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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 (Dpl). 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 Dpl is neurotoxic and induces apoptosis. Expression of
PrP and Dpl 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 Dpl 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 FACI/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 FACI/BPTF, PrP, and Dpl.
Reporter gene assays demonstrated upregulation of luciferase expression in constructs
containing both a Prnp conserved non-coding DNA region with the predicted
FACI/BPTF binding site and a Prad 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 FAC1/BPTF followed by E2F1 derepression
leading to activation of the PRND promoter. Discovery and characterisation of
previously undetected mouse Bpif 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 Dpl coregulation by

FACI1/BPTF provides novel insights into neuronal death.

v



Table of Contents

L L R B g 1411 [ R e N e S SR e A SR S s AR M e KL B LT i
ACKTIOWICAZOIMIENE ... connmessemassos i ssnss o rasaesbs s s For Sk A R s aE s s e i
T D e DD RO A PO A A P T P T o P PR e S e A S T i
1) ) v e 11 (- (- (OO eRBpsseat papeeea0 ol (o~ Tea Pl - r B R L) Do B Be O AT, v
BT A0 8 111y R e e R S UL 0 L 0 o L s i Suas Sl R S SRt X
T EE ) D S e et | oML L A e L e g Xii
GISE OF ADDNC VABKUONIS. ¢ aiiarusis rvsssesiinnsiasansissss bubsnssha b A PR MBNR VR 4o RN R4 3 £V 3 40 S Sk A AW s ARG SNa Xiii
Chapter 1. Introduction........ e 1
151 Evolufion by gene duplCalion e e e e ne kAR 1
1.1.1 Mechanisms of duplication and fate of duplicated genes..........ccccevvecurnnneee 1
| B R 01 1111 g (B 1y 17y 1 r 3 (0 o ReOBORes OB VRV WS B A, e S O L A R
1.2, ‘PRNPand PRND and their TUNCHIONS. .«.:usuisnsssssusnsussasstsesnsnisssdsstasssanmbansinmsssasons 5
1:2:17 Prions prote I ALY RS o koo ot eer e s g e ey bW oS 5
1:2.2° Expression and tSsie diStrIDIEION ... . .saxsevassusnnnssssinsssnsssnsasssssnsishsssimpasaasss 8
1:Z:3: Normal TUNCHONS OF PP . ciiiiveosatesss irestssvensrsrsnmvosssnshuanissnasisnsasisss e nas s apakmes 9
1224 Dpliand SpermatORemiesIs i i s essirieasssba s robasr hsataih ooaL anadas ety 11
1.2.5 Role of PrP and Dpl in neurodegeneration............cceueeecesnssasnsnsnsnssnssenes 12
1.2.6 Regulation of PrP and Dpl gene eXpression .........cccoevesesnssseseseessessesnnsnnes 22
1.3 ‘Motivation'and aims Of the thiesis ... i i i s heeseneusmsmasorsmananmsass 24
Chapter 2. Materials and Methods 26
7 B & [ (o) vy 1 e L | e e S PR ol 26
2 ) ¥ () L B R e e R G oS e 26
220 5L GENERACEr I (TRNTOMBN)  tccsssisesspmceisssrivsiisossissssses viss ot et 26
2.2.2 BD SMART™ RACE ¢DNA Amplification Kit (Clontech) .............cc....... 27
2535 JC OB ovcenmrnsasensemestonms sk e e i, ] 28
2.4 STe-DHreCted: IVIUIARENETIS - s xxsakuusssixenss de bia o {uhavEeH R b s o NSO A TOH AR 29
PA I BT (T St e e RO A R LS AL A e e 30
2.0 PolySOMIE-DINAINE ASSRY .. ... cxcexuenss s msnnsnstnssnsnsamandmsassae5EmaEss co R A AR AR 30
2.7 Reagents, Kits, Solutions; and Cell lines..............oouiiiiiiiiiviioinnmismsssnsssionse 31
2.8 General molecular biology ProtoCoIs.........cccceuirurinnrrerinnsrersnneranesnsenessnessesassnassns 31
P A IR STy RO s e R S e o A e A 2 S oA ol 31



2:8:2 DN A DT ODAEAIONS: - o i iadsan ata s i das s e e A Reb e ap i P o S R e 31
2:8:3° Aparose el EIeCrOPRIOTESIS .. .iuiiisiiihsmssssasanmnsssssasssssusssidsonsasosssosssansscsaionss 32
oA AT R I [ b e i L S e I S R o S R 32
2:8:5 TAUIOMATE: SEAUBTICHDT . -vese-rvess wssssssoucssusstnmrnssssaxsmsss cusamsieaarsdadesssseasasssssonsans 32
2.8.6 Mammalian Cell Culture Methods ............cccccovicrrernnrieininecnninessnssesaesaasaens 33
Chapter 3. Evolution of PRNP and PRND.........cccvuvirurrunsunsensansnnns 37
Bl I O N N RN it i Sees ko e A e i A S A F kR S S 37
3 M Al A VI O O0S s s tinves vis vih o vosnas s s s NasS IR Ru o s Wes CBAS R aass 39
321 Tl RN A EXITBOCTIONN o' i scsasnnsvaissn i anevnssaksnsias avssssans damsys usissnEnsnsebesaest 39
3.2.2 Amplification of X. laevis PRND ORF fragment..........cccccoeivevenrinrrernennne 40
3.2.3 5’ and 3’ Rapid amplification of cDNA ends (RACE) .......ccocvcrinininnnnene 40
3.2.4 Reverse transcription (RT)-PCR and tissue expression analysis................. 41
e R B e T e B o S VL U o VY Sl s 41
3G TG I VB o e s A ol i s 42
32T OMOTORY TOAEININE 5y v nees cnvenrhasnsssrsNssnsshessvdiissssissnnusineassssobshnsmnsnspsnsssusstass 43
3.2.8 Transposable element content analysis...........cccverucierinniscsesenesiennsneennns 43
3:2:9: L PolVsome bindINE a88aY: Gl e m R R T i 43
spa e E [ I Rl b et L L TR N RISPRON. UL G 44
3.3.1 Cloning and characterisation of the X. tropicalis and X. laevis PRNP and
d o o B B b e R A P e e S e 44
3.3.2 Characterisation of M. domestica PRNP and PRND cDNAs..........ccccevnen. 53
3 P AT S O I ORI T O e n e e Sesnmaris AR R AR R 58
3.3.4 Analysis of translation of mouse chimeric Prnd transcripts by polysome
o7 T (A RS e s R R e S e s s R 62
S P BT T T e o S e e e et e St L LSS R 65
3t 1 X PreRSION O CRIMCEIC P RN D) i ittt risciveshinsdenarnscmenaninnsansunnssusases 65
3.4.2 Mechanisms for alternative splicing of the bicistronic transcript................ 67
3.4.3 Conservation of chimeric transcripts throughout evolution ...........cccccveneee 69
Sy o e g e L e e o L T o A e e e o R 71
3.4.5 Evolution of PRND transcriptional regulation ............cccccvviiviniinciiinnnens 73
3.4.6 3’ UTR evolution: acquisition of CPE motif..........ccccovnvvenininenninininnnne 74
3.4.7 Genomic context Of PRNP/PRND l0CUS .........ccoeevvrniiniienieniusiienisiessnsssninens 75
SN D T T B by L 1, ) R SR S R b e R e A 76
3 A I (1 (0 6y 8o = B U n (et et NS RUR SRR F PSS S S . 79
< By 8 A (1 T e R AR TSP S DT RO T8 R 93

vi



Chapter 4. Regulation of expression of PRNP and PRND ........cevvcvuniunsusisssnssnssnnns 95

4] AmrOdU I On . s e e e e o s 95
4.1.1 Antagonistic functions of PrP and Dpl..........ccccouvvviicrninnnennnnncinscncnenas 95
4.1.2 Reported transcription factors for PRNP ........cocceveveiisiesrinsessissnssessessessenns 96
4.1.3 Reported transcription factors for PRND .........cccccoiviiiniiiiinisinninnnieisiinens 96
4.1.4 Chromatin and PRNP/PRND regulation...........cccccvueerueeriaesiuescsnessesssuesnssnnes 96

42" Materials AN IVICHNOUS .. ... uinscsessnmansinsnsssnsusnassssasesssnssssssatesssnasesasusassssssassnssabas 97
C 5 (R O | 1 i AR e S £ L e S A g e S A 05 97
4.2.2 Total RNA extraction and CDNA synthesis...........coceerverurinserunsnsnesasessenans 97
4:2:3 OHEONUCICODIAE PIIMNICES .. oo st s smonsssnissshs b naRP G e A ahn R R AP aE B R A s oS 97
4.2.4 Cloning of Prap conserved non-coding DNA region and Prad promoter ..99
4.2.5 Site-directed mutagenesis of transcription factor binding sites................ 100
4.2.6 Transfection and luciferase reporter assays.........coccoevererueeruerusesieessesenns 100
4:2:7: yBioinformatics analyeis ..o a s s e s s 101

" Ll e X BT VT Y W D A e e Sl S el 101
4.3.1 Bioinformatics prediction of PRNP transcriptional control sites .............. 101
4.3.2 Biological significance of FAC1, MEF2, and MAZ and their relationship

Lt H 3w (o E B e N It M 00 TR il R i o) S 103
4.3.3 Effect of FACI on 630bp-Prnp conserved non-coding DNA region........ 104
4.3.4 PRND promoter contains conserved transcription factor binding sites..... 109
4.3.5 BPTF activates and E2F 1 represses the 650bp-Prnd promoter................. 110

4.3.6 Tissue-specific correlation of Facl/Bptf, E2F 1, and Prnd expression...... 112
4.3.7 Expression of FACI/BPTF and PRND changes throughout brain

( (37 007 1 e R S RS S R e S S e G S 114

4.3.8 Mechanism of PrP and Dpl coregulation...........cccouevurrerruerenreeseesueransaennnes 115
GG CODCIUSIONL .. ou-nxsosxvszssrstanassanassuss s Uss Ao Ao ReaE b ARSAS AN WA LR ARRREhs E B 0 120
Chapter 5. BPTF and its variants 123
) Y 11y 1T e | S s o Lot ee | R MG T T e T R R 123
LT ZBPIE and IS TUMCHIONE &t etk asss ke basg e < e Ao er s s e AR o' 123
5:2° [IMaterials and methos i kit tsiyer e Aot ue eas e dbalsEev s sAveRA R (id 126
321 TOALRINA CXITBCHION «cov:iovusussmnsansinsiaussxastastadsinss dyveuay iepsnssN e hiansaaas anavaisy 126
5.2.2 RT-PCR analysis of tissue distribution............cccceceeeeceriesserseesescnecnssnesenenas 126
5.2.3 Amplification of large Bptf fragment ............ceevicenennsnnsncnnsnsansssassnsnenens 127
2.4 .- Botl-Spee 10 LIDTATY ANBINYSIS ! s s e csss ki (4 Nsasd Sm e e s A oA SRR 128
5.3 ReSUIS AN DIBCUSSION ... vvvassxceussssscnscastasurasas fushrinnusdassnddaanassusasoisinessoomnasueahiss 128

vii



5.3.1 Discovery of new transcript variants and their expression profiles in mouse

B I R e e R T R S SR 128
5.3.2 Existing computational and experimental methods cannot detect BPTF
tissne-specific alternAlVe SPHCINE .« ceruesisssnosassonsnsasmsanssassnsscasnmsasasnass 132
5.3.3 Novel method for discovery of alternative splicing and tissue specificity of
T | b e S D R A P E Ry S s RS 134
5.3.4 Analysis of FACI/BPTF functional regions and their evolutionary
1 0 e e L T L O L GO P P L S e P 139
e O G IS OINS s trhuesaa ke s s NoNEse o' b R A e S o W S SR 148
Chapter 6. Summary and Conclusion . 154
References 158
Appendices 185
1. Sequences of oligonucleotide primers used in 5’ and 3° RACE..............ccoevne. 184
2. Sequences of oligonucleotide primers used in tissue expression analysis.......... 185
3. Original gel images for tissue and cell expression analysis..........cccocveeiveiinininnne 185
4. X tropicalis and M. domestica PrP and Dpl translated protein sequences......... 191
5. Nucleotide and deduced amino acid sequences of cDNAs for chimeric and non-
CAITMCTIC I ATBCTIIHE i v cniiosiid kit oo i i s Mk e A A R AR A SN S R R 192
6. Nucleotide and amino acid sequences of cDNAs for transcripts of M. domestica
EIUNE M aomeSCA PRIND o coes ssnsxnsossssssvanssossrassasssssussnsisssinssspessssssnusdeavasie 197
7. Multiple sequence alignment of PrP sequences. ......cccccevvenniiiiiciicicccccnnninnns 200
8. Multiple sequence alignment of Dpl S€qUENCES........cccoevveverereeieiieiecirereereerieiens 201
9. Comparison of C-terminal domain of PrP and Dpl among different lineages..... 202

10. Multiple sequence alignment of eukaryotic BPTF sequences ............cccccccurueeeen. 203

viil



List of Figures

Figure 1-1. The most common mechanisms for origination of new gene copies through

e T T (IR el o O e e T 2
Figure 1-2. Evolutionary fate of duplicated genes..........cccccviriiiiiinninninicnnnsinssnsinnn. 3
Figure 1-3. Figure 1-3. Phylogenetic tree of prion protein family genes.........cococevinunnee 6
Figure 1-4. Protein structural regions of mammalian Shadoo (Sho), prion protein (PrP),

AN0 GOPDEL (IIDN): .c-cs isesesrsvsvarsnarsuas<dannssinmisnase s aedenurai iuaee aestnseuses ataneasanins AodAien'as 7
Figure 1-5. Three-dimentional structures of human PrP and Dpl.......c..ccccoiiininnnnnnnne. 8
Figure 1-6. Malformation of spermatozoa from Dpl-deficient mice .........cccccvvivnniinnnenes 12
Figure 1-7. Three-dimensional structure of human PrP with mapped amino acids

LT 17T B 1 B o e R e A AU S 13
Figure 1-8. Schematic representation of binding sites of PrP ligands ...........cccocvicinnee. 17
Figure 1-9. Hypothetical models of DPLPrP” INtETaCHON. - uciinssisssestinmmsssonsesisissinismsssnss 21
Figure 2-1. Mechanism of BD SMART™ cDNA synthesis. .........ccoevureremeureeuessensans 28
Figure 2-2. Site-directed mutagenesis by PCR amplification with mutagenic primers

CatTVINE deSITEd MULALION: < v csmrsssramnsrioreiaxsetvsstes searxosastavass banrsrasathaneavanasnsy 29
Figure 2-3: Polysome-bINAIME BBSAY ... <. ic-essanscesasasassrisssisssasansoisidsssshsssississsssoassvnntspanss 31
Figure 3-1. The molecular evolutionary timescale ..........cccoerviirinieniininninsissssesnsen 39
Figure 3-2. Transcripts coding for PRNP and PRND in X. tropicalis and X. laevis.......47
Figure 3-3. The 3’ ends of PRNP and PRND in X. tropicalis and X. laevis ................... 50
Figure 3-4. Protein sequence comparison for X. tropicalis and X. laevis PrP and Dpl..51
BI1gUre 3=-5: X Iaevis LISSUE CXPITCSSION «.uuusissssvusanasssasinisssasusssisasssasassssssasasasns sensasssnshnnsss 53
Figure 3-6. Transcripts coding for PRNP and PRND in M. domestica ..................cccu.... 55
Figure 3-7. M. domestica PRNP transcripts with alternative coding regions amplified by

3 RACE and 3’ mestBd R AR . o e et aaasdukvaNaaavs PusabEanvavs 56
Figure 3-8. Comparison of two M. domestica PrPs with variant ORF ........................... 56
Figure 3-9. M. domestica tissue expression for PRNP and PRND ...........cccccevvvuviiiinnnns 58
Figure 3-10. Chimeric Pmp/Prnd transcripts discovered in Prnp”"” knockout mice...... 589
Figure 3-11. Transcripts coding for Prap and Prad in mouse...........ccccuevvienienicninninsiennes 60
Figure 3-12. Mouse Prad tranSCript @XPreSSiON..........coueuerueessessesassssssssssssssssssmsssssssssns 61
Figure 3-13. Polyribosome distribution after centrifugation on a sucrose gradient........ 63

Figure 3-14. Ribosomal distribution of Prad and Prap transcripts in adult and postnatal
mouse brain is shown by RT-PCR analysis .........c.cccvrerenincneniinisiasiannnns 64



Figure 3-15. Ribosomal distribution of PRND and PRNP transcripts in X. laevis is
shown by RT-PCRanalysis. & s niiiiaasiasang 65

Figure 3-16. Schematic representation of bicistronic transcription leading to two
different gene products, PRNP and chimeric PRND...........cccccouvivviiuinann 68

Figure 3-17. Conserved sequence elements in PRNP 3’ UTRs for mammals and
T R L S e P R 75

Figure 3-18. Comparative genomic context of PRNP and PRND genes in amphibian (X
tropicalis), marsupial (M. domestica), and mammals (mouse and human)76

Figure 3-19. Sequence and structural analysis of X. /aevis PrP1 and PrP2 .................... 79
Figure 3-20. Overall structures of X. laevis, M. domestica and mouse PrP and Dpl...... 81
Figure 3-21. Evolution of Dpl protein Sequence..........ccouvvnininrinicnsiissississsssnsnsnnns 83
Figure 3-22. Homology models for X. tropicalis and M. domestica .................cccucuu..... 85
Figure 3-23. Distribution of evolutionarily conserved residues mapped onto the mouse
B s e e e B L et O SN e O S 87
Figure 3-24. Evolution of PrP protein SEqUence.........ccocviiiiniiiinieniisiiesssssssssesssesnas 88
Figure 3-25. Homology models for X. tropicalis and M. domestica ..................ccccue. 89

Figure 3-26. Distribution of evolutionarily conserved residues mapped onto the mouse
P ER BRI CHNITE o vaveriencxmaevaiaseaxessiasiennssssainn chsnsnonsaHuaa s n AN s A MabEH aASP TS RASHSS 89

Figure 3-27 Sequence similarity between PrP and Dpl in X. tropicalis, M. domestica,
R DT e e e S S S R D VIR b ot 92

Figure 3-28. Structural conservation of PrP and Dpl among mouse, M. domestica and X.

e o e b AT ey D T T s e b SOt o o MR 93
Figure 4-1. Transcription factors predicted in the PRNP conserved non-coding DNA

L o G L g o e e 102
Figure 4-2. Activity of the 630bp-Prnp conserved non-coding DNA region............... 105

Figure 4-3. Transcriptional activity of Prap conserved non-coding DNA region
o1 6 B e O R R A L S 107

Figure 4-4. Prnp promoter activity in response to BPTF transfection has cell-specific
I OB i oo s AR A MR A ¥ B A s b MMM A A€ B3 MO Qe AR SRR T a A % 109

Figure 4-5. Genomatix prediction of transcription factor binding sites on the proximal
RN L IO RN OMED s mavaris <n s s mr s e R Ra s e s eNs o darisHadas s oA 110

Figure 4-6. Cotransfection with Bptf-pcDNA activates and with E2F/-pcDNA
suppresses the proximal mouse Priud promoter ..........ooeevveeecireresssesaasnnns 112

Figure 4-7. Tissue-specific distribution of Facl/Bptf, E2F 1, and Prnd transcripts in
e Y L R L L e R Lo P o e r e U Roy. 113

Figure 4-8. Expression of Facl/Bptf, Prnd, and Prnp in mouse and human brain and
e e b T T R S S 115



Figure 4-9.

