmFacl/RmmFacl, allows definition of the number of 

exons in Region 1; the top PCR band corresponds to transcript with both exons of 

Region 1 present, the bottom PCR band to transcripts with both exons spliced, and the 

middle PCR band for transcripts with only a single exon in Region 1 present (Figure 5-
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3 (b), Figure 5-5 (a)). The second reaction, with primer pairs LmmBptf/RmmBptf, 

allows detection of alternative splicing of Region 2; the upper PCR band corresponds to 

unspliced Region 2, and the lower PCR band to the spliced variant (Figure 5-3 (c), 

Figure 5-5 (b)). These two PCRs were conducted for all selected clones. Application of 

the third and fourth PCR reactions depends on the outcome: clones with a single exon in 

Region 1 require further analysis with primer pairs LmmRegl-l/RmmFac24 to detect 

whether the second exon of Region 1 is present or absent, and LmmFacl/RmmRegl-2 

to confirm whether the first exon of Region 1 is present or absent. Thus, they analyse 

which of the two exons of equal size is present (Figure 5-3 (a, d, e), Figure 5-5 (c, d)). 

PCR products were analysed by agarose gel electrophoresis. The nature of splice 

variants was deduced by matching consecutive PCR results for both regions to 

individual clones. Isolated plasmids harboring different predicted variants were 

sequenced to confirm their identity.

Overall, PCR analysis of individual clones confirmed all eight predicted alternate splice 

variants and gave an indication of their specific tissue distribution.

In addition to tissue-specific patterns of alternative Bptf transcription, clone analysis 

allowed a rough assessment of expression levels of different transcripts by calculating 

how many of the analysed bacterial colonies from each tissue carried transcripts of each 

particular variant (Figure 5-6). This result was very interesting as it suggested that each 

tissue has one major tissue-specific variant (or two in case of brain and heart). Other 

alternative splice variants were detected as well but at lower levels.
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(C) Lmmfacl Rmmftegl-2

(d)

Figure 5-5. Scheme for four PCR reactions performed on bacterial colonies harboring 
cloned Bptf fragments and examples of amplified products resolved on agarose gels, (a)
PCR over Region 1; three amplification products allow preliminary characterisation of exons in 
Region 1. The top, middle and bottom bands correspond to exon count two, one and zero, 
respectively, (b) PCR over Region 2; upper band corresponds to unspliced exon, lower band to 
spliced variant, (c) PCR conducted with the primer specific to the second exon of Region 1 
(exon 6); absence of band signifies absence of exon 6. (d) PCR conducted with the primer 
specific to the first exon of Region 1 (exon 5); absence of band signifies absence of exon 5.

Annotated variants

Novel variants

brain t e s t is heart e y e k id n ey th y m u s

V1 (Bptf) 1 15 11 2 5

V2 (Fac1) 10 1 2

V3 1 3 8 1 1 2

V4 1 13 2 3 5

V5 2 1

V6 1

V7 10 2 4 2

V8 3 3 1 5 16 11

Total
c o lo n ie s 26 24 26 25 23 24

Figure 5-6. Relative abundance of transcripts in mouse tissues from colony analysis. Brain, 
testis, heart, eye, kidney, and thymus tissues were analysed. Bptf transcript variants (vl-v8), 
including previously annotated and novel variants are presented schematically. Total numbers of 
analysed colonies as well as the number of colonies found for each Bptf variant are shown in 
columns. Major tissue-specific variants are colored in yellow for annotated variants and in green 
for novel variants.
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FAC1 has been described in the literature as a brain-specific transcription factor 

(Bowser et al., 1995). Indeed, a codominant variant for brain is FAC1 (10 colonies out 

of 26 analysed), but variant 7 has similar abundance to FAC1. As for FAC1, it is 

characterised by the presence of both exons of Region 1, but unlike FAC1 contains 

unspliced Region 2. Therefore, it appears that the full version of Region 1 is highly

specific to brain. Exons of Region 1 code for the PEST domain and KEAP1-binding site
••

(Figure 5-1). FAC1 transcript is present only in very low quantities in testis (1 out of 24 

analysed colonies) and eye (2 out of 25 colonies), and variant 7 is similarly low in testis 

(2 out of 24 colonies), eye (2 out of 25 colonies), and heart (4 out of 26 colonies) 

(Figure 5-6). These results may reflect that these variants are expressed at a low level in 

these tissues, and further quantitative experiments would be required to determine if this 

was the case.

The other annotated transcript isoform, BPTF, has been described in the literature as 

being testis-specific and important for spermatogenesis in humans (Jones et al., 2000). 

The results confirm this is true for mice as well, with Bptf being the major transcript (15 

colonies out of 24 analysed). It seems that the presence of Region 2 is very important 

for testis function (only 4 out of 24 analysed colonies lacking it). This pattern is 

somewhat similar for eye tissue, although a greater variety of transcript variants were 

found (Figure 5-6). It is interesting to note that there are only two tissues where the 

dominant Bptf variants have almost equal levels of transcripts with and without the 

Region 2 alternatively spliced; brain (10/10) and heart (8/13).

Transcript variants without the second exon (variant 3 and variant 4) in Region 1 are 

heart-specific. This could signify that this exon codes some function that is not needed 

for its function in heart or might even be deleterious. Bptf variant 8, although present in 

minor quantities in other tissues, is specifically expressed in kidney and thymus tissues 

with 16 out of 23, and 11 out of 24 colonies, respectively (Figure 5-6). It is worth 

mention that the NCBI annotation for mouse Bptf (NM_ 176850) has variant 1 signature, 

i.e. both exons of the Region 1 are absent. In addition, variant 5 has now been removed 

because insufficient data was initially annotated (NM 001080832). The Ensembl 

genome browser (http://www.ensembl.org/index.html) has annotated three full length 

Bptf transcripts corresponding to variant 1 (ENSMUST00000057892), variant 5 

(ENSMUST00000106762), and variant 7 (ENSMUST00000106763).
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Although Bptf variants 5 and 6 (exon 5 o f Region 1 absent) were detected in eye, 

kidney, and thymus tissues, they are rare (Figure 5-6). It is possible that they are more 

abundant in tissues that were not analysed or might be more common in diseased or 

stressed tissues, for example cancer-associated. A BLAST search for EST data available 

in the NCBI database for human BPTF lacking exon 5 o f Region 1 resulted in hits from 

a T84 carcinoma cell line (A A 146707) and embryonal carcinoma (BG532502). 

However, there was no similar EST evidence for mouse.

In summary, construction o f tissue-specific libraries and single-clone analysis can 

provide information about tissue-specificity and comparative level o f expression o f 

possible alternative large transcripts not obtainable by standard methods. It has provided 

intriguing novel insights into potentially different functional roles for Bptf variants in 

different tissues. For example, BPTF isoforms might result in functionally different 

chromatin remodelling complexes with altered histone-binding specificity because o f 

alternatively sliced exons. I suggest this method o f analysis can be applied to other 

problems involving large alternative transcripts and enable discovery o f new splice 

isoforms and characterisation o f their tissue expression.

5.3.4 Analysis of FAC1/BPTF functional regions and their 
evolutionary conservation

The discovery o f multiple tissue-specific BPTF transcript isoforms raises the question 

o f the physiological relevance o f this expanded repertoire o f transcripts and the 

functional roles o f the alternatively spliced regions. Further bioinformatics analysis was 

undertaken to decipher the significance o f these regions. I aligned the NCBI-annotated 

human BPTF variant 1 (NP 872579.2) and variant 2 (NP 004450.3) protein sequences 

and mapped onto it available information about functional motifs 

(http://www.uniprot.org/uniprot/Q12830) and antibodies used in BPTF research 

(Bowser et al., 1995, Jordan-Sciutto et ah, 1999) (Figure 5-8). Figure 5-8 shows which 

functional regions are affected by alternative splicing - such as the PEST domain, 

KEAP-interaction site, and glutamine-rich domain - as well as the antibody specificity 

to proteins coded by alternative transcripts. Alignment o f BPTF homologues from 

different species and their comparative analysis allows tracking o f protein domains that 

have remained conserved during evolution and, thus, provides an additional window on 

the regions which perform important BPTF functions. This alignment was performed by 

Dr Alex Zelinsky and is shown in Appendix 10. Comparison with Drosophila
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NURF301 is especially valuable as properties o f this protein have been studied 

extensively. Assuming that common conserved regions implies participation in common 

biological pathways, we can theorize about mammalian BPTF mechanisms o f action.

5.3.4.1 Alternative transcriptional start site

Human BPTF sequence analysis reveals two alternative transcription start sites (TSS), 

with TSS-2 situated 139 amino acids downstream from the TSS-1 (Figure 5-8). The 

downstream site has been detected experimentally by 5’ RACE using RNA isolated 

from human fetal brain for FAC1 (Zhu and Bowser, 1996) by screening a human testis 

cDNA library (Jones et al., 2000) and by protein sequencing (Barak et al., 2003) for 

BPTF. NCBI has annotated the alternative start codon 139 amino acids upstream o f the 

reported FAC1/BPTF start site. This region, although conserved among mammals and 

less so for other vertebrates, does not have high homology with other species (insect, 

worm, fish, sea squirt), except for approximately 40-50 amino acids upstream o f the 

TSS-2 (Appendix 10). This suggests that the alternative upstream TSS, conserved in 

vertebrates, has been recently acquired as an additional means o f regulating BPTF 

activity in mammals.

Upstream open reading frames (ORF) are known to provide an additional mechanism 

for control by downregulation or inhibition o f translation o f the main ORF (Stoneley 

and Willis, 2003, Geballe and Morris, 1994, Tang et al., 2008). In addition to the 

upstream ORF, the BPTF sequence between the first and second ATG o f TSS-1 and 

TSS-2 is 417 bp long and GC-rich, a feature generally associated with translational 

regulation (Kozak, 2005). I speculate that failure to inhibit BPTF translation could be a 

reason for its involvement in cancer (Grinberg-Rashi et al., 2009, Buganim et al., 2010).

5.3.4.2 Functional domains common to all transcripts

There are several functional domains common to all eight mouse alternative BPTF 

transcripts. These include the DDT domain, which determines the DNA-binding 

properties o f BPTF, the glutamine-asparagine acidic domain, two nuclear localisation 

signals, the first PHD domain with Rb-binding motif, the second PHD domain with 

H3K4me3-binding motif, and the bromodomain (Figures 5-7 and 5-8). The MAZ- 

interaction site is common to all mouse transcripts, but as it is close to the end o f FAC 1 

it could have different properties in cleaved and non-cleaved proteins (Figures 5-7 and
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5-8). All these domains have a high degree of conservation among species from 

invertebrates to mammals revealing early specialisation of BPTF as a DNA-binding 

protein (Appendix 10). FAC1 is described as a transcription factor with a specific 

DNA-binding site (Jordan-Sciutto et al., 1999). Our phylogenetic footprinting analysis 

and luciferase assay experiments confirms this (Chapter 4). However, BPTF 

recruitment to promoters might be mediated by other factors (Wysocka et al., 2006, 

Landry et al., 2008). Similarly, the Drosophila ortholog of BPTF, NURF301, has been 

reported to be recruited to the promoter by the GAGA transcription factor (Xiao et al., 

2001), and more recent studies demonstrated NURF301 sequence-specific binding to 

the fzo promoter in testis (Kwon et al., 2009). Thus, there is a possibility that both direct 

and indirect binding of BPTF to gene promoters are possible and alternative 

transcription might regulate the binding capacity.

