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Abstract

Semaphorin signalling via the plexin receptors, important in the nervous,

cardiovascular, immune and skeletal systems, requires cytoplasmic domain

dimerisation but its extracellular regulation and activation mechanisms re-

main unclear. In the thesis I conducted structural characterisation for two

particular classes of verterbrate plexins, PlxnAs and PlxnD1.

Here I present crystal structures of PlxnA1, PlxnA2 and PlxnA4 full ectodomains.

The first nine domains of PlxnAs form a 230 Å long ring-like stalk from which

the tenth C-terminal domain points away. In agreement, negative stain elec-

tron microscopy of the PlxnA1 ectodomain reveals a predominant ring-like

conformation and a minor twisted-open conformation of the stalk. All PlxnA

crystal structures also make intermolecular "head-to-stalk" (domain 1 to

domain 4-5) interactions, which are confirmed by structure-guided biophys-

ical assays and live cell fluorescence microscopy. Functional assays per-

formed in COS-7 cell and dentate gyrus growth cones revealed an autoin-

hibitory mechanism for PlxnAs based on this head-to-stalk interface. My

results reveal a two-fold role for the PlxnA ectodomains: imposing a pre-

signalling autoinhibitory separation of the PlxnA membrane proximal do-



mains via a head-to-stalk, intermolecular interaction and supporting PlxnA

cytoplasmic domain dimerisation post semaphorin-binding.

For PlxnD1, I present high-resolution crystal structures of its semaphorin-

binding segment (domains 1-2) as well as an initial structural model of its

complete ectodomain (domains 1-10). The sema (domain 1) of PlxnD1 has

the classic fold of a plexin sema domain as well as distinct insertions po-

tentially important for its ligand-binding specificity. The PlxnD1 ectodo-

main adopts a closed-ring conformation in its crystal structure, in which

the tail (domain 9) interacts with the sema domain head. In-solution exper-

iments suggest structural variability and potential weak oligomerization for

the PlxnD1 ectodomain. These new structures shed light on the unique and

previously uncharacterised structural basis for PlxnD1 signalling.



CONTENTS

Contents i

List of Figures v

1 Introduction 1
1.1 Overview on Ligand–Receptor signalling . . . . . . . . . . . . . . . . . . . . 1
1.2 The Single-Pass Transmembrane (TM1) Receptors . . . . . . . . . . . . . . 2

1.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.2 The Signalling Mechanisms of TM1 Receptors . . . . . . . . . . . . 3
1.2.3 The Challenges in Studying TM1 Receptors . . . . . . . . . . . . . 5

1.3 The Axon Guidance Cue Receptors . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.1 Overview on Axon Guidance . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 The Four Classic Families of Axon Guidance Cue Receptors . . . . 6
1.3.3 The Activation of Axon Guidance Cue Receptors . . . . . . . . . . 7
1.3.4 The Regulation of Axon Guidance Cue Receptors . . . . . . . . . . 8

1.4 The Semaphorin–Plexin Signalling System . . . . . . . . . . . . . . . . . . . 10
1.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.2 The Semaphorin Family . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.3 The Plexin Family . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.4 The Neuropilin Family . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Structure Basis of Semaphorin–Plexin Signalling . . . . . . . . . . . . . . . 15
1.5.1 Structural Basis of Semaphorin–Plexin Recognition . . . . . . . . . 15
1.5.2 Structural Basis of Semaphorin–Plexin–Neuropilin Recognition . 18
1.5.3 Plexin Signalling in the Cytoplasmic Region . . . . . . . . . . . . . 20

1.6 Functions of Class A and D Plexins . . . . . . . . . . . . . . . . . . . . . . . 23
1.6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.6.2 Class A and D Plexins in Neural Development . . . . . . . . . . . . 24
1.6.3 Class A and D Plexins in Cardiovascular Development . . . . . . . 26
1.6.4 Class A and D Plexins in Cancer . . . . . . . . . . . . . . . . . . . . 27

1.7 The Missing Links in Plexin Signalling . . . . . . . . . . . . . . . . . . . . . 28
1.8 Current hypotheses of Plexin Signalling . . . . . . . . . . . . . . . . . . . . 29
1.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2 Materials and Methods 35
2.1 Molecular Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

i



CONTENTS ii

2.1.1 cDNAs and Constructs . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.1.2 Molecular Cloning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.2 Protein Production and Purification . . . . . . . . . . . . . . . . . . . . . . 37
2.2.1 Protein Expression in Mammalian Cells . . . . . . . . . . . . . . . . 37
2.2.2 Protein Purification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.3 Protein Crystallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.3.1 Basic Concepts of Crystal Geometry . . . . . . . . . . . . . . . . . . 39
2.3.2 Scattering of X-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3.3 Diffraction of X-rays by a Protein Crystal and the Laue Condition 42
2.3.4 Bragg’s Law and the Ewald Construction . . . . . . . . . . . . . . . 43
2.3.5 The Structure Factor and the Reconstruction of Electron Density . 45
2.3.6 The Structure Factor Amplitude and the Phase Problem . . . . . . 47
2.3.7 Overview of molecular replacement (MR) Phasing . . . . . . . . . 47
2.3.8 Overview of Single Isomorphous Replacement with Anomalous

Scattering (SIRAS) Phasing . . . . . . . . . . . . . . . . . . . . . . . 49
2.3.9 Protein Crystallisation . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.3.10 Data Collection and Processing . . . . . . . . . . . . . . . . . . . . . 53
2.3.11 Structure Refinement . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.3.12 Sequence Analysis and Figure Production . . . . . . . . . . . . . . 57

2.4 Negative Stain Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . 57
2.4.1 Basic Principles of Negative Stain Electron Microscopy (EM) . . . 57
2.4.2 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . 59

2.5 Multi-angle Light Scattering (MALS) . . . . . . . . . . . . . . . . . . . . . . 62
2.5.1 Basic Principles of MALS . . . . . . . . . . . . . . . . . . . . . . . . 62
2.5.2 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . 62

2.6 Analytical Ultra-centrifugation (AUC) . . . . . . . . . . . . . . . . . . . . . 63
2.6.1 Basic Principles of AUC . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.6.2 Experimental Procedures for AUC Sedimentation Velocity Experi-

ments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.7 Surface Plasmon Resonance (SPR) . . . . . . . . . . . . . . . . . . . . . . . 65

2.7.1 Basic Principles of SPR . . . . . . . . . . . . . . . . . . . . . . . . . . 65
2.7.2 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . 66

2.8 Förster Energy Transfer by Fluorescence Lifetime Imaging Microscopy (FRET-
FLIM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.8.1 Basic Principles of FRET-FLIM . . . . . . . . . . . . . . . . . . . . . 67
2.8.2 The Quantification of Protein–Protein Interactions by FRET-FLIM 71
2.8.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . 72
2.8.4 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.9 Protein Cluster Analysis Based on Localisation Microscopy . . . . . . . . . 76
2.9.1 Overview of Localisation Microscopy . . . . . . . . . . . . . . . . . 76
2.9.2 Overview of Protein Cluster Analysis . . . . . . . . . . . . . . . . . 76
2.9.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . 78

2.10 COS-7 Cell Collapse Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2.11 Dentate Gyrus (DG) Growth Cone Collapse Assay . . . . . . . . . . . . . . 80



CONTENTS iii

3 Structural Studies of PlxnA Extracellular Segments 82
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.2 The 1.36 Å Crystal Structure of PlxnA24-5 . . . . . . . . . . . . . . . . . . . . 86
3.3 The 2.2 Å Crystal Structure of PlxnA17-10 . . . . . . . . . . . . . . . . . . . . 90
3.4 Crystal Structures of PlxnA Ectodomains Revealed a Ring-like Conforma-

tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.4.1 All PlxnA Ectodomain Crystal Structures Have a Ring-like Confor-

mation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.4.2 The 4 Å Crystal Structure of PlxnA11-10 . . . . . . . . . . . . . . . . 97

3.5 Negative Stain Electron Microscopy (EM) Revealed Two Alternative Con-
formations for PlxnA Ectodomains . . . . . . . . . . . . . . . . . . . . . . . 100
3.5.1 PlxnA11-10 Exists in a Major Ring-like and a Minor Chair-like Con-

formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.5.2 The Two Potential Flexions in PlxnA1-10 . . . . . . . . . . . . . . . . 104

3.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.6.1 The Two Alternative Conformations of PlxnA Ectodomains . . . . 107
3.6.2 Structural Models of Sema6s–PlxnAs and Sema3s–PlxnAs–Nrps Sig-

nalling Complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4 Structural Basis of PlxnA Autoinhibition 112
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.2 The Sema–PSI2-IPT2 Intermolecular Interface of PlxnAs . . . . . . . . . . 114

4.2.1 Crystal Structures of PlxnA Extracellular Segments Revealed a Com-
mon Intermolecular Interface . . . . . . . . . . . . . . . . . . . . . 114

4.2.2 Structural Details of the PlxnA Sema–PSI2-IPT2 Interface . . . . . 116
4.2.3 PlxnAs May Form Small Cell-Surface Oligomers Based on the Sema–

PSI2-IPT2 Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.3 PlxnA Extracellular Segments Interact in Solution via the Sema–PSI2-IPT2

Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.3.1 The Engineering of PlxnA Interface Mutants . . . . . . . . . . . . . 120
4.3.2 MALS Revealed Weak Associations of PlxnA11-10 via the Sema–PSI2-

IPT2 Interface in Solution . . . . . . . . . . . . . . . . . . . . . . . . 121
4.3.3 AUC Revealed Small-Scale Oligomerisation of PlxnA11-10 via the

Sema–PSI2-IPT2 Interface . . . . . . . . . . . . . . . . . . . . . . . . 124
4.3.4 SPR Revealed the Binding Affinity Between the Sema and PSI2-

IPT2 Domains for PlxnA2 . . . . . . . . . . . . . . . . . . . . . . . . 126
4.4 Localisation Microscopy Revealed the Lack of Large PlxnA Clusters on the

COS-7 Cell Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.5 Cell Surface PlxnA2 Has Sema–PSI2-IPT2 Mediated cis-Interactions . . . 132

4.5.1 The FRET-FLIM Setup . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.5.2 FRET-FLIM Revealed PlxnA–PlxnA Interactions on the Live Cell

Membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.5.3 The Quantification of PlxnA–PlxnA Interactions by FRET-FLIM . . 138

4.6 PlxnA4 is Autoinhibited by the Sema–PSI2-IPT2 cis-Interactions in COS-7
Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140



CONTENTS iv

4.7 Autoinhibition of PlxnAs Based on the Sema–PSI2-IPT2 Interface Prevents
Premature DG Growth Cone Collapse . . . . . . . . . . . . . . . . . . . . . 143

4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.8.1 The Autoinhibition of PlxnAs based on cis–Interactions . . . . . . 147
4.8.2 Structural Models of PlxnA Activation and Regulation . . . . . . . 148

5 Structural Studies of PlxnD1 Extracellular Segments 151
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.1.1 Overview on PlxnD1 Signalling . . . . . . . . . . . . . . . . . . . . . 151
5.1.2 The Extracellular Segment of PlxnD1 . . . . . . . . . . . . . . . . . 153

5.2 The Crystal Structures of Human PlxnD11-2 at 1.70 Å and 2.59 Å Resolutions156
5.3 The PlxnD1 Ectodomain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.3.1 Purification of PlxnD1 Full Ectodomain (PlxnD11-10) . . . . . . . . 164
5.3.2 AUC Reveals the Potential Monomer State for PlxnD11-10 . . . . . 165

5.4 Crystal Structure of Mouse PlxnD11-10 Revealed a Closed-ring Conforma-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6 Conclusions 178

Bibliography 184

A Appendix 195
A.1 Production of the PlxnA Ectodomain Crystals . . . . . . . . . . . . . . . . . 195
A.2 Structure Solution and Refinement of PlxnA Ectodomains . . . . . . . . . 197



LIST OF FIGURES

1.1 The semaphorin, plexin and neuropilin families. . . . . . . . . . . . . . . . . . 14
1.2 Structural basis of semaphorin–plexin recognition. . . . . . . . . . . . . . . . 17
1.3 Structural basis of Sema3s–PlxnAs–Nrps recoginition. . . . . . . . . . . . . . . 19
1.4 Structural basis of plexin signalling in the cytoplasmic region . . . . . . . . . 22
1.5 Current hypotheses of plexin signalling. . . . . . . . . . . . . . . . . . . . . . . 32

2.1 The unit cell and the reciprocal lattice. . . . . . . . . . . . . . . . . . . . . . . . 40
2.2 Thomson Scattering of X-rays by an atom and a protein crystal. . . . . . . . . 43
2.3 Bragg’s law and the Ewald Construction. . . . . . . . . . . . . . . . . . . . . . . 45
2.4 The geometric solution of the phase equation (the Harker diagram) . . . . . . 52
2.5 Schematic illustration of the negative stain EM microscope setup. . . . . . . . 61
2.6 Illustration of the FRET process based on the Perrin-Jablonski diagram. . . . 69
2.7 The experimental setup of FRET-FLIM. . . . . . . . . . . . . . . . . . . . . . . . 75
2.8 Illustration of the localisation microscopy setup . . . . . . . . . . . . . . . . . 79

3.1 The vertebrate class A plexins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.2 Summary of the purification and crystallisation of mouse PlxnA24-5. . . . . . 87
3.3 The 1.36 Å crystal structure of mouse PlxnA24-5. . . . . . . . . . . . . . . . . . 89
3.4 Summary of the purification and crystallisation of mouse PlxnA17-10. . . . . . 91
3.5 The 2.2 Å crystal structure of mouse PlxnA17-10. . . . . . . . . . . . . . . . . . . 93
3.6 Crystal structures of PlxnA1, A2 and A4 extracellular segments. . . . . . . . . 96
3.7 The 4Å crystal structure of PlxnA11-10. . . . . . . . . . . . . . . . . . . . . . . . 99
3.8 Summary of the purification mouse PlxnA11-10. . . . . . . . . . . . . . . . . . . 102
3.9 Negative stain EM micrograph and class averages of PlxnA11-10. . . . . . . . . 103
3.10 Correlation between the negative stain EM class averages and structural mod-

els of PlxnA11-10 revealed two potential flexions. . . . . . . . . . . . . . . . . . 106
3.11 Structural models of the Sema–PlxnA signalling complexes. . . . . . . . . . . 111

4.1 A common head-to-stalk interface in all crystal structures of PlxnA extracel-
lular segments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.2 Structural details of the sema–PSI2-IPT2 interface of PlxnAs. . . . . . . . . . . 117
4.3 Models of potential small PlxnA oligomers based on the sema–PSI2-IPT2 in-

terface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.4 SEC-MALS of wild type PlxnA11-10 and its interaction-blocking mutants. . . . 123
4.5 Distribution of sedimentation coefficients of wild type PlxnA11-10 and its interaction-

blocking mutant measured by AUC. . . . . . . . . . . . . . . . . . . . . . . . . . 126

v



List of Figures vi

4.6 SPR equilibrium experiments for PlxnA21-2 binding to wild type PlxnA24-5

and its interaction-blocking mutant. . . . . . . . . . . . . . . . . . . . . . . . . 128
4.7 localisation microscopy-based cluster analysis for PlxnA2 revealed the lack of

large-scale clustering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
4.8 The FRET-FLIM setup for measuring PlxnA2–PlxnA2 interactions in live COS-

7 cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.9 FRET-FLIM analysis of wild type PlxnA2 and its interaction-blocking mutants

pre- and post-Sema6A binding. . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.10 The quantification of PlxnA2–PlxnA2 interactions by FRET-FLIM. . . . . . . . 139
4.11 The autoinhibition of PlxnA4 based on the sema–PSI2-IPT2 interface in COS-

7 cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
4.12 PlxnA autoinhibition based on the sema–PSI2-IPT2 interface prevents pre-

mature growth cone collapse in DG granule cells. . . . . . . . . . . . . . . . . . 146
4.13 Structural models on the regulation of PlxnA signalling. . . . . . . . . . . . . . 150

5.1 A summary of PlxnD1 signalling. . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.2 Summary of the purification and crystallisation of human PlxnD11-2. . . . . . 157
5.3 Crystallographic and refinement statistics of human PlxnD11-2 crystal struc-

tures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.4 The crystal structures of PlxnD11-2. . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.5 Superposition of the sema-PSI domains of class A-D plexins. . . . . . . . . . . 162
5.6 Sequence alignment of the sema-PSI1 (domains 1-2) segment of plexin fam-

ily members and Met receptor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
5.7 Purification and AUC experiments of PlxnD11-10. . . . . . . . . . . . . . . . . . 166
5.8 Summary of the purification and crystallisation of mouse PlxnD11-10. . . . . 168
5.9 Crystallographic and refinement statistics of mouse PlxnD11-10 crystal struc-

tures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.10 Crystal structure of PlxnD11-10 has a closed-ring conformation. . . . . . . . . 172
5.11 Packing of mouse PlxnD11-10 in its cystal. . . . . . . . . . . . . . . . . . . . . . 174

A.1 Crystallographic and refinement statistics of PlxnA ectodomains (1). . . . . . 199
A.2 Crystallographic and refinement statistics of PlxnA ectodomains (2). . . . . . 200
A.3 List of PlxnA and PlxnD1 constructs (1). . . . . . . . . . . . . . . . . . . . . . . 201
A.4 List of PlxnA and PlxnD1 constructs (2). . . . . . . . . . . . . . . . . . . . . . . 202
A.5 Map of the pHLsec vector(1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
A.6 Map of the pcDNA3.1(+) vector. . . . . . . . . . . . . . . . . . . . . . . . . . . . 204



ABBREVIATIONS

AUC analytical centrifugation.

BIS 2-bisamino]-2–1,3-propanediol.

cDNA complimentary deoxyribonucleic acid.
CFP cyan fluorescent protein.
CNS central nervous system.
COS-7 CV-1 in Origin with SV40 genes-7.
CSPG chondroitin sulfate proteoglycan.

DG dentate gyrus.

EGFR epidermal growth factor receptor.
EM electron microscopy.

FLIM fluorescence lifetime imaging microscopy.
FRET Föster energy transfer.

GAP GTPase-activating protein.
GDP guanosine diphosphate.
GTP guanosine triphosphate.

HEK human embryonic kidney.
HSPG heparin sulfate proteoglycan.

Ig immunoglobin.
IPT Ig-like domain shared by plexins and tran-

scription factors.

Kd dissociation equilibrium constant.

MALS multi-angle light scattering.
MES 2-( N-morpholino)ethanesulfonic acid.
MR molecular replacement.
mTFP1 monomeric teal fluorescent protein 1.

vii



ABBREVIATIONS viii

NA numerical aperture.
NAG N-Acetylglucosamine.
NDSB non-detergent sulfobetaines.
Nrp neuropilins.

PALM photoactivated localization microscopy.
PCR polymerase chain reaction.
PDB protein data bank.
PDZ post synaptic density protein, drosophila

disc large tumor suppressor, and zonula
occludens-1 protein.

PFA paraformaldehyde.
Plxn plexins.
PSI plexin-semaphorin-integrin.
Pt platinum.

RBD Rho-GTPse binding domain.
ROI region of interest.
rpm revolutions per minute.

SAXS small angle X-ray scattering.
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis.
Sema semaphorins.
SPR surface plasmon resonance.
STORM Stochastic optical reconstruction microscopy.

TCSPC time-correlated single photon counting.
TRIS trisaminomethane.

VEGF vascular endothelial growth factor.

YFP yellow fluorescent protein.
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INTRODUCTION

1.1 Overview on Ligand–Receptor signalling

One major characteristics of living organisms is their ability to process and share infor-

mation. From the simplest unicellular organisms to higher mammals, each individual

cell making up the organism is able to respond to chemical or physical stimulants in

the environment. For multicellular organisms, the ability of cells to work in synergy and

orchestrate complex biological processes depends on cell–cell communication. In gen-

eral, cells can communicate with each other directly through physical contacts or indi-

rectly through exchanging signalling molecules distributed in the environment. These

signalling molecules, encompassing, metal ions, chemical compounds, peptides and

proteins, can be registered by receptors on the cell surface or transported across the

1
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membrane to reach receptors in the cytosol .

The most common type of cell–cell communication is ligand–receptor signalling via the

cell-surface receptors, in which molecular cues deployed in the environment (the lig-

ands) by signal-generating cells, are recognized by their cognate transmembrane re-

ceptors and transduced into distinct functions in the signal-receiving cells. Typically,

ligand-binding in the extracellular segments (ectodomains) of cell-surface receptors

leads to rearrangements in the overall receptor architectures. These rearrangements,

which are often conformational changes or alternations in the oligomerisation states,

may trigger changes in the receptor-related downstream signalling pathways and even-

tually, initiate particular functional outcomes. Recent studies highlighted that the ligand–

receptor signalling systems are subjected to multi-level and spatial-temporal regula-

tions, in which the cell-surface receptors act as key control points (2–5). It has now be-

come clear that the cell-surface receptors, diverse in structures and in functions, do not

merely serve as simple on-off switches for certain ligand-elicited responses, but rather

act as complex modules to gate, fine-tune, diversify and integrate signals (6–8).

1.2 The Single-Pass Transmembrane (TM1) Receptors

1.2.1 Overview

Cell-surface receptors can be categorised by the structures of their transmembrane re-

gions. The single-pass transmembrane (TM1) receptors, characterised by a single trans-
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membrane alpha-helix, constitute the most common and diverse category of receptors

in vertebrates. signalling via TM1 receptors governs a wide variety of cellular functions,

encompassing cell proliferation, differentiation, motility, and survival. Due to their im-

portant functions in the neural and immune systems, the TM1 receptors are particularly

abundant in higher mammals, amounting to more than 1280 examples in humans (4).

The most important and well-characterised TM1 receptor families include receptor ty-

rosine kinases and phosphatases, immune receptors, as well as receptors for cytokines,

chemokines and cell guidance cues (8–11). The extracellular segments of TM1 receptors,

though varied in architectures, are made up of multiple structural domains, many of

which glycosylated and/or lipid-modified. The relatively shorter cytoplasmic segments

of TM1 receptors, however, are more pleiotropic as they may comprise large structural

motifs or short disordered loops. The binding between TM1 receptor ectodomains and

their cognate ligands is highly specific, though binding affinities may be disparate. In

contrast, the cytoplasmic segments of TM1 receptors are often promiscuous in bind-

ing. The transmembrane helices of TM1 receptors, have recently been found to not

only provide connections for the extracellular and cytoplasmic regions, but also regu-

late receptor-association during signalling (8, 12).

1.2.2 The Signalling Mechanisms of TM1 Receptors

Due to their essential roles in human physiology and implications in various diseases,

the TM1 receptors have been placed center stage for biomedical studies. The TM1 re-

ceptors are typically activated in an outside-in manner, in which extracellular ligand-
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binding induces concurrent structural rearrangements in the extracellular and cyto-

plasmic regions and thus, triggers downstream signalling. However, several TM1 recep-

tors such as the integrins may also signal in an inside-out manner, in which substrate-

binding in the receptor cytoplasmic segments elicits structural and functional changes

in the ectodomains (13, 14). The driving force for the common, outside-in receptor acti-

vation is most often ligand-binding, although for some receptors such as receptor tyro-

sine kinase HER2 (or ErbB2) ligand-independent activation may also occur (15). From

the studies of many receptor systems a central paradigm of TM1 receptor signalling has

emerged. In this paradigm, the activation of TM1 receptors requires ligand-induced re-

ceptor dimerisation followed by clustering (3, 9, 16). In some cases the dimerisation and

clustering of receptors is aided by coreceptors or cofactors, forming hetero-multimeric

complexes on the cell surface (17–19).

Signalling via TM1 receptors is tightly controlled and exquisitely balanced between in-

hibition and activation. For instance, the TM1 receptors can be regulated by post trans-

lational modifications, proteolytic cleavages, trafficking and compartmentalization pre-

signalling (2, 4, 20). In particular, some TM1 receptors have been found to also to impose

self-regulations, such as pre-associations or autoinhibition (13, 21–23). Post-signalling,

the receptors and ligand-receptor complexes are also subjected to multifaceted regula-

tions including endocytosis, degradation and recycling (2, 20, 24). The precise control

of TM1 receptors can diverify and fine-tune signal transduction (20).
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1.2.3 The Challenges in Studying TM1 Receptors

Although major progress has made regarding the activation of many TM1 receptors,

gaining insights into their regulatory mechanisms poses major challenges even for rel-

atively well-characterised systems such as the epidermal growth factor receptor (EGFR)

family (5). The major obstacles include obtaining high-resolution structures for the of-

ten large and heavily glycosylated receptor ectodomains, let alone for the full-length

transmembrane receptors. Another challenge is analysing the highly dynamic TM1 re-

ceptors on the cell surface, a process indispensable for scrutinizing any structure-related

hypothesis. Thanks to recent advances in crystallography, transmission electron mi-

croscopy and fluorescence light microscopy, comprehensive structural studies on the

regulatory mechanisms of TM1 receptors have been made possible (25–27). However,

for most TM1 receptor systems we lack a complete picture of how signalling is activated,

regulated and diversified.

1.3 The Axon Guidance Cue Receptors

1.3.1 Overview on Axon Guidance

During the lifespan of a higher organism, millions of cells need to migrate to appropriate

locations and establish contacts with other cells. The movements of cells during the

formation and maintenance of complex organ systems are dauntingly intricate and thus



CHAPTER 1. INTRODUCTION 6

could not be entirely pre-programed into intracellular machineries. Instead, the motility

of cells are largely guided by external molecular cues deployed in the environment (28).

These particular molecular cues, known as the cell guidance cues, can be diffusing in

the environment or attaching to the surfaces of other cells and extracellular matrices.

Upon registration of their cognate cues, the cell guidance cue receptors induce discrete

and often localised rearrangements in the cytoskeleton and thus, direct the navigation

of cells.

The cell guidance phenomenon is best exemplified by axon guidance, in which the grow-

ing axons migrate and assemble into a stereotypical pattern directed by guidance cues

and their receptors. The wiring of axonal circuits can be broken down into an ensem-

ble of individual guidance events, in which the axons steer towards more permissive

sites according to the lay-out of attractive and repulsive cues (7, 10, 21). A growing axon

probes for guidance cues with a highly dynamic structure on its tip, termed the growth

cone, which is teeming with guidance cue receptors on its extensive surface. The dra-

matic network of axons, which is essentially an in vivo record of axon guidance, provides

us with an excellent subject for the molecular studies of cell guidance.

1.3.2 The Four Classic Families of Axon Guidance Cue Receptors

Extensive studies in the past decades have uncovered a variety of guidance cues, among

which four protein types, the semaphorins, netrins, slits and ephrins, stand out as the

most abundant and essential (7, 21). The major receptors for these four guidance cues
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are the plexins, DCC (Deleted in Colorectal Cancer), Robos (Roundabouts) and Ephs, re-

spectively. These ligand–receptor signalling systems, which were first discovered from

the genetic and molecular dissection of axon guidance in several invertebrates and later

found to be also conserved through the vertebrates, are since known as the four clas-

sic axon guidance cue–receptor families. The four classic families of axon guidance re-

ceptors are typical TM1 receptors with large, multidomain extracellular segments and

relatively smaller cytoplasmic domains. Although they vary in mechanisms, these four

receptors translate guidance cue-binding in extracellular space into discrete changes

in the cytoskeleton. The four classic axon guidance cue–receptor systems have also

been found to govern many other important cellular functions such as cell morpho-

genesis, adhesion and survival (21). Axon guidance was later found to also involve many

other signalling molecules and TM1 receptors, including morphogens such BMPs (bone

morphogenic proteins), Wnts, Hedgehogs and neurogenins, several fibroblast and nerve

growth factors, RPTPs (receptor protein tyrosine phosphatases), as well as CAMs (cell-

adhesion molecules) (29–31). Although divergent in structures and mechanisms of ac-

tion, these newly characterised proteins elicit similar functional outcomes, i.e. axon

attraction or repulsion, as the four classic axon guidance cues.

1.3.3 The Activation of Axon Guidance Cue Receptors

Recent studies suggest that the four classic axon guidance cue–receptor systems,

semaphorin–plexin, netrin–DCC, slit–Robo and ephrin–Eph, may follow similar modes

of activation. The key to receptor activation appears to be an increase in their oligomeri-
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sation states rather than substantial changes in their ectodomain structures. For the

best-characterised ehprin–Eph system, it has been proposed that the initial formation

of 2:2 ephrin–Eph heterotetramers may lead to higher-order clustering (32, 33), although

recent discoveries indicate that the Eph receptors, pre-associating on the cell-surface via

cis-interactions, nucleate into large signalling clusters upon the formation of a limited

number of ephrin–Eph complexes (25, 34). Recent studies regarding the netrin–DCC

system also indicated that the DCCs are activated via netrin-induced dimerisation and

potential oligomerisation (31, 35). This monomer-to-dimer-oligomer paradigm of re-

ceptor activation is echoed by the recently published 2:2 semaphorin–plexin recogni-

tion complex (36, 37), which will be discussed in detail in later sections. Although the

slit–Robo system is less well-characterised, it has been suggested that monomer-dimer

transition is essential to Robo activation (38).

1.3.4 The Regulation of Axon Guidance Cue Receptors

Remarkably, the wiring of neural circuits is controlled by a disproportionally small num-

ber of guidance cues. These guidance cues are also repeatedly used during multiple

stages of embryonic and adult tissue development in many other organ systems (39, 40).

This observation indicates that the guidance cue receptors must diversify their reper-

toires and be subjected to spatial-temporal regulations (20, 39, 41). The four classic

axon guidance cue receptors, and indeed most other guidance cue receptors, can form

holoreceptors together with different cognate coreceptors or modulatory cofactors such

as heparin sulfate proteoglycan (HSPG) and chondroitin sulfate proteoglycan (CSPG)
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(10, 39). The plethora of holoreceptors greatly expanded the receptor repertoires and

often have boosted specificity for cognate cues. All the pre- and post-signalling regu-

latory mechanisms for TM1 receptors (described in section 1.2.3) can also be applied

to the axon guidance cue receptors. For a higher level of complexity enter the non-

canonical signalling modes such as ligand–receptor cis-activation or ligand reverse sig-

nalling, which are exemplified by the semaphorin–plexin and ephrin–Eph systems(42,

43). Increasing evidence also suggests that different guidance cue–receptor systems can

cross-interact, adding another dimension to the diversification of signalling.

