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Abstract

Toll-like receptors (TLRs) are critical to detecting the presence of dan-

gerous infections, initiating a protective innate immune response, and

triggering a long-lasting adaptive immune response. TLRs initiate defen-

sive, pro-inflammatory signalling following direct binding to pathogen-

associated molecular patterns (PAMPs), which are exogenous molecu-

lar fingerprints derived from infectious pathogens like bacteria, viruses,

and fungi. In addition to this role, more recent evidence demonstrates

that TLRs can also initiate pro-inflammatory responses upon detection

of damage-associated molecular patterns (DAMPs), which are endoge-

nous self molecules released at sites of tissue damage or stress. Under

normal conditions, TLR activation via DAMPs contributes to tissue re-

pair; however, during autoimmune diseases like rheumatoid arthritis,

persistent DAMP accumulation creates a chronically pro-inflammatory

extracellular milieu that drives disease progression. Despite the ther-

apeutic importance of the DAMP:TLR axis, the molecular mechanism

behind TLR-mediated detection of DAMPs remains unclear: while there

are dozens of structures of TLRs bound to PAMPs, there are no struc-

tures of any TLRs bound to any DAMPs from any organism. In order

to clarify these molecular details, herein I employ primarily biophysical

techniques to probe a model TLR:DAMP interaction between TLR4 and

a class of proteins known as the fibrinogen-related proteins (FRePs). Af-

ter presenting novel expression and purification methodologies for both

TLR4 and the FRePs, I demonstrate with an assortment of biophysi-

cal techniques that TLR4 does not directly bind to the FRePs. Next,

using an unbiased proteomics workflow to probe the cell-surface FReP

interactome, I provide evidence to suggest that integrins and lipoprotein

receptors, not TLR4, may be the direct FReP receptors. Based on my

data and the existing literature, I synthesize these results into a broader

general hypothesis regarding TLR-mediated detection of DAMPs which



I call the “receptorome”. Taken together, this work presents an up-

dated model for DAMP activation of innate immunity: rather than a

direct TLR:DAMP binding event, I contest that context-specific recep-

tor mega-complexes are required to indirectly communicate the presence

of DAMPs to TLRs. This conclusion clarifies some conflicting reports

in the DAMP literature and provides a route to understanding the fun-

damental molecular mechanism behind the important but mysterious

activation of TLRs in the presence of endogenous DAMPs.

9



Contents

1 Introduction and Background 1

1.1 TLRs and Innate Immunity: A Classical Understanding . . . . . . . . 1

1.1.1 The History of TLRs . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Classical PAMP-Activated TLR Signalling . . . . . . . . . . . 5

1.1.3 Structural Biology of TLR:PAMP Interactions . . . . . . . . . 9

1.2 TLRs and Endogenous DAMPs: Mysteries Remain . . . . . . . . . . 13

1.2.1 TLR4-Activating DAMPs: A Key Disconnect . . . . . . . . . 14

1.2.2 S100A8/S100A9 . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.2.3 Fibronectin . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.2.4 Small Leucine-Rich Proteoglycans . . . . . . . . . . . . . . . . 31

1.2.5 Summary of TLR:DAMP Literature . . . . . . . . . . . . . . . 35

1.3 TNC and the FReP Family . . . . . . . . . . . . . . . . . . . . . . . 36

1.3.1 Tenascin-C . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.3.2 The Other FRePs . . . . . . . . . . . . . . . . . . . . . . . . . 42

1.3.3 FRePs as a Model DAMP . . . . . . . . . . . . . . . . . . . . 44

1.4 Motivation and Chapter Aims . . . . . . . . . . . . . . . . . . . . . . 45

2 Biophysical Characterization of FReP Family Members 48

2.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.1.1 FReP Library and Accession Numbers . . . . . . . . . . . . . 49

2.1.2 Transformation of E. coli . . . . . . . . . . . . . . . . . . . . . 50

2.1.3 Ligation Independent (LIC) Cloning . . . . . . . . . . . . . . 51

2.1.4 1 mL Small-Scale Test Expression in E. coli . . . . . . . . . . 52

2.1.5 50 mL Medium-Scale Test Expression of His6-Tagged Proteins 53

2.1.6 Purification Scheme 1 (MBP/SHuffle®) . . . . . . . . . . . . 54

2.1.7 Purification Scheme 2 (His6/CyDisCo) . . . . . . . . . . . . . 55

2.1.8 Crystallization Trials . . . . . . . . . . . . . . . . . . . . . . . 56

2.1.9 Data Collection and Processing . . . . . . . . . . . . . . . . . 56

i



2.1.10 TNC XChem Fragment Screen . . . . . . . . . . . . . . . . . . 57

2.1.11 Differential Scanning Fluorimetry . . . . . . . . . . . . . . . . 58

2.1.12 General Mass Spectrometry . . . . . . . . . . . . . . . . . . . 59

2.1.13 Disulfide Mapping Using Intact Mass . . . . . . . . . . . . . . 59

2.1.14 Native MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.2 Screening Fusion Tags for Solubility . . . . . . . . . . . . . . . . . . . 60

2.3 Testing Disulfide-Refolding E. coli . . . . . . . . . . . . . . . . . . . . 63

2.3.1 Theory of Oxidizing E. coli Strains . . . . . . . . . . . . . . . 63

2.3.2 Evaluation of SHuffle® and CyDisCo Cells . . . . . . . . . . . 64

2.4 Large-Scale FReP Purification Strategies . . . . . . . . . . . . . . . . 64

2.4.1 Purification Scheme 1: MBP-tag in SHuffle® Cells . . . . . . 65

2.4.2 Purification Scheme 2: His6-tag in CyDisCo Cells . . . . . . . 67

2.5 Quality Control of Soluble FRePs . . . . . . . . . . . . . . . . . . . . 69

2.6 CyDisCo Expression of Truncated Constructs . . . . . . . . . . . . . 71

2.7 Structure of TNC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.8 Fragment Screening of TNC Using XChem . . . . . . . . . . . . . . . 80

2.8.1 Motivation for Fragment Screen . . . . . . . . . . . . . . . . . 80

2.8.2 Results of Fragment Screen . . . . . . . . . . . . . . . . . . . 81

2.9 Stabilization of Full-Length ANGPTLs . . . . . . . . . . . . . . . . . 84

2.9.1 Theory of Thermal Denaturation Assays . . . . . . . . . . . . 84

2.9.2 ANGPTLs Bind Strongly to Calcium . . . . . . . . . . . . . . 87

2.10 ANGPTL2 and ANGPTL6 Structures with Calcium . . . . . . . . . . 88

2.11 Structure of Non-Native FGL1 Dimer . . . . . . . . . . . . . . . . . . 92

2.12 Insights into the FReP Family . . . . . . . . . . . . . . . . . . . . . . 95

2.13 Summary and Future Directions . . . . . . . . . . . . . . . . . . . . . 101

3 Expression and Purification of TLR4 via FAS2FURIOUS 104

3.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.1.1 Protein Accession Numbers . . . . . . . . . . . . . . . . . . . 105

3.1.2 Small-Scale Eukaryotic Test Expression . . . . . . . . . . . . . 105

3.1.3 Medium-Scale Eukaryotic Test Expression . . . . . . . . . . . 106

3.1.4 Construction of TLR4-c071, TLR4-c072, and MD-2-c014 . . . 106

3.1.5 S2 Cells, General Handling . . . . . . . . . . . . . . . . . . . . 108

3.1.6 Transient Test Expression, ExpreS2ion Method . . . . . . . . . 108

3.1.7 Selection of Stable S2 Cell Lines . . . . . . . . . . . . . . . . . 108

3.1.8 Large Scale Purification from Stable Cell Lines . . . . . . . . . 109

ii



3.1.9 Construction of FAS2FURIOUS Vectors . . . . . . . . . . . . 110

3.1.10 HT-Cloning into FAS2FURIOUS Vectors . . . . . . . . . . . . 110

3.1.11 Small-Scale Transient Expression, FAS2FURIOUS . . . . . . . 111

3.2 TLR4 Production in Existing SGC Systems . . . . . . . . . . . . . . 111

3.2.1 TLR4 Ectodomain in Three Expression Systems . . . . . . . . 111

3.2.2 Membrane-Localized TLR4 in Insect Cells . . . . . . . . . . . 112

3.3 Expression of TLR4 in Drosophila S2 Cells . . . . . . . . . . . . . . . 114

3.3.1 Introduction to Drosophila S2 Expression Systems . . . . . . . 114

3.3.2 Test Expression Results . . . . . . . . . . . . . . . . . . . . . 116

3.4 Large-Scale Purification of TLR4 and MD-2 . . . . . . . . . . . . . . 118

3.5 FAS2FURIOUS: HT Expression in S2 . . . . . . . . . . . . . . . . . . 121

3.5.1 Design of F2F Vectors . . . . . . . . . . . . . . . . . . . . . . 122

3.5.2 Optimization of F2F Protocol . . . . . . . . . . . . . . . . . . 124

3.5.3 Piloting F2F With Challenging Targets . . . . . . . . . . . . . 127

3.5.4 F2F Stable Cell Lines . . . . . . . . . . . . . . . . . . . . . . . 128

3.6 Chapter 3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4 Characterization of Putative TLR4:FReP Protein-Protein Interac-

tion 131

4.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.1.1 TLR4 Binding ELISA . . . . . . . . . . . . . . . . . . . . . . 132

4.1.2 Analytical SEC . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.1.3 Native-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.1.4 BLI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.1.5 XL-SDS-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.1.6 Purification of CD44 Link Domain . . . . . . . . . . . . . . . 134

4.1.7 Purification of S100A8, S100A9, and Calprotectin . . . . . . . 135

4.1.8 Purification of ANXA2 . . . . . . . . . . . . . . . . . . . . . . 136

4.2 Denaturing ELISAs Show a Complex . . . . . . . . . . . . . . . . . . 137

4.2.1 Quality Control of New Reagents . . . . . . . . . . . . . . . . 137

4.2.2 Binding of Other FRePs . . . . . . . . . . . . . . . . . . . . . 138

4.2.3 Limitations of TLR4 ELISA . . . . . . . . . . . . . . . . . . . 139

4.3 Solution State Methods Show No Complex . . . . . . . . . . . . . . . 141

4.3.1 Co-Secretion in S2 . . . . . . . . . . . . . . . . . . . . . . . . 141

4.3.2 Analytical SEC . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.3.3 Native-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

iii



4.3.4 BLI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.4 XL-Methods Rescue Transient Complex . . . . . . . . . . . . . . . . 151

4.5 “Obvious” Co-receptors: No Complex . . . . . . . . . . . . . . . . . . 155

4.5.1 MD-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.5.2 CD44 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.5.3 ANXA2 and LYZ . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.5.4 S100 Family Proteins . . . . . . . . . . . . . . . . . . . . . . . 162

4.6 Chapter 4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5 Exploration of the FReP-Associated Receptorome Using XL-AP-

MSMS 167

5.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.1.1 Purification of Biotinylated FRePs . . . . . . . . . . . . . . . 168

5.1.2 Monocyte Stimulation Assay . . . . . . . . . . . . . . . . . . . 169

5.1.3 Endotoxin Removal from Biotinylated FRePs . . . . . . . . . 170

5.1.4 Isolation of Primary Human Monocytes via Plating . . . . . . 170

5.1.5 XL-AP-MSMS Pilot 1 . . . . . . . . . . . . . . . . . . . . . . 171

5.1.6 XL-AP-MSMS General Method for Pilot 2 and 3 . . . . . . . 172

5.1.7 Silver Staining SDS-PAGE Gels . . . . . . . . . . . . . . . . . 173

5.1.8 General XL-AP-MSMS Method for Experiment 1 and 2 . . . . 173

5.1.9 MSMS Data Collection and Analysis . . . . . . . . . . . . . . 175

5.2 Designing a Method for XL-AP-MSMS . . . . . . . . . . . . . . . . . 175

5.2.1 Surfaceome Proteomic Methods . . . . . . . . . . . . . . . . . 175

5.2.2 Final Design of XL-AP-MSMS Method . . . . . . . . . . . . . 179

5.3 Purification of Biotinylated FRePs . . . . . . . . . . . . . . . . . . . 183

5.4 Pilot Experiments 1, 2 and 3 . . . . . . . . . . . . . . . . . . . . . . . 186

5.5 Full Experiment 1 with DTSSP . . . . . . . . . . . . . . . . . . . . . 189

5.5.1 Experimental Setup and Data Analysis . . . . . . . . . . . . . 190

5.5.2 Full Experiment 1 Key Results . . . . . . . . . . . . . . . . . 192

5.6 Full Experiment 2 with DTBP and DTSSP . . . . . . . . . . . . . . . 197

5.6.1 Improvements from Experiment 1 . . . . . . . . . . . . . . . . 197

5.6.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . 199

5.6.3 Bulk Analysis Validates Integrin Hypothesis . . . . . . . . . . 200

5.6.4 Time-Dependent Analysis does not Reveal TLR4 . . . . . . . 204

5.6.5 Speculating on TNC Co-Receptors and Adaptors . . . . . . . 209

5.7 Chapter 5 Summary and Next Steps . . . . . . . . . . . . . . . . . . 213

iv



6 CRISPR/Cas9 Functional Epitope Tagging of Endogenous Proteins

for Structural Studies and Proteomics using GlowPAINT 216

6.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 217

6.1.1 Construction of AAVS1 Targeting Vector . . . . . . . . . . . . 217

6.1.2 Construction of pGlowPAINT GFP11-Containing Universal Donors218

6.1.3 Cloning of eSpCas9(1.1)-sgX Vectors . . . . . . . . . . . . . . 220

6.1.3.1 Generation of GFP1-10 Expressing Cell Lines . . . . . 222

6.1.3.2 gDNA Isolation and PCR . . . . . . . . . . . . . . . 223

6.1.4 Western Blotting . . . . . . . . . . . . . . . . . . . . . . . . . 224

6.1.5 Mismatch Cleavage Assay . . . . . . . . . . . . . . . . . . . . 224

6.1.6 GlowPAINT Pilot with GDE1 Targeting sgRNA . . . . . . . . 225

6.2 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . 226

6.3 GlowPAINT: CRISPaint + Split-GFP . . . . . . . . . . . . . . . . . 229

6.4 Generation of GFP1-10 Cell Lines . . . . . . . . . . . . . . . . . . . . 234

6.5 Adding GFP11 to CRISPAINT Universal Donors . . . . . . . . . . . . 238

6.6 Cloning sgRNAs into eSpCas9(1.1) . . . . . . . . . . . . . . . . . . . 239

6.7 Checking sgRNA Cleavage Efficiency . . . . . . . . . . . . . . . . . . 243

6.8 Piloting the GlowPAINT Method with GDE1 . . . . . . . . . . . . . 245

6.9 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 247

7 The COVID-19 Interlude: Antigen Production for Serological As-

says 251

7.1 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 252

7.1.1 Transient Expression and Purification of SARS-CoV-2 S Protein252

7.1.2 Cloning S-c23 . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

7.1.3 Generation of S-Expressing Monoclonal Cell Lines . . . . . . . 254

7.2 Introduction to SARS-CoV-2 S and Serology Testing . . . . . . . . . 255

7.3 Method for the Transient Mammalian Expression and Purification of S258

7.4 Optimization of the Method . . . . . . . . . . . . . . . . . . . . . . . 262

7.5 Generation and Evaluation of S-Expressing Monoclonal Cell Lines . . 267

7.6 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 272

8 Conclusion: A New (Old) Hypothesis 275

8.1 Receptorome from First Principles . . . . . . . . . . . . . . . . . . . . 275

8.2 History of a TLR4 Receptorome . . . . . . . . . . . . . . . . . . . . . 277

8.3 A Unifying Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . 278

v



A Supplementary Data and Figures 280

A.1 TNC, ANGPTL2, and ANGPTL6 Complete X-Ray Data Collection

and Refinement Statistics . . . . . . . . . . . . . . . . . . . . . . . . 280

A.2 FAS2FURIOUS Manuscript . . . . . . . . . . . . . . . . . . . . . . . 280

A.3 Raw XL-AP-MSMS Data . . . . . . . . . . . . . . . . . . . . . . . . . 280

A.4 List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

Bibliography 281

vi



List of Figures

1.1 TLR4 Signalling in Response to LPS . . . . . . . . . . . . . . . . . . 6

1.2 Structures of TLR:PAMP Complexes . . . . . . . . . . . . . . . . . . 11

1.3 FReP Family Phylogeny . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.1 Rescuing FReP Solubility in E. coli . . . . . . . . . . . . . . . . . . . 62

2.2 CyDisCo Facilitates His6-FReP Expression . . . . . . . . . . . . . . . 65

2.3 Purification Scheme 1 (MBP/SHuffle®) . . . . . . . . . . . . . . . . . 66

2.4 Purification Scheme 2 (His6/CyDisCo) . . . . . . . . . . . . . . . . . 68

2.5 Disulfide Mapping of TNC . . . . . . . . . . . . . . . . . . . . . . . . 70

2.6 Native MS of TNC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.7 Design of Truncated FReP Constructs . . . . . . . . . . . . . . . . . 74

2.8 Test Expression of Truncated FRePs . . . . . . . . . . . . . . . . . . 75

2.9 Crystallization of TNC-c042 . . . . . . . . . . . . . . . . . . . . . . . 77

2.10 Structure of TNC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.11 Crystallographic Fragment Screen of TNC . . . . . . . . . . . . . . . 82

2.12 TNC:Fragment Structure Depositions . . . . . . . . . . . . . . . . . . 85

2.13 DSF Analysis of FRePs . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.14 Crystallization of ANGPTL2 and ANGPTL6 . . . . . . . . . . . . . . 89

2.15 Structures of ANGPTL2 and ANGPTL6 . . . . . . . . . . . . . . . . 90

2.16 Truncated FGL1 Crystallization . . . . . . . . . . . . . . . . . . . . . 93

2.17 Structure of FGL1 Dimer . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.18 FReP Family MSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

2.19 Updated FReP Family Phylogeny . . . . . . . . . . . . . . . . . . . . 98

2.20 FReP Family Structures . . . . . . . . . . . . . . . . . . . . . . . . . 99

2.21 Comparison of TNC, ANGPT1, and FFGG . . . . . . . . . . . . . . 100

2.22 Comparison of TNC, ANGPT1, and FCN1 . . . . . . . . . . . . . . . 102

3.1 Attempted TLR4 Ectodomain Expression Strategies . . . . . . . . . . 113

3.2 Failure to Scale-Up Membrane-Bound TLR4 . . . . . . . . . . . . . . 114

vii



3.3 Rescuing TLR4 Expression in S2 Cells . . . . . . . . . . . . . . . . . 117

3.4 TLR4 Purification from S2 Cells . . . . . . . . . . . . . . . . . . . . . 119

3.5 F2F Workflow Overview . . . . . . . . . . . . . . . . . . . . . . . . . 122

3.6 F2F Vector Development . . . . . . . . . . . . . . . . . . . . . . . . . 125

3.7 F2F Pilot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.8 F2F Stable Cell Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.1 TLR4 Binding ELISA QC . . . . . . . . . . . . . . . . . . . . . . . . 138

4.2 FRePs in TLR4 Binding ELISA . . . . . . . . . . . . . . . . . . . . . 140

4.3 Co-Expression and Analytical SEC . . . . . . . . . . . . . . . . . . . 143

4.4 Native-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.5 BLI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

4.6 XL-SDS-PAGE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

4.7 XL-SDS-PAGE 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.8 Putative Co-receptors 1 . . . . . . . . . . . . . . . . . . . . . . . . . 156

4.9 Putative Co-receptors 2 . . . . . . . . . . . . . . . . . . . . . . . . . 159

4.10 Putative Co-receptors 3 . . . . . . . . . . . . . . . . . . . . . . . . . 163

5.1 XL-AP-MSMS Method Overview . . . . . . . . . . . . . . . . . . . . 180

5.2 Purification and QC of Biotinylated FRePs . . . . . . . . . . . . . . . 185

5.3 XL-AP-MSMS Method Development Pilot 2 and Pilot 3 . . . . . . . 187

5.4 XL-AP-MSMS Experiment 1 Overview . . . . . . . . . . . . . . . . . 193

5.5 XL-AP-MSMS Experiment 1 Network Analysis . . . . . . . . . . . . 196

5.6 TNC Prey Proteins Across All XL-AP-MSMS Experiments . . . . . . 200

5.7 Top 70 Interactors in Experiment 2-DTBP . . . . . . . . . . . . . . . 202

5.8 Time-Dependent Prey Proteins . . . . . . . . . . . . . . . . . . . . . 206

5.9 Enriched Early and Late Communities . . . . . . . . . . . . . . . . . 207

6.1 TRiC: A Case Study for Endogenous Tagging . . . . . . . . . . . . . 227

6.2 GlowPAINT: Background and Overview . . . . . . . . . . . . . . . . 228

6.3 Generation of GFP1-10 Expressing Cell Lines . . . . . . . . . . . . . . 236

6.4 Adding GFP11 to pCRISPAINT Donors . . . . . . . . . . . . . . . . 240

6.5 Cloning Target-Specific sgRNAs . . . . . . . . . . . . . . . . . . . . . 241

6.6 Checking sgRNA Efficiency . . . . . . . . . . . . . . . . . . . . . . . 246

6.7 GlowPAINT Pilot with GDE1 . . . . . . . . . . . . . . . . . . . . . . 248

7.1 The SARS-CoV-2 S Protein . . . . . . . . . . . . . . . . . . . . . . . 257

viii



7.2 Final S-c16 Purification Method . . . . . . . . . . . . . . . . . . . . . 261

7.3 Optimization of S Expression and Purification . . . . . . . . . . . . . 264

7.4 S-c17 and S-c19 Monoclonal Cell Lines . . . . . . . . . . . . . . . . . 269

7.5 S-c23 Monoclonal Cell Line . . . . . . . . . . . . . . . . . . . . . . . 271

ix



Chapter 1

Introduction and Background

1.1 TLRs and Innate Immunity: A Classical Un-

derstanding

The first stage of protective immunity, coined the innate immune response, begins

with the detection of an infectious threat by macrophages, monocytes, and den-

dritic cells. These activated myeloid cells subsequently secrete pro-inflammatory cy-

tokines [particularly interleukin-1 (IL-1), tumor necrosis factor alpha (TNFα), and

interleukin-6 (IL-6)] and interferons (IFNs), especially downstream of the master

regulatory transcription factor, nuclear factor κB (NFκB). These pro-inflammatory

effectors induce an immediate, local response in an effort to destroy the invading

pathogen, limit potential infectious spread, and repair any damaged tissue. Further-

more, these cytokines and the activated myeloid cells themselves also serve to induce

the second stage of the response, known as adaptive immunity, via co-stimulation of

lymphocytes (for example via CD80, CD86, and MHCs) during up-regulated antigen

presentation. The activation of adaptive immune lymphocytes, especially T- and B-

cells, enables slower but more efficient pathogen clearance as well as long-term mem-

ory to prevent future invasion of the same pathogen. This classic, two-stage immune

response involves direct communication between the innate and adaptive immune

systems to ensure both immediate and lasting protection from diverse threats [1].

However, it is only in the last thirty years that innate immunity escaped the shadow

of the adaptive immune system and became appreciated as a key driver of human

health. According to O’Neal et al., “Before the discovery of Toll-like receptors

(TLRs), innate immunity was seen as a crude and unsophisticated part of the im-
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mune system; its main purpose was considered by immunologists to be the initiation

of the more sophisticated adaptive immune response, which was thought to confer

protection on the infected organism” [2]. Prior to the launch of dedicated research

programs on TLRs, the molecular basis for pathogen detection was unknown, and the

activation, regulation, and signalling of key pro-inflammatory molecules remained

mysterious. In fact, despite much historical work on cytokines and their downstream

effects, prior to the mapping of TLRs the actual molecular mechanism which acti-

vates the innate immune symphony remained unknown–there were cytokines, surely,

but how were they induced? Furthermore, the molecular mechanism responsible for

innate immune cross-talk with the adaptive immune system, a key step in protective

immunity, was also unclear. In many ways, then, the modern understanding of the

immune response began with TLRs, and this history provides context and insight

for the next phase of study on these critical multi-functional receptors.

1.1.1 The History of TLRs

In 1989, Janeway predicted the existence of innate pattern recognition receptors

(PRRs) which could both detect the presence of pathogenic microbes and also ini-

tiate a signalling cascade that triggers an adaptive immune response via antigen

presentation; such a receptor would provide the missing molecular link between in-

nate and adaptive immunity [3]. The quest to identify these elusive PRRs began with

the human IL-1 receptor type I (IL-1R1) and the developmental D. melanogaster

protein Toll, which were shown to contain a homologous C-terminal domain that

drives activation of the NF-κB family of transcription factors [4, 5, 6]. In 1992, the

agonism of NF-κB by IL-1R1 and Toll was mapped to the cytoplasmic C-terminal

Toll-IL-1-resistance (TIR) domain [7], and in 1994 work on the homologous “N”

protein from plants showed that the TIR domain was critical to host defense across

both plants and animals [8]. In 1993, a constitutively active mutant of Drosophila

Toll was shown to activate the NF-κB transcription factor Dif [9], and it was shown

in 1996 that Toll-mediated activation of Dif induced the release of antimicrobial

peptides in flies and protected flies from lethal fungal infection [10, 11]. Hoffman

shared the 2011 Nobel Prize for this work, which conclusively demonstrated that

activated Toll induced an innate immune response. With this link between Toll

and innate immunity established in D. melanogaster, work commenced on the other

Toll homologs in humans (outside of the known IL-1R1) which were identified in

sequence databases as early as 1994 [12]. In 1997, Medzhitov and Janeway cloned
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human Toll (hToll), today known as TLR4, and showed that a constitutively ac-

tive TLR4 construct activated NF-κB, promoted the release of pro-inflammatory

cytokines, and induced expression of the co-stimulatory molecule CD80 [13]. This

landmark work not only showed that TLR4 could activate a pro-inflammatory in-

nate immune response in humans, it also linked innate immune activation to the

CD80-mediated stimulation of T-cell activation. Therefore, TLR4 was the first bona

fide human PRR to be identified, just eight years after Janeway postulated that

such a molecule could directly link innate and adaptive immunity.

However, at this point, the link between TLR4 and bacterial cell-wall derived

lipopolysaccharide (LPS) was unknown. Rather than stimulating with a ligand,

both Hoffman and Medzhitov employed constitutively active Toll constructs in their

work–the actual TLR4 agonist therefore remained a mystery. The search for the

LPS receptor began all the way back in 1954, when the lipid A moiety of LPS was

shown to activate inflammation [14]. LPS-activated inflammation was proven to be

mediated by NFκB in 1986 and mitogen-activated protein kinase (MAPK) in 1993

[15, 16]. Additionally, in the early sixties, the LPS-resistant C3H/HeJ mouse strain

was isolated, and in 1978 none other than James Watson mapped the responsible

gene, Lpsd, to the fourth mouse chromosome. Lipopolysaccharide-binding protein

(LBP) was identified in 1986 [17], and subsequent work in 1990 showed that LBP

and the GPI-anchored membrane protein CD14 worked together to sensitize immune

cells to LPS [18, 19]. Despite the lack of an intracellular signalling domain in CD14,

these results led many to hypothesize that CD14 was the sought after LPS receptor.

However, in 1998, Yang et al. showed that a TLR was required for transducing the

LPS signal across the plasma membrane– LPS detection was enhanced by CD14

but in fact depended on a TLR [20]. However, because of contaminating lipoprotein

(now known to be a high affinity TLR2 agonist) in their LPS preparations, Yang et

al. misidentified TLR2 as the LPS receptor. Later in 1998, after positional cloning

of murine Lpsd, the Beutler group conclusively showed that Tlr4, not Tlr2, was the

responsible gene, a result for which Beutler was included in the 2011 Nobel Prize

[21]. This finding was reproduced a year later by the Malo group [22]. In 1999, the

Akira group showed that immune cells derived from Tlr4 knockout mice did not

respond to LPS, providing protein-level proof that TLR4 was the LPS receptor [23].

Finally, after the discovery that TLR4 did not by itself confer LPS responsiveness,

it was shown in 1999 that LPS-binding myeloid-differentiation factor 2 (MD-2) was

required as a co-receptor and that the MD-2:LPS complex was the complete TLR4

agonist [24, 25]. Therefore, after more than 45 years, two research avenues (one

looking for PRRs, one looking for the LPS receptor) converged in the late nineties
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onto the same protein: TLR4. TLR4 was the first identified PRR, the long sought

after LPS receptor, and the first TLR with a known agonist.

The mapping of the CD14:LPS:MD-2:TLR4 axis was a seminal moment that sparked

renewed interest in the TLR family and, more broadly, the previously underappre-

ciated innate immune system. A flurry of papers in the early 2000’s de-orphanized

many of the other TLRs and established the entire family as critical PRRs involved

in defense against bacterial and viral infections. These TLR-activating molecules,

derived from exogenous infectious sources like bacteria and viruses, are broadly

known as pathogen-associated molecular patterns (PAMPs). There are ten TLRs

in the human genome (TLR1–TLR10) and twelve in mice (TLR1–TLR9 + TLR11,

TLR12, and TLR13; TLR10 is present in the mouse genome but is not functional

due to a retrovirus insertion) [26]. In 1999, the second TLR to have its ligand

identified was TLR2. TLR2 binds to di- or tri-acylated lipopeptides, a key com-

ponent of gram-positive bacterial cell walls, via a heterodimer with either TLR1

(triacyl) or TLR6 (diacyl) [27, 28, 29]. Experimentally, TLR2 is often agonized with

the synthetic tri-acyl lipopeptide N-palmitoyl-S-dipalmitoylglyceryl Cys-Ser-(Lys)4

(Pam3CSK4). The activation mechanism of TLR2 provided the first evidence that

the specificity of TLRs could be modified by heterodimerization. TLR10, which

shares approximately 50% sequence identity with and is located within the same

chromosomal cluster as TLR1 and TLR6, can also heterodimerize with TLR2 to

recognize lipopeptides and other TLR2-binding PAMPs [30, 31]. However, TLR10

seems to exert an anti-inflammatory effect on TLR2 rather than cooperating to ac-

tivate downstream signalling [32]. Despite a recent report that TLR10 can recognize

the HIV-derived structural protein gp41 [33], TLR10 remains the only human TLR

without a clear agonist, and for now should be functionally grouped alongside TLR1

and TLR6 as a TLR2 partner. In 2001, Hayashi et al. demonstrated that TLR5

recognizes flagellin, the main component of both gram-negative and gram-positive

bacterial flagella [34]. In 2003, Zhang et al. showed that murine TLR11 prevents

infection by uropathogenic bacteria [35], and, as a heterodimer with TLR12, TLR11

can also bind to the protozoan protein profilin and activate an anti-parasitic immune

response [36, 37, 38]. Finally, murine TLR13 acts as the receptor for baterial RNA

[39]. Therefore, based on their canonical PAMP-binding abilities, the sub-family of

TLRs consisting of TLR1, TLR2, TLR4, TLR5, TLR6, TLR11, TLR12, TLR13,

and perhaps TLR10 can be considered the protein- and lipid-sensing TLRs.

The remaining TLRs bind to nucleic acids. In 2000, Hemmi et al. showed that

bacterial, unmethylated cytidine-phosphate-guanosine (CpG) oligodeoxynucleotides
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(ODNs), which are uncommon and often hypermethylated in the mammalian genome,

bind to and activate TLR9 [40]. TLR9’s ability to distinguish between host and viral

DNA is critical to the host response to herpes simple virus [41, 42], and synthetic

CpG ODNs are often used to stimulate TLR9 as a vaccine adjuvant [43]. In 2001,

Alexopoulou et al. demonstrated that dsRNA, a key intermediate produced by most

RNA viruses during their replication cycle, binds to and activates TLR3 [44]. Ex-

perimentally, TLR3 is often agonized by the synthetic dsRNA molecule polyinosine–

polycytidylic acid [poly(I:C)]. Subsequently, TLR7 was shown to bind to the antiviral

small-molecule imiquimod, an imidazoquinoline-containing nucleotide mimetic with

a previously unknown mechanism of action [45]. Consistent with its ability to bind

the nucleotide analog imiquimod, three groups subsequently reported in 2004 that

TLR7 is activated by ssRNA derived from ssRNA-containing viruses like influenza

[46, 47, 48]. TLR8, the closest phylogenetic neighbor to TLR7, can also recognize

viral ssRNA and trigger pro-inflammatory responses; however, somewhat analogous

to TLR10, TLR8 can in some contexts also downregulate TLR7 and TLR9 signalling

[49]. In conclusion, based on their canonical PAMP-binding abilities, TLR3, TLR7,

TLR8, and TLR9 can be grouped as the nucleic-acid-sensing TLRs.

1.1.2 Classical PAMP-Activated TLR Signalling

PAMP binding to TLRs is only the beginning of a complex downstream signalling

network that was elucidated over the fifteen years following the establishment of

TLR4 as the bona fide PRR for LPS. Broadly speaking, there are two distinct TLR-

activated signalling pathways. The first, known as the “MyD88-dependent” pathway

(aka myeloid differentiation primary-response protein 88 dependent), is triggered at

the cell surface predominantly by the protein- and lipid-sensing TLRs and leads

to the release of pro-inflammatory cytokines via NFκB. The second, known as the

“MyD88-independent” pathway, is triggered from endosomes predominantly by the

nucleic-acid-sensing TLRs and leads primarily to the induction of Type I IFNs via

the interferon regulatory factor (IRF) family of transcription factors. Uniquely,

TLR4 is able to signal via the MyD88-dependent pathway at the plasma membrane

and, following endocytosis, the MyD88-independent pathway from endosomes. Be-

cause it has the most diverse downstream signalling network and is most important

to my work, in this section I focus on TLR4-activated signalling in response to LPS,

with an emphasis on the accessory proteins and co-receptors required for signal trans-

duction. I also provide a mechanistic overview of the pro-inflammatory cytokines

and anti-viral interferons released upon TLR4 ligation. For a broader overview, the

5



entirety of the mammalian TLR signalling landscape has been extensively reviewed

elsewhere [2, 26, 50, 51, 52, 53]. As a reference throughout this section, Figure 1.1

provides a simplified schematic of TLR4 signalling.

Figure 1.1 TLR4 Signalling in Response to LPS. Simplified signal transduction
network involved in the activation of inflammation upon binding of LPS to
TLR4.

LPS typically contains two core features: the hydrophobic “Lipid A”, a diglu-

cosamine connected to six acyl chains, and a variable oligosaccharide region that

can contain the “O-antigen” side chain [54]. Lipid A is the key recognition motif in

LPS; however, LPS must first be processed from bacterial outer membranes prior to

presentation to TLR4. First, LBP, which binds to LPS with nanomolar affinity, ex-

tracts LPS from gram-negative cell membranes and then acts as a shuttle protein to

present LPS to CD14 [17, 55]. Second, CD14 monomerizes LPS and, finally, presents

it to a heterodimer consisting of TLR4 and its obligate co-receptor MD-2 [18]. Upon

LPS binding, CD14 physically associates with TLR4:MD-2 in a three-way complex

that becomes localized to lipid raft microdomains [56]; indeed, CD14 is required for

proper endocytosis of the receptor following LPS binding [57], and CD14 remains

physically associated with TLR4:MD-2 throughout internalization [58]. While LBP

and CD14 combine to greatly increase the sensitivity of cells to LPS, innate immune
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activation fundamentally depends on TLR4:MD-2, as knockout of either TLR4 or

MD-2 completely abrogates the response to TLR4 in mice [59, 23]. TLR4 itself does

not bind to LPS; rather, LPS binds within a deep hydrophobic cup within MD-2

(see Section 1.1.3) [24], and it is the TLR4:MD-2 complex which has the highest

affinity for LPS [60]. TLR4:MD-2 exists as a heterodimer at the cell surface [61],

and upon LPS-binding the TLR4:MD-2:LPS ternary complex forms an activated,

M-shaped, 2:2:2 heterohexamer (a dimer of trimers). The formation of this “TLR4

dimer” brings together the cytosolic TIR domains, which form a symmetrical ho-

modimer via an extensive interface mediated by “BB” and “DD” loops [62, 63], and

activates both intracelullar signalling cascades [64].

The immediate cytosolic adaptor proteins for TLRs, of which there are five, act as

scaffolding proteins via homotypic TIR:TIR interactions [65]. At the cell surface,

MyD88 adaptor-like protein (MAL), also known as TIR-domain containing adap-

tor protein (TIRAP), binds directly to the intracellular TIR dimer formed upon

TLR1/2, TLR2/6, or TLR4 dimerization and acts a bridging adaptor to the central

TIR-domain containing regulatory protein, MyD88 [66, 67]. All human IL-1Rs and

TLRs, with the exception of TLR3, can use MyD88 as an adaptor; MyD88 can bind

directly to the TIR domains of TLR7, TLR8, and TLR9 without requiring the bridg-

ing protein MAL [68]. In addition to its C-terminal TIR domain, MyD88 contains

an N-terminal “death domain” (DD), which recruits the IL-1R-associated kinases

1 (IRAK1), IRAK2, and IRAK4 via homotypic interactions with the DD domains

in the IRAKs [69]. IRAK4, which can also directly activate IRAK1 and IRAK2

via phosphorylation, appears to be the most critical downstream kinase, as IRAK4

KO macrophages and mice are broadly resistant to LPS-induced pro-inflammatory

signalling [70]. The megacomplex consisting of MyD88, adaptor proteins, and the

IRAKs is a master innate immune regulator known as the “Myddosome” that is key

to integrating the TLR signal [52, 71]. The activated IRAKs subsequently interact

with and activate the RING E3 ubiquitin ligase TNF receptor associated factor 6

(TRAF6), which becomes polyubiquitinated and recruits a platform consisting of

TGFβ activated kinase 1 binding protein 1 (TAB1), TAB2, and TAB3 [72, 73]. Fi-

nally, the ubiquitin-dependent kinase TGFβ activated kinase 1 (TAK1, also known

as MAP3K7) is recruited to the TRAF6:TAB1:TAB2:TAB3 platform, activated, and

then triggers the rest of the downstream signalling network [74]. TAK1 activation

leads to the degradation of the NF-κB inhibitor IκB, which leads to translocation of

the active transcription factor NF-κB (also known as p50/p56) into the nucleus and

the subsequent activation of pro-inflammatory genes [75]. Simultaneously, through

an orthogonal phosphorylation cascade, activated TAK1 activates the kinases JNK,
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p38 MAPK, and ERK1/2, which broadly activate the activating-protein 1 (AP-1)

family of transcription factors, including Jun and Fos [76]. The concomitant acti-

vation of NF-κB and AP-1 induces a broad inflammatory response and leads to the

release of the pro-inflammatory cytokines IL-1, IL-6, IL-8, IL-12, IL-18, and TNF-α

[68]. These processes also “prime” the inflammasome by increasing expression of

NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3); following activation

by a second stimuli, the NLRP3 inflammasome is fundamental to the processing of

IL-1β and IL-18 [77, 78]. In conclusion, the “MyD88-dependent”, cell surface TLR4

signalling pathway relies on the adaptors MAL and MyD88 and leads to the broad

induction of pro-inflammatory signalling via NF-κB and AP-1.

The MyD88-independent pathway is triggered from endosomes and depends on

TIR–containing adaptor-inducing IFN (TRIF) and TIR related adaptor molecule

(TRAM) [79, 80]. The MyD88-independent pathway is activated downstream of the

resident endosomal nucleic-acid-sensing receptors TLR3, TLR7, TLR8, TLR9, and,

following endocytosis from the cell surface and vesicular trafficking, TLR4. In the

context of TLR4 signalling, TRAM acts analogously to MAL. TRAM binds to the

TIR domain of TLR4 and acts as a bridge to bind TRIF which, as the master up-

stream regulator of this pathway, recruits the E3 ubiquitin ligase TRAF3. TRAF3

activates the IRF transcription factor IRF7 and, via phosphorylation of the regula-

tory serine/threonine kinase TANK-binding kinase 1 (TBK1), IRF3 [81, 82, 2]. The

resulting activation of IRF3 and IRF7 leads to the induction of antiviral Type I in-

terferons, IFNα and IFNβ, as well as the chemokines CXCL9, CXCL10, and CCL5

[83]. The fifth TIR-containing adaptor protein, sterile-alpha and armadillo-motif

containing protein (SARM), is anti-inflammatory and downregulates the MyD88-

independent pathway by competing with downstream proteins for binding to TRIF

[84]. Importantly, the MyD88-independent pathway can also activate NF-κB and

AP-1 (via cross-talk with TRAF6), although less strongly and with slower kinetics

than the MyD88-dependent pathway; this explains why LPS can trigger slow NF-

κB activation in MyD88 KO models and why the strictly endosomal TLRs can still

activate NF-κB [79, 2]. Somewhat confusingly, endosomal TLR7, TLR8, and TLR9

use MyD88 as an adaptor to activate the MyD88-independent pathway [2, 85], so it

is easiest to categorize the terms “MyD88-dependent” and “MyD88-independent” in

the context of TLR4 signalling. However, the most important point to understand

is that, from the endosomal compartment, TLR4 can activate IRF transcription

factors via the bridging adaptor TRIF and induce the expression of Type I IFNs.
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Via these two complementary pathways, LPS binding to TLR4 triggers the expres-

sion of pro-inflammatory cytokines and anti-viral interferons which have diverse

immunomodulatory function. First, the pro-inflammatory cytokines IL-1 (IL-1α

and IL-1β) and IL-18 belong to the IL-1 super-family and have multiple effects on

immune functions, including the stimulation of NF-κB and MAPK in adjacent, un-

activated immune cells, especially macrophages [86, 87]. IL-1 leads to the increased

expression of adhesion molecules to promote extravastion (the infiltration of immune

cells from the circulatory system into the infected tissue), and it potently induces

IL-6 secretion. IL-1 drives the expression of genes which contribute to fever, va-

sodilation, and a lower pain threshold, and it leads to the proliferation, survival,

activation, and differentiation of T cells towards a T helper (TH) phenotype. IL-18

also modifies the adaptive immune response and can induce both TH1 and TH2 T-

cell responses. Second, IL-6 contributes to host defense primarily by activating the

systemic secretion of defensive acute phase proteins by the liver, which broadly con-

trol the early response to infection [88]. IL-6 is also required for TH17 differentiation

from naive CD4+ T-cells, cytotoxic T-cell differentiation from CD8+ precursors, and

the activation of B-cells to promote an antibody response [89]. Third, TNFα, a key

member of the TNF super-family, promotes strong local inflammation via activation

of endothelial and immune cells and, if released systemically, induces lethal septic

shock and the associated “cytokine storm” [90]. TNFα is the master inducer of over

a hundred genes (including many other cytokines) via NFκB and other pathways,

causes tissue degeneration, and leads to the recruitment and survival of immune

cells [91]. Because of its strong and diverse pro-inflammatory properties, especially

at sites of chronic inflammation, TNFα is a major therapeutic target in autoimmune

diseases and cancer [92]. Finally, via the activation of many interferon-stimulated

genes (ISGs), IFNα and IFNβ regulate host antiviral responses and are critical to

the clearance of HIV, influenza, and other viruses [93]. Critically, IFNα and IFNβ

promote antigen presentation by dendritic cells (DCs), regulate CD4+ and CD8+

T-cell responses, and enhance B-cell activation and antibody responses [94]. In

summary, TLR4 activation eventually changes the expression pattern of hundreds

of genes, leading to both a diverse and systemic pro-inflammatory innate immune

response and the induction of a protective adaptive immune response.

1.1.3 Structural Biology of TLR:PAMP Interactions

The unique structural fold of the TLRs facilitates the detection of diverse ligands.

The ectodomains of TLRs contain 20–28 tandem leucine-rich repeats (LRRs), which
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are 20–30 amino acids in length, contain the conserved sequence LxxLxLxxN, and

form a horseshoe-like solenoid [95]. There are thousands of LRR-containing pro-

teins in the broader super-family, from viruses on up to eukaryotes, and more than

60 LRR-containing structures in the PDB [96]. The LRR architecture, defined by

a large, stable, parallel β-sheet on the concave face and variable structural motifs

on the convex face of the horseshoe, is uniquely tuned for protein-protein interac-

tions and ligand binding [97]. Most LRRs interact with other proteins via their

concave face, which can wrap around interactors to maximize contact surface area

[96]; atypically, all of the TLRs primarily use their hypervariable convex regions for

recognition of PAMPs, diversifying the PAMP landscape and explaining TLR speci-

ficity [85]. The TLRs also contain the atypical N-terminal (LRRNT) and C-terminal

(LRRCT) “capping” modules, which do not conform to the standard LRR sequence

motif, often contain stabilizing disulfide bonds, and seem to protect the core of the

TLR fold from the extracellular environment. PAMP-binding results in TLR hetero-

or homodimerization, a step that is strictly required to bring the intracellular TIR

domains into proximity for initiation of the downstream signalling cascades reviewed

in Section 1.1.2. My goal in this section is not to review the structure of TLRs in

detail, which has been extensively done elsewhere [98], but rather to emphasize that

all known PAMP:TLR interactions are direct, high-affinity, and therefore amenable

to conventional structural studies. While there may be accessory proteins involved

in delivering PAMPs to TLRs and fine-tuning the downstream signalling, there exist

definitive, stable complexes between TLRs and PAMPs.

The structure of mouse TLR4:MD-2 bound with a synthetic antagonist was solved in

2007 with crystallography by Kim et al. [99], and the structure of activated mouse

TLR4:MD-2:LPS was solved in 2012 by Ohto et al. [100]. Human TLR4:MD-

2:LPS was first solved in 2009 by Park et al. [64], human TLR4:MD-2:Lipid IVa (a

tetra-acylated antagonist of human TLR4:MD-2) was solved in 2012 [100], and the

hyporesponsive TLR4 D299G + T399I double mutant was solved in complex with

MD-2 and LPS in 2012 [101]. The structure of human TLR4:MD-2:LPS (PDB:

3FXI) is shown in Figure 1.2A and demonstrates the m-shaped TLR4 dimer formed

upon LPS binding. Note that the acyl chains in LPS bind in the hydrophobic β-cup

of MD-2 while the exposed, phosphorylated glucosamine backbone of LPS protrudes

from the pocket and interacts with the convex face of the adjacent TLR4 molecule to

drive dimerization. The sixth acyl chain in LPS also partially points outside of the

MD-2 pocket and interacts with the adjacent TLR4 via two conserved salt bridges

(Lys388 and Gln436) to enhance dimerization. Both Ohto et al. and Kim et al.

show that the addition of LPS to recombinant mouse or human TLR4:MD-2 leads
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to the formation of a stable 2:2:2 activated complex that remains associated during

size-exclusion chromatography (SEC). Using Native-PAGE, Ohto et al. estimated

the KD of LPS for TLR4:MD-2 to be approximately 200 pm [101], which is broadly

consistent with other reports using orthogonal methods that report an affinity in

the single-digit nanomolar range [102, 60]. Without question, TLR4:MD-2 forms

a stable, high-affinity, direct, and structurally tractable complex with its cognate

PAMP, LPS.

A. TLR4:MD-2: E.coli LPS Ra 
(3FXI)

B. TLR1:TLR2: PAM3CSK4

(2Z7X)
TLR2:TLR6: PAM2CSK4

(3A79)

TLR5:Flagellin
(3V47)

TLR3:dsRNA 
(3CIY)

C.

D. E.

90° 90°

90°
90°

90°

TLR8:ssRNADEG

(4R07)
TLR9:ODNCpG

(3WPC)

F. G.

90°
90°

Figure 1.2 Structures of TLR:PAMP Complexes. A.The structure of hu-
man TLR4:MD-2:LPS (PDB: 3FXI). B.The structure of human
TLR1:TLR2:PAM3CSK4 (PDB: 2Z7X). C.The structure of mouse
TLR2:TLR6:PAM2CSK4 (PDB: 3A79). D.The structure of zebrafish
TLR5 bound to S. enterica flagellin (PDB: 3V47). E.The structure of mouse
TLR3 bound to dsRNA (PBD: 3CIY). F.The structure of human TLR8
bound to degradation products from ssRNA (uridine and a di-nucleotide)
(PDB: 4R07). G.The structure of horse TLR9 bound to a CpG-containing
ODN 12-mer (PDB: 3WPC). TLRs depicted in blue/turquoise, PAMPs
depicted in black/grey; PAMPs colored by heteroatom, red oxygens, blue
nitrogens).
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This pattern holds true for many other TLRs. The structure of human TLR1:TLR2:

PAM3CSK4 (PDB: 2Z7X) was solved in 2007 by Jin et al. and is shown in Figure

1.2B, while the structure of TLR1:TLR2:Diprovocim (a high affinity agonist that

binds in the same pocket) was solved by Su et al. in 2019 [103]. PAM3CSK4 binds

exclusively to the convex face of TLR1 and TLR2, with two acyl chains penetrating

into a deep hydrophobic pocket in TLR2 and the third acyl chain driving dimeriza-

tion via binding to a shallower hydrophobic channel in the adjacent TLR1. Both

Jin et al. and Su et. al report that the TLR1:TLR2:PAM3CSK4 complex remains

associated during SEC; this is consistent with the single-digit nanomolar EC50 of

PAM3CSK4 and the sub-nanomolar EC50 of Diprovocim in cell stimulation assays

[104]. The structure of mouse TLR2:TLR6:PAM2CSK4 (PDB: 3A79) was solved in

2009 by Kang et al. and is presented in Figure 1.2C. Analogously to PAM3CSK4, the

two acyl chains in PAM2CSK4 bind in the hydrophobic pocket on TLR2; however,

in the absence of a third acyl chain, a key hydrogen bond between TLR6 Phe319

and the peptide backbone in the PAM2CSK4 head-group drives heterodimerization.

Kang et al. show that the TLR2:TLR6:PAM2CSK4 complex is stable during SEC,

consistent with an EC50 of 8 nm in a cell stimulation assay [105]. The structure

of zebrafish TLR5 bound to S. enterica flagellin was solved in 2012 by Yoon et al.

and is presented in Figure 1.2D [106]. At the primary binding site, flagellin forms

a V-shaped interaction with the sides of both TLR5 subunits; homodimerization at

the secondary interface is driven by interactions between flagellin and the convex

face of the adjacent TLR5. Yoon et al. report that flagellin triggers the formation

of a stable, 2:2 homodimer during SEC, consistent with a cellular EC50 of 77 pm for

the related flagellin analog CBLB502 in a human TLR5 NF-κB reporter assay [106].

When reconstituted into liposomes, membrane-bound human TLR5 has also been

used in a flagellin detection assay, with TLR5 displaying a direct, surface-plasmon-

resonance (SPR)-derived binding affinity of 14 nm for S. typhimurium flagellin and

841 nm for E. coli flagellin [107]. The structure of mouse TLR3 bound to dsRNA

was solved in 2008 by Liu et al. (PDB: 3CIY) and is presented in Figure 1.2E

[108]. Uniquely, a single piece of dsRNA binds in-between two TLR3 molecules

(2:1 stoichiometry) and forms two distal interfaces with each TLR3 subunit, one at

the N-terminus with LRR3 and one at the C-terminus with LRR19–LRR21. TLR3

homodimerization is driven by a cooperative protein-protein interface that forms be-

tween the TLR3 LRRCT domains that are brought into close proximity by dsRNA

ligation. Liu et al. report that the mouse TLR3:dsRNA activated complex remains

stably associated during SEC, a result which has been reproduced with human TLR3
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[109]. Recombinant human TLR3 binds to dsRNA with an affinity of 5–2250 nm de-

pending on the dsRNA length and the prevailing pH [109], and under optimal condi-

tions the standard TLR3 agonist poly(I:C) binds with a KD of approximately 10 nm

[110]. The structure of human TLR8 in complex with two degradation products of

ssRNA (uridine mononucleoside and a di-nucleotide) was solved in 2015 by Ohto

et al. (PDB: 4R07) and is presented in Figure 1.2F [111]. Binding of the ssRNA

degradation products occurs at two sites: one containing uridine mononucleoside at

the convex face of LRR11–14 which drives homodimerization, the other containing

a di-nucleotide bound at the concave face of LRR10–13. Binding of short RNA

oligos at the second site increases the affinity of TLR8 for uridine, with isothermal

titration calorimetry (ITC) demonstrating an increase in affinity from 55µm to 1µm
when an oligo is added. Tanji et al. also report an ITC-derived affinity of 200 nm

for the interaction between TLR8 and the nucleotide analog resiquimod, and fur-

ther demonstrate using small-angle x-ray scattering (SAXS) that resiquimod induces

dimerization of TLR8 in solution [111]. Finally, the structure of horse TLR9 bound

to an agonistic ODN 12-mer containing a CpG motif was solved in 2015 by Tanji

et al. (PDB: 3WPC) and is presented in Figure 1.2G [112]. The CpG motif in the

12-mer is recognized by the N-terminal, concave face of TLR9 (primarily at LRRNT,

LRR1, and LRR2) via direct interactions with amino acids or with water-mediated

hydrogen bonds, while homodimerization is mediated by an interaction between the

convex face of the adjacent TLR9 and the rest of the 12-mer. Ohto et al. show that

the activated TLR9:ODN complex remains associated during SEC, and, using ITC,

they report a KD of 20 nm for this interaction [112]. In summary, in every reported

case, TLRs bind directly to exogenous PAMPs and form stable, high affinity (i.e.

nanomolar or below), dimeric complexes which survive SEC and are amenable to

structural characterization with X-ray crystallography.

1.2 TLRs and Endogenous DAMPs: Mysteries

Remain

Section 1.1 discussed the rise of TLRs and innate immunity during the 90’s and early

2000’s, with cellular and structural biology combining to map the TLR:PAMP land-

scape, deconvolute the intricate downstream signalling network following PAMP de-

tection, and establish direct, high-affinity TLR:PAMP complexes as essential drivers

of host defense. In line with the canonical understanding of TLRs as PRRs, all of
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the work reviewed until this point focused on exogenous PAMPs derived from bac-

teria or viruses. However, a “canary in the coal mine” report from von Bernuth

et al. in 2008 suggested that there remains much to be learned about the TLRs.

In nine children with inherited MyD88 deficiency, von Bernuth et al. found that

MyD88, and therefore the majority of TLRs and IL-1Rs which require this ubiq-

uitous adaptor protein, was only required for protection from a small subset of

pyogenic (i.e. pus forming) bacterial infections like pneumococcus [113]. Despite a

permanent lack of MyD88, which causes at least 35 experimental infections in mice,

the children became healthier over time (likely due to the compensatory effects of the

adaptive immune system) and were immune to most other non-pyogenic microbes.

These data challenged the dogma that TLRs were absolutely indispensable for host

defense; rather, von Bernuth et al. argued, “The MyD88-dependent TLRs and IL-

1Rs are therefore essential for protective immunity to a small number of pyogenic

bacteria, but redundant for host defense to most natural infections” [113]. This re-

sult is supported by subsequent work on the three other non-TLR super-families of

PRRs which contribute to PRR redundancy: the nucleotide-binding oligomerization

domain LRR-containing receptors (NLRs), the retinoic acid-inducible gene 1-like re-

ceptors (RLRs), and the C-type lectin receptors (CLRs) [114]. As a result, O’Neill

et al. speculated in a 2013 review that “TLRs have a more important role in repair-

ing damaged tissue than in anti-microbial defense” [2]. Therefore, the next phase of

TLR inquiry has been and will remain focused on non-canonical TLR activity during

tissue repair and other “sterile” (i.e. no ongoing infection) processes. As it turns out,

these non-canonical TLR functions rely on the detection of endogenous molecules

broadly coined damage-associated molecular patterns (DAMPs). TLR-mediated de-

tection of DAMPs, which now include well over three dozen “self” molecules, drives

tissue repair during homeostasis and, when disregulated, promotes the progression of

many human diseases; however, the molecular details of TLR4:DAMP interactions

remain mysterious [115].

1.2.1 TLR4-Activating DAMPs: A Key Disconnect

Initially, the observation that TLRs could trigger inflammation following stimu-

lation by endogenous host molecules was surprising and controversial–why would

there be an inherent self-reactivity in the innate immune system? In fact, after the

first reports of TLR activation by “self” ligands, many blamed contamination of the

ligands with bacterial lipoproteins or LPS for spurious TLR activation [115]. How-

ever, after many years and careful controls to rule out artefacts, it is now clear that
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TLRs do indeed trigger inflammation upon the detection of endogenous DAMPs

[116, 117]. The current consensus is that DAMPs alert the innate immune system

to tissue damage or cellular stress, with the resulting inflammation mediating the

clearance of debris and the induction of tissue repair. For this reason, DAMPs are

oftentimes called “alarmins”, because they serve as the earliest warning of local

tissue trauma [118]. There are a variety of negative feedback mechanisms in place

to prevent runaway DAMP-driven inflammation, especially with regards to a spa-

tiotemporal separation between PRRs and DAMPs. A host of examples show that

DAMPs are often transiently released at sites of tissue injury, transcriptionally up-

regulated following detection of an exogenous PAMP, confined intracellularly until

cell lysis, released as smaller fragments from extracellular matrix (ECM) polymers,

or maintained in an inactive form prior to a specific post-translational modification

[119]. These checkpoints, while varied in form, all function to ensure that PRRs

only encounter DAMPs and trigger inflammation under specific, well-regulated cir-

cumstances. However, during chronic autoimmune conditions, DAMPs can cause

a spiralling pro-inflammatory feedback loop which Midwood and Piccinini refer to

as the “damage chain reaction” [115]. In this model, an initiating harmful stim-

ulus (perhaps via infection, local tissue damage, or a tumor) causes the release of

DAMPs and the up-regulation of pro-inflammatory cytokines, which induce the re-

lease of more DAMPs via further tissue damage or transcriptional activation; if left

unresolved, DAMPs increasingly accumulate in the tissue and create a chronically

pro-inflammatory extracellular milieu. This damage chain reaction has been impli-

cated in pathogenesis of atherosclerosis, rheumatoid arthritis (RA), inflammatory

bowel disease (IBS), systemic lupus erythematosus (SLE), systemic sclerosis (SS),

psoriasis, multiple sclerosis (MS), Sjogren’s sydrome (SS), myocardial infarcation,

and cancer (especially breast, lung, and pancreatic) [115].

There are now dozens of DAMPs with a link to human disease that have been re-

ported to activate diverse PRRs, including TLRs [117], NLRs [120, 121], and RLRs

[122]. However, especially for non-nucleic acid DAMPs (proteins, peptides, lipopro-

teins, and lipids), the TLRs seem to be the predominant PRR, with TLR4 and

TLR2 being the most common [116]. Herein, I focus exclusively on TLR4-activating

DAMPs, which are both the most numerous and the most well characterized. Table

1.1 provides an overview of DAMPs reported to activate TLR4-dependent signalling

in cellular and/or animal models–these are listed in Column 1. Column 2 details

the biophysical evidence, if any, showing direct binding of DAMPs to TLR4, with

sub-optimal data to be taken as preliminary annotated with an asterisk. Data
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are primarily marked with an asterisk due to artefactual, non-specific, or super-

stoichiometric binding in biosensor assays like SPR; examples of these type of prob-

lems are discussed in detail in Section 1.2.2–1.2.4. Finally, Column 3 details any

evidence regarding co-receptor or accessory protein requirements for the specified

DAMP. Table 1.1 is not a comprehensive list of all TLR4-activating DAMPs but is

rather designed to highlight an interesting selection of fifteen diverse DAMPs with

the most comprehensive characterization in the literature. Finally, rather than dis-

cussing every DAMP in detail, which is beyond the scope of this thesis and has

already been accomplished in the excellent review articles cited above, in the fol-

lowing Sections 1.2.2–1.2.4 I focus on three specific anecdotes to highlight what is,

and still is not, known about TLR4-activating DAMPs.
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Table 1.1 TLR4-Activating DAMPs. List of TLR4-activating DAMPs, with details
regarding any biophysical or other data suggesting a direct interaction and/or
data implying the involvement of co-receptors. Asterisks denote data with
limitations, based on my interpretation from the original literature.

Table 1.1

DAMP Biophysical and Other Data Co-Receptor Requirements

S100A8 and
S100A9 [123]

3 nm binding of S100A9 to immobilized TLR4:MD-2 in SPR, de-
pendent on Zn2+ and Ca2+ [124].* Direct binding of S100A8 to
TLR4:MD-2 in SPR [123].* Immobilized TLR4:MD-2 pulls down
a specific peptide from S100A9.* S100A9 binds to immobilized
TLR4:MD-2 in ELISA [125].

Approximately 150 nm binding of S100A9 to CD14 in SPR. CD14
required for S100A9-mediated cell activation [126]. During car-
diac inflammation, RAGE is the receptor driving NFκB [127].
CD14 and MD-2 are required for HEK293 reporter activation
[125].

Fibronectin
(FN) [128, 129]

FN-EDA binds surface of HEK293 expressing TLR4:MD-2:CD-14
via FACS, blocks anti-TLR4 antibody binding to these cells, and
promotes adhesion of these cells [130].* FN-EDA can IP TLR4
and vice-versa [131].

MD-2 is required for FN-EDA [128]. Co-treatment with TGF-β
increases amount of EDA that TLR4 can IP [131]. MAPK activa-
tion, TGF-β secretion, and fibroblast differentation in response to
FN-EDA blocked by anti-integrin α4β7 antibodies [132]. FN-EDA
can also bind to integrin α9β1 and integrin α4β1 to control cell
adhesion, MAPK activation, and filopodial protrusions [133, 134].
Integrin α4β1 and TLR4 cooperate to induce fibrosis upon FN-
EDA treatment, and FN-EDA binding to α4β1 sensitizes cells to
TLR4 stimulation [135].

Fibrinogen
[136, 137]

None found

Antibody blockade of CD14 renders monocytes unresponsive to
fibrinogen [138]. D299G/T399I mutations in TLR4 cause hyper-
responsiveness to fibrinogen (but hypo-responsiveness to LPS)
[139]. Integrin αMβ2 is required for fibrinogen-derived peptides
to maximally activate TLR4; TLR4 is engaged indirectly via
αMβ2 [140]. TLR4 and Fc-γ receptor both required for maxi-
mal macrophage activation by citrullinated fibrinogen [141].
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Table 1.1 Continued

DAMP Biophysical and Other Data Co-Receptor Requirements

Tenascin-
C (TNC)
[142, 143]

Soluble TLR4 binds ELISA plates coated with TNCFBG (KD =
58 nm) or with peptides derived thereof [144]. By IF, TNC and
TLR4 co-localize in murine heart tissue following myocardial in-
farcation [145]. Anti-TLR4 antibodies can co-IP TNC from skin
fibroblasts [146]

Neither MD-2 or CD14 is required for TLR4 activation [142].
CD36 is the major scavenger receptor required for TNC-induced
foam cell formation [147]. LPS and TNCFBG result in different ac-
tivated macrophage phenotypes [148]. TNC, but not LPS, induces
residual release of TNF-α in TLR4 KO microglia, TNC-induced
CCL2, CCL3, and CCL4 is independent of TLR4 expression, and
TLR4 KO microglia still chemotactially respond to TNC but not
LPS [149].

SLRPs Bigly-
can [150] and
Decorin [151]

Biglycan IPs TLR4 and TLR2; biglycan binds TLR4 with KD =
23 nm in MST [152].* Anti-decorin antibodies IP TLR4 and TLR2;
decorin binds TLR4:MD-2 with KD = 37 nm in MST [151]. In the
presence of cross-linker, anti-biglycan antibodies co-IP TLR2 and
TLR4 [150].

Decorin and biglycan are promiscuous binders of diverse receptor
classes [153, 154]. Concomitant TLR2/TLR4 KO is required to
obliterate activation [152]. Purinogenic receptors P2X7 and P2X4

cooperate to form a complex with TLR4, TLR2, and biglycan;
anti-P2X antibodies IP all three of TLR2, TLR4, and biglycan
[155]. Biglycan physically interacts with the Wnt ligand Wnt3a
and the receptor LRP6 to drive Wnt activation [156]. Cytokine
profiles differ between biglycan, decorin, and LPS [157, 158].
Biglycan IPs CD14 from macrophages, binds CD14 with KD =
67 nm in MST, and requires CD14 for cytokine release [159].
Biglycan uses co-receptor CD14 to activate TLR2/TLR4, but co-
receptor CD44 (KD = 9 nm in MST) to activate TLR4-dependent
macrophage autophagy [160].
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Table 1.1 Continued

DAMP Biophysical and Other Data Co-Receptor Requirements

Oxidized and
minimally
modified
low-density
lipoprotein
(oxLDL and
mmLDL)
[161, 162, 163]

None found

CD36 is the immediate binding event for oxLDL, triggering a
TLR4:TLR6 heterodimer [164]. CD14 is the immediate binding
event for mmLDL, which is presented to TLR4:MD-2 [161]. Anti-
TLR4 antibodies IP a 37 kDa co-receptor bound to oxidized phos-
pholipids derived from mmLDL [162]. Cell surface protein DC-
SIGN co-localizes with and interacts with TLR4 to drive cytokine
release in response to oxLDL [165]. TLR2, TLR4, and CD36 all
required for oxLDL-induced inflammation, but only TLR4 and
CD36 required for oxLDL-induced foam cell formation [166].

Amyloid β
(Aβ) [167]

Peptide derived from related serum amyloid A3 binds immobilized
TLR4:MD-2 in SPR [168].*

TLR2 is key receptor in immune cells; TLR1 co-expression in-
creases response to Aβ aggregates, while TLR4 6 co-expression
decreases response [169]. Anti-CD36 co-IPs TLR4 and TLR6
upon Aβ treatment [164]. Concomitant TLR2, TLR4, and CD14
inhibition required to destroy Aβ-induced cytokines [170]. Aβ is
a promiscuous binder to dozens of receptors [171].

HMGB1 [172,
173]

Macrophage cell-surface FRET shows TLR4:HMGB1 co-
localization; anti-HMGB1 antibodies co-IP TLR4 [174]. Fibrob-
last proximity ligation assay shows cell-surface HMGB1:TLR4 co-
localization; HMGB1 analyte binds to TLR4:MD-2 ligand with
KD = 1.5 µm in SPR [175].* SPR shows oxidized HMGB1 binds
TLR4:MD-2 (KD = 0.42 µm) and TLR4 (KD = 0.64 µm) [176].

TLR2, TLR4, and RAGE are all required for maximal cell acti-
vation by HMGB1 [174]. Mammalian-cell derived HMGB1 acti-
vates TLR4 in primary macrophages but not in HEK293 reporter
cells; HMGB1 activates TLR2 in HEK293 reporters but not in
macrophages [173].
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Table 1.1 Continued

DAMP Biophysical and Other Data Co-Receptor Requirements

Hyaluronic
Acid Frag-
ments (HA)
[177, 178, 179,
180]

HA competitively prevents LPS stimulation of TLR4:MD-2 [181].

Accessory molecule CD44, which binds HA directly, forms a phys-
ical complex with TLR4:MD-2 (by co-IP) and is required for max-
imal detection of HA [182]. TLR2, not TLR4, may be the receptor
for HA [183]. Concomitant TLR2/TLR4 KO required to abolish
chemokine release from murine macrophages [179]. CD136 can act
as an HA receptor [184]. HA may not be a direct TLR binder;
regulates TLRs by modifying receptor access via a physical “jelly-
like” barrier in mesangial cells [185]. HA can promiscuously bind
diverse context-dependent receptors [180].

Histones [186,
187, 188]

Histone H4 binds TLR4:MD-2 with KD = 6 nm in MST [186].*
Anti-H2B can co-IP TLR4 and vice-versa from over-expressing
ganglion cells [188]. Histone H3 can co-IP TLR4 from over-
expressing HEK293 reporters and vice-versa [189].

Concomitant TLR4/TLR2 KO required to abolish signalling, H4
can activate both receptors [186, 190]. H4 also activates TLR9 and
can co-IP TLR9 from hepatic cells [191]. H4-mediated platelet ac-
tivation is not completely destroyed by concomitant TLR2/TLR4
blockade [192], and whole histone-mediate endothelial cell activa-
tion is only partially abrogated by TLR2 or TLR4 blockade [193].

Fetuin A
(AHSG)
[194, 195]

Recombinant AHSG and TLR4 pull-down each other after mix-
ing; AHSG binds TLR4:MD-2 in SPR with KD = 18 nm when
AHSG is the analyte and 23 nm when TLR4 is the analyte;*
AHSG binds TLR4 ectodomain in intracellular yeast-two-hybrid
system;* Native-PAGE shows TLR4:AHSG:Fatty Acid (FA) com-
plex;* ELISA shows dose-dependent capture of AHSG by TLR4
and vice-versa [194]. AHSG and TLR4 co-localize both intra- and
extra-cellularly in breast cancer cells by IF [196].

AHSG binds to and antagonizes insulin receptor via interactions
with FN3 repeat domains [197]. AHSG binds to TGF-β and an-
tagonizes binding to TGF-β receptor II [198]. AHSG is itself a
co-receptor to present FAs to TLR4 [194]. In perivascular fat
cells, AHSG-mediate inflammation and angiogensis are only par-
tially mediated by TLR4 [199]. AHSG is pleiotropic, being both
pro- and anti-inflammatory depending on the context [200].
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Table 1.1 Continued

DAMP Biophysical and Other Data Co-Receptor Requirements

Nicotinate
and Nicoti-
namide Phos-
phoribosyl
Transferases
(NAPRT and
NAMPT) [201,
202, 203, 204]

In SPR with anti-NAMRT antibody as ligand, higher RU observed
with TLR4 and NAMRT as analyte than with NAMRT alone;*
NAMPT shares 30% identity with MD-2, with in silico modelling
suggesting homology at the TLR4-binding region of MD-2 [203].
In SPR with anti-NAPRT antibody as ligand, slightly higher RU
with TLR4 and NAPRT as analyte than with NAPRT alone;*
deletion of a cationic peptide in NAPRT prevents TLR4 activa-
tion in macrophages [202]. Recombinant NAMPT is prone to
aggregation in the absence of stabilizing SUMO tag, implying the
existence of aggregation artefacts in reported binding and stimu-
lation experiments [205].

NAMPT is historically considered both pro- and anti-
inflammatory depending on the context [206]. Both NAMPT and
NAPRT drive monocyte differentiation into macrophages via up-
regulation of M-CSF, something LPS cannot achieve [204].

Lysozyme
(LYZ) and
Annexin A2
(ANXA2)
[207, 208]

Anti-TLR4 antibody co-IPs LYZ from primary human spinal cord
tissue [207]. Anti-ANXA2 antibodies co-IP TLR4, TRAM, and
TRIF upon LPS stimulation of macrophages; ANXA2 co-localizes
with LPS-activated TLR4 by IF [209]. Anti-TLR4 and anti-
ANXA2 antibodies co-IP the other protein [210].

