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Abstract

The contact activation system or CAS, is an important process that contributes in immunity,
inflammation and thrombosis. Contact activation is triggered when coagulation FXII (FXII) and
High molecular weight kininogen (HK) bound to Prekallikrein (PK) dock on the surface of
complement receptor gC1g-R. Binding of FXII and HK to gC1g-R is mediated by Zn?* ions, and
can trigger contact activation which ultimately leads to inflammation and plasma coagulation.
The aim of this PhD project is to mainly elucidate the binding of full-length FXIlI and
Fibronectine type Il (Fnll) domain binding to gC1g-R and structure determination of FXII Fnll
binding to Zn?* ions and also structure of FXII Fnll bound to gC1g-R. Several FXIl and gC1g-R
constructs have been successfully subcloned into plasmid vectors for bacterial and insect (S2)
cell expression. Expression and purification of FXIl and gC1g-R constructs were successfully
achieved.

Solution studies (size exclusion chromatography or gel filtration), Surface Plasmon Resonance
(SPR) and X-ray crystallography successfully characterise FXIlI Fnll interaction with gClg-R.
Furthermore, interaction of FXIl and HK to gClg-R in the presence of Zn%* ions was
investigated using gel filtration. The structural data reveals interesting molecular insight into
how Zn?* ions play a role in 3D structures of FXII Fnll in isolation and FXII Fnll bound to gC1g-
R. The FXII Fnll bound gC1g-R structure reports novel binding sites, in which FXII Fnll bridges
two gC1qg-R trimers using Arg36 and Arg65 of FXII Fnll to interact with G1 and G2 pockets of
gC1g-R, respectively. Finally, recombinant gClg-R was shown to shorten clotting time in
plasma in a dose-dependent fashion. In summary, our structural, binding and functional assay
are the first reported data shedding light into how Zn?* induced conformational changes in
FXII Fnll and broadens our understanding of how contact factors (FXIl and HK bound PK)

assemble on gC1qg-R to trigger contact activation.



Acknowledgments
| would like to thank my supervisors Prof Jonas Emsley and Dr Ingrid Dreveny at the University
of Nottingham, for their guidance and support.
Prof Emsley, whom | have worked under as both a research assistant and a PhD student has
been instrumental as both a colleague and supervisor. Prof Emsley’s has been instrumental
throughout my PhD project and | am therefore extremely appreciative of Prof Emsley.
| would like to say a big thank you to all my laboratory colleagues; Dr Monika Pathak, Dr Chan
Li, Dr Alexander Slater and everybody in Crystallography group.
| would like to thank Dr Nicola Mutch and Sumya Ummay, at the University of Abeerdeen, for
their collaboration and contributions made on the clotting assays.
| would like to thanks the University of Nottingham for awarding me a 50% discount on my
tuition fee.
A warm and heartfelt thanks to my parents, Pa Gibou Kaira and Mam-marie Jeng for their
support and understanding throughout my existence — prior and post PhD studies.
Most sincere thank you with love must go to my special wife, Mariam Njie and my inquisitive
and adorable son, Gibril Bubacarr Kaira, for their endless love, understanding and support

throughout my PhD journey.



Table of contents

Abstract ii
Acknowlegments iii
Table of contents iv
List of Figures ix
Abbreviations Xiv
L0 5 7. N g 0 2 T 0 1
INTRODUCGTION .. .ottt ittt s st e s s e s s e e s s s e s s e et s s s s s e st e s e s sasessanessans 1
L0 INTPOAUCHON. ....civi i 2
1.1.0 TRe VaSCUIAPr SYSTCML.........ccoiiriiiei ittt ae et e e e raresare e raneaaneaaneans 2
1.1.1 Haemostasis and TRTPOMDOSTS ..............ccocoiiiiiiiiiiiiiiii e 2
1.1.2 Blood Coa@UIQEION ............ccoiiiiii i a e e et a e e aaneaareanneans 3
1.1.2.1 Tissue Factor (EXtrinsic) PATAWAY . ... uuvuesiesisssssassssessse e snesnessssnnsansansnnsnnsnnsnnes 4
1.1.2.2 Contact Factor (INtrinsic) PAtRWAY ... ..vuuuieiiiieiii i snesaesaesassnnsnssnnsnnenns 4
1.1.3 The fibrinolytic system (clot lysis) .............ccooeiiiiiiiiiiiiiiaa e 8
1.4 Coagulation Factor Domain Structure - COmMpPAriSON .................coceveiiieiaininannns 9
1.4.1 Prekallikrein (PK) and Factor XI (FXI) .....uuuieuiii it iiiie it satessasessassssanneess 10
1.4.2 High Molecular Weight Kininogen (HK) .........uieiiiesieiiiiie i saesaesaesanesanesaneans 10
1.4.3 Factor XIT (FXII) — RISTOTY «.vvuureiasesasesasesasesasesasesasesanesanesasesanesanesanesanessnesnnenns 11
_Toc155882811.5 Interactions between contact factors and pathogens............... 20
1.6 Cell interactions with cONtACt fACOTS..............cc.cciiiiiiiiiiiiiiiiiiiaaaeaean 21
1.7 Human gCiq-R: the major endothelial cell receptor for FXII.....................c...... 24
1.7.1 Human gC1q-R protein subunit and SIFUCIUTE.......uvueisereiieiieiiessessssansnnsnnsansansanens 25
1.8 gC1q-R protein interaction with igands.....................cccoiiiiiii it 30
1.8.1 Interactions between rubella virus capsid protein and gC1q-R ..........covevieiiiiiiiininnnns 30
1.8.2 Interactions between Histone 4 and gCI1G-R........ccociiiiiiiiiiiiiiiiiiiieieneaeaeans 31
1.8.3 Interactions between lamin B receptor and gC1q-R.........c.coviiiiiiiiiiiiiiiiiiiieaanns 31
1.8.4 Interactions between LYyP-1 and gCIG-R .....cuvuriiriieiieiie it iiesaesansansansansaneaeanens 32
1.8.5 Interactions between FXII and gCIQ-R .......uuuuiiriiiieiie i iieiaesassassasssnsansansansanens 32
1.9 Complement system, coagulation and inflammation ...........................c.c.oo..... 34
1.9.1 Proteins containing SRCR and LDL-R doOmains..................cccceuiiiiinniinnninnnnn. 35
1.10 Aims and Objectives of this PRD tResSiS ..............ccouiiiiiiiiiiiiiiii i i eiaeaans 36
CHAPTER 2.0 ..ttt s s s s e s et s e s e s s s e e s s e s s e e sanee s 38
MATERTALS AND METHODS ...oiiiiiiiiiiittttttttttttttteesssesssnsssssnssssssmmssssnnnns 38
2.1.0 Matarials and Methods ............cociiiiiiii 39
2.1.1 Preparation of FXII and gC1q-R cDNA for expreSSion ..............c.c.ccuvieiennennnn. 39
2.1.2 Amplification of DNA fragments using Polymerase Chain Reaction (PCR) ..... 39
2.1.3 Restriction double digest, Plasmid vector dephosphorylation, ligation and gel
CleCTIrOPROTESIS . ... e 40
2.1.4 Site directed mutagenesis (SDM) of recombinant FXII and gC1q-R................. 41
2.1.5 Bacterial transformation .................ccooiiiiiiiiiii i 42



2.1.6 DNA quantification at wavelength 260 M ...................c.ccoiiviiiiiiiiiiiiinenss 42

2.2.0 Protein @XPreSSIOn .. ....ciiiiiiriiiiii i 43
2.2.1 ESCRerichia COli (E. COID) ........ouiiiiii ittt iitee st esaisaeeesssannsseeessrnnnns 43
2.2.2 Drosophila Schneider 2 (S2) cells ............c.coiiiiiiiiiiiiii i i 43

2.3.0 Protein Purification ...........oooiiiiiiiiiiii i i i e e e 44
2.3.1 Purification of FXII by Ion exchange chromatography ................................ 44
2.3.2 Purification of FXII by Niz+ affinity chromatography ......................ccccovvvnne. 46
2.3.3 Purification of HisTrx-FXII FnlII by affinity (Niz+ and Zn2+) chromatography. 46
2.3.4 Purification by size exclusion chromatography (gel filtration)..................... 47

2.4 Sodium Dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) to

CoONfirn overexpresSed Protein ............c.uiuiiiiiii i aeanes 48

2.5 Western blot to detect mouse FXIT and human FXITFnII ..............cccccceevviinnnnnnns 49

2.6 Protein quantification at a wavelength of 280 nm ..................cccoiiiiiiiiiiiinennnnn. 50

2.7.0 Analytical gel filtration for isolating FXII bound gC1q-R ............cociiiiiiiiininnnns 51
2.7.1 Mouse FXII (mFXII) bound gCi1q-R in the presence of Zn2+.................cccovvenne. 51
2.7.2 FXII FnII-EGF1 bound gC1q-R in the presence of Zn2+..............c.cccoeviiiiiinnnnnns 51
2.7.3 FXII FnII bound gC1q-R in the presence of low and high Znz+ concentrations . 52

2.8.0 Surface Plasmon Resonance (SPR) ......iiiiiiiiiiiiiiiieriirerrissrrinssrrnnssrrnnnsrannernns 53
2.8.1 Immobilsation of ligands on the sensor chip surface........................ccceevinunnn. 53
2.8.2 Measuring the gC1q-R interaction With FXII .................ccccciiviiiiiinninsnnennennns 54

2.9.0 Crystallisation of FXII, FXII FnlI and bound FXII FnII-EGF1 in the presence of

<0 L0 2 55
2.9.1 Crystallisation of full length mouse FXII ................c.cciiiiiiiiieiiniinennennennenns 55
2.9.2 Crystallisation of untagged and tagged human FXII FnII-EGFi1.................... 56
2.9.3 Crystallisation of untagged human FXITFnlI ................c.cccciiviiiiiiieiineninnnn. 57
2.9.4 Crystallisation of FXII FnlI or FXII FnII-EGF1 in complex with gC1q-R ......... 58
2.9.5 Crystallisation of gCiq-R and peptides................cc.ccouiiiiiiiiiiiiiiiiiiieninennn 58

2.10. Structure determination, refinement and validation of untagged human FXII

FIT in the PreSencCe Of ZN2* ........cuuiie it it e a et at e e at e et e s aaneaaneaaneans 59

2.11 Structure determination, refinement and validation of gC1q-R-FXII FnII-EGF1

(0] 777 3 ] L= P 60

2.12 Contact activation assay using chromogenic substrates ......................c..cc.euenns 61

L0 5 7 N gl D 25 T 0 2 62

TECHNIQUES ..o i s s s s e st s s a e s s s s s s n e s st s aannnnnesssaannnnnns 62

3.0 TECHNIQUES ....ciiii e 63
3.1.0 Chromatographic teCANIQUES .................ccooiiiiiiiiiii e 63
3.1.1 Ion Exchange Chromatography (IEX) ...........ccououiiiiiieiiieiieiaeianeianesaneennennes 64
3.1.2 Affinity chromatograpRy ..............ccooiiiiiiiii e 65
3.1.3 Size exclusion chromatography (SEC) ..........ccoieiiiiiiiiii i i 66

3.2.0 Backgroung on Surface Plasmon Resonance (SPR) ............c.cocciiiiiiiiiiiiieninnnns 69
3.2.1 SPR Instrument and Sensor CRIP...............coiiiiiiiiiii i 71
3.2.2 Immobilisation of proteins on the sensor chip surface ................................. 74

\Y



2.3 Pre-COMCEMITATION ... .....c.uuiii ittt ittt it at ettt etante s e et e s aanteeraneeranneeennnees 74

3.2.4 Ligand tmmobiliSATION .................ccooiiiiiiiiii i s eane e anees 75
3.2.5 Studying biomolecular iNEeractionsS.............c..oouiiieiiieiiii e aeae e 77
3.2.6 MUultiple DINAiING STEES............ceiieiiie i i e e e ate e eare e raneraneaaneanes 81
3.3.0 Introduction to protein X-ray crystallography .......................cccoiiiiiiiiiiinnnn. 83
3.3.1 Protein Crystallogenesis .............c.oiuiiiiii i i i e s i sate s saneraneenneanes 84
3.3.2 Harvesting and Cryocooling of crystals for X-ray diffraction experiment ..... 87
3.3.3 Protein crystal and SYmumetsry ...............c.ouoiiiiiiiiiiaaaasasaeaaeaneanees 88
3.3 4 XTAY GONETALION ...ttt rae e e e e saraaneaneanees 90
3.3.5 X-ray diffraction beginning with ‘Ristory’...............ccciiiiiiiiiiiiiii i 91
.36 X-TAY ACLECTOTS ... ettt it ittt it ae st e tase e raretateraretaneaaneaaneraneaaneenes 95
3.4.0 Processing X-ray diffraction data................cooiiiiiiiiiiiiii 96
3.4.1 Indexing, Integration and Scaling of datd......................c.ccciiiiiiiiiieiieiinnnn. 96
3.4.2 Structure factors and the phase problem.......................cccoiiiiiiiiiiiiie, 97
3.4.3 Structure refinement and model building......................cccoiiiiiiiiiiiiiinnnes 99
L0 5 72 N g 0 TR o 2 102
STRUCTURAL STUDIES OF THE FXII FnII DOMAIN .....covttiiiiiiiiiininnnnnnrnnnnsnsnnnnnnnes 102
4.1 Structural determination of human FXITFnlIl.................cccoviiiiiiieiiieiineinnennns 103
4.1.1 Preparation of FXII constructs for expression in bacteria and insect cells ..... 103
4.1.2 Expression and purification of untagged human FXII FnII-EGF1 and FXII FnIl
in drosophila S2 cells (INSeCt CellS) .............cocouiiiiiiiiii i i i i i 106
4.1.3 Expression and purification of WT HisTrx-FXII FnII in Rosetta-gamiz......... 110
4.1.4 Expression and purification of HisTrx-FXII Fnll mutants ........................... 114
4.2.0 Crystallisation of human FXII FnlI in the presence of Zn2+* ....................c.ceeee. 116
4.2.1 Crystallisation of human FXITFnII ..............ccccoiiiiiiiiiiiiiasnssnnsasnenneanees 116
4.2.2 Crystal structure of FXII FnIl bound to0 Zn2+ ..............c.coviviiiiniiininennennennenns 120
4.2.3 Crystallisation of human FXII FnllI in the presence of Dextran sulfate ......... 125
4.2.4 Crystal structure of FXII Fnll bound to 1 Zn2* (form 3) .............cccceevivvvinnnnn. 128
4.3.0 Structural comparison of the FXII FnIl and FnIl homologues........................ 131
440 DESCUSSION ..ottt i i i e e ettt et et e e e e 140
4.4.1 Expression and purification of FXITFnlII ................cccciiiiiiiiiininennennennennenns 140
4.4.2 Structural effect of Zn2+* on FXITFNII .............c.ccocoiiiiiiiiiiiiiieieneaeanennenns 140
4.4.3 Structural similarities and differences in FXII FnII and FnII homologues ....141
4.4.4 FXII FnlI Cysteine 34 (Cys34) and Tenri deficiency .................ccccuvvinvinnnnenn. 143
03 5 7. N g N DN 23X o TP 145
STRUCTURAL STUDIES OF THE FXII FnIl IN COMPLEX WITH gC1q-R .................. 145
5.1.0 Structural determination of human FXII FnII in complex with complement
1eCePLOT GUIQ-R ... i e 146
5.1.1 Interaction between gC1q-Rand FXITFRUI ...............c.ccoiiiiiiiiiiiiiiiiinennennns 146
5.1.2 Implications of gCiq-R bound to FXITFnlII .................c.cociiiiiiiiiiiiiinnanens 146

Vi



5.2.0 Crystallisation of gC1q-R with FXIT FnIl domain............c.ccoovieiiiiiiiinnnnnnnnnnnns. 152
5.2.1 Crystallisation of gel filtrated gC1q-R-FXII FnII-EGF1 or gCi1q-R-FXII FnII ... 152

5.3.0 Crystal structure of gC1q-R bound to FXII FRII-EGF1 ................cccccoviiiiinnnnnnn 154
5.4.0 Bridging of FXII FiulI to twwo gC1q-R triMMersS...........c..ccvuieiiiiiiiiiinnineninennnennens 161
5.5.0 Expression and purification of gC1q-R mutants ...................cceviuiiiiiiinnnnnnns 162
5.5.0 Binding studies of FXIT and gC1q-R ..o 163
5.5.1 Binding kinetics between FXII FnlIlI (or FXII FnII-EGF1) and gCi1q-R............. 164
5.5.2 Binding kinetics between HisTrx-FXII FnIl and gC1q-R ................ccccevinvinnns 168
5.5.3 Binding kinetics between full-length FXII and gC1q-R ..................cccvviniinnns 170
5.6.0 Binding kinetics between FXII and other substrates (PK and FXI).................. 172
[P0 0 30 0 T 3 1) o) Y 175
5.7.1 FXII binding to gCi1q-R in the presence of Znz+ using gel filtration................. 175
5.7.2 Crystal structure of FXII Fnll bound to gC1q-R .................cocoiiiiiiiiiiiinnnnnnns 176
5.7.3 Binding studies of FXII FrdI and gC1q-R................c.ccoiiiiiiiiiiiiiiiiaennennens 179
5.7.4 Binding studies of FXII to WT gC1q-R and gCi1q-R mutants.......................... 180
5.7.5 FXII and substrates Prekallikrein (PK) and Factor XI (FXI) .............ccccvviueen. 181
L0 5 17 N g D TR 0 183
BINDING AND FUNCTIONAL STUDIES OF FXII, HK AND gC1q-R IN THE PRESENCE
L0 0 T/ 4 Gl (10 3 2 183
6.1.0 Interaction of FXII (or FXIT and HK) to gC1q-R ...............ccccoiviiiiiiiiiniennnn. 184
6.1.1 Interaction between gCi1q-R and mFXII in solution .....................cccccevvennnnn. 184
6.1.2 Interaction of human FXIT and human HKto gCi1q-R...................ccccvivinnnn. 186
6.1.3 Interaction of mFXII and human HKto gCi1q-R ..................c.coocoiiiiiiiinnnnnsn 187
6.2.0 Contact activation assay for FXII and HKbound PK ....................coiviiennn.. 191
6.3.0 Competition of FXII with FXII FnlI in a contact activation assay ................... 192
6.4.0 Contact activation assay using low and high molecular weight gC1q-R .......... 192
6.5.0 Contact activation assay in plasma with WT gC1q-R...............c.ccccovvieiiiennn.. 195
0 B D TT o E T T ] PP 197
6.6.1 Molecular assembly of the contact factors on gC1q-R..................ccocvininninnn. 197
6.7.0 COMCIUSTON ...ttt i i et r e et ettt ettt s ettt s s st e e eaae e raaaeeaaaaeeanns 197
6.8.0 FULUT@ PTOSPECLES ...t st e et e st e s e s e sn e sn e nnesnnesnnernneenes 198
(835 1.N 2 b 00 . 0 YOUPP TP 199
STUDIES OF FXII FnlIl DIMERISATION IN THE PRESENCE OF Zn2* IONS............ 199
7.1.0 Zn2* mediated FXII FnlI packing in the crystal lattice................................. 200
7.2.0 Dimerisation of FXII using Gel filtration.......................ccccoiiiiiiiiiiiinnnnnnnss 201
7.3.0 Binding analysis of FXII self-interaction in the presence of Znz+.................. 203
7.4.0 SPR analysis of FXII FnlII interaction with full length FXII ......................... 204
7.5:0 DIUSCUSSTON ...ttt ittt ittt ettt e ettt et e e taat et eantereaneereaneeraaneeranneess 209
7 0 T 0 1 X £ 23 1o 210
7.7.0 FUTUT@ PIrOSPECES .. ... e s e s s e s saae s aaneeanns 211
L0 172N o B D o N 212



CRYSTALLISATION OF MOUSE FXIT (INFXII) ...oiiviiiiiiiiiiiiiiisnsnensnasnaenaea 212

8.1.0 Cloning of FXII for expression and purification ....................c..ccuevieiinnnnnnnsn 213
8.2.0 Expression and purification of mFXII in drosophila Sz cells ....................... 213
8.3.0 Mouse FXII S526A in the presence of Corn trypsin inhibitor (CTI) ............... 215
8.4.0 Crystallisation of WT mFXII in the presence of Dextran sulfate................... 218
8.5.0 Crystallisation of gC1q-R in the presence of WIT'mFXII ...................ccvevvnnen. 221
8.6.0 Crystallisation of HK domain 5 (HKDj35) in the presence of gCiq-R............... 223
8.7.0 Crystallisation of gC1q-R in the presence of peptides .....................ccevvinennn. 224
8.8.0 DUSCUSSTOM ... v vttt ittt sttt sttt s s st e et e st e e ae s e e e e san s e s s eanennenneanenes 226
8.9.0 CONCIUSTON . ...ttt e e at e et et e et e et e tae e tan e rat e n e sanesaneraneranesnneenes 226
L O 172 N o B D T o 2N 228
Co-purification of MFXIT and Graalgeg-1150 «««««coeerueerrernnernnernnernnermnernnermermermermemes 228
9.1.0 Mouse FXII co-purification With Graalgeg-1150 -« - vovverieiiiiiiiiiiiiiiiiiineens 229
9.2.0 Preparation and expression of Graalges-1150in S2 insect cells........................ 233
9.3.0 Binding analysis of Graalsges-1i50and mFXITusing SPR...................c.cccveneen. 237
9.3.1 Binding kinetics of Graalges-1i50 to Tmmobilised FXIT ..........c.covieiieriessnninssnsnnssnennenns 239
9.4.0 Binding kinetics of CFI to immobilised FXII ..................cccccoviiiiiieiineninnnnnns 241
9.5.0 Plasma FXII activation in the presence Of CFI ....................cccoviiiiiiiinnnnnnnss 242
9.6.0 Graali homologues and Molecular docking .......................c.ccooiiiiiiiiiiinnnnnns 244
9.7.0 Molecular docking of SRCR and FXITFnII ..............c.c.ccocieiiiiiiiiiiinenineninannnns 244

Lo T8 0 00 3 T 11 1T 10 ) o 248
9.10.1 Graalt and CFIbinding to FXII ...............cccoiuiiiiiiiiiiii i eee 248
9.10.2 FXII activity assay in the presence Of CFI ...............c.ccccoiiiiiiiiiiiinninnnnnennns 249
9.10.3 Binding of FXII FRII to SRCR dOMAINS ............ccooviiiiiiiiiiiniinsininnsnnennennenns 249
Q11,0 CONMCIUSTONL. .....c.eii ittt et a e et e e et e e e e e e e e e e eneeanneanes 250
0.12.0 FULUPE PTOSPECCES ...ttt ittt e et e e et e et ee e e e aaneaaneanne s 250
10.0 APPEIAICES ...uviiiiiiiitiii ittt e 252
B O 0 2 55 3 4 PP 259

viii



List of figures

Figure 1.1: Schematic representation showing the contact Factor and tissue factor pathways.
Figure 1.2: Diagrammatic representation showing the enzymatic degradation of the fibrin mesh.
Figure 1.3: Diagram showing domain organisation and different forms of human FXII.

Figure 1.4: Crystal structures of B-Factor Xll and B-Factor Xlla.

Figure 1.5: Structure of FXII Fnl-EGF2-like tandem domain.

Figure 1.6: Multiple sequence alignment of Fnll domains from various proteins including FXII

Fnll.
Figure 1.7: Schematic overview showing receptor and contact factor mediated interactions.

Figure 1.8: Phylogram showing evolutionary relatedness of gClg-R sequences in different
species.