One of the principal control points for guidance cue receptors is their ectodomains. One

can envision that the large and multidomain extracellular segments may possess dis-

tinct structural variabilities and interaction sites serving as bases for regulatory mech-

anisms. Indeed, recent studies have revealed that the DCC and plexin ectodomains,

in particular the non-ligand-binding segments, may adopt distinct conformations im-

portant for the inhibition and activation of receptor functions (22, 36). Moreover, the

ectodomains of these receptors may harbour multiple binding sites for modulatory co-

receptors and cofactors (44–46). In particular, for the ephrin–Eph system it has been

demonstrated that the ectodomain-based receptor clustering pre- and post-signalling

is essential for the subtype-specific regulation of signalling (47, 48). Novel regulatory

mechanisms targeting the ectodomains of major axon guidance cue receptors are still

surfacing.
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1.4 The Semaphorin–Plexin Signalling System

1.4.1 Overview

The semaphorins (Sema), aptly named after their role as molecular semaphores in di-

recting growing axons, constitute the largest and most diverse guidance cue family. The

major receptors for semaphorins are the plexins (Plxn), which stand out amongst other

guidance cue receptors for their diversity as well as wide-spread contributions in cell

morphogenesis, motility, adhesion, and survival across organ systems. Several core-

ceptors and cofactors have also been found to modulate the semaphorin–plexin system,

including coreceptor neuropilins (Nrp), cell adhesion molecule (CAM) L1, as well as pro-

teoglycan HSPGs and CSPGs. The pleiotropic nature of the semaphorin–plexin system

allow for specific and diversified ligand–receptor interactions well suited for complex

guidance events.

1.4.2 The Semaphorin Family

The semaphorins are a family of secreted or cell surface-attached proteins encompass-

ing more than twenty members (17). Based on structural homology the semaphorins

are categorised into eight classes, class 1-7 and V (Sema1-7 and V). Class 1 and 2 sema-

phorins are found in invertebrates and class 3 to 7 in vertebrates (Fig. 1.1). A number

of viral mimics for the sempahorins have also been identified and categorised into class
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V. Viral semaphorins are mimics of Sema7A produced by pox- and herpesviruses which

have been suggested to affect immune evasion and act on several immune cells. The

most well-known viral semaphorin, A39R, has been linked to cytoskeleton rearrange-

ment and phagocytosis of dendritic cells (DCs) upon binding its receptor, PlxnC1 (49).

Among all vertebrate semaphorins only class 3 is secreted, while class 4, 5, and 6 are

TM1 transmembrane proteins and class 7 is GPI-anchored to the cell membrane. The

structural hallmark of the semaphorins is their∼500-residue, N-terminal sema (short for

semaphorin) domain comprising seven β-strand blades arrayed consecutively around a

central axis. In all semaphorins apart from the viral mimics the sema domain is imme-

diately followed by a small cysteine-knot of ∼50 amino acids, the plexin-semaphorin-

integrin (PSI) domain. Although the sema-PSI combination constitutes the extracellular

segments for class 1 and 6 semaphorins, in all other vertebrate classes the PSI domain is

immediately followed by an immunoglobin (Ig)-like domain and in particular, an addi-

tional series of seven thrombospondin type 1 repeats for class 7 semaphorins. The viral

mimic (A39R), however, consists of only the sema domain. The cytoplasmic regions of

the transmembrane semaphorins vary in length and predicted structures. In particular

for the vertebrate classes, the cytoplasmic segments of class 4 semaphorins contain a

putative binding site for post synaptic density protein, drosophila disc large tumor sup-

pressor, and zonula occludens-1 protein (PDZ) domains. For class 5 and 6 semaphorins

the cytoplasmic segments are relatively short and predicted to be random coils.
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1.4.3 The Plexin Family

Plexins are large TM1 receptors chiefly responsible for semaphorin recognition (17).

Based on structural homology the plexins are categorised into six classes, including class

a and b in invertebrates and class A-D in vertebrates (PlxnA-D) (Fig. 1.1). Among the

four classes of vertebrate plexins, nine subtypes are found in humans, including PlxnA1-

A4, PlxnB1-B3, PlxnC1, and PlxnD1. The most prominent structural component of the

plexin extracellular segments is an N-terminal sema domain homologous to those in the

semaphorins. In class A, B and D plexins the sema domain is followed by three pairs of

alternating PSI (plexin-semaphorin-integrin) and Ig-like domain shared by plexins and

transcription factors (IPT) domains. Subsequent to the three PSI-IPT repeats are three

additional IPT domains (IPT4-IPT6). Uniquely, class B plexins harbour an additional

mucin-like insertion between the second pair of PSI-IPT repeat (PSI2-IPT2) as well as a

furin cleavage site at the C-terminal. Compared to the ten-domain class A and D and

the eleven-domain class B plexins, the seven-domain class C plexin (PlxnC1) is much

shorter, consisting of only two PSI-IPT repeats and two additional IPT domains. The

plexin sema domain is generally referred to as the "head" and the string of PSI and IPT

domains the "stalk". Little is known on the function of plexin transmembrane helices,

although recent simulation-based studies suggest that the helices may have dimeriza-

tion or even oligomerization tendency in different plexin families (63, 64). In contrast to

the class-specific ectodomains, the plexin cytoplasmic domains are highly conserved.

All plexin cytoplasmic segments consist of a juxtamembrane segment predicted to be
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helical, and a GTPase-activating protein (GAP) with a Rho-GTPse binding domain (RBD)

insert. The class B plexins contain an additional putative PDZ domain binding site at the

C-terminal. The ability for plexins to directly hydrolyze small GTPases via their GAP do-

mains is unique among all TM1 receptors. Recent studies indicate that despite sharing

the topology of a Ras-GAP, the GAP domain in plexins preferentially activates Rap, a dis-

tinct sub-family of the Ras homologues (50, 51).

1.4.4 The Neuropilin Family

Since more than twenty semaphorins funnel down into interactions with eleven plex-

ins, the plexin receptors must to broaden their repertoires to discern multiple ligands.

For this purpose, certain types of plexins form holoreceptors with coreceptors deployed

on the same cell surface. In vertebrates the main coreceptors for plexins are the neu-

ropilins, which are TM1 proteins subdivided into class 1 and 2 (Nrp1-2) (17, 52). The

extracellular segment of neuropilins consist of two N-terminal CUB (C1r/C1s, Uegf,

Bmp1) domains (a1 and a2), two coagulation factor V/VIII homology domains (b1 and

b2), followed by a long disordered region of ∼60 amino acids and a membrane proximal

MAM (meprin/A5/mu) domain (c1). The transmembrane segments of neuropilins are

predicted to be helical and the cytoplasmic regions short (40-43 amino acids) and dis-

ordered. Proteolytic processing of both Nrp1 and Nrp2 can yield different variants, in

which secreted forms of part of the ectodomains may act as natural inhibitors for plex-

ins (53, 54). Signalling of all the secreted class 3 semaphorins except for Sema3E via the

class A and D plexins requires neuropilins (17, 55).
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Figure 1.1: The semaphorin, plexin and neuropilin families. Semaphorin–plexin inter-
actions are indicated with arrows (note that not all interactions are listed due to space
limitation). The protein domains are shown as cartoons and labeled at the bottom.
The coloured domains indicate for known crystal structures. The coloured labelling of
Sema3s indicate the requirement of Nrp1 (red) and Nrp2 (blue) in signalling. Cell mem-
brane is drawn in grey. Transmembrane helices are drawn as black lines and disordered
loops as black curves.
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1.5 Structure Basis of Semaphorin–Plexin Signalling

1.5.1 Structural Basis of Semaphorin–Plexin Recognition

In 2010, three independent studies published crystal structures encompassing members

of the class A, B and C plexins in complex with their cognate semaphorin ligands (36,

49, 56). These complexes include two independently reported complexes for Sema6A–

PlxnA2, Sema6A1-2–PlxnA21-4 at 2.19 Å resolution and Sema6A1-2–PlxnA21-2 at 3.60 Å res-

olution, Sema4D1-3–PlxnB11-2 at 2.99 Å resolution, Sema7A1-3–PlxnC11-2 at 2.40 Å reso-

lution as well as A39R (a Sema7A viral mimic)–PlxnC11-2 at 2.26 Å resolution, with pro-

tein data bank (PDB) accession numbers 3OKY, 3AL8, 3OL2, 3NVQ and 3NVN, respec-

tively (Fig. 1.2.A-D). In all crystal structures of the semaphorin–plexin complexes, two

copies of plexin N-terminal segments interact head on with the N-terminal segments

of the dimeric semaphorins in their sema domains. Despite the multidomain organisa-

tions of both semaphorin and plexins, this head-to-head interaction is restricted to only

the sema domains of both binding partners. The principal structural components con-

tributing to this sema–sema interaction are distinctive insertions in or between blades 1

to 5 in the sema domains of both semaphorins and plexins, which are also sufficient to

determine binding specificity between cognate semaphorin–receptor pairs (Fig. 1.2.E).

These distinctive insertions include a loop of ∼20 residues slotting between bladed 1

and 2 (β1D-β2A) and another loop of ∼70 residues extending from blade 5 which is gen-

erally termed the extrusion. One should note that the same insertions also distinguish
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the sema domains of plexins and semaphorins from other types of 7-bladed β-propeller

domains such as in integrins and MET, suggesting that the sema–sema binding speci-

ficity of plexins and semaphorins can be attributed to ligand–receptor co-evolution (57).

Only few residues from the blade edges in the standard 7-bladed β-propeller fold also

contribute to this interface. The sequence alignment for the sema-PSI1 portion of class

A-D plexins is shown in Appendix 2.

The most striking feature of the semaphorin–plexin complexes is that they share a generic,

2:2 ligand–receptor architecture. All semaphorins are intrinsically dimeric due to their

extensive interface between the sema domains. In particular, for the transmembrane

class 4 semaphorins, the dimeric form is further strengthened by interactions in the

Ig-like domains. For the secreted class 3 semaphorins, disulfide bridges located in C-

terminal regions in the uncleaved forms construct obligate homodimers. In contrast,

the N-terminal segments of plexins up to the first four domains (sema-PSI2) are strictly

monomeric, as revealed by the PlxnA21-4 crystal structures as well as in solution studies

(36). In all the 2:2 semaphorin–plexin complexes, each half of the semaphorin dimers

binds extensively to a plexin monomer (a total surface area of ∼2000 Å2) without bring-

ing them into any direct contacts. In-solution binding assays revealed an avidity effect

critical for high-affinity binding between semaphorins and plexins, as pre-dimerised

semaphorins can boost the binding affinity to plexins over 100 fold compared to the

monomeric forms (36). Despite making weak interactions with plexins, monomeric se-

maphorins failed to trigger any signalling (36, 56). Therefore, the establishment of a

2:2 semaphorin–plexin heterotetrameric complex is key to the activation of plexins, a
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mechanism consistent with many TM1 receptors as introduced earlier.

A     Sema6A—PlxnA2

C         Sema7A—PlxnC1

Sema4D1-3 dimer

PlxnB11-2 PlxnB11-2

PlxnC11-2 PlxnC11-2

Sema7A1-3 dimer

Sema6A1-2 dimer

PlxnA21-4 PlxnA21-4

B     Sema4D—PlxnB1

D         A39R—PlxnC1

PlxnC11-2 PlxnC11-2

A39R dimer

E        Sema6A—PlxnA2 Interface

Sema6A1-2 dimer

PlxnA21-4 PlxnA21-4

I. II.

Extrusion

Extrusion

β1D-β2A

β1D-β2A

Sema6A1-2

PlxnA21-4

110 Å 

Figure 1.2: Structural basis of semaphorin–plexin recognition. Crystal structures
of the Sema6A1-2–PlxnA21-4, (PDB 3OKY) (A), Sema4D1-3–PlxnB11-2 (PDB 3OL2) (B),
Sema7A1-3–PlxnC11-2 (PDB 3NVQ) (C), and A39R–PlxnC11-2 (PDB 3NVN) (D) complexes.
(E) The Sema6A1-2–PlxnA21-4 complex with colour codedβ-propeller blades in the sema
domains (I) and insertions β1D-β2A and extrusion indicated (II). Each complex is also
represented by cartoons (top right).
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1.5.2 Structural Basis of Semaphorin–Plexin–Neuropilin Recognition

For all secreted class 3 semaphorins except for Sema3E, signalling through their class A

and D plexin receptors requires obligatory coreceptor Nrp1 or Nrp2. The structural basis

of recognition between class 3 semaphorins, plexins and neuropilins is revealed by the

crystal structure of Sema3A in complex with PlxnA2 and Nrp1 published by our group

(45). In the 7.0 Å crystal structure of Sema3A1-2–PlxnA21-4–Nrp11-4 complex (PDB 4GZA),

the generic 2:2 binding mode of semaphorins and plexins is conserved (Fig. 1.3.A-B.).

Two copies of the a1 domain of Nrp1 slot into the 2:2 Sema3A–PlxnA2 complex and

cross-brace the sema domain of Sema3A in one interacting unit and the sema domain

of PlxnA2 in another unit (Fig. 1.3.B). Structure-guided biophysical and functional as-

says revealed that Nrp11-4 cements the 2:2 Sema3A–PlxnA2 complex without disrupt-

ing the overall architecture. One should note that the first four domains of Nrp1, do-

mains a1-b2 (Nrp11-4), are all potentially important for the formation of the Sema3A–

PlxnA2–Nrp1 complex, despite only domain a1 being visible in the 7.0 Å crystal struc-

ture. How a2-b2 (domains 2-4) of Nrp1 buttress the entire Sema3A–PlxnA2–Nrp1 com-

plex remains elusive. The C-terminal MAM domain of neuropilins (Nrp5) is not likely

to mediate semaphorin–plexin interaction but may be implicated in other neuropilin

functions such as dimerisation or clustering (37, 45). Due to the high sequence conser-

vation between different members of the class 3 semaphorins, we may surmise that all

the cannonical Sema3s–PlxnAs–Nrps (potentially also PlxnD1) systems have the same

2:2:2 architecture during activation.
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Figure 1.3: Structural basis of Sema3s–PlxnAs–Nrps recoginition. (A) Crystal structure
of the Sema6A1-2–PlxnA21-4 recognition complex (PDB 3OKY) in two views. (B) Crystal
structure of the Sema3A1-2–PlxnA21-4–Nrp11-4 recognition complex (PDB 4GZA) in two
views. Orientations of each complex are represented by cartoons on the top right corner.
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1.5.3 Plexin Signalling in the Cytoplasmic Region

More than 20 proteins have been reported to interact with the plexin cytoplasmic re-

gions to transduce downstream signalling or cross-regulate other receptors (58). Albeit

the substrates for plexin cytoplasmic region can be class- or even subtype- specific, the

major binding partners of plexins are several members of the small GTPase families. Past

studies revealed that the main portion of the plexin cytoplasmic segment constitutes

a GAP domain, which directly hydrolyzes the activated guanosine triphosphate (GTP)-

bound small GTPases to their guanosine diphosphate (GDP)-bound, inactive states. As

these small GTPases are direct regulators of actin and microtubule polymerisation, the

inclusion of the GAP domain makes plexins the only TM1 receptor to directly control

cytoskeleton dynamics. Though traditionally considered a GAP domain for Ras due to

structural homology with Ras-Gap proteins, the plexin GAP domain is in fact specialised

for Rap binding (50, 58). While maintaining the general topology of a GAP protein, the

plexin GAP domain is interrupted by an insertion of ∼60 residues. This insertion consti-

tutes a Rho-GTPase binding domain (RBD), which interact with the Rho family of small

GTPases including RND1, Rac1 and RhoD (59). The GAP and RBD of plexins are likely to

be independent of each other, as RBD is packed against the back of the GAP away from

the Rap binding site (50, 59).

Recent studies revealed that the plexin Rap-GAP activity critically depends on the dimeri-

sation of plexin cytoplasmic domains (50, 51). Dimerisation is likely to induce re-orientation

and conformational changes of the plexin cytoplasmic region, opening up the Rap bind-
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ing pocket and enabling GTP hydrolysis. This mechanism is best shown by comparing

the crystal structures of an active dimer of PlxnC1 cytoplasmic segment with an inactive

monomer of PlxnA3 cytoplasmic segment (Fig.1.4.B). An open-swing accompanied by

a ∼90° pivot of the juxtamembrane helix may serve to reorient and couple together the

two copies of the PlxnC1 cytoplasmic region. Pulled by the juxtamembrane helix, an ac-

tivation loop blocking the Rap entry site opens up, allowing the entry for a GTP-bound

Rap and the hydrolysis of GTP into GDP. Should the predictions for the structures of the

juxtamembrane and transmembrane residues missing from this model be correct, the

Rap-bound PlxnC1 activation dimer could extend its newly aligned juxtamembrane he-

lices, which connect into the transmembrane helices, with little freedom of movement at

the membrane proximal region. Considering the bivalent binding mode of semaphorin–

plexin signalling complexes in the extracellular space, it is possible that concomitant

dimerisation in the plexin extracellular as well as cytoplasmic regions is key to the Rap-

GAP activity.

Recent studies have also revealed that the relatively weak binding between RBD and

RhoGTPases with a dissociation equilibrium constant (Kd) ranging from 3 to 40 µM

does not significantly alter the overall conformation of the plexin cytoplasmic region

(59, 60). Although oligomers of plexin cytoplasmic regions bridged by Rho-GTPase Rac

have been observed in crystal structures (59), the existence of such oligomers on the cell

surface remains elusive. How other substrates such tyrosine kinases and redox enzyme

MICAL interact with the plexin cytoplasmic region awaits future characterisations (17).
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Figure 1.4: Structural basis of plexin signalling in the cytoplasmic region (A) Crystal
structure of the zebra fish PlxnC1cyto dimer in complex with Rap1B (PDB 4M8N) shown
in two views. The two GAP domains of PlxnC1cyto monomers are coloured in light blue
and grey, respectively. (B) Superposition of a monomer of the PlxnC1cyto–Rap1B di-
mer (light blue, ribbon representation) and a monomer of the unliganded PlxnA3cyto

(3IG3) (grey surface) shown in two views. The juxtamembrane helices of PlxnC1cyto and
PlxnA3cyto are shown in green and wheat, respectively.



CHAPTER 1. INTRODUCTION 23

1.6 Functions of Class A and D Plexins

1.6.1 Overview

Semaphorin–plexin signalling mediates a plethora of important biological processes, in-

cluding neural circuit development, cardiovascular patterning, angiogenesis, immune

response, and bone homeostasis (39, 41, 61). Malfunctions in plexin signalling are impli-

cated in various human pathologies, ranging from neural and cardiovascular diseases,

immune disorders, as well as cancer (62, 63). In this thesis, I focused on studying two

particular classes of plexins, the Plexin As and Plexin D1 (PlxnA1-A4, and PlxnD1). The

class A and D plexins, which share the same domain organization, are in many cases

analogous in functions. Both PlxnAs and PlxnD1 interact with class 3 semaphorins aided

by neuropilins except for the Sema3E–PlxnD1 system. The PlxnAs also signal indepen-

dently of neuropilins with class 5 and 6 semaphorins while PlxnD1 with Sema4A (17, 62).

The diversification and regulation of signalling is particularly important for PlxnAs and

PlxnD1 in the neural and vascular systems, in which these two classes of plexins are also

most abundant (39, 41, 55). Perturbation of the exquisitely controlled PlxnAs and PlxnD1

leads to many forms of cancer (62, 64). Thus, I will elaborate on the roles of PlxnAs and

PlxnD1 in these aforementioned systems.
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1.6.2 Class A and D Plexins in Neural Development

Both PlxnAs and PlxnD1, first discovered in axon guidance, were later found to regulate

multiple stages during the development of the nervous systems ranging from the mi-

gration and polarization of neurons, the growth and pruning of axons, as well as synap-

togensis (39, 41). To correctly establish and maintain the neural network, the diversifi-

cation of PlxnA and PlxnD1 signalling based on multifaceted regulatory mechanisms is

essential.

Typically, canonical semaphorin signalling via the class A plexins results in repulsive

guidance in the wiring of neural circuits. However, it has recently been discovered that

Sema6B–PlxnA2 interactions can result in reverse signalling in the developing central

nervous system (CNS), in which the transmembrane Sema6B acts as the receptor and

PlxnA2 as the ligand (65). It has also been found that Sema6B–PlxnA2 and Sema6A–

PlxnA4 not only interact in trans but also in cis. The cis-interactions have been found

to impose an inhibitory effect to both the Sema6s and the PlxnAs, resulting in ligand–

receptor mutual attenuation or silencing (65–67). These cis-inhibitions of guidance cues

and their receptors, which have been reported for other systems such as ephrin–Eph

and Notch–Delta, may be important for the temporal control of signalling and axon self-

avoidance (39). Cis-interactions between PlxnAs and transmembrane semaphorins can

also lead to receptor activation, as in the case of Sema5A and PlxnA2 mediated by HSPGs

and CSPGs (46). As PlxnA extracellular segments comprising of ten domains are much

larger than the ectodomains of Sema5s and 6s, it remains puzzling how the head-to-
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head, semaphorin–plexin interactions can be achieved in cis. Another important regu-

latory mechanism, which has so far only been found for the PlxnAs, is receptor autoinhi-

bition (22). This pre-signalling autoinhibition was revealed to be imposed by the PlxnA

ectodomains and in particular the sema domain, without which the PlxnAs are consti-

tutively active. It has been hypothesized that the PlxnA sema domains are locked in an

inhibitory state via distinct intramolecular interactions between the sema (head) and

the rest of the PlxnA ectodomain (stalk) before semaphorin-binding (22, 36). However,

further molecular evidence supporting this hypothesis has not been reported so far.

The sole member of the class D plexins, PlxnD1, triggers a repulsive response upon

binding most of its cognate class 3 semaphorins and coreceptors Nrps, a process sim-

ilar to the Sema3s–PlxnAs–Nrps systems (39, 55). However, a particular member of the

secreted semaphorins, Sema3E, stands out as an irregularity. Sema3E can directly sig-

nal through PlxnD1 to initiate axon repulsion while the presence of the Nrp1 switches

such repulsion to attraction (68). It has also been recently discovered that the Sema3E–

PlxnD1 (and potentially Nrp1) system can cross-talk with the VEGF–VEGFR system, al-

though the existence of a Sema3E–PlxnD1–VEGF–VEGFR multimeric complex remains

elusive (55, 69). How Nrp1 or other receptors gate the bi-functionality of the Sema3E–

PlxnD1 signalling axis, remains a fascinating question.
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1.6.3 Class A and D Plexins in Cardiovascular Development

Many parallels can be drawn between the developing cardiovascular and neural sys-

tems. During embryotic stages of cardiovascular organogenesis, the cardiac and vascu-

lar cells need to travel to appropriate positions. At later stages, blood vessels migrate,

branch and extend to form stereotypical patterns guided by external cues. The grow-

ing capillaries tipped by highly dynamic endothelial cells teeming with growth factor

and guidance cue receptors much resemble the growing axons tipped by growth cones.

The patterning of the cardiovascular system, which is analogous to that of the neural

networks, is mainly governed by extrinsic growth factors such as vascular endothelial

growth factor (VEGF), morphogens, and a number of cell guidance cues. signalling be-

tween PlxnAs and their cognate class 3 and 6 semaphorins mostly negatively regulate

angiogenesis and trigger repulsions in the migrating cardiovascular cells. Analogous to

the Sema6s–PlxnAs system in the nervous system, Sema6D has been found to act as both

the ligand and the receptor in its interactions with PlxnA1 during the morphogenesis of

the cardiovasculatures (70).

PlxnD1 is particularly important in the developing cardiovascular network. For instance,

signalling between Sema3C, PlxnD1 and co-receptor Nrp1 leads to attractive guidance

(71). Similar to the nervous system, the Sema3E–PlxnD1 signalling axis has been shown

to be intertwined with the VEGF–VEGFR pathways (72, 73). Importantly, Sema3E can

signal directly through PlxnD1 without Nrp1 and induce repulsion in growing vascular

endothelial cells (72). It has also been shown that competition between Sema3E and
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Sema4A when binding PlxnD1 is an important regulatory factor in suppressing angio-

genesis (74). Whether the structural basis for the activation and regulation of PlxnAs

and PlxnD1 are the same across multiple organ systems awaits further characterisation.

1.6.4 Class A and D Plexins in Cancer

The formation, angiogenesis, and metastasis of many forms of cancer involve the dys-

functioning PlxnAs and PlxnD1 (62). PlxnA signalling has been shown to negatively reg-

ulate tumor angiogenesis and metastasis (75). In particular, recent studies highlighted

the deterministic roles of Sema3E–PlxnD1 signalling in the formation of cancer, in which

PlxnD1 was identified as a dependence receptor analogous to another guidance cue re-

ceptor DCC (64, 76). It is recently discovered that PlxnD1 unliganded PlxnD1 can sig-

nal through the mitochondrial-associated proapototic pathways while Sema3E bind-

ing to PlxnD1 triggers the canonical, cytoskeleton-related PlxnD1 signalling pathways

and abolishes its pro-apototic properties (76). This finding fits well with a dependence

receptor paradigm, in which an unliganded transmembrane receptor actively induces

apoptosis while binding of its cognate ligands switch the receptor to its canonical sig-

nalling function (77). The same studies also found that trapping the excessive amount of

Sema3E in cancer cell microenvironment with soluble sema domain of PlxnD1 can ef-

fectively restore the restore PlxnD1-related apoptosis in breast cancer cells. PlxnD1 sig-

nalling has also been found to promote cancer cell metastasis and invasiveness poten-

tially in conjunction with human epidermal growth factor (EGFR) HER2 (or ErbB2), in

which the shortest, proteolytically-cleaved form of Sema3E consisting only of the sema
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and the partial PSI domain (Sema3E p61) plays an essential role (77). In sum, structural

insights into the signalling mechanism of PlxnAs and PlxnD1 may provide invaluable

guidance to the design of cancer therapeutics.

1.7 The Missing Links in Plexin Signalling

Crystal structures of the semaphorin–plexin recognition complexes and the plexin cyto-

plasmic segments provided us with insightful yet fragmentary snapshots of plexin sig-

nalling. One of the ultimate goals in the structural studies of cell-surface receptors is the

reconstruction of a complete and time-resolved picture of signal transduction. Based

on our current structural knowledge, we can derive the hypothesis that the dimerisa-

tion of plexins induced by bivalent semaphorin-binding is central to receptor activation.

In the semaphorin–plexin as well as semaphorin–plexin–neuropilin recognition com-

plexes, the C-termini of two PlxnA2 monomer fragments, though contacting the dimeric

semaphorins at the N-termini, are separated by more than 100 Å (Fig. 1.2). It has also

been demonstrated that the main cytoplasmic activity of plexins, i.e. Rap-GAP function,

is only triggered through dimerisation (Fig. 1.4). These observations raise an impor-

tant question, how do the initially divergent plexin ectodomain allow their cytoplasmic

regions to converge upon semaphorin-binding? Moreover, how do the full-length co-

receptor neuropilins fit into the most probably conserved architecture of semaphorin–

plexin signalling complexes?

As detailed in previous sections, the plexin receptors, in particular the PlxnAs, possess
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versatile modes of interaction apart from the canonical, trans-interactions with dimeric

semaphorins. How do the PlxnAs make inhibitory cis-interactions with transmembrane

class 6 semaphorins, while the same cis-interactions with class 5 semaphorins result in

receptor activation? What are the structural basis for PlxnA autoinhibition and poten-

tial clustering pre- and post-signalling? In particular for PlxnD1, what structural basis

makes it stand out as the only plexin to achieve bi-functionality (attraction and repul-

sion) with Sema3E gated by coreceptor Nrp1?

To answer the above questions and eventually reconstruct a complete picture of plexin

activation and regulation, structural insights into the entire plexin ectodomains are in-

dispensable. Unfortunately, existing crystal structures for the plexin ectodomains are

fragmented, encompassing at most four N-terminal domains in PlxnA21-4 (sema-PSI2)

(36, 45). Structures for the large part of the plexin ectodomains remain missing. More-

over, PlxnD1 remains the only class of plexins for which structural information is com-

pletely unknown. Thus, in this thesis I set out to characterise the PlxnA and PlxnD1

ectodomains using a combination of structural, biophysical and functional analyses.

1.8 Current hypotheses of Plexin Signalling

Based on the available experimental data regarding the semaphorin–plexin system and

many other TM1 receptors, the following hypotheses have been proposed for semaphorin–

plexin signalling (36, 37, 45, 58). These hypotheses are mostly applicable to PlxnAs but

can potentially be extended to other types of plexins particularly the PlxnD1, which
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share similar domain organization with the PlxnAs (Fig. 1.5). Before encountering the

semaphorins, the PlxnAs may reside in an autoinhibited state potentially via intramolec-

ular interactions using the “head-down” conformation, in which sema domains are locked

downwards by the remaining extracellular domains. One should note that this autoini-

hibited conformation is proposed based on the inactive conformation of integrins, in

which the seven-β-propeller domain of the integrin α subunit is folded down close to

theα subunit leg region (13). The existence of such intramolecular interactions remains

elusive.

When meeting the cognate transmembrane class 6 semaphorins (Fig. 1.5.A), the PlxnAs

may be released from an autoinhibited state and the high-affinity, 2:2 Sema6s-PlxnAs

binding may take over. How the cytoplasmic segments of the PlxnAs are then induced

to dimerise was hypothesized to be achieved in two ways. First, the PlxnA ectodomains

may adopt a specific conformation allowing the initially far-separated structures to curve

and converge. Close proximity of the two PlxnAs binding to one Sema6 dimer may allow

the dimerisation of the cytoplasmic regions and even seed further clustering (Fig. 1.5.A.I).

Alternatively, the PlxnA ectodomains may maintain the initial segregation and extend

into the transmembrane and cytoplasmic regions. In this case, it is the clustering of the

semaphorin-plexin signalling complexes that allows adjacent PlxnA cytoplasmic seg-

ments to dimerise and trigger signalling (Fig. 1.5.A.II).

Similar signalling mechanisms have been proposed for secreted class 3 semaphorins

through PlxnAs and potentially PlxnD1 in the presence of neuropilins (Fig. 1.5.B). In

these hypotheses, two copies of Nrp1 or Nrp2 slot into the conserved 2:2 Sema3s-PlxnAs



CHAPTER 1. INTRODUCTION 31

complex, buttressing the entire signalling complexes without altering the overall archi-

tectures. Nrps may engage in cis-interactions with each other via the MAM domains

or the cytoplasmic segments, bringing signalling complexes together as clusters. One

should note that in all hypotheses, the extracellular segments of plexins are speculated

to be in relatively extended and rigid conformations, by drawing reference to many other

large, multidomain TM1 receptors such as the Eph receptors, RPTPσ (receptor protein

tyrosine phosphatase σ) and several cell adhesion molecules (CAMs) (47, 52, 78). How-

ever, whether any of these hypotheses should stand requires further experimentation

particularly structural analysis of the PlxnA and PlxnD1 ectodomains.
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Figure 1.5: Current hypotheses of plexin signalling. (A) Hypothesis of the signalling
mechanism for transmembrane semaphorin and plexins (illustrated by the Sema6s–
PlxnAs system). (B) Hypothesis of the signalling mechanism for secreted class 3 sema-
phorins and class A and D plexins (illustrated by the Sema3s–PlxnAs–Nrps system).
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1.9 Summary

The semaphorin–plexin signalling system, first discovered in axon guidance, governs

a plethora of important biological processes. The plexins are typical TM1 receptors

which exemplify the effectively activated and precisely controlled guidance cue recep-

tor signalling. Despite our current knowledge on the semaphorin–plexin recognition

mode and plexin Rap-GAP signalling in the cytoplasmic region, substantial structural

segments connecting the ligand-binding end to the cytoplasmic-end of plexins remain

missing. For the extensively studied PlxnAs as well as the least characterised PlxnD1, the

structural basis for the activation and regulation of signalling remains unclear.