Figure 5-1.
Figure 5-2.

Figure 5-3

Figure 5-4.
Figure 5-5.

Figure 5-6.
Figure 5-7.
Figure 5-8.

The proposed model of how FAC1/BPTF might activate the Prad promoter

..................................................................................................................... 117
FACI and BPTF protein SIFUCIUIE .........c.cooueiiriiiiereenianeseasnassssasssnsssssssens 125
NCBI-annotated human BPTF variants (201 1)....cccooiiiiiiiiiiiiiieiiieciieeinns 130
. Tissue-specific distribution of Bptf variants............ccceveereneniesieninesianinnns 131
Amplification of Bptf fragments from various mice tiSSUes..........cocecuruenees 135

Scheme for four PCR reactions performed on bacterial colonies harboring
cloned Bptf fragments and examples of amplified products resolved on
ARATOSCIOOIS . 5 ssicmss o bk e AR AR A e R e A L S L AR A T 137
Relative abundance of transcripts in mouse tissues from colony analysis. 137
Functional domain of human BPTF variants ..........ccccceceininiinicnniniicnns 142
Alignment of human protein sequences for BPTF vl and v2.................... 153

X1



List

of Tables

Table 1-1. Tissue expression and distribution of Dpl as reported in the literature........... 9
Table 1-2. PrP-interacting ligands and their putative binding positions on PrP............. 15
Table 1-3. Functionally important domains and residues of PrP reported in the

T T e et e e R Ko o LRGeS oS S S e Sl 17
Table 2-1. Public databases and SOftWAre...........ccccoeveniieiiiencnii e 33
Table 2-2. Commonly used reagents and their SOUrCes .........cocevvviiiriiiiiiinineneinesiesienens 34
Nable2=3 Kt AN T B PIICT R (v s o csmssshunbasnsnsssmus cus vy siskasdonmmoseisstsassKedenovimnsssasabsoasssness 35
Table 2-4. Cell lines used and culture media..........cccccoeverereeccrcenrecsiesnsrnsiesecsesesseeenns 35
4113 Dl GRS ST T s e ) 4 S G e e o e S e O 36
Table 3-1. Summary of exon sizes for X. tropicalis and X. laevis PRNP and PRND

Ly | R o e e i SR S S S R SR B 48
Table 3-2. Exon sizes of M. domestica tranSCrIPLS ......c.covcvioveerieusinienessssasssssssssassassans 55
Table 3-3. Exon sizes of mouse Prap and Prad transcripts........cccevnenniisicsinisinannnns 60
Table 3-4. Numbers of 5’ UTR exons and total lengths of 5° UTRs for M. domestica

AT TNOUSEPIINT) TEATIRCTIIIS ol s saetskaxd sasssusasshmminsnnasussanii s umhoussnrsmeansuassnssd 72
Table 3-5. Transposable element and GC content in X. tropicalis, M. domestica, and

T GO 0 e o VT (e e R R e e s 72
Table 3-6. Matrix of sequence identity between Dpls from different species................ 83
Table 3-7. Matrix of sequence identity between PrPs from different species ................ 83
Table 3-8. Sequence identity between the C-terminal region of PrP and Dpl in different

species, excluding the signal sequences...........cccccerinrenuinuinnsnnncnnininsesnesaennes 9]
Table 4-1. Summary of mouse-specific primers used for promoter amplification and

I T T B L1 L e S O S e e S 98
Table 4-2. Summary of mouse-specific primers used in RT-PCR analysis...........cccc.... 98
Table 5-1. Summary of primers used in Bptf expression and sequencing analysis ...... 127
Table 5-2. Summary of published literature on length of BPTF v1 and v2 (FAC1). ... 145

X1



List of Abbreviations

AD

APP

bp

BPTF
cDNA
ChIP
CID
C-terminal
DMEM
DMSO
DNA

Dpl
EDTA
EMBOSS
EST
FACI
FBS

GPI

kb

kDa

LB

LINE
LTR
mRNA
NCBI
NMR
N-terminal

NURF

Alzheimer’s disease

Amyloid precursor protein

base pairs

Bromodomain PHD finger transcription factor
complementary DNA

Chromatin immunoprecipitation
Creutzfeldt-Jakob disease
Carboxy-terminal

Dulbecco's modified eagle medium
Dimethyl sulfoxide
Deoxyribonucleic acid

Doppel

Ethylenediaminetetraacetic acid

European Molecular Biology Open Software Suite

Expressed sequence tag

Fetal Alz-50 clone |

Fetal bovine serum
Glycosylphosphatidylinositol
kilobase pairs

kilodaltons

Luria-Bertani

Long interspersed elements
Long terminal repeat
messenger RNA

National Center for Biotechnology Information
Nuclear magnetic resonance
Amino-terminal

Nucleosome remodelling factor

Xiii



ORF Open Reading Frame

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PEST proline (P), glutamic acid (E), serine (S), and threonine (T)
PrP Prion protein

PrP“ normal cellular form of prion protein

Prp> scrapie-associated form of prion protein

RACE Rapid amplification of cDNA ends

Rb Retinoblastoma tumour suppressor protein
RNA Ribonucleic acid

rRNA ribosomal RNA

RT-PCR Reverse transcriptase polymerase chain reaction
SDS Sodium dodecyl sulfate

Sho Shadoo

SINE Short interspersed elements

SOD Superoxide dismutase

TAE Tris-acetate-EDTA

TF Transcription factor

TFBS Transcription factor binding site
TRANSFAC TRANScription FACtor database

TSA Trichostatin A

TSS Transcription start site

UTR Untranslated region

VRC Vanady! ribonucleoside complexes

X1V



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 (Dpl) 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:

e tandem duplication or unequal crossing over occurring during meiosis if
homologous chromosomes pair up incorrectly (Shoja and Zhang, 2006) (Figure
1-1, a);

e duplicative transposition or segmental duplication (Bailey et al., 2003, Samonte

and Eichler, 2002);

e whole genome duplication (Skrabanek and Wolfe, 1998); or
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¢ RNA-mediated retro-transposition (Brosius, 2003) (Figure 1-1, b).
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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):

e Pseudogenisation, the most common fate of duplicated genes, when the
duplicated copy becomes nonfunctional by mutations (Lynch and Conery,
2000).

e 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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e Subfunctionalisation, when each duplicate performs part of the function of their
parental gene (Hughes, 1994).
e Neofunctionalisation, when a new function emerges (Laukaitis et al., 2005,

Deng et al., 2010, Lynch, 2007).
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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-1 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:
e SPRN, the gene coding for Shadoo (Sho) protein, is considered the oldest
member of the family (Premzl et al., 2004).
e 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).
e PRND, that encodes a protein called Doppel (Dpl), 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 Prap knockout

mice develop ataxia and others do not.

In fish, PrP-like genes PrP1 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 PrP1 and PrP2 in fish, and PrP and Dpl in amphibians, reptiles, and
mammals. The phylogenetic relationship between Sho, PrP, and Dpl, which includes 4
clusters (as the tetrapod Shos and fish PrP1,2s 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 Dpl, but not Sho. Repeats and the hydrophobic region are conserved
between PrP and Sho, but Dpl lacks both of these structural features (Figure 1-4). The
absence of the hydrophobic region in Dpl is very significant. It is suggested, that the
hydrophobic domain determines selective polarized sorting between PrP (basolateral
side of cells) and Dpl (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, Dpl and Sho are all extracellular, GPI-anchored proteins (Oesch
etal., 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 PrP1s 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 (Dpl); numbers refer to human Sho and PrP (based on Premzl et al., 2003) and
mouse Dpl (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 Dpl folding is very similar to that of PrP,
despite limited sequence homology, being characterised by three a-helixes, and two 3-
strands (Figure 1-5). The Dpl structure differs by a kink in the second helix and a
different orientation of the f-sheet. The structure is also stabilised by an additional

disulfide bond (Lubhrs et al., 2003).

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

be discussed in detail in Chapter 3.
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Figure 1-5. Three-dimentional structures of human PrP and Dpl. Helices a1, a2, and a3
are red and yellow, 3-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). Dpl expressed mainly in testes (Makrinou et al., 2002), although broader tissue
distribution has been reported (Table 1-1). Similarly to PrP, presence of Dpl 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 Prap (Ford et al., 2002b) and Prnd (Peoc'h et al., 2000a) are coexpressed in
Sertoli cells, spermatocytes, spermatids and epididymis. However, unlike Dpl knockout

mice, PrP knockouts are fertile (Behrens et al., 2002).
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During embryogenesis, Prap 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 E13.5 in developing brain and

spinal cord (Manson et al., 1992). Prad is widely expressed in foetal tissues (Makrinou
etal., 2002).

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

Tissue origin Tissue (Technique) Reference
Human Testis (Northern blot) (Makrinou et al., 2002)
Human fetal Testis, intestine, limbs, kidney, brain (Makrinou et al., 2002)
11.5-16.5 weeks | (RT-PCR)

Mouse Testis and heart (Northern blot); brain (Moore et al., 1999)
(RT-PCR); mammary gland, spleen
(EST database)

Ovine, Bovine Testis, epididymis (Northern blot); testis, | (Tranulis et al., 2001)
spleen, ovary, heart, mammary gland,
kidney, lung (RT-PCR)

Bovine Testis (Western blot); endothelial cells, (Rondena et al., 2005)
peripheral nerves and scattered
lymphocytes in intestine, liver, spleen,
lymph nodes, kidney, ovary, heart, lung,
diaphragm (immunohistochemistry)

Human Testis, spermatozoa, seminal plasma (Peoc'h et al., 2002)
(Western blot)

Mouse, human Testis, brain (RT-PCR) (Peoc'h et al., 2003)

Mouse, 9 weeks | Testis, heart, spleen, muscle (Northern (Lietal., 2000b)
blot)

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-
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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 Prap”” 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:

. 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
etal., 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,

10
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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 al., 1997), laminin itself (Graner et al., 2000), and neural cell-adhesion
molecule (N-CAM) (Schmitt-Ulms et al., 2001).

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

8. Regulation of embryonic stem cell pluripotency and differentiation
(Miranda et al., 2011).

1.2.4 Dpl and spermatogenesis

One of the most studied functions of Dpl is its involvement in spermatogenesis; its main
expression is in adult testes, as referenced in Table 1-1. Dpl is expressed in the
seminiferous tubules, Sertoli cells, mature spermatozoa and their flagella, and seminal
plasma (Peoc'h et al., 2002). Dpl is involved in early testes development, and later
stages of spermatogenesis, in particular the final remodelling and maturation of

elongated spermatids (Espenes et al., 2006).

Absence of Dpl in Prad™*™ 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 al., 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 al., 2004).
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Figure 1-6. Malformation of spermatozoa from Dpl-deficient mice. Sperm morphology in
wild-type (A, B) and Prnd™*™ 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 Dpl 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 (CJID),
Gerstmann-Striussler—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 (PrP>) 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 PrP® to PrP> (Kubler 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 Dpl 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 (AP) 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 Dpl, 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 B-amyloid (Ferrer et al., 2001). It
was suggested that PrP expression is altered as a response to cellular stress (Kovacs et
al., 2002, Voigtlander et al., 2001). However, overexpression of Syrian hamster PrP in
transgenic mice carrying mutant human APP resulted in a 35% increase of A plaques

suggesting that PrP participates in formation of AP plaques (Schwarze-Eicker et al.,

13
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2005). Nevertheless, alternative evidence, based on overexpression or depletion of PrP
in neuronal cell lines and significant increase of AP in PrP™" mice, support a PrP-
protective role during AD through PrP-mediated inhibition of the cleavage of APP by -
secretase and reduction of AP formation (Parkin et al., 2007). Suprisingly, although PrP
ihhibits AP formation, it might mediate AB-induced impairment of synaptic plasticity
by direct interaction with soluble AP at synapses (Lauren et al., 2009). Pathology of this
interaction is explained by Fyn kinase activation which leads to phosphorylation of
NMDA (N-methyl-D-aspartate) glutamate receptors and alters their localisation (Um et
al., 2012).

Dpl expression in AD was detected around amyloid deposits of 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 of PrP importance in AD, no further research has been done to decipher the
role of Dpl 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 PrP™

(section 1.2.5.1) have resulted in generation of vast amounts of
data on putative ligands of 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 of binding and often do not reveal the amino acid residues
most important for binding. Nevertheless, comparative analysis of binding sites might
provide insights into PrP and Dpl evolution. Ligands of 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, of
calcium (Lin et al, 1997a). Deletions of this region (Table 1-3) cause
neurodegenerative disorders, suggesting the existence of a putative ligand that mediates

neuroprotection (Shmerling et al., 1998, Li et al., 2007, Baumann et al., 2007).

14
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Dpl 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 al., 2005). The fusion protein of the N-terminal octarepeat region and half of the
hydrophobic region of PrP to Dpl showed antiapoptotic function (Lee et al., 2006a).
This indicates that common ligands might exist; however, almost no research has been
done on putative Dpl ligands or common PrP-Dpl ligands. Two identified Dpl-binding
partners, plasma metalloproteinase inhibitors alpha-1-inhibitor-3 (a;l3) and alpha-2-
macroglobulin (a;M), do not interact with PrP (Benvegnu et al., 2009). The only

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

Structural comparison of PrP and Dpl 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 PrP“ misfolding to disease-associated
conformation PrP>. For example, substitution of residues at positions 167, 171, 214, or
218 prevented PrP> formation (Kaneko et al., 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 PrP‘. Data obtained from human or other animal PrP analysis
are transposed to homologous mouse structure (based on review Linden et al., 2008)

. Binding site
Ligand Description on PrP Reference
Lipoprotein receptor-related protein 1, (Taylor and Hooper,
LRP1 scavenger receptor. : 23-107 2007)
Endocytic trafficking of PrP*. (Parkyn et al., 2008)
(Gauczynski et al.,
Laminin receptor precursor/Laminin receptor. 2001, Hundt et al.,
EREGE. Subcellular trafficking. 1432178 2001, Rieger et al.,
1997)
Laminin receptor, residues 100-220. g : S
R Interaction with Dpl, PrP-Dpl antagonism. 26:\) e d 2008
o Extracellular matrix component. - (Coitinho et al., 2006,
Laminin Interaction promotes neuritogenesis. 173-182 Graner et al., 2000)
Vitronectin Extracellular matrix component. 105-119 (Hajj et al., 2007)
Hcpmrm/ : 23-52. 53.92, (Horonchik et al.,
heparin Glucosaminoglycans. 109-127 2005, Pan et al., 2002,
sulfate Warner et al., 2002)
14-3-3 Intracellular scaffolding protein. 23-137 (Satoh et al., 2005)
Cu® Binds octapeptide repeat, histidine residues. 58-110 (Brown et al., 1997)
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Cell surface ligand, co-chaperone, roles in cell
metabolism, secreted by tumor cell lines and
primary astrocyte cultures.

Hop/STI-1 Z g . (Martins et al., 1997,
Stress lnteracuo_n mg.gcrs endocytosis of the PrP and Zanata et al.. 2002,
g s cellular signalling. 113-128
inducible : : Lopes et al., 2005,
proteinl Toggers netroprotection: Coitinho et al., 2007)
Enhances PrP properties in short-term memory i
formation and long-term memory
consolidation.
Cell adhesion molecule, mediates cell-cell
interaction. (Santuccione et al.,
N-CAMI Recruited by PrP to lipid rafts, activates Fyn 143-153 2005, Schmitt-Ulms
kinase. etal., 2001)
Interaction important for neurite outgrowth.
Hsp60 Chaperone, apoptosis, heat shock. 179-209 (ll;gzl;hofcr dal,
- : o e (Spielhaupter and
Pintl Prion protein interactor 1, exonuclease motif. 90-231 Schatzl, 2001)
Casein kinase 2. :
=29 g 2
CK2 Induction of CK2 phosphotransferase activity. 2-228 (Meggio et al., 2000)
Growth factor receptor-bound protein, adaptor
Grb2 protein for tyrosine Kinase receptors. 23231 (Spiclhaupter and
Interacts in intracellular vesicles, possibly TR Schatzl, 2001)
signal transduction.
Synaptic vesicle release regulator. 3
Synapsin Ib | Possibly regulation of cell-cell contact and 23-231 (Spiotisnper awd
= > Schatzl, 2001)
extracellular signalling.
APLPI Amyloid precursor-like protein. 23-231 (Yehiely et al., 1997)
395 2
Nrf2 Nuclear fuctor E2-retated factor-2, 23231 (Yehiely et al., 1997)
transcription factor.
GASP G prqtem-couplcd receptor-associated sorting 23.231 (Yehiely et al., 1997)
protein.
hnRNP Heterogeneous nuclear ribonucleoprotein, : 2 5
A2/BI RNA-binding protein. unknown (Strom st al, 2006)
AldC Aldolase C/zebrin. unknown (Strom et al., 2006)
Antiapoptotic protein. ﬁ;ﬁch"f;;';d
Bel-2 PrP could sequester Bel-2 from its intracellular | 72-254 e 1
organelle pools and contribute to apoptosis Rursclingr #nd
" Morgan, 1996)
Amyloid-p , accumulates in Alzheimer’s (Lauren et al., 2009,
AB : 95-105
disease. Barry et al.)
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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
Ib; 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; A, 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) PrP°.

Description Residue Reference
Signalling peptide for reinternalisation of PrP. | 23-42 (Nunziante et al., 2003)
N-terminal octapeptide repeat domain, B
contributes to extracellular copper ion 65-95 (v'll"'sz"(;; R
binding. (g e
S ot : (Spielhaupter and Schatzl,
g(l):jf:al::‘ng;r;g r'r:;ouf. binds C-terminal SH3 100-110 2001, Lysek and Wuthrich,
= 2004)
Deletion results severe illness, mice died :
’ .12 b)
within | month after birth. 105-125 (Li et al., 2007)

17




Chapter 1

Introduction

Deletion results in ataxia and apoplosis.

32-121,32-134

(Shmerling et al., 1998)

Unstructured central domain (charge cluster

(Baumann et al., 2007, Li

protein aggregation.

95-110 and hydrophobic 112-134). 5-134 etal., 2007)

Deletion results in demyelination and axon 04-144 (Baumann et al., 2007,
loss in spinal cord and cercbellar white matter. Radovanovic et al., 2005)
Globular C-terminal, GPI attachment. 134-231 (Riek et al., 1996)
Important role in intermolecular interactions, 5 5

including potentially key determinant of prion ll’g?";::g:::; loop {166- (Billeter et al., 1997)

Associated with species barrier differences.

beta2-alpha2 loop

(Bett et al., 2012)

Maijor role in PrP conversion.

127-157

(Cohen and Prusiner,
1998)

Surface regions that may be involved in initial
binding of PrP* to PrP™.

156-175, 202-211, 246-
264

(Horiuchi et al., 2000)

(Hegde et al., 1998,

Assists stabilisation of PrP fold.