TLR4 is necessary, but not sufficient, for ANXA2 activation,
since HEK293s over-expressing TLR4 or TLR4:MD-2 are unre-
sponsive [208]. LYZ does not require MD-2, but does require the
adaptor ANXA2, to which LYZ binds with KD = 3 nm in SPR;
ANXA2:LYZ complex is the true TLR4 ligand [207]. A lipid-raft-
localized complex consisting of TLR4, calreticulin, nucleolin, and
ANXA2 is required for anti-phospholipid antibodies to activate
endothelial cells [210].
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Table 1.1 Continued

DAMP Biophysical and Other Data Co-Receptor Requirements

Surfactant
Protein A
(SP-A) and
D (SP-D)
[211, 212]

SP-D binds to ELISA plates coated with TLR4 in Ca2+-
dependent manner, estimated KD = 16 nm; SP-D binds to gly-
cosylated and de-glycosylated TLR4 transferred to PVDF mem-
brane [211]. TLR4 and SP-A can co-IP each other from baboon
lung tissue and over-expressing HEK293s; in ELISA, SP-A can
bind to MD-2 and TLR4:MD-2 complex; computational docking
suggests a TLR4:MD-2:SP-A complex and reveals an SP-A pep-
tide that binds TLR4 in ELISA* [213]. SP-A binds to TLR4
and MD-2 (ELISA) and pulls-down TLR4 and MD-2 in Ca2+-
dependent manner; in SPR, immobilized SP-A binds TLR4 with
KD = 20 nm and MD-2 with KD = 33 nm* [214].

MD-2 is not required for SP-A activation of NF-κB in HEK293
reporter [212]. SP-A and SP-D both interact with and down-
regulate TLR2 [211, 215, 216]. SP-A and SP-D both bind to
CD14 (ELISA) and can modulate LPS responses; AUC evidence
of a CD14:LPS:SP-A ternary complex [217, 218]. SP-A-derived
peptides are anti-inflammatory, not pro-inflammatory [213, 219].
SP-A reduces TLR4-mediated cytokine release in murine intes-
tine [220]. SP-A does not co-localize with TLR4 in alveolar
macrophages but rather down-regulates LPS-activated TLR4 via
β-arrestin [221]. Consensus is that SP-A can activate TLR4 but
also inhibit LPS-mediated activation of TLR4.

Pancreatic
(PE) and
Neutrophil
Elastase (NE)
[222, 223, 224,
225, 226]

NE proteolytically degrades TLR4 and MD-2 both in vitro and
in vivo, consistent with a direct interaction [223, 227].

MD-2 is not required in HEK293 reporter [222]. In murine
macrophages, TLR4 deletion does not completely destroy NE-
induced cytokine release [223]. NE degradation of TLR2, TLR4,
MD-2, and cytokines prevents, rather than activates, an innate
immune response during pneumococcal pneumonia [227]. NE is a
“double-edged sword” with both host defense and tissue destruc-
tion phenotypes observed in different contexts [227, 228]. Integrin
αM and NE co-localize in murine macrophages by IF [229]. NE
trans-activates IL-12 release upon TLR4 ligation with LPS via
EGFR [230]. NE activation of TLR4 is likely indirect, driven
by activation of the matrix metalloprotease meprin which sub-
sequently induces EGFR/TLR4 heterocomplexes (by co-IP and
IF) [231]. Elastases can generically degrade the ECM to generate
orthogonal cryptic DAMPs, including FN-EDA [232]. TLR4 co-
operates and physically associates (co-IP) with the GPCR PAR2
to activate cytokine release in macrophages [233, 234].

End of Table 1.1
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1.2.2 S100A8/S100A9

Protein S100A8 (aka MRP8) and protein S100A9 (aka MRP14) are small (11 and

13 kDa respectively), antibacterial, EF-hand containing, metal-binding proteins be-

longing to the super-family of S100 proteins [235]. S100A8 and S100A9 are specifi-

cally expressed in circulating monocytes, macrophages, and neutrophils and, during

inflammation, in keratinocytes and epithelial cells [236, 237, 238]. In vivo, S100A8

and S100A9 exist as heterodimer called Calprotectin (CP) which, in the presence

of Ca2+ and other divalent cations like Zn2+, can form a “CP dimer”, which is re-

ally a 2:2 heterotetramer [239, 240]; for clarity, I will refer to the higher order CP

oligomer (S100A8:S100A9)2 as a heterotetramer and the lower order CP oligomer

(S100A8:S100A9) as a heterodimer. Note that CP binding to transition metals re-

sults in tetramerization but relies on different sites than classical Ca2+ binding to

the EF-hand subdomains [241]. In vitro, S100A8 and S100A9 can also form obligate

homodimers, which are often used experimentally to model the CP heterodimer due

to the inability of the homodimers to tetramerize in the presence of divalent cations

[241, 125]. S100A8 and S100A9 are usually cytosolic, representing up to half of the

intracellular protein content in neutrophils and 5% in monocytes [242], where they

contribute primarily to maintenance of the actin cytoskeleton and regulation of cell

mobility [243, 244]. However, upon cell activation during infection, S100A8 and

S100A9 are actively secreted extracellularly via a non-canonical pathway involving

microtubules [245], resulting in a 100-fold increase in serum levels during inflam-

mation [246]. Because of its strong induction during infection, CP is a bona fide

biomarker for inflammation [247]. CP is the most abundant protein in the synovial

fluid from patients with RA, where it correlates with disease progression, and CP can

reach local concentrations of up to 1 mg mL−1 at sites of infection or tissue damage

[248, 249]. Upon extracellular release, CP directly contributes to microbial clear-

ance via the high-affinity, EDTA-mimicking chelation of metal nutrients including

Zn, Mn, Cu, Fe, and Ni [250]. In addition to its direct role in bacterial clear-

ance, extracellular CP acts as a DAMP to drive pro-inflammatory cytokine release

via activation of TLR4 and receptor for advanced glycation endproducts (RAGE)

[123, 127]. Chronic up-regulation of CP has been extensively linked to maintenance

of autoimmune diseases including RA, psoriasis, SLE, SS, and osteoarthritis (OA)

[243], and CP directly mediates both joint inflammation and tissue destruction dur-

ing antigen-induced arthritis [251]. Primarily because of its early identification and

contribution to diverse human diseases, CP is one of the most well characterized

DAMPs in the literature.
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Vogl et al. first reported in 2007 that S100A8 interacts with TLR4:MD-2 to activate

NF-κB and IRAK1 [123]. In S100A9 KO murine bone-marrow derived mononuclear

cells (BMCs), which lack both S100A8 and S100A9, supplementation with S100A8

or CP, but not S100A9, resulted in the strong release of TNF-α. In fact, 5 µg mL−1

CP resulted in higher TNF-α levels than stimulation with 1µg mL−1 of LPS. The

addition of Polymixin B, an LPS binding antagonist, could not reverse this phe-

notype, but heat-denaturation of S100A8 rendered the protein inactive, confirming

that pro-inflammatory cytokine release was due to the S100A8 protein and not LPS

contamination. In BMCs from TLR4 mutant C3H/HeJ mice, S100A8 was com-

pletely unable to induce pro-inflammatory cytokine release, while over-expression

of TLR4, MD-2, and CD14 rendered HEK293 reporter cells responsive to S100A8,

confirming that S100A8 activates TLR4-dependent signalling. Similarly, Grevers et

al. reported that S100A8 could induce differentiation in wild-type, but not TLR4-

deficient, murine osteoclasts. These cellular results have been independently repro-

duced in human patients by Lee et al. [252]. In healthy human peripheral blood

mononuclear cells (PBMCs), Lee et al. reported that [S100A8] as low as 0.2 µg mL−1,

but not S100A9, induce the secretion of IL-1β, IL-6, IL-17, and TNF-α. Addition

of S100A8 to patient-derived RA fibroblast-like synoviocytes (FLS) results in the

time- and concentration-dependent release of IL-6, and this effect could be reversed

by an anti-TLR4 antibody or small-molecule antagonists of PI3K, c-Jun, ERK1/2,

MAPK, or NF-κB. In contrast to these reports, which argue that S100A8 is the

dominant TLR4 activator, Riva et al. showed that recombinant, LPS-free S100A9

homodimers could also activate NF-κB and drive pro-inflammatory cytokine release

in both THP-1 monocytes and bone-marrow derived murine dendritic cells (BM-

DCs) [253]. These phenotypes were fully TLR4-dependent–in BM-DCs from TLR4

KO mice, S100A9 could not induce IL-6, IL-1β, TNFα, or nitric oxide secretion.

In 2018, Vogl et al. provided further validation and nuance to these results by elu-

cidating a negative feedback mechanism based on Ca2+ binding [125]. In human

monocytes cultured in Ca2+-containing media, only S100A8 and S100A9 homod-

imers, but not CP, could induce TNFα secretion. The activity of CP could be

rescued by introduction of mutations in S100A9 (N69A or E78A) which prevent cal-

cium binding and the resulting tetramerization. These results were reproduced in

a TLR4-expressing HEK293 reporter system and with in vivo mouse models: only

tetramerization-deficient CPmut could induce expression of IL-8 and TNFα to drive

inflammation. Vogl et al. proposed that secreted CP is initially able to activate

TLR4 but, due to the high concentration of extracellular Ca2+, becomes rapidly

24



sequestered into an inactive tetramer. This explains why S100A8 and S100A9 ho-

modimers, which do not tetramerize, could still induce pro-inflammatory cytokine

release in Ca2+-containing media. Therefore, across many studies, the cellular bi-

ology is clear: homodimeric S100A8, homodimeric S100A9, and heterodimeric CP

activate inflammation in mice and humans in a TLR4-dependent manner.

However, the biophysical data supporting a direct interaction between TLR4 and

S100A8/A9 are much less clear. For all of the biosensor data (primarily SPR) I

discuss, and often critique, in this and the following Sections, I rely heavily on the

work of Rich and Myszka, who in 2010 published the definitive guide to conduct-

ing, analyzing, and reporting optical biosensor-based binding experiments [254]. In

their original 2007 paper, Vogl et al. report one representative SPR trace from

three experiments with TLR4:MD-2 as the analyte (i.e. the soluble phase molecule

flowed over the chip) and S100A8 as the ligand (i.e. the immobilized molecule on

the surface of the chip). The authors use a mouse TLR4:MD-2 fusion construct

(known as “LPS-Trap” and containing MD-2 fused to the C-terminus of TLR4 with

a medium-length GlySer linker [255]) expressed in S2 insect cells as the liquid-phase

analyte, and covalently immobilized recombinant mouse S100A8 as the solid-phase

ligand. As negative controls, the authors immobilize RAGE-Fc and mouse serum

albumin (MSA). The authors do not report the ligand loading density, model fits, or

any calculated binding constants, but they do show a response of over 500 RU with

121 nm TLR4:MD-2 analyte and 300 RU with 67 nm; they observe no response with

immobilized RAGE or MSA. In addition to the non-physiological TLR4:MD-2 con-

struct used as the analyte and the lack of affinity constants or model fits, there are

pathologies in both the shape and the magnitude of Vogl et al.’s sensorgrams which

suggest artefactual binding. First, the association phases of the sensorgrams never

reach an equilibrium plateau, and during the dissociation phase the response does

not return to baseline, both of which indicate the non-specific accumulation of ana-

lyte on the biosensor surface. Furthermore, lower immobilization densities are more

accurate, as super-saturation of the chip can lead to artefactual binding. Based on a

physical ratio of the molecular weights of the ligand and analyte, it is possible to cal-

culate a theoretical maximum response based on the initial response during ligand

loading (for details, see https://www.sprpages.nl/immobilization/immobilization-

procedures). To reach a maximum response of 500 RU, the authors would have

needed to immobilize S100A8 to a level of 112 RU, which is relatively high; if a

lower immobilization density were used, then this response of 500 RU would be

super-stoichiometric and indicative of protein aggregation.
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Similar pathologies are present in other S100:TLR4 binding data. S100A9 reportedly

binds to and activates TLR4:MD-2, but only in the presence of Ca2+ and Zn2+ [124];

this is unexpected, since S100A9 does not change oligomeric states in the presence

of metal ions. The authors use an SPR assay with 100 nm mouse S100A9 or CP as

the analyte and mouse TLR4:MD-2 (fusion construct, LPS-Trap) as the immobilized

ligand in a running buffer containing Ca2+ and Zn2+. For S100A9, the authors report

a max response of 1,270 RU for S100A9 and a KD of 2.1 nm, and for CP, a maximum

response of 280 RU and an affinity of 3.8 nm. They also show that the response

increases as a function of [Zn2+]. The authors do not report the model fits, but they

do report an initial loading density of 3,000 RU for TLR4:MD-2 which is exceedingly

dense. Even with this overloaded chip, the maximum theoretical response for S100A9

dimer as the analyte is 673 RU, which is half of the maximum response reported

in their sensorgram. This is a clear sign of aggregation or non-specific binding.

Additionally, the high affinity of CP for TLR4:MD-2 in the presence of divalent

metal ions is concerning, because tetramerized CP cannot activate TLR4:MD-2 as

discussed above. The pathologies I identify in this data are supported by a 2019

report from Noes et al. which showed, via detailed ITC, circular dichromism (CD),

and inductively coupled plasma-mass spectrometry experiments, that S100A9 is

prone to Zn2+-dependent aggregation and that, when the Zn2+ binding residues

are removed by mutation, S100A9mut is still able to activate TLR4 in a HEK293

reporter assay [256]. Therefore, the binding reported by Bjork et al. is likely due to

Zn2+-dependent aggregation of S100A9 and not a specific interaction.

A final piece of biophysical data in the 2018 Vogl et al. report shows that immo-

bilized human TLR4:MD-2 (anti-His antibody immobilized on beads and then used

to capture His-tagged TLR4:MD-2) can pull-down a specific S100A9 peptide that

is detected by MSMS [125]. Using an ELISA with immobilized TLR4:MD-2, the

authors also show that S100A9 mutations within this peptide prevent adsorption of

S100A9mut. These results allow them to propose a structural model for TLR4:MD-

2:S100A9 using previously reported crystal structures. I discuss the limitations of

anti-TLR4 ELISAs in Section 4.2, so I will not belabor the point here, but the MS

assay is also incomplete in my view. The authors do not show pull-down of whole

S100A9 with immobilized TLR4:MD-2, but rather show pull-down of just a peptide

from a S100A9 pre-digest or a specific synthesized S100A9 peptide (63-79). Fur-

thermore, in a control pull-down with a scrambled peptide, the scrambled peptide is

present in the elution (although at a lower relative intensity than the correct peptide

63-79), and the authors do not report the results from a negative control pull-down

of the 63-79 peptide over beads without immobilized TLR4:MD-2 (although they do
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report this negative control for the scrambled peptide and show that the beads them-

selves pull-down a detectable amount of the scrambled peptide). Yet again, then,

these biophysical data showing a direct TLR4:S100A9 interaction are incomplete.

In contrast, there now exists more reliable SPR data showing that CD14 can bind

directly to S100A9 [126]. The authors use human CD14 as the analyte and ei-

ther human S100A8 or S100A9 as the immobilized ligand in SPR and show that

S100A9, but not S100A8, binds CD14. Although they do not report ligand loading

densities or model fitting parameters, and they only show one of two experiments,

the maximum reported response is less than 20 RU which is reasonable and does

not immediately indicate super-stoichiometric binding. The authors also show that

blockade of CD14 prevents S100A9-activated pro-inflammatory cytokine release in

THP-1 monocytes and that knock-out of either TLR4 or CD14 in murine BM-DCs

prevents S100A9-induced TNFα release and S100A9 internalization. In addition to

CD14, RAGE has also been indicated as the primary receptor for CP in a murine

post-ischemic heart failure model [127]. Despite reported SPR data showing no in-

teraction between S100A8 and RAGE (Vogl et al. report this as a negative control

[123]) or CP and RAGE (Bjork et al. report that S100A9 but not CP can bind

to RAGE [124]), Volz et al. show that RAGE is absolutely required to sustain

CP-induced NF-κB and inflammation in vivo [127].

In summary then, the cellular evidence that dimeric S100A8, S100A9, and CP can

activate TLR4 both in vitro and in vivo is conclusive, but the biophysical data often

cited to justify a direct 1:1 interaction is incomplete, sub-optimal, and contradictory.

Furthermore, there is solid evidence that CD14 binds directly to S100A9 and that

RAGE is required for CP activity in vivo–these data hint at co-receptor involvement

rather than, or perhaps in addition to, a direct TLR4 binding event. This pattern

of data will re-appear throughout the remaining anecdotes in this Section.

1.2.3 Fibronectin

Fibronectin (FN) is a polymeric, core ECM glycoprotein containing 12 fibronectin

type I (FNI) repeats, two FNII repeats, 15 constitutively expressed FNIII repeats,

two alternatively spliced FNIII domains called extra domains A and B (FN-EDA

and FN-EDB), a variable FNIII connecting region (V), and a C-terminal di-cysteine

motif that controls dimerization [257]. FN has diverse biological roles, including

detecting and maintaining extracellular tension and tissue networks, regulating cell
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adherence via interaction with integrin α5β1, and promoting tissue regeneration

[258, 259]. FN’s pro-inflammatory activity is controlled by cryptic sites exposed by

alternative splicing, proteolysis, and/or domain unfolding. Constitutively expressed

FN in adult tissues does not contain the EDA domain, but at sites of tissue injury,

remodelling, or chronic inflammation, EDA-containing FN is strongly up-regulated

[257]. The EDA domain is the minimal DAMP responsible for inflammation, as

either the isolated domain itself or the EDA-containing polymer (FNEDA) activates

TLR4-dependent cytokine release [128, 260, 261]. FN-EDA was first demonstrated

to activate TLR4:MD-2 in 2001, making it one of the oldest known DAMPs [128], and

its pro-inflammatory properties have been implicated in tumor metastasis, preterm

birth, fibrosis, and other autoimmune conditions [131, 262, 263]. Additionally, a

peptide derived from the first FNIII repeat (known as FNIII-1c) that mimics the

unfolded FNIII1 domain under conditions of matrix rigidification can activate both

TLR2 and TLR4 [264, 265]. Indeed, FNIII-1c and FN-EDA can synergize to enhance

pro-inflammatory cytokine release via TLR4, demonstrating that both the splic-

ing status and structure of FN are directly communicated to cells via two distinct

pro-inflammatory regions [265]. Finally, the 13th and 14th FNIII repeat domains

(FNIII13–14), which can be proteolytically released upon degradation of full-length

FN, can activate the secretion of aggrecanase from wild-type murine hip explants

but not from TLR4 KO explants [266]. In summary, rather than being controlled by

extracellular release like CP, the pro-inflammatory properties of FN are modulated

by physical changes which activate or reveal cryptic pro-inflammatory epitopes.

In their original 2001 paper, Okamura et al. showed that recombinant FN-EDA

can activate MMP-9 production, NF-κB nuclear translocation, and IL-10 release in

HEK293 reporter cells, THP-1 monocytes, and mouse splenocytes in a TLR4:MD-

2-dependent manner [128]. The authors show that TLR4 activation is dependent on

the complete FN-EDA protein and not due to LPS contamination, as heat denatu-

ration of FN-EDA prevents activation but pre-incubation with the LPS antagonist

Polymixin B does not. Gondokaryono et al. showed that FN-EDA at concentrations

as low as 1µg mL−1, but not other FNIII repeats, can stimulate the release of TNFα,

IL-1β, and IL-6 in wild type murine bone-marrow derived mast cells (BMMCs)

but not in BMMCs from TLR4 KO mice [261]. Furthermore, Gondokaryono et al.

demonstrated that TLR4 is required for joint swelling and cytokine release in vivo

upon FN-EDA injection into murine joints. Lefebvre et al. found that FN-EDA

can prime the biosynthesis of leukotriene B4 in and activate migration of polymor-

phonuclear neutrophils (PMNs) both in vitro and in vivo in a TLR4-dependent

manner [260]. Just 300 nm FN-EDA induces strong PMN activation, a phenotype
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which can be reversed by small molecule TLR4 inhibition but not by pre-incubation

with Polymixin B. With regards to the pro-inflammatory peptide FNIII-1c, You et

al. showed that FNIII-1c stimulates a strong transcriptional upregulation of TNFα,

IL-8, and IFN-β in human dermal fibroblasts and that IL-8 release following stimula-

tion with FNIII-1c can be inhibited by anti-TLR4 antibodies, but not anti-TLR2 or

IgG control antibodies, in a dose-dependent manner [129]. Finally, a comprehensive

reproduction of these results was published in 2014 by Kelsh et al. [265]. Kelsh et

al. not only showed that FNIII-1c and FN-EDA can activate TLR4-dependent NF-

κB signalling and pro-inflammatory cytokine release in human dermal fibroblasts,

but also that the two DAMPs can synergize to activate even stronger and higher

affinity cytokine release. When used in combination, just 50–100 nm of FNIII-1c

+ FN-EDA can activate significant release of IL-8, and FN-EDA shifts the cellular

EC50 of FNIII-1c by ten-fold from 9 µm to 900 nm. In conclusion, in both human

and murine models, FN-EDA, FNIII-1c, and to a lesser extent FNIII13–14 drive

potent and reproducible pro-inflammatory signalling through TLR4.

However, over the twenty years since the FN:TLR4 axis was proposed by Okamura et

al., there remains very little evidence to support direct binding of either FN-EDA or

FNIII-1c to TLR4. Using FACS, Lasarte et al. reported that recombinant FN-EDA

binds to the cell surface of HEK293 cells expressing TLR4:MD-2:CD14 but not to

LacZ-expressing HEK293s [130]. Similarly, Lasarte et al. showed that TLR4:MD-

2:CD14-expressing HEK293 cells, but not LacZ-expressing cells, can adhere to FN-

EDA-coated microtitre plates, although this could be indicative of TLR4-integrin

cross-talk rather than direct binding, especially given FN-EDA’s promiscuous inte-

grin binding activity (see Table 1.1). Furthermore, the authors found that increasing

amounts of FN-EDA inhibit the binding of anti-TLR4 antibodies to the HEK293

cell surface in a dose-dependent manner. However, the maximum binding inhibition

is under 50%, and the authors use up to 0.6 mm FN-EDA to achieve it, bringing into

question the specificity of the observed antibody blockade. In whole-cell lysates from

human skin fibroblasts, Bhattacharyya et al. reported that anti-TLR4 antibodies

can co-IP FNEDA and that anti-FNEDA antibodies can co-IP TLR4 [131]. In in a simi-

lar experiment in murine liver-derived megakaryotes stimulated with FNEDA, Malara

et al. reported that an anti-TLR4 antibody could co-IP FNEDA [267]. Outside of

these indirect indications of binding, I could find no other biophysical evidence in

support of a direct FN:TLR4 interaction.

In alignment with the dearth of biophysical data, there is increasing evidence to sug-

gest the involvement of co-receptors in FN detection. At a basic level, Okamura et
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al. showed in their original 2001 report that MD-2 is required to sensitize HEK293

cells to FN-EDA [128]. Furthermore, Kohan et al. reported that MAPK activa-

tion, TGF-β secretion, and fibroblast differentiation in response to FN-EDA (all of

which are TLR4-dependent in other reports) can be inhibited by anti-integrin α4β7

antibodies, suggesting cross-talk between TLR4 and integrin α4β7 [132]. Along

the same line, Kelsh-Lasher et al. demonstrated cooperation between TLR4 and

integrin α4β1 in the FN-EDA-dependent induction of fibrosis: maximal fibroblast

responses required both receptors and pre-stimulation of α4β1 with FN-EDA primed

the cells for subsequent TLR4 activation [135]. Bhattacharyya et al. showed that

treatment of skin fibroblasts with TGF-β increases the amount of TLR4 that can be

co-IP’d with an anti-FNEDA antibody and the amount of FNEDA that can be co-IP’d

with an anti-TLR4 antibody [131]. This persuasively suggests the involvement of

other proteins, perhaps members of the TGF receptor super-family itself or down-

stream protein targets transcriptionally activated by TGF-β. Irrespective of the

exact mechanism, however, the best explanation for a secondary stimulus changing

the apparent affinity of FNEDA for TLR4 is the physical involvement of a context-

specific accessory protein(s). Interestingly, in human lung fibroblasts, Zheng et al.

found that anti-TLR2 antibodies, but not anti-TLR4 antibodies or IgG controls, ab-

rogate FNIII-1c-induced IL-8 secretion and NF-κB nuclear translocation [264]. This

result implies that FNIII-1c can use different TLRs in different contexts, as dermal

fibroblasts rely on TLR4 for pro-inflammatory signalling [265]. This is indicative of

co-receptor involvement, since TLR4 is also expressed by lung fibroblasts and TLR2

is also expressed in dermal fibroblasts [268, 269]; therefore, FNIII-1c’s TLR flexi-

bility is likely controlled by context-specific adaptor proteins that can only present

the peptide to one or the other of TLR2 and TLR4. An additional experiment

from Kelsh et al. supports this notion. Kelsh et al. reported that FN-EDA and

FNIII-1c activate IL-8 secretion from both monocytes and dermal fibroblasts, while

Tenascin-C (TNC; another TLR4 activating DAMP and the focus of this thesis; see

Section 1.3) could only activate IL-8 release in monocytes and not dermal fibrob-

lasts [265]. All of these molecules rely on TLR4 to drive inflammation, and both

cell types express TLR4–therefore, if a direct TLR4 binding event were sufficient for

cell activation, why can FN but not TNC stimulate cytokine release from dermal

fibroblasts? The most parsimonious explanation for these data is the involvement

of an FN co-receptor(s) that is expressed in both cell types and a separate TNC

co-receptor that is expressed in only monocytes. To conclude, in my assessment

the evidence for co-receptor involvement in the TLR4-mediated detection of FN is

stronger than the biophysical data suggesting a direct interaction.
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1.2.4 Small Leucine-Rich Proteoglycans

Biglycan and decorin are class I small leucine-rich proteoglycans (SLRPs) which

share 60% sequence homology, are composed of tandem LRRs accompanied by a

unique CX3CXCX6C motif at the N-terminal Cys-cluster, bear glycosaminoglycans

containing chondroitin and dermatan sulfate disaccharide side chains, and are lo-

calized within the ECM [270]. Because of their structural complexity and gly-

cosaminoglycan heterogeneity, decorin and biglycan have been reported to bind to

dozens of matrix proteins, cytokines, and receptors with diverse impacts on collagen

fibrillar organization and matrix assembly, cell adhesion and migration, cell prolif-

eration, and fibrosis [271, 272]. During normal conditions, these multi-functional

proteins remain sequestered in the ECM at collagen-enriched areas; however, dur-

ing tissue injury or stress, decorin and biglycan are proteolytically liberated from

the ECM by matrix metalloproteases (MMPs) and/or synthesized and secreted as

soluble proteins de novo, allowing them to act as DAMPs via activation of TLRs

and other receptors [273, 274]. For this reason, the pro-inflammatory incarnations of

SLRPs are often termed “soluble” to differentiate them from the solid-phase matrix-

bound species that dominate during homeostasis. As with FN-EDA, SLRPs were

some of the first identified DAMPs–Schaefer et al. demonstrated biglycan activation

of TLR4 and TLR2 as early as 2005 [150]. Because of their diversity, multifunc-

tionality, abundance, and ubiquity, SLRPs orchestrate cross-talk between numerous

signalling pathways, including the feed-forward amplification of pro-inflammatory

signals from diverse sources [155, 151, 154, 119]. The literature surrounding decorin

and biglycan is immense, and interested readers are pointed towards comprehen-

sive reviews which detail the involvement of these SLRPs in renal disease, car-

cinogensis, diabetes, autoimmune diseases, fibrosis, tissue regeneration, and more

[273, 274, 271, 275, 276, 277, 278, 272, 158]. In this section, I briefly review the evi-

dence surrounding biglycan and decorin’s interaction with TLR4 and other immune

receptors.

In their original 2005 paper, Schaefer et al. demonstrated that soluble biglycan

activates MAPK and NF-κB and the release of TNF-α, IL-6, and IL-1β from

macrophages and HEK293 reporter cells [150]. Bigycan-mediated cytokine secre-

tion is reduced by knockout of either TLR2 or TLR4 and completely abrogated by

concomitant TLR2/TLR4 knockout or MyD88 deletion. Babelova et al. reproduced

reduced IL-1β secretion from TLR2/TLR4 KO murine peritoneal macrophages upon

treatment with 4µg µL−1 biglycan [155]. Biglycan activation of TLR2 and TLR4 also

triggers the expression of B-cell chemoattractant CXCL13 in murine macrophages
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and DCs, implying that biglycan also communicates with the adaptive immune

system [279]. As with the other cytokines, Moreth et al. reported that biglycan-

triggered CXCL13 levels are reduced in TLR2 or TLR4 knockout cells and com-

pletely abolished in macrophages and DCs lacking both receptors; these results also

hold true in in vivo mouse models, with TLR2 or TLR4 KO reducing plasma levels of

pro-inflammatory cytokines following biglycan injection. [279]. Similarly, in a con-

stitutive mouse model where biglycan is overproduced in hepatocytes and released

systemically, Zeng-Brouwers reported a robust up-regulation of CXCL1, CXCL2,

and CCL2 which could be reversed with MyD88 deletion, and an up-regulation

of CCL5, which could be reversed by TRIF deletion, providing strong in vivo ev-

idence for biglycan’s ability to activate both the MyD88-dependent and MyD88-

independent signalling pathways downstream of TLR2/TLR4 [280]. Broadly, the

cellular results are quite similar for decorin. Merline et al. reported in 2011 that

decorin activates NF-κB and the release of TNFα and IL-12 from macrophages, and

that concomitant knockout of TLR2 and TLR4 is required to completely reverse

decorin-induced cytokine release [151]. Additionally, in an in vivo murine model of

SS, splenocytes secrete TNFα upon decorin stimulation but not in the presence of

the small molecule TLR4 inhibitor TAK242 [157]. Yet again, the cell biology here is

robust: across diverse human and murine models, decorin and biglycan can activate

pro-inflammatory cytokine release via TLR2 and TLR4.

Of all the DAMPs discussed in Section 1.2.1, biglycan and decorin have the strongest

biophysical evidence for a direct interaction with TLR4, allowing the authors of a

2020 review to conclude that “biglycan binds to TLR2 and TLR4 with an affinity

comparable to respective pathogen derived ligands” [158]. However, careful review

of the evidence suggests this might be a premature conclusion, both in terms of

known co-receptor requirements and the quality of the biophysical data itself. The

ability of decorin and biglycan to IP TLR4 is clear: Moreth et al. reported that

anti-biglycan antibodies can co-IP TLR4 in HEK293 reporter cells [152], a result

that has been directly reproduced in the same cells using anti-decorin antibodies

to co-IP TLR4 [151]. In their original report, Schaefer et al. further demonstrated

that, in the presence of a cross-linker, anti-biglycan antibodies can co-IP TLR4

from macrophages; Schaefer et al. used both western blot and MSMS to validate

this pull-down, removing any doubt about antibody specificity [150]. However, IP

experiments are always indirect–indeed, all three of these papers demonstrate that

decorin and biglycan can also co-IP TLR2, consistent with the requirement for both

TLR4 and TLR2 to achieve maximal response to these SLRPs. These IPs cannot,
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therefore, distinguish between separate binding events to TLR2 and TLR4 or a sin-

gle binding event to a larger complex that includes both TLRs. In addition to these

IP data, Moreth et al. published a microscale thermophoresis (MST) experiment

purporting to show binding of fluorescently labelled human TLR4 to human bigly-

can with a KD = 23 nm [152]. However, the data are quite noisy (and are presented

not as averages with error bars, which would be appropriate for an experiment with

n = 3, but rather as a scatter plot, which misrepresents the spread of the data),

and despite their software package placing a binding curve, the maximum average

response actually occurs at the reported KD, where the response should be half max-

imal. This is a severe pathology in the data that renders the curve uninterpretable in

my opinion. The only reported negative control is albumin, which does not appear

to bind biglycan; however, this is a poor control, especially since both TLR4 and

biglycan are heavily glycosylated LRRs, features which can complicate the behavior

of proteins in narrow glass MST capillary tubes due to non-specific adsorption. A

final problem with these data is the use of TLR4 and not TLR4:MD-2, especially

since Schaefer et al. reported a clear dependence on MD-2 for cell activation in the

presence of biglycan [150]. An improved MST experiment using human TLR4:MD-2

and human fluorescently labelled decorin is present in the Supplementary Informa-

tion from Merline et al. and shows an apparent KD = 38 nm [151]. These data

are the best evidence of a direct interaction between any DAMP and TLR4 that

I have seen in the literature–there are no obvious pathologies in the data, and the

biologically relevant TLR4:MD2 complex is used as the binding partner. However,

just like Moreth et al., Merline et al. use Tween-20 rather than the preferred BSA

to prevent non-specific adsorption to the glass capillaries, and they do not report

or mention pre-test scans which rule out this artefact [281, 282]; furthermore, there

is no report of a positive control (LPS being an obvious choice) which could orient

the data by showing what a “true”, specific response looks like. There is a final,

more generic observation that makes me suspicious of non-specific binding in these

MST experiments. A low-nanomolar interaction would imply both the stability of

the complex during SEC, which is a common experiment presented for the PAMPs

as discussed in Section 1.1.3, and also that binding could be trivially observed with

SPR, ITC, cross-linking SDS-PAGE, or other orthogonal techniques. However, de-

spite careful searching, I could not find any of these simple follow-up experiments

in the literature for decorin or biglycan. Therefore, at best, there is preliminary

evidence from just MST to suggest that just decorin binds to TLR4:MD-2, but in

the absence of orthogonal validation these data remain quite preliminary and do not

justify the consensus in the literature of a direct interaction.
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This conclusion is further underscored by the now overwhelming evidence that

decorin and biglycan rely on co-receptors. First, as mentioned previously, both

TLR2 and TLR4 are required for maximal responses to decorin and biglycan, sug-

gesting the involvement of multiple receptors. Second, Babelova et al. reported that

inflammasome activation and IL-1β release in response to biglycan is dependent on

the purinogenic receptors P2X4 and P2X7 in addition to TLR2/TLR4 [155]. They

show that knockout or knockdown of these purinogenic receptors renders murine

peritoneal macrophages unresponsive to biglycan, and go further by demonstrating

that anti-biglycan antibodies simultaneously co-IP TLR2, TLR4, P2X4, and P2X7.

Although the authors are careful to state that independent receptor engagement

is possible, the bulk of their data allows them to conclude that “biglycan medi-

ates clustering of TLR2/4 and purinogenic P2X4/P2X7 receptors, inducing receptor

cooperativity within these newly formed multi-receptor complexes” [155]. Third,

Berendsen et al. demonstrated that biglycan is necessary for canonical activation

of Wnt signalling through a complex with Wnt-agonist Wnt3a and the lipoprotein

receptor LRP6, as biglycan knockout abrogates Wnt activation both in vitro and in

vivo [156]. Berendsen et al. reported that anti-LRP6 and anti-biglycan antibodies

co-IP all three of biglycan, LRP6, and Wnt3a from over-expressing HEK293 cells,

allowing the authors to hypothesize a role for biglycan as a co-receptor that presents

Wnt3a to the receptors Wnt and LRP6 to drive Wnt activation. Fourth, Roedig

et al. reported a direct interaction between biglycan and CD14 in MST, with high

quality data showing an apparent KD = 67 nm, and showed that anti-biglycan anti-

bodies can co-IP CD14 [159]. The observed interaction between biglycan and CD14

is functionally important, as knockout of CD14 in murine peritoneal macrophages

renders them wholly unable to secrete TNFα, CCL2, or CCL5 in response to bigly-

can stimulation. Roedig et al.’s data, taken in full, argue that CD14 is the master

regulator for biglycan-induced pro-inflammatory signalling through both TLR2 and

TLR4, since CD14 KO reproduces the phenotype of concomitant TLR2/TLR4 KO

both in vitro and in vivo. Poluzzi et al. expanded these results further to show

that biglycan can “select” for different co-receptors to drive a particular pheno-

type: biglycan is presented to TLR4 by CD44 to drive autophagy in human and

murine macrophages, but it is presented to TLR4 and TLR2 by CD14 to drive pro-

inflammatory cytokine release [160]. The authors published good quality MST data

showing an interaction between human biglycan and human CD44 with an apparent

KD = 8.5 nm and demonstrated co-IP of biglycan by anti-CD44 antibodies directly

from murine macrophage lysates. Poluzzi et al.’s results bring clarity to conflicting
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evidence that biglycan can be anti-inflammatory: the CD44-dependent pathway re-

sults in autophagy-induced M2 macrophage polarization and tissue repair, while the

CD14-dependent pathway results in pro-inflammatory M1 macrophage infiltration,

cytokine release, and tissue damage. Taken together, these reports demonstrate

that the SLRPs biglycan and decorin rely on a variety of context-dependent, cell-

surface co-receptors and likely do not form a direct 1:1 complex with TLR4 or TLR2.

Particularly, the observation that co-receptor selection by the same ligand results

in different phenotypes through the same receptor cannot be explained by direct,

high-affinity binding. To conclude, although these explanations are not mutually ex-

clusive, as with CP and FN there is much stronger evidence for SLRP co-receptors

than there is for a direct interaction between SLRPs and TLR4.

1.2.5 Summary of TLR:DAMP Literature

My goal in Section 1.2 was to first introduce the concept of endogenous inflamma-

tory signalling and then highlight the disparity between the cellular and biophysical

data surrounding TLR:DAMP interactions. Hundreds of experiments in cellular

and animal models support the conclusion that DAMPs activate pro-inflammatory

signalling via TLRs–knockdown, knockout, antibody blockade, mutation, or small-

molecule inhibition of specific TLRs (especially TLR2 and, of primary interest here,

TLR4) renders cells and animals non-responsive to DAMP stimulation. However,

the biophysical evidence supporting a direct interaction between TLRs and DAMPs

is much sparser. In fact, much of the biophysical data in support of the relatively

common hypothesis that DAMPs form a stable complex with TLRs is sub-optimal

and, in a few exemplar cases, has been challenged by data suggesting direct binding

to essential co-receptors. Indeed, the literature is scattered with low quality SPR and

MST data characterized by non-specific or super-stoichiometric binding artefacts.

Furthermore, unlike for TLR:PAMP interactions (reviewed in Section 1.1.3), there

are no structures of any DAMP bound to any TLR from any organism, and I could

find no evidence of TLR4 co-eluting with any DAMP during SEC; the lack of these

data creates a gap in the literature that obscures the true molecular mechanism be-

hind DAMP detection and makes therapeutic targeting of DAMPs more challenging.

TLRs are certainly essential for DAMP activation of inflammation–but do direct,

high-affinity complexes between TLRs and DAMPs exist? Are co-receptors or acces-

sory proteins the direct DAMP binders? Are receptor mega-complexes involved in

fine-tuning DAMP signalling? What are the fundamental molecular events behind

DAMP activation of the innate immune system? These questions drive the rest of

35



my thesis and lead into Section 1.3, wherein I introduce the so-called “FReP” fam-

ily of TLR4-activating DAMPs as an exemplar test-case to probe these unanswered

questions surrounding DAMP biology.

1.3 TNC and the FReP Family

Section 1.2 provided an overview of the literature surrounding TLR4’s interaction

with various DAMPs to emphasize the mystery surrounding the molecular mecha-

nism behind DAMP activation of the innate immune system. In this Section 1.3, I

introduce the DAMPs of interest in the rest of my thesis, namely TNC and the other

fibrinogen-related proteins (FRePs), which serve as a model system for interrogating

the TLR4:DAMP axis more broadly.

1.3.1 Tenascin-C

TNC is a large, multi-modular ECM glycoprotein whose name is derived from the

two tissues where it is predominantly expressed: tendons (Latin “tenere”, mean-

ing to hold) and embryos (Latin “nasci”, meaning to be born) [283]. The human

TNC gene contains 30 exons and encodes for a 190–330 kDa full-length protein (gly-

coslyation at 23 different sites being responsible for the range) containing up to 2201

residues [284, 285]. At the N-terminus, TNC contains multiple heptad repeats which

facilitate homotrimerization; subsequently, TNC homotrimers can dimerize to create

homohexameric TNC “hexabrachions”, which are large, structural ECM polymers.

Moving from the N-terminus, TNC contains 14.5 EGF-like repeats and then a long

string of up to 17 FNIII repeats, eight of which are constitutively expressed and

nine of which are alternatively spliced. At the very C-terminus (Ile1974–Ala2201),

TNC contains a fibrinogen-like globe (FBG) domain, which in Chapter 1 I refer to

as TNCFBG to differentiate it from the full-length protein. Unlike most ECM con-

stituents, which are often broadly expressed both spatially across tissues and tem-

porally across lifespans, TNC is sparsely expressed in just a small subset of adult tis-

sues including tensile-bearing connective tendons, underneath some epithelial cells,

and in certain stem cell niches like hair follicles and bone marrow [286, 287, 288].

Uniquely, TNC is transiently and specifically up-regulated only at sites of inflamma-

tion and/or tissue damage and contributes to the re-shaping of the ECM towards

tissue repair [289, 290, 291], including via direct modulation of cell adhesion via
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binding to FN [283, 292, 293]. Broadly, TNC promotes tissue rebuilding, ECM syn-

thesis and assembly, wound contraction, cell clearance, and angiogensis, all of which

are important functions in the global inflammatory response that promote repair

following infection or physical damage [294]. Consistent with these biological roles,

TNC expression can be induced by a wide range of inflammation-related signals,

including cytokines, growth factors, hypoxia, mechanical stress, and reactive oxygen

species, which activate TNC via diverse transcriptional pathways including NF-κB

and c-Jun [291, 289]. Indeed, because of its potent and ubiquitous up-regulation at

the earliest stages of inflammation, TNC is a reliable systemic biomarker for inflam-

mation and tissue damage [294]. Importantly, TNC can drive its own transcription

through activation of NF-κB [295], a property which explains why TNC is often

referred to as a “double-edged sword”. Under normal conditions, TNC expression

ceases following resolution of the prevailing damage or infection; however, at sites

of chronic inflammation TNC expression is never resolved, and accumulating TNC

drives a spiralling autoimmune positive feedback loop that shapes a perpetually

pro-inflammatory extracellular milieu [295, 296, 297, 298]. As a result, TNC has

been implicated as a pathogenic driver of RA, cancer progression and metastasis,

atherosclerosis, vascular and cardiac diseases, organ fibrosis, asthma, IBS, MS, and

more [287, 291, 299, 289, 115, 298].

My goal in this section is not to review TNC biology in detail, which has been

covered in the extensive reviews cited in the preceding paragraph (most recently

reviewed excellently in 2018 by Marzeda and Midwood [298]), but rather to focus

specifically on TNCFBG, the key pro-inflammatory region within TNC that will

be the focus of my thesis. TNCFBG is a globular, 27 kDa domain stabilized by

two disulfide bonds that is related to the fibrinogen globe domain first resolved

structurally in 1997 [300]. I discuss the structural biology of this domain in detail

in Chapter 2, particularly in Section 2.7 and 2.12, so I will focus here on the cellular

and molecular biology of TNCFBG. Primarily using a murine model of arthritic

joint inflammation, Midwood et al. identified TNCFBG as the TLR4-activating, pro-

inflammatory DAMP within TNC in a seminal paper in 2009 [142]. Midwood et al.

first showed that TNC KO mice are protected from both methylated-BSA-induced

RA and zymosan-induced acute synovitis. Next, using primary human macrophages,

Midwood et al. demonstrated that exogenous addition of LPS-free TNC induces

the release of pro-inflammatory TNF-α, IL-6, and IL-8; in synovial fibroblasts, the

authors reported a context-dependent release of only IL-8. Using purified, LPS-

free recombinant domains of TNC (including the N-terminal heptad oligomerization

domain, the EGF repeats, and multiple FNIII repeats), Midwood et al. reported
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that TNCFBG is the only domain that can stimulate pro-inflammatory cytokine

release in vitro and inflammation in vivo–therefore, TNCFBG is both necessary and

sufficient for TNC’s pro-inflammatory properties, making this subdomain the bona

fide DAMP of interest. To confirm TLR4-dependency, the authors go on to show

that anti-TLR4 antibodies, but not anti-TLR2 antibodies, fully abrogate TNCFBG-

induced cytokine release from macrophages and synovial fibroblasts. Furthermore,

Midwood et al. showed that neither CD14 (via anti-CD14 antibodies) nor MD-2 (via

an antagonistic MD-2 ligand) are required for TNCFBG-induced TNF-α release from

primary human macrophages, a piece of evidence suggesting that TNCFBG detection

might not require a co-receptor. Many of these results were orthogonally reproduced

in human cardiac myofibroblasts, in which only recombinant TNCFBG, but not other

TNC sub-domains, could induce pro-inflammatory cytokine and MMP-3 release, a

phenotype that could be reversed with anti-TLR4 polyclonal antibodies [145].

These results were extended by Piccinini et al. in a 2016 report showing that

LPS and TNCFBG activate surprisingly different pro-inflammatory phenotypes in

macrophages [148]. As expected, Piccinini et al. found that both LPS and TNCFBG

can activate NF-κB, MAPK, and p38α and induce TNF-α and IL-6 release; how-

ever, only LPS can induce IL-12 and IL-23 and TNCFBG often induces statistically

significantly lower cytokine levels than LPS. Importantly, all of these cytokine pro-

files are TLR4-dependent and can be inhibited by addition of the TLR4 signalling

inhibitor TAK242 or an anti-TLR4 polyclonal antibody. Consistent with differences

in the observed cytokine profiles, Piccinini et al. reported a clear divergence in

the phosphoproteome of LPS- and TNCFBG-stimulated human M-CSF-differentiated

macrophages. By MSMS, 45 phosphoproteins are enriched upon LPS treatment

and 25 phosphoproteins upon TNCFBG treatment–but, strikingly, only two of these

phosphoproteins (LMNA and DCD-2) are shared in both conditions, suggesting

a fundamentally different phenotype in response to these TLR4 agonists. These

differences have functional consequences, as TNCFBG induces a macrophage phe-

notype characterized by ECM synthesis and phosphorylation of specific collagens,

while LPS stimulates a matrix-degrading phenotype via collagenases. This study

clearly demonstrates that macrophages can tell the difference between exogenous

and endogenous TLR4 stimuli in order to initiate divergent (indeed, almost oppo-

site) phenotypes; however, the authors are careful to highlight in the conclusion that

the molecular mechanism behind these differences remains unclear, although they

speculate that “The answer may lie in the recruitment of distinct adaptor molecules

early in the signalling cascade” [148]. It is important to note here that in both

Piccinini et al. and Midwood et al., the concentration of TNCFBG used for cell
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stimulation (usually, at or around 1µm) is consistent with TNC levels reported in

actual human tissues, which range from 0.37 to 1.2 µm [301, 302].

Further work by Zuliani-Alvarez et al. identified the specific peptides within TNCFBG

that control TLR4 activation and binding [303]; this work is the key foundation of

and motivation for my choice to pursue TNCFBG as a model DAMP. First, Zuliani-

Alvarez et al. deployed a solid-phase binding ELISA with 96-well plates coated with

recombinant, E.coli -derived TNCFBG to show dose-dependent binding to recombi-

nant, commercially available human TLR4 ectodomain (KD = 58 nm; a schematic of

this assay is presented in Figure 4.1A). Next, the authors defined nine overlapping

peptides (P1–P9) stretching the entire length of TNCFBG and showed that only three

of them (P5, P6, and P7) induce dose-dependent binding of TLR4 to the immobilized

peptides in the aforementioned ELISA. They also showed that these three peptides

can competitively block binding of TLR4 to TNCFBG in the ELISA if the peptides

are pre-incubated with TLR4. In a THP-1 NF-κB reporter system, Zuliani-Alvarez

et al. showed correspondence between the peptide ELISAs and cell activation: the

TLR4-binding P5 and P6 (at concentrations ranging from 20 to 100 µm) can dose-

dependently activate NF-κB. Next, Zuliani-Alvarez et al. proceeded with careful

mutagenesis across the length of P5, P6, P7, and P9 (which itself does not bind

to or activate TLR4 but was interrogated in detail by the authors because of its

basic properties matching P5 and P6) to drill down on the key residues involved in

TLR4 binding and TLR4 activation. Consistently, the cell activation and ELISA

binding data correlate, with non-binding mutated peptides failing to stimulate ei-

ther TLR4 reporters or primary human macrophages. Zuliani-Alvarez et al.’s big

picture conclusion is that a region within P5 and P6 (nicknamed the “cationic ridge”

and containing the critical sequence “KTRYKLK”) is required for TLR4 activa-

tion and binding, while regions in P7 (“loop 7 hydrophobic patch”, critical sequence

“DSAITN”) and P9 (“C-terminal cationic loop”, critical sequence NLEGRRKRA)

enhance binding affinity and activation level. For visualization of these key regions

on TNCFBG itself, please refer to Figure 2.10. To drive home their conclusions,

Zuliani-Alvarez et al. reported that re-introduction of these three critical regions

into the FBG domain from the homolog Tenascin X (TNXFBG), which itself does

not bind to or activate TLR4, rescues TLR4 binding and activation. The TNXFBG

construct containing the cationic ridge, hydrophobic patch, and C-terminal loop

from TNCFBG achieves equivalent TLR4 binding in the ELISA, NF-κB activation

in THP-1 reporters, and TNF-α release from primary human macrophages as the

wild-type TNCFBG. Finally, the authors showed the in vivo relevance of these find-

ings by demonstrating that wild-type TNCFBG, but not TNCFBG containing point
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mutations in the cationic ridge, can cause inflammation and tissue destruction when

injected into murine joints.

These solid-phase ELISAs represent the best biophysical evidence purporting to

show a direct interaction between TLR4 and TNCFBG, and the correlation between

the solid-phase binding data and the cell activation data is persuasive and does

suggest a direct 1:1 binding event might be occurring. This is especially true in

light of the “up assay” rescue experiment with TNXFBG, which shows that installa-

tion of direct TLR4 binding properties (inferred from the ELISA) can impart TLR4

activation properties in both cell lines and primary cells. This conclusion is but-

tressed by the fact that neither CD14 nor MD-2 is required for TNCFBG to bind to

TLR4 in an ELISA or activate TLR4 in cells and that anti-TLR4 antibodies can

co-IP full-length TNC from skin fibroblasts [142, 146]. However, like many of the

other DAMPs discussed in Section 1.2, many of the “gold standard” complexation

assays, including SPR and SEC co-elution experiments, have never been reported

for TNCFBG and TLR4. Furthermore, the phenotypic difference between LPS- and

TNCFBG-activated macrophages reported by Piccinini et al. is also puzzling in the

context of a direct interaction. As Piccinini et al. noted, if a single binding event

between either TNCFBG:TLR4 or LPS:MD-2:TLR4 is sufficient to trigger receptor

dimerization and downstream NFκB activation, what explains the divergence in the

resultant effects of these two agonists? Which adaptors or co-receptors are required

to impart this agonist-specific phenotype via an identical receptor? Yet again, there-

fore, the pattern of unambiguous cellular data coupled with incomplete biophysical

data emerges with TNCFBG much like the other DAMPs discussed in Section 1.2.

This gap in our understanding of TNCFBG biology provides a strong impetus for

detailed molecular studies, especially since TNC is a bona fide therapeutic target

in human disease. In 2016, Bhattacharyya et al. showed that TNC (in a TLR4-

dependent mechanism, thereby indirectly implicating TNCFBG) is a key driver of

skin and lung fibrosis during SS, a rare and sometimes deadly chronic disease char-

acterized by organism-wide inflammation and fibrotic lesions [146]. Bhattacharyya

et al. showed that TNC is strongly up-regulated in biopsies from SS patients and

that exogenous addition of TNC to skin fibroblasts or 3D organoids results in fi-

brotic responses characterized by pro-inflammatory signalling, collagen expression,

and reduced myofibroblast differentiation, phenotypes which can all be abrogated

by TLR4 KO. Indeed, TNC KO protects mice from both bleomycin-induced skin

and lung fibrosis, suggesting that inhibition of TLR4 activation via TNCFBG could
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systemically reduce fibrosis and provide therapeutic benefit in a challenging, com-

plex disease like SS. However, follow-up work from the same group demonstrated

that a small-molecule MD-2 antagonist could block pro-fibrotic responses in vitro

and ex vivo and both prevent and reverse organ fibrosis in murine models [304].

Since the prevailing hypothesis is that TNCFBG does not require MD-2 to activate

TLR4, it is surprising that the authors also reported that their MD-2 antagonist

can inhibit TNC-induced collagen secretion in skin fibroblasts. While this suggests

that there remains controversy regarding the co-receptor requirements for and the

pathogenic mechanism of TNC, it does again show that the TLR4:TNCFBG axis is

a viable drug target in SS. As a second example of the disease relevance, built upon

Midwood et al.’s original finding that TNCFBG drives murine arthritic joint disease

through TLR4 [291], a biotech company called Nascient Ltd. developed and pub-

lished anti-TNCFBG monoclonal antibodies with therapeutic potential in RA [305].

The best antibody binds TNCFBG with 70 pm affinity and could inhibit TNCFBG-

induced cytokine release by patient-derived RA synovial cells and prevent disease

progression in a murine model of collagen-induced arthritis. Using the monoclonal

antibody for staining experiments, the authors also showed that TNC levels are

highest in patients with early RA versus patients with spontaneously resolving joint

inflammation or patients with established RA–this suggests that early induction of

the TNCFBG:TLR4 axis may indeed be the initiating event, and therefore a critical

therapeutic checkpoint, in RA.

However, despite these promising pre-clinical results in two different inflammatory

diseases, the lack of clarity surrounding the exact molecular mechanism behind

TNCFBG-mediated activation of TLR4 makes designing targeted therapies challeng-

ing. Bhattacharyya et al. captured this truth quite succinctly: “DAMPs have vital

protective functions required for tissue repair following injury...accordingly, caution

will be needed in the pursuit of therapeutic approaches that target TLR4 activation

by its endogenous ligands...” [146]. In this context, is a broad anti-TNCFBG anti-

body, which likely neutralizes the small domain across multiple functions, the right

approach? Are TLR4 or MD-2 inhibitors sensible approaches to “DAMPening” en-

dogenous activation, since these molecules might also compromise protective innate

immunity during bacterial infections? Is there a way, perhaps via small-molecule

PPI inhibitors, to block pathogenic DAMP signalling but retain protective DAMP

signalling? In conclusion, then, the pre-clinical evidence indicating TNCFBG in the

pathogensis of human diseases is clear, but therapeutic interventions are limited and

additional insight into the structure and molecular mechanism of TNCFBG-mediated

TLR4 activation could provide safer and more targeted strategies.
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1.3.2 The Other FRePs

TNCFBG belongs to a larger family of 24 human proteins, called FRePs, which

all contain an FBG domain. The architecture of the FBG domain, characterized

by at least two stabilizing disulfide bonds, a core β-sheet backbone, and three de-

fined sub-domains, is strongly conserved both structurally (see Figure 2.20) and

evolutionarily–even invertebrate marine sea squirts express FBG domains [306]. For

a detailed structural comparison of FBG domains, please refer to Chapter 2, partic-

ularly Section 2.7 and 2.12. Based on the key TLR4-activating role of the cationic

ridge in TNCFBG, Zuliani-Alvarez et al. deployed homology modelling and bioin-

formatics to hypothesize that 12 other human FRePs should activate TLR4 via a

conserved positively charged epitope, while the remaining 11 family members should

not activate TLR4 due to the absence of this peptide [303]. To validate this hypoth-

esis, Zuliani-Alvarez et al. showed that the recombinant FBG domains from fibrino-

gen and ficolin-1 (FCN1), which both contain a cationic ridge, can bind to TLR4

in an ELISA, stimulate IL-6 and IL-8 release from primary human macrophages,

and drive synovial inflammation in mice. Importantly, cytokine release induced by

these FBG domains can be inhibited by the TLR4 antagonist TAK242, suggesting

that TLR4 is the required receptor across all FRePs. By contrast, the FBG do-

main from angiopoietin-related protein 4 (ANGPTL4), which does not contain a

cationic ridge, cannot bind TLR4 in an ELISA, cannot stimulate cytokine release

from macrophages, and cannot drive inflammation in vivo. These results validate

Zuliani-Alvarez et al.’s hypothesis and demonstrate that the FReP family can be

clearly segregated into TLR4 activators and non-activators via the presence or ab-

sence of a cationic ridge, respectively. In Figure 1.3, I provide a phylogenetic rep-

resentation of the entire human FReP family annotated with proteins predicted to

contain a cationic ridge and activate TLR4 (green box) and those with a known

structure deposited in the PDB (grey circle; for PDB IDs, please refer to Section

2.1.1).

The angiopoietin-related proteins (ANGPTL1–ANGPTL7) are an interesting FReP

sub-family which I will explore in some detail throughout this thesis. ANGPTL1,

ANGPTL2, and ANGPTL6 are predicted TLR4 activators containing a cationic

ridge, while ANGPTL3, ANGPTL4, ANGPTL5, and ANGPTL7 are non-activators.

Note that ANGPTL8 exists, but it does not have an FBG domain so is not con-

sidered a FReP. The ANGPTLs contain an N-terminal coiled-coil domain and a C-

terminal FBG domain connected by an unstructured linker. All ANGPTLs contain

a signal peptide for secretion and are therefore extracellular and often glycosylated;
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Figure 1.3 FReP Family Phylogeny. Phylogeny of human FRePs (protein names de-
note just the FBG domain). The MSA was generated in ICMPro, the phylo-
genetic tree was calculated using MrBayes v3.2, and the figure was generated
using iTOL [307, 308]. Predicted TLR4 activators are boxed in green, and
FRePs with a previously reported structure are marked with a grey circle.

ANGPTLs are broadly expressed in the liver, hematopoietic system, and vascula-

ture, where they often circulate systemically [309]. ANGPTLs can be proteolytically

processed within the linker region to separate the N-terminal coiled-coil from the

C-terminal FBG domain, representing a potential mechanism for the presentation

of just the ANGPTL FBG domains as DAMPs [310, 311, 312, 313]. While struc-

turally similar proteins from the angiopoietin (ANGPT) family (including the FRePs

ANGPT1, ANGPT2, and ANGPT4) bind to and activate pro-angiogenic tyrosine

kinase receptors Tie1 and Tie2, the ANGPTLs cannot bind Tie1 or Tie2 and have

traditionally been considered orphan ligands, making the new hypothesis surround-

ing ANGPTL-mediated activation of TLR4 intriguing [314]. This is especially true

since the ANGPTLs have been recognized as inflammatory mediators for some time–

in fact, all ANGPTLs except for ANGPTL1 and ANGPTL8 have been reported as

pro-inflammatory in some context [309]. ANGPTL2 is broadly pro-inflammatory

and contributes to diabetes, atherosclerosis, and other chronic diseases and can

drive synovial inflammation in RA [315, 316, 317]. ANGPTL4 stimulates intravasa-

tion of immune cells into lung tissue and can be up-regulated by TGFβ within the
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pro-inflammatory cancer matrix [318, 319]. Finally, ANGPTL6 can directly stimu-

late wound healing [320], and up-regulation of ANGPTL6 in murine keratinoctyes

enhances psoriasis in vivo [321]. Many of these phenotypic effects could be medi-

ated by TLR4; however, evidence suggests that ANGPTL1, ANGPTL2, ANGPTL5,

and ANGPTL7 (two TLR4 activators and two non-activators) can bind leukocyte

immunoglobulin-like receptor B2 (LILRB2; traditionally recognized as an immune-

inhibitory receptor), and ANGPTL2, ANGPTL3, and ANGPTL4 can bind different

integrins [322, 309], so the potential for receptor cross-talk is present. While the

ANGPTLs were originally identified due to their role in modifying angiogenesis, their

Tie1/Tie2-independent mechanism of action remains somewhat mysterious and their

biological roles and contribution to disease are complex and often contradictory [309].

For example, ANGPTL1 is considered anti-angiogenic and anti-tumorigenic [323],

while ANGPTL2, ANGPTL4, and ANGPTL6 are considered pro-angiogenic [309].

ANGPTL2 and ANGPTL4 especially are therapeutic targets and biomarkers in di-

verse cancers because of their pro-angiogenic, pro-metastatic, and pro-inflammatory

properties across different cell types and tissues [324, 325, 326, 319]. Yet, despite

these opposite phenotypes, ANGPTL1/2/6 are TLR4 activators and ANGPTL4 is

not: clearly, then, there remains much to be learned about the ANGPTLs, partic-

ularly their regulation, context-dependent phenotypic effects, and receptor binding

properties. In summary, then, the ANGPTLs are an intriguing family of disease-

relevant, mysterious, and orphan DAMPs with opposing TLR4 binding properties

and divergent biological roles, making them interesting orthogonal FRePs to study

alongside the canonical FReP family member TNCFBG.

1.3.3 FRePs as a Model DAMP

Based on a review of the FRePs in the context of the broader DAMP field, a few

defining features encouraged me to focus on the FRePs as a model system to inter-

rogate the molecular mechanism behind DAMP activation of TLR4:

• The FRePs are a large, structurally conserved, and newly identified family of

both TLR4-activating and non-activating proteins, which are segregated by

specific peptide-level differences that explain both TLR4 binding and TLR4

activation.

• The FRePs themselves can be purified as recombinant proteins from E. coli,

simplifying protein production for biophysical assays.
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• The 11 FReP structures in the PDB demonstrate that the FRePs are clearly

amenable to structural characterization with X-ray crystallography. However,

many of the TLR4-activating DAMPs, including the canonical family mem-

ber TNCFBG along with ANGPTL1, ANGPTL2, and ANGPTL6, remain un-

solved, creating an opportunity to enrich the available structural data.

• The FRePs seem to engage TLR4 directly in the absence of a co-receptor,

specifically based on ELISA binding data. However, the literature surround-

ing the TLR4:FReP interaction is missing gold standard biophysical experi-

ments, meaning that new biophysical data or even structures of TLR4:FReP

complexes would provide much needed clarity.

• The FRePs are fascinating from a biological standpoint, especially given their

diverse, context-dependent roles in promoting tissue repair while also driving

autoimmune diseases and cancers. However, therapeutic options are limited

because of uncertainty surrounding the exact mechanism of action and the

proper way to target pathological versus beneficial FReP functions. Therefore,

biophysical and/or structural insight into the molecular mechanism of FReP

action could provide new therapeutic angles, including perhaps the structure-

guided design of a TLR4:FReP PPI inhibitor.

1.4 Motivation and Chapter Aims

My goal in Chapter 1 has been to highlight five fundamental conclusions that mo-

tivate and explain the rest of my thesis. First, TLRs, and particularly TLR4, are

fundamental to both the activity and our understanding of the innate immune sys-

tem. TLRs initiate a pro-inflammatory innate immune response in the presence

of infection (via detection of PAMPs) or tissue damage (via detection of DAMPs)

by activating master regulatory pathways like NF-κB, MAPK, and IRF. Second,

TLR4 forms direct, high-affinity, stable, and structurally tractable complexes with

PAMPs. Third, the cellular data demonstrating the activation of TLR4 in the pres-

ence of diverse DAMPs is unequivocal. Fourth, across the entire DAMP landscape,

biophysical data supporting direct, high affinity TLR4:DAMP complexes are sparse

and incomplete, and there are no structures of any TLR bound to any DAMP. The

biosensor data in the literature is scattered with non-specific artefacts, and I could

find no evidence of co-elution of DAMPs and TLR4 during SEC. Put simply, there

is a chasm between the biophysical evidence supporting TLR4:PAMP complexes
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versus TLR4:DAMP complexes. Finally, the FRePs, particularly TNCFBG and the

ANGPTLs, are exemplar and well-characterized TLR4-activating DAMPs with a

clear role in the pathogenesis of autoimmune diseases, making them an intriguing

specific case to probe the general molecular mechanism behind DAMP detection.

Therefore, the stated aim of my four year DPhil project was to clarify the molecular

mechanism of DAMP-activated TLR4 signalling by applying biophysical techniques

to probe the interaction between TLR4 and FRePs. At the outset, I hypothesized

that TLR4 could form a high-affinity, structurally tractable, and perhaps even ther-

apeutically manipulable complex with one or more of the FRePs. However, as data

emerged demonstrating the lack of a high-affinity interaction between TLR4 and

the FRePs, I updated my priors and moved forward with cellular proteomics and

gene-editing experiments based on the hypothesis that co-receptors and other acces-

sory proteins are required for FReP-mediated activation of TLR4 in the absence of

a 1:1 complex. In total, then, the work presented herein provides important insights

into the mysterious interaction between TLR4 and FRePs in general and TLR4 and

DAMPs more broadly.

In Chapter 2, I present the expression and purification of the FReP family of pro-

teins using a dedicated disulfide-refolding E. coli cell line called CyDisCo. My work

represents the first reported method for the soluble and high-yielding purification of

the FRePs, which allowed me to solve three novel FReP structures by X-ray crystal-

lography. In this Chapter, I also present a crystallographic fragment screen against

TNCFBG as well as a bioinformatic interrogation of the FRePs in the context of my

new structures.

In Chapter 3, I present the expression and purification of TLR4, MD-2, and

TLR4:MD-2 using Drosophila S2 insect cells. Driven by my success using S2 cells

to purify TLR4, which proved challenging in other in-house systems, I modified pre-

viously reported methodology to generate FAS2FURIOUS, a medium-throughput,

rapid, and robust platform for the parallel expression of up to 46 constructs in S2

cells.

In Chapter 4, I present a battery of biophysical assays which demonstrate no high-

affinity complex between recombinant, bacteria-derived FRePs and recombinant,

S2-derived TLR4 or TLR4:MD-2. I also present preliminary data showing that

previously reported TLR4 co-receptors cannot rescue a TLR4:FReP complex.

In Chapter 5, I pivot away from reductionist biophysical assays and present an
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optimized cross-linking proteomics workflow with primary human monocytes to ex-

plore the FReP-associated interactome at the cell surface in an unbiased manner.

These experiments again do not support a direct interaction with TLR4, but in-

stead reveal integrin-activating properties of the FRePs and suggest intriguing new

hypotheses about potential FReP co-receptors.

In Chapter 6, I explore the potential for introducing an affinity tag directly onto

TLR4 for more targeted studies using CRISPR-Cas9. Motivated by the success of

others with similar knock-in approaches, I combine two previously reported tech-

nologies to generate GlowPAINT, a fast, moderate-throughput, and easy to deploy

pipeline for the knock-in of affinity tags to endogenous genomic loci.

Penultimately, I present the tangentially related Chapter 7 under the University’s

COVID-19 Student Policy. This Chapter details my efforts to express and purify

large quantities of the COVID-19 Spike protein for serological testing during the

pandemic. The protocol I helped to develop and deploy has since been used to

supply over 400 mg of Spike protein and made an important impact on Oxford’s

COVID-19 response.

Finally, in Chapter 8 I provide a high-level overview of my findings and present

a principles-first hypothesis regarding the requirement of accessory proteins to fine-

tune DAMP-mediated activation of TLR4.
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Chapter 2

Biophysical Characterization of
FReP Family Members

This chapter presents my work on individual members of the human FReP family,

specifically focusing on the TLR4-activating members without a previously reported

structure (TNC, ANGPTL1, ANGPTL2, ANGPTL6, FGL1, and FGL2). First, I

describe a much improved strategy for soluble expression of the FRePs in E. coli,

which yielded reasonable quantities of homogeneous, properly folded, and stable pro-

tein. Using a domain truncation approach, I report both the novel crystal structure

of TNC and a crystallographic fragment screening campaign which revealed the first

reported TNC-binding chemical matter. I next show the structure of a non-native

FGL1 dimer, followed by the novel crystal structures of ANGPTL2 and ANGPTL6

using a thermal stabilization approach. These new structures facilitate a structural

comparison of the human FReP family, containing twenty-four members and four-

teen structures, which concludes the chapter and provides new insights into the

structural and functional diversity of FBG domains. To clarify up-front, through-

out this and subsequent Chapters, gene names indicate only the FBG domain from

each target rather than the entire polypeptide; please refer below to Section 3.1.1

for target and sequence information for the FRePs I discuss herein.
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2.1 Materials and Methods

2.1.1 FReP Library and Accession Numbers

Below are the UniProtID accession numbers, residue boundaries, and PDB ID’s

(if solved) for the full-length FBG domains used herein, either for purification or

bioinformatics.

FReP Proteins Purified (UniProt, Residue, PDB):

• Tenascin-C (TNC): P24821 Isoform 1, Ile1974–Ala2201, 6QNV. In-house

cDNA contains Glu2008Gln variant (dbSNP:rs13321). For simplicity when

discussing the truncated constructs in Section 2.6, I refer to the domain bound-

aries as Ile1–Ala228.

• Angiopoietin-Related Protein 1 (ANGPTL1): O95841, Phe271–Asp491,

N/A

• Angiopoietin-Related Protein 2 (ANGPTL2): Q9UKU9, Asp269–His493,

6Y41

• Angiopoietin-Related Protein 4 (ANGPTL4): Q9BY76, Ser179–Ser406,

6EUB

• Angiopoietin-Related Protein 6 (ANGPTL6): Q8NI99, Thr251–Leu470,

6Y43

• Fibrinogen-Like Protein 1 (FGL1): Q08830, Leu74–Ile312, N/A

• Fibroleukin (FGL2): Q14314, Pro204–Pro439, N/A

• Ficolin 1 (FCN1): O00602, Gln109–Ala326, 2JHM.

Other FReP Family Members (UniProt, Residue, PDB):

• Tenascin-X (TNX): P22105, Gly4021–Asn4236, N/A

• Tenascin-W (TNW) aka Tenascin-N (TNN): Q9UQP3, Gly1061–Gly1278,

N/A

• Tenascin-R (TNR): Q92752, Gly1129–Asn1344, N/A
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• Ficolin-2 (FCN2): Q15485, Gln96–Ala313, 49RJ

• Ficolin-3 (FCN3): O75636, Leu84–Arg299, 2J5Z

• Microfibril-associated glycoprotein 4 (MFAP4): P55083, Arg32–Ala255,

N/A

• Fibrinogen C-domain containing protein 1 (FIBCD1): Q8N539, Cys235–

Arg458, 4M7H

• Fibrinogen alpha chain (FGA): P02671, His623–Val864, 1FzD

• Fibrinogen beta chain (FGB): P02675, Asn232–Phe488, 1FZA

• Fibrinogen gamma chain (FGG): P02679, Gln170–Asn416, 1FID

• Angiopoietin-Related Protein 3 (ANGPTL3): Q9Y5C1, Val237–Asp455,

6EUA

• Angiopoietin-Related Protein 5 (ANGPTL5): Q86XS5, Arg141–Tyr383,

N/A

• Angiopoietin-Related Protein 7 (ANGPTL7): O43827, Gln122–Asp343,

N/A

• Angiopoietin 1 (ANGPT1): Q15389, Arg277–Asp497, 4EPU

• Angiopoietin 2 (ANGPT2): O15123, Lys275–Asp495, 1Z3U

• Angiopoietin 4 (ANGPT4): Q9Y264, Met282–Asp502, N/A

2.1.2 Transformation of E. coli

All E. coli cell lines used herein, including SHuffle®, CyDisCo, BL21(DE3) Rosetta,

BL21(DE3) Tuner, and Mach 1, were transformed using heat shock unless otherwise

indicated. For each transformation, 40 µL of chemically competent E. coli were

added to 1µL of plasmid DNA at approximately 100 ng µL−1 and incubated for 30

min on ice. The mixture was then shocked at 42 ◦C for 45 seconds, returned to ice

for 2 minutes, diluted with approximately 200µL of 2X LB, and allowed to recover

for 1 hour at 37 ◦C. 75 µL of outgrowth was then plated onto dishes containing

1.5% LB-Agar and the appropriate antibiotic. For long (10 kb or higher), difficult

to transform, or low-concentration plasmids, the outgrowth was centrifuged for 5
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min at 4000 x g and the entire pellet was resuspended in 75µL of 2X LB before

plating. Transformants were allowed to grow overnight at 37 ◦C before downstream

use. During cloning, single colonies were picked; during expression, a streak of

colonies were used.