In this thesis, I first set out to structurally characterise the full extracellular segments

of PlxnAs. Contrary to previous hypotheses, I uncovered a distinct ring-like confor-

mation together with a minor, twisted-open conformation for the PlxnA ectodomains

using protein crystallography and negative stain electron microscopy (EM) (Chapter

3). Superposing these two PlxnA ectodomain structures onto the Sema6s–PlxnAs as

well as the Sema3s–PlxnAs–Nrps signalling complex provided an elegant model to an-

swer the long-standing questions regarding the dimerisation-induced PlxnA activation.

Observations in the crystal structures then lead me to investigate a head-to-stalk cis-

interaction in PlxnA ectodomains using biophysical assays and state-of-the-art fluores-

cence microscopy techniques. My results in combination with functional assays re-

vealed that this head-to-stalk cis-interaction is the basis for PlxnA autoinhibition and

small-scale oligomerisation pre-signalling (Chapter 4). My findings uncovered a two-
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fold role played by the ring-like PlxnA ectodomains, first, imposing receptor autoinhibi-

tion based on the head-to-stalk cis-interactions and second, enabling the dimerisation

of plexin cytoplasmic domain upon semaphorin-binding. Although much remains to be

done, in this thesis I also report the structures of the PlxnD1 N-terminal region together

with a remarkable closed-ring architecture of the PlxnD1 full ectodomain (Chapter 5).

These structures of the PlxnD1 extracellular segment tantalisingly suggest mechanisms

which may underlie the uniquely diverse functions of PlxnD1. In sum, this thesis pro-

vides structural insights into the activation and regulation for two classes of plexins, Plx-

nAs and PlxnD1, shedding new light on the plexin as well as other guidance cue receptor

signalling systems. The applications of my results as well as future outlooks are detailed

in Chapter 6.
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MATERIALS AND METHODS

2.1 Molecular Biology

2.1.1 cDNAs and Constructs

Protein constructs used in this thesis were cloned from the mouse PlxnA1 (Gene ID

18844), PlxnA2 (Gene ID 18845), PlxnA4 (Gene ID 243743), Sema6A (Gene ID 20358),

PlxnD1 (Gene ID 67784) and human PlxnD1 (Gene ID 23129) complimentary deoxyri-

bonucleic acid (cDNA). All constructs were designed based on their structural homol-

ogy to existing crystal structures together with the help of homology modeling server

SwissModel (79), protein tertiary structure prediction program HHPred (80) and protein

disorder prediction server RONN (81).

35
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For crystallisation experiments and biophysical assays, mouse PlxnA11-10, PlxnA17-10,

PlxnA21-10, PlxnA21-2, PlxnA24-5 and PlxnA41-10 (residues 37-1236, 861-1236, 35-1231,

35-561, 655-804, 36-1229, respectively), together with human PlxnD11-2, PlxnD11-10 and

mouse PlxnD11-10 (residues 47-602, 49-1272 and 49-1271, respectively) were cloned into

the pHLsec vector with a C-terminal hexa-histidine tag designed for large-scale protein

expression in mammalian cell lines (1). Proteins used as ligands in SPR experiments,

mouse PlxnA24-5 and PlxnA24-5 F690N/E692S were cloned into the pHLsec vector with a

C-terminal BirA recognition sequence for biotinylation. PlxnA2-mVenus, PlxnA2-mTFP,

and PlxnA2FL-mVenus together with their mutant forms used in microscopy experi-

ments were cloned into the pHLsec vector with a C-terminal mVenus or mTFP tag. For

PlxnA functional assays, full-length PlxnA4FL (residues 36-1894) and its interface mutant

PlxnA4FL

F689N/E691S, and cytoplasmic-deleted version PlxnA4∆ecto were cloned into the

pcDNA3.1(+) vector. A pre-dimerised version of mouse Sema6A used as ligands in COS-7

cell-based experiments, Sema6A-Fc (residues 19-571), was cloned into the pHLsec vec-

tor with a C-terminal Fc-tag covalently linking the sema-PSI domains of Sema6A.

A list of all constructs used in this thesis is shown in Appendix Fig. A.3 and Fig. A.4.

2.1.2 Molecular Cloning

In brief, recombinant protein constructs were created using polymerase chain reaction

(PCR) followed by restriction enzyme digestion, ligation and transformation. A typical
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PCR reaction contains 2-5 ng/l of template DNA, 0.2 pmol/µl of forward and reverse

primer, 1× polymerase buffer, 0.4 mM DNTPs and 0.1 units of polymerase. PCR cy-

cles were carried out according to the recommended protocols of the Pyrobest (Takara

Co.) polymerase. PCR produces were purified using the DNA extraction kit (Qiagen),

digested with appropriated restriction enzymes (NEB) and ligated using the the Quick

Ligation Kit (NEB) before being heat-shock transformed into the DH5α library efficient

competent cells from Invitrogen. Subsequent plasmid extraction were performed using

the QIAprep Miniprep, Megaprep and Gigaprep kits. All mutant constructs in this thesis,

including PlxnA11-10 F145N/L147S, PlxnA11-10 F693N/E695S, PlxnA24-5 F690N/E692S,

PlxnA21-10 F690N/E692S-mTFP1 (and -mVenus), and PlxnA4FL F689N/E691S were pro-

duced via two-step site directed mutagenesis as previously described (36).

2.2 Protein Production and Purification

2.2.1 Protein Expression in Mammalian Cells

All recombinant proteins used in this thesis were produced in an expression system op-

timized for high-level protein production in mammalian cells (1). Typically, human

embryonic kidney (HEK)293T and HEK293S cells were grown at 37°C and 5% CO2 in

Dulbecco’s modified eagle’s medium (DMEM, Sigma), supplemented with 10% fetal calf

serum (FBS, Sigma), 1% non-essential amino acids (Gibco) and L-glutamine (Gibco).

For all protein constructs a small-scale expression test was first carried out and the level
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of recombinant proteins secreted into the medium was tested with Western blots. For

large-scale protein expression, a total of 6 mg plasmids were transfected into 12 roller

bottles (surface area of 2125 cm2) of HEK293S (for crystallisation) or HEK 293T (for bio-

physical assays) cells grown to 90% confluence using transfection reagent polyethylen-

imine (PEI). The HEK293T cells contain all the necessary cellular machinery to ensure

full glycosylation of secreted proteins, while the HEK293S cells lack the N-acetyl-glucosaminyltransferase

I (GnTI) activity and therefore cannot synthesize complex N-linked glycans. The reduc-

tion of complex glycans is beneficial for lowering the surface entropy of proteins in so-

lution and thus facilitating crystallisation. The transfected HEK293 cells were grown in

DMEM supplied with 2% FCS at 37°C and 5% CO2 for 7-10 days before harvesting.

2.2.2 Protein Purification

Typically for each protein produced from HEK293S or HEK293T cells, 3 litres of medium

were harvested from 12 roller bottles. Residual cell debris in the medium were first spun

down and then filtrated out with a 0.22 µm filter. The media was buffer exchanged

into PBS buffer and concentrated to 200-500 ml before being pressed through an im-

mobilized nickel metal-affinity chromatography (IMAC) column. The column was then

washed with a gradient of 10-50 mM of imidazole, 2 × PBS and eluted with 350-400

mM of imidazole. 2 × PBS. Subsequently, size-exclusion chromatography (SEC) using

a prepacked HiLoad 16/600 Superdex 200 or 75 prep grade column from GE Healthcare

Life Sciences was conducted and the purity of each fraction was assesed by sodium do-

decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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2.3 Protein Crystallography

2.3.1 Basic Concepts of Crystal Geometry

If we treat the molecular contents of a protein crystal as lattice points, we can interpret

the crystal as a periodic, finite repetition of unit cells which are only related to each

other by translational symmetry. The smallest, necessary assembly of lattice points,

upon which symmetry operations generate a unit cell, is termed the asymmetric unit.

The combinations of intrinsic unit cell symmetry together with crystal lattice symmetry

yield a total number of 14 Bravais lattices and 230 general space groups, detailed in the

International Tables for Crystallography (82). However, due to the non-chiral property

of protein molecules, the symmetry operations allowed in three-dimensional space for

a protein crystal only include the 2-, 3-, 4- and 6-fold rotation axes and screw axes. Thus

the allowable space groups for protein crystals are limited to 65 across 7 crystal systems.

In real space R represented by the vectors [a,b,c], a unit cell is represented by three

vectors a, b, c and three anglesα, β, γ. From the same origin we can construct the recip-

rocal space R∗, in which the reciprocal axes a∗, b∗, and c∗ are normal to the real lattice

planes (b,c), (a,c) and (a,b), respectively. A point in the reciprocal lattice can be con-

veniently represented by the Miller indices as (h,k, l ) or by the reciprocal lattice vector

d∗
hkl = (ha∗ + kb∗ + l c∗). The Miller indices hkl can be visualized as a set of parallel,

equidistant reciprocal lattice planes cutting through the unit cell an integral number of

times. The perpendicular reciprocal lattice vector d∗
hkl of planes hkl points to the cor-
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responding reciprocal lattice point (h,k, l ) (Fig 2.1.A). The construction of the reciprocal

lattice described by the Miller indices offers great advantage for crystal diffraction anal-

ysis.

d*234

c*

b*

a*

c

b

a

c*

b*

a* αβ

γ

A BA B

Figure 2.1: The unit cell and the reciprocal lattice. (A) A representative unit cell with
unit cell axes a, b, c and the reciprocal lattice axes a∗, b∗, c∗. (B) A set of reciprocol lattice
planes with Miller indices 234 and reciprocal lattice vector d∗

234 slicing through the unit
cell.

2.3.2 Scattering of X-rays

In a complex number plane, a partial X-ray wave can be conveniently represented by the

amplitude |F | and phase angle ϕ :

F = A+ i B = |F |(cosϕ+ i sinϕ) (2.1)
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F =
n∑

j=1
|F j | ·exp(iϕ j ) (2.2)

When a system of electrons interact with incoming X-rays, they start to oscillate and

emanate electromagnetic waves. If the oscillating electrons retain their ground state and

emit radiation of the same energy as the incoming X-ray, elastic (Thomson) scattering

occurs. These elastically scattered X-rays carry information on the scattering system

and can be used to probe the internal structure of a protein crystal. When a beam of

X-rays is elastically scattered by an atom, the emanating partial waves have the same

wavelength but different phases. For the path difference of partial waves between two

scattering elements in an atom (O and P ), we can derive the phase difference ∆ϕ= 2πr ·

S (Fig. 2.2.A). By integrating all the partial waves emanating from an entire atom with

electron density ρ(r ), we obtain the atomic scattering factor fs :

fs =
∫
V

ρ(r )exp(i∆ϕ)dr =
∫
V

ρ(r )exp(2πi rS)dr (2.3)

in which V and r represent is the volume and radius of the atom, respectively.
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2.3.3 Diffraction of X-rays by a Protein Crystal and the Laue

Condition

The scattering of X-ray by atoms in a single molecule is diminutive and practically im-

possible to measure. However, when a large number of molecules pack as periodic ar-

rays in a crystal, their scattered waves can interfere constructively in certain directions

and thus achieve systematic amplification. This constructive interference maximum,

can experimentally recorded as reflections from a diffracting crystal. Similar to the scat-

tering of x-rays by two neighbouring elements in an atom, The path difference between

emanating waves from two scattering objects in a crystal (represented as O and P in

Fig. 2.2.B) is ∆pλr ·S, and thus the phase difference is ∆ϕ= 2πr ·S. From the properties

of plane waves we know that maximal constructive interference occurs only when the

waves are in phase, i.e. the phase difference is 2π or its integer multiples n ·2π. There-

fore, for maximum interference to occur we need ∆ϕmax = 2πr · S = n · 2π, and thus,

r ·S = n. In three-dimensional space this requirement is written as three independent

equations, termed the Laue condition:

a ·S = n1,b ·S = n2,c ·S = n3 (2.4)

in which a, b, c are the unit cell vectors and n1, n2, n3 must be integers.
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Figure 2.2: Thomson Scattering of X-rays by an atom and a protein crystal. (B) Scat-
tering of x-rays by two elements (point O and P ) in an atom. (B) Scattering of X-rays by
two volume elements (O and P ) in a protein crystal.

2.3.4 Bragg’s Law and the Ewald Construction

In practice, working with the three separately expressed Laue equations is challenging.

In 1912, Sir William Lawrence Bragg proposed a straightforward way to represent X-ray

diffraction. If one interprets X-rays scattering off a crystal as electromagnetic waves be-

ing reflected by a set of parallel and equidistant lattice planes, one can aptly summarize

the relationship between scattering angle θ and interplanar lattice spacing dhkl when

the constructive interference maxima in diffraction occurs. This relationship is termed

Bragg’s law, which can be visualized by simply rotating the scattering diagram of two

scattering objects (as illustrated in Fig. 2.2) by a certain degree until the two objects each
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sit perpendicularly on top of two parallel lattice planes (Fig. 2.3.A). The distance vector

r in this case is collinear with the interplanar distance dhkl . As when diffraction maxima

occur the path difference between O and P is∆p = n ·λ, we arrive at the Bragg Equation:

n ·λ= 2 ·dhkl · sinθ (2.5)

Bragg’s law can be conveniently visualized using the Ewald construction. If we draw a

sphere of radius 1/λ, termed Ewald’s sphere, and place the reflecting lattice planes from

Bragg’s diagram in the centre, we can derive from simple geometric knowledge that the

scattering vector S is parallel and of equal magnitude with the reciprocal lattice vector

d∗
hkl (Fig. 2.3.B). Since d∗

hkl extending from the lattice origin to point (h,k, l ) is normal

to lattice planes hkl and thus collinear with the interplanar distance vector dhkl , Bragg’s

equation can be written as:

S = d∗
hkl with d∗

hkl ≡
1

dhkl
= 2sinθ

nλ
(2.6)

The Ewald construction demonstrates that if a reciprocal lattice point (h,k, l ) lies on the

Ewald’s sphere, the conditions for constructive interference of X-rays reflecting off a set

of lattice planes hkl are automatically fulfilled. As only a few reciprocal lattice points

will lie on the Ewald sphere at a time in a certain direction, the reciprocal lattices must

be rotated so that more reciprocal lattice points can intersect with the Ewald sphere. In

practice, this is achieved by a continuous rotation of the crystal around one axis during
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X-ray diffraction experiment.
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Figure 2.3: Bragg’s law and the Ewald Construction. (A) Illustration of Bragg’s law for
a set of lattice plane hkl . (B) The Ewald construction for in which the reciprocal lattice
vector is d∗

hkl .

2.3.5 The Structure Factor and the Reconstruction of Electron

Density

Bragg’s law together with the Ewald construction indicate at which specific directions

we can expect constructive interference, i.e. reflections. However, it is the intensities of

such reflections that carry information on the scattering elements. For a set of reflec-

tions h, a scattering function Fh is used to summarize the contributions of all individual

X-ray scattering events from all scattering elements within the unit cell in that specific
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direction:

Fh =
atoms∑

j=1
f0

S, j ·exp(2πi hx j ) (2.7)

in which x j is the coordinate vector for atom j in relation to the origin and f0
S, j is the

atomic scattering factor for each individual atom j . Structure determination of macro-

molecules via X-ray diffraction experiments is in essence the reconstruction of the elec-

tron density of a molecule from its structure factors. The structure factors (Fh) in re-

ciprocal space R∗ can be converted to electron density (ρ(r )) in real space R without

any loss in information and vice versa by a Fourier transform (FT). From Eq. 2.7 we can

derive the complex structure factor Fhkl in relation to the electron density ρ(x, y, z):

Fhkl =V

1∫
x=0

1∫
x=0

1∫
x=0

ρ(x, y, z) ·exp[2πi (hx +k y + l z)]d xd yd z , (2.8)

where V is the unit cell volume.

To obtain the electron density equation we apply a Fourier transform to the above struc-

ture factor equation. Since Miller indices constitute discrete data the integration is re-

placed by a discrete summation, we arrive at:

ρ(x, y, z) = 1

V

∑
h

∑
k

∑
l

Fhkl ·exp[−2πi (hx +k y + l z)] . (2.9)

The electron density of a protein can thus be calculated from the X-ray diffraction data
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of its crystal according to the above equation.

2.3.6 The Structure Factor Amplitude and the Phase Problem

As the complex structure factor Fhkl can be separated into an amplitude term |Fhkl | and

a phase term ϕhkl , Eq. 2.9 can be represented as:

ρ(x, y, z) = 1

V

∑
h

∑
k

∑
l
|Fhkl | ·exp[−2πi (hx +k y + l z)+ i ·ϕhkl ] (2.10)

The amplitude of the structure factor, |Fhkl |, can be directly obtained experimentally

from the diffraction intensity Iobs(h,k, l ), which is proportional to |Fhkl |2. However, in

a X-ray diffraction experiment the phase information of the emanating waves reaching

the detector is completely lost. As the phase term provides dominant information in

Fourier synthesis, the measurement of phase angles becomes an essential challenge in

crystallography. In general, the phase problem of protein crystallography can be solved

by two methods: molecular replacement (MR) and experimental phasing.

2.3.7 Overview of MR Phasing

In brief, MR borrows the phases from an existing structure model which is homologous

to the target protein as initial phases. Assuming the starting model is the same as the

target protein, a MR program searches for correct orientation and location of the model

based on the diffraction intensities recorded in diffraction experiments and the calcu-
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lated phase angles of the input model. Reiterations of the searches eventually places the

model structure at appropriate positions in the crystal lattice and generates an approx-

imation of the real electron densities for the target protein. Based on the approximated

electron density map and the known structural differences between the target protein

and the initial model, one can further improve the model until a most probable match

between the model and the diffraction data is obtained.

The majority of the crystal structures in this thesis were solved by MR using the PHASER

program (83). PHASER generally performs a rotational search to find the appropriate

orientation of the initial model followed by a translational search applied to the top so-

lutions in the rotational search to identify the location. Using a maximum-likelihood

method, PHASER explores and scores all the possible solutions until the calculated struc-

ture factor amplitude |Fcal | best matches the observed structure factor amplitude |Fobs |.

The solutions are then ranked according to these scores and clashes within the lattice,

followed by several rounds of rigid-body refinement. The MR solutions are best eval-

uated by the log-likelihood gain (LLG) and the Z-score. LLG describes the differences

between the probability of the model structure coinciding with experimental data and

the probability of the model structure coinciding with the same set of atoms randomly

positioned. As LLG represents the superiority of the solution over a random set of atoms,

if the MR solution is correct the LLG should increase steadily through each search cycle.

The Z-score is a multiple of the root-mean-square (r.m.s.) deviation for a specific set

of LLGs in comparison to the mean LLG, and thus the higher the Z-score the better the

solution. In general, a correct molecular replacement solution should have a a Z-score
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of no less than 7, and no clashes between any structural elements. The electron den-

sity map should reveal positive density for missing features and subsequent refinement

should improve the agreement between experimental and model structure factors.

2.3.8 Overview of Single Isomorphous Replacement with Anomalous

Scattering (SIRAS) Phasing

The phase problem can also be solved by several experimental methods, as in the case

of the mouse PlxnD11-10 crystal structure in this thesis (Chapter 5). As the Pt-SIRAS

(platinum single-wavelegth isomorphous replacement anomalous scattering) method

is used for PlxnD11-10, I will briefly introduce its basic principles.

When the incoming X-ray is tuned to be near the absorption edge of the anomalous

marker atoms (in our case platinum (Pt) atoms), a portion of the X-rays is absorbed and

reemitted as waves with altered phases. This process, termed anomalous scattering,

gives rise to a different atomic scatter factor dependent on the wavelength (f(θ,λ)) which

is different from the conventional scatter factor for light atoms (f0
(θ)) as described in Eq.

2.3:

f(θ,λ) = f0
(θ) + f

′
(λ) + i · f

′′
(λ) (2.11)

in which the dispersive component (f
′
(λ)) is phase shifted by 90 °to the absorption com-

ponent (f
′′
(λ)).
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Without the presence of anomalous scattering, the structure factors of reflections with

conjugate phases, i.e. reflections of a set of reciprocal lattice planes measured from the

exact opposite directions, follows Friedel’s law, in which they have identical amplitude

but opposite phase angles:

|Fhkl | = |−Fhkl | (2.12)

αhkl =−αhkl

Friedel’s law also indicates that a 180° rotation is sufficient to collect all reflections of a

crystal without any additional symmetry. When anomalous scatterers are incorporated

into the native crystal to form an isomorphous derivative crystal, Friedel’s law breaks

down. The structure factor of the derivative reflections can be represented as FPH , which

is related to the structure factor of the native reflections (FP ) and the structure factor of

the anomalous scatter (heavy-metal such as platinum atoms) (FH ):

FPH = FP +FPH (2.13)

The above relation is best represented in the complex number plane, which also pro-

vides a visualization of the geometric solution to the phase problem (termed the Harker

diagram (Fig. 2.4.A). One can see that once the amplitudes and phases of FPH and FH

are obtained, together with the amplitude of FP from the diffraction intensities of the
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native crystal, the phase of FP can be calculated ((Fig. 2.4.B).

In a typical SIRAS phasing experiment using Pt-derivative crystals, a set of reflections for

the native crystal is first measured at an appropriate wavelength. Subsequently, multiple

diffraction datasets of Pt-derivative crystals are measured at an optimal wavelength for

the anomalous scattering of Pt atoms. From the disparity of the intensities of these two

datasets,we can obtain the phase information for structure factor FPH :

Fλ2
PH = Fλ1

PH +∆Fr +∆Fi (2.14)

in which∆Fr and∆Fi represent the real and imaginary vector component of anomalous

scattering, respectively. Fλ1
PH represents the structure factors of the derivative crystal

measured at wavelength λ1 and Fλ2
PH represents the same structure factor measured at

wavelength λ2, where anomalous scattering occurs. Similarly, the geometric solution of

FPA can also be represented in the Harker diagram, which is omitted here.

In practice, SIRAS phasing is often used in combination with MR, as in the case for the

crystal structure of mouse PlxnD11-10 in this thesis. Initial phases provided by a partial

MR solution model may aid the determination of anomalous-scatterer positions as well

as the generation of experimental phases with correct handedness. Experimental phases

can in turn help prevent model bias in MR.
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Figure 2.4: The geometric solution of the phase equation (the Harker diagram). (A)
Vector representation of the structure factors FPH (blue), FP and FH (red) in the complex
number plane. (B) Solution of the phase equation in which the phase angle ϕP can be
pinned down by the intersections made by a circle with a radius of |FP | and an original
center together with another circle with a radius of |FPH | and a center shifted by FH .

2.3.9 Protein Crystallisation

Protein crystallisation experiments were conducted by mixing 100 nl (or 200 nl for

PlxnA21-10) of protein solution with 100 nl reservoir solution using a Cartesian Tech-

nologies pipetting robot (84). Before crystallisation, the purified proteins were typi-

cally deglycosylated using endoglycosidase F1. crystallisation plates were maintained

at 20.5°C and 6.5°C in a Formulatrix Homebase storage vault and imaged with a Veeco

visualization system. Details of the crystallisation procedures for mouse PlxnA24-5 and

PlxnA17-10 are listed in Chapter 3, and for human PlxnD11-2 and mouse PlxnD11-10 in
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Chapter 5. Crystallisation procedures for full length PlxnA ectodomains are listed in Ap-

pendix 1.1 as they were performed by Dr. Bert J.C. Jassen before this thesis work.

2.3.10 Data Collection and Processing

A rotation method is most commonly used for protein crystallography data collection,

in which each diffraction image is recorded when the crystal is rotated around one axis

at usually 0.1-0.3 degrees increment (oscillation angle ϕ) at a time. A small oscillation

angle allows for fine-slicing of the reciprocal lattice so that more reflections intersect-

ing with the Ewald sphere can be sampled. After determining the space group and unit

cell vectors based on indexing the first few diffraction images, a data collection strat-

egy which allows for high completeness and redundancy while best-avoiding radiation

damage is adopted. The spot intensities on each diffraction image are then integrated

and scaled so the accurate intensities for each reflection are determined.

The overall data quality of diffraction experiments can be assessed by the following pa-

rameters: data completeness, redundancy, Rmer g e , Rpi m , I /σI , and CC1/2. Data com-

pleteness denotes the how many unique reflections are recorded experimentally out of

all unique reflections we theoretically expect. The unique reflections are the minimum

number of symmetry-unrelated reflections which generate a complete dataset. Thus,

the higher the completeness the better the dataset. Redundancy describes how many

times a unique reflection is repeated measured. Generally speaking, the higher the re-

dundancy the more accurate the calculated intensity for the recorded reflections. The
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linear merging R-value, Rmerge, represents the extent of deviation between equivalent

intensity measurements, which can be calculated as follows:

Rmer g e =
∑
h

N∑
i=1

|I(h)i − I(h)i |
∑
h

N∑
i=1

I(h)i

(2.15)

in which N is redundancy and I /σI is the average intensity of each reflection. Although

Rmerge can describe the inherent consistency of a dataset, it does not account for the

redundancy of repeatedly measured reflections as the value of Rmerge always increases

with redundancy. To correct for this problem the precision-indicating merging value,

Rpi m , is introduced:

Rpi m =
∑
h

√
1

N−1

N∑
i=1

|I(h)i − I(h)i |
∑
h

N∑
i=1

I(h)i

(2.16)

Rpim is particular important for assessing highly redundant datasets such as those de-

rived from anomalous diffraction experiments. The signal to noise ratio of the dataset,

I /σI , can be used to assess general data quality and the resolution limit. Ideally, the

highest resolution shell of a dataset should have an I /σI larger than 2.0. Calculated

from the Pearson correlation coefficient (CC) of two random halves of a dataset, CC1/2

is a parameter for assessing information content and data accuracy (94). Ideally, CC1/2

should be close to 1.0 for an overall dataset and larger than 0.1 at the highest resolution

shell.
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X-ray diffraction data in this thesis were collected at 100 K at Diamond beamlines I02,

I03, I04, I04-1 and I24 and European Synchrotron Radiation Facility beamline ID23-2.

Typically, a rotation angle of 180-360° and an oscillation angle of 0.1° was used for all

native crystals. In particular for the Pt-derivative crystals of mouse PlxnD11-10, multiple

platinum-SAD (single-wavelength anomalous dispersion) datasets were collected with

a rotation angle of 990° (oscillation angle 0.1°) at the platinum peak wavelength (1.0719

Å) based on a fluorescence scan. The collected reflections were indexed, integrated and

scaled using iMOSFLM (85), SCALA (86) and multiple versions of Xia2 (87). A total of 5

datasets of mouse PlxnD11-10 platinum derivative crystals were merged to produce high

anomalous signals using Xia2 3dii.The experimental details of each diffraction experi-

ment are described in corresponding sections in Chapter 3 and 5 of this thesis.

2.3.11 Structure Refinement

In brief, structure refinement is the process of modifying a structural model until it best

fits the crystallographic observations. In practice, refinement is evaluated by comparing

the calculated structure factor amplitude of the model (|Fcal |) and the experimentally

observed structure factor amplitude (|Fobs |). The parameter used to evaluate this agree-

ment is the working R-factor, or Rwor k , which is defined as:

Rwor k = Σ||Fobs |− |Fcal ||
Σ|Fobs |

(2.17)
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Another cross-validation parameter is R f r ee , which is calculated analogous to Rwor k

from a randomly selected set of reflections (∼ 5%) excluded from the refinement pro-

cess. The reduction in R f r ee indicates unbiased model refinement.

During refinement, an electron density map based on the experimentally observed am-

plitude (|Fobs |) and model phases (ϕcal ) and a difference map (|Fobs | − |Fcal |, ϕcal ) is

used for manual corrections and building of missing features. These maps are used as

basis for manual correction of the existing model. Interwoven rounds of manual and au-

tomated refinement are conducted, during which the stereochemical properties of the

model assessed by the Ramachendran plot as well as the agreement between |Fcal | and

|Fobs | should steadily improve. Structural refinement is generally complete when the

structural model and experimental data reaches maximum fit. In this case Rwor k and

R f r ee should have reached their lowest, appropriate values and the electron density dif-

ference map no longer reveals new interpretable features. It is important to note that at

the end of refinement R f r ee should not be more than 7% higher than Rwor k , as a larger

difference typically indicates model bias. The r.m.s. deviation values of bond lengths

and bond angles, which compares the model geometry to reference structures of small

molecules, should be reasonably small.

Structure solution and refinement of mouse PlxnA24-5 and PlxnA17-10 are detailed in

Chapter 3, and for human PlxnD11-2 and mouse PlxnD11-10 in Chapter 5. Structure solu-

tion and refinement of full length PlxnA ectodomains are listed in Appendix 1.1 as they

were performed by Dr. Bert J.C. Jassen before this thesis work. Automatic refinement

was performed using COOT(88) and PHENIX (89).
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2.3.12 Sequence Analysis and Figure Production

Electrostatic charge distribution for all crystal structures was calculated with PDB2PQR

(90) and APBS (91), alignments were generated with Clustal Omega (Sievers et al., 2011),

residue conservation was calculated with the Consurf Server (92) or MODELLER and

buried surface areas were calculated with PISA (93). Figures were produced with The

PyMOL Molecular Graphics System (Schrödinger, LLC).

2.4 Negative Stain Electron Microscopy

2.4.1 Basic Principles of Negative Stain Electron Microscopy (EM)

Negative stain electron microscopy (EM) is a fast and convenient transmission elec-

tron microscopy (TEM) technique to visualize the structures of proteins. During sample

preparation, the target proteins, originally freely diffusing in a solution environment,

are embedded into a layer of heavy-metal stain (in my case, uranyl formate). The cast

of uranyl atoms surrounding the proteins can interact with electrons at much greater

scales than the light atoms making up the proteins and thus, provide high image con-

trast while protecting the specimen from electronic bombardment. Negative stain EM

is often used as a complimentary technique to protein crystallography, as it may reveal

novel structural arrangements otherwise obstructed by constraints in crystal packing.

However, one should note that the process of instant drying and flatting of the stain-
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ingrained proteins onto the grid may induce artefacts.

The basic components of a transmission electron microscope include an electron source,

a series of electromagnetic lenses, apertures, and an image detection system (Fig. 2.5).

When electrons strike a negative stain EM sample, a small portion of the electrons are

absorbed by the heavy metal atoms surrounding the specimen, resulting in reduced in-

tensity at stain-ingrained regions in the projection image, i.e. amplitude contrast. Only

a very small fraction of electrons collected by the detector are scattered elastically and

interfere with the non-scattered electrons, resulting in phase contrast. In negative stain

EM amplitude contrast account for the majority of image contrast, while phase contrast,

especially in our case where the protein specimen is only the size of several nanome-

ters, is diminutive. In practice, image contrast can be increased by adjusting the projec-

tor lenses to obtain larger defocus values. Although image defocus enhances contrast,

it may sacrifice resolution and bring about complications in image interpretation and

thus need to be carefully adjusted in a case-by-case manner.