It is necessary to note that it is unclear if proteins derived from both transcripts carrying 

both exons of Region 1 (v2 and v7) are truncated as apparently happens in case of 

FAC1 (v2), for which the full-length protein has not been detected. If so, then the 

transcripts v2 and v7 would both produce the same protein, i.e. without the 

bromodomain. Similarly, if the presence of the partial PEST-domain in Region 1 (i.e. 

derived from only one of the exons) is sufficient to drive protein cleavage, then BPTF - 

v3/BPTF-v4 and BPTF-v5/BPTF-v6 might also exist only as short proteins, with the 

Region 2 configuration again being irrelevant.
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(a) 180 300 437 795 2709 2792 2888
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1 143 240 390 712 1910 2739 2818 2920

180 300 437 723 921 2692 2775 2871
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^  PEST domain and 
KEAP-interaotion site

MAZ-interaction site 
EH glutamine-rich domain 
^  Bromodomain

PHD domain

Figure 5-7. Functional domain of human BPTF variants, (a) BPTF with Region 1 absent, (b) 
BPTF with Region 2 absent. Arrow indicates possible FAC1 truncation site at approximate 
residue 1019 position. Numbers below specify the first residue of each domain; numbers above 
specify the last one.

5.3.4.3 Bromodomain

The bromodomain is the most conserved region of BPTF. It is required for 

spermatogenesis in Drosophila (Kwon et al., 2009). This is consistent with the reported 

highest level of human BPTF tissue expression being in testis (Jones et al., 2000) and 

my observations indicating that Bptf v 1 is testis-specific. The high conservation of 

amino acids responsible for binding to histone H3K4me3 confirms that BPTF has 

maintained its function as a chromatin remodelling protein throughout evolution 

(Appendix 10). In effect, both Drosophila NURF301 and human BPTF can recognise 

H3K4me3 (Kwon et al., 2009, Wysocka et al., 2006). This region is not affected by 

alternative splicing, so potentially proteins coded by all transcript variants might be part 

of NURF complexes and participate in chromatin remodelling.

5.3.4.4 PEST domain

A PEST domain is defined as a hydrophilic region rich in proline (P), glutamic acid (E), 

serine (S), and threonine (T). Such regions are flanked by lysine (K), arginine (R) or 

histidine (H) residues. PEST sequences are proposed to act as signal peptides in

142



Chapter 5 BPTF and its variants

processes involving rapid degradation of proteins (Rogers et al., 1986, Rechsteiner and 

Rogers, 1996). Degradation may be mediated via the 26S proteosome pathway (Reverte 

et al., 2001, Spencer et al., 2004) or calpain proteolysis (Shumway et al., 1999, 

Sandoval et al., 2006, Marcilhac et al., 2006). PEST motifs can also contribute to 

various molecular interactions under diverse conditions due to their conformational 

flexibility (Singh et al., 2006, Sandhu and Dash, 2006). In the case of FAC1, the 

putative PEST domain carries the REAP interaction site.

The human PEST region is 152 amino acids long and FAC 1-specific as it extends 

across both exons of Region 1 (Figures 5-7 and 5-8, amino acids 572-723). In addition 

to proline, glutamic acid, serine, and threonine, it is enriched with aspartic acid (Zhu 

and Bowser, 1996). Additional analysis of FAC 1 sequences from mouse, rat, dog, cow, 

human, and marsupial opossum was conducted for PEST sequences using the program 

PESTfind (http://emboss.bioinformatics.nl/cgi-bin/emboss/pestfmd). PESTfind reported 

four PEST segments (Figure 5-8, amino acids 296-310, 629-654, 673-724, and 2379- 

2433) present across all species. This analysis confirmed that the PEST domain 

stretched across both exons of Region 1, although it is shorter than marked in human by 

Zhu & Bowser (1996) and is divided into two regions. The first of these (629-654) is 

situated in the first exon of Region 1 whereas the second (673-724) is positioned partly 

in the first exon but mostly in the second exon of Region 1. The PEST prediction for 

amino acids 2379-2433 may be an artefact because of its position within the glutamine- 

rich domain.

Similarly, the mouse BPTF gene encodes a PEST domain that is included in a region 

that undergoes alternative splicing. Alternative splicing of transcripts results in Bptf 

variants in which one or both Region 1 exons are removed. Clearly, BPTF proteins 

corresponding to transcript variants lacking Region 1 (Figure 5-6, VI and V8) will not 

be subject to PEST-induced calpain cleavage. However, it is unclear whether proteins 

translated from transcripts with only one of the Region 1 exons (Figure 5-6, V3-V6) 

will have retained or modified PEST function. The PEST domain is not a discrete 

folded domain structure but rather a region with enhanced composition of Pro-Glu-Ser- 

Thr, and often also Asp, which is flexibly disordered. Disruption of PEST domains in 

reported splice variants of other genes appears not to affect susceptibility to calpain 

cleavage (Burgess and Reiner, 2002). Thus, the biological significance and level of
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potential activity of PEST-segment variations for the BPTF alternative transcripts of 

Region 1 as well as the physiological conditions needed for proteolysis require further 

experimental study.

It is interesting to note that the PEST domain is apparently not present in Drosophila 

NURF301 (Appendix 10) even though it is regarded as the homologue of BPTF (Barak 

et al., 2003). The PEST sequence exons are a relatively recent addition likely acquired 

by insertion. It is known that PEST domains can be inserted into other folded domains, 

for example, the 35-residue unstructured PEST domain inserted in an SH2 domain of 

SOCS3 (Babon et al., 2006). The fact that the PEST domain in Region 1 is less 

conserved than preceding and following sequence may support this suggestion of recent 

insertion of PEST exons. Evolutionary conservation of the PEST region in vertebrates is 

low, but nonetheless the PESTfind program still identifies the PEST motifs in all 

vertebrates sampled - fish, chicken, frog Xenopus tropicalis, opossum Monodelphis 

domestica, cow, dog, mouse and human. However, the PEST domain is highly 

conserved in mammals, which seems to suggest development of specific functions later 

in BPTF evolution.

5.3.4.5 Possibility of FAC1 truncation due to PEST domain

The presence of the PEST domain in the FACl variant might explain its truncation. 

FAC1 was detected initially as a -125 kDa protein translated from a large 10.5 kb 

mRNA (Bowser et al., 1995) (Table 5-2). Further analysis identified FACl as an 810- 

residue protein with a predicted molecular mass of 91.7 kDa (Zhu and Bowser, 1996) 

(Table 5-2). Unfortunately, that deduced protein sequence was incorrect because of 

sequencing errors (deletion of one adenosine nucleotide) in the 3’ end of the cDNA 

which led to prediction of an incorrect C-terminal end for FACl (Figure 5-8) and use 

of plasmid constructs coding for this too-short protein in subsequent in vitro research. I 

discovered this error, which has not been corrected in the literature, while analysing 

available data on BPTF alternative transcripts. A FACl transcript that would 

correspond to a 125 kDa (-1125 residue) protein should be 3.4 kb of length but such a 

transcript has never been detected. More recently, a Western blot analysis suggested a 

-100 kDa short BPTF isoform expressed exclusively in adult mouse brain, whereas a 

311 kDa full-length BPTF isoforms was detected in testis, spleen, adult brain, and total 

embryo throughout development (Landry et al., 2008) (Table 5-2). The size of FACl

144



Chapter 5 BPTF and its variants

transcript thus remains unclear. A full length Bptf transcript was detected in adult 

mouse brain by in situ hybridisation with a probe corresponding to a segment of the 3’- 

coding region and untranslated region (Barak et al., 2003) and in multiple human tissues 

with a probe specific to the region of the transcript coding for the DTT domain (Jones et 

ah, 2000) (Table 5-2). Considering this critique of the literature and my own results as 

summarised in Figure 5-6, the most reasonable assumption at present is that FAC1 is 

translated as a full-length protein from full-length transcript and then cleaved. Although 

these results do not affect this assumption it should be noted that Drosophila NURF301 

and C. elegants NURF-1A alternative transcripts that result in truncated proteins 

lacking the C-terminal PHD fingers and bromodomain have been reported (Andersen et 

ah, 2006, Kwon et ah, 2009).

Table 5-2. Summary of published literature on length of BPTF vl and v2 (FAC1).

Reference Detected BPTF sequence Method

Bowser et ah, 
1995

1280 bp FAC1 cDNA with 
partial ORF, stop codon at 
position 1160.

Immunoscreening of 
expressed human fetal brain 
cDNA library with Alz50 
antibody. Positive clone was 
isolated, subcloned and 
sequenced.

Bowser et ah, 
1995

10.5 kb mRNA in all analysed 
tissues.

Northern blot analysis of 
mRNA from human heart, 
brain, placenta, lung, liver, 
muscle, kidney, pancreas. 
Probed with partial (1280 bp) 
FAC1 cDNA.

Bowser et ah, 
1995

125 kDa FAC1 protein in fetal 
and adult brain.

Western blot with FA1 and 
FA2 antibodies (epitope is in 
Region 1, Figure 5-8)

Zhu and Bowser, 
1996

1.4 kb FAC1 clone with TSS-2. 
Combined the novel sequence 
with that previously identified 
to deduce a 2433 bp ORF and 
810 amino acid, 91.7 kDa 
FAC1. Mismatched protein 
sequence at the C-terminal end 
(Figure 5-8). Predicted acidic 
domain, PEST, nuclear 
localisation signal, and PHD 
zinc finger (Figure 5-8).

5’RACE using human fetal 
brain cDNA.
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Jones et al., 2000
10.5 kb transcript expressed in 
all tissues examined with 
highest level in testis.

Northern blot on 16 normal 
human tissues with a 240 bp 
cDNA probe specific to the 
nucleotides ofDTT domain.

Barak et al., 2003 Full-length transcript was 
detected in adult mouse brain.

In situ  hybridisation using a 
475 bp probe amplified from 
adult mouse brain (3’-coding 
region and untranslated 
region of BPTF).

Landry et al., 2008

Short -100 kDa BPTF variant in 
adult mouse brain, and long 311 
kDa BPTF variant in testis, 
spleen, adult brain, and total 
embryo E10.5, E12.5, and 
E16.5.

Western blot analysis of 
various adult and embryonic 
mouse tissues.