Figure 1.9: Cartoon diagram of the crystal structure of gC1g-R.

Figure 1.10: Electrostatic surface charge representation of gC1g-R.

Figure 1.11: HK bound PK and FXIl assembly on gC1g-R surface with Zn?* on the endothelial cell
membrane.

Figure 3.1: AKTA pure instrument showing attacted size exclausion column to the AKTA
instrument.

Figure 3.2. Diagram showing a typical chromatogram from beginning (left) to end (right).

Figure 3.3: Excitation of surface plasmons and reflection from incidence beam.

Figure 3.4. Sensor CM5 chip showing the dust jacket sheath (outer part) and the gold surface
sitting on a white plastic.

Figure 3.5: Amine coupling of ligand using EDC/NHS.

Figure 3.6: Analyte binding to immobilised ligand on the sensor surface (Gold surface).

Figure 3.7: Heterogenous ligand model.

Figure 3.8: Phase diagram and vapour diffusion method.

Figure 3.9: Crystal lattice made up of unit cells.

Figure 3.10: Radiation spectrum from a copper (Cu) source.

Figure 3.11: Description of Bragg’s law in real space.

Figure 3.12: Ewalds sphere construction describing Brag’s law in reciprocal space.

Figure 4.1: Agarose gel electrophoresis of FXII constructs after PCR amplification.



Figure 4.2:

Agarose gel electrophoresis of restriction double digest of expression plasmid

vectors containing FXII Fnll and FXII Fnll-EGF1.

Figure 4.3: Affinity (Ni%*) chromatography and SDS-PAGE gel analysis of FXII Fnll-EGF1.

Figure 4.4: Size exclusion chromatographic and SDS-PAGE gel analysis of FXII Fnll-EGF1.

Figure 4.5: Chromatographic and SDS-PAGE gel analysis of FXII Fnll.

Figure 4.6: SDS-PAGE gel analysis of WT HisTrx-FXII Fnll cleavage assay using HRV 3C enzyme.

Figure 4.7: SDS-PAGE gel (20 %) analysis of WT HisTrx-FXII Fnil.

Figure 4.8: WT HisTrx-FXII Fnll purification following HRV 3C cleavage.

Figure 4.9: HisTrx-FXII Fnll mutant purification following HRV 3C cleavage.

Figure 4.10:
Figure 4.11:

FXII Fnll crystals and diffraction pattern.

FXII Fnll bound Zn?* crystal structure.

Figure 4.12 Zn?* sites on FXII Fnll.

Figure 4.13:

Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:
Figure 4.19:
Figure 4.20:
Figure 4.21:

Figure 4.22

Figure 4.23:
Figure 4.24:

Figure 4.25

Figure 4.26:
Figure 4.27:
Figure 4.28:

Figure 4.29

Figure 4.24:

Electrostatic surface potential of FXII Fnlil.

Electrostatic Isocontour of FXII Fnll.

Overlay of the tryptophan pocket (Trp-Trp) in FXII Fnll form 1 and form 2.
Crystals of FXII Fnll (form 3) in the presence of dextran sulfate 5 crystals.
FXII Fnll structure (form 3).

FXII Fnll form 3 and form 1.

Trp-Trp pocket of FXII Fnll (form 3).

Overlay of Trp53-Trp66 pocket of FXII Fnll form 1 and form 3.

Amino acid sequence alignment of FXII Fnll and Fnll homologues.

: Structural overlay of Fnll in FXIl and Fnll homologues

Disulfide bonds in FXII Fnll form 1 with loop 2 and Trp53-Trp66.

Structural overlay of FXII Fnll structures (form 1 and form 3).

: Conformational changes in loop 2 of FXII Fnll form 1 and form 3.

Structural overlay of Fnll in FXIl and Fnll in Pro-MMP2 (plus Prodomain).
Structural overlay of Fnll in FXIl and Fnll in Fibronectin.

Loop 2 in PDC109 and FXII Fnll (form 1).

: Stick representation of Trp-Trp pocket in PDC109 and FXII Fnll (form 1).

FXII Tenri deficiency as a result of amino acid mutation in Tyr34 to Cys34.

Figure 5.1: Interaction between gC1g-R and FXII Fnll in 10 uM and 50 uM Zn?*,



Figure 5.2: Interaction between gC1g-R and FXII Fnil.

Figure 5.3: Interaction between gC1g-R and FXII FnllI-EGF1 in the presence of 50 uM Zn?*.
Figure 5.4: Interaction between gC1g-R and WT HisTrx-FXII Fnll in the presence of 50 uM Zn?*.
Figure 5.5. Oligomerisation of gC1g-R and FXII Fnll.

Figure 5.6: Crystals of gC1g-R bound FXII protein domains in the presence of Zn?*.

Figure 5.7: Crystal structure of gC1g-R bound to FXII Fnll.

Figure 5.8: gC1g-R chain C showing 190-loop and Zn?*site.

Figure 5.9: Crystal structure of bound and unbound FXIl Fnll to gC1g-R.

Figure 5.10: FXII Fnll bound to gC1g-R (form 4) showing anionic 190-loop and G1 pocket.
Figure 5.11: FXII Fnll bridging two gC1g-R trimers.

Figure 5.12: Expression of human WT-gC1qg-R and gC1g-R mutants.

Figure 5.13: Sensogram of FXII Fnll binding to immobilised gC1g-R.

Figure 5.14: Sensogram of OneStep injection of FXII (Fnll or Fnll-EGF1) on immobilised gC1g-R.
Figure 5.15: Sensogram of OneStep of FXII Fnll.

Figure 5.16: Sensogram of OneStep of HisTrx-FXII Fnll and HisTrx (Control).

Figure 5.17: The effect of HisTrx-FXII Fnll (AspesAla-GlnssAla-ArgessAla) mutant in binding to G2
pocket of gc1g-R.

Figure 5.18: Binding of gC1g-R and immobilised FXII.

Figure 5.19: FXII binding to PK.

Figure 5.20: FXII binding to PK.

Figure 6.1: Complex formation of mFXII-gC1g-R in the presence of Zn?*.

Figure 6.2: gC1g-R interaction with mFXIl/mFXlla mixture.

Figure 6.3: FXII-HK-gC1g-R complex formation in solution with Zn?* added.

Figure 6.4: Complex formation of mFXII-HK-gC1g-R in solution in the presence Zn?*.
Figure 6.5: HK-gC1g-R complex formation in solution with Zn?* added.

Figure 6.6: Contact activation assay.

Figure 6.7: Displacement of FXII or HK binding to gC1g-R by FXII Fnll or HKD5.

Figure 6.8: Forms of WT gC1g-R (oligomer and trimer).

Figure 6.9: Contact activation assay for WT gC1g-R oligomer and gC1g-R trimer.

Figure 6.10: Plasma-based contact activation using WT gC1g-R as an activator.

Figure 6.11: Clot formation using gC1g-R as an activator.

Figure 7.1: FXII Fnll crystal packing with Zn?* 1 and 2 in the interface.

Xi



Figure 7.2: Zn**-induced FXII Fnll dimer formation in solution.

Figure 7.3: FXIl and FXII Fnll binding to immobilised FXIl on CM5 chip.

Figure 7.4: Binding studies showing FXII interacting to itself.

Figure 7.5: Fitting of FXII Fnll (with or without Zn?*) binding models.

Figure 8.1: Agarose gel analysis of mFXIIl. A

Figure 8.2: SDS-PAGE gel analysis of mFXII purification.

Figure 8.3: mFXIl S526A in the presence of CTI.

Figure 8.5: 15 % reducing SDS-PAGE gel showing mFXIlI S526A deglycosylation.

Figure 8.6: Crystals of WT mFXIl in the presence of dextran sulfate 5 with and without Zn?*.
Figure 8.7: Diffraction of WT mFXIl crystals.

Figure 8.8: Crystals of mFXIl in the presence of gC1g-R.

Figure 8.9: Crystals of gel filtrated gC1g-R in the presence of HK domain 5.

Figure 8.10: Crystals of gC1g-R in the presence of peptides (RCP, H4 or LBP).

Figure 9.1: SDS-PAGE gel of mFXIl expressed in S2 cells.

Figure 9.2: Analytical size exclusion chromatography and SDS-PAGE gel of mFXIl expressed in S2
cells.

Figure 9.3: lon-exchange chromatography and SDS-PAGE gel of mFXIl expressed in S2 cells.
Figure 9.4: Amino acid sequence and domain organisation of Graall.

Figure 9.5: 1 % agarose gel analysis of double digested pMT-PURO- Graalses-1150 gene.
Figure 9.6: Graalsss-1150 protein identification via western blot from insect media.

Figure 9.10: Size exclusion chromatography and SDS-PAGE gel analysis of Graalsss-11s0.
Figure 9.11: Binding analysis of immobilised mFXIlI S526A to Graalsss-1150 and CFI.

Figure 9.12: FXII binding to immobilised Graalsss-1150 on CM5 sensor chip surface.

Figure 9.13: SPR binding analysis of CFlI to immobilised human FXlla in the presence and
absence of Ca?*.

Figure 9.14: Binding curves of Graalgsz-1150 to immobilised mFXIl S526A.

Figure 9.15: Binding curves of Graalses-1150 to immobilised human FXlla.

Figure 9.16: Binding curves of CFl to immobilised human FXlla.

Figure 9.17: FXII cleavage of chromogenic substrate S-2302.

Figure 9.18: Prediction of Graall SRCR domain homologues using Phyre2.

Figure 9.19: Molecular docking of FXII Fnll to SRCR domain in CFl, mMARCO and Hepsin.

Xii



Abbreviation
aa- Amino acid
Abs- absorbance
CAS- contact activation system
CCD- Charged Coupled Device
CuSOas- copper sulfate
dNTP- Deoxyribonuclotide triphosphate
E. coli- Escherichia coli
g- gram
GP1b- Glycoprotein1b
EDTA- Ethylenediaminetetraacetic acid
HEPES- 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IPTG- Isopropyl B-D-1-thiogalactopyranoside
kDa- Kilo Dalton
L.B- Luria Broth
L- Litre
mAU- milli absorbance unit
MES- d 2-(N-morpholino)ethanesulfonic acid
nm-nanometer
PVDEF- Polyvinylidene difluoride
rpm- revolution per minutes
RMSD- Squared Root of Mean Deviation
RT- room temperature

SDS-PAGE- Sodium Dodecyl sulfate - Polyacrylamide gel electrophoresis (SDS-PAGE)

xiii



TEMED- Tetramethylethylenediamine
Tris- Tris(hydroxymethyl)aminomethane
UV- ultraviolet

2D SDS-PAGE- 2 dimensional Sodium Dodecyl sulfate - Polyacrylamide gel electrophoresis

(SDS-PAGE)

Xiv



CHAPTER 1.0

INTRODUCTION



1.0 Introduction

1.1.0 The Vascular system

The vascular system, also called the circulatory system (or cardiovascular system) is made up
of extensive networks of arteries, capillaries, veins or vessels that carry blood and lymph
through the body. The vascular system delivers oxygen and nutrients to tissues, removes
cellular and metabolic waste products, fights infections, temperature and pH control and
maintains vessel integrity upon blood vessel injury. This therefore contributes significantly in
maintaining homeostasis (). Haemostasis plays an integral part in maintaining the integrity of

the vascular system ).

1.1.1 Haemostasis and Thrombosis

Haemostasis is an important physiological process that aims to maintain normal blood fluidity
and integrity within the vascular system ©) upon injury to prevent excessive blood loss by
forming a blood clot. Thrombosis, on the other hand, is the pathogenesis of clot formation as
a result of unregulated haemostasis without injury or damage to the blood vessel and can also
cause numerous thrombosis-associated diseases “ °. To avoid excessive bleeding
(haemorrhaging) and tissue infection ® from sites of blood vessel injury, the primary
mechanism of the haemostasic response involves recruiting platelets to the site of injury to
adhere to components of the subendothelium within the vasculature. Platelets utilise
receptors including glycoprotein Ib alpha (GPlba) to interact with the A1 domain of Von
Willebrand factor (VWF) expressed by endothelial cells ). Also, sub-endothelial matrix
proteins including fibrinogen, VWF, collagen, fibronectin and vitronectin promote platelet
adhesion and aggregation by interacting with platelet integrins such as allbB3 to form a

provisional haemostatic plug (clot) 1% ) The secondary mechanism of haemostasis through



insoluble fibrin (via blood coagulation) reinforces the primary haemostasis (plug formation)
primarily formed by platelets 12 13 and cells including leukocytes % with trapped
erythrocytes as platelet aggregates and insoluble fibrin together contribute in forming a
stable haemostatic plug. Tight regulation of haemostasis is paramount to avoid states of
hypocoagulability or hypercoagulability. Deficiency in or imbalance between procoagulation
and anticoagulation can lead to states of hypocoagulability or hypercoagulability (*> o),
Thrombosis can arise from the imbalance between procoagulation and anticoagulation, by
which arteries or veins are occluded by a pathological thrombi (clot), in the heart or brain,
causing arterial thrombosis that can lead to cardiovascular diseases (i.e. heart attack) or
stroke, (17) respectively. In the veins, venous thrombosis leads to venous thromboembolism
such as deep vein thrombosis in the legs and pulmonary embolism in the lungs (18),

Research interest is increasing in the field of thrombosis as death from thrombosis and/or
thrombosis related diseases each year is on the rise 1> 29, The need to diagnose, treat and
prevent thrombosis through a multidisciplinary approach 2% has proven invaluable, although
a lot more needs to be done to tackle thrombosis. Understanding the fundamental molecular
mechanisms involved in blood coagulation, inflammation, atherogenesis and their regulation
is of huge importance in the design and development of biomarkers (222% and medicines to

treat and manage thrombosis (26:27),

1.1.2 Blood Coagulation

The secondary mechanism of haemostasis, also referred to as blood coagulation, is a concept
dating back to the 1960’s, when Davie, Ratnoff and Macfarlane described the “cascade-

waterfall” hypotheses, 28 outlining how proteolytically cleaved and activated proenzymes



became enzymes and subsequently leading to the activation of other proenzymes
downstream of the cascade (2%, This ultimately leads to haemostasis or cessation of bleeding.
Blood coagulation is made up of two pathways; tissue factor (extrinsic) and contact factor
(intrinsic) pathway. Both pathways converge to make up the common pathway via FXa to
ultimately form a clot architecture characterised by platelet aggregates and an insoluble fibrin

mesh 29 (Figure 1.1).

1.1.2.1 Tissue Factor (Extrinsic) Pathway

The tissue factor pathway, also known as the extrinsic pathway operates through a cell
surface glycoprotein tissue factor (TF; cofactor) on leukocytes (monocytes and neutrophils)
(30) and the subendothelial tissues. The tissue factor pathway is initiated when constitutively
expressed TF forms a complex with zymogen FVII; TF-FVII 8% upon mechanical or chemical
damage of the vascular wall 32, TF-FVII is subsequently activated by FXa to produce TF-FVlla,
which in turn activates FX to FXa 33 and FIX to FIXa. This thereby serves as a bridge between
the tissue factor and contact factor pathway, 3% for FXa production to cleave and activate

prothrombin to thrombin with fibrin formation from precursor fibrinogen by thrombin.

1.1.2.2 Contact Factor (Intrinsic) Pathway

The contact factor pathway, also referred to as the intrinsic pathway, has been termed the
contact activation system (CAS), which includes serine proteases factor Xll (FXIl), plasma
prekallikrein (PK), coagulation factor XI (FXI), and cofactor high molecular weight kininogen
(HK), a non-enzymatic cofactor of PK and FXI 3> 3% CAS is considered an ancient and

conserved arm of the innate immune system, 37 implicated in various physiological responses



(38, 39) including blood coagulation, “9 fibrinolysis, “Y inflammation 243 and angiogenesis 4.
As the name indicates, contact factors (FXII, HK bound PK or HK bound FXI) in the CAS have a
requirement to come in contact with physiological > 4®) or non-physiological negatively
charged surfaces 7 for activation. A wealth of knowledge on the biochemistry of contact
activation pertaining the activation of contact factors by non-physiologically relevant
negatively charged surfaces (kaolin, ellagic acid, dextran sulfate and biomaterial surfaces in
biomedical devices etc.) has been well studied in vitro 3> 8). Recently, physiologically relevant
negatively charged surfaces including polyphosphate “°°1) and gClg-R % 33 have been
reported to be potential biomolecules that may provide the appropriate surface for the
initiation of the CAS.

Contact activation has been reported to have a role in thrombosis ©* 53 but not in
haemostasis ). However, thrombosis and haemostasis share a host of coagulation factors
with the ultimate aim of forming a pathophysiological or physiologically relevant clot,
respectively.

CAS has been recognised to have two branches; (i) the inflammatory branch and (ii) the
plasma coagulation branch ©7). In both branches, contact activation is initiated when FXlla
proteolytically cleaves HK bound PK or HK bound FXI upon assembly on a negatively charged
surface mediated by Zn?*. Zn?* has been reported to bind and subject both FXII and HK to
conformational changes required for binding to negatively charged surfaces, leading to
zymogen autoactivation to generate trivial amounts of FXlla (°8 39,

In the inflammatory branch, activated FXlla on a negatively charged surface and in close
proximity to HK bound PK cleaves PK to PKa, then PKa in turn reciprocally cleaves and
activates FXII to FXlla %9 in a positive feedback loop. Subsequently, PKa ends up cleaving and

releasing the inflammatory mediator peptide, bradykinin (BK) V) from domain 4 of cofactor



HK 2. The BK peptide binds to its receptors (B1 and B5) (63 4 expressed on the surface of
endothelial cells within the blood vessels. BK binding to its receptor induces the activation of
several pro-inflammatory signalling pathways leading to vasodilation, pain, and neutrophil
chemotaxis (6> 66),

Activated FXlla in the plasma coagulation branch activates FXI through proteolytic cleavage on
the surface of platelets with no reciprocal activation reported between FXIl and FXI thus far,
despite 58 % amino acid sequence homology between PK and FXI (¢7). However, FX| activation
by thrombin in a positive feedback loop following tissue factor (extrinsic) pathway activation
can result in contact activation mediated via FXI bound HK in vitro but not in plasma (©8-71),
Activated FXI (FXla) in the contact factor (intrinsic) pathway results in further cleavages
further down the serine protease cascade, in which activated FIX (FIXa) by FXla 72 further
cleaves and activates FX to FXa, 375 which subsequently generates thrombin from
prothrombin. Fibrin generation from fibrinogen via thrombin cleavage is the end point of the
pathway to ensure that the haemostatic plug (clot) initiated by the primary haemostasis is
mechanically stable (/®). Additional mechanisms relating activated fibrin stabilizing factor,
(thrombin-activated transglutaminase, FXllla) V7 and FXIl 7® have been described to
contribute in modulating the mechanical stability of the formed clot. FXII has been reported
to make the clot denser with thicker fibrin fibres /%),

FXII-mediated contact activation in the presence of a negatively charged surface provides a
mechanistic basis for diagnostic coagulation tests in the hospitals or clinics using activated
partial thromboplastin time (aPTT) assay. The importance of the contact factors in animal
models have shown that injury-induced thrombus formation in FXI, FXIl, PK and HK deficient
mice models manifest an anti-thrombotic phenotype, thus raising an interesting possibility for

use in the development of safer anti-thrombotic drugs or therapeutics (8984



Contact Factor (Intrinsic) Pathway

PK
Bradykinin < HKa <— \L . . .
(Br:i)y nin 4 HK Tissue Factor (Extrinsic) Pathway
FXII PKa Trauma
TFPI------- || TF
FXI aFXIla
FVIIa <— FVII
Thrombin (FIIa) }m |
2N FVII[—)‘ 1 \L Common Pathway
5 Protein S ! =X
= rotein S | ' . . ‘
£ ——> Protein C+Thrombomodulin FXa Sf—— I Antithrombin
= e .Prothrombin (FII) - —/ Thrombin (FIIa)
————> i FV_: > {FVa: s TAFI
..... '
. L
Thrombin (FIIa) Fibrinogen ——————> Fibrin T

Cross-linked
Fibrin mesh

L

Figure 1.1: Schematic representation showing the contact Factor and tissue factor pathways.
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The tissue factor (extrinsic) pathway is initiated when cell surface tissue factor (TF) forms a
complex with FVII to TF:FVIl, leading to TF:FVlla which ultimately contributes to fibrin
formation (green) via FXa. FXa is where both the tissue factor and contact factor pathway
converge to form the common pathway. The contact factor (Intrinsic) pathway is triggered
upon FXIl binding to a negatively charged surface in the presence of HK, PK and Zn®*,
ultimately resulting in fibrin formation. Inhibitors requlating the pathways are shown in red
and the blue arrows show which proteins thrombin cleaves. Dashed black arrows represent
activation, while red dash shows inhibition. The blue arrows signify the role thrombin has in

activating proteins and protease to ultimately lead to fibrin formation.
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1.1.3 The fibrinolytic system (clot lysis)

Proenzymes such as plasminogen bind to fibrin and are subsequently converted to plasmin by
tissue plasminogen activator (tPA) and urokinase plasminogen activator (uUPA) to promote clot
degradation via the fibrinolytic (clot lysis) system . FXIl and tPA have some degree of
homology and FXlla has been demonstrated to contribute in fibrin degradation by converting
plasminogen to plasmin. Plasminogen is adsorbed and concentrated on the haemostatic plug
(clot) where it also binds to fibrin to facilitate the formation of plasmin when necessary for

fibrin degradation (clot lysis) as shown in Figure 1.2 (79 86),
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Figure 1.2: Diagrammatic representation showing the enzymatic degradation of the fibrin mesh.
The zymogen plasminogen is converted to plasmin by uPA or tPA. Other enzymes such as
afXlla, FXla and Kallikrein (grey) are suggested to convert plasminogen to plasmin. Bound
Plasmin to fibrin degrades the fibrin into fibrin degradation products (FDPs) as shown in green.
Fibrinolysis is tightly regulated as Plasminogen activating inhibitor or PAIl (red) inhibit
fibrinolysis by preventing uPA or tPA (in red) from converting plasminogen to plasmin. Also,
a2-antiplasmin (red) and Thrombin-activatable fibrinolysis inhibitor (TAFI) help to regulate

fibrinolysis. Dashed black arrows denotes activation while red dashed represents inhibition.



Fibrinolysis promotes the initiation of wound healing of the injured blood vessel, in which
proteolysis of fibrin (dissolved fibrin) gives rise to soluble fibrin degradation products (FDPs),
which is reported to have a degree of immunomodulatory and chemotactic functions ¢7-89),
Fibrinolysis is tightly regulated, as a2-antiplasmin (a2-AP) prevents free plasma plasmin from
activating plasminogen while plasminogen activator inhibitor (PAl) type-1 and PAI-2 control

the activity of uPA and tPA (9),

1.4 Coagulation Factor Domain Structure - Comparison

Vitamin K-dependent (VKD) plasma proteins including factor X contain a y-carboxyglutamic
acid (Gla) rich domain at the N-terminus, through which they bind to externalised
phosphatidylserine (PS) on activated cell membranes in a Ca?* dependent manner to facilitate
the localisation of the prothrombinase (FXa and cofactor FVa) and tenase (FIXa and cofactor
FVIlla) complexes on membrane surfaces for proteolysis ©®Y. This is reminiscent of what is
observed in FXII contact activation. However, instead of utilising Gla domains, contact factors
(FXII, PK, FXI and HK) bind negatively charged surfaces through key modules of fibronectin for
FXIl, apple domains for PK and FXI, while HKD5 is used for HK % 93 Although PK and FXI
contain apple domains and are reported to be involved in protein-protein interaction with
other proteins, both serine proteases are mostly bound to HK in plasma and shown to localise
on surfaces through cofactor HK. In contrast to Ca?* ions facilitating Gla domains binding to
PS, contact factors FXIl and HK in the CAS utilise Zn’* ions to mediate their binding to

negatively charged surfaces.