Despite the low resolution and contrast of raw EM images, a large number of protein

particles can be assembled and averaged to gain signal-to-noise ratio. Typically, an as-

sembly of single particles are first aligned according to the correlations between all pos-

sible particle pairs in a large data set taking into account both translational and rota-

tional shifts. Alignment of particles is performed until the contrast and visible details of

the aligned image sets no longer increases and the maximum value of the CCF (cross-

correlation function) between the references and the raw images reaches a maximum.

The aligned particles are then classified and averaged to generate a representative image
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per class. These class averages represent two-dimensional projections of single particles

at very low resolutions.

2.4.2 Experimental Procedures

The preparation of carbon-coated grids followed the previously described protocols for

negative stain EM (94). In brief, mesh Gilder Cu grids from Ted Pella Inc. (USA) were first

coated with collodion. After the grids were air-dried they were placed into the vacuum

chamber filled with vapourised carbon of the Cressington 208C High Vacuum Turbo Car-

bon Coater (Ted Pella) and coated with a thin layer of carbon. A conventional, two-drop

method (95) was used to embed target proteins with uranyl formate onto the carbon-

coated grids, in which a drop of 2.5 µl freshly gel-filtrated PlxnA11-10 at a concentration

of 1-5 µg/ml in 10 mM HEPES, pH 7.5 and 150 mM sodium chloride was adsorbed to

the newly glow-discharged carbon-coated copper grid, washed with two drops of 50 µl

deionized water, and stained with two drops of 50 µl 0.75% uranyl formate. The ex-

cess stain on the grids was removed carefully with filter paper before air-drying. Sam-

ples were imaged at room temperature using an FEI Tecnai T12 electron microscope

equipped with a LaB6 filament operating at an acceleration voltage of 120 kV and a dose

of 15 electrons per square Å. Images were taken using a 4k × 4k FEI EagleTM CCD cam-

era at a magnification of 57,000 × with under-focus values ranging from 1.0 to 1.5 µm

and a pixel size of 2.16 Å.

From 355 electron micrographs of PlxnA11-10, a total of 13,744 particles were manually



CHAPTER 2. MATERIALS AND METHODS 60

selected using EMAN2 (96) and framed into boxes with a size of 298 Å × 298 Å . The

particle images were normalized to re-scale the grey values and filtered to remove noise

and accentuate features for alignment. All images were then centered upon the promi-

nent features aided by appropriate masking. Reference-free classification using IMAGIC

(97) was first performed. 60 classes were generated and each averaged into a represen-

tative image. The structural models based on the 4 Å crystal structure of PlxnA11-10 were

generated manually using The PyMOL Molecular Graphics System (Schrödinger, LLC).

The two-dimensional projections of the PlxnA41-10 extracellular models were then sub-

jected to automated correlation analysis with the class averages in which all the class

averages were compared to all projections of all models. Thirteen models were tested

and of these seven were found to be sufficient to represent the experimental class aver-

ages. Two-dimensional projections of the crystal structure and models were generated

using SPIDER and WEB (98) and WellMAP (99) software and the correlations of the class

averages were performed using scripts operating through SPIDER.
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Figure 2.5: Schematic illustration of the negative stain EM microscope setup. The ba-
sic components of a FEI Tecnai T12 transmission electron microscope used in this thesis
are illustrated as cartoons. The paths of representative electrons absorbed by the sample
are colored in red, while the paths of non-scattered and elastically scattered electrons
are coloured in green and blue, respectively.
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2.5 Multi-angle Light Scattering (MALS)

2.5.1 Basic Principles of MALS

MALS is an optics-based, non-destructive method to measure the molecular weight and

sizes of macromolecules in solution. In a typical multi-angle light scattering (MALS) ex-

periment coupled to size exclusion chromatography (SEC-MALS), an injected protein

solution is first separated into fractions according to the protein molar masses and sizes

by a SEC column. The fractionated solutions are then subjected to a laser light to induce

Rayleigh scattering in a MALS detector. Rayleigh scattering denotes a form of elastic

scattering emitted by particles of sizes much smaller than the wavelength of incoming

radiation. Since the intensity of a molecule’s Rayleigh scattering power is directly pro-

portional to its molecular weight, the absolute molar mass and the aggregation state of

the proteins in each fraction can be calculated. SEC-MALS is a convenient method to

evaluate the homogeneity, molecular weight, and oligomerisation states of proteins, de-

spite the fact that retrievable information on the protein globular shapes or interaction

modes is limited.

2.5.2 Experimental Procedures

All proteins used in MALS experiments were produced in HEK293T cells using stan-

dard protocols. SEC-MALS were performed with a system in which an analytical Su-
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perdex S200 10/60 column (GE Healthcare) was coupled to static light-scattering (DAWN

HELEOS II, Wyatt Technology), differential refractive index (Optilab rEX, Wyatt Technol-

ogy) and Agilent 1200 UV (Agilent Techologies) detectors. Data analysis was done using

the ASTRA software package (Wyatt Technology).

2.6 Analytical Ultra-centrifugation (AUC)

2.6.1 Basic Principles of AUC

AUC allows for the characterization of the protein sizes, shapes and interactions without

the restrictions of any matrices or surfaces. In brief, analytical centrifugation (AUC) uti-

lizes an ultra-high speed centrifuge coupled to an optical detection system to measure

the migration properties of proteins under centrifugal force in solution (100). When a

protein solution is subjected to high centrifugal force, all particles in the solution experi-

ence three forces, the gravitational force from the centrifugal field, the buoyant force and

the frictional force related to surrounding environment. The particles of varied masses

will redistribute until the three forces balance out. From this sedimenting process we

can derive the sedimentation coefficient s (in unit Svedberg, S), which describes the ve-

locity of a molecule migrating along the centrifugal field. For a particular protein diffus-

ing in a solution of certain viscosity and temperature, s is an intrinsic value depending

only on the protein’s molar mass and shape.

In this thesis, AUC sedimentation velocity experiments were performed to assess the
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globular shapes and oligomerisation states of proteins. In a typical AUC sedimenta-

tion velocity experiment, the separation of particles with different migration rates un-

der centrifugal force causes a time-evolving redistribution of masses along the radial

axis, which can be recorded as shifts at the sedimentation boundaries. These sigmoid-

shaped boundary shifts can be modelled by the Lamm equation:

∂c

∂t
= D

[
∂2c

∂r 2
+ 1

r

∂c

∂r

]
− sω2

[
r
∂c

∂r
+2c

]
(2.18)

,

in which t is time, r is the distance to the center of rotation, andω is the angular velocity

of the rotor. The modeling of sedimentation boundary shifts using the Lamm equa-

tion yields the sedimentation coefficient s (extracted from the mid-points of shifts). The

final result of an AUC velocity experiment is a continuous sedimentation coefficient dis-

tribution c(s), in which each species of proteins shows a sedimentation coefficient peak

(100).

2.6.2 Experimental Procedures for AUC Sedimentation Velocity

Experiments

Mouse PlxnA11-10 and PlxnA11-10 F693N/E695S used in AUC experiments were produced

in HEK293T cells, while human PlxnD11-10 was produced in HEK293S cells and sepa-

rated into two species according to the size exclusion profile. AUC sedimentation veloc-
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ity experiments were conducted using a Beckman Optima XL-I analytical ultracentrifuge

in absorbance mode (280 nm incident light) at 40,000 revolutions per minute (rpm) ro-

tor speed. A total number of 100 scans were collected with one scan every 6 minutes.

Scans 6-100 were analysed with Sedfit (101) using a c(s)-based sedimentation profile

analysis and plotted using the program ProFit (Martin, A.C.R.). Theoretical sedimenta-

tion coefficients of the structural models were predicted using PROHYDROUS-SOMO

(102).

2.7 Surface Plasmon Resonance (SPR)

2.7.1 Basic Principles of SPR

SPR is a convenient technique to monitor binding events between label-free proteins in

solution. In short, the SPR phenomenon causes the reduction of the intensity of light

reflected off a surface coated with protein molecules at a certain angle. Accumulation

of molecules on this surface leads to changes in the refractive index close to the surface,

and thus alters the angle of minimum reflected intensity and the surface plasmon reso-

nance (SPR) angle. One binding partner, termed the ligand, is typically immobilized on

the surface of a sensor chip, while the other partner, termed the analyte, is injected in

aqueous solution onto the chip via a microfluid system. As the analytes bind to the lig-

ands on the sensor chip surface, the accumulation of overall mass leads to an increase in

SPR angle and thus the refractive index. By comparing the refractive index of the binding
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partners and that of the background, we can obtain a real-time sensorgram describing

the changes in refractive indices, and thus interactions, in resonance units (R.U.). In

a SPR equilibrium experiment, a series of analytes at different concentrations are se-

quentially injected onto the ligands. From the sensorgrams we can obtain the time for

the binding events to reach equilibrium and thus, calculate the equilibrium dissociation

constant (Kd) and the maximum analyte binding value (Bmax).

2.7.2 Experimental Procedures

All proteins used in SPR experiments were produced in HEK293T cells using standard

protocols. To biotinylate the ligands, HEK293T cell media containing the ligands with

a C-terminal biotinylation tag (Avitag) was buffer exchanged into 10mM TRIS-HCl, pH

8.0 and concentrated to 250 µl. Biotinylation reactions were subsequently carried out by

mixing the Biomix A and B buffer (Avidity) and BirA enzyme with the medium to reach

final concentrations of 15 mM magnesium acetate, 15 mM ATP, 80 µM biotin, 80 mM

bicine, pH 8.3 and approximately 30 µg/ml BirA. After incubation for 30 min at 30°C the

media is buffer exchanged and further concentrated into the SPR running buffer (10mM

HEPES, pH7.5, 150mM sodium chloride and 0.005% (v/v) Tween 20).

The SPR equilibrium experiments were performed with a BiacoreTM T200 equipment

(GE Healthcare) at 25°C in SPR running buffer (150 mM sodium chloride, 10 mM HEPES

pH 7.5, 2 mM calcium chloride, and 2 mM magnisum chloride and regeneration buffer

(2 M magnesium chloride). The analytes were subjected to gel filtration in SPR running
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buffer immediately before the experiments. The biotinylated ligands were coated onto

the sensor chip via a two-step immobilization strategy based on amine-coupling be-

tween biotin and streptavidin (103). In-solution contact times of 10-15 min were used.

Data analysis was done using BiacoreTM T200 v2.0 software with the nonlinear curve

fitting of a 1:1 Langmuir binding model (104) to calculate the equilibrium dissociation

constant (Kd) and the maximum analyte binding value (Bmax) via the following equa-

tion:

RBound = C A ×Bmax

C A +Kd
, (2.19)

where RBound is measured in response units (RU) and C A is the concentration of analyte.

2.8 Förster Energy Transfer by Fluorescence Lifetime

Imaging Microscopy (FRET-FLIM)

2.8.1 Basic Principles of FRET-FLIM

Föster energy transfer (FRET) describes the phenomenon in which a fluorophore in the

electron-excited state (the donor) transfers energy via a non-radiative process to a non-

excited fluorophore in its vicinity (the acceptor) (Fig. 2.6). As the extent of FRET depends

on the nanometre-range distances between the donor and the acceptor, it can be used

to probe the interactions between fluorophore-labelled proteins. Each fluorophore has
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an intrinsic fluorescence lifetime, which describes the average time the fluorophore re-

mains in its excited state before photon emission. The decay of fluorescence is generally

a mono-exponential process:

[S1] = [S1]0e
− t
τD (2.20)

,

in which [S1] is the concentration of fluorophores at excited state S1 and time t , [S1]0

is the initial concentration of excited fluorophores, and τ is the fluorescence lifetime.

When FRET occurs the fluorescence decay of of the donor molecular accelerates, result-

ing in shortened lifetimes.
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Figure 2.6: Illustration of the FRET process based on the Perrin-Jablonski diagram.
S0 and S1 represent the ground state and excited state of fluorophores, respectively.
the excitation and emission of electrons are represented by straight arrows. The non-
fluorescent conversion of electrons within the same state are represented by curved ar-
rows.

Traditionally, the extent of FRET (efficiency E) is calculated from the fluorescence in-

tensity measured for the donor and the acceptor. The intensity-based methods are sub-

jected to many artefacts such as photobleaching, donor-acceptor photoconversion, and

the uneven distributions of fluorophores. These common pitfalls can be avoided by us-

ing the recently developed fluorescence lifetime imaging (FLIM) method for the mea-

surement of FRET. In FRET-FLIM, the FRET efficiency E can be directly calculated from

the fluorescence lifetime of the donor (τD ) at FRET and non-FRET situations. Due to its

high sensitivity and spatial-temporal resolution, FRET-FLIM is well-suited for probing
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transient protein–protein interactions in live cells (105, 106).

In brief, FRET by fluorescence lifetime imaging microscopy (FLIM) calculates the extent

of FRET from the discrepancy between the donor’s fluorescence lifetime when existing

alone (τD ) and the lifetime in the presence of acceptors (τF ). In a non-FRET situation,

the donor’s rate of fluorescence decay i (t ) can be expressed as:

i (t ) =αD e−t/τD (2.21)

,

where αD is the amplitude of the donor, i.e. the initial fluorescence at t = 0. When FRET

occurs, a portion of the donors undergo FRET resulting in a shortened lifetime while the

other portion remain unaffected. This situation results in a bi-exponential decay:

i (t ) =αD e−t/τD +αF e−t/τF (2.22)

in which τF is the FRET lifetime of the donor and αF is the FRET amplitude. When

normalizing the amplitudes in Eq.2.22 to one, we arrive at the fraction of interacting

donors, fD :

i (t ) = (1− fD )e−t/τD + fD e−t/τF (2.23)
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in which:

fD = αF

αF +αD
(2.24)

.

The fraction of interacting donors ( fD ) is a convenient parameter to describe protein–

protein interactions in a cellular context, as it directly quantifies the percentage of inter-

acting donor-labelled proteins and can be attributed to each pixel in the FLIM image.

2.8.2 The Quantification of Protein–Protein Interactions by

FRET-FLIM

One of the greatest advantages of FRET-FLIM is that the extent of protein–protein in-

teractions can be measured within each pixel of an image. The level of FRET for each

pixel is best described by two inter-related parameters, the mean fluorescence lifetime

(〈τ〉) and the fraction of interacting donors ( fD ). In a fluorescence decay i (t ), the mean

fluorescence lifetime (〈τ〉) is defined by the following equation:

〈τ〉 =
∫

t · i (t ) d t∫
i (t ) d t

(2.25)

In practice, 〈τ〉 can be obtained from a stack of images recorded through a period of

time:
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〈τ〉 =
∑
∆ti · Ii∑

Ii
(2.26)

where ∆ti represents the time intervals between the i th acquired image and the laser

pulse, and Ii represents the intensity of each pixel of the ith image.

Having obtained the mean fluorescence lifetime (〈τ〉) for each pixel, the fraction of in-

teracting donor ( fD ) for each pixel can be calculated from the following equation:

fD =
(
1− 〈τ〉

τD

)
1− 〈τ〉

τD
−

(
τF
τD

)2 +
[ 〈τ〉
τD

+ 〈τ〉
τD

τF
τD

] (2.27)

in which the donor lifetime when existing alone (τD ) and the donor’s FRET lifetime (τF )

can be obtained by fitting the donor’s fluorescence decay profile with a single and a

double exponential decay model (Eq. 2.21 and Eq. 2.22).

2.8.3 Experimental Procedures

In this thesis, the cyan fluorescent protein (CFP) variant mTFP1 and the yellow fluores-

cent protein (YFP) variant mVenus were used as the donor and the acceptor, respec-

tively. The fluorescent protein monomeric teal fluorescent protein 1 (mTFP1) is an ideal

donor for FRET-FLIM measurements due to its mono-exponential fluorescence decay

profile, a particularly long lifetime of 2.7 ns, and highly photostable properties (107).

A flexible linker of 10 residues (RTLEVLFQGP) was used to connect the fluorophores to
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the target proteins, allowing free rotations of the donor-acceptor pair to achieve optimal

orientations for the FRET dipole–dipole coupling (Fig. 2.7.

COS-7 cells at 60-70% confluence grown in glass–bottom 35 mm Petri dishes (Mattek)

were transiently transfected with PlxnA2-mTFP1, PlxnA2-mVenus, and the mTFP-mVenus

tandem constructs using lipofectamine 2000. The COS-7 cells were then incubated in

Dulbecco’s modified eagle medium (DMEM) with 10% fetal calf serum (FCS). Before

imaging, the medium was changed to PBS imaging buffer supplied with with 0.5% fe-

tal bovine serum. A Leica SP8–SMD Leica microscope (Leica Microsystems, Germany)

coupled with pulsed laser and time-correlated single photon counting (TCSPC) photon-

counting devises was used for acquisition. A suitable image field focusing on the surface

of a robust COS-7 cell was chosen with a 63×/1.4 numerical aperture (NA) oil immersion

objective. To excite the donor (mTFP1), a 440 nm pulsed laser (Picoquant GmbH, Ger-

many) tuned at 40 MHz and single photon counting electronics (PicoHarp 300) were

used. Only the emitted photons from the donor were allowed to pass through a 460–500

nm filter and were subsequently detected by a HyD detector (Leica Microsystems). To

rule out artefacts due to photo-bleaching and insufficient signal to noise, only cells with

at least 700-1000 photons per pixel and negligible amount of bleaching were included in

the analysis after a 2 × 2 image binning.
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2.8.4 Data Processing

A time-correlated single-photon counting (TCSPC) method was employed to record the

time intervals between each emitted photon and its pulsed excitation. By repeatedly

exciting the donor with a pulsed laser and recording the lapse of time between laser

excitation pulses and the arrival of photons, we generated a histogram of the number

of photons allocated into different time windows. Over an appropriate course of time

during which a desired number of emitted photons were collected, a histogram which

best approximates the actual fluorescence decay curve of the donor was obtained. The

acquired fluorescence decay, i (t ), of each pixel in image was deconvoluted with the in-

strument response function (IRF) and fitted by a Marquandt nonlinear least–square al-

gorithm (108) with one- or two-exponential theoretical models using Symphotime soft-

ware (Picoquant GmbH). The mean fluorescence lifetime (〈τ〉) and fraction of interact-

ing donor ( fD ) were calculated as described by Eq. 2.26 and Eq. 2.27 (106, 109). In the

resulting image, the intensity of each pixel represents the fraction of interacting donors

( fD ) or the mean fluorescence lifetime of all donors inside that pixel (〈τ〉). This method

was only capable of detecting ∼1/4 of the real interaction (1/2 because of the labelling

strategy and 1/2 given the dynamic range of the FRET couple (107). This factor together

with the spectral heterogeneity of the fluorophores and the temporal resolution of the

technique determined that the fD only represents the minimal fraction of the actual in-

teraction (106). Statistical analysis is done using the Origin software (OriginLab, MA)

and the ANOVA test was used to examine the discrepancy between each set of data.
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Figure 2.7: The experimental setup of FRET-FLIM. (A) Illustration of the theoretical flu-
orescence decay profiles of the donor mTFP1 alone (left) and in the presence of the ac-
ceptor mVenus (right). (B) Schematic Illustration of the FRET-FLIM setup based on the
Leica TCS SP8 microscope system. The excitation and emission lightpaths for mTFP1
are coloured in blue and green, respectively.
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2.9 Protein Cluster Analysis Based on Localisation

Microscopy

2.9.1 Overview of Localisation Microscopy

In brief, localisation microscopy is a super-resolution microscopy technique which ex-

ploits the stochastic properties of photo-activated fluorophores to derive the positions

of single fluorescent molecules with high accuracy. In the localisation microscopy ex-

periments discussed here, a laser with high intensity is used to induce all fluorophores

into a long-live dark state. Over a course of time, a set of stochastically-returned pho-

tons for each fluorescent molecule can be measured, which typically accumulate into

centroid distributions. These distributions can be fitted with a two-dimensional Gaus-

sian model, the centers of which represent the positions of single fluorescent molecules

at a resolution limit of ∼50 nm.

2.9.2 Overview of Protein Cluster Analysis

As the localisation microscopy-based method pinpoints the positions of single protein

molecules on the cell membrane, these single molecules can be subjected cluster anal-

ysis by analyzing the intermolecular distances using the Ripley’s K -function (110):
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K̂ (h) = 1

λ̂N

N∑
i=1

∑
j 6=i

I (di j ≤ h) (2.28)

where λ is the density of points, r is the distance between points, di j is the measured

distance between point i and point j . I is defined as:

I (di j ≤ h) =


1 if di j ≤ h

0 otherwise

 (2.29)

In short, the Ripley’s K -function describes the frequency of observing clusters of a cer-

tain size for a set of two-dimensionally distributed points. For a more straightforward

representation better-suited for protein cluster analysis we employ the Ripley’s L-function:

L(h) =
√

K (h)

π
. (2.30)

When the Ripley’s L-function is plotted over the intermolecular distances r (L(r )−r ), for

a simulated set of points following random (Poisson) distribution we obtain a diagonally

ascending line. Any deviation from this line to larger frequencies (L(r )) signifies the

presence of protein clusters.
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2.9.3 Experimental Procedures

COS-7 cells were transiently transfected with PlxnA2 full-length constructs conjugated

to mVenus at the C-termini using X-tremeGENE HP DNA Transfection Reagent (Roche)

and incubated at 37 °C, 5% CO2 for 24 hours before fixing with 4% paraformaldehyde

(PFA) on ice. The fixed cells were mounted onto the glass coverslip using Prolong GoldTM

antifade reagent from Life TechnologiesTM. A single molecule localisation microscopy

technique based on the stochastic switching of standard fluorescent proteins (111), which

was similar to the principle of (F)photoactivated localization microscopy (PALM) (112)

and Stochastic optical reconstruction microscopy (STORM) (113) which rely on spe-

cial photo-activatable or photo-switchable fluorophores, was employed. localisation

microscopy was performed using an OMX (optical microscope experimental, V2, API)

microscopic system modified to enable single molecule localisation microscopy using

conventional fluorescent proteins according to the method described previously (111).

The intensity of the 488 nm laser was adjusted to ∼14 kW/cm2 in the object plane for

localisation microscopy imaging of the mVenus conjugated samples. Single molecule

positions were determined using an algorithm based on a maximum-likelihood method

optimized for localisation microscopy data (114) and adapted to the OMX hardware con-

figuration. The positions of single molecules were calculated with an estimated mean

localisation accuracy of < 21 nm with a maximum likelihood–based algorithm and the

protein cluster analysis was performed based on the Ripley’s L-function as previously

described (25, 115).
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Figure 2.8: Illustration of the localisation microscopy setup.The basic components of
the localisation microscopy setup based on the OMX hardware configuration are illus-
trated as cartoons. The excitation and emission fluorescence light paths for mVenus are
coloured in green and yellow, respectively.

2.10 COS-7 Cell Collapse Assay

CV-1 in Origin with SV40 genes-7 (COS-7) cells were cultured in DMEM (high glucose),

supplemented with 10% FCS, 1% Penicillin-streptomycin and L-glutamine. Cells were

plated on coverslips at a density of 0.5 − 1 × 104 cell/cm2 in 12-well plate. Following

day, the fully confluence COS-7 cells were transfected with 0.5 µg of PlxnA4FL, PlxnA4FL

F689N/E691S, and PlxnA4∆ecto in pcDNA 3.1(+) vector, together with 0.5 µg of eGFP us-
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ing transfection reagent XtremeGENETM 9 (Roche) following manufacture’s instruction.

After incubated at 37 °C, 5% CO2 for 24 hours, cells were fixed with 4% PFA (paraformalde-

hyde) and stained for eGFP. Images were acquired with 40 × objective with AxioScopeA1

(Zeiss) microscope. Cell area was measured using ImageJ (116). COS-7 cell collapse as-

say was performed in collaborations with Prof. Jeroen Pasterkamp’s group in University

Medical Center Utrecht.

2.11 Dentate Gyrus (DG) Growth Cone Collapse Assay

DG growth cone collapse assay was also performed in collaborations with Prof. Jeroen

Pasterkamp’s group in University Medical Center Utrecht. DG granule cell cultures were

prepared according to Van Battum et al., 2014 (117). Briefly, hippocampi were dissected

from p6-p8 C57b16J mice and cut into 350 µm slices using a tissue chopper (McIllwain).

dentate gyrus (DG) was dissected from these slices and collected in 1 × Krebs medium

(0.7% sodium chloride, 0.04% potassium chloride, 0.02% monopotassium phosphate,

0.2% sodium bicarbonate, 0.25% glucose and 0.001% phenol red). Cells were dissociated

after incubation in 1 × trypsin in Krebs medium for 15 min at 37 °C, the reaction was

stopped by adding 20 mg/ml soyabean trypsin inhibitor followed by trituration using

a firepolished Pasteur pipette in Krebs medium with 2 mg soyabean trypsin inhibitor

and 20 µg/ml DNAseI. Dissociated cells were resuspended in neurobasal medium with

B-27r supplement, L-glutamine, penicillin/streptomycin and β-mercaptoethanol and

plated on coverslips coated with poly-D-lysine (20 mg/ml) and laminin (40 µg/ml) in 24
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well plate and incubated in a humified incubator at 37 °C and 5% CO2. On DIV1 (day in

vitro 1) cells were treated with wild type PlxnA14-5 and mutant PlxnA14-5 F693N/E695S

recombinant proteins (3 mg/ml) for 30 min at 37 °C. Proteins were pre-filtered with 0.45

µm filter before applying onto cells. Cells were fixed in 4% PFA and sucrose for 20 min at

room temperature and immunostained with βIII-tubulin and Phalloidin. Images were

acquired with 100 × objective with AxioScopeA1 (Zeiss) microscope. Using a scale of

1 to 10 where 1 is healthy growth cone and 10 is a collapsed growth cone basing on

the surface area, growth cones were quantified between wild type PlxnA14-5, mutant

PlxnA14-5 F693N/E695S and untreated condition using ImageJ.
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STRUCTURAL STUDIES OF PLXNA

EXTRACELLULAR SEGMENTS

3.1 Introduction

The four members of the class A plexins, PlxnA1-A4, particularly important in the neural,

cardiovascular, skeletal and immune systems, constitute the best-characterised plexin

receptors in vertebrates (39, 41). The PlxnAs can bind to transmembrane class 6 se-

maphorins (Sema6s) independently or to secreted class 3 semaphroins (Sema3s) via

obligatory coreceptor neuropilins 1 and 2 (Nrp-1 and -2) (Fig. 3.1) (17). Recent stud-

ies have also uncovered the interactions between transmembrane class 5 semaphorins

and PlxnA2, a process potentially mediated by cofactor HSPGs and CSPGs (46). The

82
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downstream binding partners of PlxnAs include several small GTPases such as Rap, Ras

and RND1, as well as the microtubule-associated redox enzyme MICAL (118). The PlxnA

cytoplasmic domains can also be tyrosine phosphorylated in overexpressing cells, link-

ing the activation of PlxnAs to several potential receptor tyrosine kinases such as MET or

non-receptor kinases such as Fes and Fyn (119) although whether tyrosine phosphoryla-

tion of PlxnAs is dependent on semaphorin-binding remains elusive (120). Typically, se-

maphorin signalling through PlxnAs directly changes cytoskeleton dynamics and thus,

mediates cell motility. The PlxnAs have also been shown to crosstalk with many other

TM1 receptors such as integrins (17, 39, 41).

