|dentification and Characterisation of
Novel Substrates and Binding Partners of
the Asparaginyl Hydroxylase, FIH

Rachel Jane Hampton-Smith
B. Sc. (Hons)

A thesis submitted in fulfilment of the requirements of the degree of Doctor of Philosophy (Science).

September 2015
Discipline of Biochemistry
School of Biological Sciences

THE UNIVERSITY

of ADELAIDE







Contents

(6] 01 €= | K- F SOV PRSP iii
FIUIES QUICK FEFEIENCE ..ottt sttt seeneenesaenan viii
TabIES QUICK FEFEIENCE ...ttt st st a e eseeneas X
A ] 1 = ot SRR Xi
D 1To] - T = [ I OSSR xiii
ACKNOWIEAGEMENTES ...ttt ettt et seeseesesbestessesenseneesens XV
AULNOT CONTIIDULIONS. ...ttt st b et et e e e neens Xvii
1 INEFOTUCTION ...ttt 1
1.1 Oxygen and the electron transport Chain ........coccii i e 3
1.2 Fulfilling the cellular demand for OXYZEN......cccviii e 5
1.3 Adaptive mechanisms tO NYPOXIA ...eeeieciiiiiiiiiiee e eete e e et e e e e sare e e s erraee e searaeeeeans 5
1.4 HIF hydroxylases and regulation of Hypoxia-inducible Factor.........c.cccovevveeiiiiieeeeccieee e, 7
1.5 FIH substrate recognition MechanisSms..........cccuiiiiiiiiiiiiiiiee e 11
1.5.1 Structural basis for FIH’s interaction with HIF-10...c...cocceeoiiiiiiiiiiiiceceeeeece 11
1.5.2 Substrate binding is predominantly mediated by backbone interactions..................... 15

1.6 ARD-containing proteins as substrates of FIH..........cccoooiiiiiiiiiiicc e 16
1.7 The FIH KNOCKOUT MOUSE....ccueiiuiirniiiiieiieitesiee sttt ettt sttt eneenne e 18
1.7.1 FIH knockout mice are hypermetabolic, and have increased insulin sensitivity ........... 18

1.8 Y U210 00 = VPP 19
1.9 1N (a3 [a o JF=T o] o] o Y- Yol s HES SR 20

2 Materials and Methods...........ccooiii e 25
2.1 ADDIEVIAtIONS ... e s 27
2.2 PIIMEIS (ot s 30
2.2.1 (01 1o] 011 o = USRS 30
222 OPCR ettt bbbt h e b bbbt ettt sh e et sheea b e bt e at e besheebesbeeneenbe s 34

23 e T 4o 1o L3OO PRTOVORTOUSPOPR 36
231 Plasmids described eISEWhEre ..........oociieiiiiiiiiee e e e 36
2.3.2 Plasmids cloned in this WOIK ........coceiiiiiiiiieeiieeee e 38