5.3.4.6 Calpain might cause FAC1 truncation

It is interesting to consider the possibility of a specific cleavage of FAC1 by calpain 

resulting in removal of the C-terminal region containing the bromodomain and the 

glutamine-rich region. Calpains are calcium-dependent cysteine proteases that modulate 

biological activities of proteins through limited proteolysis and contribute to 

posttranslational modification of cellular proteins (Carragher et al., 2001, Frame et al., 

2002, Welm et al., 2002). Calpains are implicated in neuronal apoptosis and 

neurodegeneration (Chan and Mattson, 1999, Camins et al., 2006), Alzheimer’s disease 

(Raynaud and Marcilhac, 2006), brain injury (Huh et al., 2006), and neuronal 

differentiation (Grynspan et al., 1997), all processes in which FAC1 plays a role. 

Calpain cleaves Bid, Bax, p53, and AIF proteins into proapoptotic fragments which 

promote cytochrome C release and apoptosis (Gao and Dou, 2000, Chen et al., 2001, 

Sedarous et al., 2003, Polster et al., 2005). Nuclear FAC1 has been shown to repress 

transcription (Jordan-Sciutto et al., 1999). However, FAC1 relocation into the 

cytoplasm has been observed in development and disease (Schoonover et al., 1996, Mu 

et al., 1997). The altered subcellular localisation that promotes FAC1 proapoptotic 

activity (Strachan et al., 2005b) might be explained by cleavage of FAC 1 by calpain.

5.3.4.7 Glutamine-rich domain

Another important region of FAC 1/BPTF proteins is the glutamine-rich domain 

spanning amino acids 1910-2709 of BPTF vl and 2035-2692 of BPTF v2. Our
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bioinformatics analysis of eukaryotic BPTF sequences from fish to mammals 

demonstrates a high level of conservation of the glutamine-rich region, pointing to 

functional significance (Appendix 10). This domain is affected by alternative splicing 

over amino acids 2395-2538 in BPTF vl (Figures 5-7 and 5-8).

Glutamine-rich domains have been associated with amyloid formation and 

neurodegenerative diseases (Michelitsch and Weissman, 2000), protein-protein 

interactions (Guo et al., 2007), and RNA polymerase II recruitment for transcriptional 

activation in a number of eukaryotic transcription factors (Courey and Tjian, 1988, 

Emili et al., 1994, Gerber et al., 1994). Activation can be effective even when the 

transcription factor is bound to the DNA at a long distance from the transcriptional start 

site (Courey et al., 1989). As shown in Chapter 4, the predicted FAC 1 /BPTF binding 

sites are situated in the proximity of the second Prnp exon, a long distance from the 

Prnp and, especially, Prnd transcription start sites. The potential of glutamine-rich 

domains to mediate a long-distance activation of gene expression should be kept in 

mind as a possible mechanism for how FAC 1/BPTF could regulate both Prnp and Prnd 

genes.

Partial lost of a glutamine-rich domain has been reported to result in changes in 

functionality (Courey and Tjian, 1988, Davies et al., 2008, Mayr et al., 2005, Gerber et 

al., 1994). The spliced part of the domain in BPTF is situated 202 amino acids upstream 

of the PHD Zn-finger domain containing binding sites for histone H3-K4Me3 and 280 

amino acids upstream of the bromodomain (Figure 5-8). The domain may assist the 

formation of the BPTF chromatin remodelling complex, and thus modification of it by 

splicing may change the protein complexes bound by BPTF and its activity in chromatin 

remodelling. However, as noted above, it is unclear if the presence of a full or partial 

Region 1 with the PEST domain always results in posttranslational truncation with 

removal of the glutamine-rich and bromodomain regions. In this case alternative 

splicing would be functionally irrelevant for the proteins from the v2-v7 transcripts as 

they would be short.

It is important to mention that glutamine-rich sequences have been found in 

transcriptional repressors also (Song et al., 2004). It is thus possible that partial deletion 

of the domain could change an activator to a repressor.
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My transcript analysis shows that the majority (20 out of 24) of testis-specific clones 

contain the unspliced version of the glutamine-rich domain (Figure 5-6). Thus, this 

domain appears to be especially important for testis function as all other tissues either 

contain about equal amounts of Region 2 variants (Figure 5-6, brain, heart), lesser 

levels of variants with Region 2 present (Figure 5-6, eye), or variants with Region 2 

absent (Figure 5-6, kidney, thymus).

5.4 Conclusions
The relatively recent discovery of BPTF involvement in chromatin remodelling as part 

of the remodelling complex - which has been most studied in the orthologous 

Drosophila nucleosome remodelling factor (NURF) complex - highlights the necessity 

for increased understanding of mammalian BPTF transcription and tissue-specificity. 

Despite a growing list of published studies addressing possible molecular mechanisms 

and targets of the BPTF complex, BPTF itself is poorly understood.

The fact that only a truncated-protein form of FAC1 has been described so far despite 

the presence of full length mRNA transcript adds an additional aspect to BPTF 

complexity. In this context, my discovery of multiple tissue-specific splice variants is 

especially important as it might provide an explanation for how mammalian BPTF acts 

as an activator in some circumstances and a repressor in others. I isolated eight 

alternative transcripts of mouse Bptf and showed that they had substantial tissue 

specificity. Brain-specific retention of the two exons containing the PEST domain of 

Region 1 at the 5’ end of the Bptf ORF is of a particular interest as it might enable 

additional calpain-dependent regulation. I suggest that calpain can mediate FAC1 

truncation through the PEST domain based on the capacity of PEST sequences to act as 

signals of protein degradation by calpain proteolysis.

Furthermore, the existence of alternative Bptf variants and their tissue specificity 

highlights problems with interpretation of previously reported experimental results. 

Great care needs to be taken when dealing with alternative transcripts, especially coding 

for proteins with complex functions. BPTF, with its known involvement in 

development, apoptosis, oxidative stress, transcriptional regulation, and chromatin 

remodelling, serves as a good illustration. Understanding which alternative transcripts 

are involved is essential, as chromatin remodelling complexes assembled with
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alternative isoforms of BPTF may have altered histone-binding specificities or switch 

from an activator to a repressor of transcription.

My results make clear that use of antibodies or nucleic acid probes that do not 

discriminate multiple protein isoforms might lead to attribution of a particular function 

to an incorrect variant of the protein. Similarly, special attention is necessary when 

choosing tissues and cell lines because alternative transcripts are often tissue-specific. 

Although it seems obvious that the possibility of functionally relevant alternative 

transcripts should be recognized and investigated first, this was not done for BPTF. The 

growing literature is thus not securely anchored.

Bioinformatics analysis of FAC1/BPTF functional regions and evolutionary conserved 

motifs confirms that the oldest function of the BPTF gene is chromatin remodelling, and 

that the novel, brain-specific, functions which currently appear to be relevant only to 

truncated proteins are more recent. The analysis also illustrates which important 

functions of BPTF could be affected by alternative splicing: these have been identified 

as PEST-domain-associated function, in particular, possible regulation by calpain and 

interaction with KEAP1, and glutamine-rich-domain-associated functions.

Finally, I suggest that my approach to analyse previously undetected mouse Bptf 

transcript variants has general applicability to other problems involving detection of 

splice variants of large transcripts and their tissue distribution. Despite the accumulation 

of huge amounts of data relevant to mRNA transcripts many putative alternative splice 

forms are missed because EST sequences are biased towards the 5’ and 3’ ends of 

genes. In the case of large or rare transcripts, the coverage of the internal sequence may 

often be insufficient to correctly predict splice forms. The situation is even more 

unsatisfactory if we need to assess tissue distribution of alternative transcripts because 

of the uneven coverage of EST tissue libraries. The novel method I have designed is 

straightforward for identifying different transcripts and may be used to help to solve this 

problem.
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Chapter 6.
Summary and Conclusion

The main goal of my PhD was to track the coevolution of the PRNP gene and its 

downstream duplicate PRND by investigation of their expression and transcripts in 

amphibian, marsupial and mouse models and by analysis of their coregulation using 

combined bioinformatics, comparative genomics and experimental techniques.

The importance of this research arises from the necessity to expand understanding of the 

fate of tandemly duplicated genes, as no suitable model was described before to 

examine gene evolution systematically from its “nascence” to acquisition of a new 

function. Evidence for coevolution of PrP and Dpi can also provide answers about how 

their antagonistic relationship in neurodegeneration might be regulated.

The first step towards developing the PRNP/PRND evolutionary model was a novel 

discovery of PRND in amphibians and marsupials and characterisation of PRNP/PRND 

tissue specificity, described in Chapter 3. A key aspect of the early evolution of the 

PRND gene is the existence of a chimeric transcript sharing 5’ untranslated exons with 

the PRNP gene. This initial chimeric transcription allowed the PRND to evolve rapidly 

by mutation and escape pseudogenisation while its expression was preserved by 

coexpression from a parental gene promoter.

Results presented in this thesis demonstrate simultaneous evolution of PRNP and PRND 

by showing their expression divergence in three vertebrate models. Evolution of PrP 

was driven by the acquisition of the N-terminal repeats in the protein and the CPE motif 

at the 3’UTR by PRNP, which facilitates posttranslational regulation. Evolution of Dpi, 

on the other hand, was driven by acquisition of new regulatory DNA elements and 

increased tissue specificity in eutherian mammals. The emergence of monocistronic 

PRND in mammals together with a new tissue-expression pattern signifies the 

importance of an independent promoter for neofunctionalisation.

A significant discovery was persistence of chimeric PRND transcription in mouse. 

Moore et al. (1999) proposed that chimeric expression might be explained either as a 

result of inefficient transcriptional termination or as a means to synchronize synthesis of
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Summary and Conclusion

the PrP and Dpi proteins. My analysis of translation of chimeric PRND transcripts by 

ribosome-binding assay reveals its association with polysomes during embryonic and 

early postnatal mouse stages and, thus, Dpi protein expression from the chimeric PRND 

transcript. This finding suggests the correctness of the idea of synchronized PrP/Dpl 

expression as well as demonstrates the functional importance of chimeric transcription 

of PRND during development.

Comparative sequence analysis suggests that the functions of PrP and Dpi in mammals 

differ from those in frogs. However, conservation of the main structural domains 

suggests changes in gene regulation rather than structural divergence was an important 

genetic basis for PrP and Dpi functional evolutionary development and that PrP may 

have retained its original function and evolved additional promiscuous functions rather 

than gaining a completely new function.

The discovery of a PRNP duplicate gene in the X  laevis allotetraploid genome provides 

an additional insight on gene fate after whole genome duplication. The intrinsic 

functional flexibility of PrP is demonstrated by retention of its second copy in the 

allotetraploid X. laevis. Conversely, loss of the second copy of PRND might be due to 

its functional immaturity at the time of the whole genome duplication.

Taken together, one of the most significant conclusions emerging from Chapter 3 is that 

PrP and Dpi coevolved within vertebrates and transcriptional and translational 

regulation of their expression plays an important role in their functional development.