1.4.1 Prekallikrein (PK) and Factor XI (FXI)

Prekallikrein (PK), also known as Fletcher factor, is a single chain glycoprotein serine protease
existing in two molecular weight variants of M, 88,000 and M, 85,000, due to different
glycosylation forms. PK circulates in plasma as a zymogen at a concentration of 50 pg/mL (490
nM), with most of PK bound non-covalently to HK 4. Limited proteolysis of PK to PKa
generates two chains consisting of an NHx-terminal heavy chain at 52 kDa and two light chain

variants around 33-36 kDa linked by a disulphide bond. Further cleavages have been reported

(95-97)

Unlike PK, FXI is a dimer of 80 kDa monomer subunit (607 amino acid) 8 with 58% sequence
identity to PK and shares the same ancestral predecessor which, through duplication of the
PK gene in mammalian evolution. Both PKa and FXla have in the heavy chain 4 apple domains
(A1-4) and a catalytic domain in the light chain. The FXI zymogen circulates in plasma at a

concentration of 5 pg/mL (30 nM) tightly bound to HK in a similar manner to PK (9% 100,

1.4.2 High Molecular Weight Kininogen (HK)

Williams-Fitzgerald factor, 190 commonly known as HK, 192 is a single-chain non-enzymatic
glycoprotein with a molecular weight of 120 kDa (1) and is abundant at a plasma
concentration of 80 pg/mL (670 nM) . HK consists of 6 domains (D1-6) in which the heavy
chain is made up of domains 1, 2 and 3, with domains 5 and 6 from the light chain, while
domain 4 links the heavy and light chain together to form a globular structure 1°9 . Domain 6
of HK is the PK and FXI binding site, ®* 105 106} while domain 5 has been reported to bind to
negatively charged surfaces on platelets and various cell types including neutrophils 197 and

endothelial cells 1% to mediate the recruitment of PK and FXI to surfaces for proteolysis.
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Zn%* has been implicated in binding to domain 5 of HK to induce a conformational change
within HK and as a result facilitates HK binding to negatively charged surfaces (1%, This can
subsequently lead to HK cleavage by PKa to generate HKa; producing a disulphide linked two-
chain HKa consisting of a heavy chain (D1-D3; 64 kDa) and a light chain (D5-D6; 56 kDa),
releasing the short proinflammatory mediator BK peptide (D4) (*%4. In vitro, HK has also been
demonstrated to undergo proteolysis by FXla at a much slower rate in comparison to PKa and
contrary to HK bound PK involvement in contact activation, HK bound FXI appears to inhibit

contact activation by degrading domains 5 and 6 in HK (110),

1.4.3 Factor XII (FXII) — history

Factor Xl (FXIl), also referred to as Hageman factor, was discovered in 1955 by the
haematologist, Oscar Ratnoff and colleagues as a clotting factor lacking in plasma 1% of a
patient called John Hageman through routine pre-operative screening to have a prolonged
clotting time in his activated partial thromboplastin time (aPTT) results (112).

Neither John Hageman nor his family had any bleeding tendency thus asymptomatic for any
bleeding disorder. However, he died from pulmonary embolism (113 114 QOscar Ratnoff,
alongside Earl Davie and other investigators including Robert G MacFarlane, identified FXII
acting at the initial phase of blood clotting. FXII binding to negative charged surfaces initiates
the “Waterfall or Cascade” model of coagulation leading to sequential activation of FXI, FIX
and FX, culminating in thrombin production and fibrin formation, thereby contributing to clot
formation.

Lack of FXIl in humans and the prolongation in the aPTT assay do not correlate. However, FXII

has been reported to have no role in haemostasis but demonstrated to play a significant role
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in thrombosis as mouse knockouts in the FXIl gene or FXII targeted monoclonal antibodies
showed thrombo-protective phenotypes with either no or reduced thrombi formed,

respectively (1),

1.4.3.1 Factor XII (FXII) protein and domain structure

The factor Xl gene is a 12~kb DNA consisting of 13 introns and 14 exons located on the tip of
the long arm of the fifth chromosome (5q33-gter) and is transcriptionally processed down to
a 2~kb mRNA for translation into protein (1%}, The protein is transcribed and translated in
hepatocytes in the liver 117) under the control of transcription factor, hepatocyte nuclear
factor (HNF) o and/or estrogen (118) and secreted into the plasma (119

Factor XII (FXII), is a single chain 80 kDa glycoprotein serine protease, 29 circulating in plasma
as a zymogen, at a concentration of 40 pg/mL (375 nM) (12D EXIl has been associated with
Zn?* binding to induce a conformational rearrangement, (122 123 thereby facilitating FXII
binding to negatively charged surfaces such as Neutrophil Extracellular Traps (NETs), (124

125) mast cell derived heparin, (120

platelet polyphosphates, endothelium exposed collagen, !
externalised phosphatidylserine on apoptotic cells, 127} extracellular RNA, 128} amyloid P
protein (of Alzheimer's disease) and bacterial derived polyphosphate (12 resulting in FXII
autoactivation 39, This results in reciprocal activation of FXIl and PK to PKa and FXlla by FXlla
and PKa, respectively 131, FXlla is the active form of FXII, which has undergone proteolysis by
PKa cleaving between Arg353-Val354. Subsequent cleavages on FXIl have been reported
between Arg334-Asn335 and Arg343-Asn344 producing B-Factor Xlla fragments with a
portion of the heavy chain remnant attached to its N-terminus.

FXlla consists of two chains; N-terminal 52 kDa heavy chain and C-terminal 28 kDa light chain,

linked by a disulphide bond between Cys340 and Cys467 (132 The heavy chain is made up of

12



the N-terminal fibronectin type-Il domain (Fnll), an epidermal growth factor like domain
(EGF1), a fibronectin type-lI domain (Fnl), a second EGF-like domain (EGF2), a kringle domain,
and a distinctive proline-rich domain, while the protease (catalytic) domain is confined to the
light chain 33 (Figure 1.3). Both chains have glycosylation sites, with a glycosylation defect
reported in hereditary angioedema Il (HAEIIl) patients suffering from an inherited swelling
disorder due to increased contact activation-driven microvascular leakage as a result of a
point mutation in Thr309 to Lys309 (or Arg309) (134 135 This makes FXII hyperactive, which
as a result increases BK release from HK by PKa cleaved FXlla. HAE type | and Il have also been
reported in unregulated FXIl and PK activity manifesting episodes of swelling in patients, as a

result of defective serpin C1 esterase inhibitor (C1-INH), natural inhibitor for FXIl and PK (13¢-

138)
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Figure 1.3: Diagram showing domain organisation and different forms of human FXIl. FXIl is
comprised of two chains; a 52 kDa heavy and a 28 kDa light chain. The heavy chain contains a
22-residue N-terminal peptide, two Fibronectin type (Fn) domains (Fnll and Fnl), two
Epidermal growth factor (EGF) domains (EGF1 and EGF2) and a kringle (KR) domain followed
by a unique proline-rich (PR) region. The zymogen FXIl is converted to aFXlla by PKa or aFXlla
by proteolysis between Arg353-Val354. Subsequent cleavages of Arg334 and Arg343
generates 6FXlla. The catalytic domain and the heavy of chain are held together by a
disulphide bond consisting of Cys340 and Cys467. The heavy chain is both N and O-linked

glycosylated while the light chain is only N-linked glycosylated (close blue circles).
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1.4.3.2 Structure of the B-Factor XIIa protease domain

The ability of FXII to cleave substrates or bind to inhibitors targeting the active site lies within
the light chain of FXIl, commonly referred to as B-Factor Xlla protease domain (or catalytic
domain). The 28 kDa B-Factor Xlla protease domain is disulphide bonded to a 2 kDa heavy
chain remnant from the Proline-rich (PR) region of the heavy of FXIl (3°) when subjected to
further cleavages between residues Arg334-Asn335 and Arg343-Asn335; (140) yltimately losing
almost all the domains from the heavy chain of FXII.

B-Factor Xlla has 6 intramolecular disulphide bonds and one intermolecular disulphide bond
with the heavy chain remnant within the Proline-rich (PR) of the heavy chain of FXIl 14, The
enzymatic activity of B-Factor Xlla in the active site is performed by the catalytic triad His393,
Asp442, and Ser544 1200 when substrates including PK and FX| occupy substrate binding sites
or pockets prior to cleavage of the activation loop.

A zymogen-like recombinant B-Factor XIl 3D crystal structure (Figure 1.4A) was solved in 2015
by Pathak et al. describing the first structural basis for understanding FXIl substrate
recognition and zymogen activation. Furthermore, Alexey Dementiev et al 2018 revealed the
first active B-Factor Xlla cocrystallized with inhibitors (figure 1.4B). An MBP fused B-Factor Xlla
in complex with inhibitor PPACK and [B-Factor Xlla alone crystal structures describing
expression in insect cells and kinetics of B-Factor Xlla in an article, authored by Dr Monika

Pathak and Dr Rosa Manna is published in Acta Crystallographica section D.
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Figure 1.4: Crystal structures of B-Factor XIl and B-Factor Xlla. A) B-Factor Xl 3D structure
showing solvent exposed N-terminus while in B) B-Factor Xlla the N-terminus is position
around the active. Cys340 is disulphide bonded with Cys467 (not shown) thus linking the heavy
chain remnant (in sphere) to the light chain of FXII. C) Shows an overlay of B-Factor XII and B-
Factor Xlla structures showing differences in regions including the N-terminus with no heavy

chain remnant in B-Factor XlI. PDB codes = 4XDE for B-Factor XIl and 6B77 for B-Factor Xlla.
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1.4.3.3 The function of the heavy chain of FXII

The N-terminal 52 kDa heavy chain of FXIl comprises of 6 domains, 142} and the KOKS5
antibody directed against the heavy chain has been shown to inhibit FXII binding to kaolin.
Furthermore, other monoclonal antibodies (B7C9 and P5-2-1) against the heavy chain have
also been reported to inhibit FXII activation by negatively charged surfaces **3). Domains
within the heavy chain such as fibronectin type Il and type | domain, the kringle domain and
the second EGF-like domain have all been suggested to bind to negatively charged surfaces
(139,142,144, 145) ' A crystal structure of the FXII Fnl-EGF2 domains (Figure 1.5) was solved in 2013
showing the surface charged potential with predominantly positively charged patches

displayed on its surface (146),
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A)

N-terminus

C-terminus

I Positively charge = Blue

Il Negatively charge = Red

P [ 1 Neutral charge = White/Grey

Figure 1.5: Structure of FXIl Fnl-EGF2-like tandem domain. A) A rainbow coloured ribbon
showing the 3D structure of FXIl Fnl-EGF2 tandem domain with Fnl on the N-terminus and
EGF2 on the C-terminus. B) Electrostatic surface potential showing the charged surface of the
FXIl Fnl-EGF2 structure with charged residues represented in colour — Red (negative), Blue

(positive) and White/Grey (neutral). PDB code = 4BDX.
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FXII heavy chain natural inhibitors such as Anophensin and hamdarin in mosquito saliva,
isolated from Anopheles species including An. Stephensi and An. Gambiae have been
characterised to display inhibitory effects on surface mediated activation of FXII.
Furthermore, prolongation of the aPTT assay relative to PT assay in plasma has been reported
in the presence of anophensin and the FXIl Fnll is demonstrated to bind to anophensin in a

Zn%* dependent manner (147),

1.4.3.4 The fibronectin type II domain (FnIl) in FXII and homologues

Fibronectin is composed of multiples repeats of fibronectin domains; fibronectin type | (Fnl),
fibronectin type Il (Fnll) and fibronectin type Ill (Fnlll) (481350 Fn|l domains are also found in
other proteins including Hepatocyte Growth Factor Activator (HGFA), 5% Matrix
metalloprotease 2 (MMP2), (152 153) Matrix metalloprotease 9 (MMP9) >4 and bull seminal
plasma protein PDC109, 1°> 156) with PDC109 having a similar structural homology to FXII Fnll.
The FXII Fnll domain is 71-amino acids in length and contains four conserved cysteines
involved in disulphide bond formation. A 22 amino acid N-terminal peptide is located
upstream of the Fnll domain unique to FXII. Apart from the four conserved cysteines involved
in disulphide bond formation in Fnll domains, other residues including Trp53 in FXIl are
conserved within the Fnll domains. Arg47 in FXIl is not conserved in PCD109 and is replaced
by a serine at the same position in comparison to other Fnll domains including FXII Fnll as

shown in the multiple sequence alignment (Figure 1.6).
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Argd7  Tmp53 Trp66/Tyr/Phe

10 20 | 30 40 | 50

| | | | I

MMP-9 Fnll-3  SAGELCVFPFTFLGKEYSTCTSE DG-RLIWCATTSNFDSDKKWGFCPD
FN-Fnll-1 SNGEPCVLPFTYNGRTFYSCTTE DG-HLWCSTTSNYEQDQK|Y[SFCTD
FN-Fnll-2 SNGALCHFPFLYNNHNYTDCTSE DN-MKWCGTTQNYDADQK[FGFCPM
MMP-9 Fnll-1  ADGAACHFPFIFEGRSYSACTTDGRSDG-LPWICSTTANYDTDD FCPS
MMP-9 Fnll-2 ADGKPCQFPFIFQGQSYSACTTDGRSDG-YRWCATTANYDRDKLFGFCPT
MPRI-Fnll DDGVPCVFPFIFNGKSYEECIIES ~==LWCSTTADYDRDHEWGFCRH
FXI1-Fnll VTGEPCHFPFQYHRQLYHKCTHKGRPGP-QPWICATTPNFDQDORWGYCLE
PDC109-2 Fnll-1 PEDEECVFPFVYRNRKHFDCTVH FP---WCSLDADYVG-- YCAQ
PDC109-2 Fnll-2 RDYAKCVFPFIYGGKKYETCTKI S—-WICSLSPNYDKD YC——~

* eokk o . * * % .k
- - - . . - .

Figure 1.6: Multiple sequence alignment of Fnll domains from various proteins including FXIl
Fnll. Cysteines (in red) in all sequences are conserved. Also, residues corresponding to FXII
Arg47 and Trp53 are all conserved in other Fnll domains, except in PDC109, FXII Arg47 is
replaced with a serine. Trp66 in FXII is conserved in MMPS9 Fnll-3, MPRI, FXII Fnll and PDC1089.

Asterisk indicates conserve in the all residues in the sequence.

Peptides from FXII Fnll have been demonstrated to outcompete full-length FXII for binding to
gC1g-R on human vascular endothelial cells (HUVEC), therefore implicating and strengthening
the hypothesis of FXII Fnll binding to artificially charged surfaces. Residues 39-47, 30-33 and
57-60 of FXII Fnll have been predicted from homology modelling to be surface exposed and

contribute to the conformational changes required for binding to negatively charged surfaces

(157)

1.5 Interactions between contact factors and pathogens

Bacterial and viral infections in clinical conditions such as sepsis lead to the activation of both
the immune and coagulation systems (via contact factor or tissue factor pathway) for host
defense, (1°8) However, uncontrolled activation can lead to bacteremia and viremia with

major tissue damaging effects leading to disseminated intravascular coagulation (DIC), (1>% 160)
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microvascular thrombosis—induced hypoxia that contributes to multiple organ failure, septic
shock, and ultimately death (1®1). Contact factors (FXIl and HK bound PK) interact with a host
of gram negative bacteria such as Moraxella catarrhalis, Salmonella typhimurium, Salmonella
enteritidis, Porphyromonas gingivalis, Klebsiella pneumoniae, Haemophilus influenza, Yersinia
enterocolitica, Escherichia coli and gram positive bacteria including Streptococcus pyogenes,
Streptococcus  pneumoniae, Staphylococcus aureus, %2 as well as viruses (i.e.
Hantavirus and Herpes simplex 1 virus). Pathogens have been reported to have the ability to
provide on their surface negatively charged biomolecules to induce contact activation (163
Bacterial derived negatively charged lipopolysaccharide (LPS) (%9 or surface associated

165) curli

negatively charged teichoic acids from S. aureus %% and long chain polyphosphate, |
(168) or fimbriae 1®7) from E.coli have all been demonstrated to induce contact activation

and bradykinin release from HK (1%8) thereby contributing to the host-defence reactions by

activating the complement cascade 3.

1.6 Cell interactions with contact factors

The interaction of contact factors HK (169 170) and FXIl with platelets, leukocytes and
endothelial cells ®% 171 gre likely to contribute to the innate immunity. Furthermore, Platelet-
leukocyte-endothelial cell interactions 72 and FXII activation in the presence of HK bound PK
or HK bound FXI to collectively contribute to arterial thrombosis and deep vein thrombosis
(DVT) in animal models have shed light on some of the roles contact activation can play in
vivo.

The containment and destruction of pathogens through immune cells and plasma factors
including FXIl and FXIIl provide an intravascular scaffold for protecting and maintaining

vascular/host integrity (173 174) Platelets are a key regulator of immunothrombosis, and serves
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to bridge coagulation and inflammation via platelet-mediated contact activation on platelet
surfaces. Platelet adhesion receptors including GPIb-IX-V complex and GP Iba bind to contact
factors (FXII, FXI and HK) (17> 178) and also facilitate NETosis (the process of forming neutrophil

177) Platelet activation by thrombin in

extracellular traps or NETs) by engaging neutrophils !
complex with the GPlba receptor has been reported to be regulated in vivo by the co-
localisation of FXII and HK (178 179) Fyrthermore, HK has been implicated in serving as a
molecular bridge in the interplay between leukocytes and platelets, as GPlba on platelets is

180) and domain 5 of HK on the other hand, binds in unison

engaged by HK through domain 3 ¢
to MAC-1 on leukocytes 81, Contact factors (FXII, FXI, PK and HK) assembly on circulating
neutrophil surface during inflammation has been proposed to enhance the release of granule
contents at site of infection or blood vessel injury (182),

Although, FXII deficiency is not associated with a defect in haemostasis; it has been reported
to decrease migration of inflammatory cells into skin windows (**3 and has an important role
in neutrophil aggregation in human plasma as it has been found to be present on neutrophil
surfaces (184, 185),

Other proinflammatory mediators such as Bradykinin (BK) localise to the endothelial cell
surface as a result of HK cleavage to release BK by FXII-mediated PKa via the CAS is important
as BK receptors are expressed and localised on endothelial cell surfaces for signalling. A
wealth of evidence has proven that the contact factor proteins FXIl and HK can assemble
along the surface of HUVEC in a Zn?* dependent fashion and one of the major endothelial cell
receptors demonstrated to interact with HK and FXIl is the ubiquitously expressed gC1g-R (a
receptor for the complement protein C1q) (189,

Figure 1.7 gives an overview of contact factors and cell-mediated interactions in thrombosis

and inflammation.
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Activated
Platelets

Fibrin Thrombosis

o Smooth Muscle Cells
Vascular Leakage

Figure 1.7: Schematic overview showing receptor and contact factor mediated interactions.
Schematic overview of receptor and cofactor interactions of the contact factors for thrombotic
(top) and inflammatory (bottom) pathways. Assembly of the contact system via gC1g-R (with
elevated Zn?*) generates PKa, FXlla, and BK is produced on the surface of endothelial cells
(bottom). Also shown is the FXII and HK interactions with the uPAR receptor and CK1. FXlla
activates plasma coagulation cascades via FXI on the surface of platelets (top). The platelet
GP1b-IX receptor GPlba chain interaction with FXI-HK and PKa binding to the activated
platelet integrin allb83 is also depicted. Neutrophils are also depicted releasing NETs known to
associate with contact proteins. Abbreviations: FXIl, factor Xll; FXlla, activated FXII; PK,
prekallikrein; PKa, activated PK; FXI, factor XI; FXla, activated FXI; HK, high molecular-weight
kininogen; BK, bradykinin;, uPAR, urokinase receptor; GPIba, platelet glycoprotein Ib; CK1,
cytokeratin 1; gC1g-R, receptor for complement protein Clg; Mac-1, macrophage-1 antigen
receptor; PolyP, polyphosphate; RBC, red blood cells; NETs, neutrophil extracellular traps. This

image is adapted from a review paper | co-authored 57),
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1.7 Human gCi1q-R: the major endothelial cell receptor for FXII

Endothelial cells play a crucial role in regulating the molecular and cellular events within the
vasculature under normal conditions and also in the event of thrombosis and inflammation.
Upregulation of gC1g-R has been reported in breast, prostate, liver, lung and colon tumours,
(188) by inflammatory mediators including interferon-gamma and tumor necrosis factor-alpha

190

and E.coli LPS 189) Other roles of gC1g-R are reported in thrombosis, 1% regulation of RNA

191) adipogenesis and insulin signalling (192),

splicing,
Overexpressed and secreted soluble gC1g-R (sgC1g-R) from activated endothelial cells at site
of inflammation has been shown to bind to endothelial cells in an autocrine/paracrine
manner thus enhancing vascular permeability by upregulating the bradykinin receptor (B1R)
(193) A plethora of evidence have demonstrated gC1g-R localisation on the mitochondria and
cell membrane (%% with earlier studies suggesting gC1g-R expression in B cells, mast cells,
neutrophils, and platelets (19>198),

Human gClg-R was first isolated from membrane preparations of Raji cells, then originally
identified as a receptor that has a high binding specificity for the globular “head”

199) and been reported to bind to diverse

Complement component 1q, C1q (K¢ = 15-50 nM) ¢
ligands including thrombin, 29 cC1g-R (calreticulin), 2%V vitronectin, ?°? HK (Kg = 0.8 nM) (293)
and FXII 24 A body of evidence have shown that contact factors HK and FXIl assembly on the
gC1g-R surface with Zn?* to induce contact activation and subsequently release BK. gC1g-R is
an ancient and conserved glycoprotein across species and is also found in freshwater prawn.
The freshwater prawn has no adaptive immune response and depends on the innate immune

system upon pathogen invasion %), Figure 1.8 shows a phylogenetic tree of gClg-R from

different species.
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Phylogenetic tree of gC1q-R (Phylogram)

C.Elegans
— Zebrafish
Mouse

Chicken

Human
Chimpanzee

Dog

Cattle

- Prawn
Crayfish
—— Anopheles_Gambiae
Dros_Mela

Yeast

Figure 1.8: Phylogram showing evolutionary relatedness of gClq-R sequences in different
species. gC1g-R in species including Drosophila melanogaster (Dros_Mela) and Caenorhabditis

elegans (C.Elegans) are also shown.

A gC1g-R homologue from Trypanosoma brucei (T.brucei), called p22 has been reported to
exist as a tightly bound trimer but lacks the 140-loop, 190-loop, part of the reported HK
binding site (aa 204-218) on human gClg-R. Furthermore, 220-loop on gClg-R is not

conserved in p22 (206),

1.7.1 Human gC1q-R protein subunit and structure
Human gCl1g-R, also referred to as p33, p32, C1Qbp is a multi-compartmental (nucleus,
endoplasmic reticulum, mitochondria and cell membrane) and multi-functional protein with

282 amino acids in length, and the N-terminus (aa 1-73) is cleaved off to generate a mature

25



gClg-R. The first N-terminal 73 amino acid sequence is used to target gClg-R on the
mitochondrial membrane or secretory pathway.