2.4 (0 =10 0 Yo=Y U 45

25 GrOWEh MEAIUMS ...ttt e b e e sab e e sbee e sabeesneeesareean 46
2.6 ANTIDOAIES. ...t s sttt et e b e sheesaeeea 47
2.6.1 Primary antibodies. .....cccuuiiiieiiie e e e 47
2.6.2 SecoNdary antibDOIES .....cccuueii i e e e 48
2.7 (01 oYY o T~ PP 48
2.7.1 [T A Toi o] g e L= =Ty o o PRSP 48
2.7.2 Sequence amplification from plasmid DNA or cDNA .......ccoiiiiiiiiiii e 48
2.7.3 Site directed MULAZENESIS ...uviiicciieee ettt e ectte e e e tte e e e e bae e e e ebaeeeesreeeeeeanes 48
2.7.4 Overlap eXteNSION PCR........ooi i cciee ettt e et e e e et e e e e bae e e eenbae e e esabaeeeenreeas 49
2.75 Gel extraction and purification of DNA fragments.........cccceeeeiiieecciiee e e, 49
2.7.6 [ ]= 2 | 1o o[- PP PPPU TR 49
2.7.7 PCR product insertion into PGEM-T EQSY ...cccccuuiiiiiiiiieiiieeecciieesesiee e esvee e evee e e 49
2.7.8 PCR product insertion into PENTR-TOPO .......c.uviiiiiieeecieee ettt e e 50
2.7.9 Gateway recomMbINATION .....oii e e e e e ree e e e ee e e e abe e e e e nreeas 50
2.7.10  Bacterial transformation........ccoco i 50
2.8 DNA plasmid preparation ........eceiee et e s e e e e a e e e s nraeeeeas 50
2.8.1 [ 0 e [ 0 Y[ a 1T = o PP 50
2.8.2 [ 0 e [ g Yo [T =Y o PP 50
2.9 DINA SEOUEBNCING. ..euvtuveieieieieeeiereiereretererererererererere..—————————————————.—...—...—...—.—.—.—————————.—.—.—————————————. 51
2.10 Electrocompetent cell Preparation ..........cceeiicciieeicciee et e et e e et e e e aee e e e eanes 51
D R =T 1 B o 1Y o T e I 1LY |V USRSt 51
2.12  Y2H prey plasmid identification.........cceeiieiiiiicciicc e 52
2.12.1  Plasmid isolation from YEASE ......cccciieiiiiiiee et 52
2.12.2  Bacterial electropOration.....ccuuiiiiciiieeccee e e 52
2.13  Yeast colony hybridisation............uueiiiiii i e 52
2.13.1  Ferritin probe preparation..... ... 52
D . T A 11 T gl o 1Y o F=1 ¢ 1 4 o SRR 53
2.13.3  Ferritin probe hybridisation..........cccueiieciiiiiiiiec e 54
2.14 Protein expression and purification .........cceei i 55
D I 3t R 0¥ | ¥ I d o .Y o PR UPR 55
2.14.2  Protein purification, DatCh...........oooiiiiicee e 55
2.14.3  Protein purification, Profinia™ ...........coociiiieiiiiee et e 56
2.15  Protein bUffer @XChange ....uvei et e e e e e e e br e e e e enes 56



2.16 Purified protein yield determination ...........ccccuiiiiii i 56

2.17  Protein CONCENTIAtION c...eiiiiiiiee ettt e e s e e s e e s e e e e s annneee s 56
2.18 Preparation of purified tcHIF (780-879) for NMR ......ccccouiiieiiiiieecciiee e esree e 57
2.18.1  Expression, purification and concentration ..........cccccceeeiiciieeiiciiee e 57
2.18.2  TEV cleavage of 6His tag and tag/ACTEV removal.........cccceeeeeeecieeecieeecieeeiee e 57
2.18.3  Buffer exchange and concentration........cceeiiecieiiiecien e 57
2.09 NV IR e e e e e 58
2.19.1  ID MHeoiiiiiieie ettt 58
2.19.2 2D NOESY ettt ettt sttt st b e b e ae e st e b e b e neennees 58
2.20 Collation and analysis of ankyrin repeat sequences across SPECIES ......cceeeevrveeerecrvererecrneean 58
2.21 N vitro hydroXylation @SSAY ......cccccuiiieeiiieeccciiee e et e e ertte e e ectee e e e erre e e esrae e e e nsaeeeeenraeeeeannaeeens 59
2.22 Mammalian Cell CURUIE ..coouuiiiiieeee ettt et st b e s b e e sareeeas 60
2.23  Mammalian cell tranSfECtION ......cccueiiiiiiiiie ettt e s 60
2.24  Mammalian whole cell extract preparation........cccueeeecieeecciee e 60
225 SDS PAGE ...ttt bbbt sa et et e e bt e bt e satesb e s be e bee bt e anees 61
D A T N 1< I o T =T o ¥- 1 =Y {o ] ISR 61
P A T A = 1=Yo d g o] oo =1 [y PSPPI 61
2.26  Coomassie Protein STAINING . ...ciii ittt ettt srrrrre e e e e s s ssiarrreeeee s s ssssabeaeeeessessnssssneens 61
227 WESTEIN DIOT ..t e st 62
2.28 Western blot band qUaNTItation .........cccuiiiiiciiie e e 62
2.29  9E10 hybridoma S/N Preparation ...........c.eecceieeieeeieeeceeeecieeeereeeeteeeeteeeereeeetaeesveeeeteeesareeens 62
2.30  Anti-myc co-immunoprecipitation......ccccciiii i, 63
2.30.1  WCE PreparatioN .ccccccccceiiieeeee e eeiiiteeee e e e s sttt e e e s s s sabraeeeeesssssssbeaeeeeessssssssenaeesesssnssnnne 63
2.30.2  Co-IMMUNOPIECIPITATION ..etiiiii ittt ettt e e e e e e e s e s ssabraeeeeesesssssbenaeeeesssnsnnns 63
2.31 Dox-inducible FIH MEF cell [ine 8eneration .......cccccueiieciieeiiiiieececreee e erree e e e 64
2.32  REPOI I ASSAYS ciiiiiiiiiiiii e e e 65
2.33  PCR analysis Of GOa target GENES .....ccccuviiiieciiee ettt et eette e e et e e e etae e e e etre e e eeareeeeenneeans 65
2.33.1  Cell treatmMENTS . cc ettt e s ne e sareeeanes 65
2.33.2  GPCR et sttt et e e b st sane s r e e b e neennees 66
2.34 IxBa biophysical characterisation Methods .........cccccevveiiiiiiiiiini e 66