The results presented in Chapter 4 address the issue of putative factors that might 

coregulate PrP and Dpi expression. It has been suggested that an antagonistic 

relationship between PrP and Dpi during neurodegeneration is based on competitive 

ligand binding. This study proposes a model for a regulatory mechanism behind this 

antagonism. Phylogenetic footprinting analysis predicted several transcription factor 

binding sites in the PRNP and PRND genes. Conceptual analysis of published data on 

the predicted transcription factors suggested the choice of FAC1/BPTF as a priority for 

further experimental analysis. This selection is based on absence of the FAC1 binding 

site in chicken, in which the PRND gene is absent, and on coexpression of FAC 1, PrP 

and Dpi in Alzheimer’s, oxidative stress and neuronal development. The results of in 

vitro experiments (luciferase assay, expression analysis) suggest a novel hypothesis that
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Summary and Conclusion

FAC1/BPTF might coregulate expression of both PRNP and PRND genes by acting as a 

distant enhancer and engaging a BPTF-chromatin remodelling mechanism. A 

conceptual approach combined with bioinformatics analysis suggest that BPTF might 

be recruited to the PRND promoter by the USF1 transcription factor and activate 

expression through an E2F1/Rb mechanism. Alternatively, BPTF might be recruited to 

the PRNP promoter by the HSF transcription factor. This model provides an interesting 

potential mechanism for regulation of antagonistic antiapoptotic/proapoptotic functions 

of PrP and Dpi.

The research undertaken in Chapter 4 led to realisation that FAC1 and its isoform 

BPTF, two variants reported so far, are very poorly described in the literature. Thus, 

additional investigations, described in Chapter 5, were undertaken to provide a 

systematic characterisation of the structure and properties of BPTF using comparative 

genomics, expression, and transcript analysis. The results indicate the existence of eight 

BPTF variants in mouse tissues with specific tissue-expression patterns, and with 

alternative splicing affecting various functional protein domains. These findings imply 

that tissue-specific modulation of BPTF activity by alternative splicing should be taken 

into account when studying its role as a transcription factor or as a part of the chromatin 

remodelling complex. This information also can be used to develop BPTF-specific 

antibodies and BPTF-specific probes able to discriminate among isoforms.

The novel data presented in this thesis address the important issues of evolution by gene 

duplication, coregulation of antagonistic genes, and tissue-specific alternative 

transcription. However, this research has raised many questions that require further 

investigation.

First of all, translation of chimeric PRND in amphibians still has to be confirmed by 

polysome-binding assay. Development of novel methods of detection is needed to 

clarify the functional role of chimeric PRND in mammals.

Further experimental investigations are needed to deepen our understanding of PrP and 

Dpi coregulation. More detailed studies are required to confirm recruitment of FAC 1 

and E2F1 to their predicted binding sites. This can be achieved by mutagenesis of 

corresponding binding sites and ChIP analysis. Coimmunoprecipitation experiments 

may be applied to confirm recruitment of BPTF by USF1 in the PRND promoter.
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Binding could be examined in cell or animal models at specific stages of development. 

Comparative analysis of healthy- and disease-state mouse models, or embryonic brain 

and adult brain, in which either PRNP or PRND is selectively activated, could provide 

more definitive evidence to the proposed mechanism of coregulation.

Finally, the existence of variable multiple BPTF variants in different tissue types 

requires analysis to determine whether all variants present are translated. This could be 

done by creating variant-specific antibodies followed by Western blot analysis and 

immunohistochemistry for detection of BPTF variants. .

In summary, this thesis demonstrated coevolution of PrP and Dpi and proposed a novel 

model for their coregulation. My research confirmed the concept that evolution of 

duplicated genes involves both sequence and expression divergence and presented a 

new way to look at the interaction between PrP and Dpi and regulation of their 

functions using a comparative evolutionary approach. The results also provided a novel 

basis for understanding how dysfunction of gene regulation of PrP-family genes might 

lead to outcomes in disease states such as prion disease or Alzheimer’s 

neurodegeneration.

Finally, I would like to underline once more the advantages of applying a comparative 

approach using both computational and experimental analysis to successfully 

characterise the evolutionary relations between gene family members and define 

regulation of their functions.
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Appendices

Appendix 1. Sequences of oligonucleotide primers used in 5’ and 3’ RACE. Numbering 
refers to the relevant cDNA sequence and positions primer relatively to ORF. Negative numbers 
correspond to 5’UTRs. GSP, gene specific primer, reverse (R) for 5’amplification and forward 
(F) for 3’ amplification. PRNP, prion protein gene; PRND, doppel gene.

PRNP , X. tropicalis
5 ’GSP-R 315 A CCG  AGC A TG TA G CCCCC G  A T AG393
5 ’nested GSP-R 244t g g g a g g t t t c c a t t g c t t g t t g t t g 219
3 ’GSP-F 387c c a g a t g c c a g a g c g t g t t t a c a g 410
3 ’nested GSP-F ^ ' a g g g a a g a a c a c c a g c g a g g t a a a c 531

PRND, X. tropicalis
5 ’GSP-R 4 " g g t c  a c t g c c c c  a t t g g t a g g c t t 454
5 ’nested GSP-R 23"a g c t c a g a t t c c t c g g t a a g g t t a a a g 204
3 ’GSP-F I77c t t c a g a g g c a g g g c a c t c a a t g t g 2UI

41 ‘g g c c a c g c a g g t c c t a c a g t t t c t c 435
3 ’nested GSP-F 295G G TG C TG G TG G G  ACTG ACG A G TTT318

““ G G C A G TG A C C TG C A C TG G TG G A T4911
F-exon T G G A C T G A A G G A G T A G A A A ^G T C A C C A T 58

PRNP, X. laevis
5 ’GSP-R J1 ‘C G A C C C A C TG C A TTA C C G A G C A T2*9
5 ’nested GSP-R y4TA C TTTTC C C A C C A C C G C TC TTC TTG by

PRND, X. laevis
5 ’GSP-R j l *CTCCTCCG TG C CG G CA G TA TCA TT2y:>
5 ’nested GSP-R 292g c t g g g a g c g c c a t g g g t a g t a a a 269
3 ’GSP-F 139TCC TG TC C TC G G  AC A CCTA TTCTTC A 184
3 ’nested GSP-F 24 'C TG TA C  AG A TTCCCG G  A CGG  A CTTT2' 1

PRNP , M  domestica
5 ’m dPrP-GSP137 92G G TC TTG G C TTC G G TTTC TTA C A G 69
5 ’m dPrP-nGSP83 38AG AGCC A AG AACC A GTATCCC A A G 15
3 ’m dPrP-GSP356 3"G C A G C TA C A A C C A G A A G TG G A A A C C 335
3 ,m dPrP-nGSP457 4 "  A T AC A TG CTG G G G  A GTGCC ATG A 433

PRND , M. domestica
5 ’mdD pl-G SP387 342G C G G G TA G C A TTC A C  A C A G TTG C T319
5 ’mdD pl-nG SP276 231A C TG TTG C C C TC C TC C C C  A A A G T209
3 ’m dDpl-GSP295 23UA G CCTG TTCCC AG ATG A A ATCC A2 72
3 ’mdDpl-nGSP351 3"6G G A G G TC TTC A TC A G C A A C TG TG T329
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Appendix 2. Sequences of oligonucleotide primers used in tissue expression analysis.
Numbering refers to the relevant cDNA sequence and positions primer relatively to ORF. 
Negative numbers correspond to 5’UTRs.

P R N P , X . tro p ic a lis
FI L x P m p 4 0 0 24Ic c t c c c a a g t c a a a a a c c a a 26"
R1 R x P m p 4 0 0 “ ■’C A G C C A A G G G T T A G A G A G C A 614

PRJXD, X . tro p ic a lis
F2 L x D p l4 0 0 72t a g a a g a g c a g c a a g c a g c a 91

R2 R x D p l4 0 0 469c c c c a t t g g t a g g c t t t a c a 430
F3 L x D p l2 0 0 I33a g a a g g c c a a a a g t g a c c a a 153
R3 R x D p l2 0 0 341 g t g g t g t t a  a g g c  a c c c  a c t 322

P R N P 1 , X . la e v is

F4 L x lP p /D 5 8 ■'“ C T C A C T G C T T T C C C G A T C A C 136
F5 L h it7 e x l ^ G C T T C T C A T T T G C C T T C C T G '77
R 4 R x lP m p 123G T T G C T C C C T G T G T T C C  A T C 104

P R N P 2 ,X . la e v is
F6 L h itö e x l '94C G G A T C A C G A G C T T C T C A T T 75

F7 L h i t l e x l •' " ’T C C T G A A C C T C C C C C T G T A '98
R5 R h it6 - le x 2 ‘" ’T G A G A G G A T  A A G T  A A G C C C A A A '36
R 6 R x lP p 3 5 0 369C C A A G C A T G T A G C C T C C A A T 350

P R N D , X . la e v is
F 8 L x lD 6 e x l ' 277C A C A C T C C C A G A C A A G A G C A '2:)8
F4 L x lP p /D 5 8 ■ imC T C  A C T G C T T T C C C G  A T C  A C 136
F9 L x lD p l2 9 8 -i 1 3 J J T T C A G G G C A A A G C A G A G T '94

F 1 0 L x lD p l3 7 3 ■38g g a a g a a a c a g c a g c a a a g g 19
R7 R x lD p l 311G T G C C G G C  A G T A T C  A T T C  A 293
R8 R 1 8 0 D p le x 2 19C C T T T G C T G C T G T T T C T T C C "38
R 9 R x lP ex 2 ■' 'T G A G G G T A T A G A G T G T G C C A A A '38

G A P D H , X . la e v is
F l  1 L x lG A P D H 437 A A C T G T C T G G C T C C T C T T G C 4 76
R IO R x lG A P D H 738A C T T T G C  A G G C T T C T T C A G G 738

P R N D , X . tro p ic a lis

F2 L x D p l4 0 0 72T A G A A G A G C A G C A A G C A G C A 91

R 2 R x D p l4 0 0 ,69C C C C  A T T G G T  A G G C T T T  A C  A 43“
F3 L x D p l2 0 0 133a g a a g g c c a a a a g t g a c c a a '
R3 R x D p l2 0 0 341 G T G G T G T T A  A G G C  A C C C  A C T 322

P R N P , M . d o m e s tic a

L m d P rP l l3A G T T A A G A C C T G A C A A C G A C C A '92

R m d P rP 5 2 1 408a c c a a g c c c t c c t a c a a c t g 389
R m d C P E 1 6 7 2348c a a a t a c g t g c a a a g t t a c a a a t c 2323
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PRND, M. domestica
RmdDpl350 350t t g a t t  a c g c g g g t  a g c a t t 33 1
Lmd2D ■436G AC A A AGACCTCCTTGG ATC AC415
Lmd5D ■"“AGCAACCTTTTCCAACAACG'21

GAPDH, M. domestica
LmdGAPDH 353t t a t t t c t g c c c c c t c t g c t 372
RmdGAPDH 804ACGCTTGCTTCATC ACCTTC

Mouse Pmp, Prnd and 
\]-actin
LmmPexl-5 ' 151G ATC AGC AG ACCG ATTCTGG'132
LmmPexl-94 “ GCATTCTGCCTTCCTAGTGG’43
RM587 52<’ACCAAACGAAACCCAGCAGM’8
LMexlDpl •"TCAGAGGCCACAGTAGCAGA16
Lß-actin 349AGATGACCCAGATCATGTTTG3W
Rß-actin 989a g c a a t g a t c t t g a t c t t c a t g 968

Appendix 3. Original gel images for tissue and cell expression analysis, (a) X  laevis PRNP- 
2b and PRNP-la, (b) X  laevis PRNP-2a and PRNP-1 b, (c) X. laevis PRND-ch (chimeric), (d) 
X. laevis PRND-a (non-chimeric), (e) X  laevis PRND-b (non-chimeric), (f) M. domestica 
PRND-1, 2,3, 4 (chimeric), (g) M. domestica PRNP-1 and PRNP-3, (h) mouse Prnd (non- 
chimeric), (i) mouse Prnd-chl, 2, 3 (chimeric), (j) mouse Z?/?(/'Region 1, (k) mouse £/?(/'Region 
2, (1) mouse Bptf Region 1-1 (exon5), (m) mouse Bptf Region 1-2 (exon6), (n) mouse and 
human Bptf Prnd, and Prnp, (o) mouse E2F1. Analysed tissue samples are indicated on top of 
the images. H20  was used as a negative no template control. 2-log ladder (Invitrogen) or 
HyperLadderIN,IVbp ladder (Bioline) (in gels j and k) was used as a molecular marker. 
Numbering on the left side of the images refers to the size of the relevant PCR product.