Human gC1g-R migrates as a monomer at around 33-kDa on a reducing and nonreducing SDS-
PAGE gel, but found as a trimer in solution. Furthermore, the 3D crystal structure of gC1g-R
(aa 74-282, with Leu74 substituted to Met74) solved at 2.25 A resolution, describes the
symmetrical, homotrimeric gC1g-R ring structure. The gC1g-R structure forms a doughnut-
shaped quaternary structure held together by noncovalent intermolecular interactions with a
central cavity of an average inner diameter of approximately 20 A. All monomers have a
similar conformation, with each monomer consisting of seven consecutive B-strands (B1-7)
forming twisted antiparallel B-sheets and three a-helices (aA, aB and aC) located within the N
and C terminus 97 (Figure 1.9).

The aA helix in the N terminus (aa 74-96) has been mapped to contain the Clqg binding site as
deletion negates binding to Clg. Mature gClg-R has one buried cysteine at position 186
(Cys186) in each monomer and forms no inter-or-intramolecular disulphide bond.
Posttranslational modifications such as N-glycosylation sites at residues 114, 136, and 223,
(208) phosphorylation site at residue 207 and a myristylation site at position 252 have been

reported, although the solved gC1g-R crystal structure was expressed in E.coli.
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Figure 1.9: Cartoon diagram of the crystal structure of gC1g-R. A) gC1g-R trimer (in ice blue,
gold and coral) showing three homologous monomers held together by intermolecular non-
covalent interactions. The N-terminal helix (aa 74-96) is also shown. B-C) The gClg-R
monomer and its secondary structure is shown in ice blue, labelled with three a-helices (aA, aB
and aC), 7 B-strands and loops (140, 190 and 220). This image was made from QtMG using

gC1q-R structure (PDB code: 1P32). The gC1q-R structure was crystallised in its trimeric form.
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Human gCl1g-R is highly acidic (Figure 1.10) with a calculated pl of 4.1 and is negatively
charged on one face (soluble face, S-face), while predominantly positively charged on the
opposite face (membrane face, M-face). The S-face has been reported to bind to HK and FXII.
However, how gClg-R gets anchored on endothelial cells is unclear as its amino acid
sequence does not predict the presence of a transmembrane segment or a consensus site for
a glycosylphosphatidylinositol (GPI) anchor. Recent evidence has suggested that gC1g-R can
be anchored to transduce signalling by glycosaminoglycans in the presence of B1 integrin
receptors (%% 2090 The notion of gC1g-R recruiting signalling partners with transmembrane
domains has also been proposed, by which bound Clg to gC1g-R can associate with DC-SIGN
(membrane-spanning molecule) on dendritic cells where gClg-R uses DC-SIGN as a
transmembrane partner (210,

Urokinase plasminogen activated receptor (UPAR), which has a GPI anchor, and cytokeratin 1
(CK1) together with gC1g-R have been demonstrated to be on the surface of HUVEC cells in
close proximity binding to both HK and FXII. Although, preference in binding of HK by gC1g-R
than FXII and FXII by uPAR than HK, there are no in vivo studies characterising binding of
gC1g-R or uPAR to HK and FXIl. Human uPAR is involved in cell signalling, proteolysis and cell-

extracellular matrix (ECM) interaction and has also been linked to angiogenesis and cancer.
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I Positively charge = Blue

I Negatively charge = Red

[ 1 Neutral charge = White/Grey

Figure 1.10: Electrostatic surface charge representation of gClg-R. The colour representation
shows areas that are negatively, positively and neutral charge in red, blue and white/neutral,
respectively. The S face is predominately negatively charge while the M face is a mixture of
positive and neutral charge with less negatively charge residues compared to the S face. This

image was made from PyMOL using the gC1q-R structure (PDB code: 1P32).
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1.8 gC1qg-R protein interaction with ligands

Human gC1g-R has been shown to interact with a number of ligands ranging from pathogens
(bacteria, virus and Plasmodium falciparum) to fibrinogen and basic charged peptides. Some
of these basic peptides are derived from Rubella Capsid Protein (RCP), Histone 4 (H4), Lamin B

receptor and a tumor homing peptide called LyP-1.

1.8.1 Interactions between rubella virus capsid protein and gCiq-R

The rubella viral capsid protein has been shown to form a stable interaction with gC1g-R, in
which two clusters of arginine residues within the capsid protein play an important role in the
binding to gC1g-R. This ultimately enables the virus to regulate its nucleocapsid assembly and
also causes reorganization of the mitochondria during infection (1% 212 Viral proteins
including Epstein—Barr virus (EBV) EBNA | protein, adenovirus polypeptide V, hepatitis C virus
(HCV) core protein, herpes simplex virus type-1 (HSV-1) IE63 protein and the human
immunodeficiency virus (HIV-1) proteins Rev and Tat use gC1g-R to regulate mRNA splicing,
protein trafficking, or down regulating the immune responses of the host cell being hijacked
for survival (213-217),

The N-terminal conserved domain of the rubella viral capsid protein has been reported to

interact with the C-terminal region of gClg-R and up regulation of gClg-R has been

demonstrated to enhance the rubella virus infectivity in three independent cell lines (218),
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1.8.2 Interactions between Histone 4 and gC1q-R

Histones released from damaged endothelial cells have been reported to interact with

gC1g-R in vitro. The interaction between gClg-R and Histones reveals that gC1g-R has a
neutralising effect on the pathological host responses caused by elevated extracellular
histones in murine model and therefore making treatment with gClg-R a promising

therapeutic approach in severe infectious diseases (219,

1.8.3 Interactions between lamin B receptor and gC1q-R

The lamin B receptor (LBR) or p58 is a transmembrane protein localised to the inner
membrane of the nuclear envelope with its C-terminal end reported to be housed within the
inner nuclear membrane (29, LBR interacts with Lamin B and heterochromatin through its
nucleoplasmic amino-terminal domain and is phosphorylated throughout the cell cycle 221, |t
has a key role in nuclear reassembly after mitosis, interphase nuclear envelope growth and

220)  previous studies have shown that a

compartmentalization of the nuclear architecture |
short arginine/serine-rich (RS) domain within the LBR binds tightly to gClg-R, therefore
leading to gC1g-R preventing phosphorylation of LBR (222),

Furthermore, gC1g-R is believed to act as an adaptor protein in recruiting proteins including
the Human cytomegalovirus (HCMV) protein kinase pUL97 to LBR in the nuclear lamina.
Overexpression of gC1g-R has been reported in HCMV-infected cells, which as a result leads

to increased efficiency of viral replication and thereby inducing a dissolution of the nuclear

lamina to facilitate release of viral particles (223),
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1.8.4 Interactions between LyP-1 and gC1q-R

Human gCl1g-R overexpression has been reported in various tissues (breast, prostate, liver,
lung, and colon) under pathological conditions such as cancer and the quest to find solutions
to complement and enhance the conventional anti-cancer therapy is challenging (224226). A
tumor homing peptide, LyP-1 (CGNKRTRGC), has been found to selectively bind gC1g-R
expressing tumor cells in the lymphatic vessels, acting as a marker with a potential for
diagnosis and therapy in cancer (27). Recently, an improved LyP-1 mimicking peptide (TT1,
CKRGARSTC) targeting gClg-R was identified, in which a compound, TT1 was chemically
attached to LyP-1 and tested in vivo against gC1g-R with interesting possibilities for strategy
improvement to increase their therapeutic index (228 229 The Lyp-1 is similar to the lamin B

receptor peptide sequence.

1.8.5 Interactions between FXII and gC1q-R

Previous studies using immunochemistry and sequencing analysis have demonstrated FXIl and
HK binding to endothelial cells and HUVEC with a Zn?* requirement for both FXIl and HK in
binding to gClg-R (121 230 Other proteins also identified to interact with HK and FXIl on
endothelial cells in close proximity to gC1g-R are uPAR and cytokeratin-1 as shown in Figure

1.11.
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Endothelial Cell Membrane

Figure 1.11: HK bound PK and FXII assembly on gC1qg-R surface with Zn** on the endothelial cell
membrane. gC1qg-R (blue), HK bound PK in cyan and sea green, respectively and FXII in coral.
Cytokeratin-1 (CK1) and uPAR with GPIl anchor embedded into the endothelial cell membrane

are shown. Adapted from a review article | co-authored (187),

Deletion of gC1g-R amino acid residues 196-202 (190-loop) has been demonstrated to reduce
FXII binding to gClg-R. Furthermore, an amino acid substitutition of Trp233 to Gly also
showed significant reduction in FXIl binding, suggesting that both the gC1g-R deletion mutant
196-202 and Trp233Gly are important in FXIl binding. Berhane Ghebrehiwet et al, in 2011
reported HK and FXII do not compete for the same site but rather have overlapping binding
sites (231, However, the gC1g-R deletion mutant described by Berhane Ghebrehiwet and
colleagues for the gClg-R 204-218 (HK binding site) did not form a trimer but rather a
monomer in solution and therefore showed no binding to HK. The 3D structure of proteins
need to be carefully considered when making deletions as the protein fold can be disrupted

thus affecting the structural integrity of the protein and can as a result affect how data is
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interpretated from an experiment. Deletion of the gC1g-R N-terminal helix (aa 74-96) did not
disrupt the trimer formation as demonstrated by the crystal structure (PDB code 3RPX).

Monoclonal antibodies 60.11 and 74.5.2 directed against the gC1g-R N-terminal helix (aa 74-
96) and C-terminal amino acid 204-218, (232 respectively are used in various in vitro and ex
vivo studies for mostly detection purposes. However, caution should be taken as gCl1g-R is
indispensable for foetal development and mitoribosomal function reported for primary

embryonic fibroblast isolated from gC1g-R-knockout embryos (233),

1.9 Complement system, coagulation and inflammation
Huber-Lang et al. 2006 reported a link between the complement (Classical, Lectin and

234) Plasma proteases such as thrombin

Alternative pathways) and the coagulation pathway !
have been linked to the complement component 5a (C5a) generation 2**). Thrombin can
cleave C5 at positions R751 and R947 to generate C5 intermediate C5t and C5br (23%) and
ultimately contributing in the membrane attack complex (MAC). In addition, plasma proteases
such as FIXa, FXla, FXa and plasmin have also been shown to promote C3 and C5 cleavage (%37).
PK activation to PKa has been demonstrated to cleave complement factor B (238 with its
activity regulated by factor H when C3 is present in plasma upon contact system activation
triggered by Candida albican (C.albican) 3. PKa has been reported to further cleave a-FXlla
to form B-FXlla, and B-FXlla is capable of activating the macromolecular C1grs complex of the
classical pathway leading to enzymatically active C1r and C1s 7 2400, C3 and C5 activation in

FXII depleted plasma has been shown to be affected as reconstitution with purified FXIl in

plasma depleted FXIl restored complement activity. Normal complement activity was not
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affected, suggesting that upon contact activation induced by oversulfated chondroitin sulfate,

FXlla and PKa can promote C3 and C5 generation through plasmin generation (243,

1.9.1 Proteins containing SRCR and LDL-R domains

Proteins such as plasma complement factor | (CFl), containing scavenger Receptor Cysteine-
Rich (SRCR) domain, LDL-R, FIMAC and a protease domain play a key role in the alternative
complement pathway. The complement system is a crucial component of the innate immune
system. Human homologues of insect serine protease Graall containing SRCR domains are
found in lysyl oxidase homolog 2 (LOXL2), complement factor | (CFl), macrophage receptor
with collagenous structure (MARCO), cluster differentiation 5 and 6 (CD5 and CD6) on
lymphocyte (42) and Hepsin (also known as TMPRSS1).

Membrane-associated hepsin has been linked to blood coagulation and can activate FVII on
the surface, ultimately leading to thrombin generation (243 244 while CFl is implicated in
thrombocytopenia and Thrombotic Microangiopathy. Mutations causing CFl deficiency in CFl
domains including SRCR and LDLRA2 as well as the protease domain have been reported in
patients (245 246),

MARCO has been associated with the innate antimicrobial immune system, where MARCO is
reported to interact with both Gram-negative and Gram-positive bacteria via its scavenger
receptor cysteine-rich (SRCR) domain *7). SRCR domains are highly conserved 2*8) and found
in both secreted and cell surface proteins and have been subdivided into subtypes A and B,
based primarily on the spacing between the cysteine residues and how the introns/exons are

249) The SRCR domain in Hepsin has an atypical cysteine residue pattern revealing

organised !
third subtype of SRCR domain. The SRCR domain is usually 90-110 amino acids in length with

6—8 cysteine residues and are known to bind specific ligands having roles in host defence and
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immune response (2°9). SRCR domains have been reported to be implicated in disease states,
including autoimmune diseases, tumour development, atherosclerosis and Alzheimer's

disease (2°1,252)

1.10 Aims and Objectives of this PhD thesis

Although, there are 3D crystal structures of the FXII Fnl-EGF2 tandem domain and B-Factor Xl
(zymogen-like and active forms), crystal structures for full-length FXIl and other domains
within the heavy chain of Factor XIl (FXIl) such as FXII Fnll has not yet been solved. The
conversion of zymogen Factor Xl to activated Factor Xlla has been reportedly demonstrated
to rely on conformational changes induced by Zn?* binding to the heavy chain of FXIl. Zn**
mediated binding of the heavy chain of FXIl to negatively charged surfaces including
polyphosphate and gC1g-R increases the rate of FXIl activation to FXlla. Although not proven
yet, FXII Fnll has been suggested to bind to negatively charged surfaces. So the aims of this
project without limiting it to FXIl alone are as follows:

1) To determine the 3D crystals structure of full length FXII

2) To determine the 3D crystal structure of FXII Fnll bound to Zn?*

3) To determine the 3D crystal structure of FXIl Fnll bound to gC1g-R

4) To determine the 3D crystal structure of HK domain 5 bound to gC1g-R

5) To determine the 3D crystal structure of gC1g-R and basic peptides (H4, RCP and LBP)

6) Use gel filtration to isolate oligomer of FXIl-gC1g-R-HK in the presence of Zn%*

7) Characterise Graal and CFl binding to FXII using SPR

8) Effect of clotting time in the presence of gClg-R will be assessed in plasma in

collaboration with Dr. Nicola Mutch (University of Aberdeen)
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Macromolecular X-ray crystallography will be used to determine the 3D crystal structure while
Surface Plasmon Resonance (SPR) will also be employed to characterise FXII binding to
proteins including gC1g-R. Plasma based assay will also be conducted to understand gC1g-R
function in plasma.

Structure-function relationship is crucial in finding solutions to proteins involved in disease
states. 3D Structures of human gC1g-R in complex with FXII will certainly provide details in the
molecular insight of gC1g-R and FXII interaction, therefore providing a suitable platform for
designing appropriate inhibitors or be used as a biomarker by raising novel antibodies against

key binding sites for thrombosis and thrombosis related diseases including cancer.
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CHAPTER 2.0

MATERIALS AND METHODS
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2.1.0 Matarials and Methods
2.1.1 Preparation of FXII and gCi1q-R cDNA for expression

2.1.2 Amplification of DNA fragments using Polymerase Chain Reaction
(PCR)

Full-length mouse FXII (WT mFXIl and active site mutant S526A) and various truncated human
FXIl ¢cDNA fragments were amplified using the polymerase chain reaction (PCR). A PCR
mixture of 10 uL made up of phusion HF buffer (1x), 1 puL of dNTPs (0.2 mM), 1 uL of each
primer (0.5 puM), 1.5 pL DMSO (3%), 10-50 ng of FXII cDNA (template), 0.5 uL phusion DNA
polymerase (0.5 -1 units) was prepare with 34.5 uL of dH,0 added to make up a final volume
of 50 uL. The PCR mixture was then put into the PCR machine and ran with 35 cycles of 98 °C
for 30 seconds (initial denaturation), 98 °C for 10 seconds (denaturation), a gradient between
50-60 °C for 30 seconds (annealing), 72 °C for 15 seconds (extension) and 72 °C for 10
minutes (final extension). A temperature at 55 °C has also been successfully used for the
annealing to PCR amplify other constructs. As the PCR primers for FXII DNA were design to
introduce restriction enzyme sites on either end of 5’-3’ primer end, the final PCR amplified
FXII DNA should contain a restriction enzyme site designed for the cloning experiment.

Firstly, the PCR amplified FXIl DNA was analysed using 1 — 1.3 % (w/v) agarose gel
electrophoresis to confirm whether the PCR product of FXIl DNA was amplified and that it
migrated at the expected size on the agarose gel. The desired and expected PCR amplified FXII
DNA band was identified and excised from the agarose gel and placed in an Eppendorf tube
(Thermo Scientific) to be weighed in order to add the recommended volume of solubilisation
solution to dissolve the DNA gel at 60 °C using a gel extraction kit (Sigma). The dissolved DNA
gel with added binding buffer was captured onto a prepared spin column following

centrifugation at more than 12 000 g for 30 seconds.
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The flow through in the collection tube in which the spin column was inserted into was
decanted. The old autoclaved Eppendorf tube was replaced with a clean autoclaved tube
followed by addition of 50 uL of elution buffer to the centre of the silica membrane of the
spin column and allowed to incubate for 1 minute prior to DNA recovery by centrifugation.
The concentration of the recovered DNA was measured using a NanoDrop 1000 (Thermo
Scientific) spectrophotometer at a wavelength of 260 prior to double digestion. All constructs

and primers used in this thesis are listed in the appendix (chapter 10).

2.1.3 Restriction double digest, Plasmid vector dephosphorylation,
ligation and gel electrophoresis

10-20 pg of gel extracted and purified FXIl DNA (insert) and undigested plasmid vectors were
digested by mixing solutions of 2.5 pL of each restriction enzyme (10 units), 1x BSA, 10 pL of
10x Buffer and dH,0 to make up a total volume of 50 pL. The reaction was left to incubate for
4 hours or overnight (in some cases) at 37 °C followed by heat inactivation of the restriction
enzymes a 65 °C for 15 minutes prior to ligation of digested plasmid vector and insert. The
plasmid vector underwent dephosphorylation using Antartic phosphatase (NEB) to prevent
self-ligation. Both insert and plasmid vector underwent a final purification step using PCR-
clean-up kit (Sigma) followed by DNA concentration measurement using NanoDrop 1000.
Then, a 3-fold molar excess of digested FXIl insert to digested plasmid vector DNA were mixed
well in a total volume of 10 uL, then added 10 plL 2x Quick ligation buffer (NEB) and 1 uL Quick
T4 DNA ligase (NEB). The mixture was briefly centrifuged and incubated at room temperature
for 5 minutes to allow the formation of phosphodiester bond between the 5" and 3’ end of

each DNA fragments using the equation below:

Insert (kb)/ Vector (kb) x vector (ng) =ng of insert needed for a 1:1 molar ratio
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The mixture was allowed to chill on ice before transformation. All DNA work were subjected
to gel electrophoresis to analyse DNA. 100 mL of 1x TBE (Tris-Boric acid-EDTA) buffer was
added to either 1 or 1.3g (1% or 1.3%) of agarose powder (Sigma) and then heated with
mixing to completely dissolve the powder. This was allowed to cool before pouring into a gel
casting chamber in which a comb (with teeth) was already inserted to produce wells to load
DNA samples into. This was allowed to solidify at room temperature followed by filling the
chamber with 1x TBE to cover the solidified gel.

5 ulL of 4x loading dye and 2 uL Syber green or Nancy were added into 20 puL of DNA sample
and mixed well before loading into a well next to a DNA ladders of varying sizies (0.1-1 kb or
1-10 kb). The DNA ladders are used as a reference. The gel apparatus was closed and current
applied to allow DNA to migrate and separate for 45-60 minutes at 100 V (voltage) followed

by analysis under blue light.

2.1.4 Site directed mutagenesis (SDM) of recombinant FXII and gCi1q-R

Plasmid vectors containing wild type templates of full-length mouse FXII (mFXIl), HisTrx-FXIl
Fnll or gC1g-R were used to introduce mutation/s in their DNA to generate full-length mouse
active site mutant (S526A), HisTrx-FXII Fnll mutants and gC1g-R mutants using an Agilent site-
directed mutagenesis kit with primers design using the Agilent primer design software.

10-50 ng of template DNA was mixed with 10x Phusion buffer, 0.5 uM primer each (forward
and reverse primer) containing a mutation or mutations, dNTPs (0.2 mM), Phusion DNA
polymerase (0.5-1 units) and centrifuge briefly prior to introducing mutation and amplifying
the DNA sequence using PCR. The amplified PCR products were Dpn1 treated for 1 hour at 37
°C to get rid of the methylated parent DNA template and leaving the amplified unmetylated

PCR mutant product. PCR amplification was followed by transformation, whereby 2-5 ulL of
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the PCR amplified mutant product was mixed with thawed novablue cells to obtain sufficient
DNA of the amplified PCR product for further analysis including DNA sequencing or protein

expression experiments.

2.1.5 Bacterial transformation

For each transformation, 5-10 ng or 2 pL of DNA was mixed into an aliquot of thawed 50 plL
E.coli cells and left to incubate for 20-30 minutes on ice. The mixture was then heat-shocked
at 42 °C for 30-90 seconds and returned back on ice for 3-5 minutes followed by adding 500-
900 pL LB broth and allowed to incubate at 37 °C with shaking at 180 rpm for 1 hour. The
broth was centrifuged at 13,000 g for 2-3 minutes after an hour and more than 200 ulL of LB
discarded and the pellet re-suspended with the remaining LB prior to plating cells on an
antibiotic resistance agar plate with overnight incubation at 37 °C.

A colony was picked the following day to grow a single colony in 5 mL LB broth (without agar)
with the same antibiotics and temperature for an additional 16 hours, followed by harvesting
and purifying DNA using mini-prep kit (Sigma). For insect cells expression, larger volumes (50-

150 mL) of cultured novablue cells is needed to obtain pg quantity of DNA for transfection.

2.1.6 DNA quantification at wavelength 260 nm

DNA concentration and quality was measured using ND-1000 Spectrophotometer NanoDrop
(thermo fisher scientific, UK) at a wavelength of 260 nm. A 2-3 uL of blank (usually water) was
initially loaded and measured, then stored with absorbance reading of zero or flat baseline.
After wiping both pedestals (measuring and arm), 2-3 plL of DNA sample was loaded onto the

measuring pedestal and pedestal arm lowered to measure DNA in the sample at 260 nm.

42



2.2.0 Protein expression

2.2.1 Escherichia coli (E. coli)

Constructs shown in were expressed in E.coli strains BL21 (DE3), Rosetta-2, Rosetta-gami-2
and Origami-2 cells following the transformation protocol described in the material and
methods section 2.1.5 (bacterial transformation).

A colony following transformation on an agar plate was taken and grown overnight in 100 mL
LB medium containing antibiotics at 37 °C and used as an inoculum for large scale expression
in 0.8-3.2 L LB medium with antibiotics. This was grown to ODeoo between 0.6-0.8, followed by
IPTG induction at a concentration between 0.3-0.8 mM at 18 °C overnight.

The following day the cell culture was spun to harvest cells by centrifugation at 4,600 g for 40
minutes to separate the cell pellet from the supernatant. The supernatant was discarded and
the pellet re-suspended into a buffer (refer to appendix chapter 10.0) with added lysozyme
and EDTA-free protease inhibitor prior to cell lysis by sonication on ice for 10-15 minutes with
30 seconds on and 30 seconds off. The sonicated mixture or lysate was then centrifuged at
15,000 g for 50 minutes at 4 °C and the supernatant from the centrifugation step was filtered
using a 0.45 um filter. The filtered sample containing expressed protein is subjected to

protein purification as described in the protein purification section.