203,206,209,210,213,2
14 (H3); Vallél (S1);
Tyr150 (H1);
134,137,139,141,157,1
58,198 (3 loop regions)

Predicted transmembrane helix. 113-128 Stewart et al., 2001)
Substitution of a basic residue at these 167, 171, 214, 218 (Kaneko et al., 1997)
positions prevented formation of PrP™, (human) 2
Protein X binding. 8;?; L2, (Kaneko et al., 1997)
Stvition of prion prplicaion e || 0167R or Q218K (Perrier et al., 2002)
f\mino acifi subst'il.u.tion associateq with AD, M129V (human) (Berr et al., 2003)
important in stabilising conformation.
Amino acid substitution associated with DI178N, V129, E196K, | (Dossena et al., 2008)
Creutzfeldt-Jakob disease. V2031, E211Q (human) | (Peoc'h et al., 2000b)
Cu’’ coordination. H96, H111 (human) (Viles et al., 1999)
Constitutive endocytosis of PrP and cellular N-terminal, positively
trafficking in neuronal cells. charged, KKRPKP | (Sunyach etal,, 2003)
Amino acid sub§l|tul|on associated with ALLTV (Hegde et al., 1998)
neurodegeneration.
Spontaneous neurodegeneration. PI101L (Telling et al., 1996)
Variable susceptibility for prions P102L, E200K (Asante et al., 2009)
Results in high structural order of the beta2-
alpha2 loop. SI170N, N174T (Sigurdson et al., 2009)
Caused transmissible neurodegeneration.
Progressive encephalopathy characterised by
abundant PrP plaque formation, spongiform D167S (Sigurdson et al., 2011)
change and gliosis.

179,180,184 (H2);

(Riek et al., 1996)

Residues important for species barrier.

96-167

(Telling et al., 1995)

Residues that form an epitope that is involved
in the control of the species barrier and
recognition of protein X.

184, 186, 203, 205

(Scott et al., 1997)
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1.2.5.4 PrP is neuroprotective, Dpl is neurotoxic

Despite some similarity in their structure, PrP and Dpl 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
PrP* (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 Dpl neurotoxicity was reported in 1999; and was the cause of Dpl
discovery. Studies were prompted by the desire to find out why Prnp”’ mice strains
showed neurodegenerative features. Dpl 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 Dpl (Moore et al., 1999, Moore et al., 2001).
Similarly, transgenic mice selectively overexpressing Dpl 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 Dpl, also causes ataxia (Shmerling et al., 1998). Prap™ mice are rescued from

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

The mechanism of Dpl 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). Dpl expression is correlated with the induction of heme-
oxygenase- 1 and nitric oxide synthases nNOS and iNOS in Prap” “mice, which suggests
that Dpl intensifies oxidative stress (Wong et al., 2001). The mechanism of Dpl 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 Dpl 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 Ca®’ uptake by mitochondria. Alternatively, Dpl stimulates
Ca’" accumulation in mitochondria and its discharge from the endoplasmic reticulum.
As expected, coexpression with PrP abolishes the Dpl effect on C a’' signalling (Brini et
al., 2005). PrP antiapoptotic function might be explained by its ability to regulate
copper homeostasis (Millhauser, 2007). Indeed, fusion of the PrP octarepeat to Dpl
protects against apoptosis (Lee et al., 2006a). Intracellular copper might promote
apoptosis by accelerating degradation of XIAP, an antiapoptotic copper-binding protein
(Mufti et al., 2006). Coexpression of Dpl in neuronal cells might affect the copper-
homeostasis functions of PrP by inhibition of its endoproteolytic cleavage (Sakudo and
Onodera, 2011).

1.2.5.5 Interaction of PrP and Dpl

Biochemical and structural homology of PrP and Dpl and their antagonistic effects on

neurodegeneration raises the question of their potential functional interaction.

The models of 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 Dpl in the absence of PrP or ligand binding to PrP is
necessary to prevent Dpl-induced cell death (Figure 1-9, (a, b)). Another possibility is
the formation of toxic channels by Dpl, counteracted by PrP (Figure 1-9, ¢). A recently
proposed model for antagonistic interaction of PrP and Dpl includes a still unidentified
transmembrane molecule; it is proposed that PrP binds to that molecule via the N-
terminal region, and that binding of Dpl that occurs when PrP is absent or truncated

results in the toxic signal (Sakaguchi, 2008).
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PrPc Dpt PeP-Opl
TS wAmOrs.
no channel patent 1oxc channel  Gelective channe!
TRENDS 0 Newroscences

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

The proposed direct interaction of PrP and Dpl has been tested experimentally in the
human neuroblastoma cells. Exogenous expression of PrP and Dpl 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 Dpl (Massimino et al., 2004).
However, in similar experiments conducted in testicular cells by another group, PrP and
Dpl 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 Dpl 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 Dpl 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 Dpl are differentially expressed and localised in a species,
developmental and tissue-specific manner (Tranulis et al., 2001, Ford et al., 2002b,
Makrinou et al., 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 Dpl

expression.
Regulatory mechanisms described for PrP and Dpl are:

I. 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 al., 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 al., 1985). Analysis of the human,
bovine and rat PRNP promoter predicted only ubiquitous transcription factors, such as
Spl, Apl and Ap2 (Mahal et al., 2001, Inoue et al., 1997, Saeki et al., 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 al.,
1998, Premzl et al, 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, MyT1, Oct-1, and NFAT) (Premzl et al., 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 er 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 Prad-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 Prap 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 (Levenson 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. fropicalis 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 Prup”” mice and mutant mice where various PrP/Dpl functional
domains were deleted or swapped established an antagonistic functional relationship of
PrP and Dpl, as referenced in section 1.2.5.4. These studies reveal the possibility that
PrP and Dpl coevolved within vertebrates which led me to the proposition that the best
way to understand their functional relationship is to study them simultaneously. |
hypothesised that PrP and Dpl 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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Chapter 2.
Materials and Methods

In this chapter I describe the background of extensive range of methods I used.
Interpretation of the results cannot be fully understood without understanding the basis
of 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 of a particular protein using its amino-acid sequence. This requires availability
of 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 of interest)
sequence and the template sequence comprising four main steps: selection of the
evolutionarily related protein with known three-dimensional structure, sequence
alignment, construction of 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 of the model should be carefully evaluated to assess the relevance of 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 of

the oligonucleotide adaptor, which requires 5°-phosphate group, to the 5’ end of
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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
c¢DNA with oligo(dT) primer which contain another adaptor sequence at the 3’end. The
¢DNA 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 SMART"™ 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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- SNA AAAAAAAA polyA ¥’

5 ——GGG ‘_Oligo(dT) primer
BD SMART™ First-strand synthesis

oligonucleotide with template switching

and extension by RT

5’ —GGG RINA AAAAAAAA
3 cce Bl
cDNA

Figure 2-1. Mechanism of BD SMART™ c¢DNA 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 Tag 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. | used three different approaches to address this problem. First, | 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, | introduced them by using pCR*4-TOPO" 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.

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 | used Dual-
Glo™ Luciferase 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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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
408, 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 Cell lines

The list of 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 of 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 pg/ml
ampicillin 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 100ug/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 GenElute'™ Endotoxin-free Plasmid Midiprep kit (Sigma), according to

the manufacturer’s instructions.
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2.8.3 Agarose Gel Electrophoresis

Electrophoretic separation of DNA was carried out using 1-2% agarose gels in IXTAE
buffer containing 0.5 pg/ml ethidium bromide. Purification of DNA excised from the
gel was carried out using the QIAquick Gel extraction kit (Qiagen) or GenElute'™

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 ddH,O to a 100 uM stock concentration. Later, primer stocks
were further diluted to achieve the desirable working concentration, normally 10 uM for
PCR reactions and 2 uM 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 ABI
prism Big Dye v3.1 Sequencing Ready Reaction Kit (Perkin-Elmer Applied
Biosystems), according to the manufacture’s protocol. Briefly, 400 ng of purified
plasmid DNA was combined with 1 ul of Big Dye, 3.5 ul of 5X Big Dye reaction
buffer, 1.6 ul of 2 uM plasmid-specific primer (forward or reverse), and sterile ddH20
to the final volume 15 ul. Sequencing PCR was carried out in an Eppendorf Thermal
Cycler. The sequencing program consisted of 1 cycle of 96 °C for 1 min followed by 30
cycles of 96 °C for 20 sec, 50 °C for 10 sec, 60 °C for 4 min. Extension products were
purified by adding 1.0 ul of 3 M NaOAc and 50 ul of 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 of 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 % CO.. 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 Metafectene”Pro, a polycationic liposomal transfection reagent,

obtained from Biontex Laboratories (Munich, Germany).

Table 2-1. Public databases and software

Name

Reference

BioEdit, version
5.09

http://www.mbio.ncsu.edu/BioEdit/bioedit.html

ClustalW http://www.ebi.ac.uk/clustalw/

EMBOSS http://www.ebi.ac.uk/emboss/

Ensembl www.ensembl.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/Signal P/

SWISS-MODEL http://swissmodel.expasy.org

TRANSFAC http://www.gene-regulation.com/pub/databases.html

XenBase http:/genome.jgi-psf.org/Xentr4/Xentrd. home.html
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Table 2-2. Commonly used reagents and their sources

Reagent Source
AccuTaq'™ LA DNA Polymerase Sigma-Aldrich
Ampicillin Sigma-Aldrich
Cycloheximide Sigma-Aldrich
Dithiothreitol Astral Scientific
DMSO Sigma-Aldrich
EDTA Sigma-Aldrich
Fetal Bovine Serum (FBS) Invitrogen
Glacial acetic acid AJAX Chemicals
L-glutamine Invitrogen
Heparin, sodium salt Sigma-Aldrich
Horse Serum Invitrogen

LiCl Sigma-Aldrich

2-mercaptoethanol

Sigma-Aldrich

Metafectene” Pro Biontex Laboratories, Germany
MgCl, Sigma-Aldrich

NaCl Sigma-Aldrich
Nonidet-P40 Roche Applied Science
Phenol-chloroform-isoamyl alcohol Sigma-Aldrich
Platinum Taq polimerase Invitrogen

Proteinase K Sigma-Aldrich
Restriction enzymes New England Biolab
RNAlater Ambion

RNAsin Promega

SDS Sigma-Aldrich

Sucrose Sigma-Aldrich
Tris-HCI Merk

TRIzol* reagent Invitrogen
Trypsin-EDTA Invitrogen

VRC New England Biolab
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Table 2-3. Kits and their suppliers

Kit Supplier
ABI prism Big Dye terminator cycle Sequencing Ready Reaction | Pelkin Elmer
BD SMART"™ RACE ¢cDNA Amplification Clontech
Dual-Glo"Luciferase Assay System Promega
GenElute™ Agarose Spin Column Sigma
GenElute"™ Endotoxin-free Plasmid Midiprep kit Sigma
GeneRacer™ Invitrogen
QIAquick Gel extraction Qiagen
RNAeasy Mini Kit Qiagen
Superscriptlll reverse transcriptase Invitrogen
TOPO-TA Cloning” Kit for Sequencing Invitrogen
Wizard" Plus SV Minipreps DNA Purification System Promega

Table 2-4. Cell lines used and culture media

Cell line Tissue origin | Media

bEND.3 Mouse brain DMEM, 10% fetal bovine serum, 1%
(ATCC:CRL-2299) | endotelial glutamine

GCl1 Mouse testis, DMEM, 10% fetal bovine serum, 1%
(ATCC: CRL-2053) | spermatogonia | glutamine

GC2 Mouse testis, DMEM, 10% fetal bovine serum, 1%
(ATCC: CRL-2196) | spermatocyte | glutamine

T™4 Mouse Sertoli | DMEM/F12, 5% horse serum, 2.5% fetal
(ATCC: CRL-1715) | cells bovine serum

SHSYS5Y Human DMEM, 10% fetal bovine serum, 1%
(ATCC: CRL-2266) | neuroblastoma | glutamine
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Table 2-5. Buffers and Solutions

Name of media Composition

Luria-Bertani (LB) 10 g/1 bacto-tryptone; 5 g/l bacto-yeast extract; 10 g/l NaCl

LB plates LB + 1.5% (w/v) agar + ampicillin antibiotic

PBS 137 mM NaCl, 7 mM Na;HPO4+2 H,0, 2.5 mM NaH,PO,*
H,O,pH7.4

10 mM Tris-HCl at pH 8.0, 140 mM NaCl, 1.5 mM MgCl,,
Polysome lysis buffer | 0.5% Nonidet-P40, 20 mM dithiothreitol, 150 pg/ml
cycloheximide, 500 U/ml RNAsin, 40 mM VRC

15-40% sucrose, supplemented with 10 mM Tris-HCI at pH

Sucrose gradient 7.5, 140 mM NaCl, 1.5 mM MgCl,, 10 mM dithiothreitol,
100 pug/ml cycloheximide, 0.5 mg/ml heparin

TAE (50X) 2M Tris-HCl, 5.7% glacial acetic acid, S0 mM EDTA

TE 10 mM Tris-HCI, pH8.0; 1| mM EDTA, pH 8.0

Trypsin, 0.25% 0.25% (w/v) trypsin, | mM EDTA in PBS

36




Chapter 3.
Evolution of PRNP 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

e amphibian X. laevis with partial S’UTR and unknown numbers of exons
(Strumbo et al., 2001).

e 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).

e cutherian 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, |
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 | 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 c¢DNAs from X. tropicalis, more detailed research was
conducted using tissues from X. /aevis. | 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, | 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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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. trropicalis sequence in the genome database
(http://genome.jgi-psf.org/xenopus). For the first PCR reaction, 100 ng of genomic
DNA and 0.2 puM 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 pl of the first amplification reaction and 0.2 uM
F3 and R3 were used as a template for nested PCR with the same cycling parameters.
The PCR products were cloned into pCR*4-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 Dpl and PrP proteins in X. tropicalis and X. laevis,
the GeneRacer'™ Kit (Invitrogen) was used. 1 pg of total RNA from brain and testis
was dephosphorylated, decapped, ligated to GeneRacer'™ RNA Oligo and reverse-
transcribed into cDNA following the manufacturer’s instructions. Cloned AMV RT
enzyme and GeneRacer'™ Oligo(dT) Primer were used to synthesise full-length ¢cDNA.
To amplify the cDNA ends, GeneRacer'™ Primers homologous to sequence in the
GeneRacer™ RNA Oligo (5 end) or GeneRacer™ 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 pl 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 pCR*4-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 Dpl were
amplified using the BD SMART™ 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 pl 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 pCR*4-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 pl of the
first-strand cDNA was used as a template for PCR with 0.2 uM primers (Appendix 2).
Primer pairs for X. laevis tissue expression analysis were F4/R6 for PRNP-1a, F5/R4 for
PRNP-1b, 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 F11/R10 for GAPDH (Figure 3-2). Primer pairs for
M. domestica tissue expression analysis were LmdPrP1/RmdPrP521 and
LmdPrP1/RmdCPE167 for PRNP, LmdPrP1/RmdDpl350, Lmd2D/RmdDpl350 and
Lmd5SD/RmdDpl350 for PRND and LmdGAPDH/RmdGAPDH for GAPDH (Figure 3-
6). Primer pairs for mouse tissue expression analysis were LmmPex1-94/RM587 for
chimeric Prad, LMex1Dpl/RMS587 for non-chimeric Prad and Lp-actin/Rp-actin for f-
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). H,O
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 pCRII*TOPO 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 Dpl
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sequences as query. The query sequence from human Dpl containing the N-
glycosylation sites and Cys involved in the disulfide bridge (HumDpl 57-140) picked up
a hit from trace read TKS687278.g1, 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.g1 (using BLASTN) gave another overlapping contig AAWU3059.¢g1 to
complete the ORF for X. tropicalis Dpl. 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-
psforg/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 Dpl. Screening
the EST library (NCBI EST database and Sanger EST database
(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/x_tropicalis) for Dpl in X. /aevis 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 Dpl.
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. rropicalis, 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.imp.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.eduw/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 Dpl (PDB ID 1117), X. laevis PrP (PDB ID 1XU0), tammar
wallaby PrP (PDB ID 2KFL), 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 | ml of lysis buffer (10 mM Tris-HCI at pH 8.0, 140 mM NaCl, 1.5
mM MgCly, 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 ul 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-HCI at pH
7.5, 140 mM NaCl, 1.5 mM MgCl,, 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 ul) 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 Il 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. rropicalis genome database using a series of mammalian
Dpl 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
carliest 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 X. tropicalis Dpl were found in databases,

but there were several for PrP.

To confirm expression of PrP and Dpl in X. tropicalis, total RNAs from brain and testis
were reverse-transcribed into ¢cDNA and analysed by RT-PCR, using the F1/R1 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, Dpl expression was found not only in testis, but
in brain as well; Dpl is not highly expressed in adult mammalian brain (Moore et al.,

1999, Silverman et al., 2000).

To determine the structure of both genes, | amplified and sequenced cDNAs, and
aligned them against genomic DNA. 5" and 3’ RACE primers were constructed to
amplify the complete PRNP and PRND c¢DNAs. 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. rropicalis 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 al., 1998) and marsupial (Premzl et al., 2005) PRNP
and mammalian (Moore et al., 1999, Comincini et al., 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), (¢)). 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, | 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 X. 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. | 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 al., 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. fropicalis, two variants, one
slightly shorter than the other (Table 3-1). The common PRNP/PRND-ch exon | was
longer for PRND-ch than for both PRNP variants. | 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 | (F8; Appendix 1). PCR amplification of exon | of PRNP with
this primer and a primer specific to the ORF of PRNP (R4; Appendix 1) was
performed. The 5° ends of PRNP-1a 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 (v] 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 rropicalis 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 (¢)). 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-b) 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 X. rropicalis, and by aligning the X. laevis

variants among themselves.

I used 3° RACE to evaluate the 3° UTR length of the PRNP and the PRND. | confirmed
the unusually short, 80 bp, 3 UTR for X. 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. | 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 long X.
laevis 3’ UTR annotated by NCBI (BC094089) and cloned from oocyte cDNA library.

X. tropicalis (PRNP and PRND gene locus)
1 2 3 4 5

i — e g m—

284 7676
1024

X. laevis (PRNP and PRND gene locus 1)

1 2 3 4 5

o == — . rm—
(@) PRNP-1a

F4 R6
0 PRNP-1b

F5 R4

(9)

gl — g

F4 R?
(h)

PRND-
F9F10 P;R N R?

0 BB L] PRNP2
) BRI  PRAP2
R6

X. laevis (PRNP gene locus 2)

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 1, 2, and 4
from X_ tropicalis locus and X. laevis locus | are non-coding; exon 5 is the coding exon. For X
laevis locus 2, exons 1, 2, and 3 are non-coding and exon 4 is the coding exon. Transcripts are
shown for X. rropicalis PRNP (b), and X. laevis PRNP-1a and PRNP-1b with alternate start
sites (e), (f). The first two non-coding exons of PRNP transcripts in both species are shared with
PRND transcripts; these generate chimeric structure (¢), (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. rropicalis
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are shown in base pairs. Intron sizes for X. laevis are not available, except when sequenced (Kk),
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 X. laevis tissue expression analysis (F4/R6 for PRNP-
la, F5/R4 for PRNP-1b, 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 v1 and v2.

X. tropicalis X. laevis
prRNP | PRND | P ’:’;’P =1 B ’:‘;',D' PRNP-1b | PRND-a, b | © ’;':P " | PRNP-2b
79vi 142v1
Exon1 44v2 64 115v2 208 - - 44 -
Exon2 | 60 60 63 63 145 z z 99
Exon3 | 712 : 741 ] 649 399v1 56 56
77v2
Exond - 55 - - - 990 990
1075v1 632v1 633v1
Exon§ | - 573v2 560v2 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 X. laevis PRNP-la
and PRNP-1b (TATAAA) and absent in X. rropicalis 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. rropicalis 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 X. rropicalis PRND (Figure 3-3 (d)) and a
non-canonical ACTAAA signal for X. laevis PRND (Figure 3-3 (e)) (complete only for
the longer variant) (Table 3-1).