3 Results — Part 1 Isolation and characterisation of novel FIH binding partners
67

3.1 INTFOAUCTION .o 69

3.2 Y2H potential positive identification.........cccccuiie i 69



3.3 ARD-containing proteins are common substrates of FIH ..........ccccoovieiiiiiciiiiiie e, 74

3.4 The FIH “consensus sequence” as a predictive tool for novel substrates..........cccccceeeennnnnes 77
35 Both substrate and non-substrate Y2H positives interact with FIH ...........ccceeeiiiieriinnenn. 83
3.6 Effect of ARD protein over-expression on FIH repression of the CAD .........ccccceeevveeeecvieenn. 87
3.7 Structurally constrained Gankyrin can bind FIH .........ccccccviiiiiiii e, 93

3.8 Effect of non-ARD-containing Y2H positive over-expression on FIH repression of the CAD. 96

3.9 The C-terminus of 4E-T displays DMOG-inducible binding to FIH...........cccoovvviiiiiieneniiennn, 99
3.10 Stress-inducing agents do not influence the interaction between 4E-T and FIH................. 100
3.11  DISCUSSION eevviiiiiitiie ittt ettt sttt ettt sbe e s s a e s s b st e e s et e e s aba e e e s a e e e s ebae e e 102

3.11.1  ARD-containing proteins comprise a novel class of substrates for FIH........................ 102

3.11.2  FIH’s predicted substrate repertoire — a true indication of ankyrin repeat hydroxylation
AV YL T o= | £ S N 103

3.11.3  Ankyrin repeat substrates are effective competitors for FIH binding in cells —

implications for HIF regUIation ..........coocuiiii ittt e 107
3.11.4  Functional effects of ARD hydroxylation .........cccceveeiiiiiiciiii e 108
3.11.5 FIH interacts with cell stress signalling molecules.........cccocveeiveiieiinciiei e 112
3.11.6  4E-T, FIH and regulation of translation.........ccccceeeiiiiiiiinciie e 114
3.11.7  CONCIUSIONS .ttt ettt ettt b e s ht e sat e et e et e e bt e s bt e saeesabesabeebeebeenis 115
4 Results — Part 2 An evolutionary biology approach to understanding FIH
SUDSEIate reCOZNITION ... 117
4.1 T} oo [ ¥ Tt o] o H TSP U RSP PPOPRP 119
4.2 FIH-CAD relationships in divergent SPECIES ......ccccuviieeciiiiecciee ettt e 119
4.3 FIH-ankyrin repeat relationships across SPECIES .......ccccveeeecciieeeeciiiee et 122
43.1 Proteome-wide analysis of ankyrin repeat conservation............cccoceeeecieeeecciiee e, 127
4.4  TheT. castaneum CAD is not stably folded in solution ..........cccceeciieiiniei i, 134
4.5 T. castaneum FIH more efficiently targets mammalian ankyrin repeats over the CAD
Tolo] a1 o T T =T IR o TN o1 o1 | ISR SSURN 136
4.6 Substrate specificity of tcFIH cannot be conferred to hFIH through binding pocket-targeted
TCFIH “MiIMIC” MUEATIONS ettt e b saee e 139
4.7 DiscusSioN and CONCIUSIONS ......eocuieiiieriiiriieteeieesieese ettt st sree s eaee s 143