(a) X. laevis PRNP-2b and PRNP-la

^ eŜ  y o o Q ^o scV3Goi s 5 f e°SV^

485bp

PRNP-2b

524bp m

PRNP-1 a
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(b)X laevis PRNP-2a and PRNP-lb
&

s v ^ V " c f s ^ t ^  v ^ V ^ o ^ i -

463bp

PRNP-2a

219bp

PRNP-1b

(c) X. laevis PRND-ch
v ^ >  ^ ° xeGô  s9xeß° S ^  s \o^aC£Se y\eas\>aJ'ö ^ \ ^ dv\-P

(d) X. laevis PRND-a

V^ĉ e ^ vc'*\e^s  vC\ ê\jNeV ^  SVxee° S ^  G\ p ^ C&Je y\®^V 3r'c Ĝa\\

PRND-a

424bp

(e) X. laevis PRND-b
v A ^ e W ^ eŜ 5 y o ^  \ j \o scX eG ^  S V x e6° S ^  c , \ o ^ C£ N e  V  ̂ G ^

PRND-b

349bp
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(f) M  domestica PRND-1, 2, 3, 4
^ e ^ 's O ''*1'1 ^ 'd° e') v\N<e< v .o ^  ^v>*cXe slo«'aC't'  S9veC°  * - ?

PRND-1, 2, 3, 4

,r

896/927bp
741 bp ....... . .........

453 bp

( g )  M  domestica PRNP-1 and PRNP-3

^ e< -Ye^'s 0 ^ S vo<* ^ oSc\e Gp\ sV>9'»c* ' eS® y\e®A

PRNP-1

2661 bp

1054bp
PRNP-3

(h) Mouse Prnd
-\e#S y(i^eN* V - ^  G^1 9PXee°  £Ne yVj°

622 bp

33

Pmd
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(i) Mouse Prnd-chl, 2, 3
^  v3N®* ^  ^ cXe \Aeâ  sexee° vvp

915bp
752bp
649bp

Prnd-ch1, 2, 3

(j) Mouse Bptf Region 1, primers LmmFacl/RmmFacl

v\# 'e^ ^  \̂>e°X e 9\e6\ s e Y\e®̂  c,\P  ̂ \̂ <P

603bp «Mn»
414bp fa m* «mm*

228bp

(k) Mouse Bptf Region 2, primers LmmBptf/RmmBptf

•WM#

640bp

230bp

(1) Mouse Bptf Region 1-1 (exon 5), primers LmmFacl/ RmmRegl-2

478bp

289bp
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(m) Mouse Bptf Region 1-2 (exons 6), primers LmmRegl-1/ RmmFac24

CjNP  ̂ \ ^ 2 ~

435bp

246bp

(n) Mouse and human Bptf Prnd, and Prnp in tissues and cell lines

Fac1/Bptf expression

&®̂ V'W''G>v
Prnd expression

644bp * * m m« i m  ^ ^  *-«■ 622bp
455bp * “ •  • ’ *  •  • - *  545bp
266bp * *  - *

\  y '  '  w  \  ■

d '  xJO

Prnp expression

654bp
352bp

(o )  Mouse E2F1

522bp
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Appendix 4. X. tropicalis (Xt) and M. domestica (Md) PrP and Dpi translated protein 
sequences. Highlighted are predicted signal sequence
(http://www.cbs.dtu.dk/services/SignalP/), N-glycosylation sites
(http://www.cbs.dtu.dk/services/NetNGlyc/), GPI-anchor sites
(http://mendel.imp.ac.at/gpi/gpi_server.html), and cysteines involved in disulphide bridge 
formation.

>XtPrP_________________
MLRSLWTSLVLISLVCALTVSSKKSGSGKSKTGGWNSGSNRNPNYPGGYGWNTGGNTGGSWGQPYNPSGG 
NNFNNKQWKPPKSKTNMKÄVÄVGAAAGAIGGYMLGNAMGRMSYHFSNPMEARYYNDYYNQMPERVYRPMY 
RGEEHVSEDRFVTDCYHiVTEYIIKPAEGKBj|EVNQLETRVKSQIIREMCITEYRRG|GFKVLSNPWL 
ILTITLFVYFVIE

>XtDpl_______________________
mgrqnlfsclillllilycslssprr§asskkiskttdlsrgakrrpkvtnspalgdlsfrgralnvnf|
H eeselytanlysfpdglyyprpahlsgaggtdefisgclnt|iernkvwisqleddeegdiymsvatq
vlqflcmenyvkpt(gavtctgglwvfigvmhffflfrkgd

>MdPrP
MGKIHLGYWFLALFIMTWSDLT^KKPKPRPGGGWNSGGNRYPGQSGGWGHPQGGGTNWGQPHAGGSNWG
QPRPGGSNWGQPHPGGSNWGQPHPGGSNWGQAGSSYNQKWKPDKPKTNMKHVAGAAAAGAVVGGLGGYML
gsamsrpimhfgndyedryyrenqyrypnqvmyrpidqynnqnnfvhdcvB H vkqhttttttkge|ft
tdikimervveqmcitqyqneyrsay|vaffsappvtllllsfliflivs

>MdDpl
MRRHLGICWIAIFFALLFSH^BMKTTRQRNKSNRKGLQTNRTNPTTVQpSEKLQGTFIRNGRKLVID
FGEEGNSYYATHYSLFPDEIHYAGCAES^|KEVFISNCVNATRVINKLEPLEEQBgDIYSRILEQLIK
elcalnycefrtgkgtg|salfrpicyglpgdsdlldseihkhra

Signal sequence
Cysteine involved in disulphide bridge formation
N-glycosylation site 
GPI anchor site
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Appendix 5. Nucleotide and deduced amino acid sequences of cDNAs for chimeric and 
non-chimeric transcripts of (a) X  tropicalis PRNP, (b) X  tropicalis PRND (chimeric), (c) X  
laevis PRNP-1a, (d) X  laevis PRNP-lb, (e) X  laevis PRND-ch (chimeric), (f) X. laevis PRND- 
a, PRND-b (non-chimeric), (g) X  laevis PRNP-2a, (h) X  laevis PRNP-2b. Exons are numbered 
and non-coding exons are enclosed by full, dashed or dotted boxes. In the absence of genomic 
sequence for X  laevis the exon boundaries have been predicted based on alignments of cDNA 
sequences with those for X  tropicalis. The cDNA sequence corresponding to the ORF is 
highlighted in grey. The 5' or 3' end variants are represented by lower case letters. Figure 
produced by Nagesh Chakka.

(a) X. tropicalis PRNP
E x o n l

1 |actgctagtcccactgccctcctgatctgcctggcACATCCATCCTCAGTCCCTCTGTCG| 60
E x o n 2

61 iTATCCTGCCTGGCACAGAGlGCÄT T T T cC ÄGÄGTTTGGCÄTTTTGCTTGCTfCTTTTfGGG; 12 0

--------------1---------------E x o n 3 ------- 1---------------I---------------I---------------1
1 2 1  CÄTÄCTCÄCCCÄCÄCÄCÄGGTTTGCCATGATGCTAAGAAGCCTCTGGACTTCTTTAGTCC 1 8 0

1 M L R S L W T S L V L 1 1

1 8 1  TTATCTCACTTGTATGCGCACTGACTGTATCTTCCAAGAAGAGTGGTAGTGGGAAAAGCA 2 4 0  
12  I S L V C A L T V S S K K S G S G K S K 3 1

2 4 1  AAACCGGAGGATGGAACAGTGGGAGCAACCGGAACCCCAACTACCCAGGAGGCTATGGCT 3 0 0  
32  T G G W N  S G S N R N  P N Y  P G G Y G W  51

3 0 1  GGAACACCGGAGGGAATACTGGAGGCAGCTGGGGCCAACCTTATAATCCCAGTGGCGGASf 3 6 0  
52  N T G G N T G G S W G Q P Y N P S G G N 7 1

3 6 1  ACAATTTCAACAACAAGCAATGGAAACCTCCCAAGTCAAAAACCAATATGAAGGCTGTGG 4 2 0  
7 2  N F N N K Q W K P  P K S K T N M K A V A 9 1

4 21 CCGTAGGCGCTGCTGCAGGCGCTATCGGGGGCTACATGCTCGGTAATGCAATGGGTCGTA 4 8 0 
92  V G A A A G A I  G G Y M L G N A M G R M  1 1 1

4 8 1  TGAGCTATCATTTCAGCAATCCCATGGAAGCACGTTATTATAACGACTACTACAACCAGA 5 4 0  
1 1 2  S Y H F S N P M E A R Y Y N D Y Y N Q M  1 3 1

5 4 1  TGCCAGAGCGTGTTTACAGGCCAATGTACAGAGGCGAGGAGCACGTGTCAGAGGATAGGT 6 0 0  
1 3 2  P E R V Y R P M Y R G E E H V S E D R F  1 5 1

6 0 1  TTGTCACGGACTGCTACAATATGTCAGTGACAGAGTACATCATCAAGCCAGCTGAAGGGA 6 6 0  
1 5 2  V T D C Y N M S V T E Y I  I K P A E G K  1 7 1

6 6 1  AGAACACCAGCGAGGTAAACCAGTTGGAAACCAGGGTGAAGTCCCAAATTATTCGCGAGA 7 2 0  
1 7 2  N T S E V N Q L E T R V K S Q I I R E M  1 9 1