Despite our current knowledge on the semaphorin–plexin recognition mode and the

basis of plexin Rap-GAP activation in the cytoplasmic region, we lack a complete pic-

ture on how bivalent semaphorin-binding in the plexin ectodomain is translated into

the dimerisation-based activation of its cytoplasmic segments. This is largely due to the

missing structural information on the full-length ectodomains of plexins. In particu-

lar, recent studies on PlxnAs have also uncovered uncanonical modes of semaphorin-

binding, transmembrane class 5 and 6 semaphorins were shown to interact with PlxnAs

in cis resulting in receptor activation and silencing, respectively (46, 66, 67). However,

the current structures of PlxnA ectodomains only cover the N-terminal segments (four

out of the ten domains for PlxnA2). When forming the recognition complex with class

3 and 6 semaphorins the C-termini of these partial segments of PlxnA ectodomains di-

verge. Thus, how the PlxnAs, and indeed all plexins, are activated upon dimerisation

remains puzzling.
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Understanding the activation and regulation of PlxnA signalling requires structural in-

sights into the full-length PlxnA extracellular segments. Prior to this thesis work a pre-

vious member of our group, Dr. Bert J.C. Janssen, obtained a total of thirteen crystals of

PlxnA1, A2 and A4 ectodomains which diffracted to 4-10 Å resolutions. Although initial

crystal structures could be determined, refinement of these structures proved challeng-

ing due to limited resolutions. The major obstacle was the absence of high-resolution

structural models for more than half of the PlxnA stalk region (domains 4-10). Therefore,

this thesis began with crystallographic studies on the PlxnA ectodomain, during which

time high-resolution crystal structures for two segments in the stalk region, PlxnA24-5

and PlxnA17-10, were obtained. After the PlxnA full ecotodmain structures were refined

by Dr. Janssen aided by these new crystal structures, we found a remarkable ring-like

conformations common for all PlxnAs. My subsequent negative stain EM experiments

showed that the ring-like conformation is indeed the preferred conformation for PlxnA

ectodomains, while also uncovering an alternative, less-frequent, chair-like (twisted-

open) conformation. By superposing our PlxnA ectodomain structures onto the existing

Sema6A–PlxnA2 and Sema3A–PlxnA2–Nrp1 recognition complexes, we found that the

structures of PlxnA ectodomains may provide an elegant solution to the long-standing

question regarding PlxnA activation, in which the distinct ring-like conformation of the

PlxnA ectodomains translate semaphorin-binding in the extracellular space into activa-

tion in the PlxnA cytoplasmic regions. I also hypothesized that the alternative chair-like

conformation of PlxnA ectodomains may facilitate cis-interactions with transmembrane

Sema6s.
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maphorin ligands, coreceptor neuropilins and cofactor HSPGs and CSPGs are illus-
trated. Among the proteins illustrated, only domains with available crystal structures
are coloured.
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3.2 The 1.36 Å Crystal Structure of PlxnA24-5

In order to obtain high-resolution crystal structures of the PlxnA stalk region, a wide

variety of constructs consisting of different domain combinations in the mouse PlxnA1

and A2 ectodomains were systematically screened. The first successful crystallisation

hits yielded a 1.36 Å resolution crystal structure of PlxnA24-5 (domains PSI2-IPT2) of

space group C2. The mouse PlxnA24-5 was produced in HEK293S cells and purified with

IMAC and SEC using standard protocols (as detailed in Chapter 2). After deglyscosyla-

tion using endoglycosidase F1 (Endo F1), the purified PlxnA24-5 was concentrated to 6.5

mg/ml in 10 mM HEPES pH 7.5, 150 mM sodium chloride, and crystallised in 25% (w/v)

polyethylene glycol 3,350 and 100 mM BIS-TRIS pH 5.5. Before diffraction data collec-

tion crystals were soaked in mother liquor supplemented with 25% (v/v) glycerol. The

purification and crystallisation procedures for PlxnA24-5 are summarised in Fig.3.2.
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Purification and crystallisation of mouse PlxnA24-5
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Figure 3.2: Summary of the purification and crystallisation of mouse PlxnA24-5. (A)
Schematic illustration of the domain organization of mouse PlxnA2 and the PlxnA24-5

construct. The black line underneath the coloured domains of mouse PlxnA2 represents
the segment covered by the current PlxnA24-5 construct (numbers at each end indicated
the N-terminal and C-terminal residue, respectively). Yellow stars indicate the positions
of predicted N-linked glycans. (B) The elution profile and SDS-PAGE analysis of the SEC
experiment conducted for mouse PlxnA24-5. The basic information, production and SEC
experimental conditions of PlxnA24-5 are listed at the right of the middle panel. The
crystallisation details of PlxnA24-5 are listed at the bottom right.
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The 1.36 Å crystal structure of PlxnA24-5 was solved by molecular replacement (MR) in

PHASER (83) using the highly conserved domains 4-5 segment (PSI2-IPT2) of a PlxnA1

ectodomain structure (4 Å resolution, space group P43212) previously determined by

Dr. Janssen as initial model. The crystallographic and refinement statistics are listed

in Fig. 3.3.B. The PlxnA2 PSI2 (domain 4) displays a small cysteine-knot motif typical

for the plexin and semaphorin PSI domains, in which 45 residues are locked together

by four pairs of cysteine bonds (36). The subsequent PlxnA2 IPT2 (domain 5) has an

Ig (immunoglobin)-like fold based on β-sheet-barrel backbones charactersitic for the

plexin IPT domains (36, 37). The relative orientation between PlxnA24-5 (PSI2-IPT2) in

the current crystal structure is slightly different from that of the previously characterised

PlxnA22-3 (PSI1-IPT1) (PDB 3OKT) (36) (Fig. 3.3.A).
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A The 1.36 Å crystal structure of PlxnA24-5 (space group C2)
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Figure 3.3: The 1.36 Å crystal structure of mouse PlxnA24-5. (A) The 1.36 Å crystal
structure of PlxnA24-5 (PSI2-IPT2) shown in ribbon representation (red and dark yel-
low) (I) and superposed onto the previously characterised PSI1-IPT1 (PlxnA22-3) (grey)
(PDB 3OKT) based on the two PSI domains (III). Illustration of PlxnA24-5 in relation to
the PlxnA2 full ectodomain is shown in (II). The N-linked glycans are represented as
grey sticks and cysteines as yellow balls. (B) Crystallographic and refinement statistics
of mouse PlxnA24-5 crystal structures. The superscript a (a) indicates that statistics of
the highest resolution shell is shown in the parenthesis.
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3.3 The 2.2 Å Crystal Structure of PlxnA17-10

We next obtained a crystal structure of mouse PlxnA17-10 (domains IPT3-IPT6) at 2.2

Å resolution (space group C2221). This crystal structure has greatly aided the refinement

of PlxnA ectodomain crystal structures, as it allowed us to trace the C-terminal domains

particularly IPT6 (domain 10), a process otherwise obstructed by missing electron den-

sities. Mouse PlxnA17-10 was produced in HEK293S cells and purified with IMAC and

SEC using standard protocols (as detailed in Chapter 2). As native PlxnA17-10 did not

crytallise despite extensive screening, I performed lysine methylation for PlxnA17-10 as

a routine strategy to reduce the flexibility of surface lysines using dimethylaminebo-

rane complex and formaldehyde (121). After deglyscosylation using Endo F1, the lysine-

methylated PlxnA17-10 was concentrated to 7.5 mg/ml in 10 mM TRIS, pH 8.0, 150 mM

sodium chloride, and crystallised in 25% (w/v) polyethylene glycol 3,350, 100 mM BIS-

TRIS pH 5.5 and 200 mM potassium sodium tartrate. Before diffraction data collection

crystals were soaked in mother liquor supplemented with 25% ethylene glycol. The pur-

fication and crystallisation precedures for PlxnA17-10 are summarised in Fig.3.4.
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Purification and crystallisation of mouse PlxnA17-10
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Figure 3.4: Summary of the purification and crystallisation of mouse PlxnA17-10. (A)
Schematic illustration of the domain organization of mouse PlxnA1 and the PlxnA17-10

construct. The black line underneath the coloured domains of mouse PlxnA1 represents
the segment covered by the current PlxnA17-10 construct (numbers at each end indicated
the N-terminal and C-terminal residue, respectively). Yellow stars indicate the positions
of predicted N-linked glycans. (B) The elution profile and SDS-PAGE analysis of the SEC
experiment conducted for mouse PlxnA17-10. The basic information, production and
SEC experimental conditions of PlxnA17-10 are listed at the right of the middle panel.
The crystallisation details of PlxnA17-10 are listed at the bottom right.
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The 2.2 Å crystal structure of PlxnA17-10 was solved by molecular replacement (MR)

in PHASER (83) using the domains 7-10 (IPT3-IPT6) segment of a PlxnA1 ectodomain

structure (4 Å resolution, space group P43212) previously determined by Dr. Janssen

as initial model. The crystallopgraphic and refinement statistics are listed in Fig. 3.5.B.

In the PlxnA17-10 crystal structure, the four consecutive IPT domains, IPT3-IPT6, dis-

play the Ig-like folds characteristic of plexin IPT domains (Fig. 3.5.A). Interestingly, the

first three IPT domains, IPT3-IT5, make a gentle curve on the same plane from which

the last domain, IPT6, points almost perpendicularly away. In particular, IPT6 (domain

10) stands out from all PlxnA IPT domains for its shortened β-sheet-barrel backbones

despite having a similar number of ∼100 residues as other IPTs. A distinct, 10-residue

loop extending from the second β-sheet of IPT6 directly contacts the outer edge of IPT5

(domain 9) (Fig. 3.5.A.II). This particular loop (1175-1184, LPPAPGNSRL), is most likely

to provide hydrophobic interactions to three residues in IPT5, Trp1055, Ile1057 and

Tyr1145, which are highly conserved across all vertebrate PlxnAs (Fig. 3.5.A.III). There-

fore, this loop may be used to sustain the distinct ∼90° turn made by IPT6 from the IPT3-

IPT5 curve. One should note that the correct positions of 29 residues at the C-terminal

of IPT6 could not be determined due to the absence of electron density, a result from the

lack of crystal contacts in this particular region.
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Figure 3.5: The 2.2 Å crystal structure of mouse PlxnA17-10. (A) The 2.2 Å crystal struc-
ture of PlxnA17-10 (IPT3-IPT6) in ribbon representation (I). The missing residues are il-
lustrated as black dotted lines. Illustration of PlxnA17-10 in relation to the PlxnA1 full
ectodomain is shown at the right. Structural details and sequence conservation of loop
1175-1184 (LPPAPGNSRL) are shown in (II) and (III), respectively. The residues in (III)
are coloured from nonconserved, white, to conserved, black. The N-linked glycans are
represented as grey sticks and cysteines as yellow balls. (B) Crystallographic and refine-
ment statistics of mouse PlxnA17-10 crystal structures. The superscript a (a) indicates
that statistics of the highest resolution shell is shown in the parenthesis.
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3.4 Crystal Structures of PlxnA Ectodomains Revealed a

Ring-like Conformation

3.4.1 All PlxnA Ectodomain Crystal Structures Have a Ring-like

Conformation

With the help of my high-resolution crystal structures of PlxnA24-5, PlxnA17-10, and the

previously reported PlxnA21-4 (PDB 3OKT) (36), Dr. Janssen were able to refine the

medium- to low-resolution crystal structures of PlxnA extracellular segments. A total

of thirteen independent crystal structures of PlxnA1, A2 and A4 ranging in maximum

resolution from 4 to 10 Å were derived from eight crystal forms (Fig.3.6). In five out of

the thirteen full extracellular structures all ten domains were resolved whereas in the

other eight structures for some of the C-terminal domains were not modelled due to

fragmentary or absent electron density. This indicates that some flexibility is present

in the extracellular segment of plexins, in particular the C-terminal region. In all crys-

tal structures, individual domains in the PlxnA extracellular segments are arranged in a

beads-on-a-string-like fashion, forming a distinct, ring-like conformation. In particular,

the membrane proximal IPT6 (domain 10) points away from the ring formed by domains

1 to 9 (sema-IPT5). All domains in these PlxnA extracellular segments are joined by short

linkers (up to two residues). Each interdomain interface contains a small hydrophobic

core and a buried surface area ranging from 716 to 1172 Å2. These substantial interdo-
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main interactions likely contribute to conservation of the overall ring-like conformation

for the three PlxnAs across different crystal forms. Indeed, the interdomain orientations

between PSI2 and IPT2 (domains 4-5) as well as IPT3-IPT6 (domains 7-10) observed

in the PlxnA full ectodomain structure are almost identical to those in my PlxnA4-5 and

PlxnA17-10 crystal structures (Fig. 3.5). Some flexibility in the PlxnA stalk, however, is evi-

dent when comparing the thirteen different structures. This flexibility contributes to the

ring diameters, which range from 84 to 99 Å. Details of the production of the PlxnA ecto-

domain crystals as well as the structural solution and refinement of PlxnA ectodomains

are described in Appendix 1.1 and 1.2, respectively. Crystallographic and refinement

statistics for the PlxnA ectodomain structures are listed in Appendix Figure A.1 and A.2.
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Figure 3.6: Crystal structures of PlxnA1, A2 and A4 extracellular segments. All of the
thirteen crystal structures derived from eight different crystal forms for the extracellular
segments of PlxnA1, PlxnA2 and PlxnA4 are shown in ribbon representation. Highest
resolution and space group of each structure are indicated.
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3.4.2 The 4 Å Crystal Structure of PlxnA11-10

The crystal structure of PlxnA ectodomains at highest resolution we determined is a 4

Å resolution one for PlxnA11-10 (space group P43212) (Fig. 3.7.A). This dataset was ob-

tained from dehydrating PlxnA11-10 crystals of the same space group which previously

diffracted at best to 6 Å resolution. In the PlxnA11-10 crystal structure, the first nine do-

mains form a 230 Å long ring-like stalk with a diameter of ∼84 Å together with the sema

head (domain 1). In the present structure we can clearly see that the out-of-the-ring ori-

entation of IPT6 (domain 10), which is consistent with the high-resolution crystal struc-

ture for PlxnA17-10 (as shown in Fig. 3.5). One should note that the distinct orientation of

IPT6 is observed in all five PlxnA ectodomain structures for which the electron density

is sufficiently well ordered to allow IPT6 to be resolved (as shown in Fig. 3.6).The linker

between PlxnA1 IPT6 and the transmembrane helix is predicted to be 6 residues and a

similarly short length in all other PlxnAs. Therefore, should the extracellular segments

of PlxnAs adopt the ring-like conformation in vivo, they are most likely to reside close to

the cell surface with the rings orienting parallel to the plasma membrane. We can also

hypothesize that should PlxnA1 orient its ring-like stalk relatively parallel to the cell sur-

face to allow full exposure of the ligand-binding sema domain as shown in Fig. 3.7, it is

possible that the a small area on the bottom half of the stalk, domains 2-9 (PSI1-IPT5),

may interact with the plasma membrane. However, at the bottom half PlxnA11-10 stalk I

cannot find basic patches, i.e. regions of positively charged cell surface residues, which

can potentially interact with the negatively charged phospholipid head groups.
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Interestingly, in the present PlxnA1-10 structure as well as all other crystals of PlxnA ex-

tracellular segments, the interface between PSI3 and IPT3 (domains 6 and 7) differs

markedly from those of PSI1-IPT2 (domains 1-2) and PSI2-IPT2 (domains 4-5). These

differences allow PSI3 and IPT3 to impose a more acute angle on the relative arrange-

ment of these two domains, and thus reducing the ring circumference (Fig. 3.7.B and C).

Although a degree of structural breathing may result in small changes in the PlxnA stalk

region, the overall ring-like conformation is likely to be rigid. One should note that only

in this PlxnA1-10 crystal structure did we observe a closed ring for PlxnA ectodomains,

in which several residues in IPT5 (domain 9) make contacts with the sema domain (do-

main 1). As this compaction was not observed in other PlxnA ectodomain structures,

it can be attributed to the dehydration procedure which induces compression to the

overall PlxnA architecture. Thus, contrary to previous speculations on plexin ectodo-

main structure (22, 36, 122), the PlxnA ectodomain does not make any “head-down”

intramolecular interaction in the unliganded state, that is, the sema domain does not

make any contacts with the remainder of the plexin other than to the directly adjoin-

ing PSI1 domain. Similarly, all other PlxnA extracellular domains associate only via the

consecutive domain-domain interactions (as shown in Fig. 3.6).
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Figure 3.7: The 4Å crystal structure of PlxnA11-10. (A) Schematic domain organization
of PlxnA1 (top) and ribbon representation of the PlxnA11-10 crystal structure at 4Å reso-
lution (space group P43212) in top and side views (left and right, respectively). N-linked
glycans are shown in grey. (B) Ribbon representation of the 4 Å PlxnA11-10 (blue) and
the 7.5 Å PlxnA41-10 (space group P41) crystal structures superposed on the basis of the
sema domain (views as in A). Differences in PSI3 and IPT6 domain orientation (left and
right, respectively) are indicated by domain translation and rotation. (C) Ribbon repre-
sentation of a PSI domain-based superposition of the three PSI-IPT segments from the
4 Å PlxnA11-10 structure. The PSI3-IPT3 segment has a different interface and a different
interdomain angle compared to the PSI1-IPT1 and PSI2-IPT2 segments.
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3.5 Negative Stain Electron Microscopy (EM) Revealed

Two Alternative Conformations for PlxnA

Ectodomains

3.5.1 PlxnA11-10 Exists in a Major Ring-like and a Minor Chair-like

Conformation

To assess the possible conformations of PlxnA ectodomains when released from the con-

straints of crystal packing, I conducted negative stain electron microscopy (EM) exper-

iments for PlxnA11-10. Mouse PlxnA11-10 was produced in HEK293T cells to ensure ap-

propriate glycosylation states. After IMAC and SEC purification using standard proto-

cols, a high-purity sample of PlxnA11-10 was obtained (as summarised in Fig. 3.8). To

minimize the potential artefacts induced by the staining process such as protein aggre-

gation and stain precipitation, freshly gel-filtrated PlxnA11-10 were stained with newly

prepared uranyl formate (pH ∼4.5). To achieve image high contrast, electron micro-

graphs were taken at an under-focus value ranging from 1.0 to 1.5 µm and astigmatism

was carefully avoided. In the electron micrographs, PlxnA11-10 is monomeric, as can be

expected from the low concentration (7 to 33 nM) of PlxnA11-10 applied to the EM grid

(Fig. 3.9.A). Assessed by eye, the majority of PlxnA11-10 molecules appeared to orient

with the flat face of the ring lying on the grid in a conformation resembling the crystal

structures. In contrast, a proportion of the particles adopt a novel, chair-like (twisted-
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open) conformation unseen in the crystal structures (Fig. 3.9.A and B).

We next analyzed the conformational variability of PlxnA11-10 via two-dimensional im-

age classification. A total of 12,645 PlxnA11-10 particles were manually selected, nor-

mailsed, centered and aligned. To best represent the heterogeneity of the sample the

aligned particles were categorized into 60 classes, resulting in a total number of 100-408

particles per class (Fig. 3.9.C). In agreement with the initial assessment, the class aver-

ages of PlxnA11-10 can be sorted into two categories, the "ring-like" or the "chair-like

(twisted-open)" species. The ring-like species, which includes 66.0% of the particles,

essentially matches the PlxnA1-10 crystal structures. A bulky feature at one end of the

ring is readily identifiable as the sema domain, which appears in a disk-like or bulb-

like projection when orienting flat or side-way on the grid, respectively. From the sema

domain onwards the stalk region extends in a range of curved conformations resulting,

as in the crystal structures, in some variation in ring circumference. A second species,

which includes 30.5% of the particles, can be identified by its distinct chair-like confor-

mation. The N-terminal portion of the stalk region extends from the sema domain as

in the ring-like structures, but the C-terminal half appears flipped by 180°, which then

curves away rather than completes the ring. For the remaining 3.5% of particles no clear

class averages can be generated.
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Figure 3.8: Summary of the purification of mouse PlxnA11-10. (A) Schematic illustra-
tion of the domain organization of mouse PlxnA1 and the PlxnA11-10 construct. The
black line underneath the coloured domains of mouse PlxnA1 represents the segment
covered by the current PlxnA11-10 construct (numbers at each end indicated the N-
terminal and C-terminal residue, respectively). Yellow stars indicate the positions of
predicted N-linked glycans. (B) The elution profile and SDS-PAGE analysis of the SEC
experiment conducted for mouse PlxnA11-10. The basic information, production and
SEC experimental conditions of PlxnA11-10 are listed at the right of the middle panel.
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Figure 3.9: Negative stain EM micrograph and class averages of PlxnA11-10. (A) Rep-
resentative negative stain EM electron micrograph of PlxnA1-10 particles. Scale bar,
100 nm. (B) Representative raw particles adopting the ring-like (I) and the chair-like
(twisted-open) conformations (II). (C) Sixty class averages of PlxnA1-10 particles ranked
from top left to bottom right based on the number of particles within each class (listed
on the top left corner). The size of each image is 298 Å× 298 Å. Scale bar, 5 nm.
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3.5.2 The Two Potential Flexions in PlxnA1-10

By comparing the PlxnA1-10 crystal structures to its negative stain EM class averages, I

found that the PlxnA1-10 structural models could be fitted to their class averages by as-

suming two flexions (Fig. 3.10). To best model the major, ring-like conformations seen in

the class averages, the stalk region of a 6 Å PlxnA1-10 crystal structure (space group P21 as

shown in Fig. 3.6) was anchored at the IPT2-PSI3 (domains 5-6) interface and the PSI3-

IPT6 (domains 6-10) was flexed as a rigid body closer to or away from the N-terminal

half of the stalk region (Fig. 3.10.A.I). For the chair-like (or twisted-open) conformations,

domains PSI3-IPT6 (domains 6-10) were first rotated by 180° around the IPT2-PSI3 (do-

mains 5-6) linker region (805Y-806K) and then flexed open and closed to generate the

series of relatively closed to opened chair-like conformations (Fig. 3.10.A.II). A total of

10 models (six for the ring-like and four for the chair-like conformation) were generated

and filtered to a Gaussian resolution of 10 Å. Two-dimensional projections of the struc-

ture models were then produced and cross-correlated with the negative stain EM class

averages.

An excellent agreement between the class averages and the projections of seven out

of ten PlxnA11-10 models reinforced the rather surprising conclusion that the ten do-

main extracellular segments of PlxnAs have relatively limited flexibility (Fig. 3.10.B).

Indeed, for the ring-like conformation, variation in the ring circumference can be at-

tributed to flexion between IPT2-PSI3 (domains 5-6). The disc-like projection of the

sema domain observed for some ring-like class averages required a rotation of the sema
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domain around the sema-PSI1 linker (Fig. 3.10.A.I). As this particular orientation has

not been observed in any of the crystal structures, it can be attributed to the fast drying

and flatting of molecules in the staining process. For the chair-like conformation, the

twist in the stalk region can be attributed to an 180° rotation around the IPT2-PSI3 (do-

mains 5-6) linker region with additional flexion between IPT2-PSI3 (domains 5-6) (Fig.

3.10.A.II). For both conformations, the curvatures of the two halves of the stalk region,

as maintained by sema-IPT2 (domains 1-5) and PSI3-IPT6 (domains 6-10), remain rigid.

However, using these negatively-stained images the contributions the interface between

IPT2-PSI3 (domains 5-6) or even PSI3-IPT3 (domains 6-7) make in flexing the stalk re-

gion cannot be resolved.
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Figure 3.10: Correlation between the negative stain EM class averages and struc-
tural models of PlxnA11-10 revealed two potential flexions. (A) The ring-like (I) and
chair-like (II) PlxnA11-10 structural models manually created based on the 6 Å crys-
tal structure of PlxnA11-10 (space group, P21). (B) Seven representative class averages
of PlxnA11-10 shown alongside the correlated projections and corresponding structural
models (coloured according to models shown in A). The number of particles within each
class is listed on the top left corner. The seven class averages which correlate best with
the structure models are shown, which have a correlation coefficient of 0.929, 0.923,
0.918, 0.910, 0.901, 0.890, 0.876, respectively. Scale bar, 5 nm.
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3.6 Discussions

3.6.1 The Two Alternative Conformations of PlxnA Ectodomains

Although the structural bases for semaphorin–plexin recognition as well as plexin in-

tracellular Rap-GAP function have been characterised, the activation and regulation

mechanisms for plexin signalling remained elusive. Our understanding of the molecu-

lar mechanisms that control the semaphorin–plexin signalling system has been severely

limited by lack of information on the architecture and interaction modes of plexins, in

particular in the plexin extracellular segments. How do plexins, in particular the rel-

atively well-characterised PlxnAs, dimerise and activate their cytoplasmic domain as a

result of extracellular semaphorin-binding? In this thesis, I find that the key to this ques-

tion is the architecture of the plexin extracellular segments as exemplified by the PlxnAs.

Crystallographic studies together with negative stain EM experiments demonstrate that

the PlxnA ectodomains exist in two alternative conformations each with limited inter-

domain flexibility. These two distinct conformations are first, the preferred, ring-like

conformation as shared by all our PlxnA ectodomain crystal structures and recurring in

negative stain EM class averages for PlxnA11-10, and second, the less frequent, twisted-

open (chair-like) conformation only observed in negative stain EM experiments. These

results argue against the previous speculations on the structures of PlxnA extracellular

segments, which suggested an elongated conformation reminiscent of other multido-

main TM1 cell-surface receptors (30, 35, 123, 124). Rather, the PlxnA extracellular seg-
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ments are most likely to curve into a ring-like form and reside close to the cell mem-

brane. My results also rule out a hypothesized "head-down" conformation based on

intramolecular interactions of the PlxnA ectodomains (22, 36), as it would require sig-

nificant flexibility throughout the stalk region precluded by my analysis. The alterna-

tive, chair-like conformation of the PlxnA ectodomains most likely results from a twist-

opening midway in the stalk region around potential flexion points between domains

5-6 (IPT2-PSI3). However, as PSI3 (domain 6) remains the only domain without a high-

resolution crystal structure despite my extensive crystallisation trials, I could not exam-

ine these potential flexion points in detail. Interesting, this suggestd that PSI3 may have

a certain degree of inherent structural variability. One should note that despite the lack

of extensive interdomain flexibility or multiple transition states between the PlxnA ring-

like and chair-like conformations, a certain degree of breathing may still exist within

each conformation.

3.6.2 Structural Models of Sema6s–PlxnAs and Sema3s–PlxnAs–Nrps

Signalling Complexes

When I superpose the ring-like crystal structures of PlxnA ectodomains (PlxnA41-10, res-

olution 7.5 Å, space group P41) with those in the 2:2 Sema6A1-2–PlxnA21-4 recognition

complex (PDB 3OKT) (36), I arrive at a potential model of Sema6s–PlxnAs activation

(Fig. 3.11.A.I). This model suggest that two copies of PlxnA monomer adopting the ring-

like conformation may effectively bring together their extracellular C-termini (ranging
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from 10 Å to 59 Å for the five PlxnA crystal structures that have all 10 domains resolved),

and thus allowing their transmembrane helices as well as cytoplasmic regions to come

into proximity. This close distance together with an appropriate orientation of the PlxnA

cytoplasmic domains may trigger interactions between the juxtamembrane helices and

thus, the subsequent opening of the Rap-binding site in the PlxnA GAP domains (125).

Similarly, a model constructed based on the 2:2:2 Sema3A1-2–PlxnA21-4–Nrp11-4 recog-

nition complex (PDB 4GZA) and the same ring-like crystal structures of PlxnA ectodomains

may represent the potential Sema3s–PlxnAs–Nrps activation complex (Fig. 3.11.A.II).

The large cavity between the two rings of the PlxnA ectodomains is sufficient for two

copies of the five-domain Nrp extracellular segments to slot in and buttress the overall

heterotrimeric complex. The long and flexible coiled-coil region between domains 1-2

(a1-a2) in Nrps may allow appropriate orientations for the a1 domain to be anchored

to the Sema3s–PlxnA1–Nrps binding complex. The rest of the Nrp1 ectodomain apart

from the interacting a1 domain, domains 2-5 (a2-c1), may extend downwards to the

cell surface oriented by flexible interdomain linkers (45). Thus, the distinctive, ring-like

architecture of PlxnA ectodomains may provide a satisfyingly simple solution to a long-

standing puzzle regarding the translation of Sema–PlxnA extracellular ligand-binding

into cytoplasmic activation.

In a similar modelling process I found that the minor, chair-like (twisted-open) con-

formation of PlxnA extracellular segments is less likely to be used for binding sema-

phorins in trans. This is because should the PlxnAs adopt the chair-like conforma-

tion, the membrane-proximal regions of the PlxnAs would be separated far apart and
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point upwards from the cell surface. However, the chair-like PlxnAs fit well in a model

where Sema6s bind to PlxnAs in cis in a 1:1 mode assuming the Sema6–PlxnA head-

to-head interaction destabilises the original Sema6 dimer interface (Fig. 3.11.B). This

model was generated by taking a 1:1 Sema6A1-2–PlxnA21-4 unit from the Sema6A1-2–

PlxnA21-4 recognition complex (PDB 3OKT). It is also possible that the Sema6 dimer

coexists with the chair-like PlxnAs to form a 2:1 complex, although a 2:2 Sema6s–PlxnAs

complex using the PlxnA chair-like conformation seems highly improbable as an addi-

tional PlxnA ectodomain would clash with the cell membrane. The potential Sema6s–

PlxnAs cis-interaction during which the PlxnA ectodomains adopt the chair-like state

may be the basis for the recently discovered mutual silencing of PlxnAs and Sema6s

(39, 66, 67). Similarly, the chair-like conformation may also be used in the potential

cis-interactions between PlxnA2 and Sema5A potentially also incorporating HSPGs and

CSPGs (46). However, uncovering what specific role (if any) the chair-like conformation

plays will require a significant amount of further experimentation.
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Figure 3.11: Structural models of the Sema–PlxnA signalling complexes. (A) Structural
models of the potential Sema6s–PlxnAs (I) and Sema3s–PlxnAs–Nrps (II) signalling com-
plexes based on the ring-like conformation of PlxnA ectodomains (modeled on the 7.5
Å crystal structure of PlxnA41-10, space group P41). The structural model of Nrp1 was
generated from the crystal structure of Nrp11-4 (PDB 4GZ9). (B) Structural model of the
potential Sema6s–PlxnAs complex based on cis-interactions. The chair-like PlxnA extra-
cellular segments were generated from a model of the 6 Å PlxnA11-10 crystal structure
(space group P21) according to the negative stain EM class averages shown in Fig. 3.10.
The transmembrane helices, cytoplasmic region, and the substrate Rap are illustrated
as cartoons. Each protein is indicated by its nearby labels.
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STRUCTURAL BASIS OF PLXNA

AUTOINHIBITION

4.1 Introduction

As detailed in the previous chapter, structural studies uncovered a preferred, ring-like

conformation together with an alternative, chair-like conformation for the PlxnA extra-

cellular segments. In particular, the ring-like conformation may be essential for the ac-

tivation of PlxnAs, as superposing the ring-like PlxnA ectodomains onto the Sema6A–

PlxnA2 and the Sema3A–PlxnA2–Nrp1 recognition complexes I arrived at a model in

which bivalent semaphorin–plexin binding in the extracellular region is transduced into

dimerisation-induced Rap-GAP function in the plexin cytoplasmic region. I further hy-

112
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pothesized that the minor, chair-like conformation of PlxnA ectodomains may poten-

tially be useful for the PlxnA cis-interactions with transemembrane class 5 and 6 sema-

phorins (46, 67).

However, the signalling of plexins is exquisitely balanced between inhibition and acti-

vation. A previous study has found that the PlxnAs are autoinhibited pre-signalling and

that such autoinhibition is imposed by the PlxnA extracellular segments in particular the

sema domains (126). However, the structural basis for this pre-signalling autoinhibitory

mechanism remains elusive. It has also been observed that the extracellular segments of

PlxnAs may weakly associate in solution and thus potentially cluster on the cell-surface

(36). Pre-clustering of cell guidance cue receptors based on their ectodomains may pro-

vide advantages for localised and spatial-temporally precise guidance cue signalling,

a mechanism exemplified by the Eph receptors as well as other systems (30, 32, 39).

These observations have lead to a paradoxical scenario. Should the PlxnAs already pre-

associate before semaphorin-binding and dimerisation and/or oligomerisation effec-

tively trigger signalling, then how is ligand-independent constitutive activation of Plx-

nAs avoided?

In this thesis, I uncover that the key to balancing PlxnA inhibition and activation is pre-

signalling receptor cis-interactions based on an intermolecular, head-to-stalk (sema–

PSI2-IPT2) interface. This interface was first discovered by Dr. Bert J.C. Janssen in all

crystal structures of the PlxnA extracellular segments and then validated in solution by

me via a palette of structure-guided biophysical assays. Using advanced fluorescence

microscopy techniques I was able to assess the PlxnA–PlxnA interactions based on this
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particular interface on the surface of live COS-7 cells. Collapse assays based on COS-

7 cells and dentate gyrus (DG) growth cones in collaborations with the group of Prof.

Jeroen Pasterkamp in University Medical Center Utrecht demonstrated that indeed, the

head-to-stalk, cis-interactions together with the conformation of the PlxnA ectodomains

may impose autoinhibition onto the otherwise constitutively active PlxnAs. This mech-

anism is particularly important in maintaining a healthy axonal growth cone, which may

otherwise collapse prematurely due to a high level of PlxnA basal activities.

4.2 The Sema–PSI2-IPT2 Intermolecular Interface of

PlxnAs

4.2.1 Crystal Structures of PlxnA Extracellular Segments Revealed a

Common Intermolecular Interface

In all our crystal structures of PlxnA1, A2 and A4 extracellular segments (Chapter 3),

we observed a common intermolecular interface between the head, i.e. the sema do-

main, and domains 4-5 (PSI2-IPT2) in the stalk region for neighbouring PlxnA molecules

(Fig. 4.1). Through this sema–PSI2-IPT2 (head-to-stalk) interface, the adjacent PlxnA

ectodomains form arrays in the crystal lattices. Although other intermolecular inter-

actions exist in the crystal networks, this sema–PSI2-IPT2 interface is the only com-

mon one shared by all our thirteen PlxnA crystal structures across eight different crystal
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forms. Previous studies have found that the PlxnA2 extracellular segments have a ten-

dency for weak cis-interactions in solution (36). Therefore, I set out to examine whether

the PlxnA extracellular segments are engaged in cis-interactions via the sema–PSI2-IPT

interface as observed in our crystal structures.