Amino acid sequences of X. tropicalis and X. 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 X.
tropicalis and X. laevis Dpl 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

780
CAGAGGGAAGGCCAAATG 840

TATGTATATAG 851

(b) 3’ end of X. laevis PRNP-1a transcripts

840
TCAAAGGAAATATTAATAAAAAGGCCAAATGTAT 900
CGATTCTGAACTGTTCCGTCTCA 946

GTATATATAGAGAGA

(c) Downstream sequence conservation between X. tropicalis PRNP and
X. laevis PRNP-1a

XtPRNP --=- B27

X1PRNP 875

R

XEPRNP  —------ - -GGAAGGCCAAATGTATGTATATAGAGATTTAAAGAGANTATAANCCGATTC 878
X1PRNP ATATTAATAAAAAGGCCAAATGTATGTATATATAGAG- - - - AGAGAGTAT. CGATTC 931

EE R

XEPRNP TGAACTGTCCTGTCTCACGCCCAGTCTGACAGTCTCTGTTGTGATTCCCTTGCGCAGCAC 938
X1PRNP TGAACTGTTCCGTCTCACGCCCAGTCTGACCGTCTCTATTGTGATTCCCTCGTGCAGCGE 991

R I

XtPRNP TGTTGGATCCAATGTGAATCCAGCCCAGCTTTCTACCATCCGTAAGCAACTATGGATTTG 998
X1PRNP TGTTGGGTCCTATGTAAATCCAGCCCAGCTTCCTACTATCAGTTATCAACCTTGGAGTTG 1051

XtPRNP TACCTCTCGCTTCAATACTGACCGAAATTCCCACTTCTGCATCAGCTACGATCTCTGCTT 1058
X1PRNP TATATCTTGCTTCAATACCGACCTGAATTCCCACTTCTGCATCAACCACGACTTCTGCTT 1111

.. L R L

XtPRNP GACAACCTACATTTTGGACATCACAAATGGGCTTTATGTAACAGTGCATG-TTATTAATG 1117
X1PRNP AACAACGCACCTTTCTGACATTGTGAATGGGCTTTATGTAGCAGTGCATGTATATTACTA 1171

EREE r eEw R I

XCPRNP AGATATCTTGCAGGTTCCAGTACCGAAGAGCCACATTTTTGTGAATTTATAGAAGCCTT- 1176
X1PRNP AGATACCTTGCAGGTTCCCGCACCAAAGAGCCCCGTTTCT-TTAATTTATGGAAGGCTTG 1230

I

XtPRNP TGTAGAATCCGTCAACTGCAGATTTIGTTTTCCATATCTTGGACACCCTAAAGGGTCCACT 1236
X1PRNP ﬂ'mMTA'!‘CT‘I‘GNCACTC ------- TACCGA’I'PGAT:\CACAACTCAGAC'X’I'MTGCA 1283

. wwEw JHaw L wn . LA
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(d) 3’ end of X. tropicalis PRND transcripts

780

GCCTAGGAATTCTGTattttatatgaacttttaagaactaact 78
gtactagcccagaggttcagcagccctataacagcaatgatccaggccttcaaatttgte 840
cacagcagctcttggatctcatcttggatcttttgagtgtcagtgacactgcacattcte 900
agtgtgcagggctgctgttaaagactacgccatctgtcatagaatgcacgtitctacaca 960
ggaatatactctaatatataggaatatatgtgcatgcaccctactaatagttcagectge 1020
cagagatcaccaaggagttgcatagccttttttacaaacatatccttcatctaaaactte 1080
atctgtgacttctaatagtcttataaattacaacaggagcaatattatattctatattat 1140
atacatataagcaggaattatggctgctgttgtgcacacagggaagttggaggtttggee 1200

acggtttgttttcccettate a!.aaf.t:;alqau:-:aqq', taaactqgqg 1254

(e) 3’ end of X. laevis PRND transcripts

y GGGAACTA 84
AAGCCTGAAT TATTG Taaajtgtacccgcecccagaggttcagecage 90

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. rropicalis 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. (¢) Conservation of sequence downstream ORF in X.
tropicalis and X. laevis PRNP; ends of experimentally defined 3° UTRs are underlined; putative
polyA signals are boxed.

(a)

XtPrP MLRSLWTSLVLISLVCALTVSSKKS WN SNRNPNYE YGWNTGGNTGGS 60
X1PxrP MPOSLWTCLVLISLICTLTVSSKKS WNTGSNRNPNYPGLY=-=--=PGNTGGS 56
- :""'....":.:‘.'."".'...."..':.'.'.."".. L
XtPrP WG-QPYNPSGONNFNNKOWKP MK YMLGONAMGRMSYHESNPM 119
X1PxP W E SG====Y1 SYMLGNAVGRMSYQFNNPM 112
- - .'.'..'...'.":.':'.".'..".'..':.'.":'..'.
XtPrP EARYYNDYYN( 179
X1PxrP ESRYY! 172

I I
. . . .

XtPrP ETRVKSQIIREMCITEYRRGSGFKVLSNPWLILTITLFVYFVIE 223
X1PrP DTTVKSQIIREMCITEYRRGSGFKVLSNPWLILTITLFVYFVIE 216
R

T

(b)
XtDpl
X1Dpl

PRRAAS-SKKISKTTDLSRGAKRRPKVTNSPALGDLS 59
IKKYFKISDLSRGAKKRSKVAHSPVLGHLE 60

- - - R T I DRI I
. i) .. . .

XtDpl FRCRALNV L PDGLYYPR LS FISGCLNTTIERNK 119
X1Dpl RSKELDV LYR LY RSQL FMNGCLNTTVERNK 120
...: * e e L - . ww a.:'anat.. LR
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XtDpl MS\ DFLCMENYVK VTCTGGLWVEIGUM LERK 179
X1Dpl ISCI MSVGMOVLQFLC VK VTCTGGLWVEIGVIHLLEFTOK 180

------------------------------------------------------

XtDpl 181
X1Dpl 182

Figure 3-4. Protein sequence comparison for X. tropicalis and X. laevis PrP and Dpl. (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 (XIDpl) Dpl 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-Ia/PrPla and to
the novel variant forms as PRNP-1b/PrP1b, PRNP-2a/PrP2a and PRNP-2b/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-1b is
the same as for PRNP-]a. This implies that exon | 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 |
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-Ia 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-1b form has additional sequence preceding
exon 2 (Figure 3-2 (f)). The PRNP-1b 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 RS) 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 RS), 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. /aevis 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-1b 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. | 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-1b 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-1b 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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Figure 3-5. X. laevis tissue expression. RNA from adult male X. /aevis tissues was analysed
by RT-PCR for the presence of alternative PRNP and PRND transcripts. PRNP-1a, PRNP-1b,
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. domestica PRNP and PRND cDNAs
3.3.2.1 Cloning of M. domestica 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, | 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 Dpl
proteins. The intergenic region between M. domestica PRNP and PRND genes is 68359
bp; this is 5.5 times larger than mouse Prap/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.

| estimated the relative abundance of the PRNP-I 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. |
confirmed the presence of the PRNP with the CPE motif by running RT-PCR with
primers LmdPrP1/RmdCPE167 covering PRNP sequence from exon | to the CPE motif
(Appendix 2).
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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. (¢) PRNP-2
variant with the CPE motif. (d) PRNP-3 variant with intron in the coding region and the CPE
motif. () to (h) Chimeric PRND transeripts with alternative intergenic exons. (i) 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
(LmdPrP1/RmdPrP521 and LmdPrP1/RmdCPE167 for PRNP, LmdPrP1/RmdDpl350,
Lmd2D/RmdDpl350 and LmdSD/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 v, v2 and v3.

Exon number | | 2 3141 5 6 7
2269v1 1125v]
Exon size,bp | 103 2594v2 90 | 65| 186 | 288 | 1714v2
(793+203)v3
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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 (¢)).

MJAORF1 MCKIHLGYWFLALFIMTWSDLTLCKKPKPRI WN! RYPGQS WCHP( WG 60
MAORF2 MOKIHLGYWFLALFIMTWSODLTLCKKPKPRE RYPGOS WGEPC WG 60
..... R T T
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- L - - . L - L L L - -
MdORF1 VF IVGGL M AMSRPIM EDRYYRENQYRYPNQVMYRPIDG 180
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L - - L
MdORF1 0 VHDCVNITVKC 240
MAORF2 NONNEVHDCVNITVKC 240
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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). | 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 c¢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-I 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-/, -2, and -3.

Consequently, only four PRND variants will be amplified simultaneously when primers
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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-1 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-1 amplification is much stronger
after 30 cycles than PRNP-2 amplification. However, as the primers used to detect
PRNP-1 cannot discriminate between PRNP-I 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.
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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-1 and PRNP-2 where 30 cycles of amplification was used.
GAPDH was used as a positive control. Note that PRNP-/ 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 Prap 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 Prad in
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wild-type mice, I 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 Prad form in mouse. Despite unsuccessful
RACE, I was able to amplify chimeric transcripts by RT-PCR using primers specific to
Prnp exon 1 (LmmPex1-5 or LmmPex1-94, Appendix 1) and the Prand ORF (RM587,
Appendix 1). | found three alternative chimeric forms that share two non-coding exons
with Prap (Figure 3-11). Two of the chimeric Prad transcripts (Figure 3-11 (¢), (d))

have small exons in the intergenic region (Table 3-3).

(a)
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Figure 3-10. Chimeric Prnp/Prnd transcripts discovered in Prup"” 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 Prad 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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Figure 3-11. Transcripts coding for Prap and Prad in mouse. (a) Genomic Prap/Prnd contig
with exons numbered. Exons 1, 2, 4-6 are non-coding; exon 3 is coding for Prap; exon 7 is
coding for Prad. (b) Prap with the CPE motif, marked by a black line at the 3° end. (¢), (d), (e)
Chimeric Prad transcripts with alternative intergenic exons. (f) Non-chimeric Prad. 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 (LmmPex1-94/RMS587 for chimeric Prad, LMex 1 Dpl/RMS87 for
non-chimeric Prnd) are indicated.

Table 3-3. Exon sizes of mouse Praup and Prnd transcripts. Exons are numbered according to
their relative positions in the Prap/Prnd gene locus (Figure 3-11 (a)). Exons 1 and 2 are non-
coding and shared between Prap and chimeric Prnd-chl, Prand-ch2, and Prnd-ch3. Coding
exons are exon 3 for Prap and exon 7 for Prads. 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 § is this
sequencing of the chimeric Prad PCR-amplified products.

Exon number | 2 3 4 5 6 7

; 3122vl
Exon size, bp 76 98 2012 163 103 55 1884v2
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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 LmmPex1-94 and reverse primer RMS587 for chimeric
Prnd-ch (1,2,3) (Figure 3-11 (c), (d), (e)) and LMex1Dpl/RM587 for non-chimeric
Prnd (Figure 3-11 (f)) (Appendix 1). Prad 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 Prad is predominantly expressed in testis and
only weakly in other organs in adult animals (Behrens et al., 2002, Comincini et al.,
2001, Paisley et al., 2004, Peoc'h et al., 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 al., 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 Prad
expression which was reported by the early workers in mouse (Moore et al., 1999, Li ct
al., 2000b), and for bovine and ovine tissues (Rondena et al., 2005, Tranulis et al.,
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 Prad-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 (¢)) appears to be rare, with highest

expression in testis (Figure 3-12).
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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 Prad transcripts
and 35 cycles for non-chimeric Prad. f-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 of chimeric transcripts during evolution raises the question of their
functional significance. We might assume that a transcript is functional if it is
translated. In the case of Prad, protein translated from both chimeric and non-chimeric
transcripts are the same, so antibody detection cannot tell us from which transcript the
protein comes. | used a polysome-binding assay to investigate whether chimeric
transcripts are translated, as an initial means to assess functionality of the alternative
Prnd transcripts. This assay is based on distribution of mRNA into different fractions on
a sucrose gradient depending on the amount of 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 of the gradient
depending on the amount of ribosomes attached to them. Twenty fractions were
collected and total RNA isolated and analysed for transcript presence. Fractions 1-9
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. (¢) 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 Prand
translation (Figure 3-14). Total RNA from similar fractions were pooled, converted to
¢DNA 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, Prad-ch2 (Figure 3-11 (d)), in adult brain (Figure 3-14). As a
control for assay reliability | assessed Prnp and non-chimeric Prap 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 |-day-old brain, much less in adult brain and a high level of Prap

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 adult mouse brain

N >
NN
S W

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 Prad-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. /aevis 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.
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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 Prad was initially discovered in Prap 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. | 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 kKidney, 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 (Kornblihtt, 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 Prad 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 Dpl have antagonistic effects on neuronal cell
survival, PrP being neuroprotective and Dpl neurotoxic (Moore et al., 2001, Qin et al.,
2006b). Colocalisation of PrP and Dpl 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 | 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 retrocopies 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-
| 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 Dpl, respectively. Exons are shown in green, introns in
pink: splicing events are represented by “*”. Slow splicing | removes intron 2P, intergenic
intron and PRND exons 3D and 4D resulting in PRVP 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 Prap terminal intron in ataxic lines of Prnp”” mice
resulted in chimeric Prad (Moore et al., 1999, Li et al., 2000a). The idea that splicing

elements in the Prap 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 Prap mimics expression of a
chimeric Prad. Deletion of the splicing elements caused the expression of EGFP and
fluorescence emission thus demonstrating functional linkage between chimeric Prad
expression and the Prap 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 al., 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 al., 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:

e Why has chimeric PRND not disappeared during the evolution

e 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?

e Does its retention indicate the necessity of additional 5° UTR regulatory
elements for PRND expression?

e 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 (Lee 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, | performed polysome-binding assays. | could not
find evidence of translation in adult X. /aevis, 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 | 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 (Krnjevic, 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 (VAChHT), situated within the first intron of ChAT and sharing
the first exon, is coordinated by common cis-acting elements (Eiden, 1998). Another
bicistronic locus is Lass/-Gdfl (Longevity-assurance gene | homolog ceramide
synthase 1 (initially discovered as Uog-1, upstream of Gdf1) and growth differentiation
factor 1 (Szabo et al., 1994, Wang et al., 2007). Gdf-1 is a transforming growth factor-§
(TGF-B) family member involved in brain development (Rankin et al., 2000). Mutations
in the Lass/ gene cause cerebellar ataxia and Purkinje cell degeneration (Zhao et al.,

2011). Furthermore, disruption of Gdf] increases expression of Lass! (Bengtsson et al.,
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2008). This is an interesting association with Prap/Prad genes, where removal of Prap

causes Prnd overexpression and late-onset ataxia (Moore et al., 1999).

Antagonistic effects of PrP and Dpl 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 Dpl might offset
neurodegeneration by antagonising PrP. Dpl 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 elF4G
(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 (Graber 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 Dpl protein through IRES when

normal Dpl expression is negatively affected.

Such additional mechanisms for regulation to maintain Dpl expression under as-yet-
uncharacterised conditions might be important for functions well beyond Dpl’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. /aevis 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

71



Chapter 3 Evolution of PRNP and PRND

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 Prnd are mouse transcripts (Figure 3-11).

Transcript | PRND-1 | PRND-2 | PRND-3 | PRND-4 | Prnd-ch1 | Prnd-ch2 :",’;“‘ Prnd
Number of

exons

5'UTR

length, 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.

Species Locus SINE® LINE® LTR® DNA" | Total® | GC
length® (bp) | (%) (%) (%) (%) (%) (%)
X. tropicalis | 29684 0 0 0 5 9 41
M. domestica | 94126 10 37 14 2 66 39
Mouse 46174 6 4 33 2 46 46

* Length from exon | 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).

® 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 Dpl 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, | 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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Hu GG ; AT ﬂﬁ_‘ GTAA 3 G

Mm GG ' TRTATTTGTAA G

Ra G GTAA G G

Bo GA GTAA G

Tw GG AGA s TAR GCACGT?

Md \G ( f AGA & \CG
Polyadenylation

Hu G AAATGTTTAATATCTGAC ,G,:“;‘.'u.—"ng"{‘ G-AGCGAAGATGAGCA

Mm G \ \TG GCTATCAGACTGACIATTAAMIAGAAGCTATGATGAAC

Ra AAATG GCTATCTGACTGACRATTAAMI'AGARAGCTATGATG

Bo G \AATATTTAATA GACTAAANATTAAM AGGAGCTAAAACGAGG

T™w G ATAAATG AATATCTGACTAAARATTAAMCAGG

Md G ATAAATG AATATCTGACTAARRAT TAAMLARACAGGCAACAG

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 1591bp).

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. fropicalis and M. domestica genomes. In mammals,
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genes situated downstream of PRND are RASSF2 and SLC23A41. 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

< —zzzZzZZZ2Z3

a S R | 7777777770000

i G NS o MR e PN 15N 8o RO (055

B rrve @ erno E et [ Rassf2 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. /aevis 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 PrP1 and PrP2 respectively. A PRND duplicate was not found.

PrP1 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 PrP1 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 B-strands; most replacements are conservative, It
is possible that substitution of the Argl46 charged residue in the proximity of the
Cys148 (PrP1) with neutral Thr165 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 (PrP1 residues N150, M151, S152) is conserved between PrP1 and
PrP2, but the second site (PrP1 residues N165, N166, S168) 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 PrP1 differs from other PrPs, including frog
X. tropicalis, by the GInl07 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 B-strand and between a-helixes 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 PrP1 (PDB ID 1XUO) and a PrP2
homology model is mapped onto the PrP1 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 of X /aevis PrP (amino acids 23-69), i.e. PrP1,
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 PrP1 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.

(a)
; I

X1PrP1 MPQSLWTCLVLISLICTLTVSSKKSCGGKSKTGGWN-——----—- TGSNRNPNYPGGY-- 49
X1PrP2 MPRSLWTCLVLISLVCTLTVSSKKSGSGKSKTGGWNN ITGNTGNNRNPNYPGGYGN 60
.-:.‘."."‘..:‘..liﬂhttti..lh.....n ..-IIQQQIOI..
X1PrPl ----PGNTGGSWGOQPYNPSG----YNKOWKPPKSKTHMKYVAIGAAAGATGGMLGNAY 101
X1PrP2 ! TGGSWGQOPYNPSGGSNENNKOWKP PKSKTNMKAVAVGAAAGAIGCIMLGNAY 120
‘QOGQOQOt.'.....' l'.""‘!h.t'.:..:‘...0......."..
X1PrPl CRMSYQFNNPMESRYYNDYYNQMPNRVYRPMYRGEEYVSEDREVROJSMVTEYIIKPT 161
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. e . .
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(b)

Asn166

PrP1 PrP2

Figure 3-19. Sequence and structural analysis of X. laevis PrP1 and PrP2.

(a) Pairwise alignment of X /aevis PrP1 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 PrP1 (PDB
1XUO0) and PrP2 (modelled using 1XUOQ as a template); substituted residues between PrP1 and
PrP2 are labelled and highlighted in red, numbering corresponds to X. laevis PrP1. Structured
region starts at residue 95 in X. /aevis PrP1.

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 Dpl 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 Dpl 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 P-sheets, GPl-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 Dpl (amphibian) is absence of the second disulphide bridge.