2.1.3 Ligation Independent (LIC) Cloning

The SGC’s LIC cloning methodology has been reported previously and is based on

the generation of short, complementary, single-stranded 5’-tails by the 3’-to-5’ ex-

onuclease activity of T4 DNA polymerase [327, 328]. Briefly, in a 96-well plate, the

targets of interest were amplified by Touchdown PCR using either Q5 DNA Poly-

merase (NEB) or Herculase II (Agilent) according to the manufacturer’s recommen-

dations, using primers containing a destination-vector-specific 12-16 bp overhang

[329]. PCR products were visualized with agarose-gel electrophoresis and incubated

with 1 µL of DpnI (diluted 1:10 in NEB Buffer 2.1) for 1 hour at 37 ◦C before purifi-

cation using the GenEluteTM 96-well PCR Clean-Up Kit (Sigma) according to the

manufacturer’s instructions. The cleaned PCR products were digested with T4 DNA

polymerase in the presence of either dGTP or dCTP, which defines the length of the

ssDNA overhang generated by the digestion. The destination vectors were linearized

with the appropriate restriction endonuclease (either BsaI, BfuRI, or BseRI ) and

the drop-out of a 2 kb SacB stuffer fragment was confirmed with agarose-gel elec-

trophoresis. The linearized vectors were spin-purified on a mini-column according to

the manufacturer’s recommendations, and then digested with T4 DNA polymerase

in the presence of the complementary nucleotide to the PCR product (either dGTP

or dCTP). 1 µL of T4 digested vector was incubated with 3µL of T4 digested PCR

product for 30 min at room temperature to anneal before transformation into Mach

1 cells as before (see Section 2.1.2), except for the addition of 5% sucrose to the

plates, which serves to remove any traces of the circular parental vector. The pres-

ence of cloned inserts was confirmed using the MyTaqTM Red Colony PCR Kit

(Bioline) using vector-specific primers which sit outside of the open reading frame,

followed by agarose-gel electrophoresis. Colony PCR was repeated until a colony

with an insert of the expected length was found. 1 mL overnight cultures of the

correct constructs were grown in deep-well 96-well blocks at 37 ◦C in LB supple-

mented with 50 µg mL−1 kanamycin (Kan). Glycerol stocks were prepared by 1:1

dilution of turbid overnight cultures with sterile 50% glycerol and frozen at −80 ◦C.

Plasmid DNA was purified using a 96-well plate and vacuum manifold according to
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the manufacturer’s instructions (Merck Millipore), followed by long-term storage at

−20 ◦C.

2.1.4 1 mL Small-Scale Test Expression in E. coli

The SGC’s small-scale test expression protocol has been reported previously and is

based on the work of Page et al. [328, 330]. Briefly, constructs were transformed into

BL21(DE3)-Rosetta-pRARE2 cells by heat shock and selected with 50 µg mL−1 Kan

and 34 µg mL−1 chloramphenicol (Chlor). A streak of colonies from each construct

was used to inoculate a 1 mL overnight culture in 2X LB with kan/chlor in a deep-

well 96-well block. 20µL of overnight culture was inoculated into 1 mL of TB with

kan/chlor in 96-well blocks and grown at 37 ◦C and 700 RPM for approximately 5

hours. Once an OD600 of 2-3 was achieved, the cultures were rested for 30 min at

room temperature, induced with 0.1 mm IPTG, and expressed overnight at 18 ◦C

and 700 RPM. Pellets were harvested the next morning via centrifugation at 3000 x

g for 20 min, mixed with 200 µL of lysis buffer containing 1 mg mL−1 hen egg-white

lysozyme and 1X benzonase, incubated for 5 minutes at 1500 RPM on a MixMate

plate shaker, and stored frozen at −80 ◦C.

For test purification, the lysates were thawed, spun down at 3000 x g for 15 min,

and the supernatants were incubated for one hour with 25 µL bed volume of pre-

equilibrated Ni-NTA Agarose (BioRad). The bead/supernatant mixture was trans-

ferred to a 96-well deep-well filter plate (Merck Millipore) and beads were harvested

via centrifugation for 1 min at 200 x g. Flow-through was discarded and the resin

was washed three times using wash buffer containing 40 mM imidazole and gentle

centrifugation as before. Bound proteins were eluted by 10 min incubation with

50 µL elution buffer containing 500 mM imidazole and centrifugation for 2 min at

200 x g, with eluate collected in a 96-well V-bottom plate. 15 µL sample of eluates

were analyzed via reducing SDS-PAGE, with putative target bands confirmed by

in-gel tryptic digest MSMS. The base buffer for the purification process contained

50 mm HEPES pH = 7.5, 500 mm NaCl, 5% glycerol, 10 mm imidazole, and 0.5 mm

TCEP.
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2.1.5 50 mL Medium-Scale Test Expression of His6-Tagged
Proteins

The following buffers were prepared as follows and filter sterilized before use. Base

Buffer = 50 mm HEPES pH = 7.5, 300 mm NaCl, 5% glycerol. Lysis Buffer =

Base Buffer + 1 mg mL−1 hen egg-white lysozyme + 1X benzonase + 1X Merck

EDTA-free protease inhibitors. Wash Buffer = Base Buffer + 10 mm imidazole.

Elution Buffer = Base Buffer + 150 mm imidazole.

My 50 mL test expression protocol is modified from an unpublished method called

“PREPX” developed by Dr. Michael Fairhead and further optimized by Dr. Sab-

rina MacKinnon. FReP constructs were transformed into chemically competent

BL21(DE3) Tuner cells containing CyDisCo plasmid pMJS226 or pMJS205, or

SHuffle® cells containing the pRARE2 plasmid, and selected on kan/chlor plates as

before. 2 mL overnight cultures were used to inoculate 50 mL of TB-PLUS (1X TB +

15 mL L−1 glycerol + 0.01% Antifoam + 1 mm MgSO4 + 10 mm (NH4)2SO4 + 0.5%

D-glucose + 1X E. coli trace metals) spiked with 50µg mL−1 Kan and 34 µg mL−1

Chlor in 250 mL sterilized baffled flasks. Cultures were grown at 30 ◦C and 250 RPM

in an InforsHT incubator until OD600 reached 2-3, at which point the temperature

was dropped to 18◦C and expression was induced with 0.5 mm IPTG and allowed to

continue overnight.

Pellets were harvested by centrifugation at 4000 x g for 15 min, re-suspended in

lysis buffer containing 1 mg mL−1 lysozyme, and incubated for 30 min at room tem-

perature with gentle agitation. Lysates were briefly vortexed and 1% Triton X-100

(Sigma) was added before storage at -80◦C overnight. Lysates were thawed in a

room temperature water bath and clarified by centrifugation at 4◦C for 45 minutes

at 4000 x g. Clarified supernatants were applied to pre-packed 1 mL pre-equilibrated

TALON columns (TakaraBio) by gravity flow and washed with 70 CV of base buffer

followed by 70 CV of wash buffer. Bound protein was eluted with 2.5 mL of elu-

tion buffer directly onto a PD-10 desalting column (Sephadex G-25 Resin, BioRad),

which was eluted with 3.5 mL of base buffer. Note that I observed precipitation of

the FRePs in high [imidazole] and therefore always desalted the protein immedi-

ately following elution. 20 µL of the desalted eluates were analyzed with reducing

SDS-PAGE followed by MSMS, and the A280 was checked with a NanoDrop (Ther-

moFisher) to estimate yield.
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2.1.6 Purification Scheme 1 (MBP/SHuffle®)

The following buffers were prepared as follows and filter sterilized before use. Base

Buffer = 50 mm HEPES pH = 7.5, 300 mm NaCl, 5% glycerol. Lysis Buffer =

Base Buffer + 1X benzonase + 1X Merck EDTA-free protease inhibitors. Ion-

Exchange Buffer A = 20 mm HEPES pH = 8.0. Ion-Exchange Buffer B =

20 mm HEPES pH = 8.0, 1m NaCl. Storage Buffer =20 mm HEPES pH = 7.5,

250 mm NaCl, 2% glycerol.

MBP-FReP constructs were transformed into chemically competent SHuffle® cells

containing pRARE2 via heat shock. Overnight cultures were grown in 1X TB +

50 µg mL−1 Kan + 34 µg mL−1 Chlor in 250 mL baffled flasks at 37 ◦C with 250

RPM shaking. 12 mL of overnight culture was used to inoculate each of up-to 12X

3L sterilized baffled flasks containing 1L of TB-PLUS (prepared as in Section 2.1.5)

with 50 µg mL−1 Kan + 34 µg mL−1 Chlor. The flasks were covered with air-porous

seals (AirOtopTM, Thomson) and grown at 37 ◦C with 200 RPM shaking to an

OD600 between 2-3. The temperature was dropped to 18 ◦C and expression was

induced overnight with the addition of 0.5 mm IPTG. Pellets were harvested by

centrifugation for 15 minutes at 4000 x g (Beckman Coulter Avanti JXN-26 with

JA 8.1 rotor) and then stored indefinitely in plastic bags at −80 ◦C.

For purification, pellets were re-suspended in lysis buffer (3 mL buffer per 1 g wet

cell weight) and broken by sonication (15 minutes, 5 seconds on, 10 seconds off,

35% amplitude). Lysates were clarified by centrifugation for 1 hour at 25,000 x

g in a JA25.5 rotor followed by application to a 2 mL bed volume amylose affin-

ity column (NEB). Column was rinsed with at least 50 CV of base buffer and the

re-suspended in 2 mL base buffer containing 2 mg of Tobacco Etch Virus nuclear-

inclusion-a endopeptidase (TEV) protease. For on-column cleavage, the resin/TEV

mixture was incubated overnight at 4 ◦C with end-over-end mixing. The following

morning, the resin/protein mixture was re-applied to an empty column and the flow-

through plus a 10 mL wash with base buffer was collected. The cleaved FReP was

diluted with ion-exchange buffer to less than 30 mm NaCl and the pH was adjusted

to 8.0 as necessary. For a final polishing step, the protein was applied to a 1 mL ion-

exchange column (either MonoQ or MonoS 5/50, GE Healthcare) using an AKTA

Express (GE Healthcare). The FReP was eluted with a increasing gradient of NaCl

in ion-exchange buffer B, and the peak fractions were analyzed using SDS-PAGE.

FReP-containing fractions were pooled and buffer exchanged into storage buffer by

sequential dilution using a 10K MWCO Amicon centrifugal concentrator. Finally,
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the FReP was concentrated down to approximately 3 mg mL−1 for biophysical ex-

periments or up to 10 mg mL−1 for crystallization. FReP identity was consistently

confirmed via in-gel tryptic digest MSMS and intact mass analysis. Any protein not

used immediately was flash frozen in liquid nitrogen and stored at −80 ◦C.

2.1.7 Purification Scheme 2 (His6/CyDisCo)

The following buffers were prepared as follows and filter sterilized before use. Base

Buffer = 50 mm HEPES pH = 7.5, 300 mm NaCl, 5% glycerol. Lysis Buffer = Base

Buffer + 1X benzonase + 1X Merck EDTA-free protease inhibitors. Wash Buffer

= Base Buffer + 10 mm imidazole. Gel Filtration Buffer = 20 mm HEPES pH =

7.5, 250 mm NaCl, 2% glycerol.

His6- or His6-Twin-Strep-tagged FRePs were transformed into chemically compe-

tent BL21(DE3) Tuner cells containing the pMJS226 CyDisCo plasmid. Protein

expression and cell harvest was carried out exactly as described in Section 2.1.6 ex-

cept for maintaining the initial growth temperature at 30 ◦C to preserve the folding

of CyDisCo components.

For purification, pellets were re-suspended in lysis buffer (3 mL buffer per 1 g wet

cell weight) and broken by sonication (15 minutes, 5 seconds on, 10 seconds off,

35% amplitude). Lysates were clarified by centrifugation for 1 hour at 25,000 x g

in a JA25.5 rotor followed by application to a 2 mL bed volume TALON column.

The column was washed with 50 CV base buffer and 50 CV wash buffer before

a 10 min incubation with 7.5 mL elution buffer. Eluate was immediately desalted

back into base buffer using 3X PD-10 columns to remove imidazole. To cleave the

tag, the FReP was incubated with 1:10 (w:w) GST-tagged TEV protease at room

temperature with gentle agitation. Cleavage was periodically checked using intact

mass, with complete cleavage typically being observed after 1.5 to 2 hours. The

cleaved FReP was concentrated to less than 5 mL using a 10K MWCO Amicon cen-

trifugal concentrator and applied using an AKTA Express (GE Healthcare) to a

124 mL SEC column (Superdex 75 HiLoad 16/60, GE Healthcare) pre-equilibrated

in gel filtration buffer. FRePs were loaded and eluted at a constant 1 mL/min and

collected in 1.8 mL fractions, which were analyzed by reducing SDS-PAGE. Monodis-

perse, FReP-containing fractions were pooled and concentrated using a 10K MWCO

Amicon centrifugal concentrator to approximately 3 mg mL−1 for biophysical exper-

iments or up to 30 mg mL−1 for crystallization. FReP identity was consistently
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confirmed via in-gel tryptic digest MSMS and intact mass analysis. Any protein not

used immediately was flash frozen in liquid nitrogen and stored at −80 ◦C without

any loss in activity or precipitation upon thawing.

2.1.8 Crystallization Trials

Throughout, sitting-drop vapour diffusion experiments were performed in 96-well,

three-sub-well SWISSCI plates (SWISSCI AG). 20µL of mother liquor from com-

mercially available coarse screens was added to the SWISSCI master wells, followed

by the preparation of 2:1, 1:1, and 1:2 (protein:mother liquor) dilutions within the

three sub-wells by TTP Labtech’s Mosquito® liquid handling robot. Plates were

incubated at either 4 ◦C or 20 ◦C and regularly imaged using a Formulatrix® auto-

matic inspection system (Rigaku). Crystals were managed, scored, and evaluated

using the MATLAB application TeXRank [331]. A variety of coarse screens were

regularly used, most notably Morpheus [332], MidasPLUS [333], JCSG/PACT [334],

LMB [335], and the Ligand Friendly Screen [336].

The structure of TNC was solved using a crystal from the Morpheus Screen, which

appeared after 28 days at 20 ◦C with TNC at 17 mg mL−1 mixed with screen condi-

tion C9: 0.09m NPS + 0.1m Buffer System 3 pH = 8.5 + 50% Precipitant Mix 1.

The structure of ANGPTL2 was solved using a crystal from the Morpheus Screen,

which appeared after 14 days at 20 ◦C with ANGPTL2 at 6 mg mL−1 mixed with

25 mm CaCl2 and screen condition A12: 0.09m Divalents + 0.1m Buffer System 3

pH = 8.5 + 50% Precipitant Mix 4. The structure of ANGPTL6 was solved us-

ing a crystal from the Morpheus Screen, which appeared after 7 days at 20 ◦C with

ANGPTL6 at 10 mg mL−1 mixed with 25 mm CaCl2 and screen condition B5: 0.09m

Halogens + 0.1m Buffer System 2 pH = 8.5 + 50% Precipitant Mix 1. The struc-

ture of the FGL1-c011 dimer was solved using a crystal from a homemade follow-up

screen based on Morpheus Conditions D05 and F09. The crystal appeared after 7

days at 20 ◦C with FGL1 at 29 mg mL−1 mixed with screen condition D10: 0.12m

Monosaccharides + 0.1m Buffer System 3 pH = 8.5 + 50% Precipitant Mix 4.

2.1.9 Data Collection and Processing

All crystallographic data was collected at Diamond Light Source using beamline i04,

i04-1, and i03. Diffraction data were automatically indexed, integrated, and scaled
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using the Xia2 pipeline [337]. All downstream analysis was performed using the

PHENIX software suite [338]. All structures were phased by molecular replacement

using Phaser [339], with FGG (PDB: 1FIC) used as the search model for TNC. The

final structure of TNC (PDB: 6QNV) was subsequently used as the search model to

phase ANGPTL2 and ANGPTL6. The final structure of ANGPTL6 (PDB: 6Y43)

was used as the search model to phase the structure of the FGL1 dimer. Structures

were refined as appropriate with cycles of automatic refinement in phenix.refine

coupled to manual rebuilding in Coot [340, 341]. Structural models were validated

and improved with guidance from MolProbity and the wwwPDB Validation Report

[342, 343]. All structures were deposited to the PDB after internal peer-review by

senior SGC crystallographers, either Dr. Gustavo Bezerra or Dr. Tobias Krojer.

2.1.10 TNC XChem Fragment Screen

TNC-c042 was concentrated to 30 mg mL−1 and mixed 100 nL:100 nL in all sub-wells

of SWISSCI plates using the custom fine screen JAC-MorpheusC09-z001, which

sampled the chemical space around Morpheus C09 by varying the pH of Buffer

System 3 from 7.0 to 9.0 and the concentration of Precipitant Mix 1 from 44 to 56%.

After 14 days, approximately 150 crystals per plate were obtained. These crystals

were used to complete a full fragment screen at the XChem Facility, Diamond Light

Source Beamline i04-1, based on standard methodologies freely shared on Diamond’s

website [https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening.html].

Briefly, using an Echo® Acoustic Liquid Handler, 20 nL of the DSI-Poised 1 Frag-

ment Library (Enamine) was added to crystal-containing drops, for a final concen-

tration of 10% DMSO. The fragment/crystal mixture was incubated for 2 hours at

20 ◦C before mounting and flash freezing in liquid nitrogen using the Shifter, a robotic

crystal-mounting platform developed by Wright et al. [344]. Diffraction data were

collected at Diamond Light Source Beamline i04-1 in automatic mode followed by

indexing, integration, and scaling using the automated Xia2 pipeline [337]. Density

maps were imported into the XChemExplorer software suite developed by Krojer

et al., which provided support for all downstream data processing [345]. Molecular

replacement and initial refinement was completed by DIMPLE using the apo-TNC

structure (6QNV) as a search model [346]. Fragment binding events were identified

by PanDDA and manually annotated [347], followed by refinement using Coot and

REFMAC within XChemExplorer [341, 348]. Refined, fragment-bound structures

were exported, deposited to the PDB, and visualized using Chimera [349].
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2.1.11 Differential Scanning Fluorimetry

DSF experiments were carried out essentially as reported by Niesen et.al. and Boivin

et al. with a few modifications [350, 351]. For additive screening, in a 96-well v-

bottom white qPCR plate, 10 µL of 2X HEPES-buffered saline (HBS) was mixed

with 4µL of ddH2O, 2µL of 10X additives from the Morpheus Additive Screen, and

2 µL of the target protein at a stock concentration of 3 mg mL−1. The protein/addi-

tive mixture was incubated for 15 min at room temperature with gentle agitation,

followed by the addition of 2 µL 10X SYPROTM Orange (ThermoFisher) freshly

prepared from a 5,000X stock in ddH2O. The samples were equilibrated for 10 min

in the dark before collection of thermal denaturation curves using a Mx3005p RT-

PCR machine (Stratagene). The samples were heated from 25 ◦C to 95 ◦C over 70

minutes, with a ramp of 1 ◦C/min. Tm and R2 values were calculated by non-linear

fitting in GraphPad Prism using the ideal monophasic ProteoPlex model from Chari

et al. [352].

Custom equation in Prism (can be copied and pasted directly into the User-Defined

Equation editor):

Y=[maxflour*(exp(-((DeltaH(x-MeltT))/(8.3145*x*MeltT))))]/

[1 + (exp(-((DeltaH(x-MeltT))/(8.3145*x*MeltT))))]

Where maxflour is the maximum normalized fluoresence, DeltaH is the unfolding

enthalpy, MeltT is the melting temperature expressed in Kelvin, and x is the assay

temperature expressed in Kelvin. The pre-specific rules for initial values and fitting

were as follows:

maxflour = 1000

DeltaH = 100,000 (to be fit; unconstrained)

MeltT = 330 (to be fit; must be between 0 and 400)

For Ca2+ binding curves, an 11-point serial dilution of CaCl2 was first prepared

in ddH2O at 10-fold the desired final concentration. In a 96-well v-bottom white

qPCR plate, 10 µL of 2X HEPES-buffered saline (HBS) was mixed with 4 µL of

ddH2O, 2 µL of the 10X CaCl2 serial dilution, and 2µL of the target protein at

3 mg mL−1. The curves were prepared in technical triplicate. After a 15 min incu-

bation, SYPROTM Orange was added and melting curves were collected as above.
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Tm values were determined using non-linear fitting as above, followed by subtrac-

tion from the calcium-free Tm to determine ∆Tm values, which were plotted against

log[Ca2+] and fit using a one-site saturation binding model in GraphPad Prism.

2.1.12 General Mass Spectrometry

Overnight, in-gel tryptic digest MSMS analyses were routinely performed by Dr.

Rod Chalk, Tiago Moreira, and Oktawia Borkowska according to published meth-

ods on a Bruker Esquire HTC ESI-ion trap mass spectrometer [353], with peptide

identification and protein matching completed with the MASCOT search engine

[354]. Intact mass analyses were completed essentially as reported in Chalk et al.

[353], with 1µg of target protein diluted in 60 µL of 0.1% formic acid, passed through

an HPLC, and injected onto an Agilent 6530 ESI-QTOF mass spectrometer, followed

by spectral deconvolution and analysis using MassHunter (Agilent).

2.1.13 Disulfide Mapping Using Intact Mass

To analyze the number of disulfide bonds present in the purified FRePs, three sam-

ples were prepared for intact mass analysis. The first, “as purified”, sample, was

prepared and analyzed exactly as in Section 2.1.12. The second, “+IA”, sample was

prepared by denaturing 5µg of protein for 1 hour in 50µL denaturing buffer (8m

urea in 50 mm ammonium bicarbonate pH = 8.0), followed by the addition of 25 mm

freshly prepared iodoacetamide and another 1 hour incubation. 5 µL of the sample

was used for intact mass analysis as before. The final sample, “+IA/TCEP”, was

prepared like +IA, except for the presence of 10 mm TCEP in the denaturing buffer.

Each alkylation event corresponds to a mass shift of 57-58 Da, representing the cap-

ping of a single Cys. Cysteines involved in disulfide bonds will only be capped in

the +IA/TCEP sample, while free cysteines will be capped in both the +IA and

+IA/TCEP samples. Only FReP batches with two disulfide bonds were used for

downstream biophysical studies.

2.1.14 Native MS

75 µg of purified protein at 1 mg mL−1 was desalted into 50 mm ammonium acetate

pH = 6.5 using three consecutive exchanges on ZEBA Micro Spin Desalting Columns
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(Thermo Fisher) according to the manufacturer’s recommendations. Native MS

spectra collection was performed by either Dr. Rod Chalk, Tiago Moreira, or Ok-

tawia Borkowska, followed by manual data analysis using MassHunter and custom

Excel scripts. For collection, desalted samples were directly injected into an Agilent

6530 ESI-QTOF at a constant rate of 6µL/min using a 1.0 mL gas-tight displace-

ment syringe (Hamilton) connected to the ionization source with 0.005 inch PEEK

capillary tubing. The QTOF was operated in positive ion mode using the 1 GHz

detector mode, a scan range of 100-20,000 m/z, and a fragmentation voltage of

430 V.

2.2 Screening Fusion Tags for Solubility

The previously reported expression strategy for FRePs relied on insoluble expression

of His6-tagged, full-length FBG domains as inclusion bodies in E. coli, followed by

a tedious eight-day refolding protocol [142]. Disulfide-bonded proteins often express

as insoluble aggregates in E. coli due to the reducing nature of the E. coli cytosol,

which prevents disulfide-bond formation [355]. Despite successful implementation

of refolding protocols to purify many disulfide-bonded proteins, these approaches

require target-specific optimization and often yield small amounts of functional final

product [356]. This proved true in my hands, with in-house refolded yields for the

FRePs never exceeding a meager 0.20 mg L−1 of culture. Given that my primary ob-

jective was large-scale production of multiple FRePs for structural characterization,

this methodology was insufficient; therefore, I started my work on the FReP family

by exploring approaches for rescuing disulfide bond formation to facilitate soluble

expression of the FRePs in E. coli.

Using ligation-independent cloning methodology (LIC; see 2.1) and guided by Costa

et al.’s detailed review of recombinant tags [357], Ms. Leela Shrestha, a scientist

within the SGC’s Biotechnology Group, and I cloned full-length FRePs (accession

numbers and boundaries in Section 2.1.1) in-frame with fusion tags reported to en-

hance protein solubility and/or catalyze disulfide bond formation. All vectors also

incorporated a His6-tag for pull-down using immobilized metal affinity chromatog-

raphy (IMAC), as well as a TEV cleavage site for eventual tag removal. This initial

construct library screened the following six tags, all placed at the N-terminus to

avoid interference with C-terminal residues predicted to interact with TLR4 (see

Section 2.7):

60



• OmpA Fusion [358, 359]

The OmpA fusion contains an N-terminal signal peptide derived from E. coli

outer membrane protein A, which directs translated polypeptides from the

cytosol into the oxidizing periplasm of E. coli.

• DsbC Fusion [360]

In addition to serving as a native disulfide isomerase in the periplasm, E. coli

disulfide bond isomerase C (DsbC) is frequently employed as a fusion partner

to promote folding of disulfide-rich proteins (DRPs). My vector for DsbC

fusion also directs the nascent polypeptide to the periplasm, essentially giving

the target a double-dose of dedicated disulfide-refolding enzymes.

• TRX Fusion [361]

The thioredoxin (TRX) tag is a 11.7 kDa protein derived from E. coli thiore-

doxin A. The TRX tag directly catalyzes the formation of disulfide bonds via a

redox-active catalytic dithiol in the active site of the enzyme, and also provides

a stabilizing affect due to its high thermal stability (over 80 ◦C).

• SUMO Fusion [362, 363]

The small ubiquitin-like modifier (SUMO) protein is a small (11.5 kDa), co-

valent, reversible PTM added to specific eukaryotic proteins to direct cell pro-

cesses including apoptosis and cell cycle progression. When used as a re-

combinant fusion partner, the SUMO tag can enhance protein stability and

solubility.

• MBP Fusion [364, 365, 366]

The 42.5 kDa E. coli maltose binding protein (MBP) enhances the solubil-

ity of fusion partners, although the precise mechanism remains unclear. Re-

ports suggest that MBP-tags both actively recruit endogenous chaperones like

GroEL and passively interact with partially folded fusion partners to prevent

aggregation. MBP-tags also interact strongly with amylose, allowing simple

purification on amylose-coupled resins.

• SPB SET1 Fusion

The streptavidin peptide binding (SPB) and solubility-enhancing tag 1 (SET1)

is a proprietary fusion partner (VeriFlexTM, Agilent). The SET1 portion of

the tag is based on the C-terminal portion of the T7 phage gene 10B sequence

and introduces a solubilizing net-charge of -6, while the SPB portion can be

used for affinity purification on streptavidin-conjugated resin.
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To see if any of these fusion partners improved FReP solubility, Ms. Leela Shrestha

and I first completed a 1 mL test expression of the construct library in the standard

BL21(DE3) E. coli expression strain, followed by a one-step IMAC purification

and analysis by SDS-PAGE and in-gel tryptic digest MSMS (see Section 2.1 for

details). As Figure 2.1A demonstrates, only MBP or DsbC tags rescued soluble

expression, and even this improvement was highly target dependent. FCN1, TNC,

and ANGPTL2 were solubilized by MBP, while FCN1, ANGPTL1, and ANGPTL6

were solubilized by DsbC. Given that the MBP constructs expressed at a higher level

than the DsbC constructs and that the MBP tag facilitated the soluble expression

of the canonical family member TNC, I initially moved forward with optimizing the

expression of MBP-tagged FRePs.
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Figure 2.1 Rescuing FReP Solubility in E. coli. A. 1 mL test expression of tagged
FRePs in standard BL21(DE3) E. coli expression strain. B. 50 mL test ex-
pression of MBP-tagged FRePs in SHuffle® cells with an oxidizing cytosol.
C. 50 mL test expression of MBP-tagged FRePs co-expressed with first gen-
eration CyDisCo components from pFH255 in BL21-DE3 cells. Throughout,
green asterisks denote bands which had their identity confirmed by in-gel tryp-
tic digest MSMS, while N/A denotes bands from non-FReP targets which will
not be discussed herein.
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2.3 Testing Disulfide-Refolding E. coli

2.3.1 Theory of Oxidizing E. coli Strains

Although the MBP-tag solubilizes the FRePs in BL21(DE3) cells, I hypothesized

that transitioning into engineered strains designed to enhance disulfide bond forma-

tion could increase expression levels. These specialized cell lines eventually proved

transformative for the FRePs (see Section 2.6), so a brief detour from my experi-

mental work and into the history of these systems will clarify subsequent sections.

Two common commercially available disulfide-refolding strains, both containing an

oxidizing cytosol due to the ∆trxB ∆gor ahpC* genotype [367, 368, 369], are

OrigamiTM (Merck Millipore) and SHuffle® (New England Biolabs). SHuffle® and

OrigamiTM cells are identical except for the genetic insertion of a signal-sequence-free

DsbC in SHuffle®, which improves final yields [370].

Despite representing a massive step forward for the production of DRPs in E. coli,

neither SHuffle® nor OrigamiTM cells are perfect. Because of significant genetic

manipulations and the disruption of core reducing pathways, these lines grow slower

and express less protein than BL21(DE3) strains, meaning significant target-specific

optimization, including the co-expression of additional chaperones, is often required

[371]. Therefore, a system for cytosolic folding of DRPs in reducing BL21(DE3)

lines was developed and coined CyDisCo (CYtoplasmic DIsulfide bond formation in

E.COli) [372]. The term “CyDisCo” encompasses a variety of vectors that facilitate

the over-expression of specific disulfide-refolding co-chaperones that efficiently fold

and solubilize DRPs even in an otherwise reducing cytosol.

The optimized CyDisCo approach relies on over-expression of the sulfhydryl oxidase

Erv1p and a disulfide isomerase (either PDI or DsbC) from the ChlorR pLysS back-

bone [373]. CyDisCo plasmids utilize a p15A origin of replication, making them

compatible for co-expression with a targets cloned into standard backbones with

f1 origins [374]. The first generation CyDisCo plasmid, called pFH255, contains

Erv1p and DbsC under a titratable, arabinose-inducible promoter. The next gener-

ation plasmids, pMJS205 and pMJS226, contain Erv1p and PDI under the control

of an IPTG-inducible T7 lacO promoter. pMJS226 additionally contains the lac re-

pressor (lacI), which reduces background expression of CyDisCo components before

induction.
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2.3.2 Evaluation of SHuffle® and CyDisCo Cells

As for the deployment of these specialized strains in my work, I initially tested

just MBP-tagged FRePs using both SHuffle® and CyDisCo pFH255 cells. Figure

2.1B and Figure 2.1C demonstrate that both SHuffle® and CyDisCo cells rescued

the expression of all MBP-tagged FRePs, including targets like ANGPTL1 and

ANGPTL6 which failed in the original test expression (see Figure 2.1A). I also

observed that SHuffle® outperformed CyDisCo pFH255 cells based on the total

yield of protein in the elution fractions. Therefore, MBP-tagged FRePs expressed in

SHuffle® cells represented a tenable approach for preliminary scale-up experiments.

More broadly, the results in Figure 2.1 demonstrate that solubilizing tags can syner-

gize with disulfide-refolding cell lines, suggesting that disulfide-containing proteins

should always be tested in dedicated cell lines like SHuffle® or CyDisCo. In fact,

these results called into question my original selection of the MBP-tag based on

observed expression levels in reducing BL21(DE3) cells that are demonstrably in-

ferior for DRPs. Therefore, I repeated a similar experiment to that presented in

Figure 2.1C, but this time using the next generation CyDisCo plasmids pMJS205

and pMJS226. This experiment allowed me to both test for alternatives to the MBP

tag and also to compare pMJS205 and pMJS226 head-to-head.

Figure 2.2 demonstrates that CyDisCo cells can solubly express FReP constructs

with tags other than MBP, including TRX, SBP-SET1, MBP and DsbC. More

impressively, for every FReP tested, CyDisCo cells efficiently express just His6-

tagged constructs, a somewhat surprising result given my initial hypothesis about

the requirement for a solubilizing tag. This experiment also demonstrates that

CyDisCo pMJS226 outperforms pMJS205 across all targets and tags, a result which

is particularly pronounced for His6-TNC, His6-ANGPTL6, and MBP-ANGPTL2.

Therefore, for all downstream CyDisCo expressions, I used pMJS226. The ability to

express His6-tagged FRePs with CyDisCo pMJS226 greatly simplified purification

(see Section 2.4) and eventually led to novel FReP crystal structures (see Section

2.6 and 2.9).

2.4 Large-Scale FReP Purification Strategies

After screening my full-length FReP construct library using six different fusion part-

ners in five different E. coli cell lines, I identified (1) an MBP-tag in SHuffle® cells
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Figure 2.2 CyDisCo Facilitates His6-FReP Expression. IMAC elution fractions
from a 30 mL test expression and purification of fusion-tagged FRePs in
BL21(DE3) cells co-expressing CyDisCo components from either pMJS205
or pMJS226. Green asterisks denote bands which were confirmed by in-gel
tryptic digest MSMS.

and (2) a His6-tag in CyDisCo pMJS226 cells as viable strategies for soluble FReP

expression. This section details my optimization of large-scale FReP purification

using either Scheme 1 (MBP/SHuffle®) or Scheme 2 (His6/CyDisCo), leading to

the eventual conclusion that Scheme 2 is superior for quickly purifying FRePs in

large quantities.

2.4.1 Purification Scheme 1: MBP-tag in SHuffle® Cells

My first dozen large-scale FReP preps used the MBP/SHuffle® approach detailed

in Figure 2.3A. Briefly, I settled on an amylose affinity capture step followed by

on-column cleavage to remove the MBP-tag, with a final polishing step using ion-

exchange chromatography (IEX). However, despite successfully obtaining pure pro-

tein with Scheme 1 (Figure 2.3D), the approach had some fundamental limitations:

1. The MBP tag stabilizes misfolded protein.

Figure 2.3B demonstrates a generic problem uncovered for all FRePs purified
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Figure 2.3 Purification Scheme 1 (MBP/SHuffle®). A. Optimized purification
Scheme 1, using TNC as an example.B. SDS-PAGE showing on-column TEV
cleavage to remove the MBP tag. The red box highlights unbound protein in
the flow-through from the amylose affinity step, while the green box identifies
the cleaved target of interest. C. A280 Chromatogram from a representative
ion-exchange polish step, showing that a high-performance MonoS column
can remove MBP and GroEL contaminants. D. SDS-PAGE analysis of the
MonoS peak from C., showing the representative final purity of Scheme 1. E.
Representative intact mass analysis which conclusively identifies the target
and implies the presence of two disulfide bonds.

with Scheme 1: almost the entirety of the soluble MBP-tagged protein escapes

the first step affinity column. Therefore, I hypothesize that most of the soluble

MBP-tagged protein is misfolded or aggregated and therefore unsuitable for

use. The data indicate that the MBP-tag is so effective at solubilizing its

fusion partners that small-scale test expressions are prone to false-positives.

As a result, my final purified yields were significantly lower than the test

expression results implied. Despite many attempts, including screening for

stabilizing additives in the lysis buffer and massively increasing the solid-phase

bed volume of the affinity resin, this flow-through problem held true for all

targets, suggesting a fundamental pathology with the MBP-tag itself.

2. Untagged FRePs themselves bind to IMAC columns.

Likely because of a conserved cation-binding loop (see Section 2.10 for the

architecture of this loop bound to Ca2+), I observed that all FRePs bound

relatively tightly to both Nickel and Cobalt affinity matrices, even without

a His6-tag, preventing the use of an IMAC rebind step to remove the His6-

MBP tag following TEV cleavage. Amylose rebind steps did work; however,

because of the high affinity of maltose for MBP, the MBP-tag can only be used

one time during a purification [375]. As a result, I settled on a high-purity

amylose affinity first step followed by an on-column overnight digest with TEV

to release the tag-free FReP. This gave higher purity than an IMAC first step
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followed by an amylose rebind to remove the tag, especially with regards to

GroEL contamination which is common when purifying from E. coli using

IMAC [376].

3. The MBP-tag is sticky and difficult to remove.

As Figure 2.3B demonstrates, even after an on-column cleavage of the MBP-

tag, some of the free MBP (which should bind to the resin) escaped and

co-eluted with the target protein. This held true even after size-exclusion

chromatography—despite being double the size of the FRePs, I consistently

observed significant cross-contamination of the FRePs with MBP (data not

shown). I eventually overcame this challenge by implementing a high-performance

IEX step using MonoS/MonoQ columns. This worked exceptionally well for

positively charged targets (like TNC) and yielded very pure protein (Figure

2.3D). However, this approach was less successful for negatively charged tar-

gets like ANGPTL6, necessitating significant target-specific optimization of

elution gradients to obtain reasonable purity.

As a result of the aforementioned challenges, consistently low final yields (less than

0.25 mg L−1) restricted the number of crystallization trials I could complete; after

11 FReP purifications across five different targets using Scheme 1, I only set-up 15

different crystallization plates, and no crystals appeared in any condition. Given that

successful crystallization often requires dozens of plates per target, even the fully

optimized Scheme 1 represented a bottleneck to solving FReP structures. Motivated

to increase final yields and simplify a relatively challenging purification scheme, I

decided to pursue a second purification scheme that did not rely on the cumbersome

MBP-tag.

2.4.2 Purification Scheme 2: His6-tag in CyDisCo Cells

As demonstrated previously in Figure 2.2, next-generation CyDisCo cells can express

FRePs containing only an N-terminal, TEV-cleavable His6-tag, allowing a simpler

and higher yielding purification Scheme 2 (Figure 2.4A). Instead of the 72–96 hour

Scheme 1, Scheme 2 takes less than 36 hours to complete: the first affinity step and

a two-hour room temperature TEV cleavage are finished on the first day, followed

by an overnight SEC run on a Superdex 75 column to remove aggregates, impuri-

ties, and trace TEV protease. I used Scheme 2 to purify the entire FReP library,

including the previously intransigent FGL2, with representative purification results
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for each target found in Figure 2.4B. Furthermore, Figure 2.4C demonstrates that

the purified FRePs are monodisperse and monomeric during SEC, except for FGL2,

which tends to give a broader peak in SEC, indicative of intrinsic disorder or partial

unfolding.
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Figure 2.4 Purification Scheme 2 (His6/CyDisCo). textbfPurification Scheme 2
(His6/CyDisCo). A. Optimized purification Scheme 2. B. SDS-PAGE show-
ing purified FRePs after final Superdex 75 step. Samples taken from across a
monodisperse SEC peak. Protein identities confirmed by intact mass analysis
and MSMS. C. Analytical SEC on a Superdex 200 Increase column. Approx-
imate elution volume of 17 mL corresponds to a monomeric species as judged
by comparison to calibration standards.

I observed that CyDisCo cells grow slower and to a lower final density than BL21(DE3)

or SHuffle® cells, even accounting for the fact that CyDisCo cells must grow at 30 ◦C

to ensure proper folding of the co-chaperones. These observations were echoed by Dr.

Lloyd Ruddock, the CyDisCo inventor, in a personal communication. To increase

biomass during the expression stage, I switched from using standard Terrific Broth

(TB) to a customized recipe developed in-house by Dr. Michael Fairhead called

“TB-PLUS”. In addition to all other standard TB ingredients, TB-PLUS contains

a source of carbohydrate (in the form of glucose), magnesium, ammonium, carbon

(in the form of excess glycerol), and trace metals, along with antifoam to prevent

bubble formation at high shaking speeds (250 RPM). The switch to TB-PLUS es-

sentially doubled the final biomass, allowing me to culture reasonable volumes at a
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time (never more than 12 L).

On average for the full-length FRePs, Scheme 2 yielded 2.2 mg L−1, with TNC giv-

ing the highest (5.0 mg L−1) and FGL2 giving the lowest (0.5 mg L−1) yields. These

improved yields, up to 10-fold higher than with Scheme 1, allowed me to set addi-

tional crystallization trials with different screens and higher protein concentrations.

However, after four additional plates for ANGPTL2, four for ANGPTL6, and two

for FGL1, I again obtained no crystals for the full-length FRePs, consistent with

the negative crystallization results post-Scheme 1.

Taken together, my data clearly show that Scheme 2 is superior to Scheme 1 in terms

of time, purity, and final yields, so I transitioned completely away from Scheme 1

during the subsequent stages of the project (especially important in Section 2.6).

Unless otherwise noted, I purified all FRePs for structural or biophysical character-

ization using the optimized Scheme 2.

2.5 Quality Control of Soluble FRePs

Throughout the project, I relied on stringent quality control experiments to ensure

that my soluble FRePs were the correct target, properly folded, homogeneous, and

biophysically equivalent to FRePs purified using the old refolding protocol. Repre-

sentative data from these validation experiments are presented and discussed below.

Using intact mass and in-gel tryptic digest MSMS, I confirmed the identity of each

FReP. Furthermore, I used a simple “disulfide mapping” assay that allowed experi-

mental validation of the presence of two disulfide bonds in the expressed FRePs. In

these experiments, I measured the intact mass of the protein three times—once as

purified, once after incubation with iodoacetamide (IA), and once after reduction

with TCEP and incubation with IA. IA reacts with any free thiol (i.e. reduced Cys

residues) to form a covalent acetylated adduct with a fingerprint mass shift of +57

Da. Cysteine residues involved in a disulfide bond will only be acetylated following

reduction with TCEP, while reduced free cysteines will undergo acetylation by IA

without reduction. Because the in-house time-of-flight mass spectrometer which I

used only had a resolution of +/- 1.0 Da, intact mass alone could not unambigu-

ously confirm the presence of disulfide bonds. On higher resolution instruments,

disulfides can be directly measured via the oxidation-dependent loss of two protons,

and therefore 2 Da, per disulfide bond.
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Figure 2.5 Disulfide Mapping of TNC. A. Disulfide mapping of soluble TNC ex-
pressed in CyDisCo cells using Scheme 2. Protein contains two disul-
fide bonds. B. Disulfide mapping of refolded TNC expressed in standard
BL21(DE3) using previously reported purification scheme. Protein contains
incorrectly folded minor species containing free cysteines or cysteaminyla-
tions. C. Schematic of cysteaminylation event caused by excess cystamine
used in the refolding step. The +153 Da adduct in B. arises from two cys-
teaminylations

Figure 2.5 shows a representative result of this disulfide mapping assay, used to di-

rectly compare solubly expressed and refolded TNC (purified by and received from

Anna Marzeda). The solubly expressed TNC, shown in Figure 2.5A, contains only

one species (m = 26,374) with the expected two disulfide bonds. This is deduced

by the lack of a mass shift in the “+IA” sample, implying no free cysteines, and

the +232 Da mass shift in the “+TCEP/IA” sample, implying four oxidized cys-

teines and therefore two disulfide bonds. The refolded TNC, shown in Figure 2.5B,

contains a major species that behaves as expected, with two disulfide bonds (m =

27,110); however, the refolded TNC also contains multiple improperly folded minor

species. The +153 Da adduct in the “As purified” sample corresponds to two cys-

teaminlyation events, detailed in Figure 2.5C and resulting from excess cystamine

used in the refolding buffer. Furthermore, a portion of the purified protein also

contains one free cysteine, demonstrated by the +57 Da shifts in the “+IA” sam-

ple, showing that both disulfide bonds are not always present after refolding. The
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relative abundance of these minor species varied from prep to prep, but all refolded

TNC I tested contained some improperly folded protein. Therefore, the solubly ex-

pressed FRePs not only match but in fact outperform the refolded FRePs in terms

of homogeneity and disulfide bond status.

In addition to verifying the monodispersity of the soluble FRePs during every pu-

rification via SEC (see Figure 2.4), I also verified the folding and oligomeric state of

the FRePs using Native MS. Unlike intact mass analysis, where the protein is dena-

tured by strong acids like TFA before injection, Native MS detects proteins in their

solution state, preserving protein-protein interactions, oligomers, fragile PTMs, and

ligand or co-factor binding [377]. As Figure 2.6 demonstrates, both refolded and

solubly expressed TNC exist predominately as a folded monomer in solution, which

aligns with expectations and with the SEC results (note that the small difference in

the modal m/z is due to the presence of a His6-tag on the refolded sample). However,

refolded TNC also contains a number of low m/z species, corresponding to unfolded

or denatured protein, which are absent in the solubly expressed sample. In sum-

mary, refolded and solubly expressed FRePs are broadly equivalent biophysically,

with the solubly expressed samples displaying superior homogeneity and disulfide

bond formation.

2.6 CyDisCo Expression of Truncated Constructs

Despite the success of Scheme 2 and the ability to rapidly purify homogeneous,

properly folded full-length FRePs, all of my initial crystallization trials failed to yield

even crystalline precipitates for any target after 25 different crystallization plates.

This result, common amongst all of the FRePs I tested, suggested a pathological

resistance to crystallization in the full-length constructs. Because crystallization

requires proteins to condense into a repetitive lattice via the formation of conserved,

reproducible contacts between adjacent molecules [378], it is not uncommon for full-

length proteins to resist crystallization; in fact, evidence suggests that only 25-30%

of recombinantly expressed proteins can form crystals [379]. Proteins with highly

flexible regions, especially solvent exposed loops or disordered subdomain linkers,

are particularly intransigent to crystallization due to a high degree of conformational

freedom which reduces the probability of forming stable crystal contacts. Intuitively,

then, evidence demonstrates that truncating targets down to a minimal crystallizable

construct, either by isolating individual domains or removing flexible loops, can
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empty
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Figure 2.6 Native MS of TNC. Native MS analysis of solubly expressed and refolded
TNC. Both samples display a single charge-state distribution corresponding
to a folded monomer; however, the refolded TNC also contains denatured or
poorly folded protein in the low m/z region.

improve the success rate of crystallization [328, 380, 381, 382]. Therefore, after failed

attempts to crystallize the full-length FRePs, I moved forward with the systematic

design and testing of a truncated FReP library.

I relied on a variety of bioinformatic approaches to identify potentially disordered re-

gions and rationally design truncated constructs, including secondary structure and

disorder prediction using the PSIPRED Workbench [383], structure-guided multi-

ple sequence alignments using T-Coffee [384], and comparative homology modelling

using ICM-PRO [385]. I used the following structures of human FRePs, available

at the time, as templates to guide my construct design: ANGPTL3 (PDB: 6EUA),

ANGPTL4 (PDB: 6EUB), ANG1 (PDB: 4JYO), ANG2 (PDB: 1Z36), FCN1 (PDB:

2JHH), and FGG (PDB: 1FIC).

Because the full-length FRePs already contain just a single FBG domain, there ex-

isted no opportunities for further subdomain truncation or removal of inter-domain

linkers. Additionally, I hesitated to delete internal loops which might compromise

the biological relevance of the resultant structures, especially since the loop-filled

P-subdomain of the FRePs contributes to receptor and calcium binding (see Section
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2.10). However, my analysis did reveal the presence of N- and C-terminal loops

in each of the FRePs which are predicted to be disordered and are not resolved in

the crystal structures of the closest orthologs, suggesting a high degree of confor-

mational flexibility. This result is most pronounced in the alignment of TNC with

the structures of ANG1 and ANG2, seen in Figure 2.7A; the intact FBG domain of

TNC contains a hydrophobic five residue insertion at the N-terminus and a strongly

cationic, ten residue insertion at the C-terminus. Disordered, extended terminal

loops are also present at the N-terminus of both the ANGPTLs and the FGLs (see

Figure 2.7B and 2.7C). I hypothesized that these flexible regions at the protein ter-

mini were preventing crystallization but were likely non-essential for the folding of

the FBG domain.

Therefore, I focused my construct truncations on the protein termini, including 12

different domain boundaries for TNC and six boundaries for each of ANGPTL1,

ANGPTL2, ANGPTL6, FGL1, and FGL2. Since crystal structures of the FBG

domains from FCN1 and FGG were already publicly available, I did not design

truncated mutants for these targets. Figure 2.7 shows multiple sequence alignments

annotated with my designed N-terminal and C-terminal truncations.

Using LIC methodology, I cloned each of the 42 truncated FRePs into both the

pNIC28-Bsa4 vector, which adds an N-terminal TEV-cleavable His6-tag, and the

pNIC-NHStIIT vector, which adds an N-terminal TEV-cleavable His6-Twin-Strep-

tag. The Twin-Strep-tag, purified using StrepTactinXT® resin, is especially useful

for purifying poorly expressed or secreted proteins where the target is present at low

concentrations before the affinity step [386]. Given the small yields for some of the

FRePs (as low as 0.5 mg L−1; see Section 2.4) and the need to maximize recovery of

potentially poorly expressed truncated constructs, I took the opportunity to pilot

the Twin-Strep-tag in parallel with testing terminal truncations.

I expressed each of the 84 truncated constructs at a 50 mL scale in TB-PLUS, fol-

lowed by a one-step affinity purification using TALON (pNIC28-Bsa4 constructs) or

StrepTactinXT® (pNIC-NHStIIT constructs) resin. Figure 2.8A and 2.8B show the

test expression and purification results, which illustrate several important conclu-

sions. First, Twin-strep-tagged constructs outperform His6-tagged constructs, as the

higher-affinity tag allows pull-down of eight additional constructs versus the TALON

pull-down. This appears especially important for ANGPTL1 and ANGPTL2, which

express so poorly that they are undetectable when pulled down with the lower-

affinity, lower purity TALON resin. Second, ANGPTL1, ANGPTL2, ANGPTL6,
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Figure 2.7 Design of Truncated FReP Constructs. A. Rational design of truncated
TNC constructs via comparison to ANG1 and ANG2 structures. B. Rational
design of truncated ANGPTLs via comparison to ANGPTL3 and ANGPTL4
structures. C. Rational design of truncated FGLs via comparison to FGG
structure. In all panels, structure-guided MSAs were generated by ICM-PRO
and colored by ICM’s “consensus strength” algorithm, which emphasizes the
key conserved residues that anchor the alignment. Secondary structures from
the comparator structures are shown underneath. Conserved disulfides are
marked with a yellow bracket.

74



and FGL2 are not amenable to domain truncation, as only the full-length constructs

expressed. This suggests that even small changes can alter the solubility of particu-

lar FBG domains and that the overall solubility of the FRePs varies from target to

target. Finally, and most importantly, both TNC and FGL1 are in fact amenable to

truncation, and I uncovered five new TNC boundaries and two new FGL1 boundaries

which expressed well.
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Figure 2.8 Test Expression of Truncated FRePs. A. 50 mL test expression of
FReP truncations with an N-terminal His6-Twin-strep-tag cloned into pNIC-
NHStIIT and purified with StrepTactinXT® resin. B. 50 mL test expression
of FReP truncations with an N-terminal His6-tag cloned into pNIC28-Bsa4
and purified with TALON resin. Green asterisks indicate bands confirmed
by in-gel tryptic digest MSMS, while orange asterisks indicate putative tar-
get bands not verified by MSMS. C. Overview of “workhouse” FReP con-
structs, underlined in A. and B., used for downstream biophysical experiments
throughout the duration of the project. For simplicity, Ile1974 of TNC, cor-
responding to the first residue of the FBG-domain, is labelled as Ile1.

My results demonstrate that C-terminal truncations out-perform N-terminal trunca-

tions for FGL1, and the overall expression level does not change between the Ile312,

Asp306, and Leu304 boundaries. In contrast, both N- and C-terminal truncations

work for TNC, with deletion of the cationic C-terminus seeming particularly ben-

eficial for protein solubility. TNC constructs ending in Gly223, Asn220, or Pro215

express better than the full-length TNC, an effect which synergizes with a short
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N-terminal truncation to Pro6. The Pro6-Gly223 TNC construct proved to be the

best expressed construct across the entire truncated library, followed closely by TNC

Ile1-Pro215 and FGL1 Leu74-Pro304. As Sections 2.7 and 2.11 demonstrate, these

truncated constructs are crystallizable.

Overall, while the expression of truncated FRePs varied wildly from target to target,

my truncated construct library did reveal eight new domain boundaries for two dif-

ferent FRePs which proved useful for crystallization. Furthermore, this experiment

clearly demonstrated the utility of the Twin-strep-tag for isolating poorly expressed

FRePs, particularly full-length ANGPTL1, ANGPTL2, and FGL2, which are not

detected from a 50 mL expression when purified using only the His6-tag. Figure

2.8C provides an overview of the “workhorse” FReP constructs uncovered by the

truncated library which I routinely scaled-up using purification Scheme 2.

2.7 Structure of TNC

The highest yielding FReP construct identified in Figure 2.8 was TNC-c042, which

is truncated by five residues at both the N- and C-termini to contain Pro1979–

Gly2196 (labelled for simplicity as Pro6–Gly223 in Figure 2.8) of TNC. Using Scheme

2, I obtained greater than 10 mg L−1 of purified, un-tagged TNC-c042, allowing

me to set over a dozen crystallization trials with different random matrix screens

(JCSG7, Morpheus, LMB, MidasPlus), protein concentrations (17 and 30 mg mL−1),

and temperatures (4 ◦C and 20 ◦C). I obtained crystals in two different conditions

at 20 ◦C, one from the Morpheus coarse screen at 17 mg mL−1 and one from the

LMB coarse screen at 30 mg mL−1. While crystals from both conditions routinely

diffracted to better than 2�A, the highest resolution dataset came from a crystal in

the Morpheus condition which diffracted to 1.4�A.

These crystals belong to the tetragonal spacegroup P41212 with one molecule in

the asymmetric unit. Using molecular replacement with the FGG structure as the

search model (PDB: 1FIC), I solved the structure of the FBG domain of TNC, which

I deposited as PDB ID: 6QNV. Figure 2.9 provides an overview of the purification

and crystallization of TNC-c042, including data processing and refinement statistics.

The final model converged to Rwork/Rfree of 0.17/0.19 and resolved Pro1978–Leu2914

of TNC. Residues Asp2128–Thr2134, corresponding to a putative Ca2+ binding loop

(see below) were not modelled due to poorly defined electron density, and the final

two C-terminal residues (Glu2195, Gly2196) were not observed.
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Figure 2.9 Crystallization of TNC-c042. A. 2L purification of TNC-c042 using
Scheme 2. Final purity, intact mass, and SEC chromatogram shown. B. Con-
ditions with crystals of TNC-c042. The best crystal, which became 6QNV,
is highlighted with a green circle. C. Select data processing and refinement
statistics for the structure of TNC-c042. Full statistics in the Appendix.

The relative ease with which I crystallized TNC-c042, after unsuccessful attempts

with the full-length domain, highlights the importance of designing and testing trun-

cated constructs and confirms my hypothesis about disordered termini preventing

crystallization (see Section 2.6). I also obtained crystals of TNC-c040 , which con-

tains just a C-terminal truncation to Pro2188 while maintaining the full-length N-

terminus, that diffracted to around 2.5 �A(data not shown). I was able to phase

and solve the structure from TNC-c040; however, the lower resolution and larger R-

factors led me to deposit the higher quality structure solved using TNC-c042. There-

fore, my data demonstrate that the cationic C-terminus in TNC is likely responsible

for preventing crystallization of the full-length domain. The crystals of TNC-c042

actually pack with adjacent C-termini in contact, meaning that the flexible, posi-

tively charged C-terminus in the full-length FBG domain both electrostatically and

sterically clashes to prevent crystallization.

The structure of TNC adopts the topology typically seen in other FBG domains

[300], including a three sub-domain architecture, a core structural seven-stranded β-

sheet (composed of β-sheets 3-8 and 11), and two disulfide bonds (Cys1984–Cys2014
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Figure 2.10 Structure of TNC. A. Structure of TNC, colored by sub-domain and
highlighting the disulfide bonds (yellow), TLR4-binding cationic ridge (red),
and the disordered calcium binding loop (light green). B. Surface view of
TNC as in A., but with the C-terminal truncation “EGRRKRA” (in pink)
modelled back into the crystal structure C. Sequence level depiction, colored
as in A. Figure generated with EndScript [387].

and Cys2136–Cys2149). This structure also allows visualization of key structural

and functional epitopes previously identified biochemically. Figure 2.10 highlights

these regions of interest, including:

1. The Canonical ABP-subdomain Architecture

Yee et al. solved the original structure of the FGG C-terminal globe domain

and coined ABP as the nomenclature for the FRePs [300]. In TNC, the small

A-subdomain at the N-terminus (Pro2979–Gly2022), shown in blue, contains

the first disulfide bond in the protein (Cys1984–Cys2104), which anchors the

N-terminal helix α1 to strand β2. The core B-subdomain (residues Trp2023–

Gly2108 and Phe2181–Leu2194), shown in grey, contains a conserved seven-

stranded β-sheet which provides a rigid scaffold for the rest of the domain. The

B-subdomain also encompasses the distal C-terminal β11 (Phe2181–Pro2188)

that, despite being non-contiguous with the first six strands in the sequence,

folds back with the core β-sheet and is therefore included in the B-subdomain.

Two loops divide the B-subdomain from the P-subdomain, shown in green.
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The P-subdomain (residues Thr2109–Gln2180) is the least conserved across

family members and contains limited secondary structure, along with the sec-

ond disulfide bond (residues Cys2136–Cys2149). This variable, loop-filled P-

subdomain contains functional moieties, including ligand binding sites and

PPI interfaces, in other homologs that differentiate the biological activity of

the FRePs [388, 389].

2. The Presence of Two Disulfide Bonds

There was strong and unambiguous electron density for both disulfide bonds,

colored in yellow, in agreement with the mass spectrometry experiments in Sec-

tion 2.5. The disulfide bonds in TNC complement the seven-stranded β-sheet

and provide structural integrity by tethering either the flexible N-terminal α1

or the Ca2+- binding-loop-adjacent α8 to the rest of the domain.

3. The Calcium Binding Loop

The P-subdomain contains a putative solvent exposed Ca2+ binding loop

(residues Asp2128–Thr2134) which is the only disordered region in my TNC

structure (see Section 2.10 for a resolved Ca2+ binding loop). The lack of

observed electron density for the loop or a metal ion is not unexpected, given

the lack of calcium in the crystallization condition and the flexibility of metal-

binding loops in the absence of their ligands.

4. The TLR4 Binding Epitopes

Using carefully designed overlapping peptides and both cellular and biophysi-

cal assays, Zuliana-Alvarez et al. mapped the TLR4-interacting region on TNC

to a conserved cationic ridge in the center of the domain, displayed here in red

[303]. In fact, as mentioned in Section 1.3, the presence of this cationic ridge

classifies FRePs into TLR4 activators and non-activators. In TNC, the core

cationic ridge consists of a KTRYKLK motif (residues Lys2096–Lys2102) in

the B-subdomain which sits just above the Ca2+ binding loop. Zuliana-Alvarez

et al. also found that the loop-helix-loop motif surrounding the Ca2+ bind-

ing motif, dubbed Peptide 7, enhances the TLR4-binding properties of the

cationic ridge. This region (residues Arg2120–Asn2148), shown in light green,

sits within the P-subdomain directly underneath the cationic ridge. The prox-

imity of these TLR4-activating epitopes hints at the potential for a calcium-

dependent interaction between TLR4 and TNC, since calcium-binding would

significantly alter the TLR4-binding region within TNC. The combination of

my structure with Zuliana-Alvarez et al.’s results allows clear visualization of
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the core TLR4-associated PPI interface in TNC and provides a target region

for neutralizing antibodies or inhibitory small molecules.

5. The Disordered C-Terminus

Although I truncated the final five residues of TNC to enhance crystallization,

I can model-in the truncated residues to the core structure using simple energy

minimization. This region, designated Loop 10 in the work of Zuliana-Alvarez

et al., cooperates with the cationic ridge to enhance TLR4-binding. While

this approach is strictly suggestive given the high degree of conformational

flexibility at the C-terminus, the modelling results in Figure 2.10B show that

the C-terminus likely protrudes outward from the core of the domain into the

solvent. Yee et al. actually solved the structure of FGG with three different

conformations of the C-terminal extension, with the O1 conformation closely

matching my energy minimized model [300]. It is intriguing that the pos-

itive charge of the C-terminal extension matches the positive charge in the

cationic ridge; however, given the distance between the cationic ridge and the

C-terminus (greater than 25�A) and the flexibility in the loop, the exact na-

ture of the entire TNC:TLR4 binding interface is impossible to predict in the

absence of structural data for the complex.

2.8 Fragment Screening of TNC Using XChem

2.8.1 Motivation for Fragment Screen

As discussed in Chapter 1, inhibitors of the TLR4:TNC PPI hold promise in a

variety of autoimmune conditions. In face, a start-up biotech company called Na-

scient Ltd. developed high-affinity neutralizing anti-TNC-FBG monoclonal anti-

bodies which showed promise in animal models of RA and are continuing to clinical

development [305]. Because TNC is an extracellular target, Nascient’s work on neu-

tralizing antibodies follows a traditional approach. However, small molecules can

also effectively target extracellular proteins and provide an orthogonal approach to

more expensive antibody injections. Additionally, my in-house data and the work of

others suggests that TNC interacts with a multitude of proteins at the cell surface

to form a “receptorome”, with varying functional consequences depending on the

ligated receptors (see Chapter 5). Given the small size and compact nature of TNC,

neutralizing antibodies are likely to inhibit all TNC-containing PPIs, providing a
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rationale for the development of small molecules which selectively target only a sub-

set of TNC-mediated PPIs. These interaction-specific inhibitors could also serve as

useful chemical probes for elucidating the complex biology surrounding TNC.

The reproducible resolution and crystallizability of the P41212 TNC-c042 crystal

system made it a perfect candidate for crystallographic fragment screening [390].

Crystallography is a powerful tool for fragment-based drug discovery because it

detects very weak binders, accommodates target proteins of any size, allows simul-

taneous sampling of the entire target surface, and couples hit-identification with

structural elucidation to accelerate structure-guided drug discovery [391]. Recent

advances in automated beamline technology for data collection and algorithms for

the identification of weak hits during data analysis (particularly PanDDA, developed

by Pearce et al.) make it possible to routinely use crystallography as a primary frag-

ment screen [347, 392, 393]. The XChem facility at Diamond Light Source, beamline

I04-1, is particularly equipped for high-throughput crystallographic fragment screen-

ing, with innovative solutions for crystal mounting and data collection allowing users

to screen up to five-hundred fragments in just two to three days [394].

2.8.2 Results of Fragment Screen

Based on the potential for small-molecule TNC binders, I completed a full crys-

tallographic fragment screen against TNC-c042 in collaboration with the XChem

team at Diamond. An overview of this screen, consisting of 300 fragment-soaked

datasets with an average resolution of 1.7�A, is shown in Figure 2.11. Based on a

PanDDA analysis [347], the screen revealed 15 fragments bound (i.e. visible upon

manual inspection in the enriched PanDDA maps) in five different sites (named A–

E). Based on the observed electron density in the final, refined 2mFo-DFc maps, 11

of these hits, across three sites (A, D, and E), were deposited to the PDB. These

eleven structures are summarized in Figure 2.12 alongside the electron density for

each identified fragment. I chose not to publicly deposit the other four co-crystal

structures, containing fragments 7, 10, 11, and 12, because the fragment electron

density was only clear in the enriched PanDDA maps (i.e. in standard 2mFo-DFc

density maps, the fragment could not be visualized or refined). This was a conscious

choice to avoid pollution of the PDB with dubious ligands, which is a recognized

problem [395]. However, for the sake of an exploratory thesis, I discuss all fifteen

of the hits below, but I want to make it clear that fragments 7, 10, 11, and 12
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Figure 2.11 Crystallographic Fragment Screen of TNC. Overview of the crystallo-
graphic screening campaign completed against TNC-c042 using the XChem
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are weaker than the other hits, which are clearly visible in standard maps as Fig-

ure 2.12 demonstrates. The results presented herein form the basis of a “Target

Enabling Package” (TEP) for TNC, which was freely released online in December

2020 (https://www.thesgc.org/tep/tnc) to support drug discovery efforts by other

groups.

The site with the most hits, Site A, contains fragments 1–9 and is a previously

unidentified cryptic hot-spot on the opposite face from the cationic ridge. This

hot-spot forms due to the movement of the Arg2050 side chain, which is outwardly

displaced by 4.4�A upon fragment binding to reveal a small hydrophobic pocket. The

hot-spot accommodates a phenyl ring, with electron-withdrawing para-substituents,

including nitrile and flouro groups, seeming particularly preferred. The strongest

electron density observed in the screen, a weak proxy for the affinity of the inter-

action, came from fragment 3, which contains a benzonitrile that penetrates to the

back wall of the hot-spot formed by the core beta-sheet (see Figure 2.11, circular

inset). The rest of the hot-spot fragments adopt a similar conformation, with the

phenyl moiety of the fragment bound underneath R2050 and the rest exposed to the

solvent.

The Site A hot-spot is the only concave binding pocket in the protein, while the other

fragments are found in shallow solvent-exposed grooves. Because of its proximity to

the target TLR4-binding interface, Site E, nicknamed the “beta-shelf”, is intriguing.

Site E contains fragments 14 and 15 bound directly above the cationic ridge along a

surface cleft. Site E forms along the core TNC β-sheet via interactions with nonpolar

residues at the base of the shelf and charged residues on the upper part of the shelf.

Fragment 14 is stabilized by two hydrogen bonds, one between Arg2192 and a

thiophene sulfur, the other between Asp2088 and a secondary amine. Fragment 15

is also stabilized by two hydrogen bonds, in this case between Arg2073 and both

thiadiazole nitrogens (see Figure 2.11, rectangular inset). Like the Site E beta-shelf

fragments, the Site B “His2107 crack” fragments are proximal to the cationic ridge;

however, these two hits are at least partially mediated by crystal contacts with

the adjacent symmetry mate, suggesting they are unlikely to bind in solution and

are therefore sub-optimal starting points for medicinal chemistry. As a result, 14

and 15 are the only high confidence hits in close proximity to the TLR4 binding

interface. Finally, the screen uncovered two additional sites each with one binding

event: fragment 12 binds to Site C, aka the “backside ride”, and fragment 13 binds

to Site D, aka the “Phe2191 Divot”. Neither of these sites are predicted to be

functionally relevant, and neither of the fragments are tethered by hydrogen bonds
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in the shallow binding sites. Therefore, the most intriguing hits for follow-up are in

the site A hot-spot and the Site E beta-shelf.

On one hand, my screen revealed the benefits of crystallographic fragment screening,

while on the other hand it demonstrated that TNC is likely to be difficult to target

with small molecules. My screen suggests that only one concave pocket exists in the

protein, and to its credit the crystallographic screen revealed this cryptic hot-spot.

However, the hot-spot only accommodates up to a six-member ring, leaving no ob-

vious room for extending the fragment to increase affinity. The other observed sites

adequately sample much of the surface of TNC, highlighting again the strength of

the approach, but no clear pockets appear. Rather, the fragments bind in shallow,

extended, solvent-exposed grooves, which are much more challenging to drug with

small molecules. Based on current knowledge, Site E is likely the most functionally

relevant due to its proximity to the cationic ridge; however, this interface is wholly

solvent exposed, again making it difficult to target with a small molecule. As the

biology surrounding the TNC-associated receptorome (see Chapter 5) is untangled

and other binding partners and functional interfaces are mapped, other sites could

become more intriguing, especially if they sit at a currently unknown PPI interface.

A PPI involving the hot-spot, for example, could create a druggable bi-functional

binding interface; molecules binding to the partner protein but protruding into the

small hot-spot could theoretically block the interaction. However, based on current

data, my fragment screen served primarily to illustrate the validity of Nascient’s ap-

proach to target TNC with antibodies, which can bind the shallower, more extended

surface epitopes which predominate in TNC. As a result of these observations, I did

not proceed with further validation of fragment binding or any additional medicinal

chemistry. However, the data are freely available in the PDB and online to jump-

start efforts in other groups, especially as additional TNC biology emerges in the

future.

2.9 Stabilization of Full-Length ANGPTLs

2.9.1 Theory of Thermal Denaturation Assays

As Sections 2.7 and 2.11 demonstrate, small C-terminal truncations rescued the

crystallization of TNC and FGL1. Unfortunately, however, only some FRePs can

tolerate these truncations, with the ANGPTLs seeming particularly destabilized
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Figure 2.12 TNC:Fragment Structure Depositions. The 11 fragment-bound TNC
structures, containing unambiguous electron density for the ligands, which
were deposited to the PDB. Insets contain the indicated fragment and asso-
ciated 2mFo-DFc electron density contoured at the indicated σ level (rmsd)
using Coot.
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by even small deletions (see Figure 2.8). To overcome this challenge and achieve

crystallization of full-length ANGPTLs, I searched for stabilizing additives using

thermal denaturation.

Thermal denaturation assays, often called “thermal shift” or, for fluorescence-based

experiments, differential scanning fluorimetry (DSF), measure protein unfolding

upon step-wise increases in temperature. For DSF, the protein is mixed with a

dye (e.g., SYPROTM Orange) that fluoresces upon binding to hydrophobic patches

on the surface of the protein. As the protein denatures, core hydrophobic regions

become exposed, leading to a temperature-dependent increase in fluorescence [350].

The mid-point of the melting curve represents the melting temperature (Tm) and

describes the temperature at which 50% of the protein denatures. Upon incubation

with ligands, co-factors, salts, or buffers, the melting temperature of the protein

often shifts; an increase in Tm indicates thermal stabilization and can imply both

direct binding or indirect stabilization. Multiple groups report that simple 96-well

DSF experiments can identify stabilizing buffer and additive conditions, which not

only can improve purification yields but often enhance crystallizability [351, 396].

Chari et al. reported an important extension of the standard DSF experiment in

2015, finding that the slope of the melting curve is more important than the shift

in the melting temperature when selecting stabilizing conditions [352]. Rather than

picking the conditions which give the highest Tm, Chari et al. recommend selecting

conditions which yield a smooth, monophasic melt curve even if the Tm is lower.