4.7.1 Comparison of T. castaneum and human FIH highlight the complexity of FIH substrate

reCOGNITION MECNANISIMS. ... .. e e e e e e e e e et aee e e e e e e e s sanbsaeeeeeaeeeeannenns 144
4.7.2 Were ARDs the first FIH SUDSTrates? ......cccceeiciieiiieciie et see e 144
4.7.3 Structural diversity in FIH substrates: was FIH substrate recognition originally based on
1R LA 2{ D o] o O PP PTPPUTPRI 145

Vi



4.7.4 Functional relevance of ARD hydroxylation in higher eukaryotes.......c..cccocccvvveeene.nn. 146

5 Results — Part 3 Effect of FIH on G9a function ..o, 149
5.1 INEFOAUCTION ..ttt et e et e s bt e e sab e e eabee s aneeesabeeenneeas 151
51.1 G9a and GLP: ARD-containing lysine methyltransferases.......ccccccovevvvvieeiniiieeniicnennn, 151

5.2 G9a and GLP are novel substrates of FIH ......ccocuiiiiiiiiiieeeeee e 155

5.3 FIH activity does not alter expression of a subset of putative G9a-regulated target genes157

53.1 Construction of a cell line with dox-inducible FIH expression .........ccccccveeevcveeeccnneenn. 157
5.3.2 Effect of FIH manipulation on G9a target gene exXpression .......cccccvvevveeeevcieeeesiveeeenans 161
54 DISCUSSION ..tttteeeeeeeeeittt et e ettt et e e e s sttt et e e e e s s st b beeeeeeesesaabebaaeeesssasssbtaaaeeesssnnssreaaaaeeennn 165

6 Results — Part 4 Does asparaginyl hydroxylation of IkBa affect its stability
AN TUNCLIONT <.ttt nens 167

6.1 ([} d e Ye [0 ot 4 To] o HPTE TP 169

6.2 Published manuscript: “Consequences of | kappa B alpha hydroxylation by the factor

INNIDITING HIF (FIH) ettt sttt sttt e b e s bt st e et e e sbeesbeesaeesane e 169
6.3 DISCUSSION ...ttt s e s s e s e s s e s s ere e e s s 171

7 Final Discussion and Future Perspectives ... 173
7.1 FIH and ARDs: many targets but few CONSEQUENCES?.........ccoccviiieeiiiieeeeciee e e e 175
7.2 FIH and non-ARD substrates/interacting Partners ..........cccceeeeveeeieeeeceeeeciee e eevee e 179
7.3 The function of FIH: clues from the FIH KO MOUSE.........cceceeiieniiniiniiceeeeee e 180
7.3.1 The FIH KO mouse phenotype —is HIF involved?..........cccceiieiiii i 180
7.3.2 Deciphering the FIH KO mouse — foci for future study ........cccoecvveviviieiiinciieeecieeees 181

7.4 FIH as a therapeutic target: motivation for better understanding FIH function ................. 183
7.4.1 FIH iN tUMOUT BrOWEN ..coiieiiiiee ettt e et e e e eate e e e eare e e e s nreeeeeans 183
7.4.2 FIH and treatment of ischaemic diSEase .......cccevierieriiiiinieecee e 184
7.4.3 FIH inhibitors: a new diabetes therapy? ... 185

7.5 FINAI SUMMAIY ..ottt e et e e e e re e e et a e e e e te e e e enabaeeeesnbeeeeesnseeeeennsens 185

8 APPENUICES. ...ttt 187
O REFEIENCES ...ttt 209

vii



Figures quick reference

Figure 1.1 Hypoxia adaptation mechanisSms.. ..o 6
Figure 1.2 Domain structure of the HIF-1 and HIF-2 transcription factors.. ........ccccceeviiinieiiiiecnieeeee. 8
Figure 1.3 Mechanisms of HIF target gene activation in mild and severe hypoxia.........cccecveveriunennn. 11
Figure 1.4 Crystal structure of FIH complexed with HIF-1ow peptide......cccecvveeeviiieeiciieee e, 12
Figure 1.5 Multi-species alignment Of FIH. .......cccouiiiiiiii e ee e 15
Figure 1.6 Conservation of HIF-o. CAD residues in HIF-1ot and HIF-20L. ..ccoccvveeiiiiiieecciieeeeieee e 16
Figure 3.1 Colony hybridisation analysis of Y2H potential positive clones.. ....ccccccevevviieiiicieeeiiieenn. 70
Figure 3.2 ARD-containing proteins are among positives isolated in the Y2H screen. ........cccceeuveeenn. 73