Both PrP and Dpl 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 Dpl (Figure 3-
28, residues N180 and NI11, respectively in mouse), the second site is positioned
differently and is also different between mouse and Monodelphis Dpl (at proximate end
of helix 2) and Xenopus Dpl (at proximate end of helix 1). Divergent evolution of the N-
glycosylation sites may have contributed to the functional divergence of PrP and Dpl

through divergence of the fold structure and stability.
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Mouse PrP
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Figure 3-20. Overall structures of X. laevis, M. domestica and mouse PrP and Dpl. Positions
of a-helices and B-strands were deduced from known PDB NMR structures and using
SwissModel software for Monodelphis and Xenopus Dpl and Monodelphis PrP (PDB ID: 1AG2,
mouse PrP; 2KLF, tammar wallaby PrP; 1XUO, X /aevis PrP1; 1117, mouse Dpl). 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, -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 Dpl functions

Evolutionary history of Dpl 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 Dpl sequence, inherited from parental
PrP, are the N-terminal signal sequence for extracellular export, the hydrophobic C-
terminal end peptide for addition of a GPl-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 Dpl 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 Dpl
evolution, comparison of the two periods reveals fast initial Dpl 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 Dpl 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).
Dpl sequence conservation among mammals i1s 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 Dpl

sequence during the evolution.
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Figure 3-21. Evolution of Dpl protein sequence. Multiple alignment of human (HuDpl),
mouse (MmDpl), rat (RaDpl), ovine (OvDpl), bovine (BoDpl), X. rropicalis (XtDpl), and X
laevis (X1Dpl) sequences. a-helices and B-sheets are conserved in all species and indicated on
top of the alignment based on mouse Dpl 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 ().

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 X. tropicalis (XtDpl) and X. laevis (XIDpl) using BioEdit
software.

HuDpl | MmDpl | BoDpl | MdDpl | XtDpl XIDpl
HuDpl 0.73 0.76 0.45 0.19 0.20
MmDpl | 0.73 0.76 0.46 0.17 0.17
BoDpl 0.76 0.76 0.49 0.19 0.18
MdDpl | 045 0.46 0.49 0.22 0.19
XtDpl 0.19 0.17 0.19 0.22 0.69
XIDpl 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 f-strands is predicted to
be well conserved (Figure 3-22). The sequence identity between M. domestica and
mouse Dpl 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 Dpl 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 B2 and o2 in

marsupial and mammal to the loop region between B1 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 Cys109-Cys143 (mouse numbering)
pair forming the disulphide bridge, the most highly conserved region is Phe86-Pro87-
Asp88 situated just before and overlapping the first B-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 Thrll13. Another
interesting conserved residue is Asnl17 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 Dpl 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 Dpl, whereas
those conserved between mammals and marsupials will likely be important for more

recently acquired functions.
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XtPrpP MdPrP

Figure 3-22. Homology models for X. tropicalis (XtDpl) and M. domestica (MdDpl). X.
tropicalis and M. domestica models were created by using mouse Dpl 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 Dpl
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 Dpl
(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 Dpl, 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: E145, Y148, Y149, E151, N152 (Calzolai et
al., 2005). Substitutions in Xenopus sp. E119D 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. /aevis 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 PrP> conversion in mammals (human M129, D178, V180, F198, E200,
V210, Q217 (Prusiner, 1993)) are not conserved in amphibians, except for M129 and
D178. The putative protein X binding residues (mouse Q167, Q171, 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 (XIDpl)) using BioEdit software.

HuPrP | MmPrP | BoPrP | MdPrP | PoPrP | TwPrP | XtPrP | XIPrP

HuPrP 0.88 0.87 0.68 0.71 0.70 025 |0.27
MmPrP | 0.88 0.83 0.68 0.71 0.69 024 |0.26
BoPrP | 0.87 0.83 0.69 0.72 0.70 024 |0.26
MdPrP | 0.68 0.68 0.69 0.84 0.83 025 |0.27
PoPrP_ | 0.71 0.71 0.72 0.84 0.93 026 |0.28
TwPrP_ | 0.70 0.69 0.70 0.83 0.93 026 |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. rropicalis (XtPrP), and X.
laevis (XIPrP) sequences; a-helices and -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 ().
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Chapter 3 Evolution of PRNP and PRND

Asn207

XtPrP MdPrP

Figure 3-25. Homology models for X. tropicalis (XtPrP) and M. domestica (MdPrP). The X.
tropicalis model was created by using X. laevis PrP template (PDB ID 1XUO0). 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.

G125

Figure 3-26. Distribution of evolutionarily conserved residues mapped onto the mouse PrP
structure. Compared are NMR structures of X. laevis (PDB ID 1XUO0), 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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Chapter 3 Evolution of PRNP and PRND

3.4.9.4 Comparative analysis of PrP and Dpl 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 Dpl had
similar amino acid and secondary structure that later diverged. To test this expectation |
aligned PrP and Dpl 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 Dpl 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 Dpl 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 B-sheets is strongly
retained between PrP and Dpl (Table 3-8). Both PrP and Dpl 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, Y 148/Y 149 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 Dpl structure
(Figure 3-28, Dpl). PrP residues F140 (F71 in Dpl), N152 (N82), P157 (P87), Y159
(Y92), and F174 (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 Dpl) also contributes to fold stability. The conserved
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Chapter 3 Evolution of PRNP and PRND

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 Dpl 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 Dpl (Shmerling
et al.,, 1998, Flechsig et al., 2003), and that only N-terminally truncated PrP coexists
with Dpl in mature spermatozoa (Peoc'h et al., 2002). Thus this hypothesis seems

plausible.

Rapid evolution of both PrP and Dpl 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 Dpl are such a pair.

Table 3-8. Sequence identity between the C-terminal region of PrP and Dpl in different
species, excluding the signal sequences. % ID was calculated from ClustalW alignment of PrP
and Dpl 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-terminal, % ID
X. tropicalis 16.6
M. domestica 20.0
Mouse 18.5
Human 20.0
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Figure 3-27 Sequence similarity between PrP and Dpl in (a) X. tropicalis; (b) M. domestica;
(¢) Mouse. Identical residues are highlighted in grey; a-helices and B-strands are boxed; their
positions were deduced from known PDB NMR structures and using SwissModel software for
Monodelphis and Xenopus Dpl and Monodelphis PrP (PDB ID: 1AG2, mouse PrP; 2KLF,
tammar wallaby PrP; 1XUO, X./aevis PrP; 1117, mouse Dpl). 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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PrP

Figure 3-28. Structural conservation of PrP and Dpl among mouse, M. domestica 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 Dpl structure (1117). Residue numbers correspond to mouse
PrP or Dpl sequence, respectively. L1035 residue in mouse Dpl corresponds to a conserved F Dpl
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 Dpl 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 Dpl gene evolved by gaining new regulatory DNA elements and new
tissue specificity. From comparative sequence analysis and tissue distribution, |
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,
B-strands, N- and C-terminal signal sequences, N-glycosylation sites, GPl 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. /aevis. 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 Dpl 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 Dpl 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 Liberles, 2005).

Neofunctionalisation of Dpl 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 Dpl 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 Dpl 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. |
hypothesised that the antagonistic relationship of PrP and Dpl 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 Dpl coregulation and novel insights into neuronal
death.

4.1 Introduction
4.1.1 Antagonistic functions of PrP and Dpl

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 Dpl (Moore et al., 2001, Nishida et al., 1999), inhibition of
proapoptotic protein Bax (Park and Li, Bounhar et al., 2001, Roucou et al., 2003),
promotion of survival of cerebellar granule neurons in culture (Krebs et al., 2007, Chen
et al., 2003), and antiapoptotic regulation of Ca’  signalling by limiting Ca®
accumulation in mitochondria (Brini et al., 2005). On the contrary, Dpl proapoptotic
function is demonstrated by loss of Purkinje cells in PrP-null mice (Moore et al., 2001,
Nishida et al., 1999), apoptosis in Dpl-expressing cerebellar neurons and astrocytes (in
culture) mediated through caspase-3 and caspase-10 activation (Qin et al., 2006b),

exacerbation of oxidative damage by Dpl expression (Wong et al, 2001), and
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. . o A o - c .
proapoptotic regulation of Ca” signalling when overexpressed Dpl 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, Apl 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 of 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 of
multiple mammalian and one marsupial sequences (Premzl et al.,, 2005) revealed
conserved DNA regions with MEF2, Oct-1, MyT1 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 Prand
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 of DNA to activating factors.

Dpl 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-1 (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 bBEND.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 SHSYSY
(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% CO, 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 (E14, embryonic day 14; PI,
postnatal day 1: P15, postnatal day 15; and adult, 18 weeks old) were collected and
preserved in RNAlater solution (Ambion). Total RNA was isolated from brain (E14, P1,
P15, and adult), adult testis, heart, kidney, liver, lung, muscle, spleen, and thymus. GC1,
bEND, and SHSYSY 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 (Ambion” Human

Brain Reference RNA, pooled several brain regions of multiple donors, catalog #6050).

I ug 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 Superscriptlll

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

4.2.3 Oligonucleotide primers

Oligonucleotide primers for mouse Prnp and Prad 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 Prap, Prad, Bptf/Facl, E2F1, and B-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). H;O 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.

LprFACI TACTGCTCCATTTTGCGTGA
RprPrP CATACAGGGAGTTCCAGGTCA
LprDplBam GAGGTTGGGTCTTGATGGTC
RprDplHind CATACAGGGAGTTCCAGGTCA
RP3 ACAAGCACGGAGGTTTTCTG
LmutMAZ1
RmutMAZ1
LmutMAZ2
RmutMAZ?2
LmutFACI
RmutFAC1
LmutFAC2
RmutFAC2
LmutE2F1
RmutE2F1

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 OREF first nucleotide.

LmmFacl " GACCCAGAAAAGGACAAGCA'™
RmmFacl ““ACGAGTGGACCCAGATGTTC™"
LmmE2F]1 FIATCTGACCACCAAACGCTTC™
RmmE2F | T TAATCCCGTCTGCACTCTCC™
LmmPex 1-94 GCATTCTGCCTTCCTAGTGG™
Rpp3 *TGAAGTTCTCCCCCTTGGTG "
LMex1Dpl TCAGAGGCCACAGTAGCAGA™®
RM587 SACCAAACGAAACCCAGCAG™
LMex1Dpl PTCAGAGGCCACAGTAGCAGA™
LB-actin TAGATGACCCAGATCATGTTTG™
RB-actin TIAGCAATGATCTTGATCTTCATG ™
LhFAC]I "SGCCAAAAAGGGAGACATTGA™™
RhFACI “BATTCGAGTTGAGCCAGATGC™
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LhE2F1 "TGCCAAGAAGTCCAAGAACC™
RhE2F1 "BATCTGTGGTGAGGGATGAGG' ™
Lhex1Dpl “TCCAGAGGCACACTCCAGA™
RH505 MCAATGCTTGAGGGAGCAGAG™”
LhPrPex “AGCTTCTCCTCTCCTCACGA™
RhPrP PGCTTACTCGGCTTGTTCCAC™

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 Prad 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 LprFACI/RprPrP  for Prap and
LprDplBam/RprDplHind for Prand (Table 4.1). The 630 bp Prnp PCR product was first
cloned into TOPO-TA vector to create Xhol/HindlIl restriction sites. The Prnd PCR
product was directly digested with Xhol/HindlIII restriction enzymes to obtain the 650
bp fragment. Both Prap 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 LprFACI/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 FACI 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 GenElute"™ 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
FAC] and MAZ binding sites on the 630 bp Prnp conserved non-coding DNA region
and the predicted E2F | binding site on the 650 bp Prad 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™ 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 TOP10
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 LmutMAZI/RmutMAZl and
LmutMAZ2/RmutMAZ2 for MAZ binding sites, LmutE2FI/RmutE2F1 for the E2F1
binding site, and LmutFAC1/RmutFACI and LmutFAC2/RmutFAC2 for FAC1 binding
sites (Table 4-1).

4.2.6 Transfection and luciferase reporter assays

I x 10° 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 Metafectene”Pro reagent (Biontex Laboratories, Germany), in a ratio
1.5 pg : 3 pl. Total DNA concentration was adjusted with pcDNA3 (a gift from Dr
Alison Shield, ANU). Expression vectors used were human FAC/-M2flag in
pcDNA3.1, mouse Bptf in pcDNA, human E2F/ 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% CO; and then trypsinised, resuspended in 50 pl 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 | and 2 (Figure 4-1). Interestingly, the
most conserved TFBSs between species are for the FACI 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 FACI 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).
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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 X.
tropicalis, and chicken. Total numbers of predicted transcription factors (TFs) for each
evolutionary animal group are indicated. The schematic of the mouse Prap 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 (FACI 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 Dpl

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, | searched key information about

their function and possible relationship with PrP and Dpl 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 (FACI1) 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 | and variant 2.
There are several points of relationship between PrP, Dpl and FACI.

e FACI 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. FACI
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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e Both FACI and PrP are important for neurite outgrowth (Rhodes et al., 2003,
Zawlik et al., 2006).

e PrP expression is upregulated in the dentate gyrus of the hippocampus after
traumatic brain injury (Marciano et al., 2004, Weise et al., 2004). FACI
demonstrates similar pattern of expression following entorhinal cortex lesion.
(Styren et al., 1997).

e PrP, Dpl and FACI are all involved in Alzheimer’s disease. PrP is abundant in
synaptic terminals and aberrant neuritic of senile plaques in AD (Ferrer et al.,
2001). Expression of Dpl increases in amyloid-containing diffuse and neuritic
plaques (Ferrer et al., 2004). FACI is observed in diffuse and neuritic plaques
(Schoonover et al., 1996) and activated microglia (Bowser and Reilly, 1998) in
AD brain.

e FACI expression level increases rapidly following nerve growth factor (NGF)
treatment of PC12 cells (Rhodes et al., 2003). PrP behaves similarly (Zawlik et
al., 2006).

e FACI 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 al., 2000). The existence of a MAZ-binding site in the
proximity of a FAC1-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 FACI, PrP, and Dpl points to FAC1 as a prospective candidate which

simultaneously regulates PrP and Dpl.

4.3.3 Effect of FAC1 on 630bp-Prnp conserved non-coding DNA
region

To analyse predicted FAC1-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 FACI, 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 FACI site (Figure 4-2). In addition, and taking
account of the demonstrated interaction between FACI and MAZ (Jordan-Sciutto et al.,

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 of the experiment was to test for
the coregulation of PRNP and PRND genes, the choice of cell line was made based on
reported mouse Prnd promoter activity in bEND.3 cells (Nagyova et al., 2004).
Comparison of luciferase activity between cells transfected with empty pGL4 vector
and 630bp-Prnp-pGL4 construct demonstrated transcriptional activity of the 630 bp
conserved non-coding DNA region with a 5-fold increase in luciferase activity.
However, cotransfection of hFACI-expressing plasmid with the 630bp-Prap-pGL4

construct into the bEND.3 cell line showed no effect on luciferase activity (Figure 4-2).
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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-Prnp-pGL4
construct and either pcDNA or hFAC 1-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
FACI-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 hFAC/ 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 FACI
binding site it was 2.4 times activated. Luciferase activity of the 630bp-Prap-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 hFACI-
expressing pcDNA plasmid might be explained by presence of endogenous
FACI/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 FACI 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 Praup conserved non-coding DNA region constructs
in GC2 cells. (a) Cells were transiently cotransfected with Prap-pGL4 constructs and pcDNA
or hFAC I-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) Prap conserved non-coding
DNA region constructs created for luciferase assay. Schematic position of second Prap 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 FACI1 action. In order to test this, I
compared 630bp-Prap 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 SHSYSY) (Figure 4-4). Cells
were cotransfected with the 630bp-Prap luciferase construct and either with pcDNA3. |
or mouse Bpif in pcDNA3.1. Because hFACI-M2flag-pcDNA expresses truncated
protein (see Chapter 5), Bpif-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 hFAC|-expressing plasmid (Figure 4-4). Cotransfection in TM4 and
SHSYSY 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 hFACI1-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 GCI 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 |
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 FAC1 is cell-specific and that the presence of some cofactors is required.
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Figure 4-4. Prap promoter activity in response to BPTF transfection has celi-specific
response. Various cell lines were transiently cotransfected with the 630bp-Prnp-pGL4 construct
and pcDNA or mouse Bpitf-pcDNA plasmid. Luciferase activity was assayed 24 h after
transfection and normalised to pRL-TK renilla expression. Prap-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 SHSYSY cells. GC-1, mouse spermatogonia; GC-2, mouse
primary spermatocyte; TM4, mouse sertoli; bEND.3, mouse cerebral cortex endothelial;
SHSYSY, 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 Dpl coregulation was to analysejthe
PRND promoter. Analysis of the proximal PRND promoter using Genomatix software
resulted in prediction of E2F1, AP-2, CREB, USFI, 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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CTCAAGTATCCCTAGGGACCCCARAARAAGCCCAAAGTCCCGGGCACTCAAGTTTGTCTCCCTCCTCACTC
acrccTGC N CCCAGGAGARAGTGGTGACTTTTCCACTTTTGGGGGCTCCAGCARCATGG
CATGGTGGATGGGGGTGGGGGTCCAGACAAATGGCAGTCCTTCTAAATTGTCCCTTCCCATGAGGTTGCC
TGAAAGAGGCCCCTTGTCACTGGCGACTGGTCTTAAGGGGCAGGACAACAGATGTACCCAGCAAGGCTTC
CTTCAGCCCCCTTGGCTGTGGGCACTGGAAGCTGCCCAGGCTGTAGTTCTTCCCAGGCCGGTCTTAACAT
CGAGATCT TTATCAGTGAAGAGTAACAAGAGGCTCCAACCTTCCAGGGTGGAGGAGTGAT
GCAGGAGCCCTT TGCTGTGGAGGGAAGGGCTACCCTATTTGGAGGGCTGGAGCTCGGTAGA
GAGGCCCCCTCCCCCTGCAGCGCCTATATAGCTGAGTGGTGGCCGAGGGAAGGTGTTCCGGAGAAGTGAG
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 Prad 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, E2F 1 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-Prnd promoter

To verify if Prad promoter activity can be modulated by FACI/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, SHSYS5Y) (Figure 4-6). Cotransfection resulted in increase
of luciferase activity in GC-2 cells (1.4-fold), TM4 cells (2.6-fold), and SHSYSY cells
(2-fold), but had no effect in bEND cells. As in the case of the 630bp-Prap-pGL4

experiments, this can be explained by strong promoter activation by endogenous factors.