Chari et al. develop a theoretical framework, called ProteoPlex, that uses nonlinear

regression to estimate the number of “transition states” along the melting curve.

The closer the protein sample is to an ideal two-state unfolding profile (i.e., folded

to unfolded with no transition states in between), the better.

In summary, the literature contains evidence that both the Tm and the slope of

the melt curve impact stability and crystallizability. To capture both aspects of

DSF experiments, I implemented a GraphPad Prism workflow which calculates the

coefficient of determination (R2) between the observed melting curve and the optimal

two-phase melt suggested by ProteoPlex. An R2 of 1 implies an ideal, monophasic,

two-state thermal denaturation. By plotting the ProteoPlex R2 against the Tm, I

can select conditions which stabilize the target across two criterion. Mathematically,

this implies conditions at the farthest linear distance away from the origin. This

simple analysis pipeline unifies the sometimes conflicting suggestions in the literature

and is, to my knowledge, novel.
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Figure 2.13 DSF Analysis of FRePs. A. Additive screen with ANGPTL6, shown
as scatter plot of ProteoPlex R2 versus Tm. Conditions farthest from the
origin, all divalent metals, highlighted in orange. B. Dose-dependence of
Ca2+ binding to ANGPTLs and TNC. Data are triplicate curves from one
biological replicate.

2.9.2 ANGPTLs Bind Strongly to Calcium

Using the 96-well plate screen created by Boivin et al. and my two-parameter anal-

ysis protocol, I used DSF to screen the full-length ANGPTLs for stabilizing buffer

conditions and additives. The buffer screen revealed that my standard purification

buffer (HEPES pH = 7.5) was already optimal (data not shown). However, the

additive screen, shown in Figure 2.13A, revealed that the ANGPTLs are strongly

stabilized by divalent group II metals such as strontium, barium, and calcium. The

discovery of these stabilizing metals is unsurprising given the predicted calcium-

binding loop in the ANGPTLs; however, the degree of stabilization is quite re-

markable. As the dose-response curves in Figure 2.13B demonstrate, 10 mm Ca2+

stabilizes the ANGPTLs by upwards of 10 ◦C, and even µm amounts of Ca2+ give

large thermal shifts.

Given that just a 2 ◦C shift is often considered significant, these results imply that

engaging the Ca2+ binding loop not only stabilizes the loop itself, but likely stabilizes

the entire P-subdomain, making Ca2+ an ideal additive for crystallization of the
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FRePs. This is clear when the ANGPTL and TNC calcium-binding curves are

compared. As Figure 2.13B shows, the affinity (20 mm) and the degree of thermal

stabilization (less than 4 ◦C) are much more modest for TNC in the presence of Ca2+.

This provides at least a partial explanation for why I could crystallize TNC, but

not the ANGPTLs, with an unoccupied, disordered Ca2+ binding loop (see Section

2.7). My data indicate that, in the absence of divalent metals, the P-subdomain in

the ANGPTLs is more disordered than TNC’s.

2.10 ANGPTL2 and ANGPTL6 Structures with

Calcium

To explore the crystallizability of the ANGPTLs in the presence of stabilizing Ca2+, I

purified 4 L cultures of the full-length, Twin-strep-tagged constructs using Scheme 2.

I maintained 25 mm calcium throughout the purification, including in the crystalliza-

tion buffer, to ensure complete saturation of the Ca2+-binding loop in the ANGPTLs.

The expression trend observed at a 50 mL scale (see Figure 2.8) continued at a 4 L

scale, with ANGPTL2 giving the smallest final yield (0.2 mg), ANGPTL1 the next

highest (0.6 mg), and ANGPTL6 giving the largest yield (2.2 mg). While these

yields are quite low, especially relative to TNC-c042 (see Section 2.7), the 4 L scale-

ups yielded enough protein to set two crystal plates for ANGPTL1, one plate for

ANGPTL2, and three plates for ANGPTL6. Based on my successful use of the Mor-

pheus screen at 20 ◦C for the crystallization of TNC-c042, I used these conditions

for the ANGPTLs as well. The high [Ca2+] did consistently yield salt crystals in

phosphate- and sulfate-containing conditions, so I ignored the (oftentimes beautiful

cubic) crystals appearing in these drops.

Using this setup, I obtained well diffracting crystals for ANGPTL2 and ANGPTL6

on my first try and directly out of coarse screens, resulting in a 1.8�A structure of

ANGPTL2 and a 1.6�A structure of ANGPTL6. These two structures represent the

first ever structures of a TLR4-activating ANGPTL. As an aside, I only observed

salt crystals for ANGPTL1. The purification and crystallization of ANGPTL2 and

ANGPTL6, including data collection and refinement statistics, are detailed in Figure

2.14. Despite their structural similarity and propensity to crystallize in orthorhom-

bic space groups, ANGPTL6 crystallized with only one copy in a small asymmet-

ric unit (ASU) while ANGPTL2 crystallized with sixteen monomers in a massive

ASU. In fact, the unit cell volume of the ANGPTL2 ASU is 21-fold larger than
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Parameter
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RMS(bonds) 0.007 0.010
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Ramachandran 
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94.96 95.45
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Figure 2.14 Crystallization of ANGPTL2 and ANGPTL6. A. 4 L purification
and crystallization of full-length ANGPTL2-c015 using Scheme 2. B. 4 L
purification and crystallization of full-length ANGPTL6-c015 using Scheme
2. C. Selected merging and refinement summary statistics for the structure
of ANGPTL2 and ANGPTL6, from the crystals highlighted in green circles.
Complete statistics in the Appendix.

the ANGPTL6 ASU. This unique crystal lattice resulted in strong translational

non-crystallographic symmetry (tNCS) for ANGPTL2, making data merging and

processing more challenging. Fortunately, the high resolution of the dataset allowed

me to iteratively build all 16 copies within the ASU with reasonable R-factors in

spite of the tNCS. However, because some of the copies are only weakly resolved in

the density, the average B-factors as well as the Rfree and Rwork statistics are slightly

higher for ANGPTL2. For simplicity, I labelled the best resolved copy “Chain A”

in the PDB coordinate file, and from herein will use just the ANGPTL2 Chain A

for analysis.

The ease with which I crystallized ANGPTL2 and ANGPTL6 at high resolution in

the presence of Ca2+ provides strong evidence for the importance of screening for sta-

bilizing conditions with DSF before crystallization. It also supports my hypothesis

that the P-subdomain in TNC is basally more stable than in the ANGPTLs, which

seem to require Ca2+ binding to sufficiently order the domain for crystallization.
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Figure 2.15 Structures of ANGPTL2 and ANGPTL6. Structures of ANGPTL2
(PDB: 6Y41) and ANGPTL6 (PDB: 6Y43) bound to Ca2+, with sub-
domains colored as in Figure 2.10. Basic residues within the cationic ridge
are shown as sticks. Circular insets highlight the Ca2+ binding loops and
the bound HEPES molecule (2mFo-DFc electron density visualized using
Clipper from the ChimeraX Toolshed [397]).
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As visualized in Figure 2.15, the overall architecture of ANGPTL2 and ANGPTL6

matches the canonical “ABP” FBG domain arrangement described for TNC and the

other FRePs (see Section 2.12 for a superposition), including the core seven-strand

β-sheet and the P-subdomain with little secondary structure. Note that sheets

marked β7 and β8 in ANGPTL6 are actually split in half by a short, two residue

loop into two shorter β-strands in the structure of ANGPTL2. So, technically,

ANGPTL2 contains a nine stranded core β-sheet, but as the structures show this

is purely a semantic difference as the division does not change the orientation or

positioning of the strands within the global β-sheet core. Additionally, ANGPTL6

contains the helix α2 in the A-subdomain rather than a simple turn which is present

in ANGPTL2. Besides these two small differences, the domains contain identical

secondary structure features.

The main difference in my ANGPTL structures is the ordering of the Ca2+ binding

loop (Figure 2.15, circular inset), which I did not observe in the TNC structure. Yee

et al. first characterized the FReP cation-binding loop in 1997 with the structure

of human FGG bound to Ca2+; at the time, this represented a novel cation bind-

ing motif, quite distinct from canonical EF-hands [300]. The Ca2+-binding loop in

ANGPTL2 and ANGPTL6 is identical to FGG and other FRePs, with a total of

seven oxygen atoms coordinating a single Ca2+ ion with near-perfect octahedral sym-

metry. The binding site consists of two conserved Asp residues (Asp423/Asp425 in

ANGPTL2 and Asp402/Asp404 in ANGPTL6), which together provide three coor-

dinating oxygens, along with two backbone oxygens (Tyr427/Gly429 in ANGPTL2

and Tyr406/Gly408 in ANGPTL6) and two water molecules. The entire cation bind-

ing loop is just eight residues and is stabilized by a disulfide bond immediately after

the loop (Cys430/Cys443 in ANGPTL2 Cys410/Cys423 in ANGPTL6) that tethers

the short helix α6 or α7 to the rest of the P-subdomain. This disulfide-containing

helix is one of only two chunks of secondary structure in the entire P-subdomain,

suggesting it is critical for correctly orienting the short Ca2+ binding loop.

Furthermore, I resolved a HEPES buffer molecule bound to ANGPTL6 directly

adjacent to the Ca2+ binding loop (electron density shown in the circular inset of

Figure 2.15). Although I expect this has no functional relevance, it could explain why

HEPES best stabilized the protein in my DSF-based buffer screen. Because I used

the full-length FBG-domain, I also observed the entirety of the C-terminal loop in the

ANGPTLs, which is significantly shorter than the cationic extension I deleted from

TNC-c042. Interestingly, the C-terminus of ANGPTL2 and ANGPTL6 actually
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bends back towards the cationic ridge rather than protruding directly upward into

the solvent as I modelled in Figure 2.11C.

2.11 Structure of Non-Native FGL1 Dimer

In addition to the crystallizable TNC-c040 and TNC-c042, I uncovered two highly

expressed constructs of FGL1 with C-terminal truncations: FGL1-c010 (Leu74–

Asp306; ∆6 residues) and FGL1-c011 (Leu74–Pro304; ∆8 residues) (see Figure 2.8).

While I only obtained 0.25 mg L−1 of purified FGL1 using the full-length FGL1-c003,

FGL1-c010 yielded 5.25 mg L−1 and FGL1-c011 yielded 2.75 mg L−1 when purified

using Scheme 2 (see Figure 2.16). Similarly to TNC, truncations to remove short,

flexible regions at the C-terminus stabilized FGL1 and increased purified yields.

Unlike TNC, however, FGL1 exists as both a monomer and a dimer in solution

and resolved into two distinct peaks during SEC as shown in Figure 2.16. FGL1

is the only FReP I purified that displayed a preference for dimerization, so I at-

tempted to crystallize both the monomeric and dimeric forms of each truncated

FGL1 construct. In 15 preliminary experiments with four different coarse screens

and at [FGL1] ranging from 9 to 30 mg mL−1, I obtained initial crystals for only the

dimer of the shorter FGL1-c011. One crystal from a MIDAS condition diffracted

to 5�A with obvious twinning, and a second crystal from a Morpheus condition

diffracted to 3.5�A. An additional fan-like proteinaceous crystal from a similar Mor-

pheus condition shattered upon mounting but appeared promising. These results

are summarized in Figure 2.16C.

With promising conditions in hand, I scaled up just FGL1-c011 and optimized the

crystallization using follow-up fine screens. I designed one screen sampling the chem-

ical space surrounding the Midas condition and a second screen narrowing in on the

two Morpheus conditions. Using a fresh prep of the FGL1-c011 dimer, I tested

29 mg mL−1 protein in both the presence and absence of Ca2+. I also used some

small crystal shards that appeared in a few days to prepare seeds for random matrix

seeding back into the follow-up screens and the Morpheus coarse screen, this time

with FGL1 at 20 mg mL−1. In total, I set 14 follow-up screens, representing over

4,000 unique conditions and resulting in hundreds of crystals. I mounted 30 crystals

for data collection, which yielded 13 high resolution datasets. All datasets without

significant twinning or severe tNCS came from crystals grown in the absence of Ca2+

or seeds and in the Morpheus-based follow-up screen. The best crystal diffracted to

1.8�A in the monoclinic space group P1211.
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20 ºC
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Figure 2.16 Truncated FGL1 Crystallization. A. Purification of 2 L of FGL1-c010
using Scheme 2. B. Purification of 2 L of FGL1-c011 using Scheme 2. In
both A. and B., oligomeric state was assigned via comparison to known
molecular weight standards. C. Promising initial crystallization conditions,
all from the dimeric peak of the shorter construct FGL1-c011.

To solve the structure, I started by phasing the dataset using the homologous struc-

ture of ANGPTL6 followed by a round of AutoBuild and refinement in Phenix.

While the best solution contained two copies in the ASU (a dimer as expected),

after manual inspection it became clear that the refined solution was accurate only

in the A- and B-subdomains, while the loop-filled P-subdomain did not fit in the

density. Therefore, I phased the dataset a second time, this time using the partial so-

lution containing just the A- and B-subdomains of FGL1 as a search model. Phaser

confidently placed just this portion of the protein, and strong unoccupied electron

density appeared for the missing P-subdomain. This region was built manually in

Coot, and subsequent refinement in Phenix yielded the structure of the FGL1 dimer

(Rwork/Rfree = 0.24/0.28). Additional methodological details can be found in Section

2.1.8.

Unfortunately, the additional challenge of manually building the P-subdomain arose

from a non-native artefact in the structure. Instead of containing a conserved in-

tramolecular disulfide bond in the P-subdomain like the other FRePs, the FGL1

dimer is stabilized by intermolecular disulfide bonds stretching between the sub-
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Chain AChain B

Cys261

Cys248

Cys248

Cys190

A. B.

C.

Putative Ca2+

binding loop

Figure 2.17 Structure of FGL1 Dimer. A. Structure of the FGL1 dimer, colored by
subdomain as in Figure 2.10. B. Inset of electron density for non-native
intermolecular disulfide bonds, generated with Clipper from the ChimeraX
Toolshed [397]. C. Sequence level depiction, colored as in A. Figure gen-
erated with EndScript [387]. Intermolecular disulfide bonds at Cys248 and
Cys261 denoted with yellow arrows.

.

units and formed between Cys248–Cys248 and Cys261–Cys261 (see Figure 2.17A).

The electron density, shown in Figure 2.17C, supports the manual placement of

both non-native disulfide bonds, which strongly distort the structure of the domain

and explain why using ANGPTL6, with the correct disulfide bond architecture, as

a search model generated such a poor solution for the P-subdomain of FGL1. Us-

ing the refined FGL1 dimer, I went on to phase the other datasets and found that

they all contained the intermolecular disulfide artefact. This suggests that the in-

correct disulfide bond exists prior to crystallization, rather than being formed in

situ in specific crystallization conditions. Furthermore, there exists no evidence for

a biologically relevant, disulfide-bonded FGL1 dimer in the literature. Therefore,

the most parsimonious explanation is that FGL1 preferentially forms a non-native

dimer that is covalently tethered during expression in CyDisCo cells and retained

throughout purification and crystallization. The minor monomeric species, matching

the other FRePs, likely represents the biologically relevant species–however, since

the monomer did not crystallize in preliminary experiments, I unwittingly solved a

94



high resolution but biologically dubious dimer. Therefore, I chose not to deposit the

structure presented in Figure 2.17 into the PDB.

Figure 2.17 does demonstrate that FGL1 adopts the canonical “ABP” subdomain

architecture, and the A- and B- subdomains, largely unaffected by the incorrect

disulfide bonds, match the structures of TNC, ANGPTL2, and ANGPTL6. The

cationic ridge of FGL1, displayed in red, is resolved in the structure and does pro-

trude noticeably. Progressing towards the C-terminus through the P-subdomain,

however, the structure becomes uninterpretable. Firstly, an eleven residue segment

(Phe219–Gln230) is missing from the density, indicative of unusual disorder in a

region that is resolved in the other FRePs structures. Secondly, the putative Ca2+-

binding loop is unoccupied and not positioned to accept a metal ion because the

native loop conformation is supported in the other FRePs by the missing intramolec-

ular disulfide bond (see Section 2.10 for comparison to an occupied metal-binding

loop). And, finally, there are no additional interactions between adjacent subunits,

which seem to be held in a dimer exclusively by the disulfide bonds. Since the poorly

conserved P-subdomain drives the biological differences between FReP family mem-

bers, these observations render the structure relatively useless unless unexpected

evidence suggesting a native FGL1 dimer appears. Therefore, the FGL1 structure

will not be discussed further, and after repeated failures to crystallize the FGL1

monomer, it represents the extent of my efforts towards resolving the novel struc-

ture of FGL1.

2.12 Insights into the FReP Family

Subtle structural differences can help explain the diverse functional activities of the

24-member FReP family. Fourteen members now have structures deposited in the

PDB; the addition of my TNC, ANGPTL2, and ANGPTL6 structures brings the

total to over 50% of the family members. This high coverage provides an oppor-

tunity to structurally compare the different family members, with an eye towards

integrating previously reported biochemical evidence with structural explanations,

which I present in this section. I limit the analysis to big picture conclusions, with

a focus on regions in specific proteins which strongly diverge from the rest of the

family, in an effort to spark additional interest in the surprisingly multi-functional

FBG domain. Interested readers are pointed to a more detailed review published

elsewhere by Zuliani-Alvarez and Midwood [398].
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Figure 2.18 FReP Family MSA. MSA of the FReP family, generated by ICMPro
and colored by residue type (color) and conservation (intensity). Numbered
relative to TNC.
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To orient this discussion, I provide a multiple-sequence alignment (MSA) for the

family in Figure 2.18, built in ICMPro and colored according to both residue identity

(color itself) and conservation across the family (intensity of the color). As before,

I highlighted the A-, B-, and P- subdomains, the conserved disulfide bonds, the

cationic ridge, and the Ca2+-binding loop on the alignment. To maintain a frame of

reference with the high-resolution TNC structure discussed in Section 2.7, and since

TNC is the first protein in the alignment, I numbered the alignment according to the

TNC residue position. Next, I provide a phylogenetic tree for the family in Figure

2.19, generated from the MSA using the gold-standard MrBayes v3.2 algorithm

with 10,000 generations of Monte Carlo simulation [307]. On the phylogenetic tree,

I annotated the FRePs with publicly available structures and I placed a box around

the FRePs predicted to activate TLR4 by Zuliani-Alvarez et al. [303]. Note that

predicted TLR4-binding activity is spread evenly throughout the family and does

not seem to define clustering within the phylogeny. Finally, I overlaid one chain from

each of the 14 FReP structures and colored them with a rainbow gradient according

to residue number; the result can be found in Figure 2.20. These high-level, family-

wide analyses provide the foundation for subsequent analyses and will be referenced

throughout this section.

Already, the general patterns alluded to in Section 2.7 and 2.10 emerge when the

entire family is considered. The overall fold of the FBG domain is strongly conserved,

especially in the A- and B-subdomains. Not only are the two structural disulfide-

bonds fully conserved in all members (Figure 2.18, yellow circles), the core beta-

sheet in the B-subdomain strongly aligns (RMSD < 1.0�A) even with 14 overlaid

structures (see Figure 2.20). After a bit of variation at the N-terminus prior to the

first disulfide-involved Cys1984, just a few extended loops in the fibrinogen clade

prevent the A- and B-subdomains from aligning essentially without gaps across all

24 members. However, this conservation noticeably breaks down around Met2114,

where the P-subdomain begins to vary extensively. Interestingly, the 96% conserved

cation binding loop (green box) and the 100% conserved second disulfide bond act as

anchors separating three hyper-variable regions (2114–2122; 2130–2135; and 2158–

2174) in the P-subdomains. I nicknamed these regions P1, P2, and P3, and it is often

within these hyper-variable regions in the P-subdomain that FReP-specific activities

are defined structurally. In fact, for 10 of the 11 family members with known ligand

or receptor binding properties, the interacting region has been mapped to the P-

subdomain [398]. In the structural overlay presented in Figure 2.20, this sequence

level divergence is even more obvious; in the light-green through orange P-subdomain

region, the backbones cease to overlay well and instead form a tangle of loops with
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few conserved secondary structure motifs. Similar in principle, if not form, to an

antibody, the core FBG domain can be viewed as a rigid architectural scaffold that

stabilizes and presents the loop-filled, irregular, and unique P-subdomain to achieve

diverse functions.

= Predicted TLR4 Activator

= Structure Solved Herein

= Structure Solved by Others

?

Figure 2.19 Updated FReP Family Phylogeny. Phylogeny of human FRePs repro-
duced from Figure 1.3 and updated with my novel structures. The MSA was
generated in ICMPro, the phylogenetic tree was calculated using MrBayes
v3.2, and the figure was generated using iTOL [307, 308].

A few notable sequence-level features are worth discussing before jumping into a

structural comparison. First, the cationic C-terminal extension, a key feature in

TNC (4 basic residues; starting at Arg2196) that I deleted from the crystallizable

construct TNC-c042, is additionally present only in the tenascin family members

TNW (3 basic residues) and TNR (7 basic residues), both of which are predicted

TLR4 activators. I hypothesize that these residues drive the formation of tenascin-

specific interactions at either the cell surface or ECM; furthermore, given that this

epitope contributes to increased TLR4 activation in TNC, it is likley that TNC,

TNW, and TNR are the highest affinity TLR4 activators relative to the rest of the

FReP family. This difference also suggests that truncation of the C-terminal loop

of TNR and TNW could yield these structures, both of which remain unsolved.
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Secondly, all of the FRePs contain a cation-binding region and are predicted to bind

Ca2+ with the exception of ANGPTL3, which is missing the second Asp residue

required for divalent metal ion chelation. Thirdly, the P3 region has been mapped

as the region responsible for integrin αVβ3 binding in both TNC and FGG [399];

this is also the region responsible for Tie2 binding by ANGPT1 and ANGPT2 [400].

This suggests that the P3 region, positioned within a flexible loop, is key to defining

the receptor binding properties of the FRePs; given the diversity in this region, both

in the length and the residue chemistry, I expect that future work will implicate this

region in the receptor-binding behavior of the 13 orphan FRePs without a mapped

receptor [398]. The methodology I develop in Chapter 5 could prove crucial to

de-orphanizing these 13 family members.

Figure 2.20 FReP Family Structures Overlay of all 14 FReP structures available as
of March 2021.

Pairwise comparison of a few FReP structures can provide a structural rationale

for how variations in the P1, P2, and P3 regions differentiate FReP behavior. One

intriguing comparison is between ANGPTL2, which lacks ligand binding properties

and is a TLR4 activator, and ANGPTL4, which does not activate TLR4 but contains

a ligand binding pocket that has been resolved structurally occupied by pentaethy-

lene glycol (PE; PDB: 6EUB), glycerol (PDB: 6UOA), palmitic acid (PDB: 6U1U),

and myristic acid (PDB: 6U73). The difference in ligand binding properties stems

directly from a conformational difference in the P1 variable domain. Figure 2.21A

displays an overlay of ANGPTL2 (green) and ANGPTL4 (blue), with the P1 loops

highlighted in bright colors. The P1 loop in ANGPTL4 protrudes outward from

the domain, creating a hydrophobic ligand binding pocket underneath the loop (oc-

cupied in this structure by PE). However, in ANGPTL2, the P1 region is packed

closely to the rest of the domain and fully blocks the region where the hydrophobic

pocket is located in ANGPTL4. This is not driven by the length of the region,
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which is the same, but rather by secondary structure: ANGPTL2 contains a short

additional β-strand that incorporates into the core β-sheet and keeps the P1 region

closely packed. However, ANGPTL4 contains a unique α-helix that, through steric

hindrance, must protrude outward from the core domain to expose the hydrophobic

pocket beneath. In addition to modifying ligand binding, differences in the hyper-

variable P regions can also dictate differences in PPI formation. Take, for example,

a comparison of TNC and FGG (PDB: 1FID), which is presented in Figure 2.21B.

FGG (blue) contains extended and protruding loops (green) in both the P1 and

P3 variable regions. The P3 loop has been mapped as the integrin αVβ3 binding

region in FGG [399], while the P1 region is responsible for accessible presentation

of a plasmin proteolytic cut site (“SDK/FFT”) [401]. Therefore, the relatively

rigid core FBG structure allows presentation of these variable loop extensions in

the P-subdomain of FGG to facilitate both receptor binding and post-translational

processing. These two pairwise comparisons are meant to be illustrative examples

of how relatively significant local structural differences in the FReP family serve to

functionalize an otherwise strongly conserved domain.

P1  Region 
ANGPTL2

ANGPTL4
(6EUB)

P1  Region 
ANGPTL4

ANGPTL2
(6Y41)

A. B.
TNC

(6QNV)
FGG

(1FID)

ANGPTL4 
ligand 

(PE)
P3  Extension FGG

P1  Loop FGG
integrin binding

Figure 2.21 Comparison of TNC, ANGPT1, and FGG. A. Overlay of ANGPTL2
(PDB: 6Y41; green) and ANGPTL4 bound to polyethylene glycol (PDB:
6EUB, blue). Inset highlights the ligand binding site. B.Overlay of TNC
and FGG (PDB: 1FID, turquoise). Inset highlights the P1 and P3 extensions
in FGG.
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However, not all of the differences in the FReP activity can be as easily explained

by large conformational differences. An interesting comparison is between the two

most distantly related FReP family members, TNC (a TLR4 ligand) and ANGPT1

(a Tie 2 ligand). An overlay of these structures is presented in Figure 2.22A, with the

Tie2-binding epitope in ANGPT1 marked in green and the TLR4-binding epitope in

TNC marked in red. Strikingly, there are no remarkable conformational differences

between these two proteins at their key receptor-binding regions, despite being the

most distantly related FReP family members. Although the Tie-2-binding-region

proximal loop in ANGPT1 is longer than in TNC, the actual interacting residues

align neatly at the backbone level. This comparison provides an example of the

subtlety of the differences, driven more by residue identity than by the structural

fold, which define FReP activity. A similar observation holds elsewhere when com-

paring ligand binding activity. FCN1, also known as M-Ficolin, is known to bind to

acetylated carbohydrates like GalNAc and Neu5Ac [402]. An overlay of TNC (grey)

with the Neu5Ac-bound FCN1 (turquoise) is provided in Figure 2.22B. Yet again,

despite representing a defining functional epitope, it is the side-chains of the bind-

ing site which differentiate the two FRePs; the peptide backbone aligns perfectly at

the Neu5Ac-binding site. Apparently, the functional regions which differentiate the

FRePs are not always simple to discern structurally, highlighting the importance

of peptide-level experiments in biochemical and cellular assays. This approach was

deployed by Zuliani-Alvarez et al. to define the TLR4-binding epitope on TNC and,

while tedious, my structural analysis suggests that these kind of experiments are

critical for delineating important features within the FReP family [303].

2.13 Summary and Future Directions

In this Chapter, I presented the optimized expression and purification of a small

library of human FRePs, relying on the disulfide refolding CyDisCo E. coli cell line.

My methodology, which only takes 36 hours from lysis to freezer, greatly improves

upon the previously reported refolding protocol, which requires 8 days and yields

significantly less protein. My robust purification workflow facilitated the genera-

tion and evaluation of a truncated construct library, which uncovered the highly

expressed and crystallizable TNC-c042. Subsequent efforts yielded the novel crystal

structure of TNC-c042 and 15 co-crystal structures with small molecule fragments.

The truncated library also revealed the highly expressed FGL1-c010 and FGL1-c011,

which seemed to preferentially form a dimer. However, crystallography revealed this
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Figure 2.22 Comparison of TNC, ANGPT1, and FCN1. A. Overlay of ANGPT1
(PDB: 4EPU; blue) and TNC (PDB: 6QNV, grey). Insets highlight the Tie-
2 binding site in ANGPT1 and the TLR4 binding site in TNC. B.Overlay
of TNC and FCN1 (PDB: 2JHL, turquoise). Inset highlights the Neu5Ac-
binding site in FCN1.

“dimer” to be an artefact due to the formation of non-native disulfide bonds. Next,

DSF additive screening demonstrated the FRePs’ ability to bind Ca2+, leading to

the novel structures of ANGPTL2 and ANGPTL6 in complex with a Ca2+ ion that

occupies and stabilizes a cation-binding loop. Taken together, these three novel

crystal structures provide critical missing information about the TLR4-activating

members of the FReP family and will prove useful for downstream drug discovery

and computational efforts. Finally, I concluded the Chapter by exploring the FReP

family bioinformatically, placing my new structures in context and highlighting in-

teresting FReP-specific features that differentiate their biological activity.

It is tempting to speculate on the biological relevance of my observation that the

FRePs all bind to Ca2+. Extracellular Ca2+ is strictly maintained at 2.5 mm, with

about 1.0–1.4 mm in the free ionic form unbound to carrier proteins [403]. My re-

sults imply that ANGPTL6 is mostly calcium-bound in serum, while only a fraction

of ANGPTL1 and ANGPTL2 and a very small amount of TNC are calcium-bound.

Furthermore, extracellular calcium levels are known to increase during specific pro-

cesses, including at sites of infection and tissue repair; in fact, high Ca2+ levels act as
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a homing signal for monocytes, and changes in extracellular Ca2+ levels are detected

by dozens of calcium sensors with diverse and tissue-specific effects on cell behavior

[404]. Extracellular increases in Ca2+ lead to calcification at sites of chronic inflam-

mation [405], and Ca2+ itself can act as a danger signal that activates the NLRP3

inflammasome [406]. Therefore, it is worth considering that some or all of the FRePs

act as Ca2+ sensors during inflammation, with Ca2+ binding variably modulating

the functional activity of the FRePs. This avenue merits further investigation.

Another interesting avenue for future study seems to be the biology and activity of

FGL1 and FGL2. Solving the structure of the native FGL1 monomer is obvious,

and I would recommend more comprehensive additive screening and crystallization

trials with the monomer fractions of both the full-length and truncated FGL1 con-

structs. I, as it turned out, mistakenly put most of my efforts into the dimer, and

I think that a few additional months of dedicated efforts with the monomer con-

structs will yield the structure; in fact, in a non-COVID world, I feel confident that

I would have solved the FGL1 monomer structure as well. Secondly, I am interested

in both the potential biological rationale for the FGL1 dimer and the instability of

the FGL2 domain. Could FGL2 require a partner for stability, and if so what is

that binding partner? Why is FGL1 the only FReP in my library that formed this

dimer? Could FGL1 form this strange dimer to prevent Ca2+ binding or to avoid

proteolysis in the ECM following secretion? I still think that the dimer is arte-

factual, but I am optimistic that a simple purification route will encourage further

work on the FGL sub-family, especially since very little literature exists regarding

the innate immune activity of the FGLs. A third route for future work focuses on

the pharmacological inhibition of FReP-mediated innate immune activation. My

fragment screen suggests that, at least for TNC, small molecule inhibitors will be

challenging to develop, especially until additional functionally relevant interactors

and PPI interfaces are mapped. Therefore, I would put effort into generating biolog-

ical binders for the FRePs, especially since TLR4-activation occurs extracellularly.

Any biological probes could be invaluable tools for unlocking the biology of these

proteins; in fact, at one point in the project I wrote a small grant (ultimately re-

jected) for the generation of nanobody binders for the FRePs towards this exact

purpose. Yet again, my reliable soluble purification strategy will simplify such an

effort, which I believe should be pursued in earnest due to the catalytic effect that

reliable biological probes can have in under-explored areas like FReP biology.
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Chapter 3

Expression and Purification of
TLR4 via FAS2FURIOUS

This chapter focuses on the expression and purification of human TLR4 which, until

this work, had never been successfully purified at a large scale without co-expression

of MD-2. Initial failures using all standard in-house expression systems led me to

implement secreted protein expression in Drosophila melanogaster Schneider 2 (S2)

insect cells, which eventually facilitated the large-scale purification of TLR4, MD-2,

and the TLR4:MD-2 complex. Motivated by initial successes with Drosophila S2

cells, I transformed a commercially available low-throughput S2 system, marketed by

ExpreS2ion Biotechnologies, into a rapid, simple, and medium-throughput pipeline

nicknamed FAS2FURIOUS. After careful method development, I report evidence

that FAS2FURIOUS represents a general solution for expressing challenging pro-

teins, including receptor ectodomains, secreted glycoproteins, and even intransigent

intracellular enzymes. FAS2FURIOUS stands out as the fastest eukaryotic expres-

sion pipeline in use at the SGC and represents a methodological step forward for

secreted protein purification.

3.1 Materials and Methods

Note that the entirety of the FAS2FURIOUS method in step-by-step detail will

be published elsewhere alongside a manuscript describing key aspects of the work

presented in Chapter 3. Therefore, the F2F-relevant methods described herein

provide just an overview of the approach. For convenience, I have attached the
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FAS2FURIOUS manuscript and the accompanying detailed methods as an Ap-

pendix.

3.1.1 Protein Accession Numbers

Below are the UniProtID accession numbers and residue boundaries for the human

proteins purified in this chapter.

• Toll-Like Receptor Four (TLR4): UniProt O00206. Near-full length,

membrane localized construct TLR4-c052 = Pro23–Gly818. Ectodomain, used

in TLR4-c056, TLR4-c071, and TLR4-c072 = Pro23–Met629.

• Lymphocyte Antigen 96 (MD-2): UniProt Q9Y6Y9, Glu17–Asn160.

• Monocyte Differentiation Antigen CD14 (CD14): UniProt P08571,

Thr20–Asn345.

• CD44 Antigen (CD44): UniProt P16070, Isoform 11, Ala20–Pro335.

3.1.2 Small-Scale Eukaryotic Test Expression

This section summarizes the methods used for the failed small-scale expression of

TLR4 in standard SGC expression systems. For small-scale test expression of con-

structs in insect cells, the Bac-to-Bac® system was used [407]. For small-scale test

expression of constructs in human Expi293TM cells, the BacMam system was used

[408]. These baculoviral approaches have been extensively reported by the SGC

previously [328]. Briefly, LIC-cloning methods (see Section 2.1.3) were used to in-

troduce TLR4 into either pFB-class (insect cell) or pHTBV-class (mammalian cell)

vectors bearing diverse purification tags. Recombinant “bacmids” were created by

recombination in DH10BacTM (insect) or DH10EMBacYTM (mammalian) E. coli

cell lines, which were generously obtained ffrom Imre Berger and Geneva Biotech.

Blue-white screening on Bluo-Gal (Thermo) containing agar plates was used to iden-

tify bacmids with inserted gene cargo, and the bacmids were purified using 96-well

filter plates and precipitated for concentration and sterilization. P0 baculoviruses

were generated by transfection of 2 x 105 Sf9 cells per mL with Insect Genejuice

(Merck-Sigma) in Sf-900 II SFM medium in 24-well deep well blocks. After 3 days

of growth, sterile P0 baculovirus (in the cell culture supernatant) was harvested by
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centrifugation. For test expressions, 120µL of the P0 baculoviral stock was used

to infect either Sf9, High FiveTM, or Expi293TM cells in 24-well deep well blocks.

Expi293TM cells were routinely cultured in FreeStyleTM 293 media (Thermo). Af-

ter three days of expression under standard culture conditions, the P1 baculovirus

was harvested and stored at 4 ◦C while the cell pellets were purified. Section 2.1.4

describes standard small scale purification in 96-well plates, the only difference in

this case being a shorter (4 min) sonication step for eukaryotic cells. Eluates from

the small scale IMAC were analyzed by SDS-PAGE and putative target bands were

checked using in-gel tryptic digest MSMS.

3.1.3 Medium-Scale Eukaryotic Test Expression

This section summarizes the medium-scale test expressions completed for the orig-

inal TLR4 constructs in standard SGC systems, focusing specifically on the near-

full-length membrane protein TLR4-c052. For medium scale test expression in eu-

karyotic cells, 120µL of P1 baculovirus was amplified further by infecting 50 mL

cultures of Sf9 cells, which were cultured for three days as standard. The P2 bac-

ulovirus was collected by centrifugation and 120µL was used in a test expression

to infect 50 mL cultures of either Sf9, High FiveTM, or Expi293TM cells grown as

standard in flat-bottomed flasks. Cell pellets were harvested by centrifugation (15

min at 900 x g) and lysed in 5 mL of lysis buffer containing 50 mm HEPES pH = 7.5,

300 mm NaCl, 5% glycerol, and 2X Merck Protease Inhibitors. For membrane pro-

tein construct TLR4-c052, 1% detergent was used to extract the membrane fraction

after sonication, and detergent was subsequently maintained at 3X critical micellar

concentration (CMC) throughout the test purification. Detergents included DDM,

DM, OGNG, LMNG, LDAO, and C12E8. Clarified lysates were pulled down with

250 µL of Ni-NTA resin and washed and eluted as before. Eluates were visualized

by SDS-PAGE and MSMS. Occasionally, 100 µL of eluates were also analyzed via

analytical size-exclusion chromatography on a DionexTM (Thermo Fischer) HPLC

system coupled to a fluorescence detector.

3.1.4 Construction of TLR4-c071, TLR4-c072, and MD-2-
c014

For clarity, please refer to Figure 3.3 for a schematic of these constructs. Drosophila

codon-optimized human TLR4 ectodomain (UniProtKB: O00206, Pro23-Met629)
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and protein A tagged MD-2 (UniProtKB: Q9Y6Y9, Gln19-Asn160) were received

from Dr. Toshiyuki Shimizu (University of Tokyo) in the pMT/BiP/V5 vector back-

bone. These entry constructs were named TLR4-c056 and MD-2-c004, respectively.

2 µg of pExpreS2-1 and pExpreS2-2 were linearized at the multiple-cloning site ac-

cording to NEB’s recommendations for 3 hours at 37 ◦C with BamHI-HF and AgeI

in the presence of calf intestinal alkaline phosphatase (CIP). TLR4-c056 and MD-

2-c004 were double digested with the same enzymes in the absence of CIP, which

liberated the entire open reading frames, hereafter called TLR4Untagged and MD-

2Tagged. The linearized destination vectors and inserts were visualized by agarose gel

electrophoresis and target bands were extracted with the QIAQuick Gel Extraction

Kit. 3µL of purified insert and 1 µL of purified vector were ligated for 30 min at

room temperature with QuickLigase (NEB) and then transformed into Mach 1 cells

before plating onto either KanR or ZeoR LB-agar plates. Colonies were screened

with the MyTaqTM Red Colony PCR Kit (Bioline) using the following sequencing

primers:

pExpreS2-1-for (5’-ACAAGACAGGTTTAAGGAGAC; upstream synthetic intron)

pExpreS2-2-for (5’-CCGGAGTATAAATAGAGGCGC; upstream HSP70 promoter)

pExpreS2-rev (5’-GCGCTTGAAAGGAGTGTGTA; downstream opie pAA signal)

The new constructs were confirmed by sequencing and named TLR4-c071 (contain-

ing TLR4Untagged in pExpreS2-2) and MD-2-c014 (MD-2Tagged in pExpreS2-1).

TLR4-c072, containing TLR4 fused to a protein A tag, was created with a HiFi

assembly. MD-2-c014 was linearized by PCR with the high-fidelity Q5® Polymerase

(NEB) using the following primers, which remove the MD-2 portion of the construct

but leave behind the C-terminal protein A tag and N-terminal BiP signal peptide:

S21-LIN-for (5’-CTGGTGCCACGCGGATC)

S21-LIN-rev (5’-CCCGAGCGAGAGGCCAACA)

TLR4Untagged insert was PCR amplified from TLR4-c071 with Q5® Polymerase and

primers containing 20 bp 5’-HiFi overhangs homologous to the destination vector.

50 ng of the linearized pEpxreS2-1-MD-2-c014 destination vector was mixed at a

1:2 molar ratio with the TLR4Untagged PCR-product and assembled with a HiFi

assembly according to NEB’s recommendations before transformation into Mach 1

cells as before. Colonies were screened with the MyTaqTM Red Colony PCR Kit

(Bioline), and a single clone with the correctly sized insert was miniprepped and
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confirmed by sequencing. This construct was named TLR4-c072 and contains the

TLR4Tagged insert in the pExpreS2-1 backbone.

3.1.5 S2 Cells, General Handling

ExpreS2 cells (herein referred to simply as “S2”) were received from ExpreS2ion

Biotechnologies and regularly maintained in EX-CELL® 420 (Sigma-Aldrich) sup-

plemented with 1X Pen/Strep. S2 cells were routinely split every Monday and Friday

to a density of 8 x 106 cells per mL in round bottom flasks and grown at 25 ◦C and

110 RPM. Cells were maintained for up to eight weeks before thawing and reviving

a fresh batch, which were stored as DMSO stocks in liquid nitrogen according to

ExpreS2ion’s recommended protocol.

3.1.6 Transient Test Expression, ExpreS2ion Method

S2 cells were split to 8 x 106 cells per mL by centrifugation (400 x g for 3 min)

and 10 mL were seeded into 100 mL round-bottom flasks. For transient transfection,

25 µg of vector DNA and 125 µL of ExpreS2ion Biotechnologies’ proprietary Insect-

TRx5 transfection reagent (TRx5) were mixed with the cells and rested for 15 min

at room temperature. Transfected cells were incubated for 68 hours at 25 ◦C and

100 RPM before the supernatants were harvested by centrifugation (4,000 x g for

15 min) and purified using 100 µL bed volume of IgG Sepharose (GE). IgG columns

were washed with 1X PBS and eluted with either 0.5m Acetic Acid pH = 3.4 or

100 mm Glycine pH = 3.5 before visualization by SDS-PAGE and confirmation of

putative target bands with MSMS.

3.1.7 Selection of Stable S2 Cell Lines

To select stable cell lines of well-expressing constructs, S2 cells were split to 2 x 106

cells per mL by centrifugation (400 x g for 3 min) and 5 mL were seeded into T25

TC-grade flasks. Cells were transfected with 50µL of TRx5 and 12.5 µg of construct

DNA and rested at 25 ◦C for 4 hours before the addition of 1 mL FBS. For a positive

control, one flask was transfected with pExpreS2-1-GFP. For a negative control, one

flask was transfected with empty TE buffer. After 24 hours, appropriate selection

reagent was added. For pExpreS2-1 class vectors, 2 mg mL−1 Zeocin was used. For
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pExpreS2-2 class vectors, 4 mg mL−1 G418 was used. For co-selection of complexes,

1.5 mg mL−1 Zeocin + 4 mg mL−1 G418 was used. Cells were selected for 24 total

days, during which every 3–4 days the cells were counted and split back to 1 x 106

cells per mL in fresh EX-CELL® 420 + 10% FBS + selection reagent. After 24

days, all cells in the positive control were GFP-positive and all cells in the negative

control were dead. Cells were subsequently transferred in 15 mL to a T75 flask with

10% FBS (without selection marker), and then scaled up again to 25 mL in a 125

mL shake flask without FBS. Stable cell lines were then scaled-up, passaged, and

frozen down as described above for the wild type S2 cells.

3.1.8 Large Scale Purification from Stable Cell Lines

Every 3–4 days, up to 1 L of S2 stable cell lines growing at 25 ◦C and 110 RPM in

flat-bottomed flasks were centrifuged in sterile containers for 10 min at 900 x g. The

cells were resuspended in fresh EX-CELL® 420 with 1X Pen/Strep and returned to

the incubator/shaker, while the clarified supernatant was filtered through a 0.22 µm

filter before being used for purification. Stable cell lines could be harvested twice

a week for up to six weeks before expression levels decreased. Supernatants were

first purified by standard affinity chromatography, using a 5 mL bed volume of IgG

Sepharose for protein A constructs, Strep-Tactin® XT High Capacity Resin (IBA)

for Twin-strep-tagged constructs, or Ni-NTA (GE) resin for His-tagged constructs.

Note that, before Strep-Tactin® XT pull-down, 3 mL L−1 of BioLock biotin blocking

solution (IBA) was added. IgG columns were eluted with either 0.5m Acetic Acid

pH = 3.4 or 100 mm Glycine pH = 3.5 before immediate neutralization by the

addition of 1:10 (v:v) of 1m Tris pH = 8.0 and 1:20 (v:v) of 20X PBS. Strep-

Tactin® XT columns were eluted with 50 mm D-Biotin in 1X PBS, while Ni-NTA

columns were eluted with 500 mm imidazole in 1X PBS. Eluates were concentrated

in centrifugal concentrators (Amicon) and then incubated for at least 4 hours at

room temperature with 10U human thrombin protease (EMD Millipore) per mg of

target protein (except for MD-2, which was left tagged). The cleaved protein was

subsequently polished on a Superdex 200 16/600 column (GE) pre-equilibrated in

either 1X PBS (for TLR4, TLR4:MD-2, and CD14) or 25 mm bicine (pH = 8.5) +

250 mm NaCl (for MD-2). Monodisperse target peak was pooled and concentrated

to approximately 5 mg mL−1 before flash freezing in LN2 and storage at -80 ◦C. All

targets were confirmed by in-gel tryptic digest MSMS and, where possible, intact

mass analysis.
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3.1.9 Construction of FAS2FURIOUS Vectors

To create pExpreS2-1-CRPA, the cassette encoding BiP-MD-2-thrombin-protein A

(from MD-2-c004, the original MD-2 construct from Dr. Shimizu) was excised from

pMT/BiP/V5/His via BamHI /AgeI restriction sites and cloned into the MCS of

pExpreS2-1 linearized with the same restriction enzymes. This approach maintained

a BglII cut site in between the BiP signal peptide and MD-2 open reading frame

which was present in the original MD-2-c004. The MD-2 insert, along with acces-

sory restriction cloning scars from the original cassette, was removed via PCR and

the Q5® Site Directed Mutagenesis Kit (NEB), which relies on blunt-end ligation of

PCR-linearized vectors incubated with “KLD” Master Mix, yielding the final vector

pExpreS2-1-CRPA. To create pExpreS2-1-CRPA-10H-SIII, the pExpreS2-1-MD-2-

thrombin-protein-A intermediate vector (herein also referred to as MD-2-c014; see

Section 3.1.4) was used as a template to add a 10His-Twin-Strep tag® via one cy-

cle of PCR mutagenesis as before, and then the MD-2 insert was removed with a

second cycle of PCR mutagenesis to yield pExpreS2-1-CRPA-10H-SIII. pExpreS2-1-

C3PA and pExpreS2-1-C3PA-10H-SIII were created exactly as described above for

their thrombin-cleavable counterparts, except the thrombin cut site was simulta-

neously mutated to a C3 cut site during PCR amplifcation. Finally, to generate

pExpreS2-C3-10H-SIII, both the MD-2 insert and the protein A tag were removed

from the pExpreS2-1-MD-2-Protein-A-10H-SIII intermediate vector via PCR muta-

genesis. All F2F vectors were validated by Sanger sequencing. Dr. Michael Fairhead

assisted me in the design and preparation of these F2F vectors.

3.1.10 HT-Cloning into FAS2FURIOUS Vectors

All cloning steps were completed in 96-well plates. 5µg of F2F vectors were first

linearized with BglII according to the manufacturer’s recommendations (NEB) and

purified with the QIAQuick Gel Extraction Kit. Recall that BglII linearization

opens the F2F vectors in between N-terminal BiP and C-terminal tags. Target

inserts were amplified with PCR using Q5® polymerase, with primers containing

the following vector-specific HiFi compatible 5’ overhangs:

Forward Overhang: 5’-CCTTTGTTGGCCTCTCGCTCGGG

C3 Reverse Overhang: 5’-CCCTGAAACAGAACCTCCAA

Thrombin Reverse Overhang: 5’-GCCGATCCGCGTGGCACCAG
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1 µL of purified, linearized F2F vectors were fused with 2 µL of purified PCR-

amplicons using the NEBuilder® HiFi Assembly according to the manufacturer’s

recommendation, except that the reaction volume was decreased by 50% to just

10 µL. Constructs were transformed and validated by colony PCR as before and one

clone per construct was miniprepped on a spin-column. DNA was heat sterilized for

15 min at 95 ◦C before being used for transfection.

3.1.11 Small-Scale Transient Expression, FAS2FURIOUS

S2 cells were split to 8 x 106 cells per mL by centrifugation (400 x g for 3 min) and

3 mL were seeded into deep-well 24-well blocks. Cells were transfected with 37.5 µL

of TRx5 and 7.5 µg of target-containing F2F construct at a concentration above

200 ng µL−1. Transfected cells were allowed to grow at 500 RPM for 68-72 hours at

25 ◦C. Supernatants were harvested via centrifugation (1,500 x g for 20 min) and

purified using 100µL bed volume of Ni-NTA resin. Using 96-well deep-well filter

blocks (Nunc®; Merck), proteins were washed twice with 2 mL of 1X PBS + 40 mm

imidazole and eluted with 100 µL of 1X PBS + 500 mm imidazole. See Section

2.1.4 for additional purification details. Eluates were analyzed by SDS-PAGE and

putative target bands were confirmed using in-gel tryptic digest MSMS.

3.2 TLR4 Production in Existing SGC Systems

3.2.1 TLR4 Ectodomain in Three Expression Systems

At the start of this project, the purification strategy and structural architecture of

the TLR4:MD-2 complex was well characterized. In 2009, Park et al. reported the

structure of the human TLR4:MD-2 heterodimer in complex with LPS [64]. Park et

al. co-secreted the complex in High FiveTM insect cells using the TLR4 ectodomain

(Glu27–Lys631), along with full-length MD-2 fused to a C-terminal protein A tag.

In 2012, Ohto et al. published the structure of the mouse TLR4:MD-2 heterodimer

in complex with both LPS and lipid IVa [409]. In a separate paper from the same

group, Ohto et al. also characterized two SNPs in human TLR4 via crystallization of

TLR4SNP:MD-2:LPS complexes [101]. In both papers, Ohto et al. relied on secretion

of the proteins from Drosophila S2 cells using the Invitrogen DESTM system. Ohto

et al. used a similar construct to Park et al., relying on a tag-free TLR4 ectodomain
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(Pro23–Met629) co-secreted with full-length MD-2 fused to a C-terminal protein A

tag.

Based on these reports, I designed new human TLR4 constructs to facilitate the pu-

rification of TLR4 by itself and/or in complex with novel binding partners like the

FRePs. Given that the TLR4 ectodomain is heavily glycosylated, contains five disul-

fide bonds, and had never before be purified in isolation, I expected this to be chal-

lenging a priori, so I cast a wide net during construct design. Figure 3.1A outlines

the three TLR4 ectodomain boundaries I tested: Pro23–Met629, Glu27–Met629, and

Glu27–Lys631. Next, I selected a wide variety of expression vectors, encompassing

bacterial, insect, and mammalian systems, encoding a variety of affinity tags, and

directing expression to multiple cellular compartments. Using standard LIC cloning

methodologies (see Section 2.1.3) Leela Shrestha of the SGC Biotech Team and I

cloned and tested these TLR4 constructs in either a small-scale (3 mL) or medium-

scale (50 mL) expression. Throughout, I leveraged well established high-throughput

SGC-modified baculoviral systems Bac-to-Bac® and BacMam [407, 408, 328]. Sec-

tion 3.1.2 outlines the test expression protocols I implemented across the different

eukaryotic systems, while Section 2.1.4 covers the protocol for bacterial test expres-

sions. In total, I completed over 170 TLR4 expression experiments encompassing

fourteen different strategies which systematically varied constructs, systems, and

co-expression partners. As documented in Figure 3.1B, in all cases I failed to ob-

serve soluble expression of the TLR4 ectodomain, meaning that after a small- or

medium-scale test expression I did not observe TLR4 in the elution fraction.

3.2.2 Membrane-Localized TLR4 in Insect Cells

As highlighted in Figure 3.1A, I also designed TLR4 constructs which encoded not

only the TLR4 ectodomain, but also the single-pass transmembrane helix and intra-

cellular TIR domain. One of these constructs, TLR4-c052, encoding near full-length

TLR4 (Pro23–Gly818) with an N-terminal 8His-GFP tag (see Figure 3.2A), gave the

only positive test expression result of any construct in any pre-established expres-

sion system. The results from a 50 mL test expression using Strategy 14 are shown

in Figure 3.2B and C; the target TLR4 band is denoted with a green asterisk in the

gel, and the analytical size exclusion chromatogram from analysis on a DionexTM

HPLC system demonstrates the protein is monodisperse in the detergent DDM.

However, despite solid expression levels at a 1 L preparatory scale as visualized by

GFP-positive transduced cells in Figure 3.2D, I was unable to recover TLR4 after
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Strategy ID System Location Construct Co-Expression Test Expression

1 Bacterial Periplasmic DsbCNT-Ectodomain No Fail

2 Bacterial Periplasmic DsbCNT-Ectodomain DsbC-FReP Fail

3 Sf9 Insect Cytosolic Ectodomain-10H-SIIICT No Fail

4 Sf9 Insect Secreted 6HNT-Ectodomain No Fail

5 Sf9 Insect Secreted FLAGNT-Ectodomain No Fail

6 Sf9 Insect Secreted 6HNT-Ectodomain 6HNT-FReP Fail

7 Sf9 Insect Secreted 6HNT-Ectodomain 6H-ZBNT-MD-2 Fail

8 Sf9 Insect Secreted 6HNT-Ectodomain MD-2 + FReP Fail

9 High FiveTM Insect Secreted 6HNT-Ectodomain MD-2 + FReP Fail

10 Expi293 Mammalian Secreted Ectodomain-10H-SIIICT No Fail

11 Expi293 Mammalian Cytosolic Ectodomain-GFP-SIIICT No Fail

12 Expi293 Mammalian Cytosolic Ectodomain-10H-SIIICT GFPNT-FReP Fail

13 Sf9 Insect Cells Membrane 10H-SIIINT-IMP No Fail

14 Sf9 Insect Cells Membrane 8H-GFPNT-IMP No Success

Figure 3.1 Attempted TLR4 Ectodomain Expression Strategies. A. Overview
of TLR4 domain architecture and different construct boundaries tested. B.
Summary of all attempted test expression strategies, totalling over 170 indi-
vidual experiments.

IMAC purification despite screening ten different detergents (see the empty gel in

Figure 3.2E). I repeatedly observed that TLR4-c052, containing a Type I transmem-

brane protein with just a single transmembrane helix, was unstable and precipitated

after longer than six hours in solution, no matter the detergent used for extraction.

Ultimately, therefore, the membrane-bound construct also failed to yield useful lev-

els of TLR4 since I could not reproduce the small-scale results or achieve a practical

scale-up.
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Figure 3.2 Failure to Scale-Up Membrane-Bound TLR4. A. Near full-length con-
struct TLR4-c052. B. SDS-PAGE from 50 mL test expression of TLR4-c052
in Sf9 cells. Green asterisks denote TLR4-containing bands confirmed by
MSMS. L = lysate, EB = eluate. C.Analytical SEC traces collected from the
eluates in B on a DionexTM HPLC system. GFP-fluorescence chromatograms
shown. D. Over-expression of TLR4-c052 in Sf9 cells at the 1 L scale, indi-
cated by GFP-positive cells. E. SDS-PAGE showing a ten detergent screen
to stabilize TLR4-c052 during 1L scale-ups. Red asterisks indicate putative
target bands not identified as TLR4 by MSMS.

3.3 Expression of TLR4 in Drosophila S2 Cells

The efforts detailed in Section 3.2 show that I failed to express or purify TLR4 with

all fourteen different strategies in standard SGC expression systems. Particularly

noteworthy was my inability to reproduce the previously reported co-secretion of

TLR4:MD-2 from insect cells, despite trying both Sf9 (Strategy 7 and 8) and High

FiveTM (Strategy 9) cells. These results led me to re-consider the approach at

a fundamental level and, motivated by Ohto et.al.’s repeatedly successful use of

Drosophila insect cells to express TLR4, I decided to implement a Drosophila-based

expression system for the first time at the SGC.

3.3.1 Introduction to Drosophila S2 Expression Systems

Because the Drosophila-based expression system eventually proved successful for

TLR4, MD-2, and a variety of other secreted targets (see Section 3.5), it is worth
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discussing in some detail the advantages of Drosophila S2 expression systems. Most

insect cell systems rely on baculoviral transduction for target expression, with in-

novative solutions like Bac-to-Bac®, flashBACTM, MultiBacTM, FlexiBac, and biG-

Bac facilitating the simple and high-throughput expression of challenging, multi-

domain, and post-translationally modified protein targets and multi-protein com-

plexes [407, 410, 411, 412, 413]. However, the Autographa californica nuclear poly-

hedrosis virus (AcNPV) traditionally used by baculoviral systems can only prop-

agate in lepidopteran insect cells, meaning that these innovative expression plat-

forms are incompatible with Drosophila-derived cell lines which belong to the order

diptera. Despite some evidence in the literature that promoter optimization can

rescue baculoviral-mediated gene expression in Drosophila lines, nearly all marketed

insect cell systems rely on the incompatible polyhedron promoter [414, 415]

As a result of the incompatibility of Drosophila cell lines with common AcNPV sys-

tems, these lines are used relatively rarely, especially by academic laboratories; in

fact, until recently there existed just one major commercially available Drosophila

expression platform. Marketed by Invitrogen, the DESTM system employs a low-

throughput two-plasmid approach to transfect and select stable cell lines expressing

the target(s) of interest. Recently, however, a Danish company called ExpreS2ion

Biotechnologies disrupted this market with a Drosophila platform based on a single

“pExpreS2”-class vector, which places targets under the control of a strong, consti-

tutive fused Actin-Hsp70 core promoter with either a ZeocinR or G418R backbone.

This one-plasmid approach simplifies the cloning, transfection, and selection stages

of the workflow [416], so I selected the ExpreS2ion platform, instead of the more

ubiquitous DESTM platform, for my Drosophila experiments. All of the results

in this and the following sections were supported by an active collaboration with

ExpreS2ion Biotechnologies, who facilitated my efforts to acquire, implement, and

eventually improve the ExpreS2ion system.

The lack of innovation surrounding Drosophila expression is unfortunate, since

Drosophila lines possess many advantages over more ubiquitous Sf9 and High FiveTM

lines. The most common laboratory Drosophila cell line is Schneider 2 (S2), which

was derived from Drosophila macrophages in the early 1970’s [417]. Due in part

to their small diameter, S2 cells grow much faster and to much higher densities

(greater than 100 million cells per mL) than other insect cells, greatly reducing

requisite culture volumes [418]. S2 cells are naturally suspension adapted, tolerate

diverse serum-free and serum-containing medias, grow in all standard containers

including T-flasks, shake flasks, and bio-reactors, and readily propagate anywhere
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between 22 ◦C to 30 ◦C [416]. S2 cells are powerhouse protein secretors and routinely

outperformed the allegedly secretion-tuned High FiveTM cells in my hands.

Furthermore, secreted expression itself has many systematic advantages because

secreted proteins undergo packaging in the endoplasmic reticulum and Golgi appa-

ratus, where resident chaperones and glycosylating enzymes help to stabilize flexible,

disulfide-bonded, partially disordered, multi-domain, and/or post-translationally

modified proteins. Recombinant secreted yields from S2 cells routinely surpass

30 mg L−1, facilitating industrial scale production of diverse and oftentimes challeng-

ing targets [419, 420]. As a result of these advantages, S2-derived protein has led

to the deposition of over 60 structures in the PDB, including receptor ectodomains

(multiple TLRs), viral glycoproteins, hormones, growth factors, and more.

3.3.2 Test Expression Results

Motivated by the aforementioned advantages and the evidence that other groups

could express TLRs with S2 cells, I first attempted to reproduce Ohto et al.’s pu-

rification of TLR4:MD-2. I obtained the original TLR4 and MD-2 constructs as

a gift from Professor Toshiyuki Shimizu of the University of Tokyo, which arrived

cloned into the pMT/BiP/V5 backbone for inducible expression in the DESTM sys-

tem. The Shimizu constructs contained Drosophila codon-optimized inserts, which

herein I will refer to as TLR4Untagged and MD-2Tagged; these coding regions are de-

tailed for clarity in Figure 3.3A.

Using a simple restriction/ligation cloning approach with BamHI and AgeI, I trans-

ferred the TLR4Untagged and MD-2Tagged inserts into the multiple-cloning site (MCS)

of constitutively expressed pExpreS2 backbones for co-expression with the improved

ExpreS2ion platform. Figure 3.3C shows the architecture of the pExpreS2-1 back-

bone, while Figure 3.3D shows a DNA gel from the restriction digest step of the

insert shuffling (described in detail in Section 3.1.4). Note that TLR4-c071 con-

tains TLR4Untagged in a G418R backbone, while MD-2-c014 contains MD-2Tagged in a

ZeocinR backbone, facilitating the eventual double selection of a complex-expressing

stable cell line. Additionally, through a second-round of cloning using PCR and a

HiFi assembly (also detailed in Section 3.1.4), I created TLR4-c072, containing the

TLR4Tagged insert within the pExpreS2-1 backbone, for expression of TLR4 by it-

self. To help the reader track these constructs, Figure 3.3B summarizes both the
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Figure 3.3 Rescuing TLR4 Expression in S2 Cells. A. Cartoon representation of
TLR4 and MD-2 coding regions. B. Summary of key TLR4 and MD-2 con-
structs. C. The pExpreSS-1 vector backbone. D. Agarose gel showing the
restriction digest step of my “insert shuttling”, wherein the coding regions
from the TLR4-c056 and MD-2-c004 were transferred into pExpreS2 back-
bones. E. SDS-PAGE results from 10 mL transient test expressions in S2
cells.

constructs which I obtained from Dr. Shimizu and the constructs I prepared for use

with the ExpreS2ion system.

With these new constructs in hand, I completed a transient 10 mL test expression

in S2 cells according to ExpreS2ion’s recommended protocol (detailed in Section

3.1.6). After a three day expression, I pulled down the cell culture media with anti-

protein A IgG resin and checked both diluted and concentrated eluates by SDS-

PAGE. As Figure 3.3E shows, I finally reproduced the isolation of the TLR4:MD-

2 complex using a co-transfection of TLR4-c071 with MD-2-c014. Furthermore,

I demonstrated that both MD-2 (MD-2-c014) and TLR4 (TLR4-c072) could be
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expressed and isolated as single components from S2 cells using a protein A tag.

Therefore, in my hands and with these targets, Drosophila S2 cells outperformed all

other tested systems and allowed me to reliably express TLR4 and MD-2.

3.4 Large-Scale Purification of TLR4 and MD-2

After confirming that S2 cells expressed TLR4 and MD-2 in a transient test expres-

sion, I selected polyclonal stable cell lines for downstream scale-ups according to

ExpreS2ion’s recommended protocol (see Section 3.1.7). I selected and froze three

lines, expressing TLR4-c072 alone (ZeoR), MD-2-c014 alone (ZeoR), or the com-

plex of TLR4-c071 and MD-2-c014 (ZeoR and G418R). The polyclonal cell lines

maintained high levels of protein secretion for up to six weeks, allowing purification

“runs” with two harvests per cell line per week.

I purified these targets directly from the cell culture media using an anti-protein A

pull-down on IgG Sepharose, followed by a size-exclusion clean-up step (see Section

3.1.8 for details). Because secreted proteins float in dilute culture media at elevated

temperatures for 3–4 days during expression, the SEC step is imperative to remove

misfolded and aggregated protein. Although it varied target-to-target, in my hands

up to 50% of the affinity-captured protein proved to be aggregated or otherwise

misfolded.

Throughout, I used optimized buffers selected from the same DSF-based buffer

screen deployed in Section 2.9–TLR4 and TLR4:MD-2 were stored in 1X PBS while

MD-2 was stored in 25 mm bicine (pH = 8.5) plus 250 mm NaCl. Before SEC, I

treated TLR4 and TLR4:MD-2 with recombinant human thrombin protease to re-

move the protein A tag; MD-2 proved to be aggregation-prone without the tag when

purified by itself, so I retained the protein A tag on MD-2 in the final protocol. I

routinely observed final purified yields of approximately 1 to 3 mg L−1, allowing pu-

rification of more than 20 mg of protein per six-week purification run. Figure 3.4A,

B, and C show an exemplar purification from each of the three polyclonal stable cell

lines, confirming that the final products are pure and monodisperse.

Next, I performed analytical SEC experiments to interrogate the oligomeric state of

the purified proteins, detailed in Figure 3.4D. TLR4 exists as a monomer in solution

as expected, with an implied molecular weight of 78 kDa. Interestingly, MD-2 by

itself elutes at an implied molecular weight of 122 kDa, which is approximately 4-fold
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Figure 3.4 TLR4 Purification from S2 Cells. A-C Large-scale purification of TLR4,
MD-2, and TLR4:MD-2 respectively. Green asterisks denote bands confirmed
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higher than the expected monomeric weight of 32 kDa. As the extended left-hand

tail of the chromatogram in Figure 3.4B suggests, MD-2 forms mixed oligomers

and larger molecular weight aggregates when in solution by itself, even when the

solubilizing protein A tag is retained. However, when TLR4 and MD-2 purified

separately are mixed, I observed a larger complex with an implied molecular weight

of 173 kDa, confirming that MD-2 and TLR4 retain the ability to bind even when

expressed alone.

The implied molecular weight of the complex in Figure 3.4D is larger than the pre-

dicted TLR4:MD-2 dimer (approximately 110 kDa) but smaller than the predicted

TLR4:MD-2 heterotetramer (approximately 220 kDa). Analytical SEC work by

Ohto et al. shows that both the human and murine TLR4:MD-2 complexes exist in

the inactive heterodimeric state in the absence of ligand [101, 100]. Furthermore,

when co-expressed as in Figure 3.4C, the TLR4:MD-2 complex (without the pro-

tein A tag on MD-2) elutes as a heterodimer. I hypothesized that the protein A

tag might create a biologically irrelevant 3-way complex (TLR4:MD-2:MD-2; ex-

pected molecular weight of about 140 kDa) when the separately purified proteins

are mixed as in this experiment. In any case, especially considered in light of the

cross-linking SDS-PAGE experiments in Chapter 4, the data show that TLR4 exists

as a monomer, MD-2 as higher molecular weight oligomers, and TLR4:MD-2 exists

as a ligand-free heterodimer when expressed with my S2 system.

Finally, I interrogated the glycosylation state of the proteins. As expected, Figure

3.4E shows that TLR4 is heavily but homogeneously glycosylated when secreted

from S2 cells, as treatment with a variety of endoglycosidases results in a downward

shift of the single TLR4 band during SDS-PAGE. Figure 3.4B shows, in contrast,

that MD-2 is heterogeneously glycosylated, with multiple glycosylation states (likely

2–4) resolved as discrete bands during SDS-PAGE.

The results in Figure 3.4E suggest that treatment with endoglycosidases, particu-

larly the most promsicuous enzyme PNGase, can trim the glycans during purifica-

tion; however, this hypothesis is shown to be untrue in Figure 3.4F. The first lane

shows the TLR4:MD-2 complex after incubation with PNGase but before injection

onto a Superdex 200 column. In this “load” sample, both TLR4 and MD-2 resolve

in their “deglyco” state, as expected in the presence of PNGase. However, once

the PNGase is removed during SEC, both proteins return to their “glyco” form,

demonstrated by an upward shift in the bands (i.e. a failure to remain downshifted)

relative to the “deglyco” load sample. This counter-intuitive result suggests that
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PNGase is only cleaving the glycans once the sample is diluted in SDS-containing

loading buffer. I validated this result numerous times, including by mixing PNGase

directly into the SDS-PAGE loading buffer and observing de-glycosylated protein

on the gel (data not shown). Therefore, I was unable to replicate previous reports

in the literature that endoglycosidases are capable of trimming away the attached

glycans from the TLR4:MD-2 complex in solution [101, 64]. This can rightly be

interpreted as a weakness of my data which requires follow-up work. All TLR4,

MD-2, and TLR4:MD-2 protein used herein retains a Drosophila-like glycosylation

state, containing mostly simple Asn-linked paucimannosidic glycans that might not

reflect complex mammalian glycosylation patterns [421]. I could never convincingly

remove the glycans from TLR4 or MD-2 in non-denaturing conditions despite nu-

merous efforts with different enzymes, pH’s, temperatures, and incubation times.

I discuss the possible implications of this observation, and future opportunities to

obtain mammalian-like glycoslyation, in Section 3.6

3.5 FAS2FURIOUS: HT Expression in S2

ExpreS2ion’s Drosophila system rapidly allowed me to express and purify TLR4,

MD-2, and TLR4:MD-2. Motivated by this success, I hypothesized that protein

secretion in S2 cells represented a general technological solution for the expression

of challenging, disulfide-bonded, and post-translationally modified protein targets.

Therefore, I transformed the existing low-throughput methods of the ExpreS2ion

system into an SGC-style high-throughput expression pipeline, which I nicknamed

“FAS2FURIOUS” or F2F. Herein, I describe the re-design of the pExpreS2 class vec-

tors, the parallelization of cloning and transfection protocols, and the successful pilot

of the system with diverse targets submitted by multiple groups. FAS2FURIOUS is

now the fastest eukaryotic expression pipeline deployed at the SGC, facilitating the

cloning and transient test expression of up to forty-six constructs in just two weeks,

and it performs particularly well with secreted and “secretable” targets. In an effort

to spark the uptake of F2F in other groups, I plan to publish the detailed method

in Frontiers in Molecular Biosciences and Bio-Protocol ; for temporary convenience,

the manuscript is also provided as an Appendix. Some of the text and figures in the

next sections were adapted from these reports. I also completed this work in direct

collaboration with ExpreS2ion Biotechnologies, who provided discounted reagents

and scientific advice throughout the project. A high-level schematic overview of the

method is provided in Figure 3.5A.
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A.

B.

Figure 3.5 F2F Workflow Overview. A.Schematic of the optimized FAS2FURIOUS
workflow designed and deployed herein. B. Overview of the chemistry
of the HiFi reaction, adapted from NEB’s website (https://www.neb-
online.de/en/cloning-synthetic-biology/dna-assembly/nebuilder-dna-
assembly/).

3.5.1 Design of F2F Vectors

f The original pExpreS2-1 backbone (see Figure 3.3A) contains only a restriction-

endonuclease-based MCS, which is unsuitable for high-throughput cloning. Fur-

thermore, ExpreS2ion Biotechnologies reported in a personal communication that

cloning scars between the signal peptide and the protein of interest lead to markedly

decreased secretion efficiencies of certain targets, necessitating the use of a strictly

seamless cloning strategy. Therefore, I made all F2F vectors compatible with the

NEBuilder® HiFi DNA Assembly (HiFi), which uses a modified Gibson Assembly to

facilitate seamless, one-step, and high efficiency assembly of DNA fragments [422].

For reference, the detailed HiFi reaction chemistry is diagrammed in Figure 3.5B.