7 2 1  TGTGTATCACTGAGTACAGGAGAGGATCGGGATTTAAGGTGCTCTCTAACCCTTGGCTGA 7 8 0  
1 9 2  C I T E Y R R G S G F K V L S N P W L I  2 1 1

7 8 1  TCCTCACTATCACTCTTTTTGTTTACTTTGTGATAGAGTGÄCCAGAGGGAAGGCCAAATG 8 4 0  
2 1 2  L T I T L F V Y F V I E  * 2 2 3

841 TATGTATATAG 851
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(b) X  tropicalis PRND (chimeric)
Exonl

1 |GCCCTCCTGATCTGCCTGGCACATCCATCCTCAGTCCCTCTGTCGTATCCTGCCTGGCAC| 60
Exon2

61 [ägä^ cäcccäccXgägcctggcacccägctägcttctctttgggcätäctcäcccäcXc 12 0
Exon3 Exon4

121 ACAG[gGTCACCATAGATCACCAATGGGGCCATTTTAGCTCTTCCACACTTCTACCACAGG 180

181 TGGTGACAGAATGGGAAGGCAGAATCTATTCTCCTGTCTGATTCTTCTCCTGCTCATATT 240 
1 M G R Q N L F S C L I L L L L I L 1 7

51 ATATTGTAGTCTCTCTTCTCCTAGAAGAGCAGCAAGCAGCAAAAAAATTAGCAAAACCAC 300 
1 8 Y C S L S S P R R A A S S K K I S K T T 3 7

301 AGATTTGAGCAGGGGAGCCAAAAGAAGGCCAAAAGTGACCAATTCTCCTGCCCTCGGAGA 360 
38 D L S R G A K R R P K V T N S  P A L G D  57

3 61 TCTGTCCTTCAGAGGCAGGGCACTCAATGTGAACTTTAACCTTACCGAGGAATCTGAGCT 4 2 0
5 8 L S F R G R A L N V N F N L T E E S E L 7 7

421 TTATACAGCAAACCTCTACAGCTTCCCGGATGGCCTGTACTACCCACGGCCTGCCCACCT 480
7 8 Y T A N L Y S F P D G L Y Y P R P A H L 9 7

481 CAGTGGTGCTGGTGGGACTGACGAGTTTATAAGTGGGTGCCTTAACACCACAATAGAAAG 540 
98 S G A G G T D E F I  S G C L N T T I E R  117

AAACAAGGTCTGGATCTCTCAACTGGAAGACGATGAAGAAGGGGATATTTATATGAGCGT 600 
118 N K V W I  S Q L E D D E E G D  I Y M S V  137

601 GGCCACGCAGGTCCTACAGTTTCTCTGTATGGAAAATTATGTAAAGCCTACCAATGGGGC 660 
138 A T Q V L Q F L C M E N Y V K P T N G A  157

61 AGTGACCTGCACTGGTGGATTGTGGGTCTTTATAGGTGTCATGCATTTTTTTTTTTTATT 720 
158 V T C T G G L W V F  I G V M H F F F L F  177

721 TAGGAAGGGAGACTA^AGCCTAGGAATTCTGTattttatatgaacttttaagaactaact 780 
178 R K G D * 181

781 gtactagcccagaggttcagcagccctataacagcaatgatccaggccttcaaatttgtc 840 
841 cacagcagctcttggatctcatcttggatcttttgagtgtcagtgacactgcacattctc 900 
901 agtgtgcagggctgctgttaaagactacgccatctgtcatagaatgcacgtttctacaca 960 
961 ggaatatactctaatatataggaatatatgtgcatgcaccctactaatagttcagcctgc 1020 

1021 cagagatcaccaaggagttgcatagccttttttacaaacatatccttcatctaaaacttc 1080 
1081 atctgtgacttctaatagtcttataaattacaacaggagcaatattatattctatattat 1140 
1141 atacatataagcaggaattatggctgctgttgtgcacacagggaagttggaggtttggcc 1200 
1201 acggtttgttttccccttattataattgatgaaataaaaatcaggttaaactgg 1254

(c) X  laevis PRNP-la
Exonl

1 |agtccgcccccacccctctcctgcatgaAGTCTCTTCCCCATCAGCTCATCCCTAGTCTC| 60

61 |ACTGCTTTCCCGATCACCCTGGAACAGCCATCCTGAATCCCCCCCTGGCACATCCATTTC| 120

Exon2
121 |g t a t t t t c c c c t t g g c a c a g a g[gc ä ^ ^ a c c c g g ä c c t g a c ä c c c ä c ä t ä g c t t c t c t t: 180

------ 1------- 1—  Exon3|------- 1------- 1------- 1

181 jTGGCACACTCTATACCCTCACCCAGGTTGTTTATGKTGCCACAAAGTCTCTGGACTTGT'l} 24 0
1 M P Q S L W T C L 9
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241 TAGTCCTTATCTCCCTAGTATGCACATTGACTGTATCTTCCAAGAAGAGCGGTGGTGGGA 300 
10 V L I  S L V C T L T V S S K K S G G G K  29

301 AAAGTAAAACTGGAGGATGGAACACAGGGAGCAACCGGAACCCCAACTACCCAGGAGGCT 360
30 S K T G G W N T G S N R N P N Y P G G Y 4 9

361 ACCCAGGGAATACTGGAGGCAGCTGGGGGCAACAACCTTATAATCCTAGCGGTTATAACA 420 
50 P G N T G G S W G Q Q P Y N P S G Y N K 6 9

421 AGCAATGGAAACCTCCCAAGTCCAAAACCAACATGAAGTCGGTGGCCATAGGCGCTGCTG 480
70 Q W K P P K S K T N M K S V A I G A A A 8 9

481 CTGGTGCTATTGGAGGCTACATGCTCGGTAATGCAGTGGGTCGTATGAGTTATCAATTCA 
90 G A I  G G Y M L G N A V G R M S Y Q F N  109

;1 ACAATCCCATGGAGTCCCGTTATTATAACGACTACTATAACCAGATGCCAAATCGCGTTT 600
110 N P M E  S R Y Y N D Y Y N Q M P N R V Y  129

6 01 ACAGGCCTATGTACAGAGGAGAGGAGTACGTGTCAGAGGACAGGTTCGTGAGGGACTGCT 6 60
130 R P M Y R G E E Y V S E D R F V R D C Y  149

661 ACAATATGTCAGTGACAGAGTACATCATAAAGCCGACTGAAGGAAAGAACAACAGCGAGC 720 
150 N M S V T E Y  I I K P T E G K N N S E L  169

721 TAAACCAGTTGGATACCACGGTAAAGTCCCAAATTATTCGCGAGATGTGCATCACCGAGT 780 
170 N Q L D T T V K S Q I  I R E M C I T E Y  189

781 ACAGGAGAGGATCGGGATTCAAAGTGCTCTCTAACCCTTGGCTGATCCTTACTATCACTC 840 
190 R R G S G F K V L S N P W L I L T I T L  209

----- ■------- .------- ------- \------- \------- \
841 TCTTTGTTTACTTTGTGATAGAGTGATCAAAGGAAATATTAATAAAAAGGCCAAATGTAT 900
210 F V Y F V I E  * 216

901 GTATATATAGAGAGAGTATAAACCGATTCTGAACTGTTCCGTCTCA 946

(d)X.  laevis PRNP-lb
E x o n l

1 |GACCCGGAATTCCCGGGATGATGGGAGCTCTCACTGCTGTAGTGTGTCäGCCTCACATGA| 60

61 |GCTTCTCATTTGCCTTCCTGTAGCACAGCACCCGGACCTGACACCCACATAGCTTCTCTT| 120

-------------I--------------I — Exon2 I--------------1--------------1--------------1
121 |tggcacactctataccctcacccag|gttgtttatgatgccacaaagtctctggacttgtt 180
1 M P Q S L W T C L 9

181 TAGTCCTTATCTCCCTAGTATGCACATTGACTGTATCTTCCAAGAAGAGCGGTGGTGGGA 240 
10 V L I  S L V C T L T V S S K K S G G G K  29

--------- Sequence continues as in PRNP-la exon3----------

(e) X  laevis PRND-ch (chimeric)
E x o n l

60 
120 
180

1 lACTGTCACACTCCCAGACAAGAGCATTCCCCTCCTCCGACACGGACGTGAGGCCCAATTA 
61 AGGGCAGTCCGCCCCCACCCCTCTCCTGCATGAAGTCTCTTCCCCTTCAGCTCATCCCTA 
121 bTCTCACTGCTTTCCCGATCACCCTGGAACAGCTATCCTGAATCCCCCCCCTGGCACATC
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Exon2
181 |c a t t t c g t a t t t t c c c c t t g g c a c a g a g{g c ä c ä g c ä cccggäcctgäc'ä c c c ä c ä t ä c c t; 2 4 0

--------------I---------------I---------------| - E x o n 3 - - | ---------------I---------------I
24 1 '̂cfcYffGGcKcKcfcfKfKcCCfcKcCcKGGTGGCGACAGAhTGGPJkAGGCAGAACGTA 300

1 M E R Q N V

--------- |---------- |---------- |---------- |---------- |---------- |

6

301 TTCTCCTGCCTGATTCTTCTTGTGCTGATATTATATTGTGGTCTCTCTTGTCCGAGAAGA 360
7 F S C L I L L V L I L Y C G L S C P R R

--------- |---------- |---------- |---------- |---------- |---------- |

26

361 TCGGGAAGTGGCATTAAAAAATATTTCAAAATCAGCGACTTGAGCAGGGGAGCCAAAAAA 
2 7 S G S G I K K Y F K I  S D L S R G A K K

--------- 1---------- |---------- |---------- |---------- |---------- |

420
46

421 AGGTCAAAAGTGGCCCATTCTCCTGTCCTCGGACACCTATTCTTCAGAAGTAAGGAGCTC 480
4 7 R S K V A H S P V L G H L F F R S K E L

--------- |---------- |---------- |---------- |---------- |---------- |

66

481 GATGTGAACCTTAACTTCACCGAGGAATATGAGCTTTATACAGAGAATCTGTACAGATTC 540
6 7 D V N L N F T E E  Y E L Y T E N L Y R F

--------- |---------- |---------- |---------- |---------- |---------- |

86

541 CCGGACGGACTTTACTACCCATGGCGCTCCCAGCTGAATGATGCTGCCGGCACGGAGGAG 600
8 7 P D G L Y Y P W R S Q L N D A A G T E E

--------- |---------- |---------- |---------- |---------- |---------- |

106

601 TTTATGAACGGGTGCCTTAACACCACCGTAGAGAGAAACAAGGTCTGGATCTCTGGACTG 660
107 F M N G C L N T T V E R N K V W I  S G L

--------- |---------- |---------- |---------- |---------- |---------- |

126

661 GAAGAAGAGGACGAAGGGGAAACCTATATGAGTGTAGGCATGCAGGTCCTACAGTTTCTG 720
127 E E E D E G E T Y M S V G M Q V L Q F L 146

| | ~ 1 -- 1 --1 - ~ I
721 TGTTATGAAAACTATGTAAAGCCTACCAATGGGGCAGTGACCTGCACAGGAGGACTGTGG 780
147 C Y E N Y V K P T N G A V T C T G G L W 166

| | ” 1 “ --- 1 -------  | “ 1
781 GTCTTCATAGGTGTCATTCACCTCCTTTTTTTTACTCAGAAAGGGAGTTAATGGGAACTA 
167 V F X  G V I H L L F F T Q K G S *