I next examined the role of E2F1 in repression of the Prad promoter. Luciferase assays
were again conducted in the different cell lines (GC2, SHSYSY, TM4, and bEND.3)
(Figure 4-6). The human E2F[-pcDNA expressing plasmid or control pcDNA3 plasmid
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was cotransfected with 650bp-Prnd-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 SHSYSY
cells (5.5-fold) compared with pcDNA3 control, supporting the prediction that E2F1

might be involved in Prad 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,
TTTTCCCACAT™’) with site-directed-mutagenesis primers LmutE2F1 and
RmutE2F1 (Table 4-1). However, the mutation did not abolish E2Fl-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 E2F 1 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 E2FI-pcDNA suppresses
the proximal mouse Prad promoter. Comparison of 650bp-Prnd-pGL4 promoter activity in
response to cotransfection with either control pcDNA plasmid or Bptf-pcDNA or hE2F |-
pcDNA plasmids. The 650bp-Prnd-pGL4 with mutated E2F | binding site (mutE2F1) was
cotransfected with hE2F/-pcDNA into TM4 cell line. Luciferase activity was assayed 24 h after
transfection and normalised to pRL-TK renilla expression. GC2, TM4, bEND3, and SHSYSY
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 Fac1/Bptf, E2F1, and Prnd
expression

To investigate the relationship between FACI/BPTF, E2F1 and Dpl experimentally, |
conducted tissue expression analysis by RT-PCR amplification of corresponding RNAs
isolated from a range of mouse tissues (embryonic brain (E14), 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 S. | will call them variants 3-6 to continue the NCBI-proposed numbering of

transcript isoforms as variant 1 encoding for BPTF and variant 2 encoding for FAC1.
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Figure 4-7. Tissue-specific distribution of Facl/Bptf, E2F 1, and Prnd transcripts in mouse
tissues by RT-PCR. Analysed tissues are embryonic brain (stage E14), adult brain, testis,
thymus, spleen, heart, muscle, kidney, liver, and lung. Top band on the Fac//Bptf expression
panel corresponds to Facl (Bpif variant 2) signature; middle band reveals Bpif variants 3-6 with
only one exon spliced, bottom band corresponds to Bptf (variant 1) signature (see Chapter 5 for
detailed explanation). -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 Prand and
E2F1 are highly expressed and, so, E2F 1 repression might be alleviated by BPTF due to
chromatin remodelling; muscle and heart, where E2F/ is absent and no repression of
Prnd is observed, and Bpif 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 E2F/ and
Prnd are expressed; and liver that has a similar Bptf and E2F] expression profile to

kidney and lung, but no Prad, 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 Bpitf v3-6. FACI] expression does not remove E2FI-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,

FACI/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 (E14) to adult
stage, when it is no longer expressed. In contrast, expression of mouse Fac/ increases
becoming the strongest in adult stage; this is more apparent in the adult human brain
sample. Bpif v3-6 is present in all stages. As expected, the increase of Facl expression
correlates with decrease of Prad expression in brain. Both mouse spermatogonia GC-1
and mouse cerebral cortex endothelial bEND cell lines lack Fac/ but express Bpif vl
and v3-6. Human neuroblastoma SHSYSY cells show the most similarity to brain
expression, resembling the mP15 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 SHSYSY

cells for luciferase-assay analysis of PRND activation by FAC1/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 Facl/Bptf, Prnd, and Prap in mouse and human brain and
selected cell lines. Comparison of expression between stages of brain development (mE14,
mouse embryonic day 14; mP1, 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, SHSYS5Y. The top band on the Fac//Bpif expression panel corresponds to
Facl (Bptf variant 2) signature; middle band reveals Bptf variants 3-6 with only one exon
spliced, bottom band corresponds to Bptf (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. -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 Dpl coregulation

Experiments described in previous sections demonstrated that both Prup and Prnd
expression can be affected by FACI/BPTF, although the FACI-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. FACI/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. FACI overexpression appears to induce Rb phosphorylation and FACI binds
phosphorylated isoforms of Rb as demonstrated by experimental analysis

(Jordan-Sciutto, unpublished, personal communication).
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3. The Prap promoter has heat shock transcription factor (HSF) binding sites (Shyu

et al., 2002); Drosophila NURF interacts with HSF (Xiao et al., 2001).

Therefore, | 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 FACI is bound to the Prnp conserved non-coding DNA
region and might have repressing effect on the Prad promoter. The Prnp
promoter might not be affected.

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 E2FI
activity, the Prnd promoter is activated which leads to apoptosis.

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 HDAC! for RbAp48
and facilitate E2F1 transcriptional activation of the the Prnd promoter involving
CREB/CPB-mediated histone acetylation.

BPTF might be recruited to the Prnp promoter by HSF and increase Prnp
expression resulting in neuronal growth or neuroprotection.

Additional unknown cell-specific factors are involved to direct FACI/BPTF
action towards Pranp or Prand promoters. This effect might also be produced by

cell-specific BPTF variants that are described in Chapter 5.
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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 Prap exon 2 and contributes to
Prnd promoter repression mediated by the E2F 1 assembly with Rb. The FAC1 might regulate
Prnd expression by binding to the predicted distant binding site. (b) FAC1 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 USF I transcription factor and its CBP/RbAp48-mediated interaction with E2F |
might be involved. TSS, transcription start site.

In vitro luciferase assay experiments demonstrated that FAC1 and BPTF have the same
effect on the Prap and Prnd promoters. The question remains how they act in vivo and
how they could influence both the Prap 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 DIx6/DIx4 (Zerucha et al., 2000) and even for
unrelated neighbouring genes APOC3/APOAI (Kan et al., 2000). So far, BPTF has

been shown to be involved in chromatin remodelling and FACI is described as a
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transcription factor. FACI differs from BPTF by the presence of the PEST domain and
absence of the bromodomain. FAC I-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 FACI/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 Dpl in AD with PrP activated in diffuse plaques, neuritic plaques, and amyloid
cores of senile plaques and Dpl 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.

e E2F1 is a critical transcriptional regulator of the cell cycle and controls the G1/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 s
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 (Harbour 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 B-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).

e BPTF-containing complex NURF can be recruited to the 5’HS4 insulator in the
chicken B-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).

e 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 HDACI
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).

e FACI 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).

e 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 Prap (Shyu et al., 2002) and SAPP 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 HSFI mediated by injection of lentivirus vector-HSF1 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
FACI binding sites in the Prap conserved non-coding DNA region situated next to the
second non-coding exon and point to a mechanism for PrP and Dpl coregulation by
FACI1/BPTF mediated through the E2F1 binding site in the Prad core promoter. This is
confirmed by increase in the 630bp-Prnp and 650bp-Prnd promoter activity after
cotransfection with FACI/BPTF-expressing plasmids and 650bp-Prnd promoter
suppression by E2F 1-expressing plasmid. A conceptual approach was used to identify a
relationship between expression of FACI, PrP and Dpl 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 Dpl might be an important pathway regulating neuronal
apoptosis. This chapter provides the first attempt to elucidate the mechanism of the PrP
and Dpl antagonistic relationship by providing a hypothetical model based on the
phylogenetically predicted FACI/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 Dpl are co-regulated.

Further confirmatory work might include:

(1) Mutagenesis experiments of the predicted E2F1 binding site to demonstrate
abolition of E2F 1 recruitment to the Prad promoter.

(2) ChIP analysis to demonstrate direct binding of FACI 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 Dpl is expressed, and adult brain, where Dpl 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 SHSYSY cells. It has been
shown that expression of both FAC1 and PrP is activated after PC2 cells are
treated with NGF (Rhodes et al., 2003, Zawlik et al., 2006). Similarly, SHSYSY
cells differentiate into cells with characteristics of mature neurons after retinoic
acid and BDNF treatment (Agholme et al., 2010). It is expected that FACI
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 Dpl 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 Prad promoter is intriguing. It would be
interesting to check if other reported CREB/E2F 1 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 | proposed a model for coregulation of PrP and Dpl by the FACI/BPTF
transcription factor. Motifs for binding of FACI/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
FACI/BPTF for experimental study to test the predictions based on the similarity of its
tissue distribution to that of PrP and Dpl, and because of predicted roles in neuronal
development, oxidative stress, Alzheimer’s disease, and spermatogenesis overlap with
those predicted for PrP and Dpl. Little information is available on FAC1/BPTF in the
literature. This motivated me to investigate its expression in mouse tissues. In this
chapter I first describe my discovery of multiple FACI/BPTF alternative transcripts and
their tissue expression patterns, and then analyse the possible effects of alternative
splicing on FACI/BPTF functions. | will refer to proteins in accordance with their
literature descriptions, BPTF for the full-length protein and FACI for its short, C-
terminal truncated variant. As both proteins are expressed from the same gene, BPTF, |
will refer to its alternative mRNA transcripts as BPTF transcripts using BPTF/BPTF as

a generic name for all animals or BPTF/Bptf 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. FAC1 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). FACI 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). FAC1 expression increases in amyloid-containing diffuse and neuritic plaques in

Alzheimer’s disease (Schoonover et al., 1996). Some suggested roles of FACI 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 FACI 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 FACI, BPTF is a transcriptional
activator (Barak et al., 2003). Interestingly, recent microarray analysis of Bptf 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 (WNURF) 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 neurite outgrowth in cell culture (Barak et al.,
2003).
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FACI 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 KEAPI-
binding site for FAC1 (Figure 5-1). It is hypothesised that the PEST sequence acts as a
signal peptide for protein degradation (Rogers et al., 1986). KEAP1 has a predicted role
as a FACI-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).

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 FACI 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 FACI 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 |
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 Superscriptlll
reverse transcriptase (Invitrogen), following the manufacturer’s instructions. 1 pl 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). H,O control was used to test for template

contamination.

126



Chapter 5 BPTF and its variants

5.2.3 Amplification of large Bptf fragment

| 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 pl of the first-strand cDNA was used as a template for PCR with 0.2 uM
Bptf-specific primers, Lm6Bptf and Rm6Bptf, to amplify 6kb sequence covering
alternatively spliced regions (Table 5-1). The PCR was conducted using AccuTaq"™
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 §
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 YPGGATGTAACGGAAGACCTGACCAA '™
Rm6Bptf T AGAGCTTGCTGGCATTCTGTTTG ™
LmmFacl " “GACCCAGAAAAGGACAAGCA'™
RmmFacl T ACGAGTGGACCCAGATGTTCE®
LmmBptf PPTTCACAGCCGATTCCAATTC™™
RmmBptf TEGCCGCCTGTTTTTCTTCTTT
LhmmReg!-1 % GCCAACAGAAGTTGGGGATAAAGG ™ |
RmmFac24 “PTGATGATACGAGTGGACCCAGATG™ "
RmmRegl-2 OCTCCAATCTCAGGGTCATCC™
LmBptfl “HAGCTGGGAAAGGAACATCTG™
LmBptf2 “TGTGCAGTTAAGCCAGTTGTG™ !
LmBptf3 PEGTGAGGGCTTCCATCTAAGG ™!
LmBptf4 PTTCGATGGGAGACTAGGTGGT ™
LmBptf5 TSTGGAAACTGAAAGTCCAGAGG™
LmBptf6 P TGAGCCTGATGTTACGGTTG ™
LmBptf7 *NAGTCCAATTCAGGCATGGTC™
LmBptf8 "TGCTCAGGGGAACAAAAACAG'™
RmBptfl EACTTGGGATGGAGTTGATGG ™"
RmBptf2 **CAGAGATGGCAGTGGAAACA®"™'
RmBptf3 TGTGGGTGTTTCTTTTGGTG
RmBptf4 “TGGAAGAAACCACAGTTTGC ™
RmBptf5 PUGCCCAGTTTCTTACCGTTTG™
RmBptf6 T CTTTTGTGGAGCCTGGAGAC ™
RmBptf7 TP AACGTGCGTCTTGCTAATCC ™
RmBptf8 “SACCACCAGCACCTCTTTCC™
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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 TOP10 bacterial competent cells
(Invitrogen), and grown overnight on LB-plates containing 100ug/ml ampicillin. 25
colonies were randomly picked from each plate and resuspended in 20 ul of water. 5 ul
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-1/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 | 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 LmBptf1-8 and RmBptf1-8
(Table 5-1), and the pCR*-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 Bpif gene variants has not been characterised
previously. Human BPTF is highly expressed in testis (Jones et al., 2000); its isoform,
FACI, 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 | 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 | 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 FAC].

In order to determine whether each of the predicted Bpif transcript variants existed in

the mouse, | constructed primers to amplify separately two variant-specific regions of
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mouse Bptf (Table 5-1, Figure 5-3 (a)). | also carried out all amplifications on a panel
of mouse tissues to collect information about the expression profile of each variant. |
anticipated detecting 603 bp or 228 bp sized bands for PCRs over Region 1, indicating
Bptf v2 and Bptf v, respectively, and 640 bp or 230 bp size bands for PCRs over
Region 2, indicating Bptf v2 and Bpif v1, respectively. RT-PCR analysis of Region 2
produced the expected results (Figure 5-3 (¢)). However, Region | 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 | indicates a third
alternative with only one of the two exons present. Furthermore, as both exons of
Region | 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 2¢). Therefore, taking into account the
two possible splice variants of Region 2, a total of eight alternative splice variants are

possible for the Bpif gene.
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Chromosome 17 - NC_000017.10

[6S714061 p [ 66042970 p
NOL1L RPLLI7P41 BPTF > KPNR2
SNORAISE C170r¢58
NM_004459.6 + ——t— o —————————————— ——4
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S emaa
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Figure 5-2. NCBIl-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
%
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Figure 5-3. Tissue-specific distribution of Bpi#f 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 Bpif v2 signature; bottom band
corresponds to Bptf vl signature; middle band reveals unknown Bpif variants with only one
exon spliced. (¢) RT-PCR analysis of Region 2. Top band corresponds to Bptf vl signature;
bottom band corresponds to Bptf v2 signature. (d) RT-PCR analysis of Region | exons showing
that transcript variants without exon 5 are present in all tissues, except heart and muscle. (e) RT-
PCR analysis of Region | 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 of transcript variants of Region 1 by PCR with exon-
specific primers. First, | analysed the presence of exons 5 and 6 using forward primer
LmmFacl specific to exon 4 and reverse primer RmmRegl-2 specific to exon 6 of
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 of PCR products for heart and
muscle tissues indicates the existence of transcript variants in which exon 6 of Region |
is absent (Figure 5-3 (d)). Next, I used forward primer LmmRegl-1 specific to exon 5
of Region | and reverse primer RmmFac24 specific to the exon 7 (Figure 5-3 (a)). The
appearance of a 246 bp fragment indicates transcripts with exon 6 absent. Existence of
transcript variants of 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 Bpif

variants containing either of the two exons of Region 1.

Overall, RT-PCR analysis revealed considerable tissue specificity for a panel of 10
mouse tissues and the presence of multiple alternative transcript variants. However, this
method for assessing tissue distribution of alternative transcripts cannot disclose the full
picture. Thus, although ubiquitous expression of 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 | describe current methods available for discovery and
characterisation of alternative transcripts, and their deficiencies for analysis of large
transcripts. | then present the method I developed to define tissue distribution of 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 of Bptf transcripts and the
relatively small size of the spliced exons situated 4.8 kb apart (Figure 5-2). An
additional complexity is that the two exons of Region | are of 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
NM 182641.3) and only one for mouse (NM _176850.2). Protein-coding sequences of
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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 | 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 Bpif transcript variants.

The fact that all eight combinations of Region | 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 al., 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 al.,
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 of the alternative transcripts because of the uneven

coverage of EST tissue libraries (Gupta et al., 2004).

Standard approaches to solve these problems are RT-PCR and microarray analysis and
in situ hybridisation. However, these methods are useful only if spliced exons are
situated in one region of the transcript. Prediction of 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% of the exons in the human genome are <200 bp in length (Sakharkar et al.,
2004).

In summary, application of standard computational or experimental methods of analysis
cannot detect putative alternative transcripts of Regions 1 and 2 of Bpif. To address this
difficulty, I designed a novel method to analyse tissue expression of the newly predicted

Bpif 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 of finding
all variants, | 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 of 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 | 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 of the long PCR reactions would correctly reflect the composition of the
transcript pool. The resulting PCR products, depending on alternate transcription, have
size differences of 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 Bpif alternative
transcripts. Each library contained multiple single bacterial colonies on a Petri agar

plate. Each single colony harbored only one transcript variant.

& 8288k ———>

Figure 5-4. Amplification of Bptf fragments from various mice tissues. (a)
Schematic representation of amplified Bpif fragment, Regions 1 (R1) and 2 (R2) are shown. (b)
6.2-6.6 kb Bptf fragments amplified from mouse brain (1), 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 1
and 2 (Figure 5-5 and Table 5-1). Each of the picked bacterial colonies was
resuspended in 20 ul of double distilled water. Aliquots of 5 ul 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 | 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 | require further analysis with primer pairs LmmRegl-1/RmmFac24 to detect
whether the second exon of Region | 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 (¢, 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 Bpif 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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(a) LmmFact Rmnfact

('b) LnmBolf RmrBptt

(c) u:nf:r ;R:-Mt—z

(d) LmmR3gl-1  RmmFacX

Vo Vv

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 I; 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. (¢) PCR conducted with the primer specific to the second exon of Region |
(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 brain | testis | heart | eye | kidney | thymus
_AN | [v1(Bptn 1 15 1 2 5
— | | V2 (Fac1) 10 1 2
V3 1 3 1 1 2
V4 1 2 3 5
V5 2 1
V6 1
[ ENK
V8 3 3 1
colonies 26 24 26

Figure 5-6. Relative abundance of transcripts in mouse tissues from colony analysis. Brain,
testis, heart, eye, kidney, and thymus tissues were analysed. Bpif transcript variants (v1-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 Bpif 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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FACI 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 FACI1. As for FACI, it is
characterised by the presence of both exons of Region 1, but unlike FACI contains
unspliced Region 2. Therefore, it appears that the full version of Region | is highly
specific to brain. Exons of Region | code for the PEST domain and KEAP1-binding site
(Figure 5-1). FACI transcript is present only in very low quantities in lcstis’(l 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 Bpif 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 | 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. Bpif 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 | 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 (ENSMUSTO00000057892), variant 5
(ENSMUST00000106762), and variant 7 (ENSMUST00000106763).
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Although Bpif variants 5 and 6 (exon 5 of Region | 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 of Region | resulted in hits from
a T84 carcinoma cell line (AA146707) and embryonal carcinoma (BGS532502).

However, there was no similar EST evidence for mouse.

In summary, construction of tissue-specific libraries and single-clone analysis can
provide information about tissue-specificity and comparative level of expression of
possible alternative large transcripts not obtainable by standard methods. It has provided
intriguing novel insights into potentially different functional roles for Bpitf variants in
different tissues. For example, BPTF isoforms might result in functionally different
chromatin remodelling complexes with altered histone-binding specificity because of
alternatively sliced cxons. | suggest this method of analysis can be applied to other
problems involving large alternative transcripts and enable discovery of new splice

isoforms and characterisation of their tissue expression.

5.3.4 Analysis of FAC1/BPTF functional regions and their
evolutionary conservation

The discovery of multiple tissue-specific BPTF transcript isoforms raises the question
of the physiological relevance of this expanded repertoire of transcripts and the
functional roles of the alternatively spliced regions. Further bioinformatics analysis was
undertaken to decipher the significance of 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 al., 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 of BPTF homologues from
different species and their comparative analysis allows tracking of 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 of this protein have been studied
extensively. Assuming that common conserved regions implies participation in common

biological pathways, we can theorize about mammalian BPTF mechanisms of 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
c¢DNA 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 of the
reported FACI/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 of the
TSS-2 (Appendix 10). This suggests that the alternative upstream TSS, conserved in
vertebrates, has been recently acquired as an additional means of regulating BPTF

activity in mammals.

Upstream open reading frames (ORF) are known to provide an additional mechanism
for control by downregulation or inhibition of translation of 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 of 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 of 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 of FACI

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). FACI 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 | (v2 and v7) are truncated as apparently happens in case of
FACI (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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Figure 5-7. Functional domain of human BPTF variants. (a) BPTF with Region 1 absent. (b)
BPTF with Region 2 absent. Arrow indicates possible FACI 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 Bpif vl 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 FACI, the

putative PEST domain carries the KEAP interaction site.

The human PEST region is 152 amino acids long and FACI-specific as it extends
across both exons of Region | (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 FAC1 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/pestfind). 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 | (Figure 5-6, V1 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 | 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 | 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 FACI variant might explain its truncation.
FACI1 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 FACI 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 FACI (Figure 5-8) and use
of plasmid constructs coding for this too-short protein in subsequent in vitro research. |
discovered this error, which has not been corrected in the literature, while analysing
available data on BPTF alternative transcripts. A FACI 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 FACI
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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
al., 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 FACI1 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
al., 2006, Kwon et al., 2009).

Table 5-2. Summary of published literature on length of BPTF v1 and v2 (FAC1).