2.2.2 Drosophila Schneider 2 (S2) cells

Solution A containing 36 plL of 2 M CaCl,, 20 ug of recombinant plasmid DNA (i.e. pMT-PURO-
FXII) with added tissue culture sterile water to bring the total volume to 300 pL was slowly
added in a dropwise manner to 300 uL of solution B (2x HEPES Buffered Saline) with
continuous mixing to allow the formation of fine precipitate necessary for efficient

transfection.
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The mixture was incubated for 30 minutes, mixed and added dropwise onto the drosophila S2
cells at a cell density of 1 x 108 cells/mL in 5 mL complete Schneider’s Drosophila S2 medium
with swirling to mix each drop before incubating overnight at 28 °C. On day 2, the old
complete Schneider’s Drosophila S2 medium was replaced by pelleting the cells at 1,000 g
and the supernatant containing calcium phosphate from the transfection was discarded and
pellet replaced with fresh and warm complete Schneider’s Drosophila S2 medium.

Stable cell lines were generated with puromycin after few passaging of cells and allowed to
grow between 2 x 10° - 4 x 10° cells /mL in ExpressFive media (reduced serum) prior to
induction with 500 uM CuSOa. Protein sample from induced cells were collected from the
media and tested for expression by western blot before scaling up to first and foremost
confirm whether FXIl was being expressed and secreted into the medium. Medium containing
mEXIl, FXII Fnll, FXII Fnll-EGF1 and Graalses-1150 were all spun, filtered and then subjected to
protein purification. All purifications using columns were performed using the AKTA

instrument.

2.3.0 Protein Purification

2.3.1 Purification of FXII by Ion exchange chromatography

Media collected from the insect cell expression were centrifuged at 4,600 g for 30 minutes to
pellet S2 cells, followed by an additional centrifugation step at 15,000 g for 1 hour to clarify
the media. The media was then filtered using 0.22 um filter (Millipore). Filtered media was
diluted with equal volume of buffer that will keep the isoelectric point (pl) of the
overexpressed protein below the pH for WT mFXIl (full length) or pH below the pl for FXII
domains (FXII Fnll and FXII Fnll-EGF1), thus rendering the protein capable of being captured

on the ion-exchange column.
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The diluted media was then loaded onto a pre-equilibrated ion-exchange column (Capto S or
Capto Q) with the same buffer the media was diluted with without or reduced salt (NaCl) in
the buffer to maximise binding to the column.

A gradient elution run was performed to elute bound FXII Fnll and FXII Fnll-EGF1 from the
Capto-S column with buffer 50 mM MES, 1M NaCl pH 6.0, while both WT mFXIl and mFXII
S526A with pl less than 7 were captured on a Capto-Q column and eluted using a buffer
containing 20 mM Tris-HCI, 1M NaCl pH 8.0.

Other media batches containing overexpressed FXII Fnll and FXII Fnll-EGF1 have also been
subjected to ammonium sulfate precipitation with 90% ammonium sulfate added and
incubated at 4 °C under stirring overnight, precipitated by centrifugation at 15,000g for 40
minutes. Whitish pellet is then resuspended in buffer A and then dialysed for an additional
day. Fractions from the ion-exchange purification (Capto-Q or Capto-S) or dialysed
ammonium sulfate precipitated samples were diluted 10x with buffer A and then loaded onto
an equilibrated (with buffer A) 5 mL HiTrap Ni?* column (Ni?* affinity chromatography)
purchased from GE healthcare.

Overexpressed untagged WT gC1g-R and its mutants were also subjected to ion-exchange
chromatography using 5 mL HiTrap Q column (GE healthcare) after ammonium sulfate
precipitation and dialysis (as described by Jiang et al. 1999 (2°7)) with a strong Q exchanger
(Resource Q from GE healthcare) used as a second purification step prior to size-exclusion

chromatography.
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2.3.2 Purification of FXII by Niz+ affinity chromatography

Both WT mFXIl and mFXIl S526A had a Hise engineered in their sequence at the C-terminus
required for affinity purification while untagged human FXII Fnll and FXII Fnll-EGF1 capitalised
on the capability of FXII Fnll domain to bind to divalent metal ions including Zn?* (130). Both
immobilised Ni** and Zn?* have been used. Eluted fractions from the Capto-S or Capto-Q
purification or ammonium sulfate precipitated samples after dialysis were diluted with 50 mM
Tris-HCI, 200 mM NaCl pH 8 (buffer A), then loaded onto the pre-equilibrated (with buffer A)
5 mL HiTrap Ni?* column followed by a gradient run with 0-1 M imidazole concentration to
elute FXIl proteins.

Other proteins including Graalsss-1150 were also subjected to similar purification procedure. All
fractions from this stage of purification were analysed using SDS-PAGE gel and the desired
peak fractions pooled and concentrated down using vivaspin 20 (Sartorius) with molecular
weight cut-off (MWCO) of usually 3 kDa for FXII Fnll and FXIl FnllEGF1, while 10 kDa used for
mFXIl and Graalges-1150 to prepare sample for a final purification step by Size exclusion

chromatography.

2.3.3 Purification of HisTrx-FXII Fnll by affinity (Nizt and Znz+)
chromatography

WT HisTrx-FXII Fnll lysate was captured on a 5 mL Ni%* affinity column (HisTrap) after having
equilibrated the Ni?* column with buffer A (20 mM HEPES pH 7.4, 140 mM NaCl, 20 mM
Imidazole). This was followed by attaching the column to the AKTA Prime instrument and then
commanded the instrument to wash the column with 25-30 mL of just buffer A to remove
nonspefically unbound contaminants. WT HisTrx-FXIl Fnll was eluted from the gradient (0-0.5
M) run, in which both buffer A and buffer B (20 mM HEPES pH 7.4, 140 mM NaCl, 500 mM

Imidazole) were used.
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Eluted WT HisTrx-FXII Fnll fractions from the Ni%* affinity column purification were pooled and
concentrated, then loaded onto an equilibrated S200 16/60 size exclusion column in buffer
without imidazole (20 mM HEPES pH 7.4, 140 mM NaCl). Samples were collected in collection
tubes during elution and each fraction tube collected was subjected to SDS-PAGE gel analysis
prior to pooling and concentrating pure protein together.

As HisTrx-FXIl Fnll is a fusion with HisTrx as a tag, the tag was cleaved off with protease 3C
human Rhinovirus (3C HRV — made inhouse by Dr Philiipe). Different cleavage trials were
performed at different amount of 3C HRV protease relative to HisTrx-FXII Fnll in weights of
1:100, 1:200 and 1:500 in which 100, 200 and 500 times less 3C HRV protease was used. A
time course of the mixture of HisTrx-FXII Fnll and 3C HRV protease was incubated for hour/s
1, 2, 3, 4, 8, and overnight (O/N). Samples taken at different time points were analysed on
SDS-PAGE gel in the presence of HisTrx-FXIl Fnll alone as an uncleaved control. All other
cleavages were performed with either 1:200 or 1:500 for larger scale expression of WT HisTrx-
FXII Fnll. HisTrx-FXII Fnll mutants were also subjected to the same purification and 3C HRV

cleavage procedures as WT HisTrx-FXII Fnll.

2.3.4 Purification by size exclusion chromatography (gel filtration)

All protein samples were concentrated to desired volumes and spun in an autoclaved
Eppendorf tube, then loaded into a sample loop and subsequently injected into the pre-
equilibrated size exclusion column with constant buffer flow (i.e. 0.5 mL/min) to allow
migration of injected proteins down the column for separation.

Both HiLoad Superdex™ 75 16/60 and HilLoad Superdex™, 200 16/60 columns from GE
healthcare were used as preparatory purification step throughout this project with the
following buffers; (50 mM Tris-HCI, 100 mM NaCl pH 8.0), (20 mM HEPES, 100 mM NaCl pH

8.0), (20 mM HEPES, 140 mM NaCl pH 8.0) and (1x Phospahe buffered saline or PBS) used.
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Apart from PBS all the other buffers have been used for crystallisation with caution taken as
high salt or phosphate concentration can readily form salt crystals. SDS-PAGE gel analysis,
western blot followed by protein concentration quantification and mass spectrometry were
performed on a number of proteins including WT mFXIl and human FXIl Fnll to verify the
identity and purify of the overexpressed FXII proteins before performing any characterisation

and structural studies.

2.4 Sodium Dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS-
PAGE) to confirm overexpressed protein

Protein fractions after each purification step from ion-exchange to Affinity (Ni’*) to size-
exclusion chromatography were subjected to SDS-PAGE gel analysis with an appropriate gel
percentage (10%, 12%, 15% and 20 %) depending on the protein size for better resolution to
confirm the expected protein size using a molecular weight marker of known sizes as a
reference. Also, protein purity is assessed.

Running an SDS-PAGE gel will determine what step to take next. 1 volume 4x LDS or SDS
loading dye is added to 10-15 plL of protein sample and mixed well, followed by heating using
a heat block at 95 °C for 10 minutes to denature and coat protein with SDS. This is important
for separating all proteins in the sample by size when current is applied to the SDS-PAGE gel.
1x SDS running buffer was poured into the gel tank in which a casted SDS-PAGE gel (0.75 or
1.5 mm thickness) was inserted and fixed. 10 pL of protein sample and 5 uL of marker
(Novagen) were loaded into individual wells and current applied at 200 V for 60 minutes to
allow protein separation. After running the SDS-PAGE gel, proteins on the gel were visualised
by staining the gel with either coomassie brilliant blue or instant blue followed by de-staining

with de-staining solution (10 % (v/v) isopropanol, 10 % (v/v) acetic acid) or dH,0, respectively.
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2.5 Western blot to detect mouse FXII and human FXII FnII

Full length mouse FXII and FXII Fnll were subjected to western blotting to identify and confirm
their expression from insect cells and that the correct protein was being synthesised. An SDS-
PAGE gel was ran first, then the proteins in the unstained SDS-PAGE gel were transferred onto
either a nitrocellulose or PVDF membrane (Thermo Fisher Scientific) by a semi dry transfer
method using iblot (Invitrogen) for 7 minutes.

A blocking solution consisting of 5 % (w/v) semi-skimmed milk in PBS with added 0.05%
tween20 (PBS-T) was added to cover the blotted membrane and allowed to incubate at room
temperature with rocking for 1 hour to reduce background and weak non-specific binding of
antibodies to the membrane surface. The blocking solution was discarded following
incubation. A B7C9 monoclonal mouse antibody (Abcam) against the FXIl heavy chain diluted
in PBS-T (1:1000) was added to cover the membrane surface for 1 hour at room temperature
with rocking. The antibody solution was removed and the membrane was washed 3 times
with PBS-T for 5 minutes, then discarded the wash solution and added a secondary anti-
mouse IgG antibody (HRP-conjugate) solution diluted 1:2000 in PBS-T to the membrane.

This was left to incubate for 2 hours, then washed 3 times for 5 minutes before discarding the
solution containing the secondary antibody and adding a developing solution (22 pL of 90 mM
p-coumaric acid, 50 pL of 250 mM luminol and 3 pL H207 in 0.1 M Tris-OH pH 8.5) for 1-2
minutes. The signal for FXII-B7C9 antibody complex is enhanced by anti-B7C9 antibody when
Horseradish Peroxidase (HRP) catalyses the oxidation of luminol in the developing solution
when hydrogen peroxide (H20) is added to produce a colour change. This sensitive method is
refered to as Enhanced chemiluminescence (ECL).

Mass spectrometry analysis from excised protein bands from the SDS-PAGE gel further

confirmed the expression of both mouse FXIl and human FXIl Fnll in the MALDI peptide
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fingerprinting analysis (performed by the Biopolymer synthesis and analysis unit, QMC,

Nottingham).

2.6 Protein quantification at a wavelength of 280 nm

Purified proteins exhibiting absorbance at 280 nm with no need for a standard curve were
measured using ND-1000 Spectrophotometer NanoDrop (thermo fisher scientific, UK).

The value obtained from this measurement was used to calculate the true protein
concentration, as the general reference setting on the instrument is based on a 0.1% (1
mg/mL) protein solution producing an absorbance at 280 nm of 1.0 Abs. The equation from
the beer-lambert law was used to calculate the protein concentration using the molar
extinction coefficients (€) calculated from protparam (ExPASy Server) by putting in the

primary amino acid sequence.

molar absorption

coefficient
T Concentration of solution
A=¢lc——

(mol dm™)
i

Length of solution the light
passes through (cm)

The Absorbance value obtained from the nanodrop was divided by the extinction coefficients
of the protein to give a true corrected protein concentration for that particular protein as the
correction factor can be different for each protein sequence analysed. All proteins described
and discussed in this thesis were analysed using ND-1000 Spectrophotometer NanoDrop. All
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proteins used and described in this thesis were concentrated using vivaspin20 or vivaspin500

concentrators (Sartorius).

2.7.0 Analytical gel filtration for isolating FXII bound gC1q-R

2.7.1 Mouse FXII (mFXII) bound gC1q-R in the presence of Zn2+

A 1:1 molar ratio of pure mFXIl and gC1g-R were mixed well in buffer (20 mM HEPES pH 7.4,
140 mM NaCl and 50 pM Zn?*) and incubated on ice for 30 minutes. The sample was then
spun at 17 000 g at 4 °C for 10 minutes and loaded into the sample loop (maximum volume
capacity of 500 puL), followed by injection of sample into the pre-equilibrated analytical gel
filtration (Superose 6, S6) column. Buffer containing 20 mM HEPES pH 7.4, 140 mM NaCl and
50 uM Zn?* was used to equilibrate the S6 column at a flow rate of 0.5 plL/min for 1 column
volume before loading sample into the loop.

The fractions from the isolated peak/peaks containing mFXIl and gC1g-R were ran on a 15%
SDS-PAGE gel to confirm complex peak and which fractions under the peak to pool together
and concentrated using vivaspin20 MWCO 10 kDa. The complex peak containing mFXIl and
gCl1g-R was concentarated down to 6.6 mg/mL. All other constructs including FXIl Fnll-EGF1,
FXII Fnll and gC1g-R and complexes were subjected to gel filtration purification as a final

purification step for characterisation and crystallisation.

2.7.2 FXII FnII-EGF1 bound gCi1q-R in the presence of Zn2+

A similar preparation to full-length mFXIl was made for human FXIl Fnll-EGF1 to form a
complex with gC1g-R. The same buffer (20 mM HEPES pH 7.4, 140 mM NaCl and 50 uM Zn?")
was also used with twice the amount of FXIl Fnll-EGF1 protein added relative to gC1g-R to

give a molar ratio of 2:1.
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The mixture was incubated overnight in the fridge, then spun at 17 000 g at 4 °C for 10
minutes and ran on an S6 column at a flow rate of 0.5 uL/min for 1 column volume. A peak
corresponding to FXIl Fnll-EGF1 bound gC1g-R from the chromatograph and confirmed by a

15 % SDS-PAGE gel was pooled and concentrated down to 5.6 mg/mL.

2.7.3 FXII FnlI bound gC1q-R in the presence of low and high Zn2+
concentrations

To confirm whether FXII Fnll is able to interact with gC1g-R in the presence of low and high
Zn** concentration; Zn%* concentration of 10 pM was initially added in the buffer containing
20 mM HEPES pH 7.4, 140 mM NaCl. A mixture of FXII Fnll and gC1g-R at a molar ratio of 2:1
was incubated on ice for 30 minutes, then subjected to S6 column purification with no
apparent complex formed as confirmed by both the gel filtration peak profiles and the SDS-
PAGE gel.

The two distinct peaks for FXII Fnll and gC1g-R were both pooled together in one tube, then
concentrated and buffer exchanged with 20 mM HEPES pH 7.4, 140 mM NaCl and 50 pM Zn?*
using the vivaspin500 concentrator (Satorius). The concentrated sample of 100 pL total
volume was incubated on ice for 30 minutes and spun at 17 000 g at 4 °C for 10 minutes prior
to rerunning sample on the same S6 column after pre-equlibration with buffer (20 mM HEPES
pH 7.4, 140 mM NaCl and 50 pM Zn?*). The S6 column was ran at a flow rate of 0.5 pL/min for
1 column volume. An elution peak for FXII Fnll and gClg-R complex was formed in the
presence of 50 uM Zn?* with a small peak for FXII Fnll excess observed. A 15% SDS-PAGE gel
was ran to analyse fraction peaks. The FXIl Fnll and gClg-R complex peak was pooled and

concentrated down to 2.6 mg/mL.
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2.8.0 Surface Plasmon Resonance (SPR)

2.8.1 Immobilsation of ligands on the sensor chip surface

SPR experiments were performed with both BlAcore 3000 (GE healthcare) and SensiQ Pioneer
instrument (Pall ForteBio). An amine coupling kit (GE healthcare) was used to immobilise the
ligand. Ligands immobiliised on sensor chips in this project are FXII, gClg-R, PK and FXI.
Frozen aliquots of 200 pL of 0.09M N-Hydroxysuccinimide (NHS) and 0.4M 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were thawn and spun, then a 1:1 (v/v) mixture of
each were presented to the docked sensor chip surface. This will activate the carboxymethyl
groups on a dextran-coated chip with the command of the surface preparation wizard from
the BIAcontrol software (GE healthcare).

The surface preparation wizard application was programmed to immobilised (amine couple)
amine groups of the lysine on the ligand to the activated sensor chip surface for covalent
bonding with the activated reactive ester groups on the sensor chip surface. For the
immobilisation, 10-30 pg/mL of the ligand was diluted into 50 mM Na-acetate with a pH
ranging from 3.58 to 4.5 used throughout this study for various ligands including gC1g-R, FXIl,
FXI and PK to couple to a sensor chip surface. A reference surface was also prepared in the
same manner, except all carboxyl groups including the ones in which a ligand is immobilised
were blocked with 1M Ethanolamine hydrochloric acid pH 8.5 to deactivate the surface. No
ligand (blank surface) was added for the reference surface. A running buffer consisting of 20
mM HEPES pH 7.4, 140 mM NaCl and 0.005% P20 in the presence of 50 uM Zn?* (or Ca?*) or
EDTA was used throughout the immobisation experiment with a reduced flow rate (<30
uL/min). A flow rate of 30 uL/min following immobilisation was initially used to allow the
sensor chip surface to stabilise prior to scouting for a suitable regeneration solution. It's

important for the regeneration solution to be mild and not harsh for the immobilised ligand
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as all needed is to allow the baseline to return back to normal after removing remaining
bound analyte on the sensor chip surface before performing the next analyte injection. In my
case the surface was usually regenerated with 20 mM EDTA and 1M NaCl for gC1g-R binding

to FXIl and 1 M NaCl for any other interaction that do not require Zn?*in HEPES buffer.

2.8.2 Measuring the gC1q-R interaction with FXII

Both FXII and gC1g-R were used as analytes depending on which ligand was immobilised on
the sensor chip surface. Using FXIl or FXII domains (FXII Fnll or FXIl Fnll-EGF1) as analyte on
the BlAcore 3000 instrument, a concentration series of minimum 5 different concentrations
are usually prepared using running buffer (20 mM HEPES pH 7.4, 140 mM NaCl, 0.005 % P20
and 50 uM Zn?*) for the kinetics experiment. A sample without protein or just the running
buffer is also prepared as a control, which should ideally not give any response unit (RU) and
can therefore be subtracted from the data curves during data processing.

250 plL centrifugated (10 minutes at 17,000 g at 4 °C) analyte samples at different
concentrations, buffer control (no analyte) and regeneration solution in microcentrifuge
tubes were all transferred into SPR plastic vials. All samples in SPR plastic vials were then
placed on the rack of the BlAcore 3000 instrument and a running buffer in a glass bottle
already in position to provide constant flow of buffer during the experiment. All samples were
made up from this running buffer.

The kinetics experiment was performed using the BlAcontrol kinetic wizard application within
the BlAcore 3000 control software. A flow rate of 30 pL/min (or 50 ulL/min) and a
regeneration step with injection volume of 50 pL for 50 seconds after each protein analyte

injection were used. All other protein analytes including gC1g-R, Graalsss-1150 and CFl followed
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a similar process as described above to obtain binding data for kinetics parameter
determination.

Another SPR instrument used in this project is the SensigPioneer, which can perform both
analyte concentration series and a single concentrated protein analyte injection compared to
BlAcore 3000 which does not have an updated software to perform a single injection. The
newer BlAcore instrument should have this function in their softaware.

After performing a kinetics experiment, raw data from both BIAcore 3000 and SensigPioneer
were processed using the BlAevaluation or Qdat software, respectively. The association and
dissociation phase on the curves are used for the kinetic analysis to fit the data into binding

models, which ultimately gives a best fit with kinetic parameters (ka, ka and Kp etc.).

2.9.0 Crystallisation of FXII, FXII FnII and bound FXII FnII-
EGF1 in the presence of gC1q-R

2.9.1 Crystallisation of full length mouse FXII

Gel filtrated fractions of WT mouse FXIl and active site mutant S526A FXII (mFXIl S526A) were
pooled and concentrated down to 18.6 mg/mL and 24.6 mg/mL, respectively in 20 mM Tris-
HCI, 50 mM NaCl pH 8.0 buffer using a vivaspin20 (Sartorius) 10 kDa MWCO.

A pre-crystallisation test (PCT) was performed using the PCT reagents and a 24-well plate. The
test involves dispensing equal volume of protein and PCT solution (Hampton Research),
usually around 0.5 pL to 1.0 pL on a 24-well plate with 500 pL PCT solution in the reservoir,
then sealed with a transparent adhesive tape and left to incubate at room temperature for 30
minutes or more.

Both Matrix Hydra Il (Thermo Scientific) and Mosquito robots (TTP Labtech) were used to

dispense smaller volumes of around 0.2 uL of FXII protein (WT and mutant) and 0.2 ulL of
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crystallisation solution in a 96-well MRC plate (Molecular Dimensions) using a sitting drop
vapour diffusion method. Just like the PCT experiment on the 24-well plate, the 96-well MRC
plate was also sealed and incubated at 20 °C and 10 °C to allow crystal growth. A single crystal
of mFXIlI S526A mutant was observed but with no diffraction. Crystallisation experiments with
more mFXIl S526A mutant at concentrations 12.3 mg/mL, 9.5 mg/mL, 6.15 mg/mL, 5 mg/mL,
4.8 mg/mL, 2.5 mg/mL, 1.9 mg/mL and 1.25 mg/mL were also set with no crystals observed in
various crystallisation screens including Classic I, PEG I, AmSQ4, PACT and Morpheus from
Qiagen, Molecular Dimensions or Hampton Research.

Fresh batch of WT mFXIl and mFXIl S526A purified from yeast by our collaborator Prof David
Gailani (Vanderbilt University Medical Center) at concentrations 2.5 mg/mL and 1.98 mg/mL,
respectively were further concentrated using vivaspin500 to 14.83 mg/mL for WT mFXIl and
28.1 mg/mL for mFXIl S526A. WT FXII was mixed in the presence of dextran sulfate in a molar
ratio of 1:3 with 50 Mm Zn?* added prior to crystallisation. Crystallisation was perfomed for
both in which 0.3 pL of mFXIl and 0.3 pL crystallisation solution are placed on a 96-well plate
to form a drop and 80 ulL of crystallisation solution in the reservoir. This was sealed using a

transparent adhesive tape and incubated at 10 °C and 19 °C.

2.9.2 Crystallisation of untagged and tagged human FXII FnII-EGF1

Fractions of untagged FXIl Fnll-EGF1 from the size exclusion chromatographic or gel filtration
(HiLoad Superdex™ 200 16/60) experiment were pooled and concentrated down to 5.4
mg/mL in 50 mM Tris-HCI, 100 mM NaCl pH 8.0 buffer using vivaspin20 (Sartorius) 3kDa
MWCO. Apart from the FXIl Fnl-EGF2 and the protease domain of FXII, structure for the full
length FXII or its N-terminal domains have not been determined yet; FXIl Fnll-EGF1 was made

to be crystallised and characterised accordingly. MBP-FXII Fnll-EGF1 fusion and FXII Fnll-EGF1
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were subjected to crystallisation in the same way described for full-length mFXIIl. Although,
no crystals were observed for FXIl Fnll-EGF1 alone, MBP-FXII Fnll-EGF1 produced crystals.
MBP-FXII Fnll-EGF1 crystals were cryo-cooled to preserve the crystal for the transport as well

as radiation damage when exposed to X-ray beam at the Diamond Light Source (DLS).