Figure 3.3 Assessment of Y2H positive proteins as substrates of FIH by in vitro hydroxylation assay. 75

Figure 3.4 Effect of FIH on transcriptional activity of Gal DBD-FGIF. ..........cccceeeiiiiieeeiiiiee e, 77
Figure 3.5 Determination of a “preferred binding sequence” for FIH.. ......cccccoieiiiieiiiiieee e, 80
Figure 3.6 TCPTP and GRK2 contain a surface accessible predicted FIH target motif..........c.ccccecuveeee.. 82
Figure 3.7 Co-IP of endogenous FIH with Myc-tagged Y2H posSitiVes......ccccccueeeeiiieeeeiiieeeccieee e 85
Figure 3.8 Testing of non-ARD-containing proteins for interaction with endogenous FIH................... 87
Figure 3.9 Effect of Y2H positive over-expression on HIF-ot CAD repression.......cecceeeeveerveeeseeessveeenns 90

Figure 3.10 Comparative structure of a human Notch1 target sequence when bound to FIH or as part

OF the NOECNL ARD... ..ottt ettt a ettt et e e bt e s bt e she e satesat e et e e beebeesbeesaeesaneeanean 92
Figure 3.11 Assessment of binding of constrained and free Gankyrinto FIH. ..........ccccoveiiiiieeeiinnenn. 96
Figure 3.12 Effect of 4E-T fragments on FIH-mediated repression of the HIF-ot CAD..........cceccveeruernnne 98
Figure 3.13 Interaction of FIH with truncation mutants of 4E-T.. ...c.ccccoiiiiiiiiiicie e, 100
Figure 3.14 Effect of cell stress inducing agents on the 4E-T-FIH interaction.......ccccceevveeevcieee e, 101
Figure 3.15 IkBa foldedness is a key determinant of its ability to repress NFkB.. ......cccceeeecvveeennnnenn. 111
Figure 4.1 Conservation of FIH and the HIF-ot CAD aCross SPECIES. .....cccvueerveeerreeeeieeeireesieesineeeseeens 121
Figure 4.2 Conservation of FIH target sequences in Notch and IkBo. across species. .......ccccveeennneen. 126
Figure 4.3 Analysis of ankyrin repeat repertoire characteristics across SPecies.........cccoceeeeevveeeennen. 129
Figure 4.4 Proteome-wide analysis of FIH target motif conservation.........ccccceeeciieeeicieecccciee e, 131
Figure 4.5 1D 'H and 2D NOESY NMR analysis of Tribolium castaneum HIF-o. CAD.. .........ccccoevuuncn. 135
Figure 4.6 Differential substrate specificity of human and Tribolium FIH.. ........cccccooeiiiiiiiiee e, 139
Figure 4.7 Effect of “Tribolium mimic” mutations on the substrate specificity of hFIH. .................... 142
Figure 4.8 Alignment of known and predicted HIF-o. CAD homologs.. .....cccccveeeeviieeieniiiee e, 146

viii


file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550624
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550625
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550626
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550627
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550628
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550629
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550630
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550631
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550632
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550633
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550634
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550635
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550636
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550637
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550638
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550639
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550639
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550640
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550641
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550642
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550643
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550644
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550645
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550646
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550647
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550648
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550649
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550650
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550651
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550652

Figure 4.9 Comparison of FIH motif prevelance vs absolute repeat number in species with and

WILNOUL FIH/CAD. ..ttt ettt ettt et et e e s be e s taesabeeabeeteesbeesseesabesasesnteesbeesseessaesssessteensaesanns 148
Figure 5.1 Structure and likely target asparagines of G9a and GLP..........ccccoecvveviiviienivnciee e 155
Figure 5.2 Analysis of G9a and GLP as FIH SUDStrates.......ccceeciiiiiniieii et 156
Figure 5.3 Characterisation of dox-inducible FIH MEF cell lines. ........cccccvuviieiiiiiiecciee e 160
Figure 5.4 Effect of FIH over-expression on G9a target SeNEes.. ....ccocveeeeciieeeeciieeecceee e e 164