Reference Detected BPTF sequence Method
Immunoscreening of
: expressed human fetal brain
Bowser et al., |28(.) bp EACL cDINA yuth cD‘;\IA library with Alz50
partial ORF, stop codon at : o
1995 sition 1160 antibody. Positive clone was
po \ isolated, subcloned and
sequenced.
Northern blot analysis of
mRNA from human heart,
Bowser et al., 10.5 kb mRNA in all analysed | brain, placenta, lung, liver,
1995 tissues. muscle, kidney, pancreas.
Probed with partial (1280 bp)
FACI cDNA.
Bowser et al., 125 kDa FAC1 protein in fetal l\}::;t;n:.gkg. w':: FtAl a?d.n
1995 and adult brain. ot R ape. 8 1

Region 1, Figure 5-8)

1.4 kb FACI clone with TSS-2.
Combined the novel sequence
with that previously identified
to deduce a 2433 bp ORF and
Zhii anid Bowser: 810 amin(_> acid, 91.7 kDa.
1996 FACI. 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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Northern blot on 16 normal
human tissues with a 240 bp
c¢DNA probe specific to the
nucleotides of DTT domain.
In situ hybridisation using a
475 bp probe amplified from
adult mouse brain (3’-coding
region and untranslated
region of BPTF).

10.5 kb transcript expressed in
Jones et al., 2000 | all tissues examined with
highest level in testis.

Full-length transcript was

Barak etal., 2003 | 4erected in adult mouse brain.

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.

Landry et al., 2008

5.3.4.6 Calpain might cause FAC1 truncation

It is interesting to consider the possibility of a specific cleavage of FACI 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 FACI 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, FACI 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 FACI1 proapoptotic
activity (Strachan et al., 2005b) might be explained by cleavage of FAC1 by calpain.

5.3.4.7 Glutamine-rich domain

Another important region of FACI/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 v1 (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 Il 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 FACI/BPTF binding
sites are situated in the proximity of the second Prnp exon, a long distance from the
Prnp and, especially, Prand 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 FACI/BPTF could regulate both Prap and Prand

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 FACI 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 FACI
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 FACI/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 Dpl 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 Dpl,
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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the PrP and Dpl 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, Dpl 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 Dpl 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 Dpl 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. /aevis. 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 Dpl 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 Dpl expression. It has been suggested that an antagonistic
relationship between PrP and Dpl 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 FACI1, PrP
and Dpl 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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FACI1/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 Dpl.

The research undertaken in Chapter 4 led to realisation that FACI1 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
Dpl coregulation. More detailed studies are required to confirm recruitment of FACI
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 Dpl 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 Dpl 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

BACCGAGCATGTAGCCCCCGATAG™:

5’nested GSP-R

“FTGGGAGGTTTCCATTGCTTGTTGTTG"”

3’GSP-F

ICCAGATGCCAGAGCGTGTTTACAG™

3’nested GSP-F

AGGGAAGAACACCAGCGAGGTAAAC™

PRND, X. tropicalis

5’GSP-R

TGGTCACTGCCCCATTGGTAGGCTT™?

5’nested GSP-R

“AGCTCAGATTCCTCGGTAAGGTTAAAG™"

3'GSP-F

"TCTTCAGAGGCAGGGCACTCAATGTG™"

MGGCCACGCAGGTCCTACAGTTTCTC™

3'nested GSP-F

“PGGTGCTGGTGGGACTGACGAGTTT®

¥ GGCAGTGACCTGCACTGGTGGAT™

F-exon

TGGACTGAAGGAGTAGAAA > GTCACCAT™

PRNP, X. laevis

5’GSP-R

MCGACCCACTGCATTACCGAGCAT™

5’nested GSP-R

S TACTTTTCCCACCACCGCTCTTCTTG®

PRND, X. laevis

5°GSP-R B CTCCTCCGTGCCGGCAGTATCATTY:
5’nested GSP-R P GCTGGGAGCGCCATGGGTAGTAAA™
3’GSP-F S TCCTGTCCTCGGACACCTATTCTTCA™

3'nested GSP-F

“TCTGTACAGATTCCCGGACGGACTTT"

PRNP, M. domestica

5’'mdPrP-GSP137

“GGTCTTGGCTTCGGTTTCTTACAG®

5’'mdPrP-nGSP83

PAGAGCCAAGAACCAGTATCCCAAG"”

3’mdPrP-GSP356

TGCAGCTACAACCAGAAGTGGAAACC™™

3'mdPrP-nGSP457

MATACATGCTGGGGAGTGCCATGA™

PRND, M. domestica

5’mdDpl-GSP387

*GCGGGTAGCATTCACACAGTTGCT"

5’'mdDpl-nGSP276

BTACTGTTGCCCTCCTCCCCAAAGT™

3’mdDpl-GSP295

UAGCCTGTTCCCAGATGAAATCCA™”

3’mdDpl-nGSP351

WGGAGGTCTTCATCAGCAACTGTGT >
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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 S’UTRs.

PRNP, X. tropicalis
F1 | LxPrnp400 “ICCTCCCAAGTCAAAAACCAA™Y
R1 | RxPrnp400 **CAGCCAAGGGTTAGAGAGCA®™
PRND, X. tropicalis
F2 | LxDpl400 “TAGAAGAGCAGCAAGCAGCA™
R2 | RxDpl400 Y CCCCATTGGTAGGCTTTACA™
F3 | LxDpl200 "AGAAGGCCAAAAGTGACCAA™
R3 | RxDpl200 GTGGTGTTAAGGCACCCACT >
PRNPI, X. laevis
F4 | LxIPp/D58 PCTCACTGCTTTCCCGATCAC ™
F5 | Lhit7ex! BGCTTCTCATTTGCCTTCCTG
R4 | RxIPrmp SGTTGCTCCCTGTGTTCCATC™
PRNP2, X. laevis
F6 | Lhit6ex! PCGGATCACGAGCTTCTCATT
F7 | LhitlexI T TCCTGAACCTCCCCCTGTA™
R5 | Rhit6-1ex2 STGAGAGGATAAGTAAGCCCAAA™
R6 | RxIPp350 FCCAAGCATGTAGCCTCCAAT™
PRND, X. laevis
F8 | LxID6ex! “"CACACTCCCAGACAAGAGCA™"
F4 | LxIPp/D58 TS CTCACTGCTTTCCCGATCAC™®
F9 | LxIDpl298 TOTTTTCAGGGCAAAGCAGAGT ™
F10 | LxIDpl373 FGGAAGAAACAGCAGCAAAGG ™
R7 | RxIDpl M GTGCCGGCAGTATCATTCAT”
RS | R180Dplex2 ‘BCCTTTGCTGCTGTTTCTICC™
R9 | RxIPex2 TTGAGGGTATAGAGTGTGCCAAA™®
GAPDH, X. laevis
F11 | LxXIGAPDH BTAACTGTCTGGCTCCTCTTGC™™®
R10 | RxIGAPDH PACTTTGCAGGCTTCTTCAGG ™
PRND, X. tropicalis
F2 | LxDpl400 TAGAAGAGCAGCAAGCAGCA”
R2 | RxDpl400 YICCCCATTGGTAGGCTTTACA™
F3 | LxDpl200 PAGAAGGCCAAAAGTGACCAA'
R3 | RxDpl200 NGTGGTGTTAAGGCACCCACT >
PRNP, M. domestica
LmdPrP1 B AGTTAAGACCTGACAACGACCA™
RmdPrP521 F®ACCAAGCCCTCCTACAACTG™
RmdCPE167 “BCAAATACGTGCAAAGTTACAAATC>®
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PRND, M. domestica

RmdDpl350 STTGATTACGCGGGTAGCATT
Lmd2D PGACAAAGACCTCCTTGGATCAC™"
Lmds5D “YAGCAACCTTTTCCAACAACG™'

GAPDH, M. domestica

LmdGAPDH STTATTTCTGCCCCCTCTGCT
RmdGAPDH SWACGCTTGCTTCATCACCTTC™
Mouse Prnp, Prnd and

B-actin

LmmPex1-5 TGATCAGCAGACCGATTCTGG '~
LmmPex1-94 “GCATTCTGCCTTCCTAGTGG™
RM587 SEACCAAACGAAACCCAGCAG™
L.Mex1Dpl “TCAGAGGCCACAGTAGCAGA ™
LB-actin AGATGACCCAGATCATGTTTG™
Rp-actin " AGCAATGATCTTGATCTTCATG™

Appendix 3. Original gel images for tissue and cell expression analysis. (a) X laevis PRNP-
2b and PRNP-1a, (b) X. laevis PRNP-2a and PRNP-1b, (¢) 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 Bptf Region 1, (k) mouse Bpif Region
2, (1) mouse Bptf Region 1-1 (exonS), (m) mouse Bptf Region 1-2 (exon6), (n) mouse and
human Bptf, Prnd, and Prnp, (0) mouse E2F]. Analysed tissue samples are indicated on top of
the images. H,O was used as a negative no template control. 2-log ladder (Invitrogen) or
HyperLadder™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-1la
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(b) X. laevis PRNP-2a and PRNP-1b

& o A
Mo 15t (] et 108 st 9 K" gon B vet o 189 o

(¢) X. laevis PRND-ch
“ﬂe‘ﬁ‘d‘“‘e‘ﬁ’ \Qd“e‘\‘ld \'\)(Q “\;Sde e QQ@“QW‘ apﬂ\“aﬁ “Q&? g\dgz\a\ﬁ&\:b

(d) X. laevis PRND-a

(e) X. laevis PRND-b
W g gest® Vo et 09 \usOCet 59 en s\«ﬁ“’%P \—\eﬂ“es\dw oY%
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(f) M. domestica PRND-1, 2, 3, 4

(g) M. domestica PRNP-1 and PRNP-3

ot 0wt g

(h) Mouse Prnd
W gt (e o) g (0 Ged® G oo g et ™ 40
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(i) Mouse Prnd-chl, 2, 3
w‘eﬂm‘ o0 7 (es¥® @Y et 0@ ed® o wet gaet (g 0

AL LHl

915bp
G e -a—.hﬁ

Pmd-ch1, 2, 3

(j) Mouse Bptf Region 1, primers LmmFacl/RmmFacl

NP ) e 2
0o @ (e o (o gefer pet gt

oo we
caon [ s o “"
2800 e

(k) Mouse Bptf Region 2, primers LmmBptf/RmmBptf
3 X -]
\59«&‘ & (9\“ < 0§$‘5 @(\eﬂ \}lo‘ »0(\9 \5050\000\ & Q\ee(\ e\‘e Y\ea(\ 6\06\%2‘\@ 0\,\,‘0

640bp —— - o — S .

230bp e R o e W W G W e

(I) Mouse Bp{f Reglon 1-1 (exon 5), primers meFacl/ RmmRegl- 2
oo

o~

;-

T e e B e e -

-
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(m) Mouse Bptf Region 1-2 (exons 6), primers LmmRegl-1/ RmmFac24

20
\}a‘* 6‘a\(\ <@ c_,\\ 6Q\G ,“\\{ e Y\ea(\ \h\f} (\G\‘ \qe \’\)(\Q 00\ %\0(0 oY ,9

———

435bp — - T
246bp «—--ﬁ-ﬁu--——

(n) Mouse and human Bptf, Prnd, and Prnp in tissues and cell lines

\‘a \Qg!‘ Qe\\s o® Q\ 9\5 B o &\\s (P
\)&(*\}\0\)5:}\0\) ‘?\“«\ QGQ’\ X g\)‘-':\g\\ \(\““\ ‘é GC'\ \\10
TR Fac1/Bptf expression Prnd expression
—
2‘5;: ===="__= — - - . 6;25::
26ty - - -
TR * S
\m“%“’?w\‘ %&o@ «%‘i%
— Prnp expression
654bp G — - — —
352bp — f—
(0) Mouse E2F]
\ o

\w\& AT AR Wt eef el yeatye® f\\v\‘“ QNS

522bp —— - B - S e —
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Appendix 4. X. tropicalis (Xt) and M. domestica (Md) PrP and Dpl translated protein

sequences. Highlighted are predicted signal sequence
(hutp://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
< < 5 GSGKSKTGGWNSGSNRNPNY PGGYGWNTGGNTGGSWGQPYNPSGG

NNFNNKQWKPPKSKTNMKAVAVGAAAGAIGGYMLGNAMGRMSYHFSNPMEARYYNDYYNQMPERVYRPMY

RGEEHVSEDRFVTDCYJVTEY I 1K PAEGKJJEVNQLETRVKSQI IREMCI TEYRRGJGFKVLSNPWL
ILTITLEVYEVIE

>XtDpl
SSKKI SKTTDLSRGAKRRPKVTNSPALGDLSFRGRALNVNE"
EESELYTANLYSFPDGLYYPRPAHLSGAGGTDEFISGCI-I ERNKVWISQLEDDEEGDIYMSVATQ
VLQFLCMENYVKPT'GA‘JTCTGGLWVFI GVMHFFFLFRKGD

>MdPrP
I < < < PRPGGGWNSGGNRY PGQSGGWGH PQGGG TNWGQPHAGGSNWG

QPRPGGSNWGQPHPGGSNWGOPHPGGSNWGQAGS S YNQKWK PDKPKTNMKHVAGAAARAGAVVGGLGGYML
GSAMSRPIMHFGNDYEDRYYRENQYRYPNQVMYRPIDQYNNONNFVHDCVIVKOHTTTTTTKGEE
TDIKIMERVVEQMCITQYQNEYRSAYJJVAFFSAPPVTLLLLSFLIFLIVS

>MdDpl

TTRQRNKSNRKGLQTNRTNPTTVQPSEKLQGTFIRNGRKLVID
FGEEGNSYYATHYSLFPDEIHYAGCAES|JKEVF1SNCVNATRVINKLEPLEEQJJO1 YSRILEQLIK
ELCALNYCEFRTGKGTGJJSALFRPICYGLPGDSDLLDSEIHKHRA

Cysteine involved in disulphide bridge formation
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Appendix 5. Nucleotide and deduced amino acid sequences of ¢cDNAs for chimeric and
non-chimeric transcripts of (a) X. rropicalis PRNP, (b) X. tropicalis PRND (chimeric), (¢) X.
laevis PRNP-1a, (d) X. laevis PRNP-1b, (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. rropicalis. 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

Exonl

1 ctgctagteccactgecetectgatctgectggcACATCCATCCTCAGTCCCTCTGTCH 60

Exon2

61 [TATCCTGCCTGGCACAGAGIGCACCCACCAGAGCCTGGCACCCAGCTAGCTTCTCTTTGGG 120

541
132

601
152

661
172

721
192

781
212

841

_________ e e e I e

IR S L TR R RS S 0 SRR AR )

TATGTATATAG 851

192

CAGAGGGAAGGCCAAATG

540

131

600
151

660
171

720
191
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(b) X. tropicalis PRND (chimeric)

GATCTGCC

61 ( N" "“"’ ;\’-A’.C"T’ G "r\"’,‘"f'\ T:‘« GC TTCT"TT‘GJ(:FATA("“\"M‘\ (‘F\:‘Ai‘ 120
Exon3 Exond

121 .hAbGG'CAncnﬂAJA AATGGGGCCATTTTAGCTCTTCCACACTTCTACCACAGG 180

© 4 ATGGGAAGGCAGAATCTATTCTCCTGTCTGATTCTTCTCCTGCTCATATT -«
M GR Q NUL F 8 CL I UL LL L I L 17

4l 300
18 “XC 87 '8 o8 P O CRIR TN NS 8K KU TS RK VRO )

W
o
o

|
'
'
'
'
)
'
'
'
'
'
'
)
'
L
)
'
'
'
'
'
'
]
'
'
'
'
'
'
'
|
'
|}
'
'
'
'
'
I
)
'
I
'
'
'
'
'
'
)
'
'
|
'
)

360
38 ‘Db L SR GOATK R RUP K VETUN 8 P A LG D 57

--------- |===momemm | mmmmmmmen | mmmmem e | e e | mm e

w
n
-

420
58 L 8 F R GRALNVGVNTFNLTTETESTETL 77

421 480
1822 AN LAY S SRS RED G LYY R R R R Y, 07

481 540
g8 8" @ ATE @D B IS G CH L UNRIT T VIEECRGLLT

600
RO KUYAR ‘T g QELVEND D R CRO@ND T Y M Y137

y
o
@O e

--------- === mmm o | e | e e | e |

601 660
13973 QW L QR L C N SR NN RS AR R 19T

61 720
188V YT @G LW Y R T GV N CRCR RCE L ¥ 1T

------------------ R B e B e

721 —AGCCTAGGMTTCTGTattttatatqaacttttaaqaac\aact 780
178 R K G D * 181

781 gtactagcccagaggttcagcagccctataacagcaatgatccaggecttcaaatttgte 840
841 cacagcagctcttggatctcatcttggatcttttgagtgtcagtgacactgecacattcecte 900
901 agtgtgcagggctgctgttaaagactacgccatctgtcatagaatgcacgtttctacaca 960
961 ggaatatactctaatatataggaatatatgtgcatgcaccctactaatagttcagectge 1020
1021 cagagatcaccaaggagttgcatagccttttttacaaacatatccttcatctaaaactte 1080
1081 atctgtgacttctaatagtcttataaattacaacaggagcaatattatattctatattat 1140
1141 atacatataagcaggaattatggctgetgttgtgcacacagggaagttggaggtttggec 1200
1201 acggtttgttttccocttattataattgatgaaataaaaatcaggttaaactgg 1254

(¢) X. laevis PRNP-la

Exonl
1 jagtecgeccecacceetetectgeatgaAGTCTCTTCCCCATCAGCTCATCCCTAGTCT 60

61 PCTGCTTTCCCGATCACCCTGGAACAGCCATCCTGAATCCCCCCCTGGCACATCCATTT 120

Exon2
121 BTATTTTCCCCT TGGCACAGAGGCACAGCACCCGGACCTGACACCCACATAGCTTCTCTT: 180

181 TG GCACACT"TATAC"C"‘CA"CCAGG"‘TGTATRT_ 240

M P Q 8 L W T CULS
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- TAGICCTTATCTCCCTAGTATGCACATTGACTGTATCTTCCAAGAAGAGCGGTGGTGGGA
10 vV L I 8 LV CTLTUVS S S KKTSG®Ga@G K29