840
182

841 AAGCCTGAATTCTGTATTTCTTATATTGAACTaaatgtacccgcccagaggttcagcagc 900 
901 tct 903

(f) X  laevis PRND-a, PRND-b (non-chimeric)
E x o n l

1 aaaggcccagatttaggcaggactcattacatctctacatgtttggcactcaggcccgga 60
61 ctgacaatctgcccgttcggggcccgccgtctgccctgcatgacactgtcccgtctgcag 120

121 ccccctcccacctccacagagcagagtaatatcacagagcagaggtgagggcaggactgc 180
181 agaaattttgaactagtgggggaggacgcccacctgacgccatcacacactggtctattt 240
241 acaaacagtggactggagacctgtattattactgggggaagctggagagaagtatttttt 300
301 tcagggcaaagcagagttggtgCTGAAAGTGGACTGGAGAGTGGGCCAGCAGTGTCTCAT 360

Exon2
361 |CAGTCTGAAGAAGGAAGAAACAGCAGCAAAGGCTCTGAG|GTGGTGACAGAATGGAAAGGC 4 20

i wmmm 4

421 AGAACGTATTCTCCTGCCTGATTCTTCTTGTGCTGATATTATATTGTGGTCTCTCTTGTC 480
5 N V F S C L I L L V L I L Y C G L S C P 2 4

----------- Sequence continues as in PRND-ch exon3-----------
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( g )  X  laevis PRNP-2a
E x o n l

1 |g g c t g g a c c g g t c c g g a t t c c c g g g a t g a t c a g c c t g g c a c a g c c g t c c t g a a c c t c c c c| 60

Exon2
61 lCTGTACAGGCACAGTCTTTCTGAATCCCCCCTGGCACAG[AGGGCCTGÄC~ÄGCC~ÄG~CTÄGq 120

--------------1---------------1---------------1— E xon3 I---------------1---------------I
121 TTcfCTfTGGGCTTÄCTTÄTCCTCTCÄCÄCÄGGTTGGCCAAGATGCCAAGAAGTCTCTGG 180
1 M P R S L W 6

181 ACTTGTTTAGTCCTTATCTCCCTAGTGTGCACATTGACTGTATCTTCCAAGAAGAGTGGT 240 
7 T C L V L I  S L V C T L T V S S K K S G  26

241 AGTGGGAAAAGCAAAACCGGAGGCTGGAACAATGGGAACACTGGGAACACCGGGAACACT 300
2 7 S G K S K T G G W N N G N T G N T G N T  46

301 GGGAACAACCGGAACCCCAACTATCCAGGAGGCTATGGCTGGAACACAGGGAACACAGGG 360
4 7 G N N R N P N Y P G G Y  G W N T G N T G  66

361 AACACTGGAGGCAGTTGGGGGCAACAACCTTATAATCCTAGCGGAGGAAGCAATTTCAAC 4 
6 7 N T G G S W G Q Q P Y N P S G G S N F N  86

421 AACAAGCAATGGAAACCTCCCAAGTCCAAAACCAATATGAAGGCCGTGGCCGTAGGCGCT 480 
8 7 N K Q W K P P K S K T N M K A V A V G A  106

481 GCTGCTGGTGCTATTGGAGGCTACATGCTTGGTAATGCAGTGGGTCGTATGAATCATCAT 540 
107 A A G A I G G Y M L G N A V G R M N H H  126

541 TTCGACAATCCCATGGAATCCCGTTATTATAACGACTACTACAACCAGATGCCAGACCGC 600 
127 F D N P M E S R Y Y N D Y Y N Q M P D R  146

601 GTTTACAGGCCAATGTACAAAACCGAGGAGTACGTGTCTGAAGATAGGTTCGTCACGGAT 660 
147 V Y R P M Y K T E E Y V S E D R F V T D  166

661 TGCTACAATATGTCAGTAACAGAGTACATCATCAAGCCATCCGAAGGGAAGAATGGCAGC 720 
167 C Y N M S V T E Y I  I K P S E G K N G S  186

721 GATGTAAACCAGTTGGATACCGTGGTGAAATCCAAAATTATTCGCGAGATGTGCATCACT 78 0 
187 D V N Q L D T V V K S K I  I R E M C I T  206

781 GAATACAGGAGAGGATCAGGATTCAAAGTGCTTTCTAACCCATGGCTGATCCTCACTATC 840 
207 E Y R R G S G F K V L S N P W L I L T I  226

841 ACTCTCTTTGTTTACTTTGTGATAGAGTG^ccagagggaatcgaaatccaaaggccaatt 900
227 T L F V Y F V I E *  235

901 gtatgtatatagagagtatcaaccaattctggactgtctcgtctcatgcccaatatgaca 960 
961 ctgttgggtgctatgttaatccagcccagcttcctaccatcagtaagcaaccatggatct 1020 

1021 tgcttcaataccaacctgaattcccacttctgcgtcaactacaacttctgcttgacaaca 1080 
1081 catgtttctgacattgcaaatgggctttatgtatcagtgcatgtatataataagagatct 1140 
1141 tcatt 1145

(h) X  laevis PRNP-2b
E x o n l Exon2

1 |gtccggaattctccggatcacgagcttctcatttgccttcctgt[agggcctgacagccag; 60

--------------I---------------I---------------I---------------|-E x o n 3 — I---------------I
61 CTAGCTTCTCTTTGGGCTTACTTATCCTCTCACXcAGGTTGGCCAAGj^fGCCAAGAAGTC 120
1 M P R S L 5

1 TCTGGACTTGTTTAGTCCTTATCTCCCTAGTGTGCACATTGACTGTATCTTCCAAGAAGA 180 
6 W T C L V L I  S L V C T L T V S S K K S  25

-------------- Sequence continues as in PRNP-2a exon3-------------
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Appendix 6. Nucleotide and amino acid sequences of cDNAs for transcripts of (a) M. 
domestica PRNP, (b) M. domestica PRND. Exons are numbered; non-coding exons are 
enclosed by boxes; ORFs for PrPl and PrP2 are highlighted in grey; 3’UTRs of PRNP variant 1 
and variant 3 and PRND variant 1 are underlined. CPE motif at the 3’UTR of PRNP is in italic 
and boxed.

(a) M. domestica PRNP
E x o n l
[ÄGTTAAGACCAGACAACGACCAGGCTGCTGCTGCCTTCTGCGCTCTACCAGAA|

E x o n 2
iTTCCTAGCTGCTCTGCTGAAAGACTCTACGTAGTTTGGATCCAAACGAAGlATCAGCTACC

ATGGGGAAAATCCACTTGGGATACTGGTTCTTGGCTCTTTTTATTATGACCTGGAGTGAT 60 
ATGGGGAAAATCCACTTGGGATACTGGTTCTTGGCTCTTTTTATTATGACCTGGAGTGAT 60

M G K I H L G Y W F L A L F I M T W S D

CTGACTCTCTGTAAGAAACCGAAGCCAAGACCTGGAGGGGGATGGAACAGTGGAGGCAAC 1 2 0  
CTGACTCTCTGTAAGAAACCGAAGCCAAGACCTGGAGGGGGATGGAACAGTGGAGGCAAC 1 2 0

L T L C K K P K P R P G G G W N S G G N

1 8 0  
1 8 0

R Y P G Q S G G W G H P Q G G G T N W G

IGCTATCCTGGCCAGTCTGGAGGCTGGGGACATCCTCAGGGAGGTGGCACCAATTGGGGT
:g c t a t c c t g g c c a g t c t g g a g g c t g g g g a c a t c c t c a g g g a g g t g g c a c c a a t t g g g g t

CAACCCCATGCTGGGGGTTCCAATTGGGGTCAGCCACGTCCTGGGGGTTCCAÄTTGGGGC 2 4 0  
CAACCCCATGCTGGGGGTTCCAATTGGGGTCAGCCACGTCCTGGGGGTTCCAATTGGGGC 2 4 0

Q P H A G G S N W G Q P R P G G S N W G

CAGCCCCATCCAGGGGGTTCCAACTGGGGACAGCCCCATCCAGGGGGTTCCAACTGGGGT 3 0 0  
CAGCCCCATCCAGGGGGTTCCAACTGGGGACAGCCCCATCCAGGGGGTTCCAACTGGGGT 3 0 0

Q P H P G G S N W G Q P H P G G S N W G

CAAGCCGGTAGCAGCTACAACCAGAAGTGGAAACCAGATAAACCCAAAACCAACATGAAA 3 6 0  
CAAGCCGGTAGC AGCTACAACCAGAAGTGGAAACC AG AT AA.ACCCAAAACCAACATGAAA 3 6 0

Q A G S S Y N Q K W K P D K P K T N M K

CATGTGGCTGGGGCTGCTGCTGCTGGGGCAGTTGTAGGAGGGCTTGGTGGATACATGCTG 4 2 0  
CATGTGGCTGGGGCTGCTGCTGCTGGGGCAGTTGTAGGAGGGCTTGGTGGATACATGCTG 4 2 0

H V A G A A A A G A V V G G L G G Y M L

4 8 0  
4 8 0

G S A M S R P I M H F G S D Y E D R Y Y

IGGAGTGCCATGAGCAGGCCCATCATGCACTTTGGCAATGATTACGAAGACCGTTACTAT
1GGAGTGCCATGAGCAGGCCCATCATGCACTTTGGCAGCGACTACGAAGACCGTTACTAT

CGTGAAAACCAATATCGCTATCCCAACCAAGTCATGTATCGGCCCATTGATCAGTACAAC 5 4 0  
CGTGAAAACCAATATCGCTATCCCAACCAAGTCATGTATCGGCCCATTGATCAGTACAAC 5 4 0

R E N Q Y R Y P N Q V M Y R P I  D Q Y N

AACCAGAACAATTTTGTGCATGACTGTGTCAACATAACGGTGAAGCAACACACCACCACC 6 0 0  
AACCAGAACAATTTTGTGCATGACTGTGTCAACATAACGGTGAAGCAACACACCACCACC 6 0 0

N Q N N F V H D C V N I T V K Q H T T T

ACCACTACCAAAGGGGAGAACTTCACTGAAACGGATATCAAGATCATGGAGCGAGTGGTG 6 6 0  
ACCACTACCAAAGGGGAGAACTTCACTGAAACGGATATCAAGATCATGGAGCGAGTGGTG 6 6 0