In this approach, a DNA region is amplified by PCR with primers containing 20
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bp 5’-overhangs which are complementary to the desired insertion region within the

destination vector. During a 30 minute reaction between a PCR product and the

linearized vector of interest, T5 exonuclease creates 3’-ssDNA overhangs at the ends

of the vector and insert. This frees the homologous ssDNA regions to anneal prior

to extension by a thermophilic DNA polymerase to fill the gaps and subsequent

nick ligation by a DNA ligase. During the HiFi reaction, short mismatches (up

to 10 bp) between the homologous regions can be trivially deleted from the final

construct; as discussed in detail later, this allows the removal of restriction sites

which may otherwise lead to scars. HiFi assemblies are compatible with un-purified

PCR products, allowing me to bypass a tedious PCR-clean-up step and assemble

constructs from PCR to transformation in just one day. The main drawback of HiFi

assemblies is the cost (£10 per reaction), which I partially mitigated by halving the

recommended reaction volume without compromising assembly efficiency. Further-

more, the recent development of a cheap, homemade, and efficacious HiFi Master

Mix should increase uptake of the HiFi approach which, in my hands, convincingly

and reproducibly outperforms all other cloning strategies [423].

In addition to introducing HiFi-compatible regions, I also functionalized the pExpreS2-

1 backbone with secretion and purification epitopes. All of my F2F vectors include at

the N-terminus a Drosophila immunoglobulin heavy chain binding protein (BiP) sig-

nal sequence, which is commonly used for efficient secretion in S2 cells [424, 425, 426];

this is the same signal peptide I used in the original constructs MD-2-c014, TLR4-

c071, and TLR4-c072 . At the C-terminus, I added a selection of affinity purification

epitopes, including a protein A tag and/or the tandem-affinity purification (TAP)

10His-Twin-Strep-tag®. The protein A tag and Twin-Strep-tag® were specifically

chosen for their high affinity interaction with solid-phase resins, allowing even poorly

expressed targets to be captured from dilute cell culture media. The protein A tag

has a KD of just 10 nm for IgG Sepharose and is further reported to increase the sol-

ubility and proteolytic stability of fusion partners (consistent with my observations

with MD-2) [427]. The Twin-Strep-tag® was specifically designed for the purifi-

cation of targets from cell culture media, and gentle elution from Strep-Tactin®

affinity resin relies on excess free biotin rather than the violent pH change required

for elution from IgG Sepharose. Finally, to facilitate downstream tag removal, I also

introduced either a thrombin or human rhinovirus 3C-protease (3C) site before the

fusion tag(s). 3C, also marketed as PreScissionTM Protease, markedly out-performs

TEV protease, particularly in imidazole-containing elution buffers and at 4 ◦C [428].

Thrombin protease has a much higher specific activity than 3C, allowing tag cleav-

age with very small amounts of protease, and it performs very well in my hands for
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TLR4 and MD-2. However, thrombin sometimes suffers from off-target activity and

is not commercially available with an affinity tag for simple tag removal [429], which

explains my choice to add 3C-compatible vectors to the F2F suite.

In between the N-terminal BiP signal peptide and the cleavable C-terminal affinity

tag(s), I introduced a six base pair BglII cut site. This site facilitates F2F vector

linearization and is fully removed during the HiFi assembly, resulting in a perfectly

seamless fusion of the target to BiP at the N-terminus and the purification tags

at the C-terminus. In total, I constructed five F2F vectors, summarized in Figure

3.6A, using standard PCR-based approaches (described in detail in Section 3.1.9)

recommend by the NEB Q5® Site Directed Mutagenesis Kit. I validated all cloning

sites and tags in all vectors using Sanger sequencing. Figure 3.6B provides a detailed

look at one F2F vector, pExpreS2-1-C3-PA-10H-SIII, focusing specifically on the

architecture of the cloning site. Notice that the HiFi overhangs, marked in bright

blue, exclude the BglII cut site, leading to the removal of the “AGATCT” scar in

the final construct. Together, the F2F vector set I created facilitates diverse tagging

and purification strategies that will apply across disparate secreted targets.

3.5.2 Optimization of F2F Protocol

After improving the pExpreS2-class vectors, I then worked to miniaturize and par-

allelize the reported transient transfection protocol to facilitate medium-throughput

screening of multiple constructs in a single experiment. Before I started developing

F2F, ExpreS2ion Biotechnologies recommended two approaches for the transient test

transfection: (1) an 8 mL transient transfection in 50 mL Falcon tubes using 20 µg of

DNA at a concentration greater than 0.6 µg µL−1 or (2) a 10 mL transient transfec-

tion in 100 mL round bottom flasks using 25 µg of DNA at a concentration greater

than 0.6 µg µL−1. While these protocols work well, and I successfully used the 10 mL

method in preliminary experiments with TLR4 and MD-2, they are not compati-

ble with parallel expression testing. The recommended approaches require midi- or

maxi-prepping construct DNA and the cumbersome manual handling of dozens of

individual culture containers. As a result, before FAS2FURIOUS I could only test

3–4 constructs per week, preventing me from deploying even a medium-throughput

pipeline.

Therefore, I miniaturized the existing transfection methodology by implementing

three improvements into the F2F method. Firstly, I reduced the cell volume to just
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25-50 µg/mL 
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25-50 µg/mL 

Zeocin
2 mg/mL Zeocin HiFi

BiP Signal 

Peptide
Protein A

HRV C3 

Protease

pExpreS2-1-

CRPA

F2F expression 

vector

25-50 µg/mL 
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2 mg/mL Zeocin HiFi

BiP Signal 
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Protein A Thrombin
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F2F expression 
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25-50 µg/mL 

Zeocin
2 mg/mL Zeocin HiFi

BiP Signal 

Peptide

10His + Twin-

Strep + Protein A
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B.

pExpreS2-1-C3-
PA-10H-SIII

3144 bp

Figure 3.6 F2F Vector Development. A. Summary of F2F vector set. B. Architec-
ture of an exemplar F2F vector, pExpreS2-1-C3-PA-10H-SIII. The rectangular
inset highlights the seamless HiFi compatible cloning site.

3 mL per construct, allowing transient test expressions to be completed in 24-well

deep-well blocks rather than large, individual containers. Secondly, I reduced the

requisite amount and concentration of DNA by 63% and 66% respectively, down

to just 7.5 µg at a concentration greater than 200 ng µL−1. I routinely achieved

this quantity of DNA with just a standard, spin-column-based miniprep of the F2F

vectors. I also demonstrated that a brief heat-sterilization of the miniprepped DNA

is sufficient to avoid contamination during the transient transfection, making F2F

compatible with any commercially available non-sterile miniprep kit. Finally, I

implemented a 96-well filter-plate-based test purification protocol, allowing rapid

pull-down of transiently expressed constructs in parallel. When combined with the

high-throughput HiFi assembly, these improvements allow either twenty-two (one

mini-prep cycle, one test expression plate) or forty-six (two mini-prep cycles, two test

expression plates) constructs to be tested in parallel alongside appropriate controls.
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Figure 3.7 F2F Pilot. A. Colony PCR after HiFi assembly and transformation, demon-
strating over 90% insertion efficiency. B. Small-scale IMAC eluates from a
3 mL transient test transfection. Green asterisks denote bands confirmed
by MSMS; yellow asterisks denote putative target bands not confirmed by
MSMS. C. Overview of targets expressed with ExpreS2 cells either in-house
(blue) or by ExpreS2ion Biotechnologies.

As a positive control, I used the high expressing TLR4-c072. For both visualization

of transfection efficiency and as a negative control for SDS-PAGE, I used pExpreS2-1-

GFP, a commercially available vector from ExpreS2ion Biotechnologies that encodes

a cytosolic, tag-free GFP.

Taken together, these improvements mean the cloning and transient test transfection

stages of F2F take only two weeks, critically without the tedious bacmid purification

and virus amplification steps that baculoviral systems demand. Therefore, in terms

of manual handling time, F2F is most similar to E.coli expression protocols, making

it by far the most rapid eukaryotic expression pipeline deployed at the SGC.
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3.5.3 Piloting F2F With Challenging Targets

To demonstrate the robustness of the new F2F method, I assembled a set of eighteen

different constructs containing eleven challenging targets, many of which expressed

poorly or not at all in other systems. Three groups from the SGC and one group

from the Kennedy Institute suggested targets. The final “pilot” genes included

receptor ectodomains like toll-like receptor 4 (TLR4), monocyte differentiation anti-

gen CD14 (CD14), B-cell receptor CD22 (CD22), myeloid surface antigen CD33

(CD33), CD44 antigen (CD44), and triggering receptor expressed on myeloid cells

2 (TREM2), naturally secreted proteins like MD-2, collagen alpha-3(VI) (COL6A3)

VWFA domain, clusterin (CLU), and progranulin (GRN), and the cytosolic en-

zyme 17-beta-hydroxysteroid dehydrogenase 13 (HSD17B13). I will re-visit CD14

in Chapter 4; the biological details and research interest of the other targets are out-

side the scope of this thesis, and I mean for this and the following section to serve

as validation of the F2F method rather than as an introduction to new targets.

Note that, in this pilot, I tested new TLR4 and MD-2 constructs with a 10His-

Twin-Strep-tag® rather than simply replicating the previously successful protein A

constructs. Note also that, based on literature reports, some targets (specifically

CD22, CD33, and CD44) preferred only an un-cleavable His6-tag; this was achieved

by the inclusion of the His6-tag in the PCR primers followed by a stop codon to

prevent read through of the tags supplied by the F2F backbone. This represents yet

another extension of my vectors and shows that customized C-terminal tags can be

trivially added to the F2F backbones for specific applications.

Figure 3.7A shows a colony PCR following insert amplification, HiFi assembly with

BglII -linearized F2F destination vectors, and transformation into E.coli. To esti-

mate the efficiency of HiFi assembly with the F2F vectors, I screened up to six

colonies for each of the eighteen constructs. Of the 95 colonies screened, only eight

(or 8.4%) contained re-circularized vector (marked with a red asterisk) without in-

sertion of the target-containing PCR product. This is a necessary consequence of

my HiFi approach which relies on a single BglII cut site to linearize the vector;

however, I reasoned that the incorporation of a scar-free signal peptide was more

important than maximizing the insertion efficiency with a doubly-digested linear

vector. In any case, a 92.6% HiFi insertion efficiency implies that screening just two

colonies per construct will yield an insert-containing clone on the first try in over

99% of cases.
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Figure 3.7B shows the results from a 3 mL transient test transfection of the con-

structs in 24-well deep well blocks using the F2F method. After expression for 72

hours, I pulled down the supernatants with 100 µL of Ni-NTA resin and analyzed the

eluates via SDS-PAGE. The positive control, TLR4-c072, was pulled down with IgG

Sepharose. MSMS confirmed the expression of 15/18 constructs from 9/11 genes.

In one case, HSD17B13, only a truncated “short” construct expressed. In the case

of TLR4 and MD-2, the other two genes which did not conclusively express in this

pilot experiment, I previously demonstrated that a protein A tag facilitates expres-

sion. Therefore, taken holistically, I was able to express all eleven pilot proteins

using F2F, an impressive result given that the nominated targets were intentionally

selected be challenging. To further emphasize the diversity of targets amenable to

secretion in S2 cells, I combined data from myself and ExpreS2ion Biotechnologies

to create Figure 3.7C, which provides an overview of over 70 targets which have

been successfully expressed in the ExpreS2ion system.

3.5.4 F2F Stable Cell Lines

To demonstrate the final step of the F2F method, I selected stable cell lines for high

priority targets CD14, COL6A3WT, COL6A3mut, and HSD17B13. Additionally, Dr.

Vittorio Katis of the Gileadi Group at the SGC independently selected stable cell

lines expressing CD33 and CD44U (a particular splice variant of CD44, again outside

the scope of this thesis). Note that all lines were selected essentially according to

ExpreS2ion’s recommended protocol and I did not spend time optimizing this step of

the process. At most, I could manage the selection of four or fewer stable cell lines at

once, meaning this step is still low-throughput and represents a potential weakness

in the F2F methodology that could be improved. Nevertheless, only constructs that

express well in a small-scale transient test need to be transformed into a stable cell

line, making the time investment worthwhile at this stage.

In all cases, the stable cell lines expressed the correct target protein on the first

try, with relative expression levels implied at the small-scale reproduced at the large

scale. For example, full-length CD14, which expressed very strongly at the small

scale (see Lane 5, Figure 3.7B), yielded 26 mg L−1 as a stable cell line. COL6A3WT,

which expressed much more weakly during the transient transfection (see Lane 7,

Figure 3.7B), yielded just 5.4 mg L−1 as a stable cell line. For large-scale purification,

I often relied on an affinity pull-down with Strep-Tactin® Sepharose rather than Ni-

NTA, which yielded purer protein. Figure 3.8 illustrates a representative large scale
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Figure 3.8 F2F Stable Cell Lines. A. Large scale purification of CD14. B. Large-scale
purification of CD44U ectodomain, courtesy of Dr. Vittorio Katis.

purification of CD14 and CD44U from the stable cell lines to demonstrate that the

proteins are pure and monodisperse. The CD44U purification was completed by Dr.

Katis and is reproduced with permission.

3.6 Chapter 3 Summary

In conclusion, after failing to obtain TLR4 from existing in-house expression systems,

I optimized and deployed a novel Drosophila S2 system nicknamed FAS2FURIOUS.

The most important result from this chapter is the expression of TLR4 and MD-2

using FAS2FURIOUS. The purification of TLR4 presented herein is the first ever

reported to generate structural quantities of the protein, and the ability to quickly

generate large amounts of TLR4 was paramount for the experiments presented in

Chapter 4. Future work should focus on de-glycosylating recombinant TLR4, which

proved difficult in my hands; orthogonally, expression in “glyco-engineered” cell

lines, which provide more human-like glycan patterns, should be explored. Al-

though S2 glycosylation is mostly paucimannosidic and therefore relatively stan-

dard, a weakness in my data is the presence of non-human glycan structures on the

secreted TLR4, which could modify the protein’s activity. I also hope that the abil-

ity to cheaply generate recombinant TLR4, previously only commercially available

at prohibitive prices, will lead to detailed in vitro characterization of the protein

and its activity. These type of biochemical and biophysical experiments are conspic-

uously missing from the literature but are vitally important to provide context to

TLR4’s cellular function. The results of Chapter 4 will highlight just how important

and informative simple experiments with recombinant TLR4 can be for elucidating

the activity of this multi-functional innate immune receptor.
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Furthermore, I extended the impact of FAS2FURIOUS beyond TLR4 to demon-

strate that protein secretion in S2 cells represents a powerful method for expressing

many challenging targets, particularly disulfide-bonded, post-translationally modi-

fied, or partially disordered proteins as well as receptor ectodomains and naturally

secreted proteins. Over the course of my D. Phil, I or Dr. Katis created stable S2 cell

lines expressing TLR4, MD-2, CD14, CD33, CD44, COL6A3, and HSD17B13, all of

which yielded monodisperse protein in reasonable to excellent yields. Furthermore,

the miniaturized and now moderate-throughput FAS2FURIOUS method expressed

approximately 90% of the targets I tested, which is consistent with ExpreS2ion

Biotechnologies’ internal results (personal communication). The F2F method rep-

resents a significant improvement in S2-compatible technologies, especially in terms

of throughput. F2F allows cloning and test expression of up to forty-six constructs

in just two weeks and stands as the only medium-throughput method ever reported

for S2 cells. To increase the uptake of my F2F system, I plan to release a detailed

step-by-step protocol and make the F2F vectors freely available on AddGene upon

acceptance of the F2F manuscript. I hope the work presented herein will encourage

other groups to deploy the FAS2FURIOUS system, which is the fastest insect-cell

expression platform currently deployed at the SGC, to express challenging secreted

targets in the future.
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Chapter 4

Characterization of Putative
TLR4:FReP Protein-Protein
Interaction

This chapter describes my attempts to re-constitute the predicted TLR4:FReP

complex using recombinant proteins. Leveraging diverse experimental techniques,

including enzyme-linked immunosorbent assays (ELISAs), co-expression, Native-

PAGE, cross-linking SDS-PAGE (XL-SDS-PAGE), analytical SEC, and bio-layer

interferometry (BLI), my goal was to assemble a TLR4:FReP complex with an

eye towards structural characterization. However, the data demonstrate that a

TLR4:FReP complex cannot be assembled under native conditions in solution from

recombinant components. While a set of XL-SDS-PAGE experiments hint at the

presence of a highly transient complex, the results presented in this Chapter halted

my efforts to solve the structure of TLR4:FReP complexes, which are not amenable

to structural studies. In an effort to explain this unexpected observation, I ex-

tend the analysis to show that “obvious”, previously reported TLR4-associated co-

receptors do not rescue the predicted TLR4:FReP PPI. Therefore, while the results

in this Chapter are all “negative”, they hint at truly unknown biology at play in the

innate immune recognition of endogenous ligands, a conclusion which motivated the

unbiased MS-based work to be discussed in Chapter 5.
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4.1 Materials and Methods

4.1.1 TLR4 Binding ELISA

The TLR4 binding ELISA was implemented essentially as previously reported [303].

Briefly, 1µg mL−1 of recombinant TNC (as in Chapter 2, FReP protein names denote

just the FBG domain) was coated overnight onto Microlon Medium Binding Plates

(Greiner Bio One 655080) before blocking for two hours with 10% BSA in PBST.

A concentration series of TLR4, dissolved in PBST + 2% BSA, was prepared for

both in-house purified Drosophila derived TLR4 and commercially available TLR4

from mammalian cells (Research and Diagnostic Systems). After incubating for two

hours at 37 ◦C, the plate was probed for TLR4 binding using primary antibody (In-

vivogen, mAbg-hTLR4) in PBST + 2% BSA for two hours at room temperature.

After three ten minute washes in PBST, anti-rabbit HRP-coupled secondary anti-

body (BioRad STAR13B) was incubated for one hour at room temperature before

colorimetric readout using TMB Substrate Solution (Thermo) according to manu-

facturer’s recommendations. OD450 was measured using a FluoStar Omega plate

reader.

4.1.2 Analytical SEC

Analytical SEC experiments, such as in Figure 4.3, were completed using a Superdex

200 Increase 30/100 column connected to a DionexTM Ultimate 3000 UHPLC using

PBS as the running buffer. A280 traces were collected from 100 µL injections con-

taining 200 µg TLR4, 400 µg of the binding partner (FReP or MD-2), or 200µg TLR4

mixed with 400µg of the binding partner. To correct for any column drift over the

course of the run, the peak corresponding to the free binding partner (smallest MW,

and therefore the largest retention volume) was used to align the chromatograms.

Implied molecular weight was estimated by comparison to a standard curve gener-

ated with gel filtration standards (BioRad) collected on the same day and with the

same buffer.

For the ANXA2/LYZ/TNC experiment (Figure 4.9E), a Unix-C SEC 300 UHPLC

Column (Sepax) was used with the DionexTM Ultimate 3000 UHPLC connected to

an in-line fluorescence detector. Recombinant TNC was first labelled with NHS-

AlexaFluor555 (becoming TNC-555) (Thermo Fisher) to a density of 0.1% (1/1000

free amines covalently labelled with the dye) for 30 min at 4 ◦C before quenching any
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excess dye with 10 mm Tris. 110µL samples were prepared in PBS containing 10µg

of either ANXA2 or LYZ and an increasing concentration (10 to 40µg) of TNC-555.

Fluorescent chromatograms tracking 575 nm emission upon 555 nm excitation were

collected to track just the TNC-555 species.

4.1.3 Native-PAGE

1X HBS: 20 mm HEPES pH = 7.5, 150 mM NaCl.

Native-PAGE experiments were conducted with the NativePAGETM System (Novex,

Life Technologies) using precast 4-16% Bis-Tris Gels according to the manufacturer’s

recommendations. Samples were prepared in 1X HBS and gels were run for 120 min

at 150V. Samples containing 4 µg of TLR4 and either 4 or 8 µg (denoted in the

text as “+” or “++” respectively) of the putative binding partner were prepared

in a 16 µL reaction; if indicated, CaCl2 was added at this stage. After a 10 min

incubation at 25 ◦C, 4µL of stain-free loading dye was added and then 7µL of the

sample (containing no more than 4µg total protein) was loaded into the gel and

analyzed.

4.1.4 BLI

Running Buffer 1: 20 mm HEPES pH = 7.5, 150 mm NaCl, 0.05% Tween-20

Running Buffer 2: 20 mm HEPES pH = 7.5, 150 mm NaCl, 0.05% Tween-20

Wash Buffer 1: 100 mm Bis Tris pH = 5.5, 1m NaCl, 0.05% Tween-20

All BLI experiments were completed on the OctedRED384 16-Channel High Through-

put Octet System (ForteBio, now Sartorious). All plates used for dipping (either

96-well or 384-well) were black (Greiner). All response curves were background sub-

tracted using a matched reference sensor with no immobilized ligand. For biotiny-

lated ligands (FRePs), SA Chips were equilibrated in Running Buffer 1 or Running

Buffer 2 and then coated for 300 sec by dipping into 200 µL of ligand at the requisite

concentration (between 1 and 5 µg mL−1) to obtain a low and recommended loading

density between 1 and 5 nm. Coated chips were dipped sequentially for 300 sec into

a 3-fold increasing concentration of analyte (150µL of analyte at each concentra-

tion) diluted in matching Running Buffer, followed by a 300 sec dissociation step in

Running Buffer. Between each association/dissociation step at each concentration

of analyte, the chips were washed for 60 sec in Wash Buffer 1 to ensure return to
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baseline. For covalent immobilization of un-tagged ligands (TLR4), Amine Reactive

2nd Generation Chips (AR2G; ForteBio) were used to covalently immobilize the

ligands via coupling to free amines. Loading of the chip was performed according

to the manufacturer’s recommendations using EDC/NHS to activate, 20µg mL−1

analyte at pH = 4.0 to load, and excess ethanolamine to quench. Curves were

collected as before, with 300 sec association/dissociation phases followed by a 60

sec wash between each concentration point. Data analysis, background subtrac-

tion, and equilibrium curve fitting (assuming a standard 1:1 binding stoichiometry

and steady-state affinity kinetics), were performed with the Octet Data Analysis

Software.

4.1.5 XL-SDS-PAGE

5 µg of each protein was mixed in a 19µL reaction in 1X HBS. If indicated, be-

tween 1 and 25 mm CaCl2 or EDTA was also added from 1m stocks before a 15

min equilibration with gentle rocking at 25 ◦C. The indicated cross-linker (either

BS3, BS(PEG)9, or LC-SDA) was added to a final concentration of 1 mm by adding

1 µL from a freshly prepared 20 mm stock, and the cross-linking reaction was al-

lowed to proceed for 30 min at 25 ◦C with gentle rocking. The excess cross-linker

was quenched with 1 µL of 1m Tris pH = 8.0 prior to the addition of 5 µL of 4X

SDS-PAGE Loading Dye. For the LC-SDA cross-linked samples, the reactions were

irradiated with 8 W, 254 nm UV-light for 15 min to cross-link the UV-reactive por-

tion of the heterobifunctional cross-linker before adding the Loading Dye. 15 µL of

the samples were analyzed via SDS-PAGE, and putative complex bands of interest

were validated with in-gel tryptic digest MSMS.

4.1.6 Purification of CD44 Link Domain

This work was completed by Dr. Vittorio Katis and his protocol is reproduced here

with permission. The ectodomain of human CD44 containing only the Link do-

main (UniProtID: P16070 Isoform 1, Ala20-Asn172), referred to hereafter as “CD44-

Link”, was cloned by LIC into pNIC28-Bsa4. This places CD44-Link downstream

of a TEV-cleavable 6X-His tag. CD44-Link was expressed as inclusion bodies in 1 L

of Terrific Broth from BL21(DE3) Rosetta cells. After harvest, the inclusion bodies

were resuspended into 20 mL of 20 mm Tris pH = 8.0. Washing of the inclusion

bodies (up to 4 times) was performed by sonication (10 min), centrifugation (9000 x
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g, 20 min, 4 ◦C) and resuspension into 30 mL of 50 mm Tris pH = 8.0, 100 mm NaCl,

0.5% Triton X-100. A final wash in 50 mm Tris pH = 8.0, 100 mm NaCl was per-

formed to remove Triton X-100. The protein was solubilized in 10 mL of 8m Urea,

50 mm MES pH 6.5, 0.1 mm EDTA, 0.1 mm DTT at 4 ◦C overnight on a rotating

wheel. CD44-Link was refolded over 2 days at 4 ◦C by rapid dilution into 250 mm

L-arginine, 100 mm Tris–HCl pH = 8.5, 2.5 mm reduced glutathione, 2.5 mm oxi-

dized glutathione, and a 1:200 dilution of Complete EDTA-free protease inhibitors

(Merck) to give a final protein concentration of 50 µg mL−1. The refolded protein

was passed through a 0.2 µm filter before concentrating using a Vivaflow 200 (Sar-

torius) tangential flow filtration unit (to 50 mL), followed by an Amicon centrifugal

filtration unit. Further purification and removal of aggregates was performed on a

Superdex 75 16/600 column into 20 mm Tris pH = 8.0, 150 mm NaCl. Peak frac-

tions were concentrated to 7 mg mL−1 prior to flash freezing and storage. Protein

identity was validated by intact mass spectrometry, revealing correct formation of

the 3 dilulfide bonds within CD44-Link.

4.1.7 Purification of S100A8, S100A9, and Calprotectin

Lysis Buffer 1: 50 mm HEPES pH = 7.5, 500 mm NaCl, 5% glycerol, 1 mm TCEP,

1 mg mL−1 hen egg-white lysozyme, 1X benzonase, 1X Merck Protease Inhibitor

Cocktail. Lysis Buffer 2: 50 mm Tris pH = 8.0, 100 mm NaCl, 2 mm TCEP, 1 mm

EDTA, 0.5% Triton X-100, 1X Merck Protease Inhibitor Cocktail. Solubilization

Buffer 1: 50 mm Tris pH = 8.0, 100 mm NaCl, 2 mm TCEP, 1 mm EDTA, 4m

Guanidine HCl. Dialysis Buffer 1: 20 mm HEPES pH = 8.0, 1 mm EDTA. IEX

Elution Buffer: 20 mm HEPES pH = 8.0, 1 mm EDTA, 1m NaCl. Gel Filtration

Buffer: 20 mm HEPES pH = 8.0, 100 mm NaCl, 1 mm TCEP, 0.5 mm EDTA.

S100A8, S100A9, and CP were purified essentially as previously reported [240]. NT-

His6-tagged, full-length human S100A8 (UniProtID: P05109) and S100A9 (UniPro-

tID: P06702) expression constructs were obtained from Dr. Ritika Sethi (SGC Ox-

ford) as a gift. The constructs were transformed into BL21(DE3) Rosetta E.coli

strain and expressed in LB to OD = 0.8 before 0.5 mm IPTG induction overnight

at 18 ◦C. For S100A8, 1 L of cell pellet was harvested and lysed in 25 mL of Ly-

sis Buffer 1 for 30 min at 25 ◦C, followed by the addition of 1% Triton X-100 and

overnight freezing at −80 ◦C. The supernatant was clarified with centrifugation after

thawing and soluble S100A8 was then purified via IMAC with NiNTA resin before

a final polishing step on a Superdex 75 16/600 column into Gel Filtration Buffer.
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The monodisperse, dimeric peak was collected, pooled, and concentrated in a 3.5

MWCO Amicon centrifugal concentrator before storage at −80 ◦C. The final yield

of S100A8 was 31 mg L−1.

To prepare S100A9 and CP (heterodimer of S100A8:S100A9), 1 L of S100A9 cell

pellet and 1 L of S100A8 cell pellet were mixed and lysed via sonication in Lysis

Buffer 2. Following centrifugation at 14,000 x g for 20 min, the soluble fraction was

discarded and the inclusion bodies were further purified. The inclusion bodies were

washed twice with Lysis Buffer 2 by cycles of sonication (5 min, 30 sec on, 10 sec

off) and centrifugation (14,000 x g for 20 min). After washing, the white pellet was

resuspended until clear in 35 mL of Solubilization Buffer 1 prior to sonication and

centrifugation as before. The clarified supernatant, containing denatured S100A8

and S100A9, was refolded by serial dialysis (3 x 4 L, 24 hours each) into Dialysis

Buffer 1. After refolding, the protein was filtered and loaded onto a 1 mL HiTrap

Q column equilibrated in Dialysis Buffer 1. CP was separated from excess S100A9

with a 90 mL gradient elution from 0–40% of IEX Elution Buffer. The first eluted

peak (in low salt) containing CP was pooled separately from the second peak (in

high salt) containing just S100A9. The two samples were polished on a Superdex

75 column and stored exactly as above. The final yield of S100A9 was 12.5 mg and

the final yield of CP was 4.8 mg. The identity of all three proteins was confirmed

by intact mass analysis and in-gel tryptic digest MSMS.

4.1.8 Purification of ANXA2

Lysis Buffer 1: 20 mm HEPES pH = 6.5, 0.1 mm TCEP, 0.1 mm EDTA, 1X Merck

Protease Inhibitor Cocktail. IEX Elution Buffer: 20 mm HEPES pH = 6.5, 0.1 mm

TCEP, 1m NaCl. Gel Filtration Buffer: 20 mm HEPES pH = 8.0, 300 mm NaCl,

0.1 mm TCEP.

The ANXA2 expression construct, containing full-length, un-tagged human ANXA2

(UniProtID: P07355) with the point mutant A66E was obtained as a gift from Dr.

Peter Ecsedi at Etvos Lorand University in Hungary. The protein was purified

essentially as described previously [430]. The construct was transformed into the

BL21(DE3) Rosetta E. coli strain and grown in LB to OD600 = 0.75 before in-

duction with 0.5 mm IPTG and expression for 3 hours at 37 ◦C. 3L of cell pellet

was lysed with sonication in Lysis Buffer 1 followed by centrifugation for 50 min at

20,000 RPM in a JA 25.5 rotor. Clarified supernatant was re-adjusted to pH = 6.5
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by the addition of concentrated HCl, filtered through a 0.8 µm filter, and applied to

a tandem 5 mL HiTrap Q column connected to a 5 mL HiTrap S column. The sam-

ple first passed over the Q column, where negatively charged E. coli contaminants

were removed, and then passed over the S column, where the positively charged

ANXA2 bound. After sample application, the Q column was removed and ANXA2

was eluted from the S column with a 180 mL gradient from 0-50% with IEX Elution

Buffer. The fractions containing ANXA2 were pooled and loaded directly onto a

Superdex 200 16/600 column equilibrated in Gel Filtration Buffer. The monodis-

perse peak containing ANXA2 was pooled and concentrated with a 10,000 MWCO

Amicon Concentrator prior to flash freezing and storage at −80 ◦C. The final yield

was 1.1 mg L−1, and the protein identity was confirmed with intact mass and in-gel

tryptic digest MSMS.

4.2 Denaturing ELISAs Show a Complex

4.2.1 Quality Control of New Reagents

As described in detail in Chapter 2 and Chapter 3, I employed novel methods for the

expression of both the FRePs (CyDisCo) and TLR4 (Drosophila S2). Therefore, be-

fore embarking on downstream interaction assays, I first validated my own reagents

in an established TLR4-binding assay. In this ELISA, diagrammed in Figure 4.1A

and previously reported by Zuliani-Alvarez et al. [303], the FReP of interest is

coated onto the surface of a 96-well plate and, after blocking with BSA, a con-

centration series of TLR4 is added over the top. Following thorough washing, any

remaining TLR4 bound to the FReP of interest is quantified using an anti-TLR4

primary antibody and an HRP-coupled secondary antibody.

Using this assay, I compared the performance of refolded TNC and commercially

available mammalian-cell-derived TLR4 (replicating the results of Zuliani-Alvarez et

al.) with in-house, CyDisCo-derived TNC and S2-derived TLR4. As demonstrated

in Figure 4.1B, my homemade proteins performed as well as or better than the pre-

viously reported reagents with respect to binding affinity; in fact, my homemade

combination of S2-derived TLR4 and CyDisCo-derived TNC showing the strongest

apparent binding affinity (KD = 160 nm). The commercially available TLR4 binds to

TNC with KD ≈ 435 nm, while while S2-derived in-house TLR4 binds more strongly
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with a KD ≈ 175 nm. The refolded and CyDisCo-derived TNC samples behave simi-

larly, although there is a less pronounced trend towards tighter KD’s using CyDisCo

derived TNC. The affinity I measured broadly corresponds to previously reported

values; Zuliani-Alvarez et al. reported a KD ≈ 50 nm in an identical assay. Further-

more, when fit using an unconstrained saturation binding model, all reagent combi-

nations had a Hill Slope ≈ 1.0, suggesting a 1:1 binding stoichiometry between TLR4

and TNC. Therefore, this experiment certified the use of the TLR4-binding ELISA

in my hands, reproduced the observed 1:1 TLR4:TNC interaction predicted in the

literature, and validated the utility of my CyDisCo-derived FRePs and S2-derived

TLR4 for downstream experiments.

Figure 4.1 TLR4 Binding ELISA QC. A. Schematic of the TLR4-binding ELISA.
B. Comparison of homemade reagents (S2-derived TLR4; CyDisCo-derived
TNC) to previously reported reagents (mammalian-cell-derived TLR4; re-
folded TNC). n=1 due to cost of mammalian-cell-derived TLR4 from RD
Systems. C. Estimate of KD’s from B. Fit in GraphPad using a variable
slope saturation binding model.

4.2.2 Binding of Other FRePs

After demonstrating that my new reagents behaved well in the TLR4-binding ELISA,

I proceeded to test more members of the FReP family, particularly focusing on

the ANGPTLs. As discussed in Chapter 1, Zuliani-Alvarez et al. predicted that

ANGPTL1, ANGPTL2, and ANGPTL6 should bind to and activate TLR4, while
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ANGPTL4 should not [303]. In fact, Zuliani-Alvarez et al. analyzed ANGPTL4

in the TLR4-binding ELISA and detected no interaction. Their hypothesis is con-

sistent with unpublished results from our group demonstrating that ANGPTL1,

ANGPTL2, and ANGPTL6, but not ANGPTL4, can stimulate the release of pro-

inflammatory cytokines from primary human macrophages in a TLR4-dependent

manner.

I purified the exact ANGPTL4 construct used by Zuliani-Alvarez et al., containing

the full-length ANGPTL4 FBG-domain with an uncleavable His6-tag, using Scheme

2 (see Section 2.4). I then analyzed this protein alongside TLR4-activating FRePs

ANGPTL1, ANGPTL2, ANGPTL6, and TNC. In addition to the standard PBS-

coated reference, I also used an unrelated protein (cdClpP, a bacterial protease

purified for different applications in our group) as an orthogonal negative control.

Figure 4.2A shows a representative ELISA, completed in technical triplicate and fit

using a simple saturation binding model, while Figure 4.2B shows a comparison of

the calculated KD’s from at least three biological replicates.

All KD’s fall between 0.19–1.1 µm, with a consistent trend in affinities across all

replicates: TNC > ANGPTL2 > ANGPTL6 > ANGPTL1. However, a simple one-

way ANOVA demonstrates only one statistically significant difference in the affinities

for TLR4, between ANGPTL1 and TNC. Therefore, I concluded that, in this ELISA,

TNC binds the strongest to TLR4, while the ANGPTLs all bind with a similar and

weaker affinity. Surprisingly, I could not reproduce the previously reported negative

result for ANGPTL4; in fact, ANGPTL4 was the tightest non-TNC TLR4 binder in

my assay. In subsequent experiments, I even analyzed refolded ANGPTL4 directly

from the lab of Zuliani-Alvarez et al. and still observed strong binding to TLR4

(KD = 0.3 µm). Therefore, in my hands, the TLR4 ELISA could not differentiate

between activating and non-activating FRePs. This is the first of what will be many

hints at the complexity of TLR4 signalling at the cell surface, and the difficulties of

recapitulating cellular phenotypes with simple recombinant assays. The results also

suggest some limitations inherent in the TLR4 ELISA itself, which I discuss below.

4.2.3 Limitations of TLR4 ELISA

The TLR4-binding ELISA will turn out in the latter sections of this chapter to be the

only non-cross-linking assay that demonstrated a TLR4:FReP PPI, so it is worth

exploring in some detail the underlying limitations with the approach, especially
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Figure 4.2 FRePs in TLR4 Binding ELISA. A. Representative TLR4-binding
ELISA with diverse FRePs. The “random” control uses an unrelated pro-
tein to coat the plate. Data fit in GraphPad using a variable slope saturation
binding model (Hill Slope ≈ 1 in all cases). B. KD’s for the ANGPTLs (n
= 3) and TNC (n = 5). Means were compared with a one-way ANOVA;
only significant comparisons (p < .05) are annotated. Biological replicates
are color coded.

given its ubiquity in the TLR4 literature. First, ELISAs are fundamentally dena-

turing, as coating the FReP onto the surface of the 96-well plate distorts the native

FBG fold. This feature explains the reliability of ELISAs for antibody-antigen-

like interactions, where the binding epitope is contiguous, small, and well defined;

however, for more complex PPI’s, denaturation of the bait protein on the plate is

problematic. Previous reports suggest that spatially disparate regions of the FBG

domain contribute to TLR4 binding (see Section 2.10), meaning denaturation during

the ELISA could compromise the biological relevancy of the assay. Along the same

lines, TLR4 is known to require oligomerization for signal transduction. Does this

ELISA allow ternary complex formation when the FReP is denatured and displayed

on the surface of the plate? Is a Hill Slope ≈ 1, corresponding to a 1:1 interaction,

a reasonable result for an interaction known to require oligomerization at the cell

surface? These are unanswered questions; however, I assert that this ELISA is likely

not an accurate representation of the true biologically relevant binding event.

Secondly, the ELISA is irreproducible in my hands despite incredibly careful ex-

perimental optimization; the assay is not precise enough across replicates to rank

strong binding affinities, it cannot distinguish between activating and non-activating

FRePs, and it is sensitive to the highest concentration of TLR4 used for the dilution

series (which violates a core assumption of saturation binding equilibrium analysis).
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The observed irreproducibility also appears between experimenters, with subtle ex-

perimental differences such as washing cycles, incubation times, reagent suppliers,

and protein preparations vastly changing the final results (personal communication,

Midwood Lab). Finally, the assay has high background binding, which is likely

a result of the large size, complexity, and glycosylation envelope of TLR4 (both

S2-derived and commercially available TLR4 are purified via secretion, resulting

in significant glycosylation as discussed in Section 3.4). Coating the plate with a

random protein gives a maximum A450 > 0.5 in my experiments, suggesting that

recombinant TLR4 is prone to non-specific “sticking” in this ELISA and reducing

the accuracy of the calculated affinities.

In summary, the TLR4 ELISA is irreproducible, incapable of distinguishing activat-

ing and non-activating FRePs, and likely not biologically relevant. My experience

with this assay, and the cumulative weight of the additional data in this Chapter, led

me to the conclusion that TLR4-associated ELISA results, including those reported

elsewhere in the literature, should be carefully reproduced with orthogonal binding

assays. This observation led me to explore more robust, solution-state methods to

probe the TLR4:FReP interaction, which I discuss for the remainder of the Chapter.

4.3 Solution State Methods Show No Complex

4.3.1 Co-Secretion in S2

Because of my success with co-expressing TLR4 and MD-2 to isolate the TLR4:MD-2

complex (see Figure 3.3), I tested co-secretion of the FRePs with TLR4 from S2 cells.

I completed a 10 mL transient co-transfection in S2 cells using TLR4-c071 (protocol

in Section 3.1.6), containing TLR4Untagged in the pExpreS2-2 backbone, along with

multiple FRePs containing a C-terminal protein A tag in the pEpxreS2-1-CR-PA

backbone. Figure 4.3A shows the PCR-amplification step from the construction of

the pEpxreS2-1-CR-PA FReP expression vectors, which were subsequently cloned

as before with a HiFi assembly and confirmed by Sanger sequencing. As a positive

control, I used MD-2-c014, also containing a protein A tag (see Section 3.1.4). Fig-

ure 4.3B shows the eluted protein following a one-step affinity purification with IgG

Sepharose directly from the cell culture supernatant sixty-eight hours after transfec-

tion. The gel demonstrates that only MD-2 can bind TLR4. Untagged TLR4-c071,

despite being transfected in all samples, is pulled down only when co-expressed with
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tagged MD-2-c014 but not with any of the tagged FRePs. All of the FRePs, ex-

cluding FGL2, are expressed in S2 cells as confirmed by SDS-PAGE and MSMS,

but none of them form a complex with TLR4. Note that TNC expressed at a very

low level and instead seemed prone to degradation, with the strongest band con-

taining just protein A (Lane 2). This is a weakness of the experiment, since TNC

was the strongest TLR4-binder in the ELISA. Nevertheless, my inability to form a

multi-protein complex during co-expression provided the first piece of evidence that

the TLR4:FReP complex is weak or nonexistent when using recombinant proteins

secreted from S2 cells.

4.3.2 Analytical SEC

A potential weakness of the co-expression approach is the glycosylation pattern on

the FRePs themselves; as the multiple banding pattern in the gel in Figure 4.3B

demonstrates, the FRePs express in S2 cells with heterogeneous glycosylation states.

Therefore, I next completed analytical SEC experiments using E. coli derived (fully

glycan free) FRePs purified using the standard Scheme 2. Using a DionexTM 3000

HPLC with a Superdex 200 Increase 10/300 analytical grade column, I collected

chromatograms for TLR4 both alone and after incubation with a variety of putative

binding partners, based on the hypothesis that an upward shift in the TLR4 peak

elution volume would indicate the formation of a complex. I injected 200 µg of

TLR4-c072, purified as described in Section 3.3, and 400µg of the binding partner,

representing an ≈ 4-fold molar excess of the putative ligand. As a positive control,

I again used MD-2-c014.

For each binding partner (MD-2, TNC, ANGPTL1, ANGPTL2, ANGPTL6, FGL1,

and FGL2), I collected a chromatogram alone and after incubation with TLR4.

Figure 4.3C shows a representative set of chromatograms from the analysis of TNC. I

used the elution volume of “Peak 2” to align the different chromatograms, which were

collected over a span of 24 hours, to correct for any drift in the column performance

over time. I based this small correction on the assumption that the excess free

FReP elutes at the same volume when analyzed alone or when mixed with TLR4.

I then used the aligned chromatograms to analyze the elution volume and implied

molecular weight of the TLR4-containing “Peak 1”. The implied molecular weight

was calculated by comparison to a standard curve (R2 = 0.982) generated from

gel filtration standards run during the same experiment (standards displayed in

grey in Figure 4.3C). The extracted elution volume (black diamond) and implied
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Figure 4.3 Co-Expression and Analytical SEC. A.PCR amplification step during
construction of pExpreS2-1-CR-PA FReP expression constructs. B. IgG elu-
ates after a 10 mL transient co-secretion of TLR4-c071 and assorted FRePs
from S2 cells. C. Representative analytical SEC trace (from TLR4 and TNC)
generated via HPLC. The FReP-containing Peak 2 was used to align the
chromatogram, while the TLR4-containing Peak 1 was tracked for signs of
complexation (e.g. any up-shift of peak 1). D. Quantification of multiple an-
alytical SEC runs, analyzed just as described for the TLR4:TNC sample in C.
The implied molecular weight (blue bars) along with the normalized retention
volume (black diamonds) of the TLR4-associated Peak 1 are shown.

molecular weight (blue bar) from the TLR4-containing Peak 1 are plotted for all

chromatography runs in Figure 4.3D.

Consistent with the co-expression experiment, only MD-2 formed a stable complex

with TLR4 during SEC, suggested by the decrease in retention volume (−1.48 mL)

and the increase in implied molecular weight (121%) of Peak 1 in the presence of

MD-2. This more than doubling in the implied molecular weight upon addition

of MD-2, to approximately 175 kDa, is consistent with the formation of an active
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heterotetramer. This broadly aligns with similar SEC experiments conducted with

murine TLR4 and MD-2 in the presence of LPS [100]; although I did not add LPS

directly, the HPLC system was used routinely by others and was not prepared to

be endotoxin free prior to the experiment, which explains why I likely observed the

active heterotetramer rather than just the TLR4:MD-2 heterodimer. The more im-

portant result is that no other ligand caused a comparable up-shift in the elution

volume of Peak 1. The “largest” shift, observed with FGL1, was just 0.17 mL, corre-

sponding to only a 7.1 kDa increase in the implied molecular weight of Peak 1. The

difference between a positive and negative result becomes even more obvious when

the “no-complex” TNC chromatogram in Figure 4.3C is compared to the positive

control MD-2 chromatogram previously presented in Figure 3.4D. For complexes to

be tractable for structural studies, it is virtually essential that the complex stays

together during gel filtration to facilitate separation of the complex from individual

components. Therefore, this result represented the end of my attempts to solve

the structure of a TLR4:FReP complex, and I instead moved forward with other

methods capable of interrogating transient interactions that do not survive SEC.

4.3.3 Native-PAGE

After failing to detect a stable complex with co-secretion or SEC, I next moved

towards orthogonal biophysical techniques with the potential to measure the forma-

tion of any TLR4:FReP complex. Low-affinity transient complexes dissociate dur-

ing chromatography, either SEC or affinity, due to a fast off-rate. This represents

a potential limitation of my previous experiments which were focused on detecting

only stable, structurally tractable complexes. Therefore, I next tried to detect a

TLR4:FReP complex using Native-PAGE, with the rationale that the method is

capable of separating bound and unbound species existing in an equilibrium.

As before, in the Native-PAGE experiments I mixed individually purified putative

binders with TLR4 at a moderate (2- to 4-fold) molar excess of the binding partner.

After a short room temperature incubation to establish equilibrium, I analyzed the

samples via Native-PAGE to track the appearance of any higher molecular weight

complexes. Because the samples were not subjected to chromatography before anal-

ysis, this experimental set-up should theoretically reveal the presence of low-affinity

or low-abundance complexes.

In Figure 4.4A, I looked for complexation between TLR4 and either MD-2, ANGPTL6,

144



or TNC in the presence of a 2- or 4-fold molar excess of the binding partner and in

the presence or absence of 25 mm CaCl2. Given the known Ca2+-binding properties

of the FRePs, but unknown underlying biology, I routinely checked to see if exoge-

nous Ca2+ could stimulate the formation of a complex. Notice that TLR4 resolves as

a clear single band (Lane 1), as expected, while MD-2 (Lane 2) resolves as a higher

molecular weight streak. Both of these observations are consistent with the SEC

data shown in Section 3.4, in that MD-2 exists not as a monomer but rather as a

mixture of higher-molecular weight, heavily glycosylated species when present alone

in solution. Neither ANGPTL6 nor TNC resolve well during Native-PAGE, per-

haps due to their small size; TNC disappears completely (Lane 3), while ANGPTL6

appears as a streak (Lane 4). In any case, the key result from this experiment is

unambiguous: the target TLR4 band only shifts upwards in the presence of MD-2

(Lanes 5 and 6). Neither doubling the amount of the FReP nor spiking in Ca2+

rescues the formation of a TLR4:FReP complex. As desired, Native-PAGE can sep-

arate “bound” and “unbound” species existing in an equilibrium; this is clear when

comparing Lanes 5 and 6, which differ only in the amount of MD-2 added. Both

the TLR4 and the larger TLR4:MD-2 bands are present in Lane 5, while only the

complex band is present in Lane 6 when more MD-2 is added. This implies that

should even a low abundance TLR4:FReP complex exist in a dynamic equilibrium,

it would resolve as a higher molecular weight species during Native-PAGE a la the

incompletely formed TLR4:MD-2 complex in Lane 5.

Next, I repeated a similar experiment, this time testing every TLR4-activating FReP

in my small library (presented in Figure 4.4B). Based on the results in Figure 4.4A,

I tested a 2-fold molar excess of the FRePs in the absence of Ca2+. As before, I only

observed a complex in the presence of MD-2 (Lane 6). Figure 4.4B demonstrates

that neither TNC, ANGPTL1, ANGPTL2, ANGPTL6, FGL1, nor FGL2 complexes

with TLR4 during Native-PAGE. As an added observation, FGL1 is the only FReP

to resolve as two distinct bands during Native-PAGE. This is remarkably consis-

tent with the two FGL1 oligomers observed in Figure 2.16 and provides additional

evidence that FGL1 is unique amongst the FRePs tested in its ability to form a

disulfide stabilized dimer when purified from CyDisCo cells. Nevertheless, the key

takeaway again is that no TLR4:FReP complex appeared during Native-PAGE.

145



TLR4 + - - - + + + + + +
MD-2 - + - - + ++ - - - -
TNC - - + - - - + ++ - -

ANGPTL6 - - - + - - - - + ++
CaCl2 + + + + + + + + + +

1 2 3 4 5 6 7 8 9 10kDa

1,048

720

480

242

146

66

20

TLR4 + - - - + + + + + +
MD-2 - + - - + ++ - - - -
TNC - - + - - - + ++ - -

ANGPTL6 - - - + - - - - + ++
CaCl2 - - - - - - - - - -

1 2 3 4 5 6 7 8 9 10
kDa

1,048

720

480

242

146

66

20

kDa

1,048

720

480

242

146

66

20

kDa

1,048

720

480

242

146

66

20

TLR4 + - - - - + + + +
MD-2 - + - - - + - - -

ANGPTL1 - - + - - - + - -
ANGPTL2 - - - + - - - + -
ANGPTL6 - - - - + - - - +

1 2 3 4 5 6 7 8 9

TLR4 + - - - - + + + +
MD-2 - + - - - + - - -
TNC - - + - - - + - -
FGL1 - - - + - - - + -
FGL2 - - - - + - - - +

1 2 3 4 5 6 7 8 9

A.

B.

Figure 4.4 Native-PAGE. A.Native-PAGE analysis with either a 2- (+) or 4-fold (++)
molar excess of putative binders mixed with TLR4, in either the presence or
absence of 25 mm CaCl2. B. Native-PAGE analysis with a 2-fold molar excess
of the entire FReP family mixed with TLR4 in the absence of CaCl2.

4.3.4 BLI

BLI is an orthogonal biosensor technology that provides a real-time, label-free

method for detecting and quantifying key kinetic and affinity parameters (including

kon, koff, and KD) of biological interactions. In a BLI experiment on the Octet®

system, a “ligand” molecule is immobilized to the surface of a biosensor chip, ei-

ther via covalent coupling or affinity capture. The loaded chip is then sequentially

dipped into solutions (prepared in either 96- or 384-well plates) containing different

concentrations of “analyte” molecules. Analyte binding to the immobilized ligand

causes a measurable and concentration-depending change in the optical parameters

of the biosensor (technically, an increase in the wavelength of the interference pat-

tern of reflected white light) which can be read-out in real-time. To account for
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background binding of analytes to the chip, the measured response for the ligand-

loaded biosensor (in nm) is always corrected by subtraction of the response from a

ligand-free negative control biosensor before analysis. BLI is quite similar in prin-

ciple to surface-plasmon resonance (SPR), wherein ligand binding induces changes

in the optical parameters at the surface of a solid-phase chip; however, BLI instru-

ments are more high-throughput and BLI biosensors are cheaper, making BLI a

simple and reliable way to detect and quantify diverse binding interactions. BLI is

reliable for moderate-affinity interactions (µm range and below) and performs espe-

cially well with PPIs because of the significant size change at the biosenser surface

upon binding of large protein analytes. Detailed reviews and assay optimization

results provided the foundation for the design and execution of the BLI experiments

presented herein [431, 432, 254, 433].

Key variables in a BLI experiment include the choice of ligand and immobilization

chemistry, the magnitude of ligand loading, the concentration of the analyte, and

the washing conditions for removing bound analyte and regenerating the biosensor

surface before a subsequent dip into a new analyte sample. Throughout the following

experiments, I endeavoured to use best practices for BLI experiments, including (1)

testing the assay in both “orientations” by switching the ligand and analyte (2)

never saturating the surface of the biosensor and instead selecting a moderate-to-low

immobilization level to avoid artefactual avidity-driven binding and (3) using gentle

regeneration conditions like 1m NaCl. Below, I briefly describe three different BLI

experiments, with subtle but important experimental differences, that demonstrate

yet again no strong, specific binding of the FRePs to TLR4. To paraphrase Tolstoy

in Anna Karenina, all good biosensor data are alike; all bad biosensor data are

unreliable in their own way. Therefore, I carefully discuss the unreliable aspects of

the data which highlight both why the data do not support a true interaction and

also where my experimental approach could be improved in the future.

In the first experiment, I immobilized the smaller protein (TNC) on the surface of

the biosensor, a standard approach for maximizing the response upon binding of the

largest molecule (in this case, TLR4). I immobilized C-terminally biotinylated full-

length TNC (see Section 5.3 for purification details) onto the surface of streptavidin-

coated SA chips to a response level of ≈ 5 nm. Please refer to Section 5.3 for

details about the purification of biotinylated FRePs, which I also used for MSMS

experiments detailed in Chapter 5. Figure 4.5A shows the background corrected

response after dipping the TNC-loaded chips into a concentration series of TLR4,

up to a maximum concentration of 6 µm. I observed no concentration-dependent
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increase in the measured response, even at the highest concentration of TLR4. Note

that BLI biosensors are sensitive enough to detect binding at concentrations below

10% of the actual KD. Therefore, these results suggest that, if a direct interaction

between TNC and TLR4 does exist, the affinity is weaker than 60µm.

Next, I reversed the orientation of the assay, this time via covalent immobilization of

TLR4 onto AR2G chips. In this approach, TLR4 is coupled directly to the biosensor

surface via a covalent bond to free amines (either the N-terminus or Lys residues)

using standard coupling chemistry (see Section 4.1.4). After optimizing the coupling

pH = 4.0, I immobilized TLR4 to the level of ≈ 3.0 nm. Then, I dipped the TLR4-

loaded chips into a concentration series of either TNC or MD-2, prepared at the

highest concentration of 100 µm and 5µm, respectively. In between each analyte

concentration, I compared regeneration of the biosensor surface by dipping into

either assay buffer or 1m NaCl.

In all cases, I observed no specific binding of TLR4 to TNC or MD-2. Rather than

showing the background-corrected traces as before, Figure 4.5B shows the raw re-

action traces over the course of the experiment. These response curves suffer from

severe non-specific binding of the analytes, both to the reference sensor and to the

TLR4-loaded sensor. The large signal in the reference sensors demonstrates non-

specific analyte binding to the empty AR2G chip surface; this is most pronounced

for the analyte MD-2, where the reference sensor actually gives a larger response

than the TLR4-loaded sensor. This is annotated as “Ref > analyte” in Figure 4.5B.

Non-specific binding of the analyte to the TLR4-loaded surface is implied by the

curvature of the TNC-association step. Note that, across every cycle in the concen-

tration series, the association stage never reaches a plateau, but rather continuously

increases. This curvature, corresponding to a lack of equilibrium, is a hallmark of

non-specific binding and implies that the binding is an artefact; these kind of traces

can often be mistakenly used to prove binding because the response still increases

in a concentration-dependent manner [254]. The curvature problem is annotated as

“No equil. during assoc.” in Figure 4.5B. Finally, I observed “background drift”

over the course of the experiment, wherein the curves do not return to the pre-

vious baseline even after the dissociation and regeneration phases. This implies a

non-specific deposition of the analyte onto the surface of the biosensor and further

complicates the reliable extraction of binding parameters. I annotated this problem

as “Baseline Drift” in Figure 4.5B.

Especially with heavily glycosylated proteins like TLR4 and MD-2, non-specific
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binding artefacts are common and must be carefully tracked. Furthermore, in my

hands the covalent capture of TLR4 onto the biosensor seems particularly prone to

non-specific binding, highlighting the importance of testing biosensor-based assays in

both orientations. The lack of confident binding to MD-2 in Figure 4.5B, however, is

troubling, given that the high affinity TLR4:MD-2 interaction routinely served as a

positive control in my experiments. I have two hypotheses for this result: (1) covalent

immobilization at low pH = 4.0 somehow compromised the structural integrity of

TLR4, preventing binding to MD-2 or (2) covalent capture of contaminating LPS

(which contains a free amine and is a high-affinity ligand of MD-2) on the reference

sensor swamps the TLR4-specific binding signal. Either of these explanations could

rationalize the relatively larger response in the reference sensor channels. The lack

of a true positive control, no matter the reason, is a weakness in my data. Follow-up

experiments could focus on systematic removal of trace LPS from the buffers and

BLI system and/or the introduction of an orthogonal high-affinity TLR4-binder

(perhaps an antibody) as the positive control.

For my final BLI experiment, I returned to affinity immobilization of biotinylated

ligands, namely all of the biotinylated FRePs I could purify, followed by dipping

into 6µm TLR4. The goal of this experiment was to determine if any FReP showed

any binding to TLR4, up to an implied affinity of 60 µm. I immobilized each FReP

at a concentration of 1 and 5µg mL−1 to a density of ≈ 2 or 8 nm, respectively. I

dipped each sensor twice into 6 µm TLR4, with a regeneration step in-between using

1m NaCl as before. Figure 4.5C shows the background-subtracted responses for all

FRePs at both ligand densities. In all cases, I observed no specific binding of TLR4

analyte to the FRePs. Most association phases have no curvature and very low

response, while the association phases for ANGPTL2 and ANGPTL6 actually start

curving downwards, two common pathologies of non-specific binders in biosensor

experiments. Again, because of the lack of a biotinylated MD-2 construct that

could express in E. coli (see Section 5.3), I had no reliable positive control in this

experiment. My data could be improved by checking each FReP against a known

binder and/or by developing a method for the biotinylation of recombinant MD-2

from S2 cells.

In conclusion, across three very different BLI experiments, I never observed FReP

binding to TLR4, up to an implied KD of 60 µm. Many of the collected response

curves, like Tolstoy’s unhappy families, contained diverse manifestations of artefacts

and non-specific binding. Nevertheless, the data allowed me to hypothesize that

if a direct TLR4:FReP PPI does exist, it is quite transient and not amenable to
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Figure 4.5 BLI. A. Background subtracted response from TNC loaded SA chips dipped
into a TLR4 analyte concentration series. B. Raw response traces from co-
valently TLR4 loaded AR2G chips dipped sequentially (following the marked
association, dissociation, regeneration cycle) into either TNC or MD-2 analyte
concentration series. The pathologies in the data, discussed in detail in the
main text, are annotated for clarity. C. All background-corrected response
traces generated from FReP ligands immobilized at two different densities
(1 and 5 µg mL−1) onto SA chips and subsequently dipped twice into 6 µm
TLR4 analyte. Each trace corresponds to the response over time during a
single association-dissociation cycle. In all panels, the x-axis represents time
(in sec) while the y-axis represents response units (in nm).

biophysical characterization using BLI. However, I do not deny that there is room

for improvement in these experiments, particularly with regards to the generation

and characterization of well behaved positive controls. Absence of evidence is not

evidence of absence, particularly in complex biosensor experiments, so the BLI data

should only be considered alongside the totality of the negative data I present in

Chapter 4.
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4.4 XL-Methods Rescue Transient Complex

Based on all of the data presented above, I hypothesized that the TLR4:FReP

complex, if it exists at all, is of low affinity and therefore transient. Therefore, in

order to detect any complex, I completed a set of cross-linking (XL) experiments.

XL experiments are ideal for transient interactions because addition of a covalent

cross-linker prevents dissociation of short-lived complexes. The cross-linker enriches

the proportion of the sample that exists as a complex during the experiment, as

any transient interaction is trapped before falling apart. XL experiments do have

some drawbacks, including the enrichment of non-specific (or, at least, non-native)

complexes, and the difficulty of translating the results into a proper binding affinity.

Nevertheless, the XL-SDS-PAGE experiments presented below hint at the presence

of a low-affinity, transient complex between TLR4 and many of the TLR4-activating

FRePs, especially TNC and ANGPTL6. As suggested by other techniques, the

complexes are weak and always represent a small minority population.

Cross-linked proteins remain together during SDS-PAGE, allowing simple read-out

of cross-linked species on a gel. In the experiments which follow, I employed multi-

ple cross-linkers, including the “short” BS3 (bis(sulfosuccinimidyl)suberate; 11.4�A
hydrocarbon spacer between the warheads) and the “long” BS(PEG)9 (PEGylated

bis(sulfosuccinimidyl)suberate; 35.8�A spacer). Both are homobifunctional, with

primary amine-reactive N-hydroxysuccinimide (NHS) warheads on both sides of

a hydrocarbon linker; this means BS3 and BS(PEG)9 react preferentially with

the N-terminus and Lys residues. For many FRePs, notably TNC, the known

TLR4-activating epitope(s) contain lysine (see Section 2.7), making amine-reactive

cross-linkers sensible. Additionally, I also tested LC-SDA (succinimidyl 6-(4,4’-

azipentanamido)hexanoate; 12.5�A spacer), a heterobifunctional cross-linker contain-

ing an amine-reactive NHS warhead on one side and a non-specific UV-activatable

warhead on the other. LC-SDA is a useful orthogonal cross-linker because it re-

acts first to amines under ambient light, followed by the opposite side reacting

non-specifically only after activation with strong UV light. This allows a step-wise

cross-linking, which can be beneficial if intramolecular cross-links dominate over

intermolecular cross-links during the experiment.

In all cases, the reactions were incubated for 15-30 min at room temperature before

cross-linking for 30 min, quenching with excess free amine (usually Tris pH = 8.0),

and visualizing with SDS-PAGE. The LC-SDA reactions were irradiated with 8 W,

254 nm UV-light for 15 min before quenching and analysis. For a detailed protocol,
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see Section 4.1.5. Because these gels are visually quite busy, I have only annotated

bands of interest, particularly focusing on the putative TLR4:FReP bands which

were confirmed by MSMS.

Figure 4.6A shows a preliminary experiment with TLR4, MD-2, TLR4:MD-2, and

TNC cross-linked with BS(PEG)9 or LC-SDA. Firstly, regardless of whether TLR4

and MD-2 are co-purified (as in Lane 1 and 14) or separately purified and then mixed

(as in Lane 6 and 19), a strong two-way TLR4:MD-2 cross-linked complex band

appears in the gel. As a reminder, the mass shift is larger when the components

are separately purified only because the protein A tag is retained when MD-2 is
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Figure 4.6 XL-SDS-PAGE 1. A. XL-SDS-PAGE with TLR4, MD-2, and TNC;
“TLR4:MD-2” samples contain the co-purified dimeric complex. Equal mass
of each protein added and 1 mm cross-linker used throughout. Note espe-
cially the strong TLR4:MD-2 complexes (Lane 1, 6, 9, 14, 19) and the faint
TLR4:TNC complexes (Lane 8, 21) B. Titration of TNC and ANGPTL6
(from 1.25 µg to 7 µg, cross-linked with BS3 in the presence of 5 µg TLR4 with
and without 60 mm CaCl2. Note especially the appearance of TLR4:TNC and
TLR4:ANGPTL6 complexes (boxed).
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purified alone, whereas in the co-purified complex the tag is removed (see Section

3.4 for details). In both cases the shift in molecular weight is consistent with a 1:1

heterodimer, and further demonstrates the reliability of the TLR4:MD-2 complex as

a positive control for these XL-SDS-PAGE experiments. Secondly, for the first time

outside of the ELISA, I resolved a TLR4:TNC complex in the presence of both cross-

linkers (Lane 8 and Lane 21). However, the TLR4:TNC complex remains a minority

species as judged by band intensity, especially relative to the strong TLR4:MD-2

complex. Thirdly, note the presence of multiple bands when MD-2 is cross-linked by

itself (Lane 2 and 15). This aligns with my previous observations regarding multiple

oligomers when MD-2 is expressed alone. Finally, note the similarities between Lane

6 and Lane 9 as well as Lane 19 and 22; this is the first indication that a TLR4:MD-

2:TNC complex does not exist, an observation I will explore in much more detail in

Section 4.5.

Next, I focused on the TLR4:FReP interaction, this time using increasing concen-

trations of TNC and ANGPTL6 in the presence of the shortest cross-linker BS3 and

in the presence of Ca2+. Figure 4.6B shows the results of this experiment, which

are broadly consistent. I observed a weak but MSMS confirmed TLR4:TNC and

TLR4:ANGPTL6 complex, highlighted in green boxes. Interestingly, ANGPTL6

seems to form more complex than TNC, which contradicts the ELISA which iden-

tified TNC as the strongest TLR4 binder (see Section 4.2). Upon close inspec-

tion, the TLR4:TNC complex might be stronger in the presence of Ca2+, and some

higher-MW species do appear (Lanes 21-24 relative to Lanes 7-10). Conversely, the

TLR4:ANGPTL6 complex seems slightly weaker in the presence of Ca2+ (Lanes

25-28 relative to Lanes 11-14). In full, the results show that Ca2+ cannot rescue a

strong TLR4:FReP complex.

Finally, I extended the analysis to include all of the other FRePs cross-linked with

TLR4 in the presence of either BS3 or BS(PEG)9. The results are presented in

Figure 4.7; I excluded TNC from this experiment since I repeatedly demonstrated

the weak TLR4:TNC complex in other experiments (as in Figure 4.6). In this

experiment, I detected an MSMS-confirmed TLR4:MD-2 complex (Lanes 17, 18,

33, 34), TLR4:ANGPTL2 complex (Lane 36), and TLR4:ANGPTL6 complex (Lane

37). I also observed weaker putative complexes containing TLR4:ANGPTL1 (Lane

19 and 35), although I did not detect both proteins during MSMS. FGL1, FGL2,

and FCN1 perhaps showed a low-abundance complex with TLR4; however, I did not

detect either protein with MSMS, consistent with the weak intensity of the complex

band. The behavior of the FRePs cross-linked with themselves also provided some
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Figure 4.7 XL-SDS-PAGE 2. SDS-PAGE analysis of TLR4:FReP complexes coss-
linked in the presence of BS3 or BS(PEG)9.

useful confirmatory data. First, comparison of Lanes 6, 14, and 30 shows that

FGL1 exists as an equilibrium of monomer and dimer in solution, very consistent

with the gel filtration traces shown in Section 2.16. Secondly, as demonstrated by the

comparison of Lanes 8, 16, and 32, I observed both a dimer and a trimer of FCN1;

this is consistent with previous reports and the crystallization of FCN1 as a trimer

[402, 389]. Finally, in the presence of the shorter BS3, all three of the ANGPTLs

(Lane 27-29) can form high molecular weight homo-oligomers, stretching as a ladder

towards the top of the gel. This highlights the importance of confirming putative

complex bands with MSMS to avoid incorrect assignment of a homo-oligomer as a

hetero-complex.

To conclude, the XL-SDS-PAGE results presented herein demonstrate that TNC,

ANGPTL2, and ANGPTL6 can form a complex with TLR4 in the presence of cross-

linkers. However, the TLR4:FReP complex remains a very small fraction of the

sample in all conditions and with all cross-linkers, quite distinct from the behavior

of TLR4:MD-2 wherein the complex consistently predominates. These XL data

somewhat rescue the potential for a direct TLR4:FReP complex, albeit a highly

transient and low affinity one. The data also confirm my previous hypothesis, based

on the SEC and Native-PAGE results, that any complex is at best a minor species

in solution. Therefore, my XL studies provide the final piece of evidence to support
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the observation that recombinant TLR4:FReP complexes, as presently purified, are

highly transient and intractable for structural studies.

4.5 “Obvious” Co-receptors: No Complex

After multiple strategies did not provide any evidence to support a strong TLR4:FReP

complex in solution with recombinant components, I proceeded with an extensive

literature review to identify additional targets, reported to bind to TLR4, which

might act as a co-receptor to facilitate the TLR4:FReP interaction. I purified or

purchased a variety of putative co-receptors and tested for the formation of a com-

plex with TLR4 and/or TNC. Throughout this section, I focus exclusively on TNC,

the exemplar FReP family member and the highest affinity binder based on the

solid-phase ELISA and the monocyte activation data discussed previously. All ex-

periments herein should be considered preliminary pilots; I only tested each target in

one or two assays, reasoning that a true high-affinity interactor would appear unam-

biguously (much like the TLR4:MD-2 complex). After learning my lesson from the

TLR4:TNC experiments, I started with XL-SDS-PAGE, and only moved to more

native experiments if the cross-linking approach supported the formation of any

complex. This section presents data across four different novel co-receptor hypothe-

ses, with no evidence to suggest that any of these proteins can rescue a TLR4:FReP

interaction.

4.5.1 MD-2

MD-2 is the bona fide co-receptor for LPS and forms a high-affinity complex with

TLR4, making it a front-runner as the co-receptor for other TLR4 ligands like

the FRePs. I first tested this hypothesis using XL-SDS-PAGE with recombinant

TLR4, TNC and MD-2. Returning to Figure 4.6A, Lane 8 and Lane 20 show no

complex between TNC and MD-2; with the addition of TLR4 in Lane 9 or 22, the

TLR4:MD-2 complex appears as expected, but no larger complex appears. This

result is unchanged even when starting with the pre-purified TLR4:MD-2 complex

and then adding TNC, as in Lane 5 and Lane 18. A biological replicate of this

experiment is shown in Figure 4.8A. Yet again, the TLR4:MD-2 complex forms in

Lane 9, but no higher molecular weight species appears upon the addition of TNC

in Lane 14.
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Figure 4.8 Putative Co-receptors 1. A.TLR4, MD-2, TNC, and the CD44 Link
domain mixed and cross-linked with BS(PEG)9. B. Purification of CD44
Link domain from E. coli inclusion bodies by SEC, courtesy of Dr. Vittorio
Katis. Final gel shows the high purity of CD44-Link. C.SEC runs, generated
from purification of the TLR4:MD-2 complex (black) and after the TLR4:MD-
2 complex was mixed with excess TNC (green). Accompanying SDS-PAGE
corresponds to the TLR4:MD-2 + TNC green trace. No enrichment of TNC
in Peak 1 and no shift in the Peak 1 elution volume points to the absence of
a TLR4:MD-2:TNC complex.

I also checked for the formation of a tertiary TLR4:MD-2:TNC complex using SEC,

the results of which are shown in Figure 4.8C from a preparatory grade Superdex

200 16/600 column. Addition of excess TNC (green trace) to the purified, pre-

formed TLR4:MD-2 dimer (black trace, Peak 1) does not lead to a change in the

Peak 1 elution volume, and TNC is not enriched in Peak 1 as visualized by SDS-

PAGE. Therefore, my biophysical data support the cellular data showing that MD-2

is dispensable for FReP activation of TLR4 and is not the sought after co-receptor

[142].

156



4.5.2 CD44

CD44 is the co-receptor for another TLR4 ligand, hyaluronic acid (HA), and is

known to physically interact with TLR4 and MD-2 at the cell surface to drive pro-

inflammatory cytokine release [182]. Furthermore, Poluzzi et al. recently showed

that CD44 is the co-receptor for biglycan, a small leucine-rich proteoglycan and

known TLR4-activating DAMP [160]. To test the hypothesis that CD44 might

act analogously as the co-receptor for TNC, Dr. Vittorio Katis purified the HA-

binding Link domain of CD44 (UniProtID: P16070; Ala20–Asn172) to high purity

via refolding of inclusion bodies from E. coli, based on a previously reported protocol

[434]. Dr. Katis also independently demonstrated that the refolded CD44-Link could

bind directly to HA in a biochemical assay with the same affinity as eukaryotic-cell-

derived CD44-Link (data not shown). Dr. Katis generously shared some of this

protein with me, and the purification shown in Figure 4.8B was completed by him

in full and reproduced with permission.