Appendix 8.1 Hits from a Prosite scan of the UniProtKB database (limited to the Mus musculus

taxonomy) using the motif L-X(5)-[DE]-[IV]-N-[AV]. ..ec oottt e e e 189
Appendix 8.2 Predicted nucleotide sequences for novel FIH homologs. .......ccccceeciveeeiiiieeecciiee e, 201
Appendix 8.3 Alignment of known and predicted FIH homologs. .......ccccovveeeciiieiciiiee e 207


file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550653
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550653
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550654
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550655
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550656
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550657
file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550660

Tables quick reference

Table 1.1 List of MS-MS-verified ARD-containing substrates of FIH. ........cccccooveiiiiiiiiiiiiiicieee e 17
Table 3.1 In-frame cDNAs isolated from the Y2H SCreen. .......cooueeeieienieeiiiieiee et 71
Table 3.2 Hydroxylation efficiency of target sites within MS-verified FIH substrates.. ..........cccuue..... 106
Table 4.1 Analysis of FIH and control motif frequency in species subgroups. ........ccccceeeeecvereeicnnenenn. 133
Table 5.1 G9a target genes analysed for expression in dox-inducible FIH MEF cell lines.................... 165
Table 7.1 Large ARDs with multiple FIH target residues in the human proteome........cccccovvveecnnenn. 178


file:///C:/Rachel/PhD/Thesis/Final%20thesis/Introduction79%20plus%20figures%20and%20bib%20and%20TOC%20emf%20alignments.docx%23_Toc430550661

Abstract

The ability of cells to sense and respond to sub-optimal levels of oxygen is a key requirement for
organism survival. Many cellular and physiological signalling pathways have been identified as being
sensitive to oxygen levels, although remarkably, few of these pathways have been successfully linked
with a genuine “oxygen sensing” molecule. Discovery of the 2-oxoglutarate-dependent asparaginyl
hydroxylase, Factor Inhibiting HIF (FIH), as an oxygen sensitive regulator of the Hypoxia-inducible
Factor (HIF) transcription factors has therefore led to considerable interest in the enzyme as a
potential regulator of multiple oxygen-regulated processes. In this work, the known substrate
repertoire of FIH was expanded using both yeast 2-hybrid (Y2H) and bioinformatics-based
approaches. Potential positives identified in the Y2H screen included a number of proteins which
contain an ankyrin repeat structural domain (ARD), and subsequent characterisation of these
proteins by in vitro hydroxylation assay suggest that both Fetal Globin Inducing Factor (FGIF) and
Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit B (PP6-ARS-B) are both
novel substrates of FIH. Concomitant with this discovery, a number of other ARD-containing proteins
have been reported as substrates of FIH in the literature, thus suggesting that hydroxylation of ARDs
by FIH is common. Comparison of the target sites in these substrates reveals an “FIH preferred
sequence” of LXXXXX[-]oN, however, it was discovered that FIH can also bind an ARD constrained in
its folded state, suggesting that the tertiary fold of ankyrins may also participate in enzyme
recruitment. Thus far, hydroxylation of ARDs reported in the literature has not been found to have a
significant functional effect on ARD biology. Largely consistent with this, an assessment of the
influence of FIH-mediated hydroxylation on IkBa stability and interaction with NFkB in this work
suggested that the modification has only subtle effects. Furthermore, FIH was found to have no clear
effect on the methyltransferase activity of the novel ARD-containing substrate, G9a. In addition to
ARD-containing proteins, the Y2H also identified a number of non-ARD-containing proteins which
displayed weak interactions with FIH that were inducible by the FIH inhibitor, DMOG. In vitro
hydroxylation assays suggest that these proteins are not FIH substrates, and further study will be
required to establish the biological significance of these interactions. Overall, this work suggests that
FIH interfaces with many partners, and it remains to be determined how these interactions influence

the function of FIH, as well as that of its substrates and binding proteins.
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