2.9.3 Crystallisation of untagged human FXII FnIll

Pooled gel filtrated and concentrated FXII Fnll (expressed in S2 cells) down to 6.0 mg/mL
using vivaspin20 (Sartorius) were set for crystallisation using a 96-well MRC plate with initial
volumes of 0.3 uL FXII Fnll and 0.3 ulL crystallisation solution on the well and 80 pL
crystallisation solution in the reservoir using the sitting drop vapour diffusion method.
Crystallisation screens Pi-PEG, JCSG+ and PACT were used for the crystallisation trial and the
96-well MRC plate sealed with a transparent adhesive tape and incubated at 19 °C. Crystals
appeared within 48 hours from the PACT and JCSG+ screens.

To test the crystals for diffraction; a crystal was cryo-protected with 30% glycerol added to
the mother liquor in which the crystal grew in, followed by fishing with a suitable nylon loop
size. The fished crystal is then flash cooled in liquid nitrogen and the loop containing the
crystal mounted on the home source goniometer (Rigaku Mibromax-007 X-ray generator).
The mounted crystal was exposed to a dose of X-ray to record diffraction confirming whether
the crystal is protein or salt. The diffraction pattern recoded was of both low and high-
resolution reflections confirming crystal to be protein.

A similar cryo-cooling preparation aforementioned was made with more crystals and
transported to the Oxford synchrotron facility at Diamond Light Source (DLS) beamline 104

and subsequently to the European Synchrotron Research Facility (ESRF).
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2.9.4 Crystallisation of FXII Fnll or FXII FnII-EGF1 in complex with
gCi1q-R

Gel filtrated gC1qg-R-FXIl Fnll (2.6 mg/mL) or gC1g-R-FXIl Fnll-EGF1 (5.4 mg/mL) in 20 mM
HEPES pH 7.4, 140 mM NaCl and 50 pM Zn?* from S6 10/300 column. For the gC1g-R-FXII Fnll
complex (2.6 mg/mL), PCT was perfomed first, followed by crystallisation with screens JCSG+
and Pi-PEG on a 96-well MRC plate, while for gC1g-R-FXII Fnll-EGF1 (5.4 mg/mL) crystallisation
screens PACT, JCSG+ and PEG were used and set on a 96-well MRC plate. All liquids were
handled by the Mosquito dispensing instrument for the 96-well MRC and sealed with a
transparent adhesive tape plates for both complexes and incubated 19 °C and 10 °C.

Crystals for gC1g-R-FXII FnllI-EGF1 (5.4 mg/mL) grew from the crystal trial within 24 hours and
were optimised from the crystal trial. The crystal trial was optimised by changing the pH range
(5.3-5.9) PEG 4000 and by substituting calcium acetate with sodium acetate. These two
crystal forms for gC1g-R-FXII Fnll-EGF1 will be henceforth termed form 3A and 3B for crystal
trial and optimised, respectively. Form 3A diffracted to 3.16 A, while form 3B diffracted to

3.14 A,

2.9.5 Crystallisation of gC1q-R and peptides

Human gC1g-R isolated from S200 16/60 column was incubated on ice with peptides; gC1g-R-
RCP, gC1g-R-H4 or gC1g-R-LBP in a 1:5 or 1:10 molar ratio with or without metal ions such as
Mg?* or Zn?* in 20 mM HEPES pH 7.4, 140 mM NacCl.

Human gCl1g-R was also prepared by mixing a 1:2 molar ratio of gC1g-R to HK domain (HKD5)
and incubated on ice for 30 minutes, followed by isolation from S200 increase 10/300
column. The complex peak was pooled and concentrated in 20 mM HEPES pH 7.4, 140 mM

NaCl and 25 pM Zn?* and subjected to crystallisation trials with hits observed for all
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complexes. Crystals were cryo-cooled and exposed to X-ray beam at the Diamond Light

Souirce (DLS) was used to test the crystals for diffraction.

2.10. Structure determination, refinement and validation of untagged
human FXII FnlII in the presence of Zn2+

Datasets collected from the diffracted FXII Fnll crystals were initially indexed by adding all the
images using the ‘add images’ window in iIMOSFLM or MOSFLM within the CCP4 suite. A
separate window will automatically be displayed when the images are open. The displayed
image was prepared by masking the circular backstop shadow by clicking the green box icon,
which will show a green circle in the centre of the diffraction image. Furthermore, a spot
finding radius (red box icon) and resolution limit (blue box icon) for the displayed diffraction
image was selected.

The Autoindexing selection was chosen, which allows the software to automatically pick spots
on the diffraction images and the spots (recorded reflections) identified are shown in yellow
crosses. Finding the spots allow the assignement of integer numbers (h, k, | = Miller Indices)
for the planes as this is crucial for obtaining the correct geometry for integrating the
intensities from the reflections. Cell refinement and then integration is also performed
iMOSFLM by clicking on the buttons on the left hand side displaying the icons in the session.
This generates an *mtz output file, which is further used to to combine all the integrated
values from the reflections in all images into one structure factor and normalised using
Aimless. The output logfile generated after Scala or Aimless provided diagnostics on data
quality before moving on to Phasing, model building and refinement of the model.

For phasing using molecular replacement, Mr Bump (automated scheme for Molecular

Replacement) was initially giving the FXII Fnll amin acid sequence and experimental structure
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factors to create a suitable Fnll template. The Fnll template (PDB coodinates), FXIl Fnll amino
acid sequence and the *mtz from Aimless were put into the Phaser (CCP4 and PHENIX) and
the program ran. A solution for FXII Fnll was found to solve the structure. FXII Fnll bound to
Zn** model (form 1 and form 2) were built using Coot (Emsley and Cowtan 2004) with rounds
of refinement (with restrains and constrains) using REFMAC 5.0 (Murshudov et al., 1997) in
CCP4 and phenix.refine in PHENIX with each refinement run validated.

FXII Fnll Form 1 and Form 2 structures were validated using validation programmes including
PROCHECK in CCP4 and MOLPROBITY in PHENIX and wwPDB Validation Service for final
validation before submitting structures to the protein dabank (PDB). PyMOL and QtMG
(CCP4) were used to visualise the FXII Fnll structures (Form 1 and Form 2) and figures made

for this thesis using both programs.

2.11 Structure determination, refinement and validation of gC1q-R-FXII
FnII-EGF1 complex

Diffraction images for gC1g-R-FXIl Fnll-EGF1 were autoindexed, cell refined and integrated in
iMOSFLM in a similar manner to what has already been mentioned for FXIl Fnll in the
presence of Zn?* (subsection 2.10). The output *mtz file generated from the integration job
run was scaled in Aimless and the output *mtz file generated was used for the molecular
replacement.

After careful inspection of the data collection statistics for gC1g-R-FXII Fnll-EGF1 from the
logfile after Aimless, the *mtz file from Aimless was used as an input file in Phaser alongside
the PDB coordinates for FXII Fnll (unpublished) mentioned in subsection 2.10 and the gC1g-R
(PDB ID 1P32) . An amino acid sequence for gC1g-R and FXIl Fnll in one file was also put in

Phaser and then ran the program. A solution was found for the gC1g-R-FXIl Fnll-EGF1 to solve
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the structure. Coot (Emsley and Cowtan 2004) was used for model building gC1g-R-FXII Fnll-
EGF1 with rounds of refinement (with restrains and constrains) using REFMAC 5.0
(Murshudov et al., 1997) in CCP4 followed by validation using MOLPROBITY. The gC1g-R-FXII
Fnll-EGF1 structure was visualised in both PyMOL and QtMG (CCP4) and figures made using

both programs.

2.12 Contact activation assay using chromogenic substrates

Contact factors FXII (50 nM), HK (10 nM), PK (10 nM) and negatively WT gC1g-R (100 nM) in
the presence of 50 uM Zn?* were mixed well and incubated in a 96-well nunc plate (Thermo
Fisher Scientific) at 37 °C for 15 minutes. After the mixture chromogenic substrate S-2302 (0.4
mM) were added and mixed well using a shaker.

Parallel experiments consisting of FXIl (50 nM) and gC1g-R (100 nM) with Zn?* or HK (10 nM),
PK (10 nM) and gC1g-R (100 nM) with Zn?* incubated at 37 °C for 15 minutes, then added
chromogenic substrate S-2302 (0.4 mM) were also performed to determine whether contact
activation is triggered in the absence of a contact factor. The data were normalised by
subtracting the buffer from the test absorbance, analysed and figures produced using

GRAPHPAD PRISM 7 Software.
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CHAPTER 3.0

TECHNIQUES



3.0 Techniques

3.1.0 Chromatographic techniques

Understanding the biophysical and chemical properties of proteins is useful when considering
to use any chromatographic technique including ion exchange, affinity and size exclusion
chromatography. Rational design of a construct before expressing the protein of interest (POI)
is important, as this may help in upstream and downstream processing of proteins. Proper
protein folding and purification needs careful considerations when designing constructs and
chosing expression systems as this can aid protein expression, increased yield and produce
functional protein. In structural biology, especially X-ray crystallography, protein purity and
yield are important for obtaining crystals. In other words, protein purification with desired
guantity and purity is vital for characterising protein structure, function and understanding
the biological role of proteins (>3, In this PhD project, the AKTA system (Prime, Purifier and

Pure) (Figure 3.1) were used to perform all purifications and analysis.
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AKTA pure protein purification system

Figure 3.1: AKTA pure instrument showing attacted size exclausion column to the AKTA
instrument. The UNICORN 7 software was used to run the AKTA instrument. Samples are
loaded and injected from the injection loop to the attached column and followed by elution in

which samples are collected on the csample collection tubes.

3.1.1 Ion Exchange Chromatography (IEX)

lon Exchange Chromatography (IEX) is a popular method and the principle of this method
involves allowing the separation of ionisable ions and polar molecules/biomolecules (i.e.
proteins, peptides, amino acids or nucleotides) based on their total charge depending on the
pH. The total charge of the molecule is referred to as the isoelectric point, or pl, in which the
molecule has no net charge, neither a net positive charge nor net negative charge. The

theoretical pl of proteins can be calculated using the primary amino acid sequence using
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Expasy protpatram online or calculated using 2D SDS-PAGE gel or mass spectrometry.
lonisable ions and polar molecules have an affinity for the ion exchanger depending on what
type of exchanger one decides to use. There are two types of ion exchangers; cationic and
anionic exchangers, whereby the solid matrix containing a negatively or positively charged
group for cationic (Carboxymethyl cellulose) and anionic (DEAE cellulose) exchangers bind to
positively and negatively charged proteins, respectively. In other words, a protein in buffer
with a pH above its pl will bind to positively charged anion exchanger, while a negatively
charged anion exchanger will bind to proteins when the pH is less than the protein’s pl. Buffer
pH and salt concentration are crucial for both binding and elution of biomolecules in IEX. To
elute bound biomolecules on the immobile exchanger, high salt - NaCl can be used to
compete for binding to the exchanger in a concentration dependent fashion and ultimately

eluting the biomolecules of interest (254,

3.1.2 Affinity chromatography

Affinity chromatography, also called affinity purification is a unique purification technique
used to separate biomolecules (i.e. from DNA to proteins) on the basis of reversible
interaction between biomolecules and a specific ligand immobilised to a chromatography
matrix (solid support) offering high specificity, resolution and high capacity for the
biomolecule of interest. This purification technique is quick, reliable and cheap. This
technique relies on interactions between biomolecules and the ligand coupled to the
chromatography matrix. Fusion proteins with polyhistidine tag (His-tag) bind to a number of
transition metal ions (Ni?*, Zn?*, Co?*and Cu?*) thus serving as a good and reliable immobilized
metal affinity chromatography (IMAC) method. Other methods for fusion protein purification

include Glutathione S Transferase (GST) or Mannose Binding Protein (MBP) binding to
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glutathione or Dextrin Sepharose™ immobilised columns or resins, respectively. Other tags
including FLAG and thioredoxin (Trx) are also available for used. Alternatively, commercially
available activated affinity supports can be used to covalently immobilise a ligand of interest
such as a peptide known to bind to a protein including antibodies or nanobodies for instance
(255) Captured proteins on immobilised ligand in a column matrix under physiological pH and
ionic strength such as phosphate buffered saline (PBS) and other buffer types are usually
used, followed by a wash step to remove non-specifically unbound components from the
column with no effect on the bound sample. Adding low levels of detergent, ionic strength or
salt concentration might help in both binding of protein of interest and easily washing out
unbound prior to the final elution. Finally, an elution buffer is used to disrupt the protein of
interest and ligand interaction thus causing dissociation of the protein of interest, which is
collected with a collection tube. Fusion proteins with His-tagged are eluted with an elution
buffer containing high imidazole concentration, which displaces the bound His-tagged
protein. Purified fusion proteins (e.g. His tagged) after elution usually require additional
purification to ensure that purer sample is obtained. In protein crystallography, a
homogeneous and monodisperse protein sample is required for increasing the chances of

crystal formation and growth. This can be achieved using size exclusion chromatography (¢

258)

3.1.3 Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC), generally known as gel filtration separates molecules in
solution on the basis of size and shape using a porous matrix with a distinct pore size made up
of cross linked dextran (Sephadex), agarose (Sepharose) or polyacrylamide (Sephacryl or

BioGel P) to separate molecules of various molecular weights. Fractionation experiment from
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a gel filtration column starts when a sample (i.e. protein) loaded in a loop is injected into a
column. Proteins then migrate through the column in a running buffer aided by a purification
instrument such as an AKTA system controlled by the Unicorn software. Proteins with higher
molecular weight penetrates and elutes earlier than low molecular weight proteins, as
intermediate and lower molecular weight proteins enter the pores of the cross linked gels,
therefore taking longer to elute as shown in Figure 3.2. Bigger proteins outside the column
separation range elute in the void volume (Vo) and are therefore not separated. Gel filtration
was performed throughout this project to either obtain pure protein after affinity or lon
exchange chromatography or to confirm the state of the protein in solution before any
downstream experiment. Additionally, macromolecular complexes including gClg-R bound
FXII Fnll were isolated using analytical gel filtration prior to crystallisation. Eluted samples are
always subjected to SDS-PAGE gel analysis to confirm purity of protein of interest and also,

whether protein complexes are formed relative to individual controls.
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Figure 3.2: Diagram showing a typical chromatogram from beginning (left) to end (right).
Injected sample migrates through the gel in the column to be separated by size and shape in a
running buffer. Proteins with aromatic residues absorb at a wavelength of 280 nm to produce
a peaks with varying height. Bigger proteins elute earlier than smaller proteins and bigger
proteins outside of the column separation range elute first and are present in the void volume
(V). A total column volume (V:) is achieved when a solution (i.e running buffer) runs through

the whole column once.

Approximation of the molecular weight of proteins or macromolecular complexes isolated
from a gel filtration experiment can be calculated using commercially available protein
standards of varying molecular weights from companies such as Sigma. The elution volume
(Ve) correlating to the hydrodynamic radius of the protein of interest can be used to calculate

the Kay from the defined equation below.

Kav = (Ve - Vo)/ (Vt - Vo)
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A plot of scatter graph produced by plotting the calculated Kay against the log molecular
weight (MW) of the protein standards allows the calculation of unknown protein molecular

weight from the linear regression equation derived from the scatter plot (2>9-261),

3.2.0 Backgroung on Surface Plasmon Resonance (SPR)

The first anomalies of polarised light shone on metal film surface producing dark and light
bands in the reflected light were observed by R.M. Wood between 1902 and 1912, while the
theoretical behaviour of the anomalies was described by Lord Rayleigh in 1907 (262, This
subsequently gave way for scientists including Otto and Kretschmann in the late sixties and
early seventies, respectively to demonstrate how incident beam of polarized light undergoes
reflection using a prism and the relationship this has with optical excitation of electrically
conducting gold layer at the interface of a glass sensor and an external liquid medium (263 264)
(Figure 3.3).

The smallest change detected at the interface due to changes in refractive index of the
medium adjacent to the metal surface will lead to a change in SPR signal which allows precise
measurements in real-time. Ligands including proteins immobilised on functionalised gold
coated glass results to change in refractive index in comparison to no ligand immobilised.
Furthermore, analytes added in the medium can absorb the incident light during interaction
with the immobilised ligand on the gold surface resulting into a shift in the resonance angle
and the intensity of light reflected in real-time. A shift in the resonance angle can also occur
when subtle change as a result of components in the running buffer absorb light and must
therefore be subtracted from the reference cell to reduce noise and increase the signal

(Figure 3.2A-B) (269),
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Figure 3.3: Excitation of surface plasmons and reflection from incidence beam. A) The incident
(incoming light) at an incidence angle (SPR angle) perturbs the mobile electrons on the gold
surface and causes a change in the surface plasmon wave. B) As analytes bind to the
immobilised ligand a shift in SPR angle is observed and this is represented as a sensogram.

Dapted from the following link: https.//www.ifm.liu.se/applphys/molphys/equipment/spr/.
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3.2.1 SPR Instrument and Sensor chip

Metals such as copper, aluminium, indium, silver and gold are used for SPR sensor chips as
the metal surface can be utilised to generate surface plasmon resonance from their electrons
following excitation of light at a suitable wavelength (269),

Gold surfaces are commonly used, as it is inert to chemical reactions. Two instruments were
used throughtout this project; BIAcore 3000 system (GE Healthcare) and SensiQ Pioneer and
Pioneer FE systems (Pall ForteBio) and the general principle is the same for both instruments.
However, the SensiQ Pioneer instrument is newer with functionalities such as OneStep
kinetics injection option, more sensitive in detecting smaller analytes (70-100 Daltons) and
has an updated Evaluation software (Qdat). For both systems, when the gold sensor surface is
altered by ligand immobilisation or analyte bound to immobilised ligand, the SPR signal from
changes in the refractive index within the system is recorded by the detector and relayed to
the control software (267),

There exist many different types of sensor chips with different surface chemistries and
modifications depending on the application. | throughout this project used a sensor chip CM5
for the BIAcore3000 and other sensor chip series including COOHY, COOH1 and COOH?2 for
the SensiQ Pioneer. The sensor chip CM5 is generally used for biomolecular analysis and has a
carboxymethylated dextran covalently attached to a gold surface and extends 100 nm from
the gold surface. The depth of dextran can vary from none for C1 and 30 nm for CM3. The
gold surface for the CM5 chip is fixed on a plastic support and is protected by a dust jacket

sheath as shown in Figure 3.4C.

71



BIAcore 3000 Instrument

) I Please fill in LOG BOOK when using this equipment

Waste bottle
Running buffer

B) Autosampling compartment for BIAcore 3000

72




Dust jacket sheath with sensor chip inside

CMS5 chip for BIAcore 3000

' l:,l> <+ Dust jacket sheath

CM5chip
"

&)

Gold surface

SensiQ Pioneer Instrument
— - -

D)

73



E)  Sensor chips for SensiQ Pioneer

A o Nt

7 SO
(R ON

COOH2 SPR Chip
SN: PS02- 216121917
g Expiration Date: 12-18-2018 Date Opened:

COOHYV Biosensor FortéBio
For Pioneer Systems
Part No:PSI7AFB  Lot: 8020046  Expires: 2020/02
Store at 4°C. Do Not Freeze. For Research Use Only.

www.fortebio.com/support
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Figure 3.4: Sensor CM5 chip showing the dust jacket sheath (outer part) and the gold surface
sitting on a white plastic. A-B) BIAcore 3000 instrument showing differents part. C) CM5 chip
for BlAcore 3000. D) SensiQ Pioneer instrument and E) Sensor chips (COOH2 and COOHV) for

SensiQ Pioneer.

3.2.2 Immobilisation of proteins on the sensor chip surface

3.2.3 Pre-concentration

Before activating the dextran sensor chip surface and immobilising the protein, the protein in
low ionic strength buffer (10 mM Sodium acetate) with pH range of 6.0 to 4.0 is tested for
binding to the inactivated surface first. This is used to make the protein positively charged, as

this will allow the electrostatic attraction between the negatively charged dextran surface
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layer and protein to form. The electrostatic interaction occurs when the protein pl is above
the pH and the pH above the pl of the carboxymethylated dextran layer (pl -3.5).

Pre-concentration at a pH lower than 3.0 will result into the carboxymethylated dextran layer
to lose its capacity to attract injected protein on its surface. Pre-concentration is a useful step
as the relative response unit (RU) produced in a sensogram readout in real-time can reveal
how much of the protein is being injected and attracted to the negatively charged dextran
surface in different pH (5.5, 5.0, 4.5 or 4.0) and can also indicate protein stability (or

denaturation) from the sensogram (268 269),

3.2.4 Ligand immobilisation

The amount of ligand to immobilise is important depending on what type of experiment is
being conducted; binding analysis or kinetic analysis. A high ligand amount is immobilised in
binding analysis but much less in kinetics analysis to avoid mass transport limitation.

The concentration of the ligand to be immobilised is important in determining the rate of pre-
concentration and it is generally recommended to use a concentrations between 5 and 50
ug/mL for protein depending on protein molecular weight.

As the buffer (i.e. salt concentration, Tris etc.) can have undesired effects on the
immobilisation of the ligand on the dextran surface, it is highly recommended to prepare the
protein ligand dilutions from a high concentrated stock in buffer with low ionic strength.

For kinetics experiments, it is recommended to achieve a maximum theoretical response
(Rmax) of 50-150 response unit (RU) assuming in theory that 100 % of the immobilised ligand is
active and capable of interacting with the injected analyte on the sensor surface. The
equation below describes how the Rmax can be calculated; the Rmax is the ratio of the analyte

molecular weight over the ligand molecular weight multiplied by the amount of ligand
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immobilised (R.) and the stoichiometry (Sm) of the binding as shown in the equation

expressed below (269),

analyte MW
Rmax = X RL X SM
ligand MW

Following the calculation, if a 1:1 binding of ligand to analyte is considered, in which Sy will be
1, then the value obtained from dividing the molecular weights of the analyte and ligand,
multiplied by 100 is the amount needed in RU terms for reasonable kinetics experiments. The
method is programmed in such a way that the desired calculated RU for ligand immobilisation
is entered in the method for the programme to inject the ligand until the desired level is
reached. For the actual immobilisation experiment, the protein ligand stock is diluted down
using immobilisation buffer (10 mM Sodium acetate, pH 4.5) and centrifuged alongside the
amine coupling reagents 1-Ethyl-3-(3 dimethylaminopropyl carbodiimide (EDC) and N-
Hydroxysuccinimide (NHS) at 17,000 g at 8 ° C for 20 minutes. Amine coupling is a common
method in which the sensor chip i.e CM5 is inserted and docked onto a docking unit in the
SPR instrument (whether BlAcore 3000 or SensiQ Pioneer) exposing the gold sensor surface
layer over the liquid handling system or IFC for BlAcore 3000.