Figure 4.8A shows the results from an XL-SDS-PAGE experiment with CD44, TLR4,

MD-2, and TNC. No binary TNC:CD44 (Lane 13), tertiary TLR4:CD44:TNC (Lane

16), or quaternary TLR4:MD-2:CD44:TNC (Lane 18) complexes were detected.

Throughout, only the control TLR4:MD-2 complex appeared (Lane 9, 14, 15, and

18) no matter the additional proteins present. Interestingly, I detected no forma-

tion of a TLR4:CD44 (Lane 11) or TLR4:CD44:MD-2 (Lane 15) complex, consistent

with the notion that HA-binding is required to form this signalling complex. An

obvious limitation of this experiment is the use of only the HA-binding Link do-

main of CD44; at the time, full-length CD44 ectodomain (purified as an exemplar

application of the FAS2FURIOUS system, see Figure 3.8) had yet to be produced.

At this stage, my data only allows me to hypothesize that the CD44-Link domain

is not sufficient to act as a TNC co-receptor. Before CD44 is completely ruled out

as a FReP co-receptor, this experiment should be repeated in the future with the

full-length CD44 ectodomain.

4.5.3 ANXA2 and LYZ

In 2019, Yadav and Surolia published a fascinating study showing that neuronal

lysozyme (LYZ) is a DAMP which activates TLR4 signalling during nerve injury,

leading to neuroinflammation via NF-κB and increased pain sensitivity [207]. Using

anti-LYZ IP-MSMS experiments, the authors show that the the co-receptor ANXA2
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is absolutely required for LYZ-mediated TLR4 activation, and they further show

a direct and high affinity interaction between ANXA2 and LYZ using SPR. TLR4

activation in the presence of LYZ is independent of MD-2, suggesting the possibil-

ity of a novel LYZ:ANXA2:TLR4 signalling axis. This work builds upon previous

reports of cross-talk between TLR4 and ANXA2. Zhang et al. showed that an inter-

action between TLR4 and ANXA2 in endosomes negatively regulates inflammatory

responses to LPS; in fact, using speculative structural modelling, the authors hy-

pothesized the existence of a quaternary complex of TLR4:ANXA2:TRAM:TRIF

[209]. Furthermore, Swisher et al. showed that the heterotetramer between ANXA2

and S100A10 activates TLR4-dependent pro-inflammatory signalling in both human

and murine monocytes and macrophages [208]. Taken together, the literature sug-

gests that ANXA2 can act as both a direct TLR4 DAMP and an indirect TLR4

co-receptor, making it an intriguing candidate as the FReP co-receptor. There-

fore, I biophysically explored the hypothesis that ANXA2 and/or LYZ can act as a

co-receptor for TNC.

ANXA2 is a known Ca2+ binding protein with a short, disordered regulatory N-

terminal domain (Met1–Phe33) subject to phosphorylation at Ser26, tethered to the

core C-terminal domain (Asp34–Asp339) made up of four helical “annexin repeats”

[435]. Upon Ca2+ binding, ANXA2 binds directly to EF-hand containing S100

family members, especially S100A4 and S100A10, and can associate directly with

the plasma membrane via binding to phospholipids. The Ca2+ binding properties of

ANXA2 are especially interesting given my results showing FReP binding to Ca2+.

While human LYZ was cheaply available commercially, ANXA2 required purification

in-house. In 2017, Ecsedi et al. reported multiple crystal structures of ANXA2,

including a complex with S100A4, and a detailed protocol for the purification of

ANXA2 from E. coli [430]. I reached out to Paul Ecsedi, who generously shared

a full-length, un-tagged ANXA2 expression construct (UniProtID: P07355). Since

the disordered N-terminus is required for S100 effector binding, I decided to focus

on this construct for complex studies, rather than ∆NT constructs which have also

been reported. Using a cation exchange column directly from the clarified lysate

followed by an SEC clean-up step, I purified ANXA2 to high purity with reasonable

yields (approximately 1 mg L−1). The purity of the protein is highlighted in Figure

4.9A and the purification method in reported in Section 4.1.8.

To begin, I first tested ANXA2 and LYZ in the XL-SDS-PAGE assay alongside

TLR4 and TNC in both the presence and absence of Ca2+. For clarity of the results

in Figure 4.9B, MSMS-confirmed complexes of interest are highlighted with colored
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Figure 4.9 Putative Co-receptors 2. A. Purity of full-length ANXA2 confirmed by
MSMS (green asterisk) after SEC. B.XL-SDS-PAGE experiment using BS3.
Complex bands positively identified with MSMS are boxed and colored ac-
cording to the constituent proteins. C. Native-PAGE showing no multipro-
tein complexes at a higher molecular weight than the TLR4 control. D.
BLI experiments with biotinylated TNC dipped into a concentration series
of ANXA2 (top) or LYZ (middle). The x-axis is time (sec) while the y-axis
denotes response unites (in nm). Lines of different colors correspond to dif-
ferent concentrations of the analyte. Table at bottom shows the dissociation
constant (KD) and fit to a one-to-one binding model between LYZ and all
FReP ligands tested in a replicate experiment. E. FSEC experiment tracking
increasing concentrations of Alexa555-TNC in the presence of either ANXA2
(left) or LYZ (right). No change in the elution volume (relative to the control
trace, colored in either cyan or blue) or appearance of earlier peak implies the
absence of two-way complexes.

boxes. As a control, the weak TLR4:TNC complex, discussed in detail in Section 4.4,

appears in Lane 5 and 14. Furthermore, the high affinity complex between ANXA2

and LYZ, reported by Yadav and Surolia, appears throughout (yellow box), most

notably in Lane 10 (without Ca2+) and 19 (with Ca2+). Additional aspects of Yadav
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and Surolia’s cellular work are supported, including a weak complex between TLR4

and ANXA2 (purple box; Lane 6 and 15) and between TLR4 and LYZ (light blue

box, especially Lane 7 and 16). Of particular interest to my project, I observed novel

complexes between TNC and LYZ (navy blue box, Lane 9 and 18) and TNC and

ANXA2 (green box, especially Lane 8 and 17). Neither of these interactions depend

on Ca2+. However, I did not observe any three-way complexes, either those suggested

by the literature (TLR4:ANXA2:LYZ) or hypothesized by myself (TLR4:LYZ:TNC

or TLR4:ANXA2:TNC); all TLR4-containing complexes have just one additional

protein. Lane 22 suggests that LYZ is the preferred TLR4 binder in the experiment;

when all four proteins were mixed, the TLR4:LYZ band predominated. This suggests

that LYZ is a tighter TLR4 binder than TNC in this experiment, although follow-up

analytical SEC experiments did not support a stable TLR4:LYZ interaction (data

not shown). In conclusion, this preliminary XL-SDS-PAGE experiment validated

a smattering of previously reported complexes and offered evidence that TNC can

directly bind to the hypothesized co-receptors ANXA2 and LYZ, but that neither

of these proteins can rescue a TLR4-containing signalling complex.

So, I moved forward to more native experiments. First, I validated the lack of a

TLR4-containing multiprotein complex with Native-PAGE. The results in Figure

4.9C are strikingly consistent with the XL-results above. In either the presence

or absence of Ca2+, none of the tested proteins in any combination form a larger

complex with TLR4. Unfortunately, because of their small size and positive charge,

ANXA2 and LYZ (much like TNC and the other FRePs) do not resolve well on

Native-PAGE, meaning the results in Figure 4.9C are inconclusive regarding two-

way complexes involving TNC. Therefore, I next moved to a fluorescent analytical

SEC experiment (FSEC), which relied on tracking fluorescent TNC (recombinant

TNC covalently labelled with the fluorescent small molecule Alexa555) in the pres-

ence of ANXA2 or LYZ. The FSEC approach, with detection at 575 nm, simplifies

interpretation of the chromatograms, since only the labelled protein is measured

(rather than all proteins in the sample giving an absorbance reading at 280 nm).

In Figure 4.9E, I added an increasing amount of Alexa555-labelled TNC to a fixed

amount of either ANXA2 (left) or LYZ (right), and looked for the appearance of a

second, larger peak upstream containing Alexa555-TNC that would correspond to

a two-way complex. I observed no larger complexes in the presence of ANXA2 or

LYZ.

Taken together, the experiments suggest a weak interaction between TNC:ANXA2

and TNC:LYZ that can be resolved only with a cross-linker. Therefore, in an at-
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tempt to estimate the affinity of these complexes, I proceeded with BLI, looking

for binding of ANXA2 or LYZ to biotinylated TNC immobilized on an SA chip. In

preliminary experiments, I observed only nonspecific binding with analyte ANXA2

(Figure 4.9D, top). However, in the presence of high concentrations of LYZ (up to

100 µm), I observed relatively specific binding, with a top response of 0.6 nm and

a clear equilibrium curvature in the response (Figure 4.9D, middle). Therefore, I

repeated the experiment with a larger concentration series of LYZ (up to 150 µm),

this time using all biotinylated FRePs as immobilized ligands. The derived affinities

and fit to a standard one-to-one binding model are shown in the bottom panel of

Figure 4.7D. All FRePs tested seemed to bind to LYZ, but with incredibly weak

affinity (average KD of 0.4 mm). These affinities should also be taken as approxima-

tions only, as for all ligands except TNC the calculated affinity exceeds the highest

concentration of analyte tested. TNC bound most tightly to LYZ amongst the FReP

family; however, at an affinity of 130µm, this interaction classifies as transient.

In the BLI experiments presented in Section 4.3.4, I demonstrated no discernible

binding between TNC and TLR4 up to an implied affinity of 60 µm. In the current

section, due to the cheap availability of highly concentrated LYZ, I estimated a

TNC:LYZ binding affinity of approximately 130µm. Comparing the XL-SDS-PAGE

results in Figure 4.6A with the results in Figure 4.9B, I noted the faint intensity of

the TLR4:TNC complex band relative to the much more intense TNC:LYZ complex

band. This comparison suggests that the putative TLR4:TNC interaction is highly

transient, with an affinity much weaker than even the previously speculated 60µm,

since the cross-linked band is fainter than a related complex with a known affinity

of 130 µm.

To conclude, the data presented herein, while interesting, do not support the hy-

pothesis that ANXA2 and/or LYZ act as a co-receptor to present TNC to TLR4,

as no three-way complex was detected under the tested experimental conditions.

While a transient and, to my knowledge, novel interaction between TNC:ANXA2

and especially between TNC:LYZ is supported by the data, these two-component

complexes do not translate into a larger complex with TLR4 that would be indica-

tive of a true co-receptor. Therefore, I filed ANXA2 and LYZ away as interesting

potential TNC interactors with completely unknown biology but outside the scope

of the project.
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4.5.4 S100 Family Proteins

A full discussion of S100A8 and S100A9 can be found in Section 1.2.2. As a reminder,

S100A8 (aka MRP8) and S100A9 (aka MRP14) are metal binding, dimeric, multi-

functional, antibiotic “alarmin” proteins known to be secreted by monocytes and

macrophages in response to infection and at sites of active inflammation [436]. In

addition to their direct antibacterial activity, S100A8 and S100A9 can act as DAMPs

to activate inflammation via the TLR4:MD-2 complex [123]. In fact, S100A8 is the

most prevalent protein in the sera from patients with RA and is known to stimu-

late pro-inflammatory IL6 release [252, 248]. S100A8 and S100A9 naturally form a

heterodimer, known as Calprotectin (CP), which itself can dimerize into a heterote-

tramer in the presence of divalent metals like Ca2+ and Zn2+ [241]. Ca2+-induced

tetramerization prevents CP from activating TLR4 and therefore represents a neg-

ative feedback loop to prevent chronic inflammation as a result of CP release [125].

Recent data, generated using a pull-down assay with different peptides derived from

S100A9, hints at a direct interaction between S100A9 and the TLR4:MD-2 complex,

implying a possible TLR4:MD-2:S100A9 complex [125]. Finally, in preliminary pull-

down experiments (see Chapter 5), I detected an interaction between S100A8 and

TNC. Based on these literature data, I decided to use my in vitro biophysical assays

to test two hypotheses. First, I sought to validate results from the aforementioned

cellular assays and show that either S100A8, S100A9, or CP could bind to the

TLR4:MD-2 complex. Second, I tested to see if either S100A8, S100A9, or CP

could rescue a TLR4:TNC interaction.

Purification protocols for both S100A8, S100A9, and the heterodimeric CP are well

known [240], and former SGC scientist Dr. Ritika Sethi had already cloned His6-

tagged constructs of full-length S100A8 and S100A9. As a result, I was able to

quickly express and purify S100A8, S100A9, and CP to high purity (Figure 4.10A),

and intact mass analysis confirmed the identity of the proteins and the 1:1 sto-

ichiometry of the CP heterodimer (Figure 4.10B). Using these proteins, I tested

for the formation of complexes involving TLR4 and/or TNC in multiple assays,

and results from a representative XL-SDS-PAGE experiment are shown in Figure

4.10C. As a quality control check, the expected S100 dimers (either A8:A8, A9:A9,

or A8:A9), boxed in yellow, and the Ca2+-dependent tetramerization of CP, boxed

in blue, were observed. I also observed the weak but MSMS-confirmed presence of

S100A8:TNC and S100A9:TNC complexes, highlighted in green. Based on the inten-

sity of the bands, the S100A8:TNC interaction (Lanes 15 and 37) is stronger, which

is consistent with my preliminary pull-down results suggesting a direct S100A8:TNC
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interaction. However, quite clearly, in either the presence or absence of 2 mm Ca2+,

I did not detect any complexes involving any S100 protein and either TLR4 or

TLR4:MD-2. In my hands, neither S100A8, S100A9, nor CP could form a complex

with TLR4, TLR4:MD-2, or TLR4:MD-2:TNC; as before, the only higher MW com-

plex observed in the experiment is the positive control TLR4:MD-2 dimer, boxed in

purple.
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Figure 4.10 Putative Co-receptors 3. A. Final purity of S100A8, S100A9, and CP.
Bands marked with a green asterisk were confirmed by MSMS. B. Intact
mass analysis confirms the protein identity and the 1:1 stoichiometry of the
CP heterodimer. C.XL-SDS-PAGE analysis involving different mixtures of
TLR4, MD-2, S100A8, S100A9, CP, and TNC in the presence of either
EDTA or Ca2+ and cross-linked with BS3. MSMS confirmed bands of inter-
est are highlighted with colored boxes.

Therefore, I could not validate the literature results which suggest a direct interac-

tion between S100 family proteins and TLR4, and I did not find any evidence to

suggest that these S100 family members can act as a co-receptor for TNC. Especially

with regards to S100A9, an interaction with TLR4 is well established in the litera-
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ture, and Bjork et al. report SPR data showing direct binding between TLR4:MD-2

and S100A9 [124]. However, as I discussed in Secton 1.2.2 based on the warnings in

Rich and Myszka’s review about biosensor data [254], I find the overall shape (no

equilibrium) and height (over 1,200 RU) of the SPR sensorgrams reported by Bjork

et al. to be indicative of non-specific binding. Bjork et al. report a KD of 3 nm

between S100A9 analyte and TLR4:MD-2 ligand; if the complex were that stable, I

would expect to see it during the cross-linking experiments (especially Lanes 14 and

35 in Figure 4.10). Therefore, I remain unconvinced about a direct S100A9:TLR4

complex. As will become a theme in Chapter 5, I instead hypothesize that I did

not observe a TLR4:S100A9 interaction in these experiments because other adaptor

proteins are required to stabilize the complex. As a second reminder from Section

1.2.2, He et al. reported that CD14 is required as a co-receptor for S100A9, and they

showed direct binding of S100A9 to CD14 in SPR [126]. He et al.’s sensorgrams are

both qualitatively (clear curvature in the response) and quantitatively (maximum

response of just 25 RU) more consistent with specific binding between CD14:S100A9

than Bjork et al.’s data showing S100A9:TLR4:MD-2 binding. Therefore, yet again,

the biophysical data for the S100 family (both generated herein and in the litera-

ture) does not achieve the standard of evidence required to prove the existence of

a direct complex with TLR4. As a final observation, while the putative and novel

TNC:S100A8 interaction is intriguing, especially given the shared Ca2+-binding ac-

tivity of both proteins, this observation is outside the scope of my project and I did

not pursue it further.

4.6 Chapter 4 Summary

In this Chapter, I presented comprehensive biophysical characterization of the puta-

tive TLR4:TNC complex which demonstrated that the complex is highly transient

or non-existent, depending on the experimental conditions and method of detection.

Neither analytical SEC, Native-PAGE, XL-SDS-PAGE, or BLI facilitated the de-

tection of the high-affinity complex I hypothesized to exist at the outset based on

previous cellular and ELISA data. These results prevented efforts towards further

structural work on the TLR4:FReP interaction, since at least a moderate affinity

interaction is required for crystallography or cryo-EM. Furthermore, these data rep-

resented a turning point in my project, as I subsequently abandoned the notion

of working with a TLR4:TNC complex and instead turned my attention towards

explaining why the complex does not seem to exist with recombinant components.
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As a first effort towards answering this question, I showed preliminary evidece that

“obvious” co-receptors derived from the literature, including MD-2, CD44, ANXA2,

LYZ, S100A8, and S100A9, cannot rescue a TLR4:TNC interaction.

However, the experiments presented herein do offer a glimpse at other TNC-associated

complexes worth exploring in the future. XL-SDS-PAGE and BLI experiments

demonstrated a direct and novel interaction between TNC:ANXA2, TNC:LYZ, and

TNC:S100A8, suggesting that this small domain could be acting as a true scaffold-

ing hub in the extracellular milieu. Additionally, although I never demonstrated it

experimentally in complexation assays, I expect that the Ca2+ binding properties of

TNC are biologically relevant. Are these novel interactions present in vivo, and do

they contribute to disease? Does metal-ion binding modulate the TNC interactome?

Are other TNC-involved complexes structurally tractable? All of these questions

merit further investigation. I also would like to draw attention to the seemingly

tighter complex between TLR4:LYZ detected in the XL-SDS-PAGE studies, even

though I could not validate this result in a single follow-up FSEC experiment. With

more time, I would have focused additional energy on exploring this interaction,

since out of all the DAMPs I tested, it was LYZ (not any of the FRePs) which gave

the clearest complex band with TLR4 during XL-SDS-PAGE.

A key weakness of my data is the non-native glycosylation pattern on TLR4 purified

from S2 cells, which I also discussed in Section 3.4. Knockout of certain N-linked gly-

cans via single point Asn to Ala mutations demonstrated that some of the N-linked

glycan sites on TLR4 and MD-2 are important for the function of the receptor [437].

As shown in Figure 3.4, the TLR4 I purified was heavily glycosylated, but I could

only remove the glycans in the presence a denaturant like SDS–the soluble, recom-

binant TLR4 used for all experiments in this Chapter 4 still bear the glycans added

by the S2 cells. That being said, S2 cells do confer eukaryotic, mostly pauciman-

nosidic glycosylation, and the TLR4 construct I used contained the native N-linked

glycan sites (i.e. the glycans on my TLR4 are different in character from the mam-

malian glycans but not fully removed like in an Asn to Ala mutant protein). Finally,

as demonstrated in Figure 4.1, the S2-derived TLR4 matched the performance of

mammalian-derived TLR4 in an ELISA which, despite the limitations of the assay,

does suggest that the glycans do not abolish activity. That being said, my results

should be validated with TLR4 secreted and purified from human cells to ensure the

S2 glycosylation is not responsible for the lack of a TLR4:FReP complex. Towards

this end, I present experiments in Chapter 5 using primary human monocytes which

support my contention that TLR4 does not directly bind to the FRePs.
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To conclude, the totality of the data in this Chapter suggest that truly novel biology

may be at play here. As discussed in Chapter 1, TNC activates inflammatory

signalling in a TLR4-dependent manner; however, I could never detect a direct

interaction between TLR4:TNC using purified proteins. In fact, I never reproducibly

detected the formation of a high-affinity complex between TLR4 and any DAMP

outside of the problematic ELISA. These results form the basis of my thinking

around the TLR4 receptorome, which I experimentally probe in Chapter 5 using

unbiased proteomics. I expect these results to challenge the existing model of a

1:1 interaction between TLR4 and DAMPs and provide the impetus for important

experiments probing the true nature of innate immune activation in response to

endogenous ligands.
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Chapter 5

Exploration of the
FReP-Associated Receptorome
Using XL-AP-MSMS

This chapter details my efforts to explain, using unbiased proteomics, why the FRePs

do not directly engage TLR4 to form a high-affinity complex. Based on the biophys-

ical evidence presented in Chapter 4 and the literature reviewed in Chapter 1, my

new hypothesis, which I coined the “receptorome”, is that the FRePs do not directly

activate TLR4 without context-dependent assistance from co-receptors, adaptors, or

other scaffolding proteins. I probe this hypothesis using a new and well validated

cross-linking cell-surface pull down proteomics assay (XL-AP-MSMS) directly from

primary human monocytes. Results from these experiments demonstrate that inte-

grins, rather than TLR4, are the dominant feature of the FReP-associated innate

immune interactome; in fact, even on the highest resolution mass spectrometer, I

again find no evidence of an interaction between TLR4 and the FRePs. I then

present other highlights from the XL-AP-MSMS data, including identification of

potential cell-surface accessory proteins that interact with TNC, and conclude by

discussing the future implications of these data for the FReP receptorome specifi-

cally and on our understanding of innate immune biology more generally.

5.1 Materials and Methods

In this Chapter, I report three optimization pilot experiments (1, 2, and 3) and two

full experiments (1 and 2) using the XL-AP-MSMS workflow. More details will be
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provided in the main text, but for clarity before the methods are introduced I will

highlight some key differences between experiments that emerged as I worked up

the method. In Pilot 1, I used G-MCSF-differentiated macrophages for the pull-

down, but for all subsequent experiments I used the easier-to-isolate monocytes.

Starting with Pilot 2, I switched to using monocytes isolated via plating rather

than via magnetic cell sorting (MACS) to achieve maximal cell yields. All of the

TNC used in Experiment 1 and Experiment 2 was ultra-pure, LPS-free, and TEV-

cleaved to remove the His6-tag (see Figure 5.2 for purification details); the other

bait proteins used in the pilots and Experiment 1 contained LPS-contaminated,

His6-tagged proteins. The use of LPS-contaminated proteins could obscure the

TLR4-binding properties of the baits, but because of time limitations, difficulty

with concentrating some of the non-TNC bait proteins, and in-line with the goal

of the pilots as method optimization, I did use LPS-contaminated protein in this

Chapter. I am explicit about these differences throughout the Chapter, but I want

to emphasize here that the TNC bait protein used in the large Experiments 1 and

2 was of the highest possible grade.

In the pilots and Experiment 1, I use the cell-impermeable, disulfide cleavable cross-

linker 3,3’-dithiobis(sulfosuccinimidylpropionate) (DTSSP). In Experiment 2, I also

employed the cell-permeable, disulfide cleavable cross-linker DTBP (dimethyl dithio-

bispropionimidate). Both of these cross-linkers are homobifunctional and create a

covalent bond between adjacent primary amines on either Lys residues or the N-

terminus; I clearly state which cross-linker was used throughout this Chapter. Fi-

nally, because of restrictions on human blood handling in my building and then

cross-building travel restrictions during COVID-19, all of the cell culture work (iso-

lation and plating of monocytes as well as LPS testing and ELISAs) was completed

on my behalf by Anna Marzeda. Prior to the lockdown, I shadowed all of the

isolation protocols at least once to ensure I understood the method, but I never

completed these steps by myself. Therefore, I am grateful to Anna for her help with

obtaining primary human monocytes, without which I could not have finished these

experiments.

5.1.1 Purification of Biotinylated FRePs

Full-length FBG domains (accession numbers in Section 2.1.1) and the truncated

TNC-c042 construct were cloned by Dong Wang into pNIC-Bio3 using LIC-cloning

as previously reported (see Section 2.1.3), which places the FRePs downstream of
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a NT-His6-TEV tag and upstream of an uncleavable CT-AviTagTM. These con-

structs were co-transformed alongside a StrepR pCDF-LIC plasmid containing the

un-tagged biotin ligase BirA into CyDisCo pMJS226 competent E. coli cells. These

triple-component cell lines were selected and grown on plates and in medium con-

taining kanamycin, chloramphenicol, and spectinomycin to ensure that the FReP,

CyDisCo, and BirA proteins, respectively, were present. The proteins were expressed

as previously reported (Section 2.1.6), except that a small scoop (approximately

1 g L−1) of D-biotin (FluoroChem) was added to the cultures at the time of IPTG

induction. Medium-scale test purifications from 50 mL cultures were performed es-

sentially as described in Section 2.1.5, except that 4 mm D-biotin was added to the

lysate to push the equilibrium towards 100% biotinylation. For large-scale purifica-

tion of biotinylated, full-length TNC, Scheme 2 was employed exactly as described

in Section 2.1.7 except for the addition of D-biotin upon induction and in the lysis

buffer. The protein identity, degree of biotinylation (always greater than 95%), and

disulfide-bond status were confirmed with intact mass spectrometry.

5.1.2 Monocyte Stimulation Assay

Primary peripheral blood mononuclear cells (PBMCs) were isolated from a leuko-

cyte cone (NHSBT at the John Radcliffe Hospital) using ficoll-gradient centrifuga-

tion (Histopaque-1077; Sigma-Aldrich) according to the manufacturer’s recommen-

dations. Please refer to Section 5.1.4 for more details on this step. Monocytes were

then enriched using negative selection with MACS using the EasySepTM Human

Monocyte Enrichment Kit without CD16 Depletion (STEMCELL) as recommended

and subsequently seeded into 96-well TC-treated plates (100,000 cells per well) be-

fore resting overnight. The monocytes were stimulated with endotoxin-free TNC

at 1 µm or LPS (E. coli O55:B5, Sigma-Aldrich, cat no. L4524, lot 057M4027) at

100 ng mL−1 for 24 hours. Prior to stimulation, the TNC samples were pre-incubated

with polymixin-B (PMB) for 30 min on ice to exclude the impact of residual en-

dotoxin contamination. Vehicle controls containing matched protein sample buffer

with PMB were also included. Following stimulation, the culture medium was col-

lected and used to measure cytokine release by ELISA.
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5.1.3 Endotoxin Removal from Biotinylated FRePs

Before using the FRePs for XL-AP-MSMS experiments, they were treated with

PierceTM High Capacity Endotoxin Removal Resin (PERR) according to the man-

ufacturer’s recommendations. In short, 500 µL of PERR was cleaned with 0.2m

NaOH overnight at 25 ◦C with gentle end-over-end rotation. The PERR was then

washed with LPS-free 2m NaCl before equilibration in Base Buffer (same for all

subsequent experiments; 50 mm HEPES + 250 mm NaCl prepared with strictly LPS-

free reagents and water). The concentrated FReP sample, ranging between 250 and

500 µL in volume, was incubated with the resin for 1 hour at 4 ◦C with gentle mixing,

and the resin was removed with centrifugation for 1 min at 500 x g. The concen-

tration of the protein sample was checked, and in all cases the recovery was greater

than 95% from the PERR. Endotoxin levels in the treated protein were checked

with Recombinant Factor C Assay Kit (Lonza) by Anna Marzeda at 1µm; exact

LPS levels are given below. In all cases, treatment with PERR reduced the LPS

levels by over 74%; for the TNC protein used in Experiment 1 and Experiment 2,

the levels reached the the threshold considered to be LPS-free for in vitro assays

(below 10 pg mL−1). A key step to getting endotoxin-free protein was concentrat-

ing the TNC to 10 mg mL−1, which reduces the volume that must be added to the

monocytes and simplifies reaching the endotoxin-free threshold. The final LPS levels

recorded for each protein when polished with PERR were as follows:

• TNC: 5.1 pg mL−1

• ANGPTL2: 1347 pg mL−1

• ANGPTL6: 2125 pg mL−1

• FGL1: 3176 pg mL−1

5.1.4 Isolation of Primary Human Monocytes via Plating

This plating method was the core method used to prepare monocytes for the ma-

jority of the experiments presented herein, including Pilot 2 and 3 and Experiment

1 and 2, in an effort to maximize cell yields. For Pilot 1 and the monocyte stimula-

tion assay described in Section 5.1.2, MACS-isolated monocytes were used. Primary

PBMCs were isolated from a leukocyte cone (NHSBT at the John Radcliffe Hospi-

tal) using ficoll-gradient centrifugation (Histopaque-1077; Sigma-Aldrich) according
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to the manufacturer’s recommendations. In short, the 8 mL leukocyte cone was

diluted to 25 mL with PBS and then layered on-top of 20 mL of Histopaque-1077

prior to centrifugation at 600 x g for 30 min. The opaque middle layer, containing

PBMCs, was collected with a Pasteur pipette and washed twice with 50 mL PBS

via centrifugation for 10 min at 300 x g. A final wash with 50 mL PBS followed by

centrifugation for 10 min at 200 x g was used to remove contaminating platelets. To

remove contaminating red blood cells, the pellet was resuspended in 2 mL RBC Ly-

sis Buffer (0.15m NH4Cl, 10 mm KHCO3, 0.1 mm EDTA, pH = 7.3) and incubated

for 5 min at 25 ◦C. 10 mL of PBS was added, and then the cells were washed three

total times with PBS via centrifugation for 5 min at 400 x g. After the last wash,

the purified PBMCs were resuspended in complete medium (CM; RPMI1640 + 3%

FBS + 1X Pen/Strep) and 100 x 106 PBMCs were plated onto 10 cm TC-treated

petri dishes. Following a two-hour incubation at 37 ◦C to allow the monocytes to

adhere, non-adherent cells were removed with stringent washing. 10 mL of fresh

CM, without FBS, was added to each plate and the now-enriched monocytes were

rested overnight at 37 ◦C, 5% CO2 prior to use.

5.1.5 XL-AP-MSMS Pilot 1

For Pilot 1, PBMCs were isolated using ficoll-gradient centrifugation exactly as

described in Section 5.1.4. For Pilot 1 only, monocytes were enriched from the

bulk PBMCs with negative selection MACS using the EasySepTM Human Monocyte

Enrichment Kit without CD16 Depletion (STEMCELL). 20 x 106 MACS-purified

monocytes were seeded at a density of 1 x 106 cells per mL into TC-treated bottles

containing RPMI1640 with 5% FBS and 1X Pen/Strep. For Pilot 1 only, 100 ng µL−1

M-CSF (Peprotech) was added and the monocytes were allowed to differentiate into

macrophages for five days. After removing the dead cells and spent medium, the

differentiated macrophages were harvested with scraping, gently centrifuged, and

finally resuspended in CM. Two T75 flasks were seeded with 4 x 106 macrophages

and rested overnight before continuing with the pull-down.

The next morning, 1.8 µm LPS-contaminated, His6-tagged, full-length TNC purified

from the 50 mL test expression was added to one flask, and the corresponding amount

of buffer was added to the other as a negative control. After a 30 min pre-incubation,

2 mm DTSSP (Thermo Fisher) was added to cross-link for an additional 30 min

before quenching of the excess DTSSP with 20 mm Tris pH = 8.0. The cross-linked

macrophages were harvested, centrifuged for 5 min at 500 x g, and resuspended
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in 100 µL of Mammalian Protein Extraction Reagent (M-PERTM; Thermo Fisher).

After a 10 min incubation for lysis, 25 µL of NeutrAvidinTM agarose, pre-equilibrated

in PBS, was added and the samples were incubated for 75 min at 4 ◦C with end-over-

end mixing. The beads were then washed via centrifugation (1 min, 500 x g each

time) three times with 400µL PBS and three times with 400 µL of PBS + 0.75m

NaCl prior to elution of the interactors with 2 x 25µL of PBS + 50 mm DTT. Eluates

were concentrated via evaporation and the entire eluate was run on an SDS-PAGE

gel stained with Coomasie. As discussed in the main text, no bands were visible;

therefore, I do not recommend using this method.

5.1.6 XL-AP-MSMS General Method for Pilot 2 and 3

For Pilot 2, PERR-treated, full-length, biotinylated TNC was added to 200 x 106

monocytes in a 15 cm TC-treated dish, isolated as described in Section 5.1.4, at a

final concentration of 4.5 µm. An identical number of monocytes were treated with

Base Buffer as a negative control. Note that the RPMI medium was reduced to

5 mL, the minimum amount to cover the cells in the dish, before adding the FReP.

After a 30 minute pre-incubation, the samples were cross-linked with 2 mm DTSSP

for 30 minutes and the reaction was quenched with the addition of 10 mm Tris pH

= 8.5. The monocytes were harvested, lysed with 5 mL of M-PERTM containing

1X benzonase and 1X Protease Inhibitors (Merck), and incubated with 50µL of

NeutrAvidinTM agarose for two hours at 4 ◦C with end-over-end rotation. The resin

was washed 3 times with 1 mL PBS, 3 times with 1 mL PBS + 0.75 mm NaCl,

and eluted with 100 µL of PBS + 50 mm DTT. For a final elution, 100 µL of 6m

guanidine hydrochloride was added to completely strip everything from the agarose.

The eluates were analyzed with SDS-PAGE followed by silver staining.

For Pilot 3, endotoxin contaminated, truncated, biotinylated TNC (matching the

boundaries of TNC-c042) was added to five TC-treated petri dishes containing 100

x 106 monocytes to a final concentration of 1.4 µm and cross-linked as in Pilot 2 with

either 0, 0.1, 0.5, 1, or 2 mm DTSSP. Both the cell lysate, prepared in 2.5 mL of M-

PERTM + 1X benzonase + 1X protease inhibitors, and the cell culture medium were

pulled down with 25µL NeutrAvidinTM agarose as in Pilot 2, except that the 0 mm

sample was (mistakenly) not washed with high salt. The interactors were eluted

with 100µL of 50 mm DTT in PBS, except for the 0 mm sample which was eluted

with 50 mm DTT + 1mNaCl. The eluates were concentrated to 20 µL in vacuo and

then analyzed with a silver-stained SDS-PAGE gel as described in Section 5.1.7.
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5.1.7 Silver Staining SDS-PAGE Gels

SDS-PAGE on purified bait proteins and the eluates from the pilot experiments

was completed with a 4–12% NuPAGETM Bis-Tris gel (Invitrogen). For the purified

FRePs, 2µg protein was used as input; for the eluates, 20µL was typically used.

The gel was then fixed with an overnight incubation in 50% MeOH + 5% acetic acid

followed by two 10 min washes with 50% MeOH and then water. The gel was then

sensitized for 1.5 min at room temperature in 0.02% sodium thiosulfate followed by

two washes in water. To stain, the gel was then incubated for 1 hour at 4 ◦C with

ice cold 0.1% silver nitrate, followed by two washes with water. Finally, the gel

was developed for 5–15 min with 0.04% formalin + 2% sodium carbonate at room

temperature. Prior to imaging, the development was stopped with excess 50% acetic

acid and the stained gel was stored in water.

5.1.8 General XL-AP-MSMS Method for Experiment 1 and
2

For the full Experiment 1, 10 TC-treated petri dishes containing 100 x 106 mono-

cytes were treated with 2µm of the designated FReP. Note that eight plates came

from Donor 88 and two plates came from Donor 87. Four plates, two from Donor 88

and two from Donor 87, were used to to analyze full-length, LPS-free, biotinylated

TNC. Two plates were used to analyze PERR-treated (but not strictly LPS-free),

biotinylated, His6-tagged ANGPTL6, two plates to analyze PERR-treated, biotiny-

lated, His6-tagged ANGPTL2, and the final two plates to analyze PERR-treated,

biotinylated, His6-tagged FGL1, all with protein purified from the medium-scale test

expression. A matched negative control, with an equal amount of Base Buffer, was

prepared for each pull-down. Note that, before adding the FRePs, the medium was

reduced to 2.5 mL, just enough to coat the plate, in an effort to minimize the absolute

mass of cross-linker that needed to be added. After a 30 min pre-incubation, 1 mm

DTSSP was added to each plate, incubated for 30 minutes at 37 ◦C to cross-link, and

then quenched with 10 mm Tris pH = 8.5. The medium, containing any dislodged

monocytes, was centrifuged for 3 min at 500 x g and lysed alongside the cells still

attached to the plate using 2.5 mL of M-PERTM + 1X benzonase + 1X protease

inhibitors. 50µL NeutrAvidinTM agarose was added to each sample and incubated

for two hours at 4 ◦C with gentle end-over-end rotation. Using sequential rounds of

centrifugation for 2 min at 500 x g, the agarose was washed twice with 5 mL PBS,

three times with PBS + 0.75mNaCl + 1% Triton X-100, and then twice back into
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just PBS. The washed, bound resin was then transferred to PierceTM Micro-Spin

Columns (Thermo Fisher), incubated for 10 min with 100 µL PBS + 50 mm DTT,

and eluted directly into low-protein binding eppendorf tubes. The approximate pro-

tein concentration was estimated with a NanoDrop (usually between 17 and 20 µg

per sample) and then the eluates were stored at −20 ◦C prior to preparation of the

peptides for MSMS.

Experiment 2 was carried out essentially as reported for Experiment 1, except for

the following changes. First, 12 plates with 70 x 106 monocytes were used, and the

monocytes were pre-incubated over a time series for either 30 sec, 10 min, or 30

min after the addition of 2 µm full-length, LPS-free, biotinylated TNC. Six plates (3

with TNC, 3 matched controls, one set for each time point) were cross-linked with

1 mm DTSSP and the other six plates were cross-linked with 3 mm DTBP for 30 min

(regardless of the pre-incubation time prior to the addition of the cross-linker, the

cross-linking reaction proceeded for a full 30 minutes). Pull-down on NeutrAvidinTM

agarose was completed as before, except that the Triton X-100 was omitted from

the wash buffer. For elution, PBS + 50 mm DTT was used for the DTSSP samples

and PBS + 100 mm DTT was used for the DTBP samples. The resin was incubated

with the elution buffer for 30 min at 50 ◦C prior to collection of the eluted proteins.

To prepare the eluate samples for MSMS, the samples were first dried in vacuo

and then re-suspended in 25µL of 100 mm NH4CO3 + 7.2m Urea, which denatures

the proteins. The eluates were incubated for 1 hr at 51 ◦C to ensure the DTT in

the elution buffer completely reduced all Cys residues, and then the disulfides were

alkylated for 1 hour in the dark at 25 ◦C with a final concentration of 20 mm IA. Note

that the residual DTT from the elution buffer must first be reacted (via a 1:1 reaction

with IA), so the amount of IA added was sufficient to quench the remaining DTT

and give excess of about 20 mm to alkylate the Cys residues. For DTSSP cross-linked

samples, this implied adding a nominal concentration of 170 mm freshly prepared

IA; for DTBP cross-linked samples this implied adding a nominal concentration of

340 mm freshly prepared IA. After alkylation, the samples were diluted with 265 µL

of 50 mm NH4CO3 to reduce the [Urea] below 1m, and the samples were digested

overnight at 37 ◦C with a 1:20 w:w ratio of sequencing grade trypsin protease (Sigma

Aldrich). The next morning, the trypsin digest was quenched by the addition of 2.5%

acetic acid, acidified to approximately 1% TFA by addition from a 5% TFA stock,

and then the peptides were desalted into 100 µL of 60% acetonitrile + 0.1% formic

acid using C18 OMIX Stage Tips (Agilent). The peptides were completely dried in

vacuo and shipped dry at room temperature to Dr. Holger Kramer for analysis.
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5.1.9 MSMS Data Collection and Analysis

All LC/MSMS data collection was completed by Dr. Holger Kramer according to

standard methods as previously reported [438, 439]. During Experiment 1, Dr.

Kramer analyzed the samples in technical duplicate on a Q ExactiveTM Orbitrap

Mass Spectrometer (Thermo Fisher). Following deconvolution and processing in

MaxQuant [440], Dr. Kramer provided me with both protein hit lists filtered at a

1% false-discovery rate (FDR) as well as raw spectral counts (SPC). For separation

of true and false interactors, I deployed the SAINT algorithm as implemented on

the CRAPome web portal [441, 442]. Prior to SAINT analysis, I averaged the raw

SPC from the technical duplicates for each pull-down, and I specify the SAINT

summary probability (SP) score used during analysis throughout the text (always

0.9 or greater). For Experiment 2, Dr. Kramer analyzed the peptides on the more

sensitive Q Exactive TM HF-XI Mass Spectrometer (Thermo Fisher) as before, ex-

cept with the addition of 5% DMSO to the LC solvents to improve signal intensity

[443], and the raw SPC data was processed via SAINT exactly as in Experiment

1. For more specific details regarding the choice of the SAINT algorithm and the

probability thresholds, please refer to the main text.

5.2 Designing a Method for XL-AP-MSMS

5.2.1 Surfaceome Proteomic Methods

In Chapter 4, using recombinant, non-natively glycosylated TLR4 and biophysical

methods, I could not detect the expected high-affinity interaction between TLR4

and the FRePs. However, while comprehensive, my use of recombinant components

was reductionist–important cellular variables, including the PTMs on TLR4, the

TLR4 transmembrane domain and the membrane environment itself, and the in-

terplay with accessory proteins were missing in the biophysical experiments. Most

importantly, I hypothesized that as-yet unknown accessory proteins mediate the

TLR4:FReP interaction at the cell-surface, explaining the divergence between the

cellular and biophysical data. Therefore, to probe the potential of a TLR4-regulating

receptorome and address the fundamental limitations of my recombinant work, I re-

quired an unbiased method to explore the cell-surface FReP-associated interactome–

these requirements led me directly to bottom-up MSMS approaches. My stated
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objective in selecting a proteomics method was to use a human cell system to iden-

tify the native cell-surface FReP-associated receptorome, hopefully including en-

dogenous TLR4, which could explain why TLR4 is required for signalling but not

sufficient to form a high affinity complex.

Before re-inventing the wheel, I probed the literature for best practice methodol-

ogy in so-called “cell-surface proteomics”, which poses unique challenges relative

to cytosolic proteomics [444]. First, nearly all cell-surface proteins are heteroge-

neously glycosylated, which can complicate identification of proteins due to the un-

predictable mass shift(s) in glycosylated peptides. Second, cell-surface proteins are,

by definition, either transmembrane or membrane-associated, meaning that stan-

dard lysis conditions, either mechanical or detergent-based, destroy the integrity of

cell-surface interactions by disrupting the cell membrane. This also renders most

antibody-based enrichment strategies, which are foundational for cytosolic proteins

in IP-MSMS experiments, impossible; the disruption of the membrane during lysis

often sufficiently denatures the antigen to cause dissociation of the antibody:antigen

complex and prevent pull-down of the putative target. Finally, cell-surface proteins,

particularly receptors, are much less abundant than intracellular proteins, due in

part to the physical volume difference between the membrane and the cytosol. All

of the technological solutions discussed briefly here and reviewed in full by Bausch-

Fluck et al. [444], directly address these challenges with careful chemical-biology-

based solutions.

The most comprehensive Cell-Surface Protein Atlas was built on cell-surface captur-

ing (CSC) technology developed by Wollscheid et al. [445, 446]. In this approach,

cell-surface proteins containing N-glycans are first activated and chemically tagged

with a bi-functional cross-linker that covalently binds to N-glycan moieties under

native conditions directly on the surface of living cells. Following cell homogeniza-

tion, peptide digestion, and affinity enrichment of the labelled peptides using the

other half of the cross-linker containing a biotin group, captured peptides are eluted

by enzymatic cleavage at site of N-linked glycosylation before MSMS analysis. This

method elegantly takes advantage of the N-linked glycans to label cell-surface pro-

teins prior to lysis and digestion, but removes the glycans upon elution to simplify

peptide identification. In this workflow, only “formerly N-glycosylated” peptides

from cell-surface proteins are analyzed by MSMS. This method can detect the ma-

jority of the surfaceome, up to 1,492 human proteins and 1,296 mouse proteins.

While the CSC method highlights important tenants of cell-surface proteomics, it is
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not amenable to directly studying specifc receptor:ligand interactions. In 2012, Frei

et al. reported a relevant extension of the CSC method that is broadly referred to as

ligand-receptor capture (LRC) [447]. Frei et al.’s workhorse LRC method relies on a

trifunctional cross-linker called “TRICEPS”, which contains (1) an amine-reactive

NHS ester for coupling to the ligand of interest (2) an aldehyde-reactive hydrazine

for coupling the ligand of interest to glycosylated receptors after a binding event and

(3) a biotin handle for affinity purification of cross-linked peptides [448]. In this ap-

proach, the ligand of interest is first coupled to TRICEPS with the NHS moiety and

is then added, under native conditions, to relevant cells of interest, where it binds

to its receptor. Following mild oxidation the hydrazine warhead covalently binds

proximal receptor glycans, directly linking ligand and receptor peptides. The cross-

linking predominately occurs only between the bait and directly bound receptors; to

further increase reliability, the authors recommend comparison to an unrelated nega-

tive control bait protein to remove non-specific interactors. Following lysis, peptide

digestion with trypsin protease, and enrichment of just the cross-linked peptides

using the biotin handle from TRICEPS, just the receptor-derived portion of the

cross-linked peptides are released via enzymatic cleavage of the N-linked glycans. In

this method, therefore, only formerly N-glycosylated peptides from proximal recep-

tors bounds to the ligand of interest are analyzed by MSMS. By comparison to the

aforementioned matched negative control, receptor-ligand binding can be quantified

and unknown receptors for ligands of interest can be unambiguously identified.

Although quite nifty, LRC-TRICEPS can only detect interactions between ligands

and N-glycosylated peptides in the receptor, which can reduce signal especially for

receptors with few glycosylation sites or with predominantly O-linked glycosylation.

Therefore, a further extension of the LRC-TRICEPS method was reported in 2017

by Tremblay and Hill [449]. Tremblay and Hill use a modified trifunctional cross-

linker, called ASB biotin, which results in the transfer a biotin moiety from a ligand

to a receptor(s). The ligand-reactive portion of ASB biotin is coupled via a cleavable

disulfide bond, and the receptor-reactive portion again conjugates to N-glycans (with

an aminooxy warhead). However, once the labelled ligand binds to the receptor and

cross-linking occurs, the ligand can be released via reduction, resulting in a complete

transfer of the biotin moiety from the ligand to the receptor. Essentially, then, this

assay is an enzyme-free proximity biotinylation approach. Upon anti-biotin pull-

down, the entirety of the biotinylated receptors, rather than just the glycosylated

peptides, are enriched, and peptides covering the entire receptor sequence can be

analyzed in the MSMS following post-pull-down digestion. This greatly increases the
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coverage of receptor peptides and therefore the confidence of assigning interactors,

and it means that receptors with few N-linked glycan sites can be captured.

I highlight the development of these two LRC methods because they are the gold

standard for mapping unknown receptors to a purified ligand; in fact, the company

Dualsystems Biotech will perform the LRC-TRICEPS analysis as a service with

any ligand and any cell line. Unfortunately, this service is prohibitively expensive

(over $10,000 per ligand), and at-home implementation of either the TRICEPS or

ASB biotin methods requires bespoke synthesis of the specialized trifunctional cross-

linker. Therefore, I looked for cheaper options that built on the framework of the

gold-standard LRC methods but utilized more readily available reagents. A 2007

paper from Freed et al., used a much simpler assay to isolate TNFα associated re-

ceptor complexes [450]. Their approach relied on site-specifically adding a biotin

molecule to the N-terminus of recombinant TNFα, which is then added to rat vas-

cular endothelial cells. After incubation to ensure receptor engagement, Freed et al.

added a cheap, commercially available, membrane impermeable, homobifunctional,

lysine reactive, cleavable cross-linker, dithiobis(succinimidyl propionate) (DSP), to

covalently link TNFα and its receptor(s) between two adjacent Lys residues. DSP

contains a cleavable disulfide bond in the center; therefore, following harsh lysis,

a stringent anti-biotin pull down, and denaturing elution in SDS, the cross-linker

can be broken with reduction, releasing the two halves of the cross-linked peptides

for MSMS analysis. A very similar method was employed by Byron et al. to map

integrin-associated “adhesome” complexes [451]. Using beads coated with integrin-

binding antibodies and the generic, cell-permeable, cleavable cross-linker dimethyl

dithiobispropionimidate (DTBP), Byron et al. could isolate and quantify massive

mega-complexes composed of integrins and their extensive intra- and extra-cellular

interactors.

The simpler methods from Freed et al. and Byron et al. are broadly similar, with

just small differences in the bait (recombinant protein vs. antibody) and the cross-

linker (impermeable vs. permeable), and they formed the foundation of the method

I implemented herein. The choice of an impermeable or permeable cross-linker con-

trols whether extracellular or extracellular and intracellular interactors are captured.

Like the LRC methods, these cheaper methods maintain the use of a cross-linker

to covalently tether the bait protein to cell-surface membrane proteins under na-

tive conditions prior to denaturing lysis, ensuring that PPIs are captured in their

native lipid environment. The use of a generic cross-linker, while messier than the

ligand-targeted trifunctional LRC reagents, can actually be viewed as a strength for
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dissecting mega-complexes. Upon ligand binding, the proximal receptor is covalently

cross-linked to the ligand, and all associated co-receptors and accessory proteins are

covalently cross-linked to the receptor. By covalently tethering the labelled ligand of

interest to both the immediate receptor and any associated neighbors, entire ligand-

associated protein communities can be pulled-down and measured. In the LRC

methods, just the immediate receptor(s) are cross-linked and captured in the analy-

sis, and the “transitive” cross-linking features of DSP or DTBP are lost. Therefore,

based on both cost and applicability to my FReP receptorome hypothesis, I selected

the methods reported by Freed et al. and Byron et al. as a template, rather than

further pursuing the gold-standard LRC methods.

5.2.2 Final Design of XL-AP-MSMS Method

Even after selecting the big-picture strategy for the unbiased proteomics, I still had

to make a variety of choices regarding the details. To maximize the specificity of

the pull-down while maintaining simplicity, I selected a biotin-streptavidin affin-

ity system, which achieves near-covalent immobilization strength, allows stringent

washing conditions, and is broadly considered best practice as an affinity system

in the mass spectrometry community [452]. Biotinylation of recombinant proteins

can be achieved in E. coli using a C-terminal AviTagTM on the protein of interest

and co-expression with the biotin ligase BirA [453]. I quickly showed that the Cy-

DisCo expression system could be adapted to facilitate biotinylation of the FRePs,

discussed in detail in Section 5.3, allowing me to generate large quantities of biotiny-

lated bait protein. Using biotinylated FRePs as the bait circumvented the use of

antibodies, which can be unreliable for pull-downs especially for the understudied

FReP family members. Next, I selected primary human monocytes as the target

cell for the pull-down, based on the extensive characterization of TLR4-dependent,

FReP-mediated activation of inflammation in these cells in the literature and by

others in my group. Working with primary cells made the method more challenging

than using immortalized monocytic cell-lines like THP1. However, this choice en-

sured the identified interactors were biologically relevant to inflammation and a pri-

ori maximized the chance of picking out TLR4, which is expressed relatively highly

on these innate immune cells. Fortunately for me, an excellent student colleague

of mine, Anna Marzeda, worked up a robust method for isolating huge numbers

of monocytes (>1.2 x 109 cells) from a single donor, which greatly facilitated the

use of primary cells in these experiments. Finally, I decided to focus initially on
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impermeable cross-linkers a la Freed et al., to capture just extracellular interactions

with immediate co-receptors.

Figure 5.1 XL-AP-MSMS Method Overview. A.Schematic of the XL-AP-MSMS
method developed and used throughout Chapter 5 to probe the FReP-
associated interactome.

With all of this in mind, I settled on a final method for my XL-AP-MSMS workflow

which is diagrammed in full in Figure 5.1. For clarity, and to highlight useful features

in the method, I describe each step of the method below:

1. Obtain an enriched leukocyte cone from a human donor.

Through the Kennedy Institute’s existing channels, I obtained leukocyte cones

directly from human donors which contained concentrated and enriched white-

blood cells isolated by leukapheresis.

2. Isolate primary human monocytes.

To isolate monocytes, contaminating red-blood cells and other immune cells

(T-cells, B-cells, neutrophils, ect.) must be removed. Many groups use com-

mercially available magnetic cell sorting (MACS) kits to isolate monocytes

with marker-specific antibodies. While the final cell population is highly pure
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following MACS, the process recovers only a fraction of the monocytes present

in the cone. For this XL-AP-MSMS method, I required hundreds of millions

to billions of monocytes, making the MACS method inefficient. In short, I

needed an isolation method that favored cell count over cell purity. Therefore,

with the help of Anna Marzeda, I implemented an “old-school” plating method

to isolate monocytes. In this approach, red blood cells are lysed and removed

from the sample and the entire white-blood cell fraction is plated onto TC-

treated dishes. After a two hour incubation, monocytes preferentially adhere,

and contaminating cells can be washed away with aggressive PBS washes. Us-

ing this simpler method, Anna helped me to routinely isolate over a billion

monocytes per cone. By counting under a microscope, the cells were over 90%

monocytes, with a minority population of contaminant T-cells.

3. Seed 10 cm dishes with 100 million monocytes per dish.

To maximize the amount of material captured in the pull-down, Anna and I

seeded 70–100 million monocytes per 10 cm dish. From a single cone we could

usually seed twelve dishes, with enough cells to complete six pull-downs (one

with bait added, one with a directly matched negative control treated with an

equal volume of the bait protein buffer).

4. Add biotinylated FReP and cleavable cross-linker.

After resting the seeded monocytes overnight, I added the biotinylated FReP

of interest directly to the cell culture medium at a final concentration be-

tween 1 and 5 µm. This concentration is sufficient to strongly activate pro-

inflammatory signalling in primary human monocytes, meaning the TLR4-

associated signalling complex must form at this concentration. I hesitated

to push the concentration further to prevent non-specific interactions and

to maintain the LPS levels at acceptable levels for in vitro assays. After

a brief incubation, I then added the water soluble analog of DSP, dithio-

bis(sulfosuccinimidylpropionate) (DTSSP), to covalently cross-link the FReP

bait to the extracellular receptorome. After thirty minutes, any un-reacted

cross-linker was quenched with excess Tris to ensure that all interactions were

trapped prior to cell lysis.

5. Lyse with detergents.

After cross-linking, I then collected the monocytes, which required centrifuging

the cell culture medium (to capture detached monocytes) to pool with the cells

still adhered to the plate. I completed this tedious two-step harvest by hand

for each plate to ensure maximal input material to the pull-down. Note that
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the cell culture medium containing excess unbound FReP was discarded at

this stage, ensuring that only cell-associated bait was pulled down. For lysis, I

used the commercially available Mammalian Protein Extraction Reagent (M-

PERTM; Thermo Fisher), which contains a mixture of gentle detergents to

solubilize both cytosolic and membrane proteins. I did not centrifuge prior

to affinity enrichment to ensure that both soluble, insoluble, and/or micelle-

ensconced proteins were included in the input. To reduce the viscosity in

the absence of a centrifugation step, I added a small amount of benzonase to

degrade contaminating gDNA.

6. Pull down with NeutrAvidinTM beads and stringent washes.

To pull-down the biotinylated FRePs and the cross-linked interactors, I incu-

bated the lysates for at least two hours with PierceTM High Capacity NeutrAvidinTM

Agarose (Thermo Fisher), which is the highest capacity and most specific anti-

biotin resin available. For washing, I employed harsh buffers, including high

salt (0.9m NaCl) or high detergent (1% Triton X-100). These harsh washes

were facilitated by the remarkably stable biotin:NeutrAvidinTM interaction

and the covalent linkage between bait and prey proteins.

7. Elute interactors by cleaving the cross-linker.

This step represents the main improvement I made in the previously reported

methods. To elute the interacting proteins, I added a high concentration of

reducing agent directly to the resin. This step breaks the DTSSP in half and

causes prey proteins, but not the FReP bait, to dissociate and elute. This

overcomes a challenge of AP experiments wherein the prey itself is by far the

most prevalent protein in the eluate. This can swamp the signal of other low

abundance peptides in the MSMS and prevent detection of important but less

abundant interactors. This step is especially important in my case because I

relied on direct solution digestion of the eluates prior to MSMS analysis, rather

than first purifying the samples on a gel and then cutting prey gel bands for

MSMS.

8. Prepare peptides and submit for MSMS analysis.

After elution, I prepared tryptic peptides for MSMS using standard methods.

In short, I removed the elution buffer in vacuo prior to denaturation in Urea,

reduction and alkylation of Cys residues, and overnight digestion with trypsin

protease. Finally, I desalted the digested peptides using C18 Stage Tips and

then shipped dried peptides to my mass spectrometry collaborator Dr. Holger
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Kramer at the MRC London Institute of Medical Sciences at Imperial College

for analysis on high-performance Orbitrap mass spectrometers.

9. Identify FReP-associated interactome with SAINT.

The data provided by Dr. Kramer included the proteins identified at a 1%

FDR threshold and the number of spectral-peptide counts (SPCs), which is

a standard quantitative measure of the absolute abundance of a particular

protein in the sample. I then compared the FReP-containing pull-downs with

the matched negative controls using a gold-standard statistical method, called

SAINT (Significance Analysis of INTeractome), to identify high-confidence

“true” interactors and remove non-specific or low-confidence background con-

taminants [442]. The final target list, containing the FReP interactome from

primary human monocytes, was then subjected to additional bioinformatic

analyses.

Throughout the experiments I present next, I will highlight some small changes to

this core method, including switching to a cell permeable cross-linker and remov-

ing detergent from the wash buffer, which were made to address specific emergent

challenges. As I will demonstrate, this XL-AP-MSMS method proved robust, re-

producible, and informative, and it represents an approachable and relatively inex-

pensive generic solution for mapping multi-protein receptoromes in the presence of

a biotinylated ligand of interest.

5.3 Purification of Biotinylated FRePs

The first step towards executing the XL-AP-MSMS workflow was to purify biotiny-

lated FReP proteins to serve as bait. Dong Wang from the SGC Biotechnology

Group generously re-cloned full-length ANGPTL1, ANGPTL2, ANGPTL6, FCN1,

FGL1, FGL2, MD-2, TNC, and the truncated crystallizable construct TNC-c042

(which herein I call TNCXTAL), into the vector pNIC-Bio3, which encodes for a

TEV-cleavable N-terminal His6-tag and an uncleavable C-terminal AviTagTM. For

in situ biotinylation during expression, I co-transformed CyDisCo competent cells

(already ChlorR) with the FReP constructs (KanR) and a helper vector containing

an IPTG-inducible BirA biotin ligase (StrepR) previously prepared by Dr. Michael

Fairhead. Selection on triple antibiotic plates yielded a custom E. coli strain capable

of simultaneously co-expressing the FReP of interest, the CyDisCo co-chaperones
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for folding, and BirA for biotinylation. I performed a 50 mL test expression of this

system exactly as reported in Section 2.1.5, except with the addition of excess free

biotin to both the cell culture medium prior to induction and the lysis buffer. Af-

ter a one-step IMAC purification and intact mass analysis, I demonstrated that

ANGPTL1, ANGPTL2, ANGPTL6, FGL1, TNC, and TNCXTAL could be solubly

expressed with a single C-terminal biotinylation in CyDisCo cells (see Figure 5.2A).

FCN1, FGL2, and MD-2 could not be expressed in this system. After confirming

expression of the six biotinylated constructs, I then scaled-up biotinylated TNC us-

ing Purification Scheme 2 (see Section 2.1.7). From a 2 L purification, I obtained

over 10 mg of monodisperse, pure protein (Figure 5.2B) that was 100% singly bi-

otinylated and contained the expected two disulfide bonds based on intact mass

analysis (Figure 5.2C). Therefore, biotinylated TNC was biophysically identical to

the un-tagged TNC I relied on for the assays discussed in Chapter 4.

However, the biotinylated TNC needed to pass a second, more stringent step of qual-

ity control prior to use in cellular assays. First, I polished the purified protein using

commercially available PierceTM High Capacity Endotoxin Removal Resin (Thermo)

to remove contaminating LPS prior to adding the protein to the monocytes. I rea-

soned that high concentrations of LPS could saturate TLR4 and out-compete the

FReP-mediated binding event of interest; therefore, I tried wherever possible to

use endotoxin-free protein that met a stringent threshold of less than 10 pg mL−1

LPS. All of the biotinylated TNC used in Section 5.5 and Section 5.6 contained

5.1 pg mL−1 LPS when tested at 1 µm in a standard commercially available assay

(see Section 5.1.3). This level is considered endotoxin-free for cellular assays and is

below the threshold for TLR4-mediated detection of LPS. However, LPS removal is

non-trivial and expensive; in fact, based on the experience of others in my group,

I was exceedingly lucky that TNC could be concentrated easily and survived treat-

ment with the Endotoxin Removal Resin. In the portions of this chapter where I

used LPS-contaminated protein for pilot experiments as a result of these challenges,

including FGL1, ANGPTL6, and TNCXTAL, I will explicitly specify so in the text.

Finally, Anna Marzeda graciously completed a standard monocyte stimulation assay

to directly compare un-tagged TNC and biotinylated TNC. In this assay, reported in

Figure 5.2D, primary human monocytes were incubated with endotoxin-free protein

for 24 hours prior to readout of pro-inflammatory cytokine levels with a standard

ELISA. Just like un-tagged TNC, biotinylated TNC stimulated the strong release of

IL-6 and TNFα at a concentration of 1µm. The response was similar to that elicited

by directly adding 100 ng mL−1 LPS to the monocytes. Interestingly, biotinylated
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Figure 5.2 Purification and QC of Biotinylated FRePs. A.50 mL test expres-
sion results showing that most FRePs can be expressed C-terminally biotiny-
lated in CyDisCo cells. Green asterisks denote bands with MSMS confirmed
identity and intact mass confirmed biotinylation. B. Large-scale purification
of biotinylated TNC, showing that the protein is pure, monodisperse, and
endotoxin-free. C. Disulfide mapping assay showing that biotinylated TNC
retains two disulfide bonds. D. Stimulation of primary human monocytes
shows that 1 µm biotinylated TNC elicits pro-inflammatory cytokine release
(IL-6, top; TNFα bottom) just like un-tagged TNC. N.S = unstimulated;
VEH = buffer only.

TNC induced lower cytokine levels than un-tagged TNC, which could be due to

the C-terminal AviTagTM interfering with the activity of the C-terminal cationic

tail (see Section 2.7). However, despite being slightly less active than un-tagged

TNC, biotinylated TNC was clearly pro-inflammatory in primary human monocytes,

proving that the biological activity and critical receptor binding properties were

retained. Taken together, these results demonstrate that biotinylated TNC is a

reliable affinity bait for the XL-AP-MSMS workflow that reasonably recapitulates

both the biophysical and biological properties of un-tagged TNC.
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5.4 Pilot Experiments 1, 2 and 3

With a reliable biotinylated reagent in hand, I moved forward with three pilot exper-

iments to validate the XL-AP-MSMS method and work out quirks in the protocol

before proceeding with full MSMS analysis. The first Pilot 1 was essentially a disas-

ter, so I only briefly discuss it here to highlight the lessons I learned. I used MACS

to isolate the monocytes, limiting the overall cell numbers, and then I differenti-

ated the monocytes into macrophages over five days with GM-CSF, which kills a

significant fraction of the precursor monocytes. I originally thought macrophages

would be more reliable than monocytes because macrophages express more TLR4

based on data from the Human Protein Atlas [454]. However, by the time I finished

isolating the macrophages, I only had 8 x 106 cells, enough for one pull-down and

one matched control with just 4 x 106 macrophages per condition. I completed the

cross-linking pull-down with DTSSP using 1.8 µm LPS-contaminated biotinylated

TNC as the bait and ran the eluates on SDS-PAGE followed by coomasie staining.

As expected, I essentially saw nothing; the eluate bands, with or without the bait,

contained no protein, and even the undiluted lysate samples were faint on the gel.

In short, Pilot 1 suggested that I needed significantly more cells and that I likely

could not rely on coomasie-stained gels to visualize the eluates. Therefore, based on

the excellent suggestion of Anna Marzeda, for Pilot 2 I switched to monocytes iso-

lated via plating rather than MACS. This became the core isolation step in the pro-

tocol moving forward. Monocytes respond well to biotinylated TNC (Figure 5.2D),

they are routinely used for stimulation with FRePs and other DAMPs, and they

do not require additional differentiation after isolation. Furthermore, publicly avail-

able mass spectrometry data from pax-db shows that TLR4 can be detected from

monocytes (https://pax-db.org/). The old-school plating method, which bypasses

MACS and relies on the propensity of monocytes to strongly adhere to TC-treated

dishes, simplified the protocol and greatly increased cell yields. During Pilot 2, from

just half of a donor blood cone, I was able to isolate 400 x 106 cells, enough for one

pull-down and a matched negative control with 200 x 106 monocytes. I completed

the cross-linking pull-down with 2 mm of the impermeable cross-linker DTSSP and

using 4.5 µm, biotinylated TNC as the bait. After multiple, 100 CV washes with

PBS containing 0.9m NaCl, I eluted the interactors and visualized the eluates with

SDS-PAGE. This time, however, I silver-stained the gel to increase the sensitivity

of the readout.
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Figure 5.3 XL-AP-MSMS Method Development Pilot 2 and Pilot 3. A.Silver-
stained gel from Pilot 2. Putative TNC bands are highlighted with green
boxes, while contaminating NeutrAvidinTM bands are marked in black. FT
= flow-through, DTT = first eluate after the addition of 50 mm DTT to
cleave DTSSP, GHCl = second eluate after the denaturing addition of 6m
guanidine hydrochloride. B. Silver-stained gel with DTT eluates from Pilot
3. Five different [DTSSP] were used to pull-down TNC interactors from either
lysate (left) or cell culture medium (right). Putative interactors missing in the
lower [DTSSP] are marked with black asterisk. The uninterpretable negative
control, washed incorrectly, is colored in red.

This time the final gel from Pilot 2, shown in Figure 5.3A, demonstrated that the

pull-down worked exactly as I had hoped. Lane 1 shows that, even after a sensitive

silver stain, the biotinylated TNC used as bait was highly pure. Lane 2, containing

the flow-through after a two-hour incubation with the anti-biotin NeutrAvidinTM

resin, matches the negative control Lane 3, showing that all of the bait protein was

captured. If too little resin had been used or the lysate had not been incubated

for long enough with the lysate, a strong un-captured TNC band near the 25 kDa

marker would appear in Lane 2. Lanes 4 and 5 contain the final eluates following

the addition of 50 mm DTT to cleave the DTSSP cross-linker and release the TNC
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receptorome from the resin. Critically, comparison of Lanes 4 and 5 shows that

the pull-down is very specific, and the presence of protein in the eluate is TNC-

dependent; the bait-free negative control eluate, Lane 5, contains no visible protein

bands, whilst the bait-containing eluate Lane 4 contains dozens of proteins. Further-

more, the TNC bait band at 25 kDa, highlighted with a green box in Lane 4, does

not overwhelm the sample. This confirms that cleavage of the DTSSP releases pre-

dominantly interacting prey proteins and leaves behind the biotinylated TNC bait.

To further prove this assertion, I also completed a second elution with denaturing

guanidine hydrochloride, which destroys the NeutrAvidinTM agarose and releases

the resin protein and anything else bound. A band corresponding to retained TNC

appears in Lane 6 (green box) but not in the negative control Lane 7. Note that the

sample is distorted due the large NeutrAvidinTM contaminant, marked with a black

box. This is a key advantage of my method–by eluting the pull-down with non-

denaturing cleavage of the cross-linker, the eluates contain primarily the interacting

proteins without contamination with excess bait or NeutrAvidinTM. This maximizes

the likelihood of detecting interactors during MSMS, since mass spectrometers pref-

erentially detect the most abundant species.

In summary, Pilot 2 demonstrated that specific TNC-dependent interactors could

be pulled down directly from primary human monocytes using the cleavable cross-

linker DTSSP. However, before proceeding with full MSMS characterization of the

interactors, I wanted to check a few additional variables. In Pilot 3, I optimized the

concentration of DTSSP (previously at 1 mm) used during the cross-linking step,

checked to ensure that I was not missing any critical soluble interactors from the

cell culture medium by pulling-down only from the cell pellet, and experimented with

using fewer cells per condition. During Pilot 3, I seeded five dishes each with 100 x

106 monocytes, half the cell number used in Pilot 2. Due to protein limitations at

the time, I used 1.8 µm of the truncated biotinylated TNCXTAL construct (matching

the crystallizable TNC-c042, containing a five residue deletion at each terminus) as

bait; as Lane 1 in Figure 5.3B shows, this protein was significantly less pure than

the bait used in Pilot 2. After adding the bait, I treated the monocytes with five

different concentrations of DTSSP: 0 mm, 0.1 mm, 0.5 mm, 1 mm, and 2 mm. After

the cross-linking, I then harvested the cells as in Pilot 2, but I also retained the

conditioned cell culture medium, theoretically containing soluble TNC interactors.

I then pulled down both the lysate and the medium from each of the five [DTSSP]

using NeutrAvidinTM agarose, followed by a single reducing elution with DTT. I

analyzed the eluates with a silver-stained SDS-PAGE as before, the results of which

are presented in Figure 5.3B.
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During the washing stage of the pull-down, I made a mistake in Pilot 3. Out of a

desire to look for TNC interactors present without requiring a cross-linker to stabilize

them, I chose to use just PBS (rather than PBS with 0.9m NaCl) as the wash buffer

for the 0 mm DTSSP samples. As it turned out, PBS is a woefully insufficient wash

buffer, and the eluate from the 0 mm DTSSP sample (Lane 2) contained a smear of

non-specific bands. This means I have no proper negative control in this experiment

for comparison, because I did not include a “no bait” comparator like in Pilot 2. In

some ways, the messiness of Lane 2 highlights the critical value of the large 0.9m

NaCl washes. Despite the glaring omission of a bait-free, properly washed negative

control, Pilot 3 still provided important information about the method. First, as

Lanes 7–11 shows, there are essentially no TNC-specific interactors in the cell culture

medium, which validated the use of only the cellular fraction for the pull-down.

Secondly, the cross-linker titration spanning Lanes 3–6 showed that 1 mm DTSSP

is appropriate. At higher [DTSSP], non-specific cross-linking appears, indicated by

the smeary, indistinct bands in Lane 6. Furthermore, at lower [DTSSP] in Lanes

3 and 4, some bands (indicated with black asterisks) disappear relative to Lane

5. Therefore, 1 mm DTSSP represents the optimal balance between capturing the

most interactors and avoiding non-specific cross-linking. Pilot 3 also demonstrated

that 100 x 106 monocytes is sufficient input material to observe bands in the eluate,

so I maintained approximately this cell density in later experiments. Finally, on a

more general level, Pilot 3 represented an independent biological replicate of Pilot 2.