PlxnA11-10 
4 Å, P43212 

PlxnA11-10 
6 Å, P21 

PlxnA11-10 
6 Å, P21 

PlxnA11-10 
6 Å, P43212 
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Figure 4.1: A common head-to-stalk interface in all crystal structures of PlxnA ex-
tracellular segments. All thirteen crystal structures of PlxnA1, A2 and A4 extracellular
segments are shown in ribbon representation in the same sequence as in Fig. 3.6. The
highest resolution of the diffraction data and the space group for each crystal structure
are indicated.
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4.2.2 Structural Details of the PlxnA Sema–PSI2-IPT2 Interface

The PlxnA sema–PSI2-IPT2 (head-to-stalk) interface is formed by blades 1-3 of the sema

domain of one PlxnA molecule and the outer side of PSI2-IPT2 (domains 4-5) from the

ring of a second PlxnA (Fig. 4.2.A). In the 4 Å PlxnA11-10 structure the interface has a

buried surface area of 1303 Å2 (355 Å2 between sema–PSI2 and 1008 Å2 between sema–

IPT2) and a complementary electrostatic charge distribution (Fig. 4.2.B). Sequence con-

versation analysis revealed that the residues within this interface are conserved among

vertebrate PlxnAs but much less conserved among all plexins (Fig. 4.2.C), suggesting

that this plexin–plexin interaction may be an important functional feature of the class

A plexins. One should note that in Fig. 4.2, the structure of domain IPT6 (domain 10)

has several unmodelled loops and hence is revealing its conserved hydrophobic core in

these views. Unfortunately, at 4 Å resolution I was not able to determine the precise side

chain orientations for residues making the sema–PSI2-IPT2 contacts.
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Figure 4.2: Structural details of the sema–PSI2-IPT2 interface of PlxnAs. (A) The
sema–PSI2-IPT2 interface in the 4 Å crystal structure of PlxnA11-10 (space group P43212)
is shown in ribbon representation. (B) Surface representation of an opened view of
two interacting PlxnA11-10 (4 Å resolution, space group P43212) with the residues on the
sema–PSI2-IPT2 interface in green and mutation sites (to be discussed in section 4.3)
in black (left), and electrostatic potential from red (−6kbT /ec ) to blue (6kbT /ec ) (right).
(C) Sequence conservation of surface residues mapped onto two interacting PlxnA11-10

(same as in B). Residues are colour coded from nonconserved, white, to conserved,
black, on the basis of alignments containing vertebrate PlxnA sequences only (left) or
vertebrate plexin sequences from all classes (right).
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4.2.3 PlxnAs May Form Small Cell-Surface Oligomers Based on the

Sema–PSI2-IPT2 Interface

The findings from our crystal structures and sequence analysis raise the possibility that

the PlxnAs on the same cell surface can interact in cis using the sema–PSI2-IPT2 in-

termolecular interface to form dimers or small oligomeric clusters. A simple model-

building exercise confirmed this possibility whilst arguing against formation of large

cell-surface attached plexin arrays through this head-to-stalk interaction mode. For a

dimer mediated by the sema–PSI2-IPT2 interface the two plexin rings are tilted relative

to each other by 50° rather than abutting in the same plane (Fig. 4.3.A). For this arrange-

ment some flexibility in the plexin stalk region, as revealed by the crystal structures,

could well allow formation of small, up to three molecule, cell-surface compatible clus-

ters (Fig. 4.3.A.II). In contrast, it appears that the formation of large arrays through re-

peated head-to-stalk interactions would inevitably lead to steric clashes with the plasma

membrane in the absence of substantial membrane curvature. In a head-to-stalk asso-

ciation the C-termini of plexin ectodomains in ring-like conformations are spaced far

apart (99 Å to 121 Å for the five PlxnA crystal structures that have all 10 domains re-

solved). My modelling further demonstrated that the putative secondary, twisted-open

(chair-like) conformation for the PlxnAs as seen in the negative stain EM data could po-

tentially also dimerise via the sema–PSI2-IPT2 intermolecular interface (Fig. 4.3.B). In

this case, the architecture would separate two ectodomain C-termini by more than 210

Å. Formation of a PlxnA trimer based on the chair-like conformation or a mixture of
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ring-like and chair-like conformations appeared sterically incompatible with cell sur-

face attachment, and is thus not illustrated.
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Figure 4.3: Models of potential small PlxnA oligomers based on the sema–PSI2-IPT2
interface. (A) The sema–PSI2-IPT2 interface mediated PlxnA dimers (I) and trimers
(II) based on the ring-like conformation and packing of the PlxnA41-10 crystal struc-
ture (space group P41) are illustrated in the ribbon representation. (B) Possible chair-
like PlxnA homodimers based on the sema–PSI2-IPT2 interface that may form on a cell
surface. The PlxnA41-10 chair-like structural model which correlates best with the most
populated negative stain EM class average of PlxnA11-10 (see Chapter 3 Fig. 3.10) is used
for this illustration.
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4.3 PlxnA Extracellular Segments Interact in Solution via

the Sema–PSI2-IPT2 Interface

4.3.1 The Engineering of PlxnA Interface Mutants

In light of the findings detailed in the previous sections I set out to assess whether PlxnAs

interact via the sema–PSI2-IPT2 interface in solution. Based on the 4 Å crystal struc-

ture of PlxnA11-10 (space group P43212), I engineered a series of mutant constructs of

PlxnA1, A2 and A4, in which the sema–PSI2-IPT2 interface is disrupted. I mutated sev-

eral residues on the sema–PSI2-IPT2 interface of PlxnA1 to a NXS combination, includ-

ing F145N/L147S (on sema domain) and F693N/E695S (on PSI2) (Fig. 4.4.A). These mu-

tations allow N-linked glycans to be introduced into the interface when produced from

mammalian cells. The bulky N-linked glycans should provide ample steric hindrance

to the sema–PSI2-IPT2 interactions. Similarly, based on sequence conservation the N-

linked glycans were introduced into similar sites in PlxnA2 via mutations F146N/L148S

and F690N/E692S, as well as in PlxnA4 via mutations F146N/L148S and F689N/E691S.
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4.3.2 MALS Revealed Weak Associations of PlxnA11-10 via the

Sema–PSI2-IPT2 Interface in Solution

To evaluate the potential intermolecular interactions between PlxnA ectodomains I first

performed multi-angle light scattering (MALS) experiments coupled to size-exclusion

chromatography (SEC) for PlxnA11-10. When a purified sample of proteins is allowed to

interact with the size-exclusion matrices, species of larger sizes (higher molar masses)

are separated from the relatively smaller species (lower molar masses) resulting in a shift

to lower retention volumes. For a particular protein weakly associating in solution, a

reduction in SEC-MALS retention volume, i.e. an increment in measured molecular

weight, may occur as a result of increasing concentration. In the SEC-MALS experi-

ments I injected purified PlxnA11-10 at four concentrations, 28.1 µM (4 mg/ml), 7.0 µM

(1 mg/ml), 1.8 µM (0.25 mg/ml), and 0.45 µM (0.0625 mg/ml). One should note that due

to the dilution effect of SEC, the concentrations during elution were lower than con-

centrations at injections. Indeed, PlxnA11-10 showed a clear shift to lower retention vol-

umes as concentrations increased (Fig 4.4.B.I). In addition, the average molar mass for

PlxnA11-10 determined by MALS increased from 151 kDa (strictly indicative of mono-

mers) to 176 kDa (consistent with a mixture of monomers and dimers) with increments

in concentrations (Fig. 4.4.B.I).

To assess whether the sema–PSI2-IPT2 interface is responsible for the PlxnA11-10 cis-

interactions in solution, I conducted SEC-MALS experiments for the two interaction-

blocking mutants of PlxnA11-10, PlxnA11-10 F145N/L147S and PlxnA11-10 F693N/E695S
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under the same conditions. Indeed, these two mutants showed much less propensity for

intermolecular interaction. PlxnA11-10 F145N/L147S had a less pronounced peak shift

to lower retention volumes and the weight average mass indicated a predominantly mo-

nomeric species (Fig. 4.4.B.II). PlxnA11-10 F693N/E695S was strictly monomeric at all

concentrations tested; there was no peak shift and the weight average mass indicated

that only monomers were present (Fig. 4.4.B.III). The mass ranging from 147-156 kDa

determined for PlxnA11-10 F145N/L147S and PlxnA11-10 F693N/E695S at all concentra-

tions fits well with a calculated mass of 156 kDa for a PlxnA11-10 monomer. One should

note that for PlxnA11-10 F145N/L147S, despite a peak shift to lower retention volumes at

the highest concentration (4 mg/ml) its measured molar mass remained very similar to

the PlxnA11-10 monomer (red curve, molar mass 155 kDa in Fig. 4.4.B.II). This may be

because when high concentrations of F145N/L147S travelled through the SEC column it

may have initially interacted very weakly, but as it diffused through the column during

the run it was gradually diluted and thus the interactions became diminutive. As a re-

sult, when the elution fractions were measured by light scattering they yielded a molar

mass typical for monomeric PlxnA11-10.
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Figure 4.4: SEC-MALS of wild type and interface mutant PlxnA11-10. (A) Mutations
at the sema–PSI2-IPT2 interface of PlxnA11-10 to yield interface mutants PlxnA11-10

F145N/L147S and PlxnA11-10 F693N/E695S. The mutated residues are coloured in black
in the surface representation of an opened view of two PlxnA11-10 molecules (I). The
residues mutated into asparagines for N-linked glycan attachment (Phe145 and Phe693)
are indicated in II. (B) SEC-MALS elution profiles at four different concentrations of
PlxnA11-10 (I), PlxnA11-10 F145N/L147S (II) and PlxnA11-10 F693N/E695S (III). The pro-
files of samples injected at 4 mg/ml, 1 mg/ml, 0.25 mg/ml and 0.0625 mg/ml are
coloured in red, green, blue and magenta, respectively. The concentration of proteins
and the molar masses of the peaks, which are indicated by coloured lines intersecting
the elution maxima, are listed in the tables.
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4.3.3 AUC Revealed Small-Scale Oligomerisation of PlxnA11-10 via the

Sema–PSI2-IPT2 Interface

I next set out to further assess the sema–PSI2-IPT2 interface as well as the oligomeri-

sation states of PlxnA11-10 in solution. For this purpose I performed AUC (analytical

ultracentrifugation) velocity experiments as it allows for the characterisation of protein–

protein interactions at high concentrations free from any surfaces or matrices. In agree-

ment with MALS, results of AUC velocity experiments demonstrated that in solution

PlxnA11-10 exists in heterogeneous states encompassing monomers up to tetramers

(Fig. 4.5.A). At a high concentration of 28.1 µM (4 mg/ml), PlxnA11-10 gave four distinct

peaks with sedimentation coefficients (s) corresponding to monomer, dimer, trimer and

tetramer species, respectively. When the concentration was lowered to 7.0 µM (1 mg/ml),

the population of PlxnA11-10 dimer and higher order oligomers decreased and more of

the PlxnA11-10 remained monomeric. The discrete shape of the sedimentation coeffi-

cient distribution peaks is indicative of relatively slow exchange between the mono-

meric and oligomeric states. To assess whether the measured sedimentation coefficients

represent well the oligomerisation states assuming the coexistence of both the ring-like

and twisted-open conformations for PlxnA11-10, we calculated the theoretical values of

the oligomerisation state-specific sedimentation coefficients. The predicted sedimenta-

tion coefficient for the ring-like monomer was 5.6S and for the chair-like monomer 5.5S;

for the ring and chair dimers it was 8.4S and 7.8S respectively, for the ring-like and chair-

like trimers it was 10.6S and 9.56S respectively, and for the ring and chair tetramers it
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was 12.4S and 11.2S respectively (values calculated as described in section Materials and

Methods). Indeed, the sedimentation coefficients predicted from the structural models

for the different oligomeric states fall within the spectrum of each peak. It is worth not-

ing that in AUC PlxnA11-10 oligomers consisting of more than four molecules was not

observed even at high concentration (4mg/ml). This is consistent with the finding that

the relatively weak PlxnA1–PlxnA1 interaction is insufficient to build up large oligomers.

In order to assess directly the contribution of sema—IPT2-PSI2 interface to PlxnA11-10

oligomerisations the behaviour of PlxnA11-10 F693N/E695S during AUC velocity exper-

iments was analysed (Fig. 4.5.B). In contrast to wild type PlxnA11-10, this interaction-

blocking mutant showed only one major sedimentation coefficient peak corresponding

to the monomer species at both 28.1 µM and 7.0 µM. Small dimer and trimer peaks were

observed at 28.1 µM, indicating that although intermolecular interaction was abrogated,

it was not completely eliminated. However, as the diminutive dimer and trimer peaks

were only observed at high concentration they are likely a result of unspecific interac-

tions from small regions in the PlxnA1 ectodomains. I can therefore conclude that the

formation of PlxnA11-10 oligomers is a direct result of intermolecular sema–IPT2-PSI2

interactions. One should note that the systematic peak broadening and shifts to higher

absolute sedimentation coefficients in these experiments is a general observation at de-

creasing concentrations (127).
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Figure 4.5: Distribution of sedimentation coefficients of wild type and interface mu-
tant PlxnA11-10 measured by AUC. Distribution of sedimentation coefficients c(s) de-
termined by AUC velocity experiments for PlxnA11-10 (A) and PlxnA11-10 F693N/E695S
(B) at 4 mg/ml (red) and 1 mg/ml (blue). Calculated from the Lamm equation model,
c(s) (in arbitrary units) is plotted against the sedimentation coefficient, s (in Svedbergs).
The predicted sedimentation coefficients of different oligomeric states which best cor-
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4.3.4 SPR Revealed the Binding Affinity Between the Sema and

PSI2-IPT2 Domains for PlxnA2

To further probe the sema–IPT2-PSI2 interface and determine the affinity of interac-

tions I undertook SPR (surface plasmon resonance) equilibrium experiments (Fig. 4.6).

I engineered two separate segments consisting of sema-PSI1 (domains 1-2) and PSI2-
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IPT2 (domains 4-5) of PlxnA2; each segment encompassing one side of the putative

head-to-stalk intermolecular interface. I used PlxnA2 instead of PlxnA1 for these exper-

iments as the analyte PlxnA21-2 were much better expressed and more stable in solution

that PlxnA11-2. Similar to the MALS and AUC experiments, I constructed an interface-

blocking mutant for PlxnA24-5, PlxnA24-5 F690N/E692S, which harbours an introduced

N-linked glycosylation site in the PlxnA2 PSI2 domain equivalent to that in PlxnA11-10

(PlxnA11-10 F693N/E695S).

In SPR equilibrium experiments PlxnA24-5 associated to PlxnA21-2 with an equilibrium

dissociation constant (Kd) of 20.9± 0.38µM (Fig. 4.6.A). This equilibrium dissociation

constant typically indicates relatively weak interactions, which is consistent with MALS

and AUC results. In contrast, the interaction-blocking mutant PlxnA24-5 F690N/E692S

completely abolished the interaction with PlxnA21-2, indicating that the sema–PSI2-IPT2

interaction is solely responsible for PlxnA intermolecular interactions (Fig. 4.6.B). One

should note that although the PlxnA head-to-stalk (sema–PSI2-IPT2) interactions ap-

pears relatively weak when measured in solution, for cis-interactions occurring between

plexins tethered to the same plasma membrane there is potential for substantial en-

hancement in binding affinity (128).
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Figure 4.6: SPR equilibrium experiments for PlxnA21-2 binding to wild type PlxnA24-5

and its interaction-blocking mutant. (A) SPR equilibrium experiments for PlxnA21-2

binding to PlxnA24-5 revealed a Kd of 20.9±0.38 µM. (B) SPR equilibrium experiments
for PlxnA21-2 and to PlxnA24-5 F690N/E692S revealed no binding. In both (A) and (B), the
equilibrium binding plots are shown in the left panels, in which R.U. is response unit. In
the illustrations (middel panels), the sema domain, PSI1 domain, PSI2 domain and IPT2
domain are coloured in purple, green, red and yellow, respectively. The N-linked glycans
introduced by the F690N/E692S mutation are represented as blue stars. The right panels
show the SPR sensorgrams.
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4.4 Localisation Microscopy Revealed the Lack of Large

PlxnA Clusters on the COS-7 Cell Surface

As I discovered that the PlxnA extracellular segments interact in cis in solution, I set

out to examine whether the same interactions can be observed on the cell surface. I

first conducted localisation microscopy-based protein cluster analysis for PlxnA2 on the

COS-7 cell surface. Our localisation microscopy setup, which increases the conven-

tional resolution limit for yellow fluorescent protein (YFP)-tagged receptors (∼250 nm)

to ∼50 nm, allowed determinination of the precise positions of single PlxnA molecules

on the cell surface (111). For these experiments, I first expressed full-length, wild type

PlxnA2 (PlxnA2FL) and its interaction-blocking mutant (PlxnA2FL F690N/E692S) cou-

pled to mVenus (a monomeric YFP variant) in COS-7 cells. To examine the effect of

Sema6s binding to the oligomerisation states of PlxnA2, a group of cells expressing PlxnA2s

were treated with Fc-tagged Sema6A dimers. All cells were then fixed with PFA (paraformalde-

hyde) and mounted with special anti-quenching reagents before imaging. After locating

the positions of each PlxnA4 molecules in a selected region of interest (ROI) (Fig. 4.7.A),

usually at the peripheries of the COS-7 cells, a frequency plot for the distribution of in-

termolecular distances can be generated (Fig. 4.7.B). The distribution of distances for

each PlxnA2-expressing COS-7 cell is then compared with the distribution of distances

generated from a set of homogenous, randomly distributed molecules of the same mean

density. Therefore, any significant deviations from the simulated random distribution of

points will indicate the presence of clustering.
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In the frequency plot for the distribution of intermolecular distances, I did not see any

significant deviations from the random distribution of points for both PlxnA2FL and

PlxnA2FL F690N/E692S. However, at distances smaller than 50 nm a small degree of de-

viation for all samples treated or untreated with Sema6A was observed. This observation

hints at the potential existence of small PlxnA clusters with a diameter of less than 50 nm.

Unfortunately, due to the resolution limit of our setup I could not determine the extent

of this potential, small-scale clustering of PlxnA2, nor could I compare the wild type and

interaction-blocking PlxnA2s. I could only conclude that according to our localisation

microscopy-based protein cluster analysis, the PlxnAs are unlikely to form large clusters

(larger than 50 nm) on the cell surface. This observation is consistent with my structural

models together with the results of the in-solution biophysical assays, which indicate

that the formation of large PlxnA2 oligomers is unlikely due to weak affinity between

the sema and PSI2-IPT2 domains as well as the steric hindrance created by the ring-like

PlxnAs when engaging in head-to-stalk cis-interactions.
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Figure 4.7: localisation microscopy-based cluster analysis for PlxnA2 revealed the
lack of large-scale clustering. (A) A simulated image of a set of randomly distributed
points (I) together with representative wide-field images (upper panels) and single
molecule localisation microscopy images (lower panels) for PlxnA2FL and PlxnA2FL

F690N/692S single molecules on COS-7 cells surface (II). The ROIs, indicated by white
boxes in the wide field images, are used to generate single molecule localisation mi-
croscopy images, in which single PlxnA2 molecules are represented as white crosses.
(B) Distribution of distances between single PlxnA2 molecules on the COS-7 cell surface
compared to a set of randomly distributed points. Sample size, n = 3.
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4.5 Cell Surface PlxnA2 Has Sema–PSI2-IPT2 Mediated

cis-Interactions

4.5.1 The FRET-FLIM Setup

To probe the potential PlxnA cis-interactions on the cell surface as seen in the in-solution

studies, I employed the FRET-FLIM (Förster energy transfer by fluorescence lifetime

imaging microscopy) technique. FRET-FLIM is ideally suited to measure transient and

low-affinity interactions in live cells as may occur for PlxnAs. The FRET donor–acceptor

couple mTFP1 (a monomeric CFP variant) and mVenus were cloned onto the intracel-

lular side of PlxnA2 extracellular-transmembrane segments via a RTLEVLFQGP linker.

If two fluorescently tagged PlxnA2s interact via the sema–IPT2-PSI2 interface this linker

provides sufficient flexibility for the fluorescent proteins to rotate and orient at a dis-

tance of less than 10 nm, allowing FRET to occur. To preclude any potential contri-

bution of the cytoplasmic domain to the cis-interaction, the PlxnA2 intracellular seg-

ment was omitted from these constructs. An interaction-blocking mutant of PlxnA2,

PlxnA2 F690N/E692S, was also coupled to the mTFP1–mVenus pair. In a no FRET sit-

uation where only mTFP1 tagged PlxnA2 is present, the lifetime of mTFP1 without the

influence of the mVenus (τD ) can be obtained by single exponential fitting of the flu-

orescence decay as shown in green (Fig. 4.8.A). When both the mTFP1- and mVenus-

tagged PlxnA2 are present, should FRET occurs the donor mTFP1 would show acceler-

ated fluorescence decay and a shorter lifetime (Fig. 4.8.B). By fitting the fluorescence
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decay curve of mTFP1 in this case with a single (in green) and a double exponential (in

orange) model, the fixed donor lifetime (τD ), the discreet FRET lifetime (τF ), the frac-

tion of interacting donor ( fD ), and the mean fluorescence lifetime (〈τ〉) can be obtained.

Moreover, For each FLIM image of a live COS-7 cell, the PlxnA–PlxnA interactions can be

quantified by fD and 〈τ〉 in a pixel-by-pixel basis at a spatial resolution of ∼2-3 µm2. A

mTFP1-mVenus Tandem protein, which exhibits high level FRET due to the covalently

linked mTFP1 and mVenus, was used as positive control.
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Figure 4.8: The FRET-FLIM setup for measuring PlxnA2–PlxnA2 interactions in live
COS-7 cells. (A) In a no-FRET situation, only PlxnA2 labelled with mTPF1 (cyan) would
interact (left). This results in a fluorescence decay profile for mTFP1 (green curve),
which can be fitted with a single exponential decay model (black curve) (right). (B) Dur-
ing FRET, a mixed population of PlxnA2 labelled with mTPF1 (cyan) and mVenus (yel-
low) would interact (left). This results in an accelerated fluorescence decay for mTFP1
(orange curve), which can be fitted with a single plus a double exponential decay model
(black curve) (right). The residuals of the single and double exponential fit are coloured
in green and orange, respectively.
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4.5.2 FRET-FLIM Revealed PlxnA–PlxnA Interactions on the Live Cell

Membrane

In the FRET-FLIM experiments, most of the fluorophore-tagged PlxnA2 expressed in

COS-7 cells were freely diffusing on the membrane. Due to overexpression, a fraction

of PlxnA2 were also present in the cytosol or attached to cytoplasmic membranes. The

FRET-FLIM results are best represented in Fig. 4.9, in which a representative cell ex-

pressing PlxnA2-mTFP1 alone showed a distribution of mean fluorescence lifetime (〈τ〉)

from 2.6 ns to 2.8 ns with an average mean lifetime (〈τ〉) of 2.73 ns and a distribution for

fraction of interacting donors ( fD ) with an average fraction of interacting donor fD of

0.05 (Fig. 4.9.I). The 〈τ〉 in this case represent a no FRET situation as it is consistent with

mTFP1 expressed alone as previously reported (106). In contrast, a cell co-expressing

PlxnA2-mTFP1 and PlxnA2-mVenus showed a 〈τ〉 of 2.61 ns and an fD of 0.11 (Fig. 4.9.II).

Comparing to wild type PlxnA2, a cell co-expressing PlxnA2 F690N/E692S-mTFP1 and

PlxnA2 F690N/E692S-mVenus exhibited lower FRET, with a longer 〈τ〉 of 2.65 ns and an

lower fD of 0.07 (Fig. 4.9.IV). These results indicate that the PlxnAs interact in cis on the

cell surface and that this interaction is mediated by the sema–PSI2-IPT2 interface.

I next acquired FLIM images after incubating the fluorophore-tagged PlxnA2 on COS-7

cells with pre-dimerised Fc-tagged Sema6A. After Sema6A stimulation, a cell co-expressing

PlxnA2-mTFP1 and PlxnA2-mVenus showed a 〈τ〉of 2.55 ns and an fD of 0.16 (Fig. 4.9.III).

Similarly, a cell co-expressing PlxnA2 F690N/E692S-mTFP1 and PlxnA2 F690N/E692S-

mVenus showed a level of FRET as high as the wild type PlxnA2 〈τ〉 = 2.54 ns and fD =
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0.16) (Fig. 4.9.V). Interestingly, for both wild type and mutant PlxnA2 after Sema6A bind-

ing, I observed an increased number of small pixel clusters with high fraction of inter-

acting donors ( fD = 0.4 − 0.5) (Fig. 4.9.III and V). These pixel clusters correspond to

microdomains exhibiting high FRET with a size of 2−3 µm2. The homogenous distri-

bution of these microdomains signifies a high level of interaction occurring uniformly

across the cell surface. This result points to a trend of increased PlxnA2 interaction upon

Sema6A binding.
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Figure 4.9: FRET-FLIM analysis of wild type PlxnA2 and its interaction-blocking mu-
tants pre- and post-Sema6A binding. Representative cells expressing PlxnA2-mTFP1
alone (I), PlxnA2-mTFP1 and PlxnA2-mVenus before (II) and after (III) Sema6A stimu-
lation, PlxnA2 F690N/E692S-mTFP1 and PlxnA2 F690N/E692S-mVenus before (IV) and
after (V) Sema6A stimulation are shown from top to bottom. From left to right, the im-
ages represent the fluorescence intensity acquired by FLIM (in number of photons), the
mean fluorescence lifetime 〈τ〉, and the fraction of interacting donors ( fD ) (shown in
pseudo-colour scales). The histograms display the distribution of 〈τ〉 and fD of all pixels
in each image. The distributions of 〈τ〉 and fD for PlxnA2-mTFP1 expressed alone and
for coexpressed PlxnA2-mTFP1 and PlxnA2-mVenus are coloured in black and red, re-
spectively. The lines within the peaks indicate the average mean lifetime (〈τ〉) and the
average fraction of interacting donor ( fD ). Scale bar, 10 µm.
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4.5.3 The Quantification of PlxnA–PlxnA Interactions by FRET-FLIM

Indeed, as I analysed a large population of cells, I found that PlxnA2 F690N/E692S showed

significantly less cis-interactions than PlxnA2 and that the Sema6A-binding induced in-

creases to the same level of interaction for wild type PlxnA2 and PlxnA2 F690N/E692S

(Fig. 4.10.A). In a sample size of more than 50 cells, I established that the fD of PlxnA2-

mTFP1 and PlxnA2 F690N/E692S-mTFP1 expressed alone is 0.05± 0.02 (Fig. 4.10.A.I),

which is close to the zero baseline indicating a no-FRET situation. However, for the

mTFP1- and mVenus-tagged PlxnA2 coexpressing on the same COS-7 cells, an fD of

0.11±0.02 was retrieved (Fig. 4.10.A.II). In contrast, significantly less interactions in cis

were observed for PlxnA2 F690N/E692S, which yielded an fD of 0.07±0.02 (Fig. 4.10.A.IV).

After the treatment of Sema6A, the fD increased to the same value of 0.16±0.03 for both

PlxnA2 and PlxnA2 F690N/E692S (Fig. 4.10.A.III and V). The FRET-FLIM results demon-

strate that indeed, PlxnAs cis-interaction is mediated by the sema–PSI2-IPT2 interface

on live cell surface. Binding of semaphorins to PlxnAs can induce higher levels of inter-

actions, a process most likely to be independent from the pre-signalling cis-interaction

of PlxnAs. One should note that when plotting the PlxnA2-mTFP1/PlxnA2-mVenus in-

tensity ratio (D/A) against the fD values for a random selection of cells in each condition

showed no correlation (Fig. 4.10.B). Therefore, the extent of FRET and thus, PlxnA–PlxnA

interactions, is not related to the expression level of mTFP1- and mVenus-tagged pro-

teins. Only cells expressing more acceptor than donor (PlxnA2-mTFP/PlxnA2-mVenus

intensity ratio < 1), which sufficiently allows FRET to occur, were included in my subse-
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quent analysis.
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Figure 4.10: The quantification of PlxnA2–PlxnA2 interactions by FRET-FLIM. (A)
The distribution of fD for PlxnA2-mTFP1 alone (column I), PlxnA2 (column II),
PlxnA2 treated with Sema6A (column III), PlxnA2 F690N/E692S (column IV), PlxnA2
F690N/E692S treated with Sema6A (column V) (mTFP1- and mVenus-tagged proteins
in coexpression), and mTFP1-mVenus Tandem (column VI). The upper and lower quar-
tiles of each sample are represented by the upper and lower sides of the boxes, the me-
dians are represented by black lines, and the means by hollow points. The range of the
whiskers indicates the statistical outliers with a coefficient of 1.5. The P-values signify
the statistical significances between two selected samples determined by paired two-
sample t-tests. Sample size, n > 52 per condition. ∗∗P , P < 0.01. ∗∗∗P , P < 0.001.
(B) PlxnA2-mTFP1/PlxnA2-mVenus intensity ratio plotted against fD for a set of cells
randomly sampled from PlxnA2 and PlxnA2 F690N/E692S-expressing cells untreated or
treated with Sema6A.
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4.6 PlxnA4 is Autoinhibited by the Sema–PSI2-IPT2

cis-Interactions in COS-7 Cells

Having observed the cis-interactions based on Sema–PSI2-IPT2 interface for PlxnAs on

the cell surface, I asked whether these interactions regulate PlxnA functions. I first hy-

pothesized that the PlxnA–PlxnA interactions may be used for receptor autoinhibition

(126). For this purpose I conducted COS-7 cell collapse assay, which is the standard cel-

lular assay for plexin-mediated cytoskeleton collaspe (36, 129), in collaborations with

Prof. Jeoren Pasterkamp’s lab in University Medical Center Utrecht. We coexpressed full-

length, wild type PlxnA4 (PlxnA4FL), an interaction-blocking mutant, PlxnA4FL F689N/E691S,

and a version of PlxnA4 in which the ectodomain is deleted, PlxnA4∆ecto, in COS-7 cells.

For control we also transfected COS-7 cells with eGFP alone. After 24 hours, the COS-7

cells were fixed and their cell areas were quantified.