The IFC (liquid handling system or microfluidic system) delivers the samples; ligand to be
immobilised or analyte to bind to the immobilised ligand on the docked sensor chip surface.
Activation of the carboxymethylated dextran layer on the sensor chip surface is achieved by
injecting a mixture of EDC and NHS onto the chosen flow cell at a flow rate of 5 uL/min for 7
minutes to create reactive succinimide ester groups that will react with primary amine groups

from the ligand (i.e protein) or any nucleophilic group.
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The final step of the immobilisation method involves capping or deactivating the reactive
ester groups unbound to ligand with 1M-ethanolamine pH 8.5 (Figure 3.5). As a stable
baseline is required, the running buffer is usually flown onto the sensor chip surface following
successful immobilisation of the ligand at usually a flow rate of 30 pL/min with time
(sometimes hours). This can help in preventing baseline drifting during the biomolecular

interactions thus giving a much more reliable data to fit the model (268 270),
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Figure 3.5: Amine coupling of ligand using EDC/NHS. The carboxyl groups of the dextran layer
on the gold surface are activated to create reactive ester groups, followed by covalent
attachment of the primary amine on ligand by. The remaining esters are then deactivated with

ethanolamine as highlighted in the red box.

3.2.5 Studying biomolecular interactions

Interaction between the immobilised ligand and the injected analyte is defined by an
association phase and a dissociation phase, in which, bonds are formed during the association
phase and broken with time for the dissociation phase. For a concentration series (low to high
concentration), a suitable regeneration solution is injected onto the sensor chip surface to
remove the remaining bound analyte after each dissociation phase of every injected analyte

before the next analyte injection. As some analytes dissociate very slowly without returning to
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baseline, it is important to regenerate the surface and return to baseline before the next

analyte injection (26 271 (Figure 3.6).
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Figure 3.6: Analyte binding to immobilised ligand on the sensor surface (Gold surface). A) shows

amine coupled ligand (immobilised ligand) on the gold surface (yellow) and analyte in blue

with arrows for both forward and reverse reaction (association and dissociation). B) shows the

forward reaction in which ligand (A) interacts with analyte (B) to form a complex of

ligand:analyte (AB) for the association phase, while the reverse reaction when running buffer

is flown on the sensor surface causes analyte to come off the ligand thus dissociating with

time. At the end a regeneration solution is injected to allow the system to return back to

baseline for more analyte injections.
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The simplest interaction to fit a ligand and an analyte assumes a 1:1 binding, in which a ligand

(A) with one binding site has an affinity for the injected analyte (B) to form a complex of AB

(269, 272, 273)

A+B < AB

The steady state or equilibrium is reached when equal number of bonds formed from the
association phase is the same for the number of bonds being broken in the dissociation
phase. This is usually observed when the system manifests a saturation behaviour and can be
useful to extrapolate the values at equilibrium to obtain a binding constant from a hill plot in
Prism. From the equation above, two important constants can be derived for the binding. The
affinity the analyte has for the immobilised ligand can be expressed by rearranging the

equation above to give the following expression:

[4B] _

48]

The ratio of bound AB complex and unbound A or B is where the association constant Ka with

K,

unit of M is derived and gives an indication of how strong the binding between the ligand (A)
and analyte (B) is when the Ka is high. On the other hand, the dissociation constants defined
by the Kp with the unit of M describes the amount of unbound analyte over the amount of
bound ligand (A) and analyte (B) and its reciprocal expression can therefore be derived from

the following expression: (269 272)

AbI_,

(48] "
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As molecules A and B prefer to be in the bound state, AB, this therefore reflects on how
tightly A and B bind to each other and if the Kp is smaller in its unit, then, this indicates a tight
binding. In other words, Kp values ranging from femtomolar (fM) to millimolar (mM) implies
tight binding in the fM range and weak binding for mM. Ka and Kp are inversely related and

can therefore be expressed as:

Both the association phase and dissociation phase of the sensogram has a rate constant that
defines Ka and Kp. The association phase defined by A and B colliding via diffusion to form a
complex of AB has a rate constant of association (ka) with unit in S, while the rate constant
of dissociation (kq) with unit in M St for AB describes how long it takes the analyte to unbind

the ligand. The equation for both rates (association and dissociation) are expressed as:
Rate of association Rate of dissociation

AJ|B] <k, AB| <k

At equilibrium, the rate of association and the rate of dissociation of the biomolecular
interaction is equal. Furthermore, the rate constants Ky and K4 have a relationship with the
association and dissociation constants Ka and Kp, respectively and can therefore be expressed

as:

kq
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3.2.6 Multiple binding sites

Some analytes such as antibodies have two binding sites, in which the first site on the
immobilised ligand is occupied thus making the other free binding site available for binding.
The flexibility and closeness of both the ligand and analyte is important for binding to the
second site. In the BIAcore3000 evaluation software, the Langmuir (1:1) model is
recommended to use first, and if data does not fit the Langmuir (1:1) model, then there are
other models to derive the kinetics parameters from; heterogeneous ligand model and a
bivalent analyte model for instance. The heterogeneous ligand model accounts for the
presence of two species of immobilised ligand that independently bind to the injected
analyte. The immobilised ligand for this model can also mean that two molecules of the same
ligand on the surface of the sensor chip can have two different binding sites for the analyte.
This ultimately gives the following expression, whereby two sets of bonds are formed for AB;

and AB; (Figure 3.7).
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Figure 3.7: Heterogenous ligand model. This model shows one analyte binding to two
immobilised ligands at two indepent bonding sites. A) Diagrammatic representation and B)

equation of the binding kinetics.

This model assumes that there are two association rate constants of Ky1 and Ky for complex
AB1 and ABy, respectively, with dissociation rate constant Kq1 and Kga.

For the bivalent analyte model (274, as the name indicates, has two regions within the analyte
that can bind to one immobilised ligand on the sensor chip surface, therefore strengthening
the overall binding compared to 1:1 Langmuir binding. The bivalent analyte equation to fit the

model is expressed below.
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ka] ka2
1) A+B S AB 2) AB+B = AB,
kas ka2
The evaluation software Qdat for SensiQ Pioneer can fit data to different sites and you can

chose whether the binding is 1:1, 1:2 or 1:3 for the simple (ka, kg) model.

3.3.0 Introduction to protein X-ray crystallography

Structural biology techniques including Nuclear Magnetic Resonance (NMR), Small Angle X-ray
Scattering (SAXS), Cryonic-electron microscopy (Cryo-EM) and X-ray crystallography aim to
understand the biological roles and function of macromolecules (primarily nucleic acids,
polysaccharides and proteins) by determining 3D structures, shapes and dynamism of
macromolecules 27°),

For X-ray crystallography, crystals are required to determine structures. X-ray crystallography
is a powerful technique that enables crystallographers and non-crystallographers to
investigate and determine the 3D atomic and molecular structure of a crystal 27). A crystal is
needed in X-ray crystallography, as diffraction from a single molecule would be too weak to

277) of periodically arranged molecules

be measured, while a crystal having millions or billions !
would amplify the diffraction signal. A monochromatic (single wavelength) X-ray beam from a
home source or most commonly synchrotron radiation (high energy electron beam) is used to
expose a rotating crystal to produce diffraction patterns on a series of images recorded by X-
ray detectors. The diffraction pattern from the detector are shown as arrays of spots from the

diffracted X-ray beam by the crystal, and is also referred to as reflections, which have

different intensities (278,
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3.3.1 Protein Crystallogenesis

Crystallisation has been referred to as dark art (or dark science) as the physiochemical
dictates of crystal growth are not well understood and crystal growth is to a certain extent
therefore, a matter of trial and error. However, a rational approach in which a set of
commercially available screening conditions for initial trial, also referred to as Sparse Matrix
Screens have been formulated and developed based on previously grown crystals in various
conditions. In other words, identification of the chemical, biochemical and physical conditions
coupled with systematic alteration (optimisation of screening conditions) can help to yield
some crystalline material 7). First and foremost, a homogeneous and properly folded
protein sample in sufficient quantity (usually 2-50 mg/mL) is needed to start the
crystallisation experiment. For protein crystallisation experiments, the vapour diffusion
method is commonly employed and can be performed in two formats; either sitting-drop or
hanging-drop format. The principle is the same for both formats and entails the use of plates
such as a polystyrene MRC 2-drop plate (96-well format), in which a drop of protein solution
(sample) and crystallisation solution (precipitant) in ratio of 1:1 is added onto a pedestal (or
well) in the sitting-drop format. For the hanging-drop format, both protein solution and
crystallisation solution on a coverslip or a transparent sealant (with a non-stick zone for the
drop) is inverted thus suspended above the reservoir. Also, a reservoir solution in a chamber
on the plate is filled with the crystallisation solution, which is next to the well for the sitting-
drop vapour diffusion method and below for the hanging-drop.

The plate is sealed with a transparent sealant or glued coverslip to the plate in the hanging
drop and subjected to temperature incubation at usually 4 °C to 20 °C to allow equilibration
(280) |ncubation allows vapour to diffuse out of the droplet, thereby increasing both the

protein and precipitant concentration in the drop. Water diffusion from the reservoir occurs
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at a slower rate. This continues till the system reaches equilibrium with no net movement of
water out of the droplet and can potentially create small nuclei in the nucleation zone. For
this to happen, the protein and precipitant concentrations need to be at the right level to
facilitate and provide surface tension energy for protein-protein contact or nucleation (8%,
Nuclei formation allows more protein in the drop solution to build on the already formed
nuclei to allow crystal growth and ultimately lowering the protein concentration in solution
during the course of crystal growth in the metastable zone (28?) (Figure 3.8).

High protein or/and precipitant concentration coupled with incubation with high temperature
can speed up the rate of diffusion and can therefore result to precipitation (precipitation
zone). And the reverse is true with low protein concentrations in unfavourable crystallisation
conditions that keeps the system in the clear zone (undersaturation) with no precipitate or
crystal. Increasing or lowering the protein concentration can be considered when the drop
(protein solution + precipitant) is clear (undersaturation) or precipitated (supersaturation),

respectively (279 283),
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Figure 3.8: Phase diagram and vapour diffusion method. A) Phase diagram depicting the effect
protein concentration (Y-axis) and precipitant concentration (X-axis) have on all the zones
(precipitation, nucleation, metastable and soluble) as a fuction of time and temperature. B)
Vapour diffusion methods (Hanging drop and sitting drop) showing a sealed system in which
water diffuses into the reservoir to reach equilibrium and subsequently initiating nuclei

formation (nucleation zone) and crystal (yellow diamond) growth in the metastable zone.
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Ideally, nucleation cessation is preferred when crystal growth begins to prevent too many
nuclei formation in the droplet with many small crystals as opposed to formation of larger
and single crystals with good quality when in the metastable zone (279,

When a crystalline material is produced from the initial screening, optimisation is usually
required. Optimisation is achieved in different ways and can include altering the diffusion rate
by temperature, or by varying components in the crystallisation solution (pH, MPD, PEG, Salt
etc.) or even adding additives to the initial condition the crystal grew in, in the hope of
obtaining better quality crystal. Other variables to change during optimisation are the droplet
size (protein solution + precipitant solution), protein concentration and performing seeding as
all have been demonstrated to help in improving the crystal packing or crystal size thus

284) Nowadays, robotic handling

helping in improving data quality during X-ray measurement
for crystallisation is a common practice because it is quick and can support nanolitre volume
dispensing with less error compared to pipetting smaller volumes by hand. Other

crystallisation methods reported are the Microbatch, Microdialysis 283 and Free-interface

diffusion (28%). None of these three methods were used in my PhD project.

3.3.2 Harvesting and Cryocooling of crystals for X-ray diffraction
experiment

Cryocooling is a well-established method that offers extension of crystal lifetime when
exposed to X-ray source by greatly reducing radiation damage thus preventing degradation of
data-quality (28% 287) by slowing down free radicals, when a crystal is cooled typically over 100
K (28) Cryocooling itself can often affect crystal data quality as a result of ice crystal
formation, but adding cryoprotectant (anti-freeze agent) can suppress the formation of ice

while collecting diffraction data (?89). Cryoprotectants range from small polyols including
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Glycerol, ethylene glycol and 2-methyl-2, 4-pentanediol (MPD) to Low-molecular-weight
PEGs, is commonly used.

Glycerol (20-30%) is generally used and seem to work most of the time. Generally, the chosen
cryoprotectant is added to the mother liquor the crystal grew in, allowing the crystal to be
soaked into the solution prior to fishing the crystal out. A mounted nylon CryoLoop (Hampton
Research Corp.) with the desired loop diameter (0.025 - 1.0 mm) is used to carefully ‘fish” the
crystal out and plunged it into liquid nitrogen containing a precooled metal container for

transport to house the CryoLoop prior to mounting on a goniometer for X-ray beam exposure

(286, 290)

3.3.3 Protein crystal and symmetry

Crystals formed by organic, inorganic compounds or proteins are regular 3D arrays of
identical repeating units of molecules or molecular complexes, in which equivalent molecules
interact identically with their neighbours. The basic building block or unit of the periodic
arrangement of a crystal lattice is called a unit cell, which is characterised by its axes a, b, c,
expressed in terms of A and the angles (o, B, y) between them and can be translated in 3D to
generate the entire crystal lattice ?°Y. The dimensions that define a single unit cell can be
used to estimate the volume of its content by calculating atoms or molecules contained in the
unit cell using the Mathews coefficient program within the CCP4 suite. The fraction of a unit
cell volume containing an atom, a molecule (one or more copies) or part of a molecule to
generate the entire unit cell and the whole crystal lattice by applying crystallographic
symmetry operations of the space group is called the asymmetric unit, which has no

symmetry.
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Its space group defines symmetry of a crystal lattice and the space group has an intrinsic
relationship with the unit cell. The repetitive nature of the unit cell possesses symmetry

within the lattice of the crystal (Figure 3.9).

Unit cell

Crystal lattice made up of unit cells

Figure 3.9: Crystal lattice made up of unit cells. Unit cell length is a, b and c with their

respective angles a, 8, y. The coordinates (x,y,z) are also shown.

The conventions for choosing a crystal symmetry depending on unit cell dimensions (length of
cell edges and its angles) define the 7 crystal systems (or lattice system): Triclinic, Monoclinic,
Orthorhombic, Trigonal, Tetragonal, Hexagonal and Cubic. The 7 crystal systems are grouped
based on their lattice system and as a result produce 14 Bravais lattices, formed by a
combination of primitive lattice points and translational centering. There are 32
crystallographic point groups in the crystal lattice obtained from constraints defined by
rotational symmetry operation. A combination of rotational and translational restraint for a

unit cell within the crystal lattice leads to 65 chiral space groups used in crystallography (221,
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3.3.4 X-ray generation

X-rays have a spectrum range between 0.01 to 10 nanometers (0.1 to 100 A) and were
discovered by the German scientist, Wilhelm Conrad Réntgen, in 1895 %2 and has undergone
significant advancements including higher brilliance. X-Ray photons for crystallography are
high frequency electromagnetic rays with wavelengths typically in the range 0.5 — 4 A.

In Crystallography, X-rays are used to characterise 3D structures of molecules or
macromolecules. To generate X-rays, heated cathode filament producing electrons accelerate
in a vacuum towards a rotating metal anode (i.e copper) resulting into collision with electrons
on the metal anode. This causes electrons to transit from an L-shell or an M-shell to a K-shell,
producing a continuous spectrum called bremsstrahlung, giving Ka and KB characteristic
peaks at wavelengths of 0.139 nm (1.39 A) and 0.154 nm (1.54 A), respectively, thereby

emitting electromagnetic radiation in a form of X-rays (%3 (Figure 3.10).

A Ka
Intensity & =10.154 nrm

& =0.139 nm
kg

~

>
Wavelength

Figure 3.10: Radiation spectrum from a copper (Cu) source. Two radiation peaks at
wavelengths 0.154 nm (1.54 A) and 0.139 nm (1.39 A) for Ka and K8, respectively are shown
as a result of copper transiting from an L-shell or an M-shell, to a K-shell. Adapted from

https://www.doitpoms.ac.uk/tiplib/xray-diffraction/production.php ?printable=1.
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X-ray source from our home source (Rigaku Micromax-007) in the centre for Biomolecular
Science, at the University of Nottingham has been used to test for protein diffraction and is
mostly, followed by sending protein crystals to the synchrotron at usually the Diamond Light
Source (DLS) in Oxford. Although, the Rigaku Micromax-007 (which has an X-ray generator)
uses a microfocus rotating anode to produce a high brilliance X-ray beam, and can be used for
crystal structure determination, the synchrotron radiation produces a much more intense X-

ray beam and has better optical devices and software for X-ray diffraction experiments.

3.3.5 X-ray diffraction beginning with ‘history’

X-ray crystallography from which X-ray diffraction is obtain was discovered in 1914 by Max
von Laue (a Nobel Prize winner in Physics) using crystalline materials. Laue developed the
Laue method (used to determine the orientation of single crystals) for crystal structure
analysis. A new method for looking at Laue’s method was introduced by Paul Peter Ewald in
1921 and conceived the Ewald’s sphere construction (299,

William H Bragg and William L Bragg, father and son went on to solve the first X-ray crystal
structure of NaCl in 1913, winning them a Nobel Prize in Physics in 1915. However, protein
crystals were not solved and published by X-ray diffraction till 1958 for myoglobin (a blood
protein) structure solved using a method found by Max Perutz. Max Perutz used normal
crystals and heavy metal derivatives to calculate the phases of the structure factors by
visualising the differences in the diffraction patterns (2°4 .

X-rays are a form of electromagnetic waves with higher energy and can be described as a
periodic function using values such as amplitude, wave velocity, phase, and wavelength.

X-ray source is needed to perform a diffraction experiment on a crystalline substance (i.e.

protein crystal). Crystal diffraction is when the molecule under investigation scatters
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electromagnetic radiation upon interaction with the incidence monochromatic X-ray beam.
The incoming photons from the X-ray beam interact with the electrons within an atom that
form the crystal, and therefore results in the electron oscillating with the same frequency as
the incoming beam of X-ray. Energy is release in the form of radiation in many directions by
the electrons when it returns to its ground state following electron oscillation and has the
same wavelength as the initial incoming photon.

Each unit (unit cell) within the crystal lattice scatters upon photon exposure and can only
diffract when scattered rays from each unit or miller planes (introduced by William Hallowes
Miller in 1839) are in phase or interfere constructively to produce a strong reflection,
recorded by a detector. Destructive interference on the other hand, produces no diffraction,
as the scattered rays from the crystal are not on parallel planes (hkl) in a crystal lattice, thus
“out of phase” to produce a reflection. The condition that must apply as defined by Bragg’s
law states that scattered rays by atoms from a set of parallel planes (hkl) with interplanar
lattice distance (dnu) within the crystal lattice can diffract an incoming X-ray of wavelength (A)
at an angle (8) if the path difference 2d sin 8 between reflected beam 1(R1) and 2 (R2) equal
to a number of wavelengths A (n is an integer) to produce a reflection on the detector (2°V). X-
ray diffraction can only be observed when Bragg’'s law is obeyed as summarised in the

following equation shown below:

nA=2d piisin@

In real space, the distance (dnu) between the lattice planes, which is inversely related to the
angle of the incoming incident beam is key in producing a diffraction spot (reflection) thus

demonstrating Bragg’s law being satified 2V (Figure 3.11).
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Figure 3.11: Description of Bragg’s law in real space. A) Crystal (yellow) exposed to incident X-
ray beam showing reflection of the X-ray beam to produce diffraction pattern (spots) recorded
by the detector. B)Two sets of lattice planes are separated by an interplaner distance dp in
dashed black line parallel to eachother. For diffraction to occur X-ray R2 must travel a longer

distnace relative to R1 to be in phase and satisfy Bragqg’s law (724=2 dhsin &).
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This geometric description of Bragg’s law demonstrates the relationship the lattice planes
have with respect to the incident angle of the incoming X-ray beam to satisfy Bragg’s law in
real space. Therefore, rotating the crystal leads to Bragg’s law being satisfied manifold, as the
angle of the incident beam is changed when the crystal is rotated during measurement.
Applying trigonometric conditions from the Ewald sphere construction can be used to
consider Bragg diffraction for the reciprocal lattice for all corresponding reciprocal lattice
points by applying diffraction conditions upon rotating the crystal (Figure 3.12). The real unit
cell parameters can be calculated from the reciprocal cell parameters and can be determined

during indexing of the diffraction pattern containing the reflections (2°%),

Reciprocal lattice
planes

X-ray beam

detector

Figure 3.12: Ewalds sphere construction describing Brag’s law in reciprocal space. Adapted from

(291)'
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3.3.6 X-ray detectors

An X-ray detector records X-ray diffraction in many specific directions when a crystal is
subject to a beam of incidence X-ray. The detector detects the energy of the diffracted beam
from the crystal and records the relative intensity and position of every reflection in the
diffraction images. Before the late 1980s and beginning of 1990s, photographic films (X-ray
films) were used, but had its challenges; time consuming and slow. Although, the detectors at
this time were sensitive and recorded high-resolution reflections, new detectors were needed
to cope with the fast and efficient recording of reflections and data transfer. Electronically
controlled imaging plates and charge-coupled devices (CCD) sped up the data-collection
process, making software for data-handling, data processing and structure determination
much easier. Image plates including MAR345, produced by MAR Research, and R-AXIS IV**,
developed by Rigaku were popular with time as a home-source and at synchrotron beamlines,

although relatively slow readout of the plate by the scanning laser was experienced by users

(293)

The image-plate detectors contain photosensitive material that creates colour upon exposure
to X-rays, thus allowing readout as a digital image in a scanning mode with a laser. At the end
of data collection with the CCD detector the diffraction data is recorded and read as
electronic data by the computer to generate the diffraction pattern. CCD detectors have
shorter readout of diffraction pattern compared to image plates 2°°). Other detectors such as
the PILATUS detector are currently in use at the synchrotron such as Diamond Light Source
(DLS) and has an advantage over CCD detectors due to its high speed for collecting data, short
readout time of 3-5 milliseconds (ms) and good signal to noise ratio. The PILATUS detector is

usually employed at synchrotron sources (2°1),
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3.4.0 Processing X-ray diffraction data

3.4.1 Indexing, Integration and Scaling of data

The diffraction images containing the geometric arrangement (crystals lattice and symmetry
of the crystal) of the reflections and the intensities (content of the lattice) of the reflections,
lacking the phases is indexed. A number of programs including MOSFLM or iMOSFLM (GUI
version of MOSFLM) (2%) within the CCP4 (Collaborative Computational Project, number 4)
suite 2°7) is used to find the spots on the diffraction images and assign integer numbers (h, k, |
= Miller Indices) with accurate crystal geometric determination for accurate integration of the
intensities from the reflections?®®. This ultimately determines the unit cell parameters and
can subsequently lead to the assignment of the Bravais lattice, using a Fast Fourier transform
(FFT) of the reciprocal-space vectors in 3-dimensions 2%, Following indexing, all refined and
accurate determination of the unit cell parameters; the dataset (intensities of the reflections)
is integrated in MOSFLM or iMOSFLM, although other programs such as XDS can also perform
a similar task. Finally, downstream computer programs can be used to process the saved
integrated intensities in an *.mtz output file. As the intensities in different images are not on
a common scale and that potential errors can occur during data collection, scaling is
performed. To improve internal consistency and maximise sufficient accurate measurements
for further data processing, all the integrated values from different images (diffraction data)
are combined and average into one set of structure factor and normalised using SCALA or
AIMLESS programs (scaling programs) within the CCP4 suite (299,

Scaling provides useful information on the data such as the signal to noise ratio (I/0) and
associated errors in the intensities and data quality after the application of all necessary
corrections %) Furthermore, the SCALA or AIMLESS report or log file is useful to review

before moving on to finding solutions for the phase problem (phase information). Values such
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as the Rmerge (known also as Rsym), Rmeas (known also as Rpim), correlation coefficient CC (1/2),

mean ((1)/ (ol)) and completeness give indications of data quality (23301,

3-4.2 Structure factors and the phase problem

During data collection, the X-ray detector can record the intensities of the reflections but not
the phase. The structure factor or reflection on the images recorded can easily calculate the
amplitude (related to the experimental intensity) by taking the square root of the intensity,
with no phase information, as the phase is systematically lost (lost information) during the

302) The main purpose of X-ray crystallography is to

process of measurement (data collection)
determine the 3D structure of molecules or macromolecules and if the phases are known, the
electron density at a position in real space p(xyz) for the molecule in the unit cell can be
calculated and reconstructed using Fourier transform (FT) on all the structure factors F(hkl)
(291) " The Patterson function introduced by Arthur Lindo Patterson, can be calculated from
modifications introduced in the electron density function of the structure factor by replacing

the amplitudes [F(hkl)] and phases ®(hkl) with squared amplitude as this is proportional to

the intensities from the diffraction.