Using cells from a different donor, with the dirtier and different TNCXTAL construct

as bait, I still detected TNC interactors that could be specifically eluted by cleaving

the DTSSP cross-linker. Therefore, after these three pilots, I felt confident enough

to move forward with full MSMS experiments to confidently identify the specific

TNC interactors coming through the pull-down.

5.5 Full Experiment 1 with DTSSP

With a validated method in hand, I moved forward with two full XL-AP-MSMS

experiments, complete with sample analysis on high-end mass spectrometers in col-

laboration with Dr. Holger Kramer at Imperial College London. The experiments

were completed independently almost three months apart, and the results from the

first experiment proposed a hypothesis confirmed by the second experiment. There-

fore, I present the results separately and chronologically over the rest of Chapter

5. Also, at this point, COVID-19 restrictions prevented me from working in the
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Kennedy Institute, and I was not allowed to process human blood at the SGC. So,

all of the primary human monocytes used in these experiments were prepared by

Anna Marzeda and given to me.

5.5.1 Experimental Setup and Data Analysis

For Experiment 1, Anna Marzeda processed an entire leukocyte cone from “Donor

88” and seeded eight plates each containing approximately 100 x 106 monocytes.

From spare cells derived from a separate donor, Donor 87, Anna also seeded two

additional plates, giving me a total of ten plates for this experiment and allowing me

to complete five pull-downs with five matched controls. I used four plates, two from

Donor 88 and two from Donor 87, to analyze full-length, LPS-free, biotinylated TNC

from the large-scale purification presented in Figure 5.2B. I used two plates to ana-

lyze LPS-contaminated, biotinylated, His6-tagged ANGPTL6, two plates to analyze

LPS-contaminated, biotinylated, His6-tagged ANGPTL2, and the final two plates

to analyze LPS-contaminated, biotinylated, His6-tagged FGL1, all with protein pu-

rified from the medium-scale test expression presented in Figure 5.2A. I attempted

to polish ANGPTL2, ANGPTL6, and FGL1 to remove contaminating endotoxin;

however, while the treatment reduced the LPS levels by more than 75%, the lev-

els were not low enough to be considered truly LPS-free (exact levels reported in

Section 5.1.3). All of the baits used were of high purity, as demonstrated in the

silver-stained gel shown in Figure 5.4A. I decided to perform the pull-down with

three different FRePs, from three different subfamilies, to explore FReP-specific in-

teractors. Throughout, I used 2µm of the bait protein (or the equivalent volume of

buffer for the negative controls) and incubated the bait with the monocytes for 30

minutes before cross-linking with 1 mm DTSSP. As before, I incubated the cell lysate

for two hours with NeutrAvidinTM agarose and eluted with 50 mm DTT. However,

based on a freshly published protocol from Cho et al. and my desire to maximize

the specificity of the pull-down, I used a wash buffer containing 0.9m NaCl and 1%

Triton X-100 detergent [455]. Because of the covalent cross-linking and the essen-

tially covalent interaction between NeutrAvidinTM and biotin, incredibly harsh wash

buffers are compatible with the method; in fact, Cho et al. used 0.1% SDS and 1%

Triton X-100 in their lysis and wash buffers for anti-biotin pull-downs. I will return

to this choice, which I ended up reversing for the next experiment, later in Section

5.6.
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For the first time during Experiment 1, I prepared the eluates for MSMS analysis

rather than running them on a gel. First, I dried the eluates in vacuo, and next

denatured them with 8m Urea prior to reduction and alkylation of free Cys residues

with IA. As described in Section 5.1, I considered the large amount of DTT present

in the eluate and added sufficient IA to quench the DTT and still give a standard

final concentration of 20 mm IA for alkylation. After diluting out the Urea with

ammonium bicarbonate, I digested the proteins overnight with a 1:20 w:w ratio of

sequencing-grade trypsin protease (Sigma Aldrich). The generated peptides were

desalted the next morning with C18 stage tips according to the manufacturer’s

recommendation and then dried in vacuo before shipping to Dr. Kramer for analysis.

Dr. Kramer analyzed the samples in technical duplicate on a Q ExactiveTM Orbitrap

Mass Spectrometer (Thermo Fisher) and provided both protein hit lists filtered at

a 1% FDR rate as well as raw spectral counts (SPC) for quantification.

A key step in any AP-MSMS workflow is filtering the data to separate high-confidence,

true interactors from non-specific ones, which can pollute the hit list and cloud in-

terpretation of the data. Although many algorithmic methods exist to accomplish

this task, I implemented a gold-standard method known as SAINT [442]. Upon sup-

plying the program with raw spectral counts for each of the identified prey proteins

in the pull-downs and matched negative controls, SAINT calculates the posterior

probability of a true interaction between each bait and each prey protein in the

dataset using a Bayesian statistical modeling approach. SAINT generates two prob-

ability distributions for each unique bait-prey interaction, one for the probability of

a true interaction based on the spectral counts from the bait-containing pull-downs,

and one for the probability of a “false” (i.e. non-specific) interaction derived from

the spectral counts from all of the negative control bait-free pull-downs. Note that

SAINT pools all of the negative controls to generate a higher-confidence estimation

of the false interaction probability distribution, which increases the sensitivity during

MSMS workflows with a small number of biological replicates (usually between n = 3

and n = 5). SAINT also normalizes the spectral counts for the parent protein length

(i.e. the larger the protein, the more peptides that must be detected and vice-versa).

Comparison of the distance between the “true” and “false” probability distributions

generates a summary probability (SP) for each bait-prey pair, ranging from 0 (ab-

solutely a false interaction) to 1 (absolutely a true interaction), allowing specific,

high-confidence interactors to be identified across the dataset. In real terms, more

spectral counts in the bait-containing pull-down(s) and/or fewer spectral counts in

the negative controls increases the likelihood of a true interaction. SAINT results

are often filtered at an SP level of either 0.9 or 0.95, representing a 90% or 95%
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chance of a true interaction with a specific prey. SAINT is considered a rigorous

and relatively stringent way to identify true interactors in pull-down experiments:

it out-performs many other algorithms in the detection of low-abundance (i.e. few

SPC) but still high-confidence interactors, and it is commonly used to identify inter-

actors across a variety of AP-MSMS workflows [456, 457]. Conveniently, the SAINT

algorithm is implemented in the CRAPome web portal, which facilitates the analysis

of AP-MSMS data for free and without any local installation [441]. The CRAPome

portal also outputs simplistic log-fold changes in the spectral counts (i.e. prey SPC

with bait divided by the background prey SPC in the negative controls) alongside

the more complex SAINT-derived SP scores [441]. For these reasons, I used SAINT

as deployed on the CRAPome server as the workhorse analytical software in this

Chapter to identify and score FReP-interactors.

5.5.2 Full Experiment 1 Key Results

The raw MSMS ion intensities per sample, a relative indicator of the total amount of

peptides present, are presented for Experiment 1 in Figure 5.4B. Note that, except

for the TNC pull-down from Donor 88, the matched negative control contains fewer

peptides than the bait-containing pull-down. I expected this to be the case a priori,

especially based on the degree of enrichment observed with silver-staining in Pilot

2 (Figure 5.3A, Lanes 4 and 5). The reversal of this pattern from the TNC Donor

88 sample was puzzling–it is my hypothesis that I either forgot to add TNC to the

monocytes or, more likely, I switched the samples at some point. The workflow

requires transitioning from TC plates to Falcon tubes to spin columns to eppendorfs

to desalting columns and finally to fresh eppendorfs over the course of a two-day

experiment, creating ample opportunity to switch the samples. However, with no

concrete proof of a sample mix-up, I decided to exclude TNC Donor 88 from the

analysis and use only the TNC Donor 87 sample, accepting the caveat that I would

not be able to compare TNC to other FRePS in exactly the same donor.

Next, I analyzed the raw SPC data with SAINT, but first I would like to emphasize a

critical point. Throughout this Chapter, I err on the side of caution when identifying

hits. The SAINT authors consider scores above 0.8 to be informative [442], and

scores above 0.9 are considered stringent. I apply at least this level of stringency

(and for network analysis to follow, I use 0.95 as a cut-off) for a reason–the cross-

linking step can enrich transient interactions and lead to the pull-down of entire

protein interaction networks. Therefore, neighbors of neighbors of the direct binding
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MYH9 1.0 1.0 1.0

ERP44 0.95 0.96 0.98

MVP n.s. 1.0 0.99

TLN1 1.0 1.0 n.s.

VCP 0.90 0.99 n.s.

VCL 0.98 0.91 n.s.

ABRAXAS2 0.95 0.97 n.s.

EEF2 0.98 0.95 n.s.
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Figure 5.4 XL-AP-MSMS Experiment 1 Overview. A. 2 µg of each bait protein
analyzed for purity with silver-stained SDS-PAGE. B.Raw MSMS ion inten-
sity per sample. Except for TNC from Donor 88 (marked in red), the intensity
in the matched negative control is lower than the bait-containing pull-down.
C. Overlap of identified interactors (SP > 0.9) in Experiment 1, colored as in
B. The unreliable TNC Donor 88 data is not included. D. Gene ID’s for preys
identified from at least two of the baits (TNC, ANGPTL2, or ANGPTL6).

event can be detected; this is in fact the whole point of the method focusing on

receptoromes. Nevertheless, this feature can lead to many peripherally associated

proteins of dubious biological relevance appearing as interactors. For example, if

a receptor which is bound to the actin cytoskeleton is ligated, it is reasonable to

expect a priori that all other proteins bound to the actin cytoskeleton (for reasons

related to the bait or not) could be enriched in the pull-down. Therefore, in an effort

to drill down to the most dominant and functionally relevant protein communities

enriched in the data, I used quite stringent thresholds to weed out some of the noise.

Now, back to the data. After excluding the baits themselves, I identified 103 unique,
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high-confidence interactors with an SP score greater than 0.9. The flower-plot shown

in Figure 5.4C shows the overlap between interactors identified for each bait. Inter-

estingly, 82% of the interactors were unique to TNC, which aligns well with the raw

ion intensity data; TNC Donor 87 had by the far the most peptides, and therefore

SAINT can detect more interactors with higher confidence. Since an equal amount

of each bait protein was used in the pull-down, the over-representation of TNC inter-

actors could imply that TNC binds to and modulates the monocytes most potently.

FGL1 only pulled-down three proteins with high confidence, two of which (ERP44

and P4HB) were CyDisCo component homologs that almost surely represent con-

taminants rather than physiological partners; in fact, the ERP44 contaminant was

the only protein detected in all four samples. All prey proteins appearing as high-

confidence interactors of at least two of ANGPTL2, ANGPTL6, or TNC are listed

in Figure 5.4D.

To better explore the biological relevance of the interactors, I next completed a net-

work analysis with the highest confidence identified prey proteins that interact with

ANGPTL2, ANGPTL6, and TNC. I considered any prey with an SP score above

0.95 and a log2 fold-change greater than 1.5, and I integrated previously reported

interaction information directly from the BioGrid database [458]. The results of this

analysis are presented in Figure 5.5. The most striking feature of the network is the

central hub, containing the actin cytoskeleton and cytoskeleton-associated proteins,

which is present across all three baits and is highly interconnected based on previ-

ously reported data. Because cytoskeletal proteins are often contaminants in MSMS

work-flows, I want to emphasize here that these proteins were identified as very high

confidence interactors by SAINT, and that the raw peptide counts confirm that these

proteins were pulled-down in a FReP-dependent manner. For example, across all

negative control pull-downs, I detected only a single myosin heavy chain 9 (MYH9)

peptide; however, I observed 297 SPC in the TNC pull-down, 11 in the ANGPTL6

pull-down, and 20 in the ANGPTL2 pull-down. Therefore, this cytoskeletal hub is

not a contaminant–it is a biologically relevant feature of the FRePs.

The next questions, then, became obvious. What biologically relevant feature? How

can an extracellular ligand, cross-linked to extracellular membrane proteins, specifi-

cally pull-down a fully intracellular cytoskeletal network? It turns out that many of

the proteins in the central hub are known to be associated with activated integrin

adhesomes. In the network analysis presented in Figure 5.5, proteins annotated

in the adhesome.org database are marked with a black asterisk [459], and proteins

identified by Byron et al. as being enriched specifically in activated adhesomes are
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marked with a purple asterisk [451]. Integrins are heterodimeric transmembrane

receptors which facilitate communication between cells and the ECM by integrating

diverse extracellular signals, especially via a direct and physical connection between

integrins and the cytoskeleton. Integrin signalling relies on the assembly and co-

ordination of up to two hundred diverse effectors, which together are termed the

adhesome [460]. Adhesome constituents change depending on the ligand binding

event and on the existing intracellular environment, allowing Byron et al. to map

differences in the adhesome upon the binding of activating and inactivating anti-

integrin antibodies [451]. Eleven of the high confidence interactors I identified are

enriched in activated integrin adhesomes in the Byron et al. proteomics dataset;

integrin-linked protein kinase (ILK) is the only protein identified as an interactor

that is preferentially enriched in inactive adhesomes. Furthermore, four of most

common, “core” adhesome components [filamin A (FLNA), MYH9, talin-1 (TLN1),

and vinculin (VCL)] are pulled down with at least two different baits, and FLNA and

MYH9 are the only two prey proteins (outside of the contaminant ERP44) detected

in all three of the TNC, ANGPTL2, and ANGPTL6 pull-downs. Therefore, the

data strongly support the hypothesis that FRePs directly engage integrins and lead

to the formation of activated adhesome complexes in primary human monocytes.

Another important feature of the identified adhesome components is their known

proximity to the integrin receptor itself. There are five proteins which serve as

direct, single component bridges physically linking integrins to the cytoskeleton:

TLN1, FLNA, plectin (PLEC), tensin-1 (TNS1), and α-actinin-1 (ACTN1) [459].

Of those, TLN1, FLNA, and PLEC are enriched in activated adhesomes. I iden-

tified all three of these as high confidence interactors in Experiment 1. This is a

crucially important point, because DTSSP is impermeable–the only covalent bond

formed with the adhesome in this experiment is between the biotinylated bait and

the integrin ectodomain. This means that the intracellular interactors must have

survived stringent washing without the help of a cross-linker to stabilize them. A

priori, this would imply that the immediate integrin adaptors would be most likely

to come through the pull-down, and this is exactly what I observed. Furthermore,

many of the other identified adhesome components, including the cytoskeleton itself,

actin cytoplasmic 1 (ACTB), and known actin-binding proteins, including MYH9

and VCL, are at most two “steps” (i.e. bridging protein-protein interactions) away

from the receptor itself in the Byron et al. dataset [451]. So, the network is not

only enriched in activated adhesome components, it is enriched in integrin proximal

activated adhesome components, quite consistent with the notion that the most
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*     =  Adhesome associated (adhesome.org)

= Known interaction (BioGrid)

*    =  Activated adhesome associated (Byron et al.)

= Interaction detected in AP-XL-MSMS Experiment 1
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Figure 5.5 XL-AP-MSMS Experiment 1 Network Analysis. Network analysis of
identified interactors of TNC, ANGPTL2, and ANGPTL6 with SP >0.95 and
a log2 fold-change >1.5. All preys are in grey circles. Interactions found with
ANGPTL2, ANGPTL6, and/or TNC in Experiment 1 are marked with solid
edges. Known interactions, annotated at least twice in BioGrid, are marked
with green edges [458]. Proteins annotated in adhesome.org are marked with a
black asterisk [459], while proteins identified as activated adhesome associated
by Byron et al. are marked with a purple asterisk [451]. The network was
constructed and displayed using Cytoscape [461].

strongly associated, nearby interacting proteins survived the pull-down despite not

being cross-linked.

As a final check to ensure that my focus on the integrin aspect of the dataset was

reasonable, I performed standard gene-ontology (GO) enrichment on the hit-list of

interactors using the online tool PANTHER [462, 463], and pathway enrichment

analysis using the Reactome platform [464]. The top GO molecular functions en-

riched in the dataset include cell adhesion molecule binding (p = 2.4 x 10-15), actin

binding (p = 2.6 x 10-15), cytoskeletal protein binding (p = 4.3 x 10-14), structural
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molecule activity (p = 2.5 x 10-6), and integrin binding (p = 5.4 x 10-5). The top over-

represented Reactome pathways in the hit-list include smooth muscle contraction (p

= 1.57 x 10-8), cell-cell communication (p = 4.33 x 10-6), RHO GTPase effectors (p

= 4.58 x 10-6), and cell-extracellular matrix interactions (p = 1.2 x 10-4). Finally,

the only two pathways enriched via PANTHER Pathway analysis were cytoskeletal

regulation by Rho GTPase (p = 8.13 x 10-5) and integrin signalling pathway (p =

1.8 x 10-4). This unbiased enrichment of integrin- and cytoskeleton-associated terms

and pathways validates that adhesome formation in response to the FRePs is truly

the core conclusion of Experiment 1, and I have not cherry picked this feature from

the network by manually comparing my data to a few papers from the literature.

The final, and somewhat disappointing, result was the lack of TLR4 or any directly

TLR4-associated proteins in any of the pull-downs. Like integrin activation, TLR4

activation triggers the formation of large intracellular protein networks, including the

Myddosome [52], and often requires the participation of extracellular co-receptors

like MD-2. However, I detected none of these proteins in Experiment 1, and no GO

terms relating to TLRs or innate immune activation appeared. I will return to the

interactor leucine-rich repeat flightless-interacting protein 1 (LRRFIP1) in Section

5.6.2; however, excluding perhaps this protein, I found no evidence of any TLR4

binding during Experiment 1, and certainly no evidence that a TLR4-associated

protein network was enriched alongside the adhesome network.

5.6 Full Experiment 2 with DTBP and DTSSP

5.6.1 Improvements from Experiment 1

Although the identification of integrin-associated interactors was exciting, there were

a few features of the data from Experiment 1 that made me cautious. First, I did not

actually detect the presence of any integrins–rather, I observed that intracellular,

integrin-associated proteins were pulled-down. The strong and statistically confi-

dent enrichment of these intracellular interactors demonstrated that FReP-bound

integrin adhesomes, cross-linked extracellularly but containing proximal intracellular

interactors, survived the harsh washes and eluted upon DTSSP cleavage. However,

to validate my hypothesis, I wanted to both detect the mediator integrin and vali-

date the intracellular interactors using a cell-permeable cross-linker. Therefore, in

Experiment 2 I compared the use of DTSSP with a new, cell permeable cross-linker:
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DTBP. DTBP is, in fact, the exact same cross-linker used by Byron et al. to gen-

erate the reference set of adhesome-associated proteins, making it an excellent and

well validated choice [451]. DTBP cross-linking additionally has the potential to

cross-link and pull-down more distantly connected members of the intracellular ad-

hesome network, rather than just the immediately proximal proteins identified in

Experiment 1.

Secondly, I did not detect TLR4 or any known TLR4-associated signalling proteins in

Experiment 1. Therefore, the experiment contained essentially no data to support or

disprove my hypothesis regarding a TLR4-containing, FReP-activated receptorome.

One possible explanation is that the FReP-bound TLR4 was internalized during the

30 min pre-incubation with the bait prior to the addition of DTSSP. This is consis-

tent with data from Han et al. showing that, at least for LPS, TLR4 is activated and

internalized within 5 to 15 minutes [465]. If this were true for the FRePs, with a 30

minute pre-incubation I would have missed the TLR4-ligation phase completely; the

TLR4:FReP complex would be fully internalized by the time the DTSSP was added,

completely shielding it from cross-linking and therefore detection. To address this

problem in Experiment 2, I tested three different pre-incubation time points to try

to rescue a fast-forming, fast-disappearing TLR4-containing complex.

Thirdly, in addition to not detecting TLR4 or the putative integrins themselves

during Experiment 1, I did not confidently detect any known cell-surface receptors.

Therefore, Dr. Kramer agreed to run the samples from Experiment 2 on a more

sensitive mass spectrometer (Q ExactiveTM HF-XI from Thermo Fisher) to increase

the likelihood of detecting low-abundance peptides. Furthermore, Dr. Kramer added

5% DMSO to the liquid chromatography solvents, a method reported by Hahne et

al. to boost the signal intensity and the number of identified peptides in bottom-

up proteomics experiments [443]. As an additional measure to increase sensitivity,

Dr. Kramer looked at the raw data from Experiment 1 and detected significant

detergent contamination in the mass spectra. Detergents act as ion suppressants in

mass spectrometers and can broadly reduce sensitivity across the entire LC-MSMS

run. The detergent contamination appeared despite multiple large washes with

empty PBS between the washing and elution steps of the pull-down, suggesting

that it would be difficult to remove the detergent with a simple protocol change.

Therefore, in Experiment 2, I reversed my decision to include Triton X-100 and

returned to the simple wash buffer containing just 0.9m NaCl.

Fourthly, it is best practice in AP-MSMS experiments to perform at least three, and
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preferably five, biological replicates of the same bait protein in parallel to ensure the

reproduciblity of the identified prey proteins. Therefore, instead of testing multiple

FRePs, I used only LPS-free, biotinylated, full-length TNC as the bait across both

cross-linkers and all three time points in Experiment 2. I made this choice based

primarily on the observation that TNC clearly pulled down the most interactors in

Experiment 1; as an orthogonal reason, TNC is the canonical FReP family member

and the FReP with the clearest link to disease biology. Finally, I chose to incubate

the lysate with the NeutrAvidinTM agarose overnight, rather than for just two hours,

partially to maximize recovery and partially to simplify the experiment. The XL-

AP-MSMS workflow used for Experiment 1 takes over 14 hours to complete on the

first day; incubating with the resin overnight splits the work more manageably and

makes the method less daunting.

5.6.2 Experimental Setup

With the limitations in Experiment 1 identified and a strategy for improving the

experiment developed, I moved forward with executing Experiment 2 essentially as

previously described. I obtained 12 plates with 70 x 106 monocytes per plate from

Anna Marzeda, enough for six pull-downs and six matched controls. I added LPS-

free, biotinylated full-length TNC to six dishes at a final concentration of 2 µm, while

a matching amount of empty buffer was added to six negative controls. However,

this time I pre-incubated TNC with the cells for either 30 sec, 10 min, or 30 min

before the addition of the cross-linker. I used a final concentration of 1 mm DTSSP as

before; for the permeable cross-linker DTBP, I used 3 mm, exactly the concentration

used by Byron et al. [451]. Again, I allowed the cross-linking reaction to proceed

for 30 minutes (no matter how long the pre-incubation lasted) before quenching

with excess Tris, harvesting the cells, and pulling down on NeutrAvidinTM agarose

overnight. Following stringent washes with a wash buffer containing only 0.9m

NaCl, I eluted the samples. For DTSSP, the elution buffer contained 50 mm DTT;

for DTBP, the elution buffer contained 100 mm DTT. As recommended for DTBP,

which has a harder-to-cleave disulfide bond in the middle, the beads were incubated

for 30 min at 50 ◦C with the elution buffer to promote complete cleavage of the

cross-linker. I also added this incubation step to the DTSSP samples to ensure all

samples were treated equivalently; the NeutrAvidinTM:biotin interaction is stable

even up to the point of boiling, so this heated elution strategy still only released

the interacting proteins. The eluate samples were alkylated, digested, and desalted

as before and sent to Dr. Kramer, who collected MSMS data on each sample in
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technical duplicate using the top-end Q ExactiveTM HF-XI mass spectrometer. The

raw SPC were averaged across the two technical replicates and used as the input to

SAINT for identification of interactors, exactly as in Experiment 1. As discussed

further in Section 5.6.3 below, I looked for proteins that were confidently enriched

both across and within the three time points using SAINT.

5.6.3 Bulk Analysis Validates Integrin Hypothesis

CCAR2, TLN1,
MYL12A, SPTAN1,
VIM, FASN, FLNA,

LSP1, ANKRD44,
YWHAZ, KCTD12,

EEF2
VCL, PPP2R1A,

IQGAP1,YWHAQ,
PDIA6, PFN1, FTH1, 

ABRAXAS2

MYL6, ACTR1A, MPO,
MYH9, TPM4, LRRFIP1

VCP, PPP6R1, SAFB,
PPP6C, LCP1, RPL4

CAPZB

RRBP1

Figure 5.6 TNC Prey Proteins Across All XL-AP-MSMS Experiments. TNC-
dependent prey proteins confidently detected in Experiment 1 and/or Experi-
ment 2 with SP > 0.95. The proteins in the overlapping regions are specified;
any protein known to be associated with adhesomes (as annotated in Figure
5.5) is displayed in green text.

To get a broad picture of the data, I first looked for prey proteins broadly enriched

(SP >0.95) within each cross-linker. With this analysis, each time point (along

with the matched negative control) is treated as a single biological replicate by
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SAINT, meaning that proteins consistently enriched across all three time points will

be identified as confident interactors. This approach provides a top-down view of

the data in order to compare broad differences between the cross-linkers used in

Experiment 2 as well as the differences between Experiment 1 and Experiment 2.

Figure 5.6 presents a Venn diagram visualizing the overlap between the TNC-

dependent prey proteins enriched in Experiment 1, Experiment 2-DTSSP, and Ex-

periment 2-DTBP. There are five conclusions to be drawn from this data. First, note

that more TNC interactors (47) were identified in Experiment 1 than in Experiment

2-DTSSP (16). This could be due to the omission of detergent in the Experiment 2

wash buffer or stochastic differences between the cells used; manual inspection of the

raw peptide counts confirmed that there were simply less peptides detected in Exper-

iment 2-DTSSP than in Experiment 1. Second, Experiment 2-DTBP identified by

far the most prey proteins (131), consistent with DTBP’s permeability and my ex-

pectations. DTBP, after crossing the membrane, can cross-link farther downstream

the TNC-induced network, covalently stabilizing these more distant interactors and

allowing them to be pulled down. As a result, there were 118 preys detected in

Experiment 2-DTBP that were not detected in either DTSSP pull-down. Third,

the increased number of interactors in the DTBP pull-down supports my previous

hypothesis that the DTSSP interactors represent a strongly associated subset of the

most receptor-proximal proteins and validates the use of a permeable cross-linker to

replicate Experiment 1. Since there were so many unique interactors identified in

the DTBP pull-down, I provide a summary of the top 70 hits in Figure 5.7. Fourth,

there was good agreement between Experiment 1, Experiment 2-DTSSP, and Ex-

periment 2-DTBP: 57% of the preys identified in Experiment 1 were validated in

Experiment 2, and 34 different preys were identified in at least two of the three

datasets. These overlapping, reproducible preys are specifically enumerated in the

inset black boxes in Figure 5.6.

The fifth, and most important, conclusion is that Experiment 2 conclusively repro-

duced the enrichment of integrin-associated adhesome components during Experi-

ment 1. In Figure 5.6, protein names in bold green font are the TNC-dependent

adhesome components identified in Experiment 1 and validated in Experiment 2.

These included the immediately integrin-proximal adaptors TLN1 and FLNA, the

scaffolding protein Ras GTPase-activating-like protein (IQGAP1), the actin-binding

regulators profilin-1 (PFN1) and VCL, and the myosins light polypeptide 6 (MYL6)

and MYH9, all of which are reported to be up-regulated at activated integrin ad-

hesomes by Byron et al. In addition to MYL6 and MYH9, the cytoskeletal pro-

201



Protein log(FC) SP
Sum SPC 

+ TNC

Sum SPC 
Neg. 

Control

VCP 14.14 1 389 0
MYH9 13.22 1 384 0
FLNA 8.67 1 228 0
TLN1 4.15 1 97 0

ACTN4 4.11 1 83 0
LCP1 3.41 1 70 0
MYL6 3.12 1 72 0

PRKDC 3.11 1 57 0
TPM4 2.96 1 60 0
VCL 2.25 1 34 0
TPP2 2.25 1 36 0

ACTN1 2.24 1 32 0
DDB1 2.14 1 28 0

AHNAK 2.04 1 35 0
EEF2 2 1 30 0

HNRNPU 1.94 1 29 0
MPO 1.88 1 27 0

ESYT1 1.87 1 23 0
SNRPD2 1.65 1 20 0
PPP6C 2.59 0.99 44 0

HNRNPM 2.33 0.99 41 0
YWHAZ 2.2 0.99 34 0
RNH1 2.16 0.99 29 0

DDX17 1.86 0.99 26 0
MSN 1.86 0.99 26 0

LRRFIP1 1.85 0.99 24 0
DPYSL2 1.83 0.99 25 0
PRPF19 1.73 0.99 23 0

MVP 1.7 0.99 20 0
IQGAP1 1.64 0.99 21 0

PAICS 1.61 0.99 15 0
FASN 1.61 0.99 15 0

HNRNPA3 1.58 0.99 19 0
PCCA 1.48 0.99 15 0

HSP90AA1 1.48 0.99 15 0

Protein log(FC) SP
Sum SPC 

+ TNC

Sum SPC 
Neg. 

Control

ARHGEF2 1.48 0.99 15 0
SAFB 1.45 0.99 14 0
STIP1 1.45 0.99 12 0
P4HB 1.45 0.99 14 0

HCFC1 1.43 0.99 13 0
TKT 1.4 0.99 12 0

MYO1G 1.32 0.99 9 0
HCLS1 1.84 0.98 27 0
ACTR3 1.81 0.98 26 0
SRSF1 1.8 0.98 24 0

ALDOA 1.77 0.98 21 0
MDH2 1.7 0.98 20 0
KHSRP 1.68 0.98 21 0
PCBP1 1.65 0.98 20 0

HNRNPH1 1.63 0.98 21 0
ACAA2 1.61 0.98 18 0

ACTR1A 1.58 0.98 19 0
HNRNPK 1.56 0.98 18 0
SAMHD1 1.55 0.98 16 0

SRSF3 1.53 0.98 17 0
ACTR2 1.5 0.98 14 0
DHX9 1.49 0.98 17 0

PPP2R1A 1.45 0.98 14 0
PDIA3 1.44 0.98 15 0
CAPN2 1.39 0.98 10 0

TRIM28 1.38 0.98 11 0
ALDH16A1 1.38 0.98 13 0

EIF3A 1.36 0.98 12 0
SART1 1.35 0.98 12 0

GSR 1.3 0.98 8 0
ATP6V1A 1.25 0.98 8 0

VIM 2.2 0.97 139 4
CAPZB 1.78 0.97 25 0
RPL4 1.73 0.97 23 0

PCMT1 1.67 0.97 19 0

Figure 5.7 Top 70 Interactors in Experiment 2-DTBP. List of top 70 proteins
identified in the pooled analysis (n = 3) of the Experiment 2-DTBP pull-
downs. In order, the log2-fold change, SAINT calculated SP score, and raw
sPC summed from the three +TNC and three negative control pull-downs
are provided.

teins alpha-centractin (ACTR1A) and tropomyosin alpha-4 chain (TPM4), calcium-

binding defense protein myeloperoxidase (MPO), and the previously mentioned LR-

RFIP1 were identified as TNC interactors in all three experiments. The use of

DTBP and the more sensitive mass spectrometer also allowed me to detect peptides

from three-different integrins: integrin αM (ITGAM; 3 total peptides), integrin β2

(ITGB2; two peptides), and integrin β3 (ITGB3; two peptides). While these low

peptide counts only resulted in a statistically significant enrichment of ITGB2 at the

30 second time point (SP = 0.98; see below for discussion of time points), there was

not a single integrin-derived peptide in any of the six negative control pull-downs.

Therefore, Experiment 2 not only reproduced Experiment 1, it also allowed me to

speculatively hypothesize, based on previously reported integrin super-family dimer-

ization preferences [466], that the integrin heterodimers αMβ2 and αVβ3 could be
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the (co-)receptors for TNC.

Integrin αVβ3 is the fibrinogen and vitronectin receptor which typically binds to

RGD-containing peptides; however, it can also bind to proteins without this mo-

tif [467]. Furthermore, FGG (the first FReP family member to have its structure

solved, see Section 2.7) is an αVβ3 ligand [468], and it has been reported that TNC

can also bind to integrin αVβ3 via the peptide Trp2145–Gly2714 [399]. This region

contains the pseudo-canonical RGD motif “RYGD” and is present in a loop-sheet-

loop motif in the P-subdomain of TNC (see structure and sequence in Figure 2.10).

My detection of ITGB3, which preferentially associates only with integrin αV (IT-

GAV), as a TNC interactor in Experiment 2 represents a biophysical validation of

these previous reports that TNC binds to αVβ3. Integrin αVβ3 is also known to

associate with and regulate TLRs, suggesting that it could be involved in a TLR4-

associated receptorome. Integrin αVβ3 ligation with an RGD-containing protein

inhibits LPS-induced cytokine production, MAPK activation, and monocyte migra-

tion in both in vitro and in vivo assays [469]. Conversely, in a mouse model of lung

sepsis, Chen et al. showed that LPS-activated TLR4 drives increased expression

of integrin αVβ3, which in turn enhances the release of the pro-inflammatory cy-

tokine TNFα. Similarly, Chen et al. also demonstrated that TLR4 and integrin β3

can co-localize after LPS stimulation, and that deletion of integrin β3 suppresses

LPS-induced cytokine release in murine peritoneal macrophages [470]. Antonov et

al. also suggested that integrin αVβ3 drives inflammation, reporting that integrin

αVβ3 maintains chronic inflammatory processes and synergizes with LPS-induced

in vitro activation of human monocytes and macrophages [471]. Partially alongside

TLR2, integrin αVβ3 can also itself act as a non-canonical PRR and trigger an

anti-viral innate immune response [472, 473].

Based on multiple PubMed searches, TNC has never been discussed in a paper

alongside integrin αMβ2, meaning this interaction could be novel; yet again, how-

ever, there is some evidence in the literature that αMβ2 is a reasonable candidate for

a TNC co-receptor. Integrin αMβ2 is a phagocytic receptor also known as comple-

ment receptor 3 (CR3), macrophage-1 antigen (Mac-1), or CD11b/CD18. Addition-

ally, based on proteomics data in pax-db, both ITGAM and ITGB2 are expressed

at their highest level in monocytes, the cells used throughout Chapter 5. Signalling

through αMβ2 (and, indeed, αVβ3) is driven primarily through the adaptors TLN1

[474], which was significantly enriched in both Experiment 1 and Experiment 2, and

Kindlin-3 aka FERMT3, which was significantly enriched in Experiment 1. Just like

αVβ3, FGG has been reported to bind directly to αMβ2, likely using the cationic
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peptide 190–GWTVFQKRLDGSV [475]. During non-classical signalling, integrin

αMβ2 can cluster with other receptors and stimulate the formation of membrane

ruffles in LPS-simulated macrophages [476], and ITGAM has been reported to posi-

tively regulate LPS-activation of TLR4 and to be essential for endocytosis of TLR4

in dendritic cells [477]. β2 integrins can also directly stimulate cytokine expression in

macrophages and neutrophils, and they are key regulators of leukocyte recruitment

at sites of infection [478, 479].

Therefore, I hypothesize that integrin αMβ2 and/or αVβ3 could be direct TNC-

interactors that might also contribute to a TLR4-associated receptorome. Another

FReP, FGG, is known to directly bind to both heterodimers, and TNC has itself been

shown to bind to αVβ3. Furthermore, both integrin heterodimers have clear innate

immune roles, either alongside or independent of TLRs, and the bulk of the evidence

seems to suggest that they are pro-inflammatory in myeloid cells and leukocytes.

Although this remains a speculative hypothesis, the formation of activated integrin

adhesomes in the presence of TNC, via αMβ2 and/or αVβ3, is clear and noteworthy,

and the biological consequences of this integrin ligation event merit further inquiry.

5.6.4 Time-Dependent Analysis does not Reveal TLR4

Like in Experiment 1, I detected no enrichment of TLR4 using the pooled time points

in Experiment 2. However, to explore the potential of an “early” TLR4 ligation and

subsequent internalization, I processed each time point independently. I treated

each cross-linker/time point combination as a single biological replicate, and I used

all six negative control pull-downs as the reference for SAINT to detect enriched

interactors. Using all of the negative control data increases the robustness of SAINT,

provides a stringent evaluation of background contaminants (in that detection of the

protein in any negative control reduces the SP score), and is reasonable given that

all negative control cells were treated with the same volume of empty buffer prior

to cross-linking and pull-down. Because SAINT assigns priority to prey proteins

which appear reproducibly across all biological replicates, running the analysis with

single time point pull-downs results in a larger number of proteins being identified

as “significantly” enriched relative to the bulk analysis presented in Section 5.6.2.

For example, a protein with SPC of eight, zero, and five across the time points

would not be counted as significant in a bulk analysis due to the complete lack of

peptides in the 2nd time point. However, in a single-replicate analysis, the protein

would be scored as significantly enriched in the time points with SPC of eight and
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five. Therefore, because I only had a single replicate for each time point, the hits in

this section are notably less reliable and more speculative than the previous section

discussing the pooled data. However, digging into these single replicate time points

is the only way to look for the transient enrichment of TLR4, so it is a worthwhile

trade-off.

With this caveat in mind, the results of this time point analysis are presented as a

Venn diagram in Figure 5.8. I detected 68 proteins that were enriched in at least one

of the DTSSP time points (Figure 5.8A), and 444 proteins that were enriched in at

least one of the DTBP time points (Figure 5.8B). However, not a single one of these

proteins was TLR4. Note that this is not because TLR4 was wholly absent from the

dataset, a problem which could suggest that the method is inadequately sensitive

for detection of a low abundance protein. Rather, there were six TLR4 peptides in

the DTSSP negative controls and only one in the TNC pull-downs, while there were

seven TLR4 peptides in the DTBP negative controls and ten in the TNC pull-downs.

Therefore, TLR4 was detected but not significantly enriched at any time point with

either cross-linker. As in Experiment 1, I cannot draw meaningful conclusions about

a TLR4-associated receptorome with the data from Experiment 2, despite making

every effort with the methodological changes discussed above to increase sensitivity

and identify a suitable time point.

However, even though TLR4 was not identified, the time-dependent enrichment of

certain proteins does suggest that there are distinct “early” and “late” phases within

the thirty minute window following stimulation with TNC in human monocytes. In

the DTSSP pull-down, there were five proteins identified only in the 30 sec “early”

time point (listed in the green box in Figure 5.8A) and 24 proteins identified only in

the 30 min “late” time point. The single most highly enriched GO term at the late

time point was “RNA processing” (n = 11; p = 6.4 x 10-9), and the second highest

was “gene expression” (n = 15, p = 6.2 x 10-9). This means that more than 50% of

the late proteins were involved in transcriptional processes, suggesting that by the

30 min time point, the signal from TNC was fully integrated and the entire down-

stream signalling cascade was formed. This is borne out by comparison to the DTBP

dataset, in which 105 proteins were specifically enriched in the early time point and

94 proteins were specifically enriched in the late time point. GO enrichment of the

early time point proteins, provided in detail in Figure 5.8B, yielded terms including

“cellular response to cytokine stimulus”, “innate immune response”, and “establish-

ment of localization in cell”. However, at the late time point, GO enrichment again
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Enriched “30-sec Only” GO Terms
• Biological process involved in interspecies interaction 

between organisms (n = 42; p = 3 x 10-15)
• Establishment of localization in cell (n = 42; p = 1 x 10-13)
• Cellular response to cytokine stimulus (n = 15; p = 2 x 10-4)
• Innate immune response (n = 15; p = 3 x 10-5)
• Neutrophil degranulation (n = 13; p = 2 x 10-6)

Enriched “30-min Only” GO Terms
• mRNA metabolic process (n = 26; p = 9 x 10-17)
• RNA splicing (n = 22; p = 2 x 10-17)
• Clathrin coat assembly (n = 4; p = 3 x 10-6)

TPM3, SSBP1, 
PAICS, TPP2, 

LSP1

SNW1, RAE1, STRN, 
DDX17, MYL12A, 

HNRNPH1, RUVBL2, 
ETV6, SRP14, SSU72, 

LASP1, POLR2I, 
FGFR1OP2, ZC3H13, 
RPS8, FBL, ZNF326, 

SNRPD2, TAF15, SRP9, 
RPL17, COX5A, 

ALDH16A1, PDIA6

A.

B.

DTSSP (Impermeable)
SP > 0.95

DTBP (Permeable)
SP > 0.95

Figure 5.8 Time-Dependent Prey Proteins. A.Identified interactors (SP > 0.95)
across the three DTSSP time points. Proteins unique to the 30 sec time
point in the green box, proteins unique to 30 min time point in the red
box. B.Same format as in A., except for the DTBP pull-downs. Significantly
enriched biological process GO terms from the unique “early” 30 sec and
“late” 30 min proteins are provided. GO enrichment was performed with
PANTHER [462, 463].

picked out more transcriptional terms, including “mRNA metabolic processes” and

“regulation of RNA splicing”.

To further emphasize this kinetic difference, in Figure 5.9 I compare the specific genes

enriched at the 30 second DTBP time point under the GO term “innate immune

response” against the genes enriched at the 30 min DTBP time point under the GO

term “mRNA metabolic processes”. The early interactors (in Figure 5.9A) include

multiple proteins known to be involved with TLR4-triggered immune responses.

First, PRKCD, a member of the protein kinase C (PKC) family also known as PKC-

δ, is a known downstream regulator of many TLRs, including TLR4. LPS (and other
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UniProt Gene ID Gene Name

O95400 CD2BP2
CD2 antigen cytoplasmic tail-binding protein 

2

Q99459 CDC5L Cell division cycle 5-like protein

P62314 SNRPD1 Small nuclear ribonucleoprotein Sm D1

Q9UKV3 ACIN1
Apoptotic chromatin condensation inducer in 

the nucleus

O43143 DHX15
Pre-mRNA-splicing factor ATP-dependent RNA 

helicase DHX15
O43172 PRPF4 U4/U6 small nuclear ribonucleoprotein Prp4
Q13315 ATM Serine-protein kinase ATM

Q15637 SF1 Splicing factor 1

Q96FV9 THOC1 THO complex subunit 1

P62316 SNRPD1 Small nuclear ribonucleoprotein Sm D2
Q13285 SF1 Steroidogenic factor 1
Q99590 SCAF11 Protein SCAF11
Q9Y5S9 RBM8A RNA-binding protein 8A

Q9Y3F4 STRAP
Serine-threonine kinase receptor-associated 

protein
Q01130 SRSF2 Serine/arginine-rich splicing factor 2
P49756 RBM25 RNA-binding protein 25;RBM25;ortholog

P67775 PPP2CA
Serine/threonine-protein phosphatase 2A 

catalytic subunit alpha isoform

P63151 PPP2R2A
Serine/threonine-protein phosphatase 2A 55 

kDa regulatory subunit B alpha isoform
O75934 BCAS2 Pre-mRNA-splicing factor SPF27

Q9P013 CWC15
Spliceosome-associated protein CWC15 

homolog
P19387 POLR2C DNA-directed RNA polymerase II subunit RPB3

P62310 LSM3 U6 snRNA-associated Sm-like protein Lsm3

Q8IX12 CCAR1
Cell division cycle and apoptosis regulator 

protein 1
P15880 RPS2 40S ribosomal protein S2

P52597 HNRNPF Heterogeneous nuclear ribonucleoprotein F

Q07666 KHDRBS1
KH domain-containing, RNA-binding, signal 

transduction-associated protein 1

Innate immune response
(n = 15; p = 3 x 10-5)

mRNA metabolic processes
(n = 26; p = 9 x 10-17)

B.A.

UniProt Gene ID Gene Name

P12724 RNASE3 Eosinophil cationic protein

P23246 SFPQ
Splicing factor, proline- and 

glutamine-rich

P19878 NCF2 Neutrophil cytosol factor 2

P07814 EPRS
Bifunctional 

glutamate/proline--tRNA 
ligase

P04839 CYBB
Cytochrome b-245 heavy 

chain

P13010 XRCC5
X-ray repair cross-

complementing protein 5

P10321 HLA-C
HLA class I histocompatibility 

antigen, C alpha chain

Q05655 PRKCD Protein kinase C delta type

Q9UM07 PADI4
Protein-arginine deiminase 

type-4

P28062 PSMB8
Proteasome subunit beta type-

8

Q15233 NONO
Non-POU domain-containing 

octamer-binding protein

P17931 LGALS3 Galectin-3

P02671 FGA Fibrinogen alpha chain

Q9Y2Y1 POLR3K
DNA-directed RNA 

polymerase III subunit RPC10

P20592 MX2
Interferon-induced GTP-

binding protein Mx2

Figure 5.9 Enriched Early and Late Communities. A.Prey proteins enriched at
the early DTBP time point and classified under the GO term “innate im-
mune response”. B.Prey proteins enriched at the late DTBP time point and
classified under the GO term “mRNA metabolic processes”. These groups
come from the GO enrichment presented in Figure 5.8.

TLR ligands) broadly activate PKC family members in monocytes and lymphocytes,

and PKC inhibitors reduce the activation of NFκB upon LPS stimulation [480]. In

fact, PRKCD is known to directly interact with the TLR4 adaptor TIRAP, and

downregulation of PRKCD sharply reduces downstream activation of MAPK and

NFκB following stimulation with either TLR2 or TLR4 ligands [481]. Secondly,

LGALS3, also known as galectin-3, is a β-galactoside-binding lectin that also binds

directly to LPS, and it has diverse and sometime opposing roles in the innate immune

response. LGALS3 is known to downregulate the LPS-induced pro-inflammatory

response in immune cells [482]; however, LGALS3 also increases inflammation in

arthritic joints, likely by activating the release of IL-6 downstream of TLR2, TLR3,

and TLR4 [483]. Intriguingly, secreted LGALS3 has been reported to bind directly to

TLR4 with a biophysically determined (via MST) KD of 1 µm, an interaction which
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activates microglia during neuroinflammation and is required to elicit the maximal

response to LPS [484]. Next, enrichment of HLA-C, part of the MHC class I family of

antigen presenters, along with the proteosome subunit PSMB8 suggests that antigen

presentation, a key link between the innate and adaptive immune responses, has been

up-regulated at the early time point [485]. This could also be TLR-dependent: MHC

class II molecules, acting in a non-canonical function, are direct adaptors for TLR3,

TLR4, and TLR9 and link TLRs to Bruton’s tyrosine kinase (BTK) via Myd88

and TRIF, resulting in the enhanced release of pro-inflammatory cytokines [486].

Therefore, the early time point interactors from Experiment 2 are consistent with

the activation of an innate immune response almost immediately upon addition of

TNC, which is consistent with expectations and with the cytokine release I observed

in Figure 5.2D. Furthermore, while I did not directly detect the enrichment of TLR4,

a handful of these innate immune interactors are known to be TLR4-associated in

relevant models. Broadly, then, these MSMS results suggest a model whereby TNC

activates a TLR4-dependent signalling mechanism, but not via a direct ligation of

TLR4 itself.

At the 30 minute time point, proteins involved in mRNA metabolic processes are

enriched (see Figure 5.9B), suggesting that the signal from TNC is integrated into

a transcriptional response during the pre-incubation step. These proteins include

RNA binders and regulators, ribosomal subunits, transcriptional regulators, splicing

factors, and even members of the spliceosome. CCAR1 is a known regulator of the

Mediator megacomplex that controls transcription by RNA polymerase II [487], and

POL2RC is also enriched at this time point. The up-regulation of transcriptional and

splicing proteins implies that DTBP cross-linking stabilizes a TNC-associated signal

transduction network all the way into the nucleus, although the involvement of non-

specific cytoskeleton-associated proteins complicates deconvolution of the specific

cascade. Additionally, PPP2CA (aka RP-C) and PPP2R2A are members of the

serine-threonine protein phosphatase 2 complex, which is a tumor suppressor that

downregulates signalling by dephosphorylating active kinases [486]; this suggests

that the monocytes might already be dampening their pro-inflammatory response

to TNC after just 30 minutes.

Taken together, the time point analyses imply a model whereby, almost immedi-

ately upon addition, TNC binds to cell-surface receptors (including integrins, a

TLR4-involved complex, and unknown other components) and triggers an innate

immune response; however, this response is not fully integrated or communicated to

downstream transcriptional regulators until at least 30 minutes later. As mentioned
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in Section 5.6.3, it was only in the 30 sec time point that ITGB2 was significantly

enriched, consistent with a model wherein receptor ligation occurs nearly instanta-

neously upon TNC addition. Based on this data and the LPS time course from Han

et al. discussed previously, I believe that similar MSMS experiments with DAMPs

should be conducted with a very short pre-incubation, rather than with the stan-

dard 30 min pre-incubation often used and which I deployed in Experiment 1. These

data provide an impetus for repeating the earlier time point with a full set (at least

five) of biological replicates for both TNC and the other FRePs, an experiment I

had planned but which was stopped by COVID-19. If additional replicates were

completed at the 30-sec time point, providing more robust statistical confidence in

the identified preys, Experiment 2 implies that FReP-specific receptoromes could

be deeply probed with my XL-AP-MSMS method.

As a final point, I identified over 440 “interactors” during Experiment 2-DTBP.

However, because TNC ligated cytoskeleton-bound integrins and the sample was

cross-linked with the permeable DTBP, it is impossible to distinguish between pro-

teins involved in a direct signalling network downstream of TNC and proteins which

are simply non-specifically associated in some fashion with the cytoskeleton. The

covalent linking of neighboring proteins is both the strength and the weakness of

the method, and it explains why the number of “interactors” is an order of mag-

nitude higher than would be expected in a standard IP-MSMS experiment. This

fact is why I limited my analysis to generic conclusions, focused primarily on the

integrin hypothesis and qualitative differences between the time points, rather than

drilling down to focus on individual identified proteins. This kind of MSMS exper-

iment should be treated strictly as a hypothesis generation exercise, especially in

the absence of the a priori hypothesized receptor (in this case TLR4) which could

anchor a downstream network analysis based on prior knowledge. However, in line

with the goal of the experiment to clarify the uncharacterized FReP-associated re-

ceptorome, I abandon this high-level viewpoint in the following Section 5.6.5 and

speculate about specific potential TNC co-receptors.

5.6.5 Speculating on TNC Co-Receptors and Adaptors

Despite the potential for false-positives due to the non-specific covalent capture of

“interactors” that are simply connected to the cytoskeleton, in the spirit of hypothe-

sis generation I discuss five different putative co-receptors or adaptors in this section:

LRRFIP1, MPO, KCTD12, APOBR, and LRP1. These proteins are all known to
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be integral membrane proteins, secreted, or directly membrane proximal, and they

were detected in at least one of the analyses presented previously above. These

proteins require careful validation, and I provide recommendations for downstream

experiments in Section 5.7 which could provide additional evidence to support the

role of these proteins in FReP activation of monocytes.

LRRFIP1 (also known as Flap-1, Fli-I, or GCF2) is one of the six proteins (see

Figure 5.6) that was pulled down by TNC in all three of Experiment 1, Experi-

ment 2-DTBP, and Experiment 2-DTSSP. LRRFIP1 is a nucleotide binding protein

that is canonically viewed as a nuclear transcriptional repressor for genes includ-

ing TNFα, EGFR, and platelet-derived growth factor (PDGF) [488, 489]. However,

more recent evidence shows that cytosolic LRRFIP1, in conjunction with the related

LRRFIP2, is a direct Myd88 interactor which activates TLR4 signalling in response

to LPS by competing for the Myddosome inhibitor FLII. [490]. Furthermore, LR-

RFIP1 has been shown to co-activate the release of IFNβ by acting as a direct,

intracellular dsDNA sensor during L monocytogenes and VSV infection [491]. This

effect stems from the activation of β-catenin and subsequent induction of the key

IFNβ transcriptional regulator IRF3, which is known to act downstream of many

PRRs including TLRs [492]. Therefore, LRRFIP1 can either directly or indirectly

activate a pro-inflammatory response to PAMPs. Even though LRRFIP1 is cytoso-

lic, it was enriched in the extracellularly cross-linked DTSSP samples; this suggests

that LRRFIP1 is not a direct TNC binder, but rather a key, immediately proximal

downstream regulator (much like FLNA or TLN1 just downstream of the integrins).

LRRFIP1 enrichment could serve as mediator downstream of TLR4, as reported for

LRRFIP1 regulation of LPS responses, or an orthogonal receptor.

Along with LRRFIP1, MPO was the other non-cytoskeletal protein enriched in

all three pull-downs. MPO is a heme-containing peroxidase that, in either the

phagolysosomal compartment or when secreted by neutrophils and monocytes, cat-

alyzes the formation of antibacterial reactive oxygen species [493]. Because of its

upregulation at sites of inflammation, MPO has been implicated in the progression

of RA, pulmonary inflammation, and skin inflammation; however, MPO can be both

pro- and anti-inflammatory depending on the model system. MPO inhibitors have

been actively developed, primarily due to the observation that MPO-derived oxi-

dants contribute to tissue damage and increased MPO levels predict major cardiac

events [494]. In fact, MPO is a well recognized and highly accurate biomarker for

inflammation in ischemic heart disease and other coronary diseases [495]. Although

most previous work has focused on MPO metabolites or anti-MPO auto-antibodies,
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the MPO protein itself can also have immune regulatory functions [496]. In neu-

trophils, MPO has twice been reported to bind directly to β2 integrins and act as a

survival signal to prolong inflammation [497, 498]. Therefore, a reasonable hypoth-

esis is that extracellular MPO acts as a co-receptor for TNC along the integrin axis,

either as a direct TNC binder or as a β2 integrin adaptor.

KCTD12, aka potassium channel tetramerization domain containing protein 12, is

a relatively understudied (only 62 publications in PubMed), cytosolic, membrane-

associated protein that was enriched in both Experiment 1 and Experiment 2-DTBP.

At the N-terminus, KCTD12 contains a T1 domain that controls receptor oligomer-

ization in other KCTD family potassium channels [499]; however, KCTD12 is not

itself a transmembrane channel. In the brain, KCTD12 is a key auxiliary activa-

tor of the G-protein-coupled receptor GABAB that increases agonist potency and

accelerates signalling [500]. KCDT12 has been reported as an oncoprotein that facil-

itates the G2/M transition and promotes tumorigenesis by directly interacting with

cyclin-dependent kinase 1 (CDK1) and activating Aurora kinase A [501]. There are

no reports of immune-modulating activities of KCTD12, but, according to pax-db,

KCTD12 is the 28th most highly expressed protein in human monocytes. Therefore,

like LRRFIP1, it is likely that KCTD12 is a receptor-proximal adaptor in the cytosol

that regulates the response to TNC. The potential involvement of GPCRs in TNC

detection by monocytes is intriguing, especially given KCTD12’s direct association

with GABAB. However, given the lack of immune-relevant data on KCTD12, it is

impossible to speculate as to whether KCTD12 is acting along the GABAB, CDK1,

or a completely unknown axis in this context.

APOBR, also known as apolipoprotein receptor B or apoB48R, is an ApoE-independent

receptor that binds to apolipoprotein B48 (ApoB48) in either dietary triglyceride-

rich lipoproteins (TRLs) or very low density lipoproteins (VLDLs) [502]. APOBR

does not contain a transmembrane domain and is likely localized to the cell-surface

via interaction with an as yet unknown adaptor protein of approximately 35 kDa

[503]. APOBR is expressed highly on monocytes according to the Human Protein

Atlas and was statistically significantly enriched in the Experiment 2-DTBP pull-

down. Additionally, in Experiment 1, there were 38 ABOBR peptides in the TNC

pull-down and only nine in the negative control, a more-than 3-fold increase that,

however, did not reach statistical significance (SP = 0.58). ApoB48, the ligand for

APOBR, is the N-terminal portion of the larger apolipoprotein B100 (apoB100, of-

ten called simply ApoB). ApoB48 naturally occurs in circulating chylomicrons and
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TRLs and, upon internalization, triggers macrophage foam cell formation via bind-

ing to ABOBR [504]. Full-length ApoB100 can bind to the classic super-family of

low-density lipoprotein receptors (LDLRs), but ApoB48 cannot, explaining the need

for the orthogonal receptor APOBR. APOBR has no known orthologs in the human

genome based on a BLAST analysis, and it is greatly understudied relative to the

ApoE- and ApoB100-binding LDLR super-family (which includes LDLR, VLDLR,

ApoER2, LRP1, LRP2, and LRP6) [505]. A PubMed search with “apoB48R OR

APOBR” yields only 24 papers, while the query “LDLR” retrieves over 5,800. In-

terestingly, according to UniProtKB (P04114) the LDLR receptor binding regions

in ApoB100 are cationic (3174–KAQYKKNKHRH and 3386–RLTRKRGLK), just

like the mapped TLR4-activating region on TNC (see Section 2.10). There has

also been many reports of cross-talk between TLR4 and lipoprotein accumulation

in macrophages, including a direct LDL:CD14:MD-2:TLR4 complex which activates

cytoskeletal rearrangements and a dependence on TLR4 for macrophage mast cell

formation [506]. Based on the evidence in the literature, then, a reasonable hypoth-

esis is that APOBR acts as a direct co-receptor which binds to and presents TNC

to TLR4.

In a similar vein, LRP1, also known as prolow-density lipoprotein receptor-related

protein 1, APOER, or CD91, was enriched at 30 minutes in Experiment 2-DTBP.

LRP1 was a member of the enriched GO term “receptor metabolic process” (p =

1.5 x 10-4), which also included the clathrin proteins CLTA and CLTC. LRP1 con-

tains a massive, multi-functional 515 kDA “α-chain” ectodomain coupled via a single

transmembrane domain to an 85 kDa intracellular“ β-chain” [507]. Quoting directly

from a 2014 review, “Among the LDLR family members, LRP1 is the most studied

receptor...LRP1 is a large multi-functional receptor that regulates the endocytosis

of diverse ligands and transduces several cell signalling pathways by coupling with

other cell-surface receptors.” [508]. As a known scavenger receptor, LRP1 binds to

diverse ligands including canonical ApoE, matrix metalloproteases, growth factors

including PDGF and TGFβ, matrix proteins like fibronectin, and other proteins like

calreticulin and complement C3; these ligands are subsequently internalized [509].

LRP1 is known to mediate interactions with amyloid and tau during neurodegen-

erative conditions, and the direct interaction between tau and LRP1 involves key

lysine residues within tau [510]. Activated LRP1 is also a known negative regula-

tor of LPS-induced NF-κB signalling and has been reported to rely on PKCα as a

downstream adaptor [509]. Therefore, one hypothesis is that LRP1 is involved in

dampening the inflammatory response to TNC, perhaps explaining its enrichment

only at the late time point. However, based on the enrichment of both APOBR and
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LRP1, two lipoprotein binders which seem to respond to cationic peptides and may

act as scavenger receptors for multiple ligands, my favorite hypothesis is that either

APOBR and/or LRP1 are a co-receptor for TNC. Along with ITGB2, these two

proteins were the only interactors I detected which are reported to act as bona fide

transmembrane receptors, and the established cross-talk between lipid metabolism

and TLR4 makes them interesting candidates.

5.7 Chapter 5 Summary and Next Steps

In conclusion, motivated by the lack of a direct interaction between TLR4 and TNC

(explored in Chapter 4), I optimized and deployed an XL-AP-MSMS method to

explore the TNC interactome in primary human monocytes in an unbiased fashion

using proteomics. Using two different cross-linkers and based on a stringent en-

richment analysis using the gold-standard SAINT algorithm, I demonstrated that

TNC, and perhaps ANGPTL2 and ANGPTL6, trigger the formation of activated

integrin adhesomes. Based on the data from Experiment 2-DTBP, I hypothesized

that this is due to a direct interaction between TNC and the integrins αMβ2 and/or

αVβ3. Although I did not detect an enrichment of TLR4 in any experiment, the

upregulation of innate immune proteins at the 30 second time point in Experiment

2 is consistent with a model whereby TNC nearly instantaneously activates pro-

inflammatory signalling which is integrated into a transcriptional response over the

subsequent 30 minutes. Finally, I speculated about potential TNC adaptors which

appeared (KCTD12, LRRFIP1, and MPO), and I identified the lipoprotein receptors

APOBR and LRP1 as candidates for a direct TNC co-receptor. Broadly speaking,

the data were consistent with TNC activating a TLR4-dependent signalling path-

way but without a direct TNC:TLR4 interaction. Much like CD14’s presentation

of LPS to TLR4:MD-2, I hypothesize that TNC must first bind to an up-stream

co-receptor (my personal favorite candidate being APOBR, mostly because of how

understudied it is relative to LRP1), which then displays TNC to a receptor com-

plex which minimally includes TLR4 and integrins. It is my assertion, based on the

data in Chapter 4 and Chapter 5, that the high-affinity TNC activation of TLR4 is

wholly dependent on adaptor proteins, and that, unlike for LPS and other PAMPs,

the simple “one receptor, one ligand” model is inadequate to explain the biological

activity of endogenous DAMPs.

However, there are key weaknesses in my data which require validation in future

experiments. First, I never detected TLR4, and many of the peptide counts for
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identified membrane proteins (including the integrins) were low. I expect this is due

to glycosylation on the ectodomains of membrane proteins, which produces hetero-

geneous peptides that are difficult to deconvolute when analyzed with MSMS. In the

future, replication of the XL-AP-MSMS workflow should include a de-glycosylation

step with PNGase, which will truncate all of the N-linked glycans and generate a

specific mass-shift from the remaining GlcNAc. I expect this to increase sensitivity,

especially for the membrane proteins which contain significant glycosylation, and

provide more extracellular interactors. Secondly, the use of a covalent cross-linker

to reveal neighboring interactors is both the most interesting and most challeng-

ing aspect of the workflow. Because TNC ligates integrins, the entire cytoskeletal

network is pulled-down in a TNC-dependent manner, leading to the detection of a

huge number of “interactors” that are likely non-specifically associated with the cy-

toskeleton. This makes it impossible to separate truly TNC-dependent interactors,

especially as the signal is propagated to downstream effectors. Therefore, I recom-

mend that these results be validated with one of the chemoproteomic approaches

discussed in Section 5.2.1, particularly the expensive LRC-TRICEPS method. This

experiment should unambiguously identify the immediate, direct TNC receptor(s)

and validate the integrin binding I observed. Confident identification of the direct

receptor(s) also provides an anchor point for deconvolution of the downstream sig-

nalling network determined via XL-AP-MSMS by integrating previous knowledge

about the receptor itself.

Thirdly, at the outset I hoped to enrich TLR4 and identify a TLR4-associated re-

ceptorome; without confident detection of TLR4, I can only speculate, rather than

prove, that TLR4 is directly involved in TNC detection during the experiment.

Therefore, an important and orthogonal experiment would be to reverse the ori-

entation of the pull-down via insertion of an affinity tag directly onto TLR4. This

would ensure that TLR4 is detected in the pull-down and could provide clarity about

which of the TNC interactors identified herein are also associated with TLR4; any

proteins which were identified as both TNC and TLR4 interactors would be excel-

lent co-receptor candidates. In the following Chapter 6, I work-up a CRISPR/Cas9

endogenous tagging pipeline which could be used for such a TLR4-focused pull-down

experiment.

Finally, MSMS experiments should fundamentally be treated as hypothesis genera-

tion exercises, especially when the initial motivation for the experiment is hypothesis

free (i.e. “let me see what I pull out” not “let me see if I pull out Protein X”). There-

fore, all of my conclusions, especially the integrin and lipoprotein receptor binding,
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should be validated in hypothesis-driven experiments. Besides validating specific in-

teractors with a targeted pull-down and subsequent western blot, a relatively simple

validation experiment would be to pre-incubate monocytes with siRNAs targeting

key interactors prior to TNC stimulation and a cytokine ELISA. Reduction in the

release of IL-6 or TNFα upon siRNA treatment would implicate that protein in

TNC-activated, TLR4-dependent signalling. A lower throughput but more reliable

approach would be the generation of knockout THP1 lines for each of the candidate

interactors. In a non-COVID world, I would have liked to finish at least one of

these validation experiments to provide support for the hypotheses formulated in

this Chapter.

However, even with all of these caveats in mind, the XL-AP-MSMS method I de-

veloped is clearly functional, reliable, and suitable for interrogating complicated

signalling pathways involving multiple receptors and adaptors. I expect the ap-

proach, which already generated intriguing new ideas about TNC, to be useful for

studying diverse DAMPs–all that is required is a recombinant, biotinylated bait

and a suitable cell line. Given DAMP-to-DAMP variability in signalling profiles, it

is reasonable to expect that the composition of the receptor complex changes de-

pending on the ligated DAMP. Therefore, this method might prove most useful in

cross-DAMP comparison studies, which could clarify the mystery surrounding in-

nate immune detection of endogenous proteins and shed light on the specific proteins

worth targeting to abrogate pathological, DAMP-induced inflammation.
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Chapter 6

CRISPR/Cas9 Functional Epitope
Tagging of Endogenous Proteins
for Structural Studies and
Proteomics using GlowPAINT

The XL-AP-MSMS results presented in Chapter 5 suggest that the FRePs, especially

TNC, are bona fide outside-in integrin activators that can additionally bind multiple

cell-surface receptors. However, because I never detected a FReP-dependent enrich-

ment of TLR4, my original hypothesis surrounding a TLR4-dependent receptorome

remained essentially unexplored. To guarantee capture of TLR4 in MSMS experi-

ments, the tag must be placed on TLR4, rather than on the FRePs, a fact which

led me to explore gene editing methods to introduce affinity epitopes directly onto

endogenous TLR4. Furthermore, motivated by the exciting work of my colleague

Dr. Jack Kelly on the endogenous isolation of a chaperonin complex for cryo-EM

and proteomics, I viewed this as a general opportunity to explore methods for the

routine and parallelizable generation of affinity-tagged cell lines for diverse applica-

tions. Towards this end, Chapter 6 presents my efforts to create a rapid, simple,

and moderate-throughput CRISPR-Cas9 pipeline based on the combination of two

technologies: split-GFP and CRISPaint. Although I did not finish the project by

generating a tagged TLR4 cell line, the method lays the foundation for others to

generate this and other endogenously tagged cell lines, and it is currently being ap-

plied to other projects within my group. While the work ultimately does not directly

speak to TLR4 or FReP biology, the underlying advancement will simplify studying

the system in the future, and the work is of general utility to many experimental

workflows. Therefore, I include it herein as the first of two “method development
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vignettes” (along with the COVID-19-related work presented in Chapter 7) to con-

clude this thesis.

6.1 Materials and Methods

6.1.1 Construction of AAVS1 Targeting Vector

The pAAVS1-ZEO-TETON-GFP1-10 vector (diagrammed in Figure 6.3 and used to

knock in GFP1-10 to the AAVS1 safe harbor locus) was constructed in four chunks

using a HiFi assembly, with primers generated using the online tool NEBuilder

(https://nebuilder.neb.com/). Chunk 2, containing the bacterial AmpR cassette,

the origin of replication, and both AAVS1 -targeting homology arms, was generated

by restriction digest. 2.5 µg of the parental vector pAAVS1-Puro-Tet3G-3xFLAG-

Twin-Strep (Addgene #92099) was sequentially digested with PmeI and BmgBI

in NEB Buffer 3.1 according to the manufacturer’s recommendations (NEB). The

Chunk 2 digestion product was purified by gel extraction. The other three chunks

were generated via touchdown PCR using Q5® Polymerase and primers containing

HiFi compatible overhangs; the PCR products were spin purified prior to assembly.

Chunk 1, containing the GFP1-10 insert, was prepared using the template pcDNA3.1-

GFP1-10 (Addgene #70219) and the primers Chunk1-f1 and Chunk1-r1. Chunk 3,

containing the eukaryotic ZeocinR cassette, was amplified from pExpreS2-1 using the

primers Chunk3-f1 and Chunk3-r1. Chunk 4, containing the bi-directional Tet-ON

promoter system, was amplified from pAAVS1-Puro-Tet3G-3xFLAG-Twin-Strep us-

ing the primers Chunk4-f1 and Chunk4-r1. The four chunks were assembled in a

1:1:1:1 molar ratio into 50 ng of the Chunk 2 vector backbone using a 60 min HiFi

reaction at 50 ◦C. The assembled plasmids were transformed into Mach 1 cells and

selected on AmpR plates. Multiple colonies were checked for the correct product via

colony PCR with two primer sets: TREG3-seq-f1 + GFP-seq-r1 and HA-L-seq-f1

+ ZeoR-seq-r1. Two colonies containing both of the expected colony PCR am-

plicons were miniprepped and submitted for Sanger sequencing using HA-L-seq-f1

and TREG3-seq-f1, which confirmed that both the ZeoR and GFP1-10 inserts were

cloned in-frame as expected. The final pAAVS1-ZEO-TETON-GFP1-10 plasmid

was stocked as miniprep DNA at −20 ◦C and as a glycerol stock at −80 ◦C prior to

use in downstream knock-in experiments.

Primer sequences used to assemble pAAVS1-ZEO-TETON-GFP1-10 (overhangs in
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lowercase, annealing regions in uppercase font):

Chunk1-f1 (5’-taaggcggccgcATGTCCAAAGGAGAAGAAC)

Chunk1-r1 (5’-ctagaaggcacagcctgcagggtttTCATTTTTCATTTGGATCTTTG)

Chunk3-f1 (5’-aggaagtcttctaacatgcggtgacgtggaggagaatcccggccctagc–

GCCAAGTTGACCAGTGCC)

Chunk3-r1 (5-atgtctgtctagaTCAGTCCTGCTCCTCGGC)

Chunk4-f1 (5’-gagcaggactga–

TCTAGACAGACATGATAAGATACATTGATGAGTTTGGAC)

Chunk4-r1 (5’-ctcctttggacatGCGGCCGCCTTAAGGCTG)

Sequencing primers to check pAAVS1-ZEO-TETON-GFP1-10 in colony PCR and

with Sanger Sequencing:

TREG3-seq-f1 (5’-GGGCGCCTATAAAAGCAGAG; sits in Tet-ON promoter up-

stream of GFP1-10)

GFP-seq-r1 (5’-TGGATCTTTGCTCAGGACTGT; sits at the 3’ end of GFP1-10)

HA-L-seq-f1 (5’-CATCTTCCAGGGGTCCGAG; sits in homology arm left up-

stream of the ZeoR casette)

ZeoR-seq-r1 (5’-TCAGTCCTGCTCCTCGGC; sits at the 3’ end of the ZeoR

marker)

6.1.2 Construction of pGlowPAINT GFP11-Containing Uni-
versal Donors

The new vectors generated in this section include:

• pGlowPAINT-3xFLAG-PuroR

• pGlowPAINT-AviTag-PuroR

• pGlowPAINT-NanoLuc-PuroR

• pGlowPAINT-Proteo-TunerDD-PuroR

• pGlowPAINT-SpyTag-PuroR

• pGlowPAINT-StrepTagII-PuroR
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They are built from the original pCRISPAINT-TAG-PuroR Universal Donor Vec-

tors (Addgene Kit #1000000086), to which I added GFP11 (the final peptide from

GFP used for reconstitution with split-GFP technology) downstream of the tag and

upstream of the T2A-PuroR cassette. The subset of pCRISPAINT-TAG-PuroR

vectors I chose to modify with GFP11 are designed to encompass a diverse set of

applications including affinity purification, immobilization, knockout, microscopy, or

cellular assays. The added sequence encodes the following peptide (GFP11 in bold):

GGGGSGGGGSRDHMVLHEYVNAAGITGGGG.