We found that COS-7 cells expressing wild type PlxnA4FL showed a healthy and rounded

morphology (Fig. 4.11.A.I) identical to the COS-7 cells expressing control protein eGFP

(Fig. 4.11.A.II). In contrast, COS-7 cells expressing PlxnA4FL F689N/E691S showed dras-

tic cytoskeleton collapse and a much reduced cell area (Fig. 4.11.A.III). This result is

similar to the COS-7 cell-collapse induced by PlxnA4∆ecto (Fig. 4.11.A.IV), which was

constitutively active consistent with previous findings (67, 126). Indeed, for a large num-

ber of COS-7 cells, extensive collapse in the cytoskeleton of cells expressing PlxnA4FL

F689N/E691S and PlxnA4∆ecto showed significantly smaller cell surface area (≤ 1600
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µm2) than those expressing wild type PlxnA4FL (Fig. 4.11.B). These results indicate that

the PlxnAs are indeed autoinhibited by their extracellular segments before semaphorin-

binding. Importantly, this autoinhibition of PlxnAs is mediated by the intermolecular

interactions via the sema–PSI2-IPT2 interface, rather than the previously hypothesized

intramolecular interactions.
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Figure 4.11: The autoinhibition of PlxnA4 based on the sema–PSI2-IPT2 interface in
COS-7 cells. (A) Representative images COS-7 cells expressing eGFP (I), PlxnA4FL (II),
PlxnA4FL F689N/E691S (III) and PlxnA4∆ecto (IV). Scale bar, 50 µm. (B) Quantification
of cell surface areas for COS-7 cells expressing eGFP and the PlxnA4 proteins, in which
the average number of cells with areas less than 1600 µm2 is shown in (I) and the cell
areas of 50 consecutive cells are listed in (II). One way ANOVA with Bonferroni multiple
comparison test was conducted, in which SEM (standard error of means) is shown as
bars. Sample size, 350-440 cells per condition. ∗∗∗P < 0.0001. Ns, not significant.



CHAPTER 4. STRUCTURAL BASIS OF PLXNA AUTOINHIBITION 143

4.7 Autoinhibition of PlxnAs Based on the

Sema–PSI2-IPT2 Interface Prevents Premature DG

Growth Cone Collapse

As PlxnA4 was found to be autoinhibited by their head-to-stalk (sema–PSI2-IPT2) inter-

actions in COS-7 cells, I set out to examine whether this autoinhibitory mechanism is

important for PlxnA functions in axon guidance. Again in collaborations with Prof. Jeo-

ren Pasterkamp’s group, we conducted functional experiments using dentate gyrus (DG)

granule cells. The DG granule cells are characterised by their projecting axons tipped

with growth cones endogenously expressing high levels of PlxnA2 and A4 and lower lev-

els of PlxnA1 (130). In our experiments, we extracted DG granule cells on DIV1 (days in

vitro 1) and incubated them with high concentrations (3 mg/ml) of purified PlxnA1 seg-

ments, the wild type PSI2-IT2 (PlxnA14-5) and its interation-blocking mutant PlxnA14-5

F693N/E695S. Based on our findings from the in-solution and COS-7 cell-based experi-

ments, we predicted that the high amount of PlxnA1 PSI2-IPT2 proteins in the medium

may engage in trans-interactions with the sema domains of PlxnAs on the DG growth

cones and thus outcompete the original PlxnA cis-interactions using the same sema–

PSI2-IPT2 interface. Should this outcompetition occur, the PlxnAs on the DG growth

cones would be released from autoinhibition and start to constitutively signal, result-

ing in growth cone collapse. In comparison, as PlxnA14-5 F693N/E695S is not able to

interact with the endogenously expressed PlxnAs in trans, it should cause little or no
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perturbations to the DG growth cones.

Indeed, we found that when treated with PlxnA14-5, the majority of DG growth cones

showed a retracted or collapsed morphology (Fig. 4.12.A.I). In contrast, incubation with

PlxnA14-5 F693N/E695S caused little changes (Fig. 4.12.A.II), similar to the untreated

growth cones (Fig. 4.12.A.III). As the degree of DG growth cone collapse induced by the

treatment of PlxnA1 recombinant proteins was heterogenous, for quantification we cat-

egorised the extent of collapse using a scale from 1 to 10, where 1 indicates a healthy

growth cone and 10 indicates a completely collapsed growth cone basing on the sur-

face area (Fig. 4.12.B). The DG growth cones under the three different conditions (in-

cubated with PlxnA14-5, PlxnA14-5 F693N/E695S or untreated) were then classified ac-

cording to the 10 scales (Fig. 4.12.C). A two-tailed χ2 test for the contingency of the

collapse of DG growth cone and the treatment of PlxnA1 PSI2-IPT2 proteins retrieved

a P-value of less than 0.0001, indicating the collapse in DG growth cones is indeed re-

lated to the exogenous wild type and mutant PlxnA1 proteins supplied in the medium.

Importantly, within the most severely collapsed and the least collasped scales (scale 1-4

and scale 8-10, respectively) the number of untreated DG growth cones and the num-

ber of those treated with PlxnA14-5 F693N/E695S showed no difference according to a

pair-wise t-test, while the number of growth cones treated with wild type PlxnA14-5 is

significantly different (P < 0.05). These results indicate that the treatment of wild type

PlxnA14-5 but not its mutant (PlxnA14-5 F693N/E695S) induced a trend of growth cone

collapse. All together our results indicate that the sema–PSI2-IPT2 interactions con-

tribute to PlxnA autoinhibition in DG growth cones. However, one should note that the
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growth cone retraction observed in our case is less drastic than a full-blown collapse in-

duced by semaphorin-binding (10), suggesting that the basal activity of PlxnAs, despite

being constitutive without the autoinhibitory mechanism, is to a lesser extent than the

canonical semaphorin-induced PlxnA activation. Nevertheless, suppressing the PlxnA

constitutive activity via the sema–PSI2-IPT2 interactions is likely to prevent premature

growth cone collapse and thus, is crucial in PlxnA-mediated axon guidance.
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4.8 Discussion

4.8.1 The Autoinhibition of PlxnAs based on cis–Interactions

Semaphorin-plexin signalling is subjected to multi-level checks and balances, in which

the large, multidomain plexin extracellular segments present key control points. The

regulatory mechanisms of plexins are exemplified by the PlxnAs. Previous studies to-

gether with the structures of PlxnA extracellular segments detailed in Chapter 3 pointed

to a potential activation mechanism for PlxnAs, in which bivalent semaphorin-binding

to PlxnAs in the extracellular region releases them from autoinhibtion and subsequently

lead to dimerisation-based activation (22, 36, 37, 58). It also has been reported that

the PlxnAs have a tendency to associate in solution and potentially pre-localised on

the cell surface. From these observations a paradox emerged: should the PlxnAs have

a tendency to pre-cluster on the cell surface and that activation is triggered by recep-

tor dimerisation and potential clustering, then how is oligomerisation-based PlxnA self-

activation avoided?

This thesis reveals a pre-signalling autoinhibitory mechanism based on the cis-interactions

of PlxnA ectodomains, which may provide a simple solution to the aforementioned para-

dox. This cis-interactions based on an intermolecular, sema–PSI2-IPT2 (head-to-stalk)

interface of PlxnAs, were first discovered in the crystal structures of PlxnA extracellu-

lar segments and later verified in solution as well as on the live cell surface. Func-

tional experiments in COS-7 cells as well as neuronal growth cones further validated
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my hypothesis, that is, before signalling the PlxnAs are autoinhibited by their head-to-

stalk cis-interactions until the binding of semaphorins release them from this autoinhib-

ited state. Together with the distinct ring-like conformation of the PlxnA ectodomains,

this head-to-stalk interface may segregate the cytoplasmic region of PlxnAs sufficiently

apart, while maintaining small-scale pre-signalling oligomerisation to facilitate bivalent

semaphorin-binding.

4.8.2 Structural Models of PlxnA Activation and Regulation

Based on our studies on the class A plexins detailed in the present chapter and Chapter

3, I arrive at a structural model resolving the long-standing puzzle regarding PlxnA acti-

vation and regulation (Fig. 4.13). Before semaphorin-binding, the PlxnAs may pre-pack

into small oligomers on the cell surface based on the intermolecular head-to-stalk in-

teractions. Adopting the rigid, ring-like conformations, the PlxnA cytoplasmic domains

are separated more than 100 Å apart and thus, despite the formation of small clusters the

PlxnAs are inhibited from activating their Rap-GAP function (Fig. 4.13.A). This outside-

together-inside-apart mechanism is perhaps the most effective way to preclude any ac-

cidental dimerisation and signalling of the plexin cytoplasmic regions. Moreover, the

pre-associations of PlxnAs render them ready to engage in 2:2 interactions with sema-

phorins in trans. When transmembrane Sema6s come along, the Sema6s–PlxnAs inter-

actions in trans outcompete the PlxnA–PlxnA cis-interactions, switching autoinhibition

to activation by bringing together the C-termini of two PlxnA ectodomains as well as the

subsequent cytoplasmic regions. Interestingly, based on our localisation microscopy re-
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sults, I did not observe large scale clustering of PlxnAs even after Sema6A binding. This

result is not surprising as once the sema domains are released from the pre-signalling

head-to-stalk interactions, the PlxnA ectodomains lose their principal structural ele-

ments for the formation of cis–interacting, small-scale clusters. However, it is possi-

ble that the Sema3s–PlxnAs–Nrps complexes would further cluster due to the inherent

oligomerisation properties of Nrps.

Similarly, I arrived at a potential model for the mutual silencing of PlxnAs and Sema6s

based on cis-interactions. Should the PlxnA extracellular segments adopt a chair-like

conformation as seen in the negative stain EM class averages (Chapter 3), the cytoplas-

mic domains are spaced even further apart (∼ 130Å) pre-signalling and thus unable to

self-activate (Fig. 4.13.B). Once the Sema6s are transported to the same cell surface

as PlxnAs, they may again outcompete the original PlxnA–PlxnA cis-interactions. This

swapping of inhibitory partners may lock the PlxnAs in a monomeric form, rendering

them completely unresponsive to any semaphorins in trans. One should note that the

existence of any of the aforementioned complexes on the cell surface requires further

experimentations.
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STRUCTURAL STUDIES OF PLXND1

EXTRACELLULAR SEGMENTS

5.1 Introduction

5.1.1 Overview on PlxnD1 Signalling

The sole member of the class D plexins, PlxnD1, plays essential roles in the development

of cardiovascular and neural systems but little is known regarding its signalling mech-

anism (41, 62, 131). Up to today, PlxnD1 remains the only class of vertebrate plexins

without any published crystal structures. Recent studies have also highlighted the im-

plications of PlxnD1 in cancer, revealing it as a particularly important therapeutic target

151
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(62, 76). The cognate ligands of PlxnD1 include members of the secreted class 3 sema-

phorins, Sema3A, 3C, 3E, as well as the cell-attached Sema4A (41, 132, 133) (Fig. 5.1).

Similar to the secreted class 3 semaphorins signalling through PlxnAs, Sema3A and 3C

signal through PlxnD1 in the presence of coreceptor Nrp1 and Nrp2, respectively (41,

62). Transmembrane Sema4A has been shown to interact with PlxnD1 potentially also

through Nrp1 (74). It is generally thought that these semaphorins activate PlxnD1 in an

canonical manner, inducing discrete changes in the cytoskeleton.

The most interesting aspect of PlxnD1 signalling is its interactions with a particular

member of the secreted class 3 semaphorins, Sema3E. It has been discovered a decade

ago that Sema3E can uniquely signal through PlxnD1 without any neuropilins (72), while

Sema3E signalling through PlxnA1 follows the canonical model where Nrp1 is required

(62). The coreceptor-independent Sema3E–PlxnD1 signalling is thus known as an ex-

ception to the rule, which has puzzled researchers ever since (131, 134). The Sema3E–

PlxnD1 system is further complicated by the discovery that coreceptor Nrp1 can gate sig-

nalling outcome, switching Sema3E–PlxnD1 induced axon repulsion to attraction (68).

This bi-functionality of Sema3E gated by Nrp1 when signalling through PlxnD1 is rem-

iniscent of the netrin–DCC system, in which coreceptor UNC5 switches the canonical

netrin–DCC induced attraction to repulsion (31, 44). Sema3E has also been shown to

compete with Sema4A for PlxnD1 binding, a process potentially involving Nrp1 (74).

The Sema3E–PlxnD1 signalling axis was later found to cross-interact with other sig-

nalling systems such as VEGF–VEFGR2 and EGF-EGFR (HER2), although the formation

of a hetero-multimeric complex involving components from two systems remains elu-
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sive (55, 73).

What structural features make PlxnD1 unique and versatile? How does Sema3E inde-

pendently activate PlxnD1 while other semaphorins require Nrp1? What is the structural

basis of Nrp1-gated Sema3E bi-functionality? To answer this questions we undertook

the structural characterisation of PlxnD1 in particular its extracellular segment.

5.1.2 The Extracellular Segment of PlxnD1

Based on sequence conservation analysis, the domain organization of PlxnD1 extracel-

lular segment is identical to that of PlxnAs, in which an N-terminal sema domain is fol-

lowed by three consecutive pairs of alternating PSI and IPT domains (PSI1, IPT1, PSI2,

IPT2, PSI3, IPT3) and three additional IPT domains (IPT4-IPT6) (Fig. 5.1). For the PlxnD1

sema domain, its structural core should be highly conserved, adopting the typical seven

β-propeller fold as seen in all other sema domains of PlxnAs, B1 and C1, as sequence

analysis retrieved a ∼30% identity between PlxnD1 and PlxnA-C sema domains. How-

ever, one may expect substantial differences in the semaphorin- and neuropilin-binding

regions to account for the specificity of PlxnD1 in recognizing its ligands in particular

Sema3E. Despite a overall sequence identity of ∼27.3% (similar to the case for com-

parisons between other PlxnAs) and an identical domain organization with the PlxnA

ectodomains, we cannot predict the conformation of PlxnD1 ectodomain. From the

studies of PlxnA ectodomains we know that specific interdomain interfaces may be es-

sential in determining the architecture of PlxnD1 extracellular segment.
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Although much is still to be done, in the time span of this thesis I first obtained high-

resolution crystal structures for the N-terminal segment of human PlxnD1 ectodomain,

PlxnD11-2 (sema-PSI1). Distinct insertions on the semaphorin-binding interface of the

PlxnD1 sema domain hint at determinants of structural specificity. When I subjected the

complete PlxnD1 ectodomain (PlxnD11-10) to SEC, I uncovered surprisingly two major

species. AUC for these two PlxnD11-10 species revealed that PlxnD11-10 may have a weak

oligomerisation tendency and also multiple conformations. Most recently, I determined

a 2.35 Å crystal structure for mouse PlxnD11-10, in which I observed a remarkable closed-

ring conformation, although the refinement of this structure has not yet be completed

due to the writing of this thesis. The current closed-ring architecture of PlxnD1 ectodo-

main, although appearing similar to the ring-like conformation of PlxnA ectodomains,

showed a few marked differences from the later. These results provide tantalising evi-

dence that the distinct conformation as well as potential structural variability of PlxnD1

ectodomain may be closely linked to its unique signalling modes.
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5.2 The Crystal Structures of Human PlxnD11-2 at 1.70

Å and 2.59 Å Resolutions

To obtain structural information on the PlxnD1 extracellular segment, a series of con-

structs containing different domain combinations of human, mouse and frog PlxnD1

were systematically screened for protein crystallisation. From these experiments I first

obtained two forms of human PlxnD11-2 (sema-PSI1) crystals of space group C2221 and

P21212, which diffracted to 1.70 Å and 2.59 Å resolutions, respectively. After the produc-

tion from HEK293S cells the human PlxnD11-2 recombinant protein was purified using

IMAC and SEC via standard protocols (Chapter 2, Section 2.2.2). After deglycosylation

using endoglycosidase F1 (Endo F1), purified samples of human PlxnD11-2 was concen-

trated to 6.0 mg/ml in 10 mM HEPES pH 7.5, 150 mM sodium chloride and crystallised

in space group C2221 in 10 mM BICINE, pH 8.5, 20% (w/v) PEG 10,000. Another form

of crystals, which later determined to be space group P21212, crystallised in 20 mM dis-

odium phosphate, 20% (w/v) PEG 3,350. Before data collection the PlxnD11-2 crystals

were soaked in mother liquor supplemented with 25% (v/v) glycerol. The purification

and crystallisation procedures for PlxnD11-2 are summarised in Fig 5.2.
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Figure 5.2: Summary of the purification and crystallisation of human PlxnD11-2. (A)
Schematic illustration of the domain organization of human PlxnD1 and the PlxnD11-2

construct. The black line underneath the coloured domains of human PlxnD1 repre-
sents the segment covered by the current PlxnD11-2 construct (numbers at each end
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panel. The crystallisation conditions and pictures of PlxnD11-2 crystals are listed in the
bottom right panel.
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The two crystal structures of human PlxnD11-2 were solved by MR in PHASER using the

sema-PSI1 domains of PlxnA21-4 (PDB 3OKT) (27.6% sequence identity) as initial mod-

els. The structures were then completed by model building in COOT and refinement in

PHENIX. The data collection and refinement statistics of the two PlxnD11-2 crystal struc-

tures are listed in Fig. 5.3. In both crystal structures I observed the characteristic sema

domain comprised of seven β-sheet blades as well as the immediate adjacent cysteine-

rich PSI1 domain (Fig. 5.4.A). Consistent with the previously determined PlxnAs, B1 and

C1 structures, the sema domain of PlxnD1 can be distinguished by specific residues in

loop β1D-β2A between blade 1-2 and the extrusion between blade 4-5 (36, 37). The

PSI1 domain is closely packed to the PlxnD1 sema domain similar to those in PlxnA2,

PlxnB1 and PlxnC1. In the 1.70 Å crystal structure (space group C2221), a total of fif-

teen residues in the loop regions of the sema domain as well as six residues near the C-

terminal of PSI1 could not be determined due to missing electron density (represented

as dotted curves in Fig. 5.4.A). The two PlxnD11-2 crystal structures obtained from differ-

ent crystal forms are almost identical when superposed onto each other, except for the

relative orientations for a few residues in the loop regions as well as different numbers

of observable N-Acetylglucosamine (NAG)s (five in the 1.70 Å structure and four in the

2.59 Å structure) (Fig. 5.4.B). The root mean square deviation (rmsd) of all Cα atoms in

the two superposed PlxnD11-2 structures is 0.89 Å, as calculated by the SuperPose server

(135). Similarly to the 1.70 Å structure, a total of 18 residues in the sema domain and 6

residues in PSI1 domain of the 2.59 Å structure remain missing due to lack of electron

density (not shown).
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Interestingly, in the sema domain of PlxnD1 I observed a 13-residue loop extending from

blade β3B-β3C (217-229, GSSFFPRNRSLED) (Fig. 5.4.A-C). This particularly long loop,

which harbours an NAG linked to N224, is highly conserved in all vertebrate PlxnD1s but

non-existent in any other plexins (Fig. 5.4.D and Fig. 5.6). When superposing PlxnD11-2

onto the previously characterized PlxnA21-2 (PDB 3OKT) (Fig. 5.4.E), I found that this 13-

residue loop extends right into the potential semaphorin–plexin binding interface close

to the semaphorin-interacting loop β1D-β2A (36). The similar observation was made

when superposing the sema domain of PlxnD1 to those of PlxnB1 and PlxnC1 (omit-

ted here). I therefore suspect that this 13-residue, glycosylated loop unique to PlxnD1

sema domain may potentially contribute to the binding specificity between PlxnD1 and

its cognate semaphorins in particular Sema3E, although further experimentations are

needed to assess this hypothesis.
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PlxnD11-2 PlxnD11-2

Data collection
Space group C2221 P21212
Cell dimensions
a, b, c (Å) 98.3, 114.9, 105.2 59.1, 101.3, 118.8
α, β, γ(°) 90, 90, 90 90, 90, 90
Resolution (Å) 60.9-1.70 (1.74-1.70)a 77-2.59 (2.66-2.59)a

Rmerge (%) 7.4 (85.5) 15.3 (94.1)
Rpim (%) 3.2 (28.7) 6.0 (30.1)
CC1/2 0.999 (0.729) 0.997 (0.909)
I/σI 16.5 (2.4) 12.4 (2.6)
Completeness (%) 99.5 (99.9) 99.8 (99.5)
Redundancy 6.6 (6.4) 6.5 (6.7)

Refinement
Resolution (Å) 60.92-1.70 72-8.0
Number of reflections 62338 21695
Rwork/Rfree (%) 0.18 / 0.21 0.19 / 0.24
Number of atoms 4229 3991
Protein 4096 3742
Ligand/ion 0 0
Water 333 59
B factors (Å2)
Protein 29.9 58.2
Ligand/ion 37.7 41.3
Water 29.1 54.6
R.m.s. deviations
Bond lengths (Å) 0.008 0.008
Bond angles (°) 1.15 1.24

Figure 5.3: Crystallographic and refinement statistics of human PlxnD11-2 crystal
structures. The superscript a (a) indicates that statistics of the highest resolution shell
is shown in the parenthesis.
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Figure 5.4: The crystal structures of PlxnD11-2. (A) The 1.7 Å crystal structure of
PlxnD11-2 (space group C2221) in two views. The missing loops are represented by dot-
ted curves. (B) Superposition of the 1.7 Å (space group C2221) and 2.59 Å (space group
P21212) resolution crystal structures of PlxnD11-2. (C) Structural details of the β3B-β3C
loop (217-229, GSSFFPRNRSLED) in PlxnD11-2 (shown in the 1.7 Å , space group C2221

structure). (D) Sequence conservation of surface residues in all vertebrate PlxnD11-2

coloured from white, non-conserved to black, conserved. (E) Superposition of PlxnD11-2

(space group P21212) shown in cartoon (rainbow colour) and PlxnA21-2 (PDB 3OKT)
shown in surface representation (grey). The N-linked glycans are shown as stick models
(grey in A-C and magenta in E).
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Superpostion of PlxnA2, B1, C1 and D1 sema domains

Loop
221-229

PlxnD11-2
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Figure 5.5: Superposition of the sema-PSI domains of class A-D plexins. Side chains
on the PlxnD1β3B−β3C loop (217-229, GSSFFPRNRSLED) of the 1.7 Å PlxnD11-2 crystal
structure (blue, space group C2221) are shown. The N-link Glycan at N224 is coloured
in magenta. The sema domains of PlxnA21-2 (PDB 3OKT), PlxnB11-2 (PDB 3OL2), and
PlxnC11 (PDB 3NVN) are shown in wheat, light green, and light grey, respectively.
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IPT-1 PSI-2
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Figure 5.6: Sequence alignment of the sema-PSI1 (domains 1-2) segment of plexin
family members and Met receptor. Sequences of the sema-PSI (domains 1-2) of
all human plexin family members, mouse PlxnA2 and human Met were aligned
based on the structures of the sema domains of human PlxnB1 (PDB 3OL2), mouse
PlxnA2 (PDB 3OKT) (36) and human Met19 (PDB 1SHY) (136) using Indonesia
(http://xray.bmc.uu.se/dennis) and on sequence similarity with ClustalW (137). Loop
217-229 (GSSFFPRNRSLED) in human PlxnD1 sema domain is highlighted in green.
Numbering corresponds to the full length human PlxnB1 (including the secretion sig-
nal sequence). Residues on the semaphorin–plexin binding interface in mouse PlxnA2
and human PlxnB1 are coloured in cyan and yellow. Residues on the scatter factor–Met
receptor interface are coloured in pink. Domains are indicated by coloured rectangles
below the alignment. This figure is modified from a previous publication by our group
(36) prepared with ESPript (138).
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5.3 The PlxnD1 Ectodomain

5.3.1 Purification of PlxnD1 Full Ectodomain (PlxnD11-10)

When I subjected the purified and deglycosylated human PlxnD1 full ectodomain

(PlxnD11-10) produced in HEK293S cells to size exclusion chromatography (SEC) using a

S200 16/60 Superdex column (GE Healthcares), I found that it associated with one ma-

jor contaminant. PlxnD11-10 eluted at retention volume maximum of ∼65 ml while the

major contaminant eluted at retention volume maximum at ∼61 ml (Fig. 5.7.A). SDS-

PAGE in a non-reducing environment for the different elution volumes in SEC uncov-

ered two different bands corresponding to the two SEC species, PlxnD11-10 and major

contaminant (Fig. 5.7.A.IV). To examine whether the contaminant could be a differ-

ent species of PlxnD11-10 resulted from different complex glycosylations or proteolytic

cleavage, I conducted western blot experiments for the two retention volume maximum

fractions (Fig. 5.7.A.III). The western blot result shows that only PlxnD11-10 at elution

volume maximum of ∼65 ml has the C-terminal His-tag used for purification. Thus I

can confirm that species eluted at 55-65 ml are contamination proteins. Further exper-

iments are needed to examine which species of protein the contaminant could be. It

would be useful to also test the fully glycosylated versions of PlxnD11-10 produced from

HEK293T cells would behave when also subjected to SEC.
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5.3.2 AUC Reveals the Potential Monomer State for PlxnD11-10

To characterize human PlxnD11-10 in solution, I first performed AUC velocity experi-

ments. Human PlxnD11-10 purified as described earlier was separated and subjected to

AUC velocity experiments at two concentrations, 1.5 mg/ml (10.5 µM) and 0.75 mg/ml

(5.25 µM). My AUC results indicate that PlxnD11-10 is mostly monomeric in solution,

as one dominant peak with sedimentation coefficient as an sedimentation coefficient

c(s) value of 6.1S was detected. One should note that several small peaks of large sedi-

mentation coefficients were also seen for PlxnD11-10. These peaks suggest the presence

of weakly associating PlxnD11-10 oligomers, although further experiments using much

high concentrations than 1.5 mg/ml are needed to test this possibility. It is also possible

that PlxnD11-10 adopt diferent distinct conformations which cannot be resolved by my

current AUC experiments. Further MALS, protein mass spectrometry, and negative stain

EM experiments are needed to examine these possibilities.
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I. SEC elution profile of human PlxnD11-10 
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Figure 5.7: Purification and AUC experiments of PlxnD11-10. (A) The SEC elution pro-
file (I),corresponding SDS-PAGE analysis at reducing conditions (II) and western blot
(III) for human PlxnD11-10. (B) The distribution of sedimentation coefficient (s, in Sved-
bergs) for PlxnD11-10 at 1.5 mg/ml (10.5 µM; blue) and 0.75 mg/ml (5.25 µM; red).
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5.4 Crystal Structure of Mouse PlxnD11-10 Revealed a

Closed-ring Conformation

A week before the submission of this thesis, I obtained a crystal structure of the full

ectodomain of mouse PlxnD1 (PlxnD11-10) at 2.35 Å resolution (space group C2). Similar

to human PlxnD11-10, mouse PlxnD11-10 produced from HEK293S cells separated into

two species in SEC experiment after IMAC purification and deglycosylation with Endo

F1. The two species were isolated and indenpedently concentrated to 6 mg/ml in 10mM

HEPES pH 7.5, 150 mM sodium chloride. Within 48 hours, mouse PlxnD11-10 (species

2) crystallised in space group C2 in 0.19 mM CYMALr-7, 10 mM HEPES pH 7.5, 40%

(v/v) PEG 400. Subsequent optimisation screens based on the same conditions were

set up using diluted samples of mouse PlxnD11-10. From these screens I obtained a large

amount of bigger crystals, some of which were made into PlxnD11-10 platinum derivative

crystals by soaking the native PlxnD11-10 crystals into potassium tetrachloroplatinate

solution for 1 hour before freezing. When freezing the PlxnD11-10 crystals nothing extra

was added as precipitants in the crystallisation solution, 40% (v/v) PEG 400, also served

as cryo-protectant. The purification and crystallisation procedures are summarised in

Fig.5.8.
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Purification and crystallisation of mouse PlxnD11-10
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Figure 5.8: Summary of the purification and crystallisation of mouse PlxnD11-10. (A)
Schematic illustration of the domain organization of mouse PlxnD1 and the PlxnD11-10

construct. The black line underneath the coloured domains of mouse PlxnD1 repre-
sents the segment covered by the current PlxnD11-10 construct (numbers at each end
indicated the N-terminal and C-terminal residue, respectively). Yellow stars indicate the
positions of predicted N-linked glycans. (B) The elution profile and SDS-PAGE analysis
of the SEC experiment conducted for mouse PlxnD11-10. The basic information, produc-
tion and SEC experimental conditions of the PlxnD11-10 recombinant protein are listed
at the right of the middle panel. The crystallisation conditions and a picture of the native
PlxnD11-10 crystals are shown in the bottom right panel.



CHAPTER 5. STRUCTURAL STUDIES OF PLXND1 EXTRACELLULAR SEGMENTS 169

The crystal structure of mouse PlxnD11-10 was solved using platinum single isomor-

phous replacement with anomalous scattering (Pt-SIRAS). A total of five datasets col-

lected from five PlxnD11-10 Pt-derivate crystals were merged using Xia2 3dii (139). The

merged dataset showed an excellent anomalous signal up to 4.03 Å resolution. Ten

datasets collected from ten PlxnD11-10 native crystals diffracted to higher than 2.50 Å were

also merged to achieve a high redundancy and a final resolution of 2.35 Å. After iden-

tifying five platinum sites using HKL2MAP (140), the native and Pt-derivative datasets

were used to perform experimental phasing via AutoSol in PHASER (141). The native

dataset was also used together with the previously determined human PlxnD11-2 struc-

ture as initial model to generate a partial model of mouse PlxnD11-10 encompassing the

sema–PSI1 segment (PlxnD11-2) using MR in PHASER. This partial model was used to

aid the determination of experimental phases as well as subsequent structure solution

and refinement. Experimental phasing in AutoSol yielded an initial electron density

map, which after density modification in PHENIX (142), showed excellent density for

the sema–PSI1 segment as well as the last four IPT domains (IPT3-IPT6). After plac-

ing the homology models of mouse PlxnD11-10 IPT3-IPT6 generated from the previously

determined 4 Å mouse PlxnA11-10 crystal structure (space group P43212) into the cor-

responding densities, the improved electron density map allowed the placing of the re-

maining IPT domains (IPT1 and IPT2). The electron density map generated from this

model revealed a clear, ring-like form for PlxnD11-10, in which the last two remaining

domains, PSI2 and PSI3, can be placed using a combination of manual and automatic

building via AutoBuild in PHENIX (89). Several rounds of manual and automatic re-

trained refinement were conducted. Please note that the refinement is incomplete as
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this stage due to time constraints. The data collection and current refinement statistics

of the mouse PlxnD11-10 crystal structures are listed in Fig. 5.9.