© AAAGTAAARCTGGAGGATGGAACACAGGGAGCAACCGGAACCCCAACTACCCAGGAGGCT -
30 8 K T G G W N T G 8 N R NP DN Y UP G G Y49

© ACCCAGGGAATACTGGAGGCAGCTGGGGGCAACAACCTTATAATCCTAGCGGTTATAACA

50 PH:@ N 2 \EG @uEIW GO QiR TGP 8 e YNGIK 69

. AGCAATGGAAACCTCCCAAGTCCAAAACCAACATGAAGTCGGTGGCCATAGGCGCTGCTG

70 Q@ W K P P K 8 K T N M K 8 V A I G A A AB9

- CTGGTGCTATTGGAGGCTACATGCTCGGTAATGCAGTGGGTCGTATGAGTTATCARTTCA

90 6 A I G G Y M L G N A V G R M 8 Y Q F N 109

| ACAATCCCATGGAGTCCCGTTATTATAACGACTACTATAACCAGATGCCARATCGCGTTT «

1100 P M E8 RY Y N D Y Y NN Q X P N R VI X129

© ACAGGCCTATGTACAGAGGAGAGGAGTACGTGTCAGAGGACAGGTTCGTGAGGGACTGET

136  REET N TR GRS B XV B8RS D CREES VRS DG o149

' ACAATATGTCAGTGACAGAGTACATCATAAAGCCGACTGAAGGAARGAACAACAGCGAGE

150 N M 8 vV T E Y I I K P T BE G K N N 8 B L 169

| TAAACCAGTTGGATACCACGGTAAAGTCCCAAATTATTCGCGAGATGTGCATCACCGAGT

170 W Q@ L D T T V K 8 Q I I R E M C I T E Y 189

 ACAGGAGAGGATCGGGATTCAAAGTGCTCTCTAACCCTTGGCTGATCCTTACTATCACTC |
190 R R 6 8 G F K V L 8 N P W L I L T I T L 209

841 IR GRRRGRGEGH T C /A AGGAAATATTAATAAAAAGGCCAAATGTAT 900

210 '\ oarh A D G U RS o550 T 216

901 GTATATATAGAGAGAGTATAAACCGATTCTGAACTGTTCCGTCTCA 9246

(d) X. laevis PRNP-1b

Exonl
1 [GACCCGGAATTCCCGGGATGATGGGAGCTCTCACTGCTGTAGTGTGTCAGCCTCACATGA 60

61 GCTTCTCATTTGCCTTCCTGTAGCACAGCACCCGGACCTGACACCCACATAGCTTCTCTT] 120

--------- e e -+ {3 ¥ A e |
121 [[GGCACACTCTATACCCICACCCAGGTTGTTTATGHIGOCHEARACICICTIGGRCRIGNS | 50
1 ¥ P Q 8 L WTOCLY

--------- | ~mm=mmm== | mmmmmmm e | e | mmm e | mm e |
-+ TAGTCCTTATCTCCCTAGTATGCACATTGACTGTATCTTCCAAGAAGAGCGGTGGTGGGA -
10 WSL T S8 L vic oL T vios 8 K K 8.G GG K29

60
120
180
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181 [CATTTCGTATTTTCCCCTTGGC

GACCTGACACCCACATACCT: 240

. TCOOGAAGTGGCATTAARAANTATTTCAARRTCAGCGACTTGAGCAGGGGAGCCARRAAR .
278 G 8- G T K K X-UF KO8 DL S RIGTACK K 4

--------- | === mmmmm | mmm e mm | e e | e e e |
| AGGTCAAAAGTGGCCCATTCTCCTGTCCTCGGACACCTATTCTTCAGARGTARGGAGETC
47R 8 K V A H 8 P V L G H L F*» P R 8 K E L 66

--------- === | | | | e |
. GATGTGAACCTTAACTTCACCGAGGRATATGAGCTTTATACAGAGAATCTGTACAGATTC
7DV N L W EF TRREYRL Y TREWNL Y R P 86

' CCGGACGGACTTTACTACCCATGGCGCTCCCAGCTGRATGATGCTGCCGGCACGGAGGAG «
8P D G L Y Y P WRGSQLNTDAAGTTEE 106

--------- | mmm e | | | | e |
© TTTATGAACGGGTGCCTTAACACCACCGTAGAGAGAAACARGGTCTGGATCTCTGGACTG - -
107F M N G C L NT T VERNTIEKTYOWTISG L 126

--------- |mmmmmmmm | mmmmmemme | e e | m s | e |
* GAAGARGAGGACGAAGGGGAAACCTATATGAGTGTAGGCATGCAGGTCCTACAGITICTG
1272 £ B D B G £E T Y M 8 V G M Q V L Q F L 146

--------- Rttt Eeteteieietotel Retmtedentel Redteieecintwtrted Redeeteirtet=] |
 TGTTATGAARACTATGTAAAGCCTACCAATGGGGCAGTGACCTGCACAGGAGGACTGTGE
147C ¥ B N Y V K P T N G AV TCTGGL W 166

--------- [ = | i | e | i m e | e |
761 GECTCATACOTCTCATTCACCICOTT TN T ACTCACRNAGEOREETAR - oo/ no7h 540
167V ' £ 6 V I A L L * F* T Q K G 8 * 182

841 AAGCCTGAATTCTGTATTTCTTATATTGAACTaaatgtacccgeccagaggttcagecage 900
901 tect 903

(f) X. laevis PRND-a, PRND-b (non-chimeric)

Exonl
1 faaaggcccagatttaggcaggactcattacatctctacatgtttggcactcaggece 60
61 |ctgacaatctgcccgtte cecgecgtectgeecctgecatgacactgtccecgtetgeag] 120
121 cccecteccacctecacagagcagagtaatatcacagageagaggtgagggecaggactge] 180
181 aaattttgaactagt aggacgcccacctgacgecatcacacactggtctatet] 240
241 Bcaaacagtggactggagacctgtattattact aagctggagagaagtatteeet] 300
301 [tcagggcaaagcagagttggtgCTGAARGTGGACTGGAGAGTGGGCCAGCAGTGTCTCAT] 360

--------- |mmmmmmmmn | mmmmmmmen | mme e e nEXON2 - -~ = | s mmmmm e |
361 [CAGTCTGAAGAAGGAAGAAACAGCAGCARAGGCTCTGAGGTGGTGACAGAATGGARAGGE 420

421 AGAACGTATTCTCCTGCCTGATTCTTCTTGTGCTGATATTATATTGTGGTCTCTCTTGTC 480
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(g) X. laevis PRNP-2a
Exonl
1 pGCTuGRCCSGTCCGGRTTCCCGG ATG \GCCTGGCACRCCCGTCCTG&ACCTCCCJ 60

Exon2
61 CTGTACAGGCACAGTCTTTCTGAATCCCCCCTGGCACAGAGGGCCTGACAGCCAGCTAGS 120
--------- | mmmmmm e |mmmmmmmem [ BXON | —mmmmme | e |
121 TTCTCTTIGGGCTTACTTATCCTCTCACACAGE T TGGCCAAGIECHRGNATIORaIaE 1 50
1 M PR S LW 6

' ACTTGTTTAGTCCTTATCTCCCTAGTGTGCACATTGACTGTATCTTCCARGAAGAGTGGT -
T2 C LAY L ‘T '8 LV € 2% L TV 8 80K K8 6 26

¢ AGTGGGAARAGCAAAACCGGAGGCTGGAACAATGGGAACACTGGGAACACCGGGARCACT
278 G K 8 KT GGWNNGNTGNTGNT 46

 GGGARCAACCGGAACCCCAACTATCCAGGAGGCTATGGCTGGARCACAGGGAACACAGGG
476 N N RN PN Y P GG Y GWNTGNTG 66

 AACACTGGAGGCAGTTGGGGGCAACAACCTTATAATCCTAGCGGAGGAAGCAATTTCAAC .
67N T G G 8 WG QQPYNTPSGGSNTFN 86

© AACAAGCAATGGAAACCTCCCAAGTCCAAAACCAATATGAAGGCCGTGGCCGTAGGCGCT
N K QWK KTPTPIKSKTNMEKAVYA AVGA 106

+ GCTGCTGGTGCTATTGGAGGCTACATGCTTGGTAATGCAGTGGGTCGTATGAATCATCAT
A AGATIGT G YMLGNA AVYGRMNHEH

107 126

' TTCGACAATCCCATGGAATCCCGTTATTATAACGACTACTACAACCAGATGCCAGACCGC -
FOD SNSRI MS R R RS D T W N NS R DR

127 146

. GTTTACAGGCCAATGTACNARACCGAGGAGTACGTGTCTGAAGATAGGTTCGTCACGGAT
vV ¥ R P M ¥ KR T £ B ¥ V 8 E D R FFVY TnD

147 166

-+ TGCTACAATATGTCAGTAACAGAGTACATCATCAAGCCATCCGAAGGGAAGAATGGCAGE
€ X MM BV 287 Lk £, ¥ 8 E'Q K NG B

167 186

- GATGTARACCAGTTGGATACCGTGGTGAAATCCAAARTTATTCGCGAGATGTGCATCACT -

187 D V N Q L P T V V K 8 K I I REMNMOCTIT 206

- GAATACAGGAGAGGATCAGGATTCAAAGTGCTTTCTAACCCATGGCTGATCCTCACTATC
B Y R R G5 @ FK VL B N P WL It ¥ I

207 226

841 HOICIO AT CICNIAAGIEN - -2 02 cogaatcgaaatccaaaggecaatt 900
27T L F V Y F V I E * 235

901 gtatgtatatagagagtatcaaccaattctggactgtctegtetcatgeccaatatgaca 960
961 ctgttgggtgctatgttaatccagceccagettectacecatcagtaageaaccatggater 1020
1021 tgcttcaataccaacctgaattcccacttctgegtcaactacaacttctgettgacaaca 1080
1081 catgtttctgacattgcaaatgggcetttatgtatcagtgcatgtatataataagagatet 1140
1141 tcatt 1145

(h) X. laevis PRNP-2b
Exonl Exon2

--------- |m==mmmmee | emmmemm—. | emememmme |- EXON3 -~ | meemem e
61 TTAGCTTCTCTTTGGGCT TACTTATC\_T"TCACACAGGT'I‘GGCCHAG— 120

- - TCTGGACTTGITTAGTCCTTATCTCCCTAGTGTGCACATTGACTGTATCTTCCAAGARGA
€ wWTTCLUVZLTISLYCTLTVSS8EKTEK 825

-------------- Sequence continues as in PRNP-23 eXon3-======sc=a-a
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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 PrP1 and PrP2 are highlighted in grey: 3’'UTRs of PRNP variant |
and variant 3 and PRND variant | are underlined. CPE motif at the 3’'UTR of PRNP is in italic
and boxed.

(a) M. domestica PRNP

Exonl
[AGTTMGAL‘CF\GF\CN«CG:’\CCAGGCTGCTGCTGCCTTCTGCGCTCTRCCAGAA}
Exon2
[TTCCTAGCTGCTCTGCTGAAAGACTCTACGTAGTTTGGATCCAAACGAAGATCAGCTACC

60
60

MG RETH) ENGT Y WRRR s AR Fe M AT W e S e

120
120

LT ER O RS K e T RR B R RGN SN S QR GO N

180
180

R YR G Q §7°6G W G HO P QG 6 G & N W G

240
240

QR R R G B TS NN UG QR REEP G & USA N IWING

300
300

QRN SR NG G S NSRBI QR R RN GG B ST NG G

360
360

QoG oS, E8URETN SO SRR AR CE R AR AR N MR

420
420

H VA GA A°A A G AV VG 6L 66 ¥ ML

480
480

GIIRA Y M S RPN BMNTRHENEY TG SRR YRR DR RS Y

540
540

RISESSNE QX R Y RGN GV M Yo REERIA TIPS ) NN

600
600

BRSNS N R oy H D RS N R RN I S O R R T

660
660

T T A K G B N TE S ESTEDE IR LR MO R e

720
720

ET2Q e G EL 200 Q0 P N ES YO RGE S SR ES A AT E:

780
E 287 AV P

<
-3
t

) ) (RS PR S Gl PR ) S A R R

780
R VI S A G o PR e P F S P! R S sl a3 O 2
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SBRGAAGCCTACCAATGTTTACTCTCTTCATGTTTCTTCTCTTAATCTTTGCAGAGAAGG RERE

AGGTCCTTCTGTCTGCAAGGGCAGCCCAAATAGCAGCAATTTCTCATTTCTATGTTTATC
TGTCCCCCATAGGTTAAGGCACTAATGAGTACTGGTGAATGTACAGTAGACCCTAGATGC
CAGGCCACCACTCTTCCCCCGAACCATTTTGATCATGCATCCATCAGGGCAATGCCATAC
TTGTCAGTATCCTTTACAAGAGAGGAGACCATTAAGTAACTTCTGGTCCATCAAGACACT
TCTATAGTATAGCAGATTAAGGCCAAAACAGAAATGATTTCAAACTACATTTTCCAAATA
GACACAACCATGGGCCCTTTTGCTTCCTGAAATGCCACCTARATCTTTCTCCCTGCTTGT
ATAGTCAATTAATGAGTAGATAAAGAATTAGCTAATTTAGAGCCCCATCTCTTCTTTGGC
TTTACCAGCTGTGATATCATAGCCAGTTAAATATCTTTAGGAAACTCATTCATACATTTC
AATACATCCTGATGCATTTTCCTCTTCAAATAGAAATTTTCATCATTAGGAAAGAAAGAC
TAGAGACCATCTAGGCAAACTATAGAAATCATCCGACCATGTGGGTCCAGGCTCGAGCTG
CTGAATCAAGCGTAGCTACACCACAGAGAACTGGGACTACTGTCTTGAATTTTATAAATG
GGACACACTCAGTAGAGGCTGCACCAAAARATATATCCGGCCCAGGGGCTGGGTCTATTTG
TCAACAGTGGAATGAGCATCGAGCATCATTGCGTGAGCTTTATCCTGTGCTACAGAGACT
GTTCTTCTGGGTAACCTACAATTTGGAAAGTAGTATTACTATGGGTATGATTTGTCATCT
CAGACCATTTTGGTGTGTACATATTGTTCAATACCAGTGTAAACTATTTCTACCAGAGCA
TTCCACCCAGGAATATGAAAATGCAAAGCAGATACTCCCGGATAACGAAGGAATCCCTCT
CCAATGTTAGCAAATAATCCAAGACTGGCAGGCAGCACTTGGCTAGGCCTCTTTGCCTGG
AAGCCCACAAAGGTGCCAGCATTGTTAGAGT TACAGCAGGAGGCTGGTTAGCTCAGAGGA
ATCAGCAACTGGTTAAATTGCAATTTTAGGAATTAATGAGATAGTTTGGTGAGTTTATAA
GCAAAAGAAGCACTTCTTTTTTTCATGTCTCAAGATAAAGCAGTACCTAACTATACTGGA
TGAGCCCTTAAAGTCAGATTAGAAGAAGAATCATTCAGATGGAGGAAGCCAGCCTGTTGA
TTTTTGGATTTAATCCAATCTTCAAAAACAATGTCTCAGAAAAGCAGGAGAGGAGGGGAG
GAGAAGACGGGGAGATGATCTGTCTGTATAAGTGATTTTTGTATTGAGTTGTGAAAAAGT
TGTTCTCATAGAATAAATTATTACTTTTTTCTTGTCACTATTTTGCATTGTGATGGGCTT
GCAGTCTTTGTAATCAGTAAATATCAGATATGATAAACTAGAAATTCTGCTCAGAACAAT

TCACCCAGAGTAGTATCCAATGTATTCTGTGTCTTTCCAAGENIGEEERCEG GRS

D A H S V E
CRRRRRCERERCGC T TACGGCACCACATGCTGAATGGACTCCTGCTTGAGTCCCCAGTGC BERa
A I8 ¥

ACCAGGGMAGTAGTCTTTGAMTTTGCATGCACTTAGTMTATAMGATQ:EA

TTTGTAACTTTGCACGTATTTGTTTTGATGTATTAAAAATTTATAAATGTTTAATATC

(b)M. domestica PRND
Exonl (common)
BGTTAAGACCAGACAACGACCAGGCTGCTGCTGCCTTCTGCGCTCTAq
Exon2
AGAATTCCTAGCTGCTCTGCTGAAAGACTCTACGTAGTTTGGATCCARACGAAG | GTTCATAGGATTTO
TTCTGACARAGACCTCCTTGGATCACATAGTCTGACATCTTCATTTTACATATAAAGAAATGGAGACCO
Exon3
IAGAGAG | AGCAAGACAGAAGCTGACCTCTATAATCAACAAGTAGACAAAGGGACAACAARACAACTTTTTT]
Exond
G| GATTTGTGGGAGGAGTGATGGATCAAGGT TGAGTGGTATTTCTGATCCCTGGATACTCCTTCTCTT
TTCCAAGACTTTCATGGGCTACTATTGCCAGATAATGGTCATCAGAACTGATGGGATGTTCACTACCA'
Exon5

ECCCACCTTGCCTCCTGTCCAGTTTAAGGAGGAAGAGACAGAGAAACAG|GGATGCGTTTCCTCCAACAC
TTCTGAGGTCCTTACAAATGTCACAGTCTTCAAAGAGGCAGTTTTCATGAGAATGTCCATCTGGACAAA
TTGAGAGTGACCCGGAGACTTTCAGATTGGTACTCCCAGGAAGTGAATAATATCATACCATATTTGGAGA
IGAAGTATCAGTGCCACCTCCTTCTCCTGCTATATAGTTGTTGAGTACAACTGATAAAGAACCAGTTCTGT)

Exoné
BGGGAGAATTTAACTTCTTCTGGCTTCCAAAGCAACCTTTTCCAACAACGKKTAAAKGGCTTTTAATACA

MRS R EHSLGE E1a S CH R WSS AN IV ES SRR LI ST D T HY S L

VRO RS TR RE NS EOE S NSRRI G LT O VRS NS RO ST N P

DTV PR SRR T DO RGN T B IR NGO RS R S L NS T D

Ben Gt B G N O S e Y e e i s R e S e e RS O B e T H GOy B
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Appendices

350
G CrrRES S N VST KECED (VS B ol S NG SV INGTAR ORGSRV ST

420
Ke LU B =P L. E E” Q' N T S D L X8 R I 5L, B 00 LT oK

490

Bl LG AT LN Y G E R ORI TG CKOGUT 06 L R GBS0 L 5D
TAAGCACAGAGCCTGAC

B8 OGN 2 A T A S G SR el M R e T R G SR
AAGGAGAGATGGATAAGCCATCCAGCCACAGGCAAAGACCAAAGTTATCTCAGGCTCCCTTCC
TGCTGTAACAAAACCATTACCCCTTAAAAAAAACCTTCCAAAACTCTCTGACAAAGGTTTAAT
TTCCCAAATATATAAGAAACTAAGTCAAATTTATAAAAATTCAAGCCATTCCCCAATCAACTA
GTGGTCAAGGGATTTGAATAGGCAGTTCTCAGATGAAGAAATCAAAACTATCTATAATCACAT
GAAAARATGTTCTAAATCCCTCCTGATAAGAGAAATGCAAGTAAAAACAACTCTGAGGAACCA
CCTCACACCTAGCAGATTGACTAATATGTGAACAAAAGAATGTGATAAATGTTGGAGGGGATG
TGGAARAATTGGGACACTAATGCATTGCTGGTGGAGTTGTGAATTAATCCAACCATTCTGAAG
GGCAATTTGGAATTATGCCCAAAGGGCTTTAAAAGACTGTCTGCCCTTTGATCCAATCATACC
ACTTCTGGGTTTGTATCTAAAAGAGATAATAAAGAAARAGACTTGTACAAAAATATTTATAGC
TGCACTCTTTGTGGTAGCAAAARACTGGAARATGAGGGAGTGTCCATCGAATGGCTGAACAAR
TTGTGGTATCTGATGGTGATGGAATACTATTGTGCTGAAAGGAATGATGAATTGGAGGGATTC
CATGTGAACTGTAAAGACCTCCAGCAATTGATGCAGAGTGGAATGAGCAGAACCAGGAGAACA
TTATACACAGAGACTGATATACTGTGGTACAATTGAATGTAACAAACTTTTCTACTGGCAGCA
ATGCAATGATCCAGGACAATTATGAGGGACTTATGGGAAAGAATGCTATCCACATGCAGAGAA
AGAACTATGGGAGTAGAAATGCAGAAGAAAAACATATGATCGATCACATGATTCAATGGGGAT
ATGATTAGGGTATTGGCTTTAAAAAATCATTCTACTACAAATATGAATAGCATGGAAATAGGC
TTTGAATGATGATACATGTATAACCCAATGGAATTGCTTGTCAACTCCAGGAGGTCGGGAGGG
AAGAGTGGTGGGAAAAATCATGAATCATGTAACCATAGAAAAATATTCTAAATAAATAGGTTT
TTTTAAACTA

199
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