T T T K G E N F T E T D I K I M E R V V

7 2 0
7 2 0

TTCTCTGCCCCACCTGTGACCCTCCTCCTCCTCAGTTTCCTTATTTTCCTGATTGTGAGC 7 8 0
F S A P P V T L L L L S F L I  F L I V S

CAGATGTGCATCACGCAGTACCAGAACGAGTACCGCAGTGCTTACAGCGTGGCGTTC
CAGATGTGCATCACGCAGTACCAGAACGAGTACCGCAGTGCTTACAGCGTGGCGTTC

Q M C I A Y V A

TTCTCTGCCCCACCTGTGACCCTCCTCCTCCTCAGTTTCCTTATTTTCCTGATTATCCCA 7 8 0
F S A P P V T L L L L S F L I F L I I P
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TA^GAAGCCTACCAATGTTTACTCTCTTCATGTTTCTTCTCTTAATCTTTGCAGAGAAGG PrPl ★
AGGTCCTTCTGTCTGCAAGGGCAGCCCAAATAGCAGCAATTTCTCATTTCTATGTTTATC
TGTCCCCCATAGGTTAAGGCACTAATGAGTACTGGTGAATGTACAGTAGACCCTAGATGC
CAGGCCACCACTCTTCCCCCGAACCATTTTGATCATGCATCCATCAGGGCAATGCCATAC
TTGTCAGTATCCTTTACAAGAGAGGAGACCATTAAGTAACTTCTGGTCCATCAAGACACT
TCTATAGTATAGCAGATTAAGGCCAAAACAGAAATGATTTCAAÄCTACATTTTCCAAATÄ
GACACAACCATGGGCCCTTTTGCTTCCTGAAATGCCACCTAAATCTTTCTCCCTGCTTGT
ATAGTCAATTAATGAGTAGATAAAGAATTAGCTAATTTAGAGCCCCATCTCTTCTTTGGC
TTTACCAGCTGTGATATCATAGCCAGTTAAATATCTTTAGGAAACTCATTCATACATTTC
AATACATCCTGATGCÄTTTTCCTCTTCÄAATAGAAATTTTCATCATTAGGAAAGAAAGAC
TAGAGACCATCTAGGCAAACTATAGAAATCATCCGACCATGTGGGTCCAGGCTCGAGCTG
CTGAATCAAGCGTAGCTACACCACAGAGAACTGGGACTACTGTCTTGAATTTTATAAATG
GGACACACTCAGTAGAGGCTGCACCAAAAATATATCCGGCCCAGGGGCTGGGTCTATTTG
TCAACAGTGGAATGAGCATCGAGCATCATTGCGTGAGCTTTATCCTGTGCTACAGAGACT
GTTCTTCTGGGTAACCTACAATTTGGAAAGTAGTATTACTATGGGTATGATTTGTCATCT
CAGACCATTTTGGTGTGTACATATTGTTCAATACCAGTGTAAACTATTTCTACCAGAGCA
TTCCACCCAGGAATATGAAAATGCAAAGCAGATACTCCCGGATAACGAAGGAATCCCTCT
CCAATGTTAGCAAATAÄTCCAAGACTGGCAGGCAGCACTTGGCTAGGCCTCTTTGCCTGG
AAGCCCACAAAGGTGCCAGCATTGTTAGAGTTACAGCAGGAGGCTGGTTAGCTCAGAGGA
ATCAGCAACTGGTTAAATTGCAATTTTAGGAATTAATGAGATAGTTTGGTGAGTTTATAA
GCAAAAGAAGCACTTCTTTTTTTCATGTCTCAAGATAAAGCAGTACCTAACTATACTGGA
TGAGCCCTTÄAAGTCAGATTAGAAGAAGAATCATTCAGATGGAGGAAGCCAGCCTGTTGA
TTTTTGGATTTAATCCAATCTTCAAAAACAATGTCTCAGAAAAGGAGGAGAGGAGGGGAG
GAGAAGACGGGGAGATGATCTGTCTGTATAAGTGATTTTTGTATTGAGTTGTGAAAAAGT
TGTTCTCATAGAATAAATTATTACTTTTTTCTTGTCACTATTTTGCATTGTGATGGGCTT
GCAGTCTTTGTAATCAGTAAATATCAGATATGATAAACTAGAAATTCTGCTCAGAACAAT

t c a c c c a g a g t a g t a t c c a a t g t a t t c t g t g t c t t t c c a a g | a t g c c c a t t c c g t g g a a g

D A H S V E
CAATATCCTGAGGCTTACGGCACCACATGCTGAATGGACTCCTGCTTGAGTCCCCAGTGC PrP2 
A I  S *
ACCAGGGAAAGTAGTCTTTGAAATTTGCATGCACTTAGTAATATAAAGATGlrrrrArAiSA
TTTGTAACTTTGCACGTATTTGTTTTGATGTATTAAAAATTTATAAATGTTTAATATC

(b)M domestica PRND
E x o n l  (com m on)
|AGTTAAGACCAGACAACGACCAGGCTGCTGCTGCCTTCTGCGCTCTAC|

E x o n 2
|CAGAATTCCTAGCTGCTCTGCTGAAAGACTCTACGTAGTTTGGATCCAAACGAAG | GTTCATAGGATTTC 
lATTCTGACAAAGACCTCCTTGGATCACATAGTCTGACATCTTCATTTTACATATAAAGAAATGGAGACCC 

E x o n 3
Ia g a g a g i a g c a a g a c a g a a g c t g a c c t c t a t a a t c a a c a a g t a g a c a a a g g g a c a a c a a a c a a c t t t t t t I

E x o n 4
|TGIGATTTGTGGGAGGAGTGATGGATCAAGGTTGAGTGGTATTTCTGATCCCTGGATACTCCTTCTCTTT 
ICTTCCAAGACTTTCATGGGCTACTATTGCCAGATAATGGTCATCAGAACTGATGGGATGTTCACTACCAT

E x o n 5
ICCCCACCTTGCCTCCTGTCCAGTTTAAGGAGGAAGAGACAGAGAAACAG|GGATGCGTTTCCTCCAACAC
Ia t t c t g a g g t c c t t a c a a a t g t c a c a g t c t t c a a a g a g g c a g t t t t c a t g a g a a t g t c c a t c t g g a c a a a

iTTGAGAGTGACCCGGAGACTTTCAGATTGGTACTCCCAGGAAGTGAATAATATCATACCATATTTGGAGA
Ig a a g t a t c a g t g c c a c c t c c t t c t c c t g c t a t a t a g t t g t t g a g t a c a a c t g a t a a a g a a c c a g t t c t g t

E x o n 6
|GGGGAGAATTTAACTTCTTCTGGCTTCC7\AAGCAACCTTTTCCAACAACGAATAAAAG|GCTTTTAATACA

ATGAGGAGACATTTGGGAATTTGTTGGATAGCCATCTTCTTTGCCCTGCTGTTTAGTGATCTCTCCTTGG
M R R H L G I C W I A I F F A L L F S D L S L

TCAAGGCCAAAACTACAAGACAGAGAAATAAGTCAAACAGAAAAGGTTTGCAAACTAATAGAACCAACCC
V K A K T T R Q R N K S N R K G L Q T N R T N P

AACCACAGTGCAGCCCTCAGAGAAACTCCAGGGGACTTTCATCAGGAATGGCAGAAAGCTTGTCATTGAC
T T V Q P S E K L Q G T F I R N G R K L V I D

TTTGGGGAGGAGGGCAACAGTTACTATGCGACCCATTACAGCCTGTTCCCAGATGAAATCCATTATGCTG
F G E E G N S Y Y A T H Y S L F P D E I H Y A

70

1 4 0

210

2 8 0
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GGTGTGCCGAGTCCAATGTAACAAAGGAGGTCTTCATCAGCAACTGTGTGAATGCTACCCGCGTAATCAA 35 0
G C A E S N V T K E V F I S N C V N A T R V I N

CAAGTTGGAGCCCCTAGAAGAACAAAACATAAGTGATATTTATTCTAGAATACTGGAACAATTAATAAAG 4 2 0
K L E P L E E Q N I S D I Y S R I L E Q L I K

GAATTATGTGCCCTTAACTATTGTGAATTTAGGACAGGGAAAGGAACTGGCCTTCGGCTCTCTTTAGACC 49 0
E L C A L N Y C E F R T G K G T G L R L S L D

AATATGTTATGGTCTACCTGGTGATTCTGACTTGCTTGATAGTGAAATAAATAAGCACAGAGCCTGAC
Q Y V M V Y L V I L T C L I V K *
ä a g g ä g a g a t g g a t a a g c c ä t c c a g c c ä c ä g g c a a a g ä c c ä a a g t t ä t c t c a g g c t c c c t t c c

t g c t g t ä a c ä a a a c c ä t t a c c c c t t a a a a a a a ä c c t t c c a a a a c t c t c t g a c ä a a g g t t t ä a t

TTCCCAAATATÄTÄAGÄAACTAAGTCÄAATTTATAAAAATTCAAGCCATTCCCCAATCAACTA
GTGGTCAAGGGÄTTTGAATAGGCAGTTCTCAGATGAAGAAATCAAAACTATCTÄTAATCACAT
g a a a a a a t g t t c t ä a a t c c c t c c t g a t a ä g a g a a a t g c ä a g t a a a a a c a a c t c t g ä g g a a c c a

c c t c a c a c c t ä g c a g ä t t g ä c t a a t ä t g t g a a c a a a a g a a t g t g ä t a a a t g t t g g ä g g g g a t g

TGGAAAAATTGGGACACTAATGCATTGCTGGTGGAGTTGTGAATTÄATCCAACCATTCTGAÄG
GGCÄATTTGGAATTATGCCCÄAAGGGCTTTAAAAGÄCTGTCTGCCCTTTGÄTCCAATCATACC
ä c t t c t g g g t t t g t a t c t a a a a g ä g ä t ä a t ä a ä g a a a a a g ä c t t g t a c a a a a ä t a t t t a t a g c

TGCACTCTTTGTGGTAGCAAAAAACTGGAAAATGAGGGAGTGTCCATCGAATGGCTGAACAAA
TTGTGGTATCTGATGGTGATGGAATACTATTGTGCTGAAAGGAATGATGAATTGGAGGGATTC
CATGTGAACTGTAAAGACCTCCAGCAATTGATGCAGAGTGGAATGAGCAGAACCAGGAGAACA
TTATACACAGAGACTGATATACTGTGGTACAATTGAATGTAACAAACTTTTCTACTGGCAGCA
ATGCAATGATCCAGGACAATTATGAGGGACTTATGGGAAAGAATGCTATCCACATGCAGAGAA
AGAACTATGGGAGTAGAAATGCAGAAGAAAAACATATGATCGATCACATGATTCAATGGGGAT
ATGATTAGGGTATTGGCTTTAAAAAATCATTCTACTACAAATATGAATAGCATGGAAATAGGC
TTTGAATGATGATACATGTATAACCCAATGGAATTGCTTGTCAACTCCAGGAGGTCGGGAGGG
AAGAGTGGTGGGAAAAATCATGAATCATGTAACCATAGAAAAATATTCTAAATAAATAGGTTT
TTTTAAACTA
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