PlxnD11-10 (merged from 
10 crystals) 

PlxnD11-10 -Pt (merged 
from 5 crystals)

Data collection
Space group C2 C2

Cell dimensions
a, b, c (Å) 273.5, 69.6, 88.6 273.3, 69.1, 89.0
α, β, γ(°) 90, 103.0, 90 90, 102.7, 90
Resolution (Å) 133.2-2.35 (2.41-2.35)a 133.8-2.84 (2.81-2.84)a

Rmerge (%) 22.5 (240) 20.3 (168)
I/σI 28.9 (2.4) 21.6 (1.1)
Completeness (%) 99.5 (99.9) 95.3 (66.0)
Redundancy 127.9 (142.6) 69.5 (19.1)

Refinement
Resolution (Å) 86.19-2.35 -
Number of reflections 66490 -
Rwork/Rfree (%) 21.1/24.6 -
Number of atoms -
Protein 7452 -
Ligand/ion 0 -
Water 0 -
B factors (Å2)
Protein 31.1 -
Ligand/ion - -
Water - -
R.m.s. deviations
Bond lengths (Å) 0.003 -
Bond angles (°) 0.67 -

Figure 5.9: Data collection and refinement statistics of mouse PlxnD11-10 crystal
structures. The superscript a (a) indicates that statistics of the highest resolution shell
is shown in the parenthesis.
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In the crystal structure, PlxnD11-10 makes a ∼230 Å ring similar to the previously char-

acterised PlxnA ectodomains using its first 9 domains (sema-IPT5) (Fig. 5.10.A). Strik-

ingly, the IPT5 (domain 9) stalk region contacts the sema domain, creating a closed-ring

structures. The head-to-tail (sema–IP5) interface appears to be maintained by several

residues on both sides, although I cannot make out the details at the current stage.

In particular, the last domain, IPT6, also has a distinct, out-of-the-ring orientation in

PlxnD1 as in PlxnAs. The diameter of the PlxnD11-10 closed-ring is ∼86 Å, which is most

similar to the 84 Å of the 4 Å resolution, closed-ring structure of PlxnA11-10 (space group

P43212) (Fig. 5.10.B). One should note that while the closed-ring conformation of the 4

Å PlxnA1 ectodomain is mostly likely due to dehydration of the crystals, I do not know at

this stage whether the closed-ring conformation of PlxnD11-10 was also induced by crys-

tal packing or is indeed sustained under physiological conditions. When I superposed

the current structural model of PlxnD11-10 onto the PlxnA full ectodomain structures

(two of PlxnA11-10 and one of PlxnA41-10 as detailed in Chapter 3, Section 3.3.1) based

on their sema domains, I found that the relative interdomain orientations of the PlxnD1

and PlxnA rings are quite different (Fig. 5.10.C).
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Figure 5.10: Crystal structure of PlxnD11-10 has a closed-ring conformation. (A) Cur-
rent structural model of PlxnD11-10 obtained from the 2.35 Å merged dataset (space
group C2) in two views. (B) Superposition of PlxnD11-10 and PlxnA11-10 (4 Å, space group
P43212) closed-ring structures. (C) Superpostion of PlxnD11-10 shown in blue, PlxnA11-10

(4 Å resolution, space group P43212) shown in wheat, PlxnA11-10 (6 Å resolution, space
group P43212) shown in magenta, and PlxnA41-10 (7.5 Å resolution, space group P41)
shown in green.
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Remarkably, in the tightly packed PlxnD11-10 crystal structure, two neighboring molecules

arrange in an interlocking manner, in which the sema domain of one PlxnD1 slots into

the center of the sema-PSI5 ring of another PlxnD1, wrapping its stalk around its partner

then closing it by the head-to-tail interactions (Fig. 5.10.A). Although the two PlxnD11-10

molecules in each pair appear to be related to each other by point symmetry, there is

only one molecule in an asymmetric unit. These interlocking pairs then pack together

in tight arrays to form extensive crystal contacts (Fig. 5.10.B). Each pair of the interlock-

ing PlxnD1 observed in the crystal is formed by the two-fold symmetry of the C2 space

group. However, an arrangement like this would be quite impossible in the context of

the cell-surface as the two C-termini point in exact opposite directions. The PlxnD1

ectodomains also make several other crystal contacts. Once structure refinement is

completed, it would be interesting to assess whether any of these contacting interfaces

are conserved during evolution and result in the weak associations seen in AUC.
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An interlocking pair of  mouse PlxnD11-10  in its crystal (space group C2 )A

B Arrays formed by interlocking pairs of PlxnD11-10 

Sema domain of PlxnD11-10 molecule 1

Sema domain of PlxnD11-10 molecule 2
C-terminal of PlxnD11-10 molecule 1

C-terminal of PlxnD11-10 molecule 2

Figure 5.11: Packing of mouse PlxnD11-10 in its cystal. (A) A pair of PlxnD11-10

(blue and cyan) packed in an interlocking mode. (B) The interlocking pairs of
PlxnD11-10formed extensive arrays in the crystal. Two PlxnD11-10 molecules locked into
a pair are shown in blue and cyan, while their symmetry mates are shown in grey.
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5.5 Discussion

PlxnD1 stands out amongst all plexins for its important roles in cardiovascular develop-

ment and human cancer (41, 131). However, we know little about its signalling mecha-

nism due to the complete absence of structural data. Uniquely, PlxnD1 can signal with

secreted Sema3E without the presence of any coreceptors (72). The Sema3E–PlxnD1

system has also been found to have bi-functionality gated by Nrp1 as well as cross-

interactions with several other TM1 receptor systems (68, 131). Our journey to under-

standing the molecular mechanism of PlxnD1 signalling has just begun.

The high-resolution crystal structures of the PlxnD1 extracellular segment I obtained in

thesis have provided first-hand insights into the structural basis of PlxnD1 signalling.

The N-terminal segment of human PlxnD1, sema-PSI, has a structural core highly sim-

ilar to the previously characterized sema-PSI segments of PlxnAs, PlxnB1 and PlxnC1.

Interestingly, despite that the structural elements on the semaphorin-binding interface

in PlxnD1 are mostly conserved with those of PlxnA2 and PlxnB1 (Appendix 2), I ob-

served a 13-residue, β3B-β3C loop unseen in other plexins. The distinct conformation

of the loop as well as an N-linked glycan it harbours hints at potential contribution to

the semaphorin-binding specificity of PlxnD1. To test this hypothesis, I would need to

perturb this particular loop and assess its effects on PlxnD1 ligand-binding properties

via structural-guided in solution assays. So far, all my PlxnD1 crystal structures are in an

unliganded form. To the uncover the structural basis of PlxnD1 activation, it is essen-

tial to obtain crystal structures of PlxnD1 in complex with its semaphorin ligands. Since
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Sema3E–PlxnD1 signalling represents the most interesting aspect of PlxnD1 biology, I

have set out to screen for Sema3E–PlxnD1 complex crystals. Unfortunately, my work

has met with no success so far. However, I have recently obtained small, needle-like

crystals which diffracted very weakly for mouse Sema3E alone. Immediate future exper-

iments will thus focus on obtaining well-diffracting crystals for Sema3E in isolation as

well as in complex with PlxnD1.

Should PlxnD1 follows the common, bivalent mode of semaphorin–plexin recognition,

which is most likely the case due to high sequence conservation with other plexin recep-

tors, we are again presented with the same puzzle regarding the activation of PlxnD1 sig-

nalling. How is semaphorin-binding in the extracellular space translated into dimerisation-

based activation of the PlxnD1 cytoplasmic region? From in-depth studies of the PlxnA

ectodomains, as documented in Chapter 3-4, we now know that the plexin ectodomains

may adopt distinct conformations specially designed to suit this purpose. Remarkably,

my new structural model of PlxnD1 full ectodomain has a closed-ring conformation

strikingly similar to those of the PlxnAs, in which the first nine domains (sema-IPT5)

form a ring from which the tenth domain (IPT6) points perpendicularly away. How-

ever, the PlxnD1 and PlxnA architectures are also markedly different in that the PlxD1

ectodomain first, is a closed ring and second, the varied interdomain orientations in the

two structures result in a different orientation of ring in relation to the sema domain.

However, it is not until I complete the refinement of the PlxnD11-10 structure that I can

analyse the structural elements responsible for the distinct architecture of the PlxnD1

ectodomain. It would also be useful to know whether PlxnD11-10 sustains the closed-
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ring like conformation across different crystal forms. It is possinle that PlxnD11-10 has

conformations other than the close-ring conformation seen in the current crystal struc-

ture. To assess the possible structural variability of PlxnD1 ectodomains when released

from constraints of crystal packing, it will be important to conduct in-depth AUC, small

angle X-ray scattering (SAXS), negative stain or even cryo-EM experiments in the future.
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CONCLUSIONS

The development and maintenance of higher organisms depends on the effective com-

munication between cells. One of the key methods of cell–cell communication is ligand-

receptor signalling on the cell surface. The TM1 receptors, which play essential roles in

the nervous, cardiovascular, and immune systems, constitute the most abundant and

diverse type of cell-surface receptors in mammals (4, 20). Signalling by TM1 receptors

controls a plethora of cell functions, in particular cell morphogenesis, motility, adhesion

and survival. In the past decades a central paradigm for TM1 receptors has emerged, in

which signalling is triggerd by receptor dimerisation followed by clustering upon ligand-

binding. Although this central paradigm, derived mostly from structural characterisa-

tions, can describe the behaviour of many TM1 receptor signalling systems in astonish-

ing detail, it is incomplete. The current theory has little to say about the multifaceted

178
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regulatory mechanisms of TM1 receptors, in particular, the exquisite balance between

inhibition and activation of signalling. The regulation of TM1 receptors is examplified by

the cell guidance process, in which a strikingly small number of cell guidance cues gov-

ern the formation and homeostasis of complex organs, for instance, the wiring of neural

circuits. This phenomenon requires that the cell guidance cue signalling systems must

diversify their repertoires. In practice, this diversification is often achieved through the

multi-level and spatial-temporal regulation of the guidance cue receptors. In this the-

sis, I characterized two homolog proteins belonging to a classic guidance cue receptor

family, the class A and D plexins. My findings point to a model in which the regulation

of signalling is achieved by the distinct conformations as well as cis-interactions of the

receptor ectodomains.

Our understanding on the molecular mechanisms controlling the semaphorin–plexin

signalling system has been severely limited by the lack of information on the archi-

tecture and interaction modes of full length plexin extracellular segments. My struc-

tural analyses in this thesis for the class A plexins now provide the missing links which

couple the extracellular interactions of the N-terminal semaphorin binding domain to

the transmembrane and cytoplasmic regions for the PlxnAs. Data from multiple crys-

tal structures of PlxnA1, PlxnA2 and PlxnA4 ectodomain revealed that the extracellu-

lar segment in class A plexins adopts a distinctive, relatively rigid, ring-like conforma-

tion. Negative stain EM experiments demonstrated that this ring-like state is most likely

the favored conformation for PlxnA ectodomains. As the precisely arranged dimeric

Sema3s and Sema6s interact head-to-head with two diverging PlxnA ectodomain frag-
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ments (36, 45), I asked how does a recognition assembly, involving only the N-terminal

(sema) of ten ‘beads-on-a-string’ domains, position the membrane proximal tenth do-

main (IPT6) to initiate dimerisation, and consequent activation, in the cytoplasmic re-

gion? The distinctive PlxnA ectodomain architecture immediately provides a satisfy-

ingly simple solution to this longstanding conundrum. As detailed in Chapter 3, super-

position of the crystal structure for a full length PlxnA extracellular segment onto the

previously reported Sema6A1-2–PlxnA21-4 complex (PDB 3OKY) brings the two mem-

brane proximal domains into close proximity. This positioning of the membrane proxi-

mal domains from two PlxnAs appears appropriate to promote interaction between the

transmembrane regions and, ultimately, dimerisation of the cytoplasmic region. Based

on these observations I believe that the distinctive ring-like conformation of the PlxnA

extracellular segment provides a mechanism for efficient and rather precisely defined

coupling between extracellular and intercellular dimerisation states. Interestingly, nega-

tive stain EM also uncovered a less-frequent, twisted-open (chair-like) conformation for

PlxnA1 ectodmain most likely generated by a 180° rotation around a hinge midway in the

ring-like stalk. The fact that this conformation is the only alternative to the ring-like con-

formation suggests it may play a role in another aspect of PlxnA signalling, possibly the

recently discovered cis-interactions between PlxnAs and transmembrane Sema6s (65–

67). However, uncovering what specific role (if any) the chair-like conformation plays

will require a significant amount of further experimentation.

Another important discovery made in this thesis is the ectodomain-based, intermolec-

ular autoinhibitory mechanism for PlxnAs. Although various models have been hypoth-
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esized for autoinhibitory plexin intra- and intermolecular interactions (17, 22, 36, 56,

143), follow-up experiments to verify these hypothesis remain elusive. Based on the

structural studies I report here it now seems unlikely that PlxnA ectodomains can make

autoinhibitory intramolecular interactions analogous to integrins and other TM1 recep-

tors (5, 144). Conversely, I discovered that the autoinhibition of PlxnAs is imposed by the

intermolecular interactions based on a head-to-stalk (sema–PSI2-IPT2) interface in the

receptor ectodomains. Results from a combination of structural and functional charac-

terisations for PlxnAs in this thesis favor a novel autoinhibitory mechanism previously

not known for TM1 cell-surface receptors. Although speculations have been made based

on the elusive pre-signalling dimer structure of the Epo receptor more than a decade ago

(145), the mechanism of self-imposed inhibition based on the pre-clustering of recep-

tors has not been revealed until this thesis. In my model, intermolecular, cis-interactions

between the TM1 ectodomains may serve two important roles. First, together with the

distinct ectodomain architectures these intermolecular interactions may maintain ef-

fective separation of the receptor transmembrane and cytoplasmic segments and thus,

preclude any ligand-independent activation. Second, pre-clustering based on the cis-

interaction in receptor ectodomains may prepare them for the acute response to biva-

lent or multivalent ligand-binding and potentially facilitate further clustering.

How do different classes of plexins translate bivalent semaphorin-binding into cytoplas-

mic activities? Is the ectodomain-based balancing of inhibition and activation seen in

PlxnAs a general rule for all plexin classes? My studies on PlxnD1, which represents

the last structural frontier of plexins, has provided tantalising insights. Although the
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the PlxnD1 ectodomain adopts a closed-ring conformation strikingly similar to the Plx-

nAs in its crystal structure, via in solution experiments I have discovered potential mul-

tiple conformations for PlxnD1. Structural details of the PlxnD1 sema domain alone

have also highlighted potential specificity determinants for PlxnD1 in terms of ligand-

recognition. These observations suggest that PlxnD1 may be analogous to PlxnAs in

some ways but also distinct in its mechanisms of action. Future experiments will fo-

cus on further structural characterization of the PlxnD1 ectodomain in particular with

its bi-functional ligand Sema3E. More ambitiously, by combining structural and func-

tional analyses we may hopefully link the unique architectures of PlxnD1 to its diverse

cytoplasmic interactome.

In sum, my studies on PlxnAs and PlxnD1 uncovered novel mechanisms for the ac-

tivation and regulation of plexin receptors, prompting fresh consideration of the role

of autoinhibitory pre-association and ligand-induced conformational reorganisation in

plexin biology. This thesis has open new doors to the reconstruction of a complete

picture of semaphorin–plexin signalling. To achieve this ultimate goal, future exper-

iments would need to proceed into two diercetions, first, the structural characterisa-

tion of full-length, transmembrane plexins in complex with their ligands and corecept-

ors incorporating the cell membrane, and second, analyses on the time-evolution and

spatial dynamics of the plexin receptor complexes in live cells. Although these future

tasks seem daunting, recent advances in membrane protein crystallography and cry-

oEM has provided us with unique advantages for the former, while development in

multiple correlative light microscopy and spectroscopy techniques has made the later,
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time-dimensional studies feasible. Indeed, it is an exciting time for the field of inter-

disciplinary structural studies of receptor biology, as we may expect many questions

regarding the mechanistic details of many systems to be addressed in the foreseeable

future.
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A.1 Production of the PlxnA Ectodomain Crystals

Mouse PlxnA11-10 was concentrated to 8.2 mg/ml in 20 mM HEPES, pH 7.5 and 150 mM

sodium chloride and subsequently crystallized in three different crystal forms. One crys-

tal form, with space group P43212 grown in 6% (w/v) PEG 4k and 5 mM tricine, pH 8.5

(or 5 mM TRIS, pH 8.5), diffracted to 6.0 Å resolution. Dehydration of these crystals

in the plate by increasing the PEG 4k concentration in the mother liquor in three steps

to 25% over a time span of 48 hours produced a second, diffracting to 4.0 Å resolution,

crystal form with a 53 Å shorter c-axis. A third crystal form with space group P21 diffract-

ing to 6.0 Å resolution, was grown in 15% (v/v) propanol, 20 mM magnesium chloride

and 50 mM 2-( N-morpholino)ethanesulfonic acid (MES), pH 6.0. For PlxnA21-10 we ob-

195



APPENDIX A. APPENDIX 196

tained one crystal form. PlxnA21-10 was concentrated to 6.6 mg/ml in 20 mM HEPES,

pH 7.5 and 150 mM sodium chloride and subsequently deglycosylated with endogly-

cosidase F1. Crystals of PlxnA21-10 with space group P3221 were produced in 0.68 M

potassium/sodium tartrate and 85 mM HEPES, pH 7.5 and diffracted to 10 Å resolu-

tion. PlxnA41-10 was crystallized in four different crystal forms. PlxnA41-10 concentrated

to 3.8 mg/ml in 20 mM HEPES, pH 7.5, 150 mM sodium chloride, 100 mM dimethyl-

benzylammonium propane sulfonate, NDSB (non-detergent sulfobetaine)-256, crystal-

lized in space group P41 in 29% (v/v) glycerol, 4.3% (w/v) PEG 8k and 53 mM TRIS hy-

drochloride, pH 8.5 and diffracted to 7.5 Å resolution. PlxnA41-10 concentrated to 4.2

mg/ml in 10 mM citrate, pH 5.1 yielded a second and third crystal form. Crystals with

space group P21 were obtained in 0.5 M sodium succinate, 100 mM 2-bisamino]-2–1,3-

propanediol (BIS)-trisaminomethane (TRIS) propane, pH 7.0 and diffracted to 8.0 Å res-

olution and crystals with space group P43212 were grown in 0.8 M ammonium sulfate,

0.4 M Dimethyl (2-hydroxyethyl) ammonium propane sulfonate, non-detergent sulfo-

betaines (NDSB)-211, 100 mM TRIS, pH 8.0 and diffracted to 8 Å resolution. PlxnA41-10

concentrated to 5.8 mg/ml in 20 mM HEPES, pH 7.5, 150 mM sodium chloride and 100

mM NDSB-256 crystallized in a fourth space group, P43212, in 1.5 lithium sulfate, 100

mM TRIS, pH 8.5 and diffracted to 8.5 Å resolution.

Before diffraction data collection crystals were soaked in mother liquor supplemented

with 12.5% (v/v) 2,3-butanediol for mouse PlxnA11-10 crystals, 25% (v/v) glycerol for

PlxnA21-10 and PlxnA41-10 crystals. In particular, mouse PlxnA41-10 (space group P41)

and PlxnD11-10 crystals nothing extra was added as precipitants in the crystallization
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solution (29% v/v glycerol) also served as cryo-protectant.

A.2 Structure Solution and Refinement of PlxnA

Ectodomains

The structure of PlxnA11-10 at 4.0 Å resolution was initially solved using the structure

of PlxnA21-4 (PDB 3OKT) (54% sequence identity with PlxnA11-4) as MR intitial model.

After solvent flattening in PARROT (88) this solution revealed clear electron density for

PlxnA1 domains IPT2, PSI3, IPT3, IPT4 and IPT5 that were not included in the search

model. To further complete the structure of PlxnA11-10 we generated homology models

of these domains with MODELLER (146) using the following template PDB–PlxnA1 do-

main combinations; 3OKY (36) for IPT2, 3NVN (49) for PSI3, 2UZY (136) for IPT3 and

IPT4, and 2CXK (unpublished results) for IPT5, with 16%, 29%, 29%, 29% and 20% se-

quence identity, respectively. These models were placed by MR in PHASER and the re-

sulting structure was further optimized by manual rebuilding in COOT and refinement

in REFMAC using jelly-body restraints (88, 139). High resolution structures of PlxnA24-5

and PlxnA17-10 were then placed into the PlxnA11-10 using PHASER and subsequently re-

fined. We then used the refined structures of domains, IPT3, IPT4, IPT5 and segments of

domain IPT6 to replace the original ones in the the 4.0 Å PlxnA11-10 structure which was

then completed by model building in COOT and refinement in REFMAC using jelly-body

restraints.
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All other PlxnA full extracellular segment structures were solved using the refined 4.0

Å resolution PlxnA11-10 structure and, for PlxnA21-10, also the PlxnA21-4 structure (PDB

3OKT). Homology models for PlxnA2 and PlxnA4 were calculated with MODELLER using

the PlxnA11-10 structure as template for PlxnA2 domains 5 to 10 (IPT2, PSI3, IPT3, IPT4,

IPT5 and IPT6) (53% sequence identity) and for all ten PlxnA4 domains (54% sequence

identity). The other PlxnA11-10, PlxnA21-10 and PlxnA41-10 crystal forms were solved

by MR in PHASER using individual domains and homology models of the PlxnA11-10,

PlxnA21-4, and PlxnA25-10 structures search models. Domains were omitted from the

models in cases where the electron density was too weak for interpretation due to flexi-

bility. All solutions were refined by rigid-body refinement in PHENIX with each domain

as a rigid group and a single B-factor per domain, thus preventing any overfitting.



APPENDIX A. APPENDIX 199

aHighest resolution shell is shown in parenthesis.

! 1!

 

 

 PlxnA11-10  PlxnA11-10 PlxnA11-10 PlxnA21-10 PlxnA41-10 

Data collection      

Space group P43212 P21 P43212 P3221 P41 

Cell dimensions      

a, b, c (Å) 

α, β, γ (°) 

195, 195, 176 

90, 90, 90 

140, 196, 145 

90, 94.6, 90 

198, 198, 229 

90, 90, 90 

238, 238, 642 

90, 90, 120 

221, 221, 66 

90, 90, 90 

Resolution (Å) 87-4.0 (4.24-4.00)a 58-6.0 (6.57-6.00)a 112-6.0 (6.71-6.00)a 63-10 (10.5-10.0)a 62-7.5 (8.39-7.50)a 

Rmerge (%) 24.1 (104) 7.0 (72.9) 7.1 (124) 18.7 (88.2) 20.7 (121) 

I/σI 5.2 (1.5) 6.8 (1.5) 9.7 (1.6) 5.1 (1.5) 12.2 (2.8) 

Completeness (%) 99.1 (99.8) 99.7 (99.9) 98.8 (98.9) 93.9 (96.8) 99.8 (100) 

Redundancy 5.1 (5.1) 3.2 (3.3) 6.6 (6.9) 3.3 (3.6) 6.9 (7.1) 

 

Refinement      

Resolution (Å) 87-4.0 58-6.0 112-6.0 63-10.0 55-7.5 

Number of 

reflections 

28954 19391 11641 11079 4253 

Rwork/Rfree (%) 25.7 / 30.8 27.4 / 30.0 30.5 / 31.6 33.5 / 37.0 35.3 / 37.1 

Number of atoms 9692 19191 9546 28787 9134 

Protein 9692 19191 9546 28787 9134 

Ligand/ion 0 0 0 0 0 

Water 0 0 0 0 0 

B factors (Å2)      

Protein 134 273 283 237 250 

Ligand/ion – – – – – 

Water – – – – – 

R.m.s. deviations      

Bond lengths (Å) 0.006 0.006 0.006 0.019 0.019 

Bond angles (°) 1.2 

 

 

 

 

1.3 1.2 1.7 2.4 

 

 

Figure A.1: Crystallographic and refinement statistics of PlxnA ectodomains (1).
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! 2!

 

 

 PlxnA41-10 PlxnA41-10 PlxnA41-10 PlxnA24-5 PlxnA17-10 

Data collection      

Space group P21 P43212 P4322 C2 C2221 

Cell dimensions      

a, b, c (Å) 

α, β, γ (°) 

142, 241, 144 

90, 99.8, 90 

272, 272, 251 

90, 90, 90 

189, 189, 253 

90, 90, 90 

107.7, 44.6, 33.0 

90, 104.7, 90 

75.9, 82.5, 125.6 

90, 90, 90 

Resolution (Å) 48-8.0 (8.95-8.00)a 72-8.0 (8.94-8.00)a 71-8.5 (9.50-8.50)a 52.1-1.36 (1.40-1.36)a 62.8-2.2 (2.27-2.20)a 

Rmerge (%) 15.8 (76.4) 13.0 (89.4) 33.0 (117) 3.8 (47.6) 12.0 (82.5) 

I/σI 9.0 (2.9) 14.8 (1.3) 4.2 (1.7) 17.0 (2.3) 9.2 (1.9) 

Completeness (%) 99.5 (100) 99.5 (100) 99.7 (100) 85.6 (41.0) 100 (99.8) 

Redundancy 4.1 (4.3) 3.7 (3.9) 5.8 (6.1) 3.7 (3.4) 8.1 (5.0) 

Refinement      

Resolution (Å) 48-8.0 72-8.0 70-8.5 52.1-1.36 62.8-2.2 

Number of 

reflections 

10061 10298 4374 27858 20219 

Rwork/Rfree (%) 34.9 / 34.9 37.3 / 39.5 40.1 / 41.2 14.1 / 19.6 20.7 / 25.3 

Number of atoms 15030 7189 7189 1334 2841 

Protein 15030 7189 7189 1228 2703 

Ligand/ion 0 0 0 3 8 

Water 0 0 0 103 130 

B factors (Å2)      

Protein 264 251 163 16.3 58.8 

Ligand/ion – – – 24.9 78.0 

Water – – – 29.6 51.0 

R.m.s. deviations      

Bond lengths (Å) 0.019 0.019 0.019 0.020 0.003 

Bond angles (°) 2.5 2.5 2.5 2.00 0.82 

      

      

 

 

 

aHighest resolution shell is shown in parenthesis.

Figure A.2: Crystallographic and refinement statistics of PlxnA ectodomains (2).
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Name of 
construct

Residue range 
(mutation site) 

Description Vector
(C-ter tag)

Experimental 
usage

PlxnA11-10 36-1236 PlxnA1 full 
ectodomain (sema-
IPT6)

pHLsec
(6 xhistadine)

Crystallisation
Negative stain 
EM
AUC
MALS

PlxnA11-10 F145N/
L147S

36-1236 
(F145N/L147S)

PlxnA1 full 
ectodomain (sema-
IPT6) interface-
blocking mutant 1 
(F145N/L147S)

pHLsec
(6 x histadine)

MALS
AUC

PlxnA11-10 F693N/
E695S

36-1236 
(F693N/E695S)

PlxnA1 full 
ectodomain (sema-
IPT6) interface-
blocking mutant 2 
(F690N/E695S)

pHLsec
(6 x histadine)

MALS

PlxnA17-10 861-1236 PlxnA1 domains 7-10 
(IPT3-IPT6) interface-
blocking mutant 2 
(F690N/E695S)

pHLsec
(6 x histadine)

Crystallisation

PlxnA14-5 655-804 PlxnA1 domains 4-5 
(PSI2-IPT2)

pHLsec
(6 x histadine)

Stimulants in 
DG growth 
cone assay

PlxnA14-5  
F693N/
E695S

655-803
(F693N/E695S)

PlxnA1 domains 4-5 
(PSI2-IPT2)
interface-blocking 
mutant
(F690N/E692S)

pHLsec
(6 x histadine)

Stimulants in 
DG growth 
cone assay

PlxnA21-10 36-1236 PlxnA2 full 
ectodomain (sema-
IPT6)

pHLsec
(6 x histadine)

Crystallisation

PlxnA21-2 35-560 PlxnA2 domains 1-2 
(sema-PIS1)

pHLsec
(6 x histadine)

SPR (analyte)

PlxnA24-5 655-803 PlxnA2 domains 4-5 
(PSI2-IPT2)

pHLsec
(Avitag)

SPR (ligand)

PlxnA24-5  
F690N/
E692S

655-803
(F690N/E692S)

PlxnA2 domains 4-5 
(PSI2-IPT2)
interface-blocking 
mutant
(F690N/E692S)

pHLsec
(Avitag)

SPR (ligand)

PlxnA2FL-
mVenus

36-1894 Full length PlxnA2 
linked with C-terminal 
mVenus by 
RTLEVLFQGP

pHLsec
(mVenus)

localisation 
microscopy

PlxnA2-
mVenus

36-1260 PlxnA2 ectodomain 
and transmembrane 
helix linked with C-
terminal mVenus by  
RTLEVLFQGP

pHLsec
(mVenus)

FRET-FLIM

Figure A.3: List of PlxnA and PlxnD1 constructs (1).
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Name of 
construct

Residue range 
(mutation Site) 

Description Vector
(C-terminal 
tag)

Experimental 
usage

PlxnA2-mTFP1 36-1260 PlxnA2 ectodomain 
and 
transmembrane 
helix linked with C-
terminal mTFP1 by  
RTLEVLFQGP

pHLsec
(mTFP1)

FRET-FLIM

PlxnA2FL-
mVenus 
F690N/E692S

36-1894
(F690N/E692S)

Full length PlxnA2 
linked with C-
terminal mVenus by 
RTLEVLFQGP, 
interaction-blocking 
mutant 

pHLsec
(mVenus)

localisation 
microscopy

PlxnA2-
mVenus
F690N/E692S

36-1260
(F690N/E692S)

PlxnA2 ectodomain 
and 
transmembrane 
helix linked with C-
terminal mVenus by  
RTLEVLFQGP, 
interaction-blocking 
mutant

pHLsec
(mVenus)

FRET-FLIM

PlxnA2-mTFP1
F690N/E692S

36-1260
(F690N/E692S)

PlxnA2 ectodomain 
and 
transmembrane 
helix linked with C-
terminal mTFP1 by  
RTLEVLFQGP, 
interaction-blocking 
mutant

pHLsec
(mTFP1)

FRET-FLIM

Sema6A1-2-Fc 19-571 Fc-tagged Sema6A 
domains 1-2 
(sema-PSI1_ dimer 

pHLsec
(Fc-tag, 6 x 
histadine)

Stimulants in 
FRET-FLIM 
and 
localisation 
microscopy

PlxnA41-10 24-1236 PlxnA4 full 
ectodomain (sema-
IPT6)

pHLsec
(6 x histadine)

Crystallisation

PlxnA4FL 24-1893 Full length PlxnA4 pcDNA 3.1 (+) Expression in 
COS-7 
collapse assay

PlxnA4FL 
F689N/E691S

24-1893 Full length PlxnA4 
interaction-blocking 
mutant

pcDNA 3.1 (+) Expression in 
COS-7 
collapse assay

PlxnA4Δecto 1236-1893 PlxnA4 
ectodomain-
deleted construct

pcDNA 3.1 (+) Expression in 
COS-7 
collapse assay

PlxnD11-2 49-556 PlxnD1 domains 
1-2 (sema-PIS1)

pHLsec
(6 xhistadine)

Crystallisation
AUC

PlxnD11-10 49-1272 PlxnD1 full 
ectodomain (sema-
IPT6)

pHLsec
(6 xhistadine)

Crystallisation

Figure A.4: List of PlxnA and PlxnD1 constructs (2).
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Figure A.5: Map of the pHLsec vector(1).
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Figure A.6: Map of the pcDNA3.1(+) vector.
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