1
p(xyz) = VZlF(hkl)l expl—2mi(hx + ky + 1z) + ia(hkD)]
hkl

Each atom in the unit cell contributes to the final structure factor. The structure factor
provides information that can be represented as a vector with amplitude |F(hkl)| and phase
¢(hkl) of a diffracted wave. To recover the lost phase information (phase problem) during the

data collection, a number of methods have been developed and are instrumental in solving
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the phase problem in X-ray crystallography. These methods include Isomorphous
Replacement Method such as Single Isomorphous Replacement (SIR) and Multiple
Isomorphous Replacement (MIR), in which heavy atoms (such as Mercury, Platinum etc.) are
soaked in the crystal (i.e. protein crystal) to interact with the solvent channels for instance,
without distorting the unit cell in the crystal lattice and it’s packing; hence, they need to be
isomorphic. Max Perutz and John Kendrew applied this method in the 1960s, in which
significantly higher atomic scattering factor than the carbon, oxygen or nitrogen in the protein
crystal was measured. Location of the heavy atoms (i.e. Fe?*, Zn?*) intrinsic to proteins can
also be taken advantage of to find the phases to solve the phase problem using anomalous
dispersion (including single wavelength anomalous dispersion (SAD) or multiple-wavelength
anomalous dispersion (MAD)). The carbon, nitrogen, and oxygen in the protein do not
contribute to the anomalous dispersion when the wavelength used is closed to the absorption
edge of the heavy atom. Isomorphous Replacement and anomalous dispersion methods are
experimentally used to solve the phase-problem. A non-experimental approached to solve
the phase problem is by Molecular replacement (MR) (291, 302),

Molecular replacement was development by Michael Rossmann and David Mervyn Blow in
1962 and is a commonly used method to solve the phase problem in X-ray crystallography.
This method relies on previously solved structures (i.e. nucleic acid or protein) deposited in
the protein data bank (PDB) to solve the unknown crystal structure. This method takes
advantage of the initial estimates of the phases from the calculated phases of the known
structure (from the PDB), provided there is reasonable homology at the amino acid level
between the unknown structure to be solved and the known solved structure 3%, The PDB
model used as a template to find the initial phases for the unknown structure should typically

be identical (greater than 30%) in amino acid sequence to the unknown. MR works by
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performing a rotational and translational function of the known structural model to find
phases for the unknown crystal structure, thus providing some degree of alignment between
them, depending on atom positions and orientation. Furthermore, Phaser uses the known
phases from the model (known structure) in addition to the amplitudes from the diffraction of
the target structure to produce an initial electron density using the equation expressed
below:

1
p(xyz) = VZ|F(hkl)taTget| exp[ — 2mi(hx + ky + 1) + ia(hkD) o ger
hkl

Programs such as Phaser in CCP4 or in PHENIX can be used to either perform MR or
experimental phasing. To run Phaser, an *.mtz output file containing the structure factor
amplitudes from AIMLESS (or SCALA), amino acid sequence of the target maromolecule under
examination and also the coordinates of the model or solved structure (from the PDB) are
loaded in to the Phaser program. When Phaser finishes the run, it gives a solution after
performing a rotational and translational function to provide a log-likelihood gain (LLG) and
translation function Z score (TFZ score) values for best search of the model. The LLG gives the
best match between the observed (target) and the calculated (model) values. The LLG value
should be positive and the higher the better. TFZ score is recommended to be above 8, as this

indicates whether the structure can be solved or not (304.305),

3.4.3 Structure refinement and model building

The initial phases obtained for the crystallographic model from the molecular replacement
are just an approximation of the actual phase angles, as the similarities in structure factor

between initial model and the observed data may be low. Therefore, refinement of the initial
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model and building (adjusting) into the electron density map to give a better convergence
between the observed and calculated model is paramount to structure determination (2%3),

After Phaser, followed by usually rigid body refinement, the atomic model and electron
density map can be displayed for visualisation and manipulation in Coot (Crystallographic
Object-Oriented Toolkit). Firstly, making sure that the protein backbone fits into the electron
density map is important. Resolution and electron density map quality dictate how much
detail Coot can display. Model building can be performed automatically (to build model into
electron density map) using the autobuilding programs in CCP4 or PHENIX and works well for
small proteins with reasonable resolution. Autobuilding can also be performed for big
proteins as long as the resolution is within the limit of what the program can take. Manual
building in Coot is useful and important as one can visually alter the atomic structure and
refine the structure in PHENIX or use Refmac5 in CCP4 %) The refinement uses restraints
and constraints to allow adjustments of the model made to subsequently optimise the
agreement between observed structure factors |Fobs| and calculated structure factors

| Fcalc|. The equation below describes the agreement between the structure factors.

P _ niallFobs! = [Feaicl|
actor —
/ 2kl Fobs|

A total agreement or perfect fit between the observed structure factors |Fobs| and
calculated structure factors |Fcalc| would have a value of 0, while a random set of atoms
used as a search model will give an R-value of about 0.60. Usually, a typical model that has

been completely solved will have a final value ranging between 0.16 - 0.25, depending on
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data quality and resolution. Although, the R factor provides a measure of quality of a
structure, it can over fit thus decreasing the R factor and as a result introduces bias in the
model. To avoid this another set of R value, known as R free is used and has proved to be an
indicator for unbiasness in the refinement process. For this, 5-10 % of the reflection data

(experimental data) is used as a test set, which is not included in the refinement process at all

(293)

R Ynkicrree)||Fobs| = |Feaicl|
free thleobsl

Both R-values (R factor and R free) are used to assess the quality of the data under
examination during the refinement process (?°Y). Other indicators used to validate structural
models include the use of the Ramachandran plot (developd by Gopalasamudram
Ramachandran in 1963) for checking the stereochemistry of the main chain. The
Ramachandran plot validates based on geometric condition by focusing on dihedral angles U

against ¢ of amino acid residues in protein structures (397.308),
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CHAPTER 4.0

STRUCTURAL STUDIES OF
THE FXII Fnll DOMAIN
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4.1 Structural determination of human FXII Fnll

4.1.1 Preparation of FXII constructs for expression in bacteria and
insect cells

Genes for human FXII Fnll-EGF1 and human FXII Fnll were PCR amplified to contain restriction
enzyme sites (REs), Bglll and Mlul, giving a product size of 0.327 and 0.213 kb, respectively as
shown in the agarose gel (Figure 4.1A). Additionally, Xbal and Hindlll REs in FXII Fnll-EGF1 and
FXII Fnll (Figure 4.1B) were also produced and subsequently cloned into the pMALX (E)-MBP
plasmid vector, while FXIl Fnll-EGF1 and FXIl Fnll containing Bglll and Mlul REs were cloned
into the pMT-PURO plasmid vector.

A FXII Fnll fusion protein designated HisTrx-FXIl Fnll in pOPINTRX plasmid vector, made by
Pascal Wilmann (Ex-Postdoc in Prof. Emsley’s lab) at the Oxford Protein Production Facility
(OPPF), UK, was also used for expression in Rosetta-gami2 cells. This E.coli strain is reported
to enhance protein expression and aid in disulfide bond formation compared to other E.coli

strains such as BL21.
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Figure 4.1: Agarose gel electrophoresis of FXII constructs after PCR amplification. A) Amplified
human FXIl fragments (FXII Fnll and FXII Fnll-EGF1) with Bglll and Mlul REs in lanes 2 and 3
using pCl-neo-FXII template. This produced DNA fragment sizes of 0.213 and 0.327 kb for FXII
Fnll and FXII Fnll-EGF1, respectively. B) Introduction of Xbal and Hindlll REs in FXII Fnll and FXII
Fnll-EGF1 DNA sequence in lanes 2-7 and 8-13, respectively. Ladder size range from 0.1 -0.5
kb.

All recombinant plasmids of FXIl and plasmid vectors (appendix chapter 10.0) described in
Figure 4.2 were analysed by agarose gel electrophoresis following restriction double enzyme
digest to generate a linearised plasmid vector (pMALX (E)-MBP or pMT-PURO) and insert (FXII
Fnll-EGF1 or FXII Fnll), shown in Figure 4.2A-B. Figure 4.2 shows bands of FXIl Fnll-EGF1 and
FXII Fnll to migrate around 0.327 kb and 0.213 kb, respectively thus confirming successful
cloning of FXIl constructs. Furthermore, DNA sequencing confirmed all FXIl inserts were
successful ligated into their respective plasmid vectors and this was in conformity with the
double bands for plasmid vector and insert shown on the agarose gel electrophoresis analysis

in Figure 4.2A and 4.2B.
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Figure 4.2: Agarose gel electrophoresis of restriction double digest of expression plasmid vectors
containing FXII Fnll and FXII Fnll-EGF1. A) FXIl Fnll in lanes 6, 7 and 8 migrated around 0.213
kb. B) DNA fragments corresponding to sizes 0.213 for FXII Fnll (lanes 2-10) and 0.327 kb for
FXIl Fnll-EGF1 (lanes 13-18) digested with Xbal and Hindlll are shown highlighted with a red

box. A high molecular weight band corresponding to plasmid vectors pMT-PURO and pMALX-
(E)-MBP) are also shown.
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4.1.2 Expression and purification of untagged human FXII FnII-EGF1
and FXII FnlII in drosophila S2 cells (insect cells)

Untagged human FXIl Fnll-EGF1 (residues 1-109) and FXII Fnll (residues 1-71) transfected and
expressed in drosophila S2 cells were successfully captured and eluted on an Affinity (Ni®*)
chromatography column following ammonium sulfate (AmSQOs) precipitated. Figure 4.3A
displays peaks 1 and 2 following elution with Imidazole.

A)

nau Peak 1 05M

700

Elutes at 0.25 M Imidazole

A280 nm (UV —mAU)

0 0.0M

] 70 8b ob 100 110 120 130 m

Elution volume (mL)

B)

Peak 1 Peak 2

Supemnatant
Flow-through
Marker

Figure 4.3: Affinity (Ni?*) chromatography and SDS-PAGE gel analysis of FXIl Fnll-EGF1. A) Shows
the affinity (Ni’*) chromatographic profile with peaks 1 and 2 from the Imidazole elution and
subjected to B) SDS-PAGE gel from peak 2 identifies FXII Fnll-EGF1 which migrated at a

molecular weight of around 12.9 kDa.
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FXII Fnll-EGF1 was eluted with 0-1 M Imidazole gradient concentration. Peaks 1 and 2 are
analysed on an SDS-PAGE gel showing the FXII Fnll-EGF1 band to migrate close to the 15 kDa
marker band. FXIl Fnll-EGF1 has a molecular weight of 12.9 kDa when calculated using the FXIl
Fnll-EGF1 amino acid sequence in Expasy protparam. Next, a homogeneous and pure sample
of FXII Fnll-EGF1 was obtained from size exclusion chromatography showing 2 distinct peaks
(peak 1 and peak 2). Figure 4.4A shows proteins in peak 1 to elute in the void (47 mL), while
peak 2 elutes at a volume of 82 mL thus separating FXIl Fnll-EGF1 from the higher molecular
weight bands to produce monodisperse peak (peak 2) as shown in Figure 4.4A. The SDS-PAGE
gel for peak 2 from the size exclusion chromatography showed a pure FXIlI Fnll-EGF1 band
(Figure 4.4B). Pooled fractions under peak 2 from the size exclusion chromatography yielded

a protein concentration of 5.4 mg/mL for FXIl Fnll-EGF1.
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Figure 4.4: Size exclusion chromatographic and SDS-PAGE gel analysis of FXIl Fnll-EGF1. A) Peak
2 from the affinity (Ni**) chromatographic pooled and concentrated fractions was isolated
using size exclusion chromatography as shown in peak 1 for the void and peak 2 for FXII Fnll-
EGF1 eluting as a monodisperse around 82 mL. B) Fractions from peak 2 in figure A was run on

20 % SDS-PAGE gel showing a pure band.

For FXIl Fnll, only 1 broad peak was shown to be eluting from the Affinity (Ni%*)
chromatography column and analysed on SDS-PAGE gel, although overloaded with protein,

shows FXII Fnll protein to be overexpressed (Figure 4.5A). Similar to FXIl Fnll-EGF1, FXII Fnll
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purity was achieved following size exclusion chromatography and shows a monodisperse peak
eluting around 92 mL (Figure 4.5B). The FXII Fnll migrates on the SDS-PAGE gel close to 10
kDa (Figure 4.5B), although calculated from Expasy protparam to have a molecular weight of

8.5 kDa from its amino acid sequence.
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Figure 4.5: Chromatographic and SDS-PAGE gel analysis of FXIl Fnll. A) A broad peak from the
Affinity (Ni?*) chromatography was pooled and concentrated followed by SDS-PAGE gel
analysis which showed an overexpressed FXII Fnll band with higher molecular weight bands
(contaminants). Further purification was performed using size exclusion B) in which a single

monodisperse peak eluting around 92 mL is shown as a pure FXIl Fnll band on SDS-PAGE gel.
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4.1.3 Expression and purification of WT HisTrx-FXII FnlI in Rosetta-
gami2

From the trial expression, WT HisTrx-FXIl Fnll gave a better yield than WT HisTrx-FXIl Fnll-
EGF1 in Rosetta-gami2 cells and a decision was made to continue and express WT HisTrx-FXI|
Fnll instead. Soluble and pure WT HisTrx-FXIl Fnll was obtained following purification and to
explore whether FXII Fnll can be separated from the HisTrx tag, trial cleavage with 3C HRV
enzyme was performed. Figure 4.6 demonstrates successful cleavage of WT HisTrx-FXII Fnll in
3 different ratios of 3C HRV enzyme by cleaving the following sequence (Leu-Glu-Val-Leu-Phe-
GIn*Gly-Pro) linking HisTrx and FXIl Fnll. Figure 4.6A-B shows ratios 1:100 and 1:200 to
completely cleave the cleavage sequence of WT HisTrx-FXII Fnll after 1 hour of treatment,
while reducing the amount of 3C HRV enzyme in the reaction to give a ratio of 1:500 achieved

complete cleavage after almost 3 hours of treatment (Figure 4.6C).

Ratio 1:100

A) HisTrx-FXII Fnll (uncleaved)

23 kDa HisTrx
A _/
e = ' — FXII Fnll
Time (Min): 12345638
_ C i
B)  Ratio 1:200 ) Ratio 1:500

HisTrx-FXII Fnll (uncleaved)

s ! HisTrx H/1sTrx
' '\..—-ﬂ—- — — FXII Fnll
TN e RS — FXTI Fnll
Tme(Min): 0 1 2 3 4 8 Time(Min): 0 1 2 3 4 8

Figure 4.6: SDS-PAGE gel analysis of WT HisTrx-FXIl Fnll cleavage assay using HRV 3C enzyme.
Weight for weight ratios of HRV 3C protease and HisTrx-FXII Fnll for A) 1:100, B) 1:200 and C)
1:500) following a time course (0-8 hours) produced two protein bands corresponding to

HisTrx (12.5 kDa) and FXIl Fnll (8.5 kDa) compared to uncleaved at time O.
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Establishing WT HisTrx-FXIl Fnll cleavage by 3C HRV allowed for all future cleavages of large-
scale expression WT HisTrx-FXIl Fnll to be performed with ratios between 1:200 and 1:500.
Figure 4.7 shows the large-scale expression of WT HisTrx-FXIl Fnll in affinity (Ni?*)
chromatography (Figure 4.7A) and size exclusion chromatography (Figure 4.7B). Cleavage of
WT HisTrx-FXIl Fnll is shown in Figure 4.7C and was further separated using lon-exchanger

chromatography (Resource S) showing bands of FXII Fnll (8.5 kDa) and HisTrx (12.5) as shown

in Figure 4.7D.
Affinity (Ni**) Chromatography Size exclusion chromatography fractions
) s B) 5
g . & :
& HisTrx-FXII FnIl S HisTrx-FXII FnlIl
< ~
> 3
50 kDa [ —_—
o 25 kDa | e _--.--‘V\ 21 kDa
HER T s e e ————| ¢ |
- )
HRV 3C cleavage of HisTrx-FXII FnlI Resource S after HRV 3C cleavage
> >
s & ¢ s &
© ¥ S 47 D) & &  FXIFul HisTrx
> & lhr 3hrs 5hrs ON «2& X € > €—>
=
- -
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- ~ @
15 kDa e 8.5 kDa 12.5 kDa

. : 15 kDa
HisTrx —
—— FXII Foll ..“ e

Figure 4.7: SDS-PAGE gel (20 %) analysis of WT HisTrx-FXIl Fnll. HisTrx-FXII Fnll purification from

A) Affinity (Ni?*) chromatography, B) Size exclusion chromatography. C) WT HisTrx-FXII Fnll
was subjected to HRV 3C protease cleavage at a ratio of 1:250 HRV 3C and HisTrx-FXII Fnll. D)
Cleaved HisTrx-FXIl Fnll was separated using lon-exchange chromatography

(Resource S).
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As untagged FXIl Fnll was successfully captured and purified using Affinity (Ni?")
chromatography, as shown in Figure 4.5A and FXII Fnll suggested in the literature to bind to
Zn?*, the captured cleaved HisTrx and FXII Fnll sample from WT HisTrx-FXII Fnll on the Affinity
(Zn?*) chromatography produced 2 peaks (peak 1 and peak 2) following elution (Figure 4.8A).
Figure 4.8B shows loaded fractions from peak 1 and peak 2 of the Affinity (Ni?¥)
chromatography on an SDS-PAGE gel. Bands for peak 1 corresponds to FXII Fnll, while bands
from peak 2 corresponds to HisTrx. This therefore demonstrates that Affinity (Zn?*)
chromatography can separate the cleaved HisTrx-FXIl Fnll mixture. The FXII Fnll from peak 1
was demonstrated to be soluble and folded as it eluted at the correct elution volume as the

insect expressed untagged FXII Fnll on size exclusion chromatography.
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Figure 4.8: WT HisTrx-FXII Fnll purification following HRV 3C cleavage. A) Peaks 1 and 2 from
the Affinity (Zn’*) chromatography purification were subjected to B) SDS-PAGE gel with peak 1
migrating around 8.5 KDa for FXII Fnll and peak 2 for HisTrx (12.5 kDa) having a slighter higher

molecular weight than FXII Fnll.
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4.1.4 Expression and purification of HisTrx-FXII Fnll mutants

As it is quicker to express FXII Fnll with two intramolecular disulphide bonds for correct
folding in rosetta-gami2 cells in comparison to insect cells, a number of FXII Fnll mutants were
generated using the WT HisTrx-FXIl Fnll as a template. All mutants were made based on the
crystal structure of FXII Fnll bound gC1g-R and were to be tested for binding to gC1g-R using
SPR.

All HisTrx-FXII Fnll mutants were successfully sequenced thus identifying desired changes in
the DNA sequence prior to expression. Similar to WT HisTrx-FXIl Fnll, Figures 4.9 shows
successful 3C HRV enzyme cleavage analysed on SDS-PAGE gels for HisTrx-FXIl Fnll Arg65Ala,
HisTrx-FXII Fnll Arg36Ala and HisTrx-FXII Fnll Asp63Ala/GIn64Ala/Arg65Ala following affinity
(Zn?*) chromatography. Two peaks (peak 1 and peak 2) were produced for all mutants and
analysed on SDS-PAGE gel, demonstrating separation of FXIl Fnll variants and HisTrx from

cleaved HisTrx-FXIl Fnll mixture.
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Figure 4.9: Mutant HisTrx-FXIl Fnll purification following HRV 3C cleavage. A) Cleavage of
HisTrx-FXII Fnll Arg65Ala to HisTrx and FXII Fnll Arg65Ala shown in peaks 1 and 2, respectively.
B) Cleaved fragments from HisTrx-FXIl Fnll Arg36Ala were unable to be separated on an
affinity (Ni**) column and was subsequently loaded onto an affinity (Zn?*) column instead. FXII
Fnll Arg36Ala was successfully separated as shown in the peaks 1 and 2 on the SDS-PAGE gel.
C) HisTrx-FXIl Fnll Asp63Ala/GIn64Ala/Arg65Ala mutant cleavage did not go to completion as
shown in the upper band (labelled uncleaved) in peak 2. Incomplete cleavage of FXII Fnll
Asp63Ala/GIn64Ala/Arg65Ala is shown in peak 1 and to further confirm this, samples in peak 1
were rerun on SDS-PAGE gel as indicated in the highlighted black box from fractions 19-24.
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4.2.0 Crystallisation of human FXII FnlII in the presence of
Zn2+

4.2.1 Crystallisation of human FXII Fnll

As there is no 3D structure of FXII Fnll in isolation or bound to Zn?*, initial crystallisation
experiments for untagged FXII Fnll (aa 1-71) and FXII Fnll-EGF1 (aa 1-109) proteins at
concentrations of 6.06 mg/mL and 5.4 mg/mL for FXIl Fnll and FXII Fnll-EGF1, respectively
produced both single plate and clustered needle-like crystals (Figure 4.10A-D). These crystals
grew in the JCSG+, Pi-PEG and PACT screens with crystals from the PACT screen producing
bragg diffraction (Figure 4.10E) when tested on the home source (Rigaku Mibromax-007 X-ray

generator).
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Crystal rotated 1-2 ° then exposed to X-ray Crystal rotated 91-92 ° then exposed to X-ray

Diffraction (spot)
e

Diffraction (spot)

Figure 4.10: FXII Fnll crystals and diffraction pattern. A) Plate crystals obtain from the PACT
screen in 0.01 M Zn?*, 0.1 M Sodium acetate pH 5.0, 20 % (w/v) PEG 6000. B) Plate like crystals
were also observed in the JCSG+ screen in 0.2 M Zn(CH3CO;),, 0.1M Sodium acetate pH 4.5,
1M di-ammonium hydrogen phosphate. C) More crystal growth from the JCSG+ screen in a
condition with 0.2 M Zn(CH3CO5),, 0.1 M Sodium cacodylate pH 6.5, 10 % (v/v) 2-propanol is
shown and D) no Zn?* in the Pi-PEG screen produced needle-like crystal clusters in 0.05 M MES
pH 6.0, 40 % PEG MME 350. E) Diffraction pattern of FXIl Fnll from the home source (Rigaku
Mibromax-007 X-ray generator) at different angles (1-2 ° and 91-92 °).
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Crystals with a plate-like morphology were observed for the JCSG+ and PACT screens, while
clustered needles-like crystals from the Pi-PEG screen. Crystals from the PACT and JCSG+
screens in conditions highlighted in the Figure 4.10 were sent to both the DLS and ESRF, with
the crystals from the PACT screen producing high-resolution data at 1 A (data cut down to 1.2
R). The table below (Table 4.1) presents data collection statistics for FXII Fnll crystals from
PACT and JCSG+ following data reduction (diffraction data processing). Henceforth, form 1
will represent FXII Fnll from the PACT condition, while form 2 for FXII Fnll from the JCSG+

condition.

Table 4.1. Crystallograp