To add this peptide, a common forward primer (GFP11-Insert-f1) was ordered that

annealed to the T2A region and contained half of the GFP11 peptide as a 5’-overhang.

Reverse primers (3XFLAG-r1, AVI-r1, HALO-r1, NANOLUC-r1, PROTUNER-r1,

SPY-r1, and STREPII-r1), unique to each tag, were ordered that annealed to the

specific tag region and contained the other half of the GFP11 peptide as a 5’-

overhang. The primer sequences can be found below. Along with the two primers,

the corresponding pCRISPAINT-TAG-PuroR vector was used as a template for

amplification using Q5® polymerase and touchdown-PCR with a 2 min 30 sec ex-

tension time. The PCR amplicons, containing the linearized pCRISPAINT vectors

with the GFP11 added as two partial overhangs at the ends, were treated with DpnI

for 1 hour at 37 ◦C prior to spin purification. The purified linearized vectors were

phosphorylated and re-circularized using the following reaction:

5 µL of 2X RapidLigation Buffer (Promega)

1.5 µL of purified PCR amplicon, containing between 60 and 75 µg of DNA

1 µL of T4 DNA Ligase (Promega)

1 µL of Polynucleotide DNA Kinase (Promega)

1.5 µL of Nuclease-Free Water

The ligation reaction was incubated for 1.5 hours at room temperature prior to

transformation of 2.5 µL of the reaction into Mach 1 cells. Transformants were

recovered on CarbR plates and checked by colony PCR using a common set of

sequencing primers (PSITE-seq-f1 + GFP11-seq-r1), which amplify the tag region

only if the GFP11 sequence has been inserted. Two clones for each tag with the

correctly sized amplicon in the colony PCR were submitted for Sanger Sequencing

with PSITE-seq-f1. At least one plasmid for each pGlowPAINT vector contained

the correct in-frame insertion of GFP11. The new pGlowPAINT vectors were stored

as miniprep DNA at −20 ◦C and a glycerol stock at −80 ◦C prior to use in knock-in

experiments.
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Primers used to add GFP11 to the original pCRISPAINT-TAG-PuroR vectors (an-

nealing region in uppercase, GFP11-containing overhang in lowercase):

GFP11-Insert-f1 (5’-cttcatgagtatgttaatgctgcaggtatcacaggaggcggtggc–

TCCGGAGGAGAGGGCAGA)

3xFLAG-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

CTTATCGTCATCGTCCTTATAATCAATATCATG)

AVI-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

CTCGTGCCACTCGATCTTCTGGG)

HALO-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

ACCGGAAATCTCCAGAGTAGACAGCC)

NANOLUC-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

CGCCAGAATGCGTTCGCACAG)

PROTUNER-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

TTCCAGTTCTAGAAGCTCCACATCG)

SPY-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

CTTGGTGGGCTTGTAGGCGTC)

STREPII-r1 (5’-aaccatatggtctctactccctccccctccagaaccgcctccacc–

CTTCTCGAACTGGGGGTGGCTC)

Sequencing primers used to check all pGlowPAINT vectors in colony PCR and

Sanger Sequencing:

PSITE-seq-f1 (5’-CGCTCTCCATCAAAACAAAACG; sits upstream of the tag in

the common pause site)

GFP11-seq-r1 (5’-CTCATGAAGAACCATATGGTCTCTACTCCC; sits within the

common GFP11 addition downstream of the tag)

6.1.3 Cloning of eSpCas9(1.1)-sgX Vectors

To generate eSpCas9(1.1)-sgX vectors for CRISPR/Cas9-mediated cleavage of gDNA,

the targeting protospacer regions, as close to the stop codon as possible within pro-

tospacer adjacent motif (PAM) restrictions, were taken directly from Schmid-Burgk

et al. [511]. These regions are reported for each of the 26 genes tested in Figure 6.5D.

Two complementary oligos were ordered for each sgRNA. The oligos contained the

requisite BbsI cloning sites and 19 bp of protospacer (denoted N19). The sequence

of the forward oligo was 5’-CACCG-N19, and the sequence of the reverse oligo was

5’-AAAC-N19-CC. Note that the reserve oligo contains the reverse complement of
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the N19 region in the forward oligo to ensure proper annealing. The oligos were

resuspended to 100µm and annealed to each other in the following reaction:

10 µL Oligo-F aka “top” oligo

10 µL Oligo-R aka “bottom” oligo

10 µL NEB Buffer 2.1

70 µL Nuclease-Free Water

Using a thermal cycler, the oligo reaction was denatured for 10 min at 95 ◦C and

then annealed by cooling from 95 ◦C to 25 ◦C in increments of 10 ◦C every 1.5 min.

The annealed oligos were precipitated by the addition of 30 µL of 3m NaAcetate (pH

= 5.2) and 300 µL of 100% EtOH prior to centrifugation for 45 min at 4 ◦C. The

precipitated, annealed oligos were washed once with 70% EtOH and then allowed

to air dry for 2 hours to remove trace EtOH. The annealed oligos were then resus-

pended in nuclease-free water to an average concentration of 220 ng µL−1. Finally,

the oligos were phosphorylated for 1 hour at 37 ◦C in the following reaction:

2 µL 10X T4 PNK Buffer (Thermo Fisher)

1 µL Polynucleotide DNA Kinase (Thermo Fisher)

5 µL of annealed oligo, approximately 1 µg total DNA

12 µL Nuclease-Free Water

The destination vector eSpCas9(1.1) (Addgene #71814), which contains a U6-promoter-

driven open reading frame for sgRNA expression alongside the eSpCas9(1.1) enzyme

itself, was linearized with BbsI -HF (NEB) for two hours at 37 ◦C prior to gel ex-

traction and purification. 20 ng of linearized eSpCas9(1.1) was ligated with 25 to

50 ng of the phosphorylated, annealed oligos using T4 DNA Ligase according to the

manufacturer’s recommendations (Thermo Fisher). The circularized vectors were

transformed into Mach 1 cells and selected on CarbR plates.

To confirm insertion of the targeting region into the sgRNA scaffold, colony PCR

was completed using a standard forward primer (hU6-f1) and the target-specific

reverse oligo as the reverse primer; a strong band at approximately 300 bp im-

plied insertion of the targeting region. At least one colony-PCR-positive clone was

miniprepped and validated by Sanger Sequencing using hU6-f1. As shown in Figure
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6.5C, the Colony PCR strategy was 100% effective at identifying clones with the

correct sgRNA sequence, suggesting that this method can be used in a HT-manner

without requiring sequencing of every eSpCas9(1.1)-sg vector.

Sequencing primer used for Colony PCR and Sanger Sequencing:

hU6-f1 (5’-GAGGGCCTATTTCCCATGATT; sits upstream of the sgRNA scaffold

in the U6 promoter)

6.1.3.1 Generation of GFP1-10 Expressing Cell Lines

Expi293 cells were maintained primarily in suspension using FreeStyleTM 293 Expres-

sion Medium (Thermo Fisher) containing Pen/Strep. HeLa cells were maintained

primarily as adherent cultures in Dulbecco’s Modified Eagle Medium (DMEM) +

10% heat-inactivated fetal bovine serum (FBS) containing Pen/Strep and split us-

ing TrypLE (Gibco) according to the manufacturer’s recommendations. Prior to

starting the experiment, the sequence of the AAVS1 targeting region was confirmed

via PCR and Sanger Sequencing as described in Section 6.1.3.2. For transfection in

6-well plates, 2 mL of HeLa cells were seeded at a density of 0.5 x 106 cells per mL

or 2 mL of Expi293 cells were seeded at a density of 0.4 x 106 cells per mL. The cells

were rested for 24 hours prior to transfection according to the manufacturer’s rec-

ommendations (Thermo Fisher) with 7.5 µL LipofectamineTM 3000, 2µL µg−1 P3000

reagent, 2µg eSpCas9(1.1)-AAVS1-sg1, and 4µg pAAVS1-ZEO-TETON-GFP1-10.

A mock transfection containing no DNA was prepared similarly as a negative control.

After 48 hours to allow cleavage and insertion, fresh medium containing 100µg mL−1

Zeocin was added. 48 hours later, the Zeocin was increased to 250 µg mL−1 for the

Expi293 cells. Zeocin selection was maintained for 8 additional days until the neg-

ative control cells appeared fully dead by manual inspection. The Zeocin-selected

bulk pools were washed with PBS and given fresh medium with no Zeocin (contain-

ing 5% added FBS for Expi293, 10% FBS as standard for HeLa), recovered for two

days, and then expanded as standard into T75 flasks (HeLa). The bulk pool cell

lines were used for gDNA extraction and, after induction with 1 µg mL−1 doxycy-

cline, for western blotting as described below. The bulk pools were frozen in 10%

DMSO and stored long-term in LN2.

To generate the monoclonal Expi293GFP10 cell line, the recovered, Zeocin-selected

bulk pool was serially diluted to 0.5 cells per 100µL in FreeStyleTM + 5% FBS and

100 µL was seeded into each well of two 96-well plates. After three weeks, I observed

surviving monoclonal cell lines in three wells, which were expanded into a 6-well
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dish prior to induction of the GFP1-10 with 1µg mL−1 doxycycline for 48 hours.

Two monoclonal lines (mcB2 and mcG2) expressed GFP1-10 by western blot and

contained the correct insert via PCR. These correct lines were suspension-adapted

from 6-well dishes into small shake flasks containing empty FreeStyleTM medium

prior to long-term storage in 10% DMSO in LN2. The suspension-adapted mcB2

line was re-named Expi293GFP10 and used for subsequent experiments.

6.1.3.2 gDNA Isolation and PCR

gDNA was extracted using high-salt ethanol precipitation essentially as previously

described [512]. Between 500,000 and 5 x 106 cells were lysed with 300 µL of Lysis

Buffer (10 mm Tris pH = 8.0, 10 mm EDTA, 150 mm NaCl, 0.2% SDS) contain-

ing 1:25 dilution of 10 mg mL−1 Proteinase K (NEB). The lysates were incubated

overnight at 55 ◦C. The next morning, the samples were incubated for 15 min at

room temperature with gentle shaking after the addition of 100 µL of saturated

NaCl. The precipitated proteins were removed by centrifugation at 21,000 x g at

room temperature for 10 min, the supernatant was transferred to a fresh tube, and

600 µL of ice cold 100% EtOH was added to precipitate the gDNA. The samples

were centrifuged as before, the pellet was washed once with 70% EtOH, and the

gDNA pellet was resuspended with 50 µL of TE. The concentration and purity of

the gDNA was estimated using a NanoDrop.

Please refer to Figure 6.3B for a schematic of these PCR verification reactions. For

IN-IN PCR of the AAVS1 locus, the primer set TREG3-seq-f1 + GFP-seq-r1 (see

Section 6.1.1 for sequences) was used; for IN-OUT PCR, the primer set TREG3-seq-

f1 + AAVS1-gen-r2 was used. For amplification of the AAVS1 locus for genotyping

prior to starting the GFP1-10 experiment described in Section 6.1.3.1, the primer

pairs AAVS1-gen-f1 + AAVS-gen-r1 and AAVS-gen-f2 + AAVS1-gen-r2 were used.

200 ng of gDNA was used as a template for PCR amplification using Q5® Polymerase

with 40 cycles using a 30 sec denaturing step at 98 ◦C, a 30 sec annealing step at

55 ◦C, and a 1.5 min elongation step at 72 ◦C. PCR amplicons were subjected to

agarose gel electrophoresis for analysis.

New primers used for PCR analysis of the AAVS1 locus:

AAVS1-gen-f1 (5’-CTAGTCTGTGCTAGCTCTTCCAG; sits upstream of the cut

site induced by eSpCas9(1.1)-AAVS1-sg1 in the left gDNA homology arm)

AAVS1-gen-r1 (5’-TGACGCACGGAGGAACAATATAA; sits downstream of the

cut site induced by eSpCas9(1.1)-AAVS1-sg1 in the right gDNA homology arm)
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AAVS1-gen-f2 (5’-GAGCTCAGCTAGTCTTCTTCCTC; sits upstream of the cut

site induced by eSpCas9(1.1)-AAVS1-sg1 in the left gDNA homology arm)

AAVS1-gen-r2 (5’-TCTCCTCTTGGGAAGTGTAAGGA; sits downstream of the

cut site induced by eSpCas9(1.1)-AAVS1-sg1 in the right gDNA homology arm)

6.1.4 Western Blotting

Cell lysates were prepared using M-PER according to the manufacturer’s recom-

mendations (Thermo Fisher), and the approximate concentration of the lysates was

estimated on a NanoDrop. Between 10 and 50 µg total input protein, standardized

between experimental and control samples, was used for SDS-PAGE. SeeBluePlusTM

Pre-Stained Standards (Thermo Fisher) were used as molecular weight references.

The gels were semi-dry transferred onto PVDF membranes using the TransBlot®

TurboTM system according to the manufacturer’s recommendations (Bio-Rad) and

then blocked for 1 hour with PBST (1X PBS + 0.05% Tween-20) + 5% BSA.

The blots were probed with 1:2000 anti-GFP primary antibody (Chromotek, Rat

anti-GFP, [3H9]) prepared in PBST + 5% BSA and incubated overnight at 4 ◦C.

The blots were washed 3 times for 5 minutes with PBST and then incubated for

1 hour at room temperature with 1:5000 anti-rat secondary antibody (Invitrogen,

Goat anti-Rabbit IgG HRP, Cat. 31470) prepared in PBST + 5% BSA. The blot

was washed 3 times for 5 minutes with PBST, developed with the PierceTM ECL

Substrate according to the manufacturer’s recommendations (Thermo Fisher), and

then imaged for chemiluminescence using the LAS-3000 Imaging System (Fuji). For

anti-3xFLAG western-blotting, a directly HRP-coupled primary antibody (Sigma

A8592, Clone M2) was used exactly as above.

6.1.5 Mismatch Cleavage Assay

The eSpCas9(1.1)-sgX vectors were miniprepped and heat sterilized (10 min at

90 ◦C) prior to use. 800,000 Expi293GFP10 cells were seeded in 1 mL FreeStyleTM

medium into each well of a 24-well plate. Each well was transfected with a different

sgRNA as recommended by the manufacturer using 3 µL of LipofectamineTM 3000,

1 µg eSpCas9(1.1)-sgX, and 2 µL of P3000 reagent. Transfected cells were allowed to

grow for 48 hours with 170 RPM shaking at 37 ◦C and 8% CO2 prior to harvesting of

the cells via centrifugation (500 x g for 15 min). gDNA was extracted using 100 µL
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of the commercially available reagent DNAzolTM according to the manufacturer’s

recommendations (Thermo Fisher). The gDNA was resuspended to a final volume

of 35µL and the concentrations, ranging from 20 to 400 ng µL−1, were estimated

with a NanoDrop. gDNA was also extracted from a bulk sample of 30 x 106 un-

transfected Expi293GFP10 cells as a negative control.

To amplify the sgRNA targeting regions, two sets of gene-specific primers per sgRNA

were designed as recommended using Primer3 [513]. 200 ng of gDNA was used as the

template to amplify the target regions (for each primer set, from either the trans-

fected or un-transfected cells) using Touchdown PCR with Q5® Polymerase and

the Q5® GC-Enhancer additive. For each sgRNA tested, the strongest amplicon as

judged by agarose gel electrophoresis (along with the matched negative control) was

spin purified and the concentration was estimated with a NanoDrop. The purified

amplicons were then denatured and re-annealed (5 min at 95 ◦C, 95 to 85 ◦C over 30

sec, then 85 to 25 ◦C over 10 min) in the following reaction:

250 ng spin-purified amplicon

2 µL 10X NEB Buffer 2

Up to 19µL with nuclease-free water

After denaturing and re-annealing, 1µL of T7 Endonculease I (NEB) was added

and the samples were incubated for 15-30 min at 37 ◦C. T7-induced cleavage of the

heteroduplex DNA was analyzed via agarose gel electrophoresis.

6.1.6 GlowPAINT Pilot with GDE1 Targeting sgRNA

To pilot the entire GlowPAINT method, targeting the human GDE1 locus for knock-

in, 1 x 106 Expi293GFP10 cells were seeded in 2.5 mL FreeStyleTM 293 medium in

6-well suspension plates. The cells were transfected as before with LipofectamineTM

3000 according to the manufacturer’s recommendations with the following: 1µg

eSpCas9(1.1)-GDE1-sg1 + 1µg Frame Selector Plasmid (tested #0, #1, and #2) +

2 µg pGlowPAINT-3xFLAG-PuroR. For negative controls, one well was transfected

with just eSpCas9(1.1)-GDE1-sg1, one well with 1µg of each Frame Selector Plasmid

and 2µg of pGlowPAINT-3xFLAG-PuroR, and one well with empty transfection

reagent. The cells were grown for 72 hours at 37 ◦C and 120 RPM to allow cleavage

and insertion. The un-selected bulk pools were then divided in half into two 6-well
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plates and 2 µg µL−1 puromycin was added to one of the 6-well plates. The cells were

selected for eight days with puromycin prior to recovery in FreeStyleTM 293 medium

to generate polyclonal selected lines, which were frozen with 10% DMSO prior to

downstream experiments. The samples were subjected to western blot as described

in Section 6.1.4 except using a single anti-FLAG HRP-conjugated primary antibody

(Sigma A8592). gDNA was also extracted and the targeted region was amplified

using OUT-OUT PCR according to the protocol reported in Section 6.1.5 using

the primers GDE1-gen-f1 + GDE1-gen-r1. To generate monoclonal cell lines, the

polyclonal PuroR pools were subjected to limiting dilution and, after allowing the

cells to re-grow, a second selection with puromycin. Lysates from five monoclonal

cell lines (mc1–mc5) were analyzed with an anti-FLAG western blot as before, and

120 x 106 cells from the best expressing line mc4 were subjected to an anti-FLAG

purification followed by anti-FLAG western blotting to validate expression of the

correct GDE1-3xFLAG-GFP11 protein product.

Primers used for PCR analysis of the GDE1 locus:

GDE1-gen-f1 (5’-GATTCCTGAGACAGCTGCTT; sits approximately 200 bp up-

stream of the target site)

GDE1-gen-r1 (5’-GTGTTGAACTCTGGCATGCC; sits approximately 200 bp up-

stream of the target site)

6.2 Background and Motivation

In Chapter 5, using biotinylated FRePs and MSMS, I derived new insights into

FReP biology; however, I did not observe TLR4, meaning the results did not con-

clusively address my core questions about the TLR4:FReP interaction. The only

way to guarantee detection of a specific protein in a proteomics experiment is to

install an affinity tag directly on that protein; therefore, my next experimental aim

focused on the generation of affinity-tagged TLR4 cell lines. Around the same time

I decided to pursue such a knock-in, Dr. Jack Kelly from the Yue Lab demonstrated

the potential of leveraging affinity-tagged cell lines to isolate an endogenous multi-

protein chaperonin for structural studies. The tailless complex polypeptide 1 ring

chaperonin complex (TRiC) is composed of two vertically stacked rings made from

eight proteins each (CCT1–CCT8) and is responsible for refolding 10 percent of the

human proteome. Jack decided to introduce an affinity tag directly into the CCT5
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genomic locus in HEK293 cells via a standard CRISPR-Cas9 homology-directed

repair (HDR) workflow which is summarized in Figure 6.1A.

Figure 6.1 TRiC: A Case Study for Endogenous Tagging. A.Standard HDR re-
pair approach for knock-in of 3xFLAG-Spy Tag to CCT5 C-terminus. B.
(left) Anti-flag western blot for monoclonal tagged CCT5 cell line, (right
top) SDS-PAGE of purified TRiC complex after anti-FLAG column, (right
bottom) anti-CCTx western blot showing that the entire TRiC complex has
been isolated. C. High-resolution structures of the human TRiC complex. D.
TRiC interactors identified from the tagged cell line via AP-MSMS. A.–D. are
reproduced from Dr. Jack Kelly’s thesis with permission.

First, the Cas9 enzyme, bound to a CCT5 targeting sgRNA, introduces a dsDNA

break in the CCT5 gene near the C-terminus. The cell then attempts to repair

the break via non-homologous end joining (NHEJ) or HDR. If an “HDR template”,

containing 5’ and 3’ homology arms flanking the desired insertion, is supplied, a

subset of cells repair the break by inserting the novel sequence. HDR templates

often contain homology arms up to 1 kb in length on each side of the cut and

must be assembled ad hoc for every desired edit. Finally, once the dsDNA break

is repaired via HDR and the novel sequence is knocked-in, the bulk pool of edited

cells are subjected to limiting dilution and monoclonal cell lines bearing the desired

edit are identified, usually by western blot. This laborious process of cell dilution

and monoclonal line generation can take up to eight weeks to complete for one gene;

however, the results were truly dramatic for TRiC. As Figure 6.1B shows, Jack was

able to select a monoclonal line containing a 3xFLAG/SpyTag on the C-terminus

of CCT5 and scale up the line to isolate the entire TRiC complex via anti-FLAG

affinity purification. Using endogenously purified TRiC, Jack was able to both solve

multiple high-resolution structures of TRiC in various conformations using Cryo-
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EM (see Figure 6.1C) and define the endogenous TRiC interactome using MSMS

proteomics (see Figure 6.1D).

I present these results, which are reproduced with permission from Dr. Kelly’s the-

sis and a March 2021 pre-print [439], to highlight the power of the approach devel-

oped herein. Edited cell lines, generated with CRISPR-Cas9, can form the bedrock

of truly integrative structural biology projects and facilitate experiments that are

impractical or impossible with standard plasmid-based over-expression. This is es-

pecially true for multiprotein complexes, which can be challenging to reconstitute

recombinantly. Jack’s successful pilot energized me to look beyond the one-off gen-

eration of a tagged TLR4 cell line and instead consider methodology for the rapid

(one to two week), routine knock-in of functional epitopes to any gene for any reason

at any time.

Figure 6.2 GlowPAINT: Background and Overview. A. Schematic of the CRI-
SPAINT method, modified from Schmid-Burgk et al. [511]. Insertion point
for GFP11 is annotated. B. Cartoon of split-FP technology, modified from
Kamiyama et al. [514]. C. Overview of the GlowPAINT workflow (black
squares) and the advantages of the approach (green circles).
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6.3 GlowPAINT: CRISPaint + Split-GFP

To facilitate uptake by others, I sought to minimize the molecular biology required

for each edit, and much like FAS2FURIOUS (see Chapter 3) I wanted the method

to be moderate-throughput to allow multiple cell lines to be generated in parallel.

After defining the requirements for the system, I looked to the literature for current

best-practice methodologies; I also met twice with Dr. Philip Hublitz, the leader

of the WIMM Genome Engineering Centre, who provided invaluable advice about

potential solutions. Rather than review the CRISPR literature in detail, which

is outside the scope of this thesis, I focus only on the cutting-edge CRISPR-Cas9

knock-in technologies which I considered for the new workflow.

CRISPR-Cas9 as a platform has matured rapidly in recent years, and methods are

available to generate insertions and deletions essentially of any kind at essentially

any genomic locus [515]. Ran et al.’s 2013 report outlined the key aspects of a stan-

dard CRISPR-Cas9 workflow [516], and interested readers are pointed to detailed

reviews covering the history of CRISPR-Cas9 technology and its various applica-

tions [517, 518, 519]. Throughout, I discuss and use the original, most common

SpCas9 enzyme derived from S. pyogenes [520], even though many other enzymes

with diverse specificity and sequence restrictions are now available [515].

All CRISPR experiments begin with the design of a target-specific sgRNA, which

contains a scaffolding region to load the sgRNA into the Cas9 enzyme and a gene-

specific segment to direct the enzyme to cleave a specific genomic DNA (gDNA)

sequence. Oftentimes, the variable gene-specific targeting region of the sgRNA is

cloned into a plasmid in-frame with the scaffolding region and downstream of a

U6 promoter, which promotes high levels of transcription. The sgRNA must be

carefully selected to maximize on-target cutting while minimizing off-target activity;

a variety of standard computational tools for predicting sgRNA efficiency in silico

are widely available [521]. Upon co-delivery of the sgRNA and the Cas9 enzyme

to the cells of interest (either as a plasmid via transfection or as a pre-packaged

ribonucleoprotein, aka RNP, via electroporation), the sgRNA-loaded Cas9 enzyme

scans the DNA and introduces a dsDNA break 3-bp upstream of the protospacer

adjacent motif (PAM). The PAM, which for SpCas9 is 5’-NGG, is strictly required

for cleavage and therefore defines which regions are amenable to editing. While the

NGG motif is quite common across the genome, other enzymes can be used in AT-

rich regions [522]. After the dsDNA break is introduced, the cell can repair the break

via either NHEJ or HDR, both of which can be leveraged to knock-in new genetic
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material at the cut locus. At this point in the experiment, the cells bearing the

desired edit (representing a minority of the total population among un-transfected

cells and cells bearing indels rather than the knock-in) must be isolated, often via

antibiotic selection or limiting dilution. The polyclonal line, generated via selection,

or monoclonal line, generated via single-cell dilution, can then be scaled up and used

for tag-specific applications.

The oldest and most common approach to generating a knock-in relies on a long ds-

DNA HDR template containing the edit of interest and flanking homology arms; this

is the approach that Jack used for CCT5 (described in Section 6.2). This approach

is low throughput and slow, primarily because a bespoke HDR template must be

manually generated via PCR and Gibson assembly for each edit; amplification of

the long homology arms directly from gDNA is also especially finicky. Furthermore,

the knock-in efficiency is often quite low, requiring many clones to be checked after a

tedious single-cell dilution step. The efficiency can be improved by coupling the edit

to a marker, either via direct incorporation of a fluorescent or antibiotic-resistant

protein in the HDR template or via orthogonal editing of the ATP1A1 locus and

co-selection with ouabain [523]. However, even with these improvements, the use of

long dsDNA HDR repair templates is fundamentally low-throughput.

An interesting simplification of the HDR approach allows the user to bypass HDR

template generation. Instead of editing the target genetic locus, many groups instead

re-introduce their gene of interest (fused to the appropriate tag) into the safe-harbor

AAVS1 locus [524]. The AAVS1 gene, aka the “Adeno-Associated Virus Integration

Site 1”, is routinely used as a destination locus for exogenous genetic cargo [524].

The locus lies within the non-essential PPP1R12C gene and facilitates the robust

(but still physiological, i.e. not over-expressed) expression of transgenes. Because

the same loci is targeted in every experiment, only one AAVS1 -targeting sgRNA

is required, and the AAVS1 -specific homology arms can be included in a generic

plasmid flanking an MCS for insertion of the gene of interest. For each edit, all

that is required is standard sub-cloning of the gene of interest into the HDR tem-

plate plasmid, which often contains a selection marker alongside the desired tag and

the AAVS1 -specific homology arms. Dalvai et al. deployed this AAVS1 -knock-in

approach to great effect to isolate and study multiprotein complexes using a TAP

3xFLAG-TwinStrep tag [525]. Dalvai et al. also shared the required reagents and

detailed methods for this approach, which I relied on heavily when designing my ex-

periments [526]. However, despite its advantages, the AAVS1 -knock-in method still

requires bespoke sub-cloning of each gene of interest to generate the HDR template,
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and the knocked-in gene is not expressed at native levels (but rather at the level of

the PPP1R12C gene, whose promoter the knocked-in gene co-opts). Furthermore,

the un-tagged allele (from the native locus, which is not edited) is still present and is

expressed alongside the tagged version; especially for cellular and functional assays,

this represents a severe drawback and can complicate interpretation of the knock-in

phenotype. Therefore, since I wanted a generic method for both endogenous pu-

rification and cellular assays, I instead looked for next generation techniques which

result in modification of the native genomic loci.

One alternative involves the use of linear, single-stranded oligodeoxyribonucleotide

(ssODN) or liner dsDNA HDR repair templates. Very short homology arms (always

less than 100 bp, sometimes as short as 15 bp) are sufficient to engage the HDR

mechanism and achieve knock-in. Furthermore, since the HDR templates are short,

they can be trivially synthesized for each edit, removing all manual intervention in

the construction of the HDR template. For larger inserts (i.e. an entire fluorescent

protein) which would be expensive to synthesize each time, the short homology arms

can even be included as overhangs in PCR primers, allowing the HDR template to

be generated with just a single PCR. In either case, the use of linear DNA with

short homology arms simplifies the generation of a repair template versus traditional

approaches. Paix et al. used synthetic ssODN donors with short homology arms (35

bp) to knock-in inserts (including full-length GFP) up to 1,000 bp in length in human

cell lines [527] . Similarly, Kanca et al. used homemade, PCR-generated ssODN

repair templates, containing 100 bp homology arms, to “drop-in” large inserts of up

to 2 kb in Drosophila cell lines [528]. The approach also works in vivo: Miura et

al. deployed “Easi-CRISPR”, with long ssDNA donors and short homology arms

(55-105 bp), to generate knock-in mice containing up to 1.5 kb of added cargo with

up to 100% efficiency. A final variation, coined “CHoP-IN” and co-developed with

GlaxoSmithKline, removes the requirement for HDR altogether [529]. Using just

two cleverly designed primers, which are unique to each desired edit and are used

to amplify the tag of interest (for example, GFP) with compatible homology arms

supplied as overhangs, Manna et al. showed that targeted, large insertions (up to

1 kb) can be made with only NHEJ. All of these methods are “next-generation” in

the sense that they bypass the tedious generation of large HDR templates, making

the process faster and simpler, and result in the modification of the native genetic

locus.

For a one-off edit, CHoP-IN is the best choice in my opinion, and I would choose

CHoP-IN for bespoke edits moving forward. However, in the context of a moderate-
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throughput system, all of the next-generation methods still have drawbacks. First,

the approaches described above require both a target-specific sgRNA and an edit-

specific repair template. Even though the repair templates are easier to make than

classic HDR approaches, they still must be designed, synthesized, and prepared for

each desired gene/tag combination. As the number of cell lines to be made in paral-

lel increases, the design and handling becomes cumbersome; in fact, just the design

stage of the CHoP-IN workflow takes me up to an hour per edit, irrespective of the

requisite lab time to generate and purify the required edit-specific PCR products.

Therefore, for the work I present herein, I decided to deploy the only truly generic

solution for endogenous tagging, called CRISPAINT [511], which is diagrammed in

Figure 6.2A. CRISPAINT is fully gene agnostic–only a target-specific sgRNA is re-

quired to introduce a dsDNA break, at which point a generic NHEJ repair template,

containing the functional tag and a selection marker, is introduced. CRISPAINT

requires three plasmids at transfection: the “target selector” containing the target-

specific sgRNA and Cas9 enzyme to cut the gDNA locus, the “universal donor”

containing the desired tag and a coupled PuroR selection marker, and the so-called

“frame selector”. The frame selector plasmid contains a second sgRNA which can

induce a dsDNA break within the universal donor, creating a linear dsDNA fragment

that can be inserted via NHEJ at the site of the genomic dsDNA break. There are

three frame selector plasmids (+0, +1, and +2), which linearize the universal donor

at 3 different positions just up-stream of the tag. This ensures that the selected tag

is incorporated in-frame with the target gene’s C-terminus even if the PAM is off-set

from the stop codon. CRISPAINT can only introduce tags at the C-terminus due to

the 3’ junk plasmid backbone DNA that is knocked in along with the tag itself; how-

ever, this is a worthwhile trade-off for an approach that does not require the creation

of an edit-specific repair template of any kind. With CRISPAINT, only a target-

specific sgRNA is required; the NHEJ repair template in the universal donor plasmid

can be used over and over again at different loci. Furthermore, Schmid-Burgk et al.

generously shared the entire “pCRISPAINT” plasmid library on Addgene, includ-

ing dozens of different tags for diverse applications, which facilitates rapid uptake

by other labs. Therefore, CRISPAINT was the simplest (i.e. the least molecular

biology work-up per target) technology that met my stated requirements, so I chose

it over the others for the application presented herein.

However, even with CRISPAINT, the editing workflow still requires a single-cell

dilution and the manual screening and expansion of correct clones. This creates

a severe bottleneck and limits the number of cell lines that can be simultaneously

generated. In my experience, any more than two edits becomes impractical because
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of the intensive dilution, screening, and propagation steps. Therefore, I decided

to combine the CRISPAINT platform with a second technology to facilitate rapid

selection of the edited clones: split-GFP. The eleven-stranded GFP β-barrel can

be structurally split into two parts: one large fragment containing the first 10 β-

strands (GFP1-10) and a second small fragment containing just the final strand

(GFP11). Neither of these fragments are fluorescent alone; however, if both portions

are present, full-length, fluorescent GFP is reconstituted (see Figure 6.2B for a

schematic) [530]. Split-FP technologies (which work not only for GFP but for other

related proteins like sfCherry) provide a foundation for a variety of complementation

assays and microscopy applications [514, 531]. More importantly for this application,

split-GFP allows a small tag (GFP11, just 16 residues) to fluorescently label a gene

of interest. My idea, then, was to combine split-GFP with CRISPAINT by adding

the short GFP11 sequence to the universal donor plasmids with the tags of interest;

then, edited cells (already expressing GFP1-10) could be identified and sorted at

scale using fluorescence-activated cell sorting (FACS). Selection of GFP11-containing

edited cells via FACS is strict and direct–only cells containing an in-frame insertion

of the desired tag at an actively transcribed locus which generates a soluble fusion

protein will fluoresce. This is much stricter than coupled knock-in of the entire

GFP cassette (for example, downstream of the edit and separated by a self-cleaving

T2A peptide), which provides no indication that the target fusion protein is stable

(or, in fact, if the fusion protein is present at all). Furthermore, if the base cell

line contains an inducible GFP1-10 cassette, then fluorescence can be turned on for

FACS-selection but off for functional experiments, leaving behind just a small, 16

residue GFP11 scar on the fusion protein. This is superior to directly fusing the large

GFP molecule directly to the target protein, which could compromise its functional

activity.

The combination of split-GFP with CRISPAINT leads to a moderate-throughput

and simple workflow, which is summarized in Figure 6.2C and nicknamed “Glow-

PAINT”. The user simply selects an edit to be made and designs and clones a

target-specific sgRNA that induces a dsDNA break just upstream of the native

stop codon. Cloning of the sgRNA is required in all plasmid-based CRISPR work-

flows, and it is the only target-specific molecular biology that must be completed

for GlowPAINT. Furthermore, because the tags themselves are included on the uni-

versal donor plasmid, a single sgRNA allows any tag to be added to the target gene,

providing flexibility across experimental modalities without requiring additional sub-

cloning for each application. The only other requirement for GlowPAINT is that
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the cell-line to be edited must express GFP1-10, either constitutively or from a tran-

siently transfected helper plasmid. Since modern FACS instruments can complete

dozens of sorts in a single afternoon, this facilitates isolation of either polyclonal (all

green cells into a flask) or monoclonal (single green cells into 96-well plates) edited

cell lines in a moderate-throughput manner. GlowPAINT minimizes the required

molecular biology, bypasses manual single-cell dilution and screening of the clones,

couples the selection phenotype directly to the target protein, works with dozens of

tags, and parallelizes to allow multiple edits to be made simultaneously. The rest of

Chapter 6 describes my efforts to create, set-up, and pilot this GlowPAINT method.

6.4 Generation of GFP1-10 Cell Lines

The first step towards deploying GlowPAINT was the generation of a GFP1-10 ex-

pressing cell line to be used as the foundational line for editing. To achieve this, I

used the AAVS1 -targeting CRISPR/Cas9 knock-in methodology discussed briefly in

Section 6.3 [526]. I started by ordering the plasmid AAVS1-Puro-Tet3G-3xFLAG-

Twin-Strep from Addgene, which allows a PuroR cassette and a Dox-inducible open-

reading frame to be added to the safe-harbor AAVS1 locus using CRISPR/Cas9.

However, I needed to make some changes to the vector before use. First, and most

obviously, I needed to clone GFP1-10 into the Dox-inducible open reading frame;

less obviously, I also needed to remove the 3xFLAG-TwinStrep tag from the plas-

mid backbone. Even with an inducible GFP1-10 bearing these tags, I feared that

it could complicate the use of edited cells lines containing a targeted knock-in of a

3xFLAG or TwinStrep tag, so I felt it best to remove these epitopes. Secondly, the

CRISPAINT universal donor plasmids contain a PuroR cassette downstream of the

inserted tag to enrich for edited cells; therefore, I needed to change the resistance

marker in pAAVS1-Puro-Tet3G-3xFLAG-Twin-Strep. I selected Zeocin, which was

reported to be the best selection marker for human cells in a head-to-head compari-

son [532]; furthermore, I had successfully used ZeoR as a marker in FAS2FURIOUS,

so I had the required coding sequence and the reagent itself on-hand. These changes

required me to manually construct a new vector, called pAAVS1-ZEO-TETON-

GFP1-10, which is diagrammed in Figure 6.3A. When used in conjunction with a

standard AAVS1 -targeting sgRNA, the pAAVS1-ZEO-TETON-GFP1-10 vector re-

sults in the ZeoR, chromosomal insertion of a Dox-inducible, un-tagged GFP1-10 into

the safe harbor AAVS1 locus. A schematic of the final edited locus contained in
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the GFP1-10 expressing cell lines generated with pAAVS1-ZEO-TETON-GFP1-10

as the HDR repair template is provided in Figure 6.3B.

I constructed pAAVS1-ZEO-TETON-GFP1-10 in four “chunks” using a HiFi assem-

bly. I describe the method in detail in Section 6.1.1 and summarize the generation

of the chunks in Figure 6.3C; the chunks themselves are also annotated directly on

the plasmid map in Figure 6.3A. In short, I excised the backbone from the original

pAAVS1-Puro-Tet3G-3xFLAG-Twin-Strep (containing AmpR, origin of replication,

and the AAVS1 -targeting homology arms) using a restriction digest; I called this

Chunk 2. I then prepared the GFP1-10 insert (Chunk 1), the ZeoR cassette (Chunk

3), and the internal TetON system (also from pAAVS1-Puro-Tet3G-3xFLAG-Twin-

Strep, Chunk 4) using PCR with primers containing HiFi compatible overhangs. I

then assembled these four components to generate the final plasmid pAAVS1-ZEO-

TETON-GFP1-10, which I confirmed with colony PCR and then Sanger Sequencing.

With this newly constructed vector in hand, all I needed in order to generate the

GFP1-10 cell line was a plasmid containing the previously reported AAVS1 -specific

sgRNA. I describe the procedure for cloning sgRNAs into the plasmid eSpCas9(1.1),

which also contains the high efficiency SpCas9 enzyme eSpCas9(1.1), in more detail

in Section 6.6 [533]. For vectors containing a cloned sgRNA, I use the nomen-

clature eSpCas9(1.1)-GENEID-sgX ; therefore, the AAVS1 -targeting plasmid was

called eSpCas9(1.1)-AAVS1-sg1.

For pilot experiments, I decided to focus on Expi293 cells (which are suspension-

adapted, engineered HEK293 cells from Thermo Fisher that are commonly used

for mammalian protein expression) and wild type HeLa cells. Note that neither

of these cell lines express the innate immune receptor TLR4; however, Expi293

and HeLa cells are highly amenable to transfection, editing, and expansion, making

them reliable cell lines for piloting the GlowPAINT method before moving into more

challenging immune cell lines such as THP1. As described in detail in Section 6.1.3.1,

I transfected 1 x 106 cells in 6-well dishes with both eSpCas9(1.1)-AAVS1-sg1 and

pAAVS1-ZEO-TETON-GFP1-10; as negative controls, I also transfected cells with

each plasmid by itself or with empty transfection reagent. After 48 hours to allow

time for dsDNA break generation and HDR repair to occur, I added Zeocin and

maintained the selection pressure for two weeks.

At this point, all cells in the negative control wells were dead, whilst the cells

transfected with both plasmid components were resistant to Zeocin as expected.

At this stage, using the bulk selected pools, I extracted gDNA and ran a standard
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Figure 6.3 Generation of GFP1-10 Expressing Cell Lines. A.pAAVS1-ZEO-
TETON-GFP1-10 plasmid map. B. AAVS1 genetic locus after editing with
CRISPR/Cas9 editing using pAAVS1-ZEO-TETON-GFP1-10 as the HDR
template. C. Agarose gel showing the generation of the four “chunks” used to
assemble the homemade pAAVS1-ZEO-TETON-GFP1-10. D. IN-IN and IN-
OUT PCR using template gDNA from the GFP1-10 bulk pools. Correct am-
plicons, corresponding to the predicted amplicons included in B., are marked
with an asterisk. E.Anti-GFP western blot from the Dox-induced bulk pools.
Specific GFP1-10 band at 24 kDa marked with black asterisk. F.IN-IN PCR
from the monoclonal Expi293 GFP1-10 cell lines following limiting dilution
and suspension adaptation. G. Anti-GFP western blot from the monoclonal
lines. mcB2, marked in green, became the core cell line Expi293GFP10.

PCR using two sets of insert-specific primers, which are annotated in Figure 6.3B.

One set, called “IN-IN”, contains a forward primer which anneals in the TET-ON

promoter and another which anneals at the 3’-end of the GFP1-10 insert. For so-

called “IN-OUT” PCR, the reverse primer anneals to the genomic homology arm,

wholly outside of the inserted cargo. For shorter insertions, “OUT-OUT” PCR (with

primers annealing inside both homology arms, wholly outside the inserted region)
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is often used; however, with such a large insert (almost 3 kb), OUT-OUT PCR was

impractical and failed to give an amplicon in my hands (data not shown). As a

negative control, I also extracted gDNA from wild-type, unedited cells. As Figure

6.3D demonstrates, both the Expi293 and HeLa bulk pools contained the expected

insert, indicated by an IN-IN band at 700 bp and an IN-OUT band at 1.4 kb. The

IN-OUT band was much fainter, as PCR amplification from gDNA becomes more

challenging as the length of the amplicon increases; however, comparison to the

negative control WT amplification shows that this 1.4 kb IN-OUT band was indeed

insert-specific. As a further confirmation, I added Dox to the bulk pools to induce

the expression of GFP1-10 and, after 72 hours, ran a western blot with an anti-GFP

antibody (described in detail in Section 6.1.4) to look for expression of the GFP1-10

protein. In both bulk pools, I observed a specific GFP1-10 band at the expected size;

importantly, this band was not present in an equal mass of lysate derived from the

unedited wild type cells (Figure 6.3E).

Therefore, at the gDNA and protein level, both the HeLa and Expi293 polyclonal

bulk pools contained GFP1-10 inserted into the AAVS1 -locus. This represented a

successful replication of previously reported efforts to insert cargo into the AAVS1

safe harbor; comfortingly, it also validated that the homemade pAAVS1-ZEO-TETON-

GFP1-10 performed exactly as desired. At this point, since the HeLa cells contained

less pronounced GFP1-10 expression (the HeLa blot in Figure 6.3E was exposed for

significantly longer than the Expi293 blot), I froze down the HeLa bulk pool and

moved forward with selecting a monoclonal, GFP1-10 Expi293 cell line. I subjected

the bulk pool to limiting dilution into two 96-well plates and, after two weeks, ob-

tained three monoclonal cell lines (named mcB2, mcE2, and mcG2) which were

scaled up and suspension adapted (both to simplify splitting and because Expi293

cells are engineered to prefer suspension cultures). I repeated the IN-IN PCR, which

showed that all three monoclonal lines contained the GFP1-10 insert (Figure 6.3F).

However, only two of the lines (mcB2 and mcG2) contained GFP1-10 protein upon

Dox induction (Figure 6.3G). It is likely that mcE2 contained a frame-shift mutation

or that the locus was transcriptionally silenced–this underscores the importance of

validating knock-in at both the genetic and protein level. It also provided a nice

example of how indirect selection markers (the ZeoR, in this case) can be imperfect,

and why the direct incorporation of GFP11 into the target protein is a more reliable

way to search for edited cells. In any case, I moved forward with mcB2 for subse-

quent editing experiments; hereafter, I will refer to this cell line as Expi293GFP10.
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6.5 Adding GFP11 to CRISPAINT Universal Donors

The next step in the development of GlowPAINT was the addition of GFP11 into

the universal donor plasmids. The original CRISPAINT plasmid set contained 19

different universal donors with diverse functional tags (Addgene Kit #1000000086)

[511]. For GlowPAINT, I selected seven universal donors for incorporation of GFP11:

HaloTag® (an engineered haloalkane dehalogenase which can bind a number of lig-

ands for different applications)[534], NanoLuc® (a bright luciferase for bioluminescence-

based assays)[535], ProteoTunerTM (a degron which can be used to induce degrada-

tion of the tagged protein)[536], 3xFLAG and StrepII (affinity epitopes for purifi-

cation), AviTagTM (for biotinylation), and SpyTag (a small adhesin-derived peptide

that can form a covalent isopeptide bond with a partner protein)[537]. These seven

tags cover a diverse set of applications, including cellular proximity and interaction

assays, western blotting, affinity enrichment, immobilization, and microscopy. Four

of the seven (3xFLAG, StrepII, AviTagTM, and SpyTag) can be used for endogenous

isolation of the tagged protein; the SpyTag is especially versatile, as the choice of the

binding partner can facilitate either covalent immobilization or affinity-enrichment

and elution [538]. ProteoTunerTM facilitates inducible knock-out experiments, while

the combination of the HaloTag® and NanoLuc® can be used to set up the increas-

ingly popular NanoBRET assay [539]. The GlowPAINT method is theoretically

compatible with any universal donor vector; this subset was chosen to be diverse

and useful for pilot experiments.

The architecture of the universal donors merits detailed consideration, so the CRI-

SPAINT schematic is reproduced for clarity in Figure 6.4A with an arrow denoting

the GFP11 insertion point. Recall that the frame selector contains an sgRNA that

leads to linearization of the universal donor just upstream of the tag itself, creating

a linear dsDNA NHEJ repair template. Downstream of the tag itself, the universal

donor contains a T2A self-cleaving peptide and then the PuroR protein, which is re-

leased from the translated fusion protein and used for selective enrichment of edited

clones. Therefore, I decided to add the GFP11 peptide after (3’) the functional tag

but before (5’) the T2A site. This ensures that the GFP11 peptide is retained di-

rectly on the target fusion protein along with the functional tag. As an example, I

provide the nucleotide-level architecture of the pGlowPAINT-StrepII-PuroR vector

in Figure 6.4; note that a short GlySer linker separates the 16 residue GFP11 tag

from both the StrepII region and the T2A peptide to ensure sufficient flexibility for

complementation with the core GFP1-10 protein.
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All six of the other pGlowPAINT vectors are identical in terms of the placement of

the GFP11 and the GlySer linker. I constructed the vectors using PCR as described

in detail in Section 6.1.2. Essentially, I designed primers containing overhangs cor-

responding to the GFP11 insert that annealed to the pCRISPAINT template vector.

The forward primer annealed in the T2A peptide and contained the 3’-half of the

GFP11 insert; the reverse primer annealed in the tag region and contained the 5’-

half of the GFP11 insert. A single PCR reaction created an amplicon containing the

entire, linearized CRISPAINT vector with half of the GFP11 inserted at the 5’-end

and the other half at the 3’-end. Circularization of the amplicon using T4 Polynu-

cleotide Kinase and T4 DNA Ligase generated the final pGlowPAINT product. To

check for GFP11 insertion via colony PCR, I ordered a reverse primer (GFP11-seq-

r1) annealing within GFP11 and a forward primer annealing upstream of the tag

in the vector backbone (PSITE-seq-f1). These primers lead to the amplification

of the entire tag (which controls the amplicon size) during colony PCR, but only

if GFP11 is added downstream. As Figure 6.4B demonstrates, the approach was

highly efficient, and I obtained correctly sized clones (annotated with an asterisk)

for all seven tags on my first attempt. I miniprepped and sequenced two clones for

each tag and in all cases validated the in-frame insertion of the GFP11 tag in the

correct location. A representative sequencing chromatogram, from the generation of

pGlowPAINT-StrepII-PuroR, is aligned with the predicted sequence in Figure 6.4C.

6.6 Cloning sgRNAs into eSpCas9(1.1)

At this point, I had successfully generated the Expi293GFP10 cell line and constructed

the GFP11-containing pGlowPAINT universal donor plasmids. The last step before

piloting GlowPAINT in full was the cloning of target-specific sgRNAs. As a destina-

tion vector for the sgRNAs, I used eSpCas9(1.1) (Addgene #71814), which contains

the high-efficiency eSpCas9(1.1) enzyme along with a U6-promoter driven sgRNA

scaffold. This plasmid is diagrammed in Figure 6.5A. Before use, the target-specific

20 bp protospacer, which is specific to the gene of interest and defines the precise

location of the induced dsDNA break, must be added to the vector. To achieve this,

two complementary ssDNA oligos are ordered, containing the 20 bp protospacer

along with 5’-overhangs corresponding to the BbsI cut site in the eSpCas9(1.1) vec-

tor. The oligos are annealed to each other with a simple thermal annealing reaction

and then directly ligated into the BbsI -linearized eSpCas9(1.1) destination vector

to generate the final target-cutting CRISRP/Cas9 plasmid. The architecture of the
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Figure 6.4 Adding GFP11 to pCRISPAINT Donors. A.CRISPAINT schematic re-
produced from Figure 6.2A. The arrow indicates the region downstream of the
tag where the GFP11 peptide was inserted. B. Colony PCR following the ad-
dition of GFP11 to seven different CRISPAINT donors to generate the pGlow-
PAINT donor library. Clones marked with an asterisk were the expected size.
Seven different tag moieties were modified with GFP11. C.Representative se-
quencing chromatogram for the newly created pGlowPAINT-StrepII-PuroR.
The GFP11 was inserted 3’ to the tag and 5’ to the self-cleaving T2A sequence
(which releases the PuroR marker). A short GlySer linker was added be-
fore and after the GFP11 peptide. All seven GFP11-containing pGlowPAINT
donors were similarly confirmed with Sanger sequencing.

U6-promoter driven sgRNA within eSpCas9(1.1) is displayed in Figure 6.5B; the

protospacer targeting region is highlighted in dark green, along with the BbsI -cut

sites and the 5’, 4 bp oligo overhangs used for ligation. The details of this standard

sgRNA cloning method, which were provided to me by Dr. Hublitz, are provided in

Section 6.1.3.

To exemplify the potential of pGlowPAINT to be used in a moderate-throughput
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Figure 6.5 Cloning Target-Specific sgRNAs. A.The eSpCas9(1.1) plasmid.
B.Zoomed-in view of the sgRNA cloning region, showing the U6-promoter,
the targeting region, and the downstream sgRNA scaffold. Target-specific
protospacers are inserted at the BbsI cut sites. C.Modified colony PCR,
using hU6-seq-f1 and the target-specific reverse oligo, to check for correct
insertion of the protospacer following restriction-ligation cloning. Clones ver-
ified with Sanger Sequencing, accounting for 96% of the clones sequenced, are
displayed in green. D. Initial target gene list and the protospacer targeting
sequence used as recommended by Schmid-Burgk et al. [511]. Note that the
adjacent PAM is required for dsDNA cleavage by Cas9, but it is not included
in the sgRNA itself.

format, I assembled a target list containing 26 different genes. A full list of the

genes and their corresponding protospacer sequences is provided in Figure 6.5D.

The targeting sequence for each selected gene was taken directly from the original

pCRISPAINT paper, wherein Schmid-Burgk et al. provided recommended proto-

spacers for all human genes [511]. The recommended targeting sequences strictly

minimize the number of residues which are truncated from the C-terminus of the

target protein as a result of PAM restrictions. I will return shortly to my mistaken
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choice to use the targeting regions closest to the stop codon rather than selecting

the best predicted sgRNA within a reasonable distance in Section 6.7. The gene

target list contains not only the standard AAVS1 -targeting sgRNA, but also TLR4,

metabolic enzymes, amino-acyl tRNA synthetases, and guanidine nucleotide bind-

ing proteins. The list was assembled with input from our group and other groups in

the department, with an eye towards a specific knock-in application for each gene;

the more generic motivation was to explore the parallelizability of the GlowPAINT

method.

I next ordered and cloned the sgRNAs according to the standard method supplied

by Dr. Hublitz except for one important improvement. For one-off cloning of a

few sgRNAs at a time, Dr. Hublitz recommended miniprepping and sequencing

three different clones for each sgRNA. However, for a higher-throughput system

(here I handled 26 sgRNAs at once), this “prep and sequence” approach to finding

a correct clone would have been tedious and expensive. Instead, I designed a colony

PCR approach that picks out correct clones. I first designed and ordered a generic

forward primer, called hU6-seq-f1, that sits inside the U6 promoter upstream of the

protospacer insertion site. As the reverse primer for colony PCR, I used the target-

specific reverse oligo used to clone the targeting region in the first place. Because I

ordered the oligos in a 96-well plate, it was relatively trivial to add a unique reverse

primer to each colony PCR reaction. If the picked colony contained the correct,

target specific protospacer, a 300 bp amplicon would be generated. Figure 6.5C

shows that this colony PCR approach was highly effective at identifying clones with

the correct insertion. I picked two clones for each target, and in all but one case

I observed a strong 300 bp amplicon for at least one clone. I submitted a subset

of the clones for Sanger Sequencing and observed that all clones which generated a

clear 300 bp amplicon contained the correctly inserted targeting region. The only

incorrect sequencing run was generated from the LARS1-2 clone, which clearly gave

a weaker amplicon (red text in Figure 6.5C). Therefore, my colony PCR approach

was essentially 100% effective and represents a simple but important methodological

improvement that facilitates high-throughput cloning of sgRNAs without the need

to miniprep and sequence every resulting plasmid. In theory, this approach should

work for 96 sgRNAs at once; in fact, I handled these 26 targets in 96-well plates

throughout the procedure.
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6.7 Checking sgRNA Cleavage Efficiency

With the sgRNAs cloned, I now had all three components to deploy GlowPAINT:

a GFP1-10 cell line, GFP11-containing NHEJ donors, and target-specific sgRNAs.

However, before piloting the entire system, I wanted to check the on-target cutting

efficiency of the sgRNAs I had cloned. Selecting the right sgRNA is a challenge

that many online tools, including the Broad Institute’s excellent CRISPick, attempt

to solve by predicting on- and off-target cutting efficiency scores [521, 540, 541].

However, it is still best to experimentally validate that the selected sgRNA actually

cleaves the target dsDNA in the cell line of interest–quite simply, if the sgRNA does

not cut, there will be no insertion, no matter how elegant the design of the repair

template. sgRNA efficiency is especially important to validate in the context of

piloting a new system. In a few one-off pilot experiments (data not shown) with just

the CCT3 sgRNA, I saw no insertion. However, without evidence that the sgRNA

actually cleaved the target, I could not distinguish between no cutting (an easily

corrected sgRNA problem) and no NHEJ-mediated knock-in (a more fundamental

problem with the approach).

Therefore, I decided to test the cleavage efficiency of all of my cloned sgRNAs using

a mismatch cleavage assay, often referred to as a Surveyor assay [542]. The assay

is relatively simple and is diagrammed in Figure 6.6A. First, the relevant cells are

transfected with just the eSpCas9(1.1)-sgX plasmid, which will introduce a dsDNA

break. The more efficient the sgRNA, the more dsDNA breaks that will occur. The

cells will then locally repair this break which, in the absence of a supplied repair

template, will create indels at the cut site. After 48 hours, the gDNA is extracted

from the mixed pools and the targeted region is amplified with PCR using target-

specific primers. The primers sit 200–400 bp upstream and downstream of the

predicted cut site, creating a moderately sized amplicon that contains both the wild

type allele (from unedited cells) and the alleles containing indels (from cut cells).

The amplicon is then denatured and re-annealed, which leads to the creation of

heteroduplex DNA with a central mismatch at the site of the indel. T7 Endonuclease

I, also marketed as the “Surveyor nuclease”, specifically recognizes this mismatched

DNA and catalyzes cleavage of the heteroduplex DNA into two pieces. Cleavage

of the amplicon can be semi-quantitatively tracked on a gel–the more efficient the

original sgRNA, the higher fraction of edited cells and therefore a higher percentage

of T7 Endonuclease I cleaved heteroduplex DNA. As a negative control, the target

region from cells not transfected with the sgRNA is amplified, re-annealed, and
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treated. The entire assay takes only five days to complete and provides a reliable

way to rank sgRNAs and confirm that they are cleaving the gDNA as desired. The

only drawback is that individual primer sets must be ordered for each cut.

To test the sgRNAs cloned in Section 6.6, I transfected 800,000 Expi293GFP10 cells

with each eSpCas9(1.1)-sgX plasmid in 24 well plates. After 48 hours, I extracted

gDNA using a commercially available reagent (DNAzolTM) and then completed the

mismatch cleavage assay as described in Section 6.1.5. I used two sets of primers

to amplify each target site and obtained amplicons of the expected size for 17 of

the targets (65% of the tested sgRNAs) using touchdown PCR and the high fidelity

Q5® Polymerase. As a negative control, I used the same primer sets to amplify the

target region from wild-type gDNA. Re-annealed amplicons from the 17 successfully

amplified targets and their respective negative controls were subjected to T7 En-

donuclease I treatment and then analyzed on an agarose gel, shown in Figure 6.6B.

Disappointingly, only three sgRNAs (marked in green) clearly cleaved their target:

eSpCas9(1.1)-GDE1-sg1, eSpCas9(1.1)-LPIN-sg1, and eSpCas9(1.1)-CD44-sg1. For

all the other sgRNAs, including the TLR4 sgRNA, I did not observe the appear-

ance of two smaller cleaved bands relative to the negative control T7 Endonuclease

I treatment. I used eSpCas9(1.1)-AAVS1-sg1 to generate the Expi293GFP10 cell line,

so I also considered this a working sgRNA even though I could not obtain a spe-

cific gDNA amplicon during this experiment. This means that, of the 26 sgRNAs I

originally cloned, I could only experimentally validate on-target cleavage for four of

them (just over 15% efficiency). These results are summarized in a table for clarity

in Figure 6.6C.

The low efficiency of the sgRNAs I cloned stems from my decision to use the target

sequences recommended in the original pCRISPAINT paper. These guides were

chosen to minimize the distance between the cut site and the stop codon in an

effort to reduce the number of residues lost at the C-terminus in the fusion protein.

However, especially given the low efficiency I observed for sgRNAs designed this

way, this is a poor way to select a target region. Instead, focus should be placed on

guides predicted to cut with high efficiency within a biologically relevant truncation

region; for example, I would prefer to use a high efficiency guide that introduces

an eight-residue truncation over a low efficiency guide that cuts directly at the C-

terminus. If I were to repeat these experiments in the future, I would manually

design sgRNAs for each target using the CRISPick tool and pick the best scoring

target sequence within a tolerable window of the C-terminus, rather than simply
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picking the most proximal target sequence. Furthermore, I would order multiple

(2–4) sgRNAs per target gene to increase the probability of finding a strong cutter.

These results prove that sgRNA design and sgRNA validation are critical steps in

the GlowPAINT workflow, which is one of the reasons why I describe the method

as moderate-throughput. With the requirement for multiple sgRNAs manually

designed per target and validated with a mismatch cleavage assay, the potential

throughput drops significantly (in my opinion to probably 12 edits and 24-36 sgR-

NAs at a time). However, I pressed onward with validating the core features of

the GlowPAINT method by working with just the three sgRNAs I validated in the

mismatch cleavage assay.

6.8 Piloting the GlowPAINT Method with GDE1

Human glycerophosphodiester phosphodiesterase 1 (GDE1; UniProt Q9NZC3) is

a 37.7 kDa, ER-localized transmembrane enzyme responsible for the hydrolysis of

phosphodiester bonds in glycerophosphodiesters such as glycerophosphoinositol and

glycerophosphoethanolamine [543]). GDE1 is involved in the regulation of GPCR

signalling pathways, is ubiquitously expressed (including in HEK293 cells), and con-

tains a C-terminal cytoplasmic tail that is separated from the ER-localized catalytic

domain by the ER-membrane [544]. These facts, combined with my empirical ob-

servation that eSpCas9(1.1)-GDE1-sg1 efficiently cuts the GDE1 target locus (see

Figure 6.6), made GDE1 a useful target for piloting the full GlowPAINT method.

Towards this end, with the assistance of Douglas Ferreira, another DPhil student

in the group, I transfected Expi293GFP10 cells with the entire three-plasmid Glow-

PAINT system: eSpCas9(1.1)-GDE1-sg1 to cut, Frame Selector Plasmid to lin-

earize the repair template, and pGlowPAINT-3xFLAG-PuroR to serve as the repair

template for NHEJ-mediated knock-in of 3xFLAG–GFP11–T2A–PuroR to the C-

terminus of GDE1. Note that I tested all three Frame Selectors in this experiment;

Frame Selector #0 is predicted to be most likely to generate an in-frame insertion of

the tag at the GDE1 locus. However, because NHEJ can result in 1-3 bp deletions,

it is not impossible for a different Frame Selector to generate an in-frame knock-in.

Schmid-Burgk et al.’s data demonstrated that the Frame Selector predicted to be in-

frame is always the best performing, but that the other Frame Selectors can still give

lower efficiency in-frame knock-in [511]. A schematic of the GDE1 locus is provided

in Figure 6.7A, showing the PAM, the targeting region, and the predicted site of
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Figure 6.6 Checking sgRNA Efficiency. A. Schematic of the mismatch cleavage
assay, reproduced from https://blog.addgene.org/crispr-101-validating-your-
genome-edit. B. Results of a mismatch cleavage assay from 17 eSpCas9(1.1)-
sgRNA vectors transfected into Expi293GFP10 cells. Guides which induced
significant dsDNA breaks are highlighted in green. C. Overview of the per-
formance of the 26 eSpCas9(1.1)-sgX vectors cloned and tested herein. Only
four of the original 26 sgRNAs were experimentally confirmed to induce ds-
DNA breaks.

Cas9-mediated cleavage (which results in the truncation of a single residue, Phe331,

from the C-terminus of the GDE1 protein). As described fully in Section 6.1.6, I

also transfected individual plasmid components and empty transfection reagent to

serve as negative controls, and after 48 hours I subjected the transfected bulk pool

cells to selection with 2µg mL−1 puromycin to generate polyclonal cell lines (“pc”).

This selection step should enrich for cells containing the desired insertion.

I first examined the GDE1 genomic locus using OUT-OUT PCR with primers that

anneal 200 bp upstream and downstream of the predicted cut site. The results,

shown in Figure 6.7B, suggested that knock-in occurred in the presence of Frame
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Selector #0 but not with Frame Selector #1, #2, or the mock transfection. As

discussed in Section 6.3, the CRISPAINT method results in the knock-in of the

entire donor template plasmid, which is over 3 kb in length. The large, smeary band

in the pcFS0 band is consistent with a large knock-in but an insufficiently long

extension time in the PCR reaction; it could also be due to nuclease contamination

causing degradation of the PCR amplicon. To validate this result, I performed an

anti-FLAG western blot on the un-selected bulk pools, the results of which are shown

in Figure 6.7C. While the band is faint (as expected given that these samples were

taken from the un-selected bulk pools, where the edit will be a small minority of

the overall cell population), there is a specific GDE1-3xFLAG-GFP11 band at the

expected molecular weight when Frame Selector #0 was used. Note that the strong

band at approximately 37 kDa is due to the presence of 3xFLAG-mCherry, which

is included as a marker on the frame selector plasmids.

With suggestive evidence at the gDNA and protein level, I next subjected the pc cell

lines (from Frame Selector #0 and #1) to limiting dilution to generate monoclonal

(“mc”) cell lines. I generated five cell lines (mc1–mc5) which, after selection and

scale-up, survived a second round of puromycin selection. I then subjected lysates

from these lines to an anti-FLAG-tag western blot and observed a FLAG-tagged

product in mc4 at approximately 60 kDa and 180 kDa. GDE1 has a molecular

weight of approximately 40 kDa, but membrane proteins often run higher than their

predicted MW, especially since GDE1 is known to be glycosylated [544]. The larger

band could correspond to a trimer. In any case, I reproduced this result by scaling

up mc4 (to 120 x 106 cells) and then performing an anti-FLAG pull-down followed by

an anti-FLAG western blot. Yet again, I observed a strong FLAG-tagged product at

approximately 60 kDa that was not present in the pull-down from an equal number of

wild-type, unedited cells. Unfortunately, due to instrument access limitations during

COVID-19, I could not analyze mc4 on a confocal microscope or FACS instrument

to confirm Dox-inducible fluorescence. However, this pilot experiment does show

that the pGlowPAINT vectors with a GFP11 insertion behave as expected and allow

targeted knock-in of a C-terminal affinity tag.

6.9 Conclusions and Future Directions

In this Chapter, I presented my efforts to establish a CRISPR-Cas9 system for

the endogenous tagging of human genes for diverse applications. Motivated by the
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Figure 6.7 GlowPAINT Pilot with GDE1. A.Schematic of the GDE1 genomic lo-
cus, focusing on the targeted C-terminus. The PAM, targeting sequence, and
predicted Cas9-induced cut site are annotated. B.Expi293GFP10 cells sub-
jected to OUT-OUT PCR after transfection with the GDE -targeting Glow-
PAINT components. All three frame selector plasmids (FS0, FS1, and FS2)
were tested using pGlowPAINT-3xFLAG-PuroR as a repair template and
eSpCas9(1.1)-GDE1-sg1 to generate a dsDNA break.“pc” denotes polyclonal
lines following puromycin selection. C. Anti-FLAG western blot from the
un-selected bulk pool cells as in B. The “sgRNA Only” negative control was
transfected with only eSpCas9(1.1)-GDE1-sg1; the “All but sgRNA” neg-
ative control was transfected with all GlowPAINT components except for
eSpCas9(1.1)-GDE1-sg1. D. Anti-FLAG-tag western blot from five PuroR

monoclonal cell lines. E.Eluates from an anti-FLAG pull-down using 120 x
106 cells from mc4 or wild-type Expi293 cells analyzed with an anti-FLAG
blot.

success of my colleague Dr. Kelly on human TRiC, and with an eye towards gener-

ating tagged TLR4 cell lines to address the unanswered questions from Chapter 5,

I combined two previously reported methodologies (split-GFP and CRISPAINT) to

generate a novel tagging platform which I coined GlowPAINT. In principle, Glow-
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PAINT allows the C-terminal insertion of diverse functional epitopes to any human

gene in a moderate-throughput manner without requiring a target-specific HDR

template or tedious limiting dilution experiments. Using a homemade plasmid, I

created a Dox-inducible GFP1-10 cell line to serve as the foundation for editing. I

next introduced the GFP11 peptide to seven different pCRISPAINT universal donor

plasmids to generate a useful set of pGlowPAINT plasmids. Finally, after cloning,

testing, and triaging over two dozen gene-specific sgRNAs, I demonstrated knock-in

of 3xFLAG-GFP11 to the GDE1 locus, providing proof of principle for the Glow-

PAINT method. Relative to the other results in this thesis, the work presented

in Chapter 6 is the most incomplete due to the impact of COVID-19, and there-

fore there are obvious and important next steps that must be performed prior to

routine deployment of GlowPAINT. First, the FACS-based selection of correctly

edited, GFP-positive cells must be validated, and the feasibility of parallelizing the

method with available instrumentation should be evaluated. Because of instrument

limitations during the UK lockdown, I was unable to validate the efficiency of se-

lecting for edited cells with FACS. While in principle this should be trivial, this

validation is essential because the FACS-enrichment removes the requirement for

single-cell dilution and screening, a rate-limiting step in the procedure. Next, the

method should be tested across more diverse genes and more challenging cell lines;

particularly, efforts to generate a THP1 monocyte cell line with tagged TLR4 (my

ideal end-goal for GlowPAINT) would be valuable. Thirdly, the edited cell lines

require downstream quality control to confirm that GlowPAINT does not radically

change the expression level, sub-cellular localization, or biological activity of the

tagged proteins. This validation is required in all CRISPR-workflows; however, it is

especially important for GlowPAINT, which results in the incorporation of an un-

common bi-functional tag to the protein of interest. Finally, an important extension

of the method would be to generate cell lines with GFP1-10 expressed in specific

sub-cellular compartments, including the mitochondria, ER, and nucleus. Using the

vectors and cell-lines presented herein, only proteins with a cytosolic C-terminus

can be selected by fluorescence (since the GFP1-10 counterpart is expressed in the

cytosol).

However, despite requiring further work-up, the overall design, molecular biology,

and proof-of-principle experiments presented in Chapter 6 represent a meaningful

step forward for CRISPR/Cas9-mediated endogenous tagging. Given the growing

utility and accessibility of cryo-EM and proteomics, alongside the clear practical

advantages of GlowPAINT versus other systems (especially in terms of simplicity,
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throughout, and reliability of the fluorescence-based selection), I envision Glow-

PAINT becoming increasingly useful in the future. The aforementioned next steps

are already being actively pursued by others in the laboratory, justifying my op-

timism that GlowPAINT will soon be fully optimized and ready for routine de-

ployment as a standard workflow for CRISPR/Cas9-mediated generation of endoge-

nously tagged human cell lines. In fact, in March 2021, another group independently

developed the working principles of GlowPAINT, using ssODN’s to insert mNeon11

to over 1,000 endogenous loci for microscopic localization studies and miniaturized

AP-MSMS experiments [545]. In a game-changing tour de force, this technology

allowed Cho et al. to generate “OpenCell”, a proteome scale “cartography” of hu-

man protein localization and interactomes. However, Cho et al. do not report the

use of the cell lines for endogenous purification or structural studies, leaving room

for GlowPAINT to make an impact in the cryo-EM space. Importantly, this recent

publication emphasizes the strength of the approach developed herein, and high-

lights the overall direction of the field towards high-throughput endogenous tagging

to study biological systems.
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Chapter 7

The COVID-19 Interlude: Antigen
Production for Serological Assays

Chapter 7 concludes the results section of this thesis with my second method de-

velopment vignette, focused on COVID-19-related protein production. For more

than four full-time months during the height of the UK lockdown (March–August

2020), I stopped working on my thesis project and was instead seconded to the

SGC’s Biotechnology Group in order to purify COVID-19 relevant proteins, includ-

ing the SARS-CoV-2 spike protein (S) and receptor-binding domain (RBD), along

with monoclonal antibodies. In Chapter 7, I will focus exclusively on my work on

the S protein. Alongside the talented Dr. Alejandra Fernandez-Cid, the Senior

Scientist in the Biotech Group, I co-managed a team of over twenty scientists who

worked together to purify large quantities of S. This purified S antigen was required

to support Oxford’s National Serology Testing Center, an automated platform that

provides surveillance serological testing to support COVID-19 research and policy-

making. I personally managed all in-lab scientists on a daily basis for this four-month

period and drove key improvements in the purification of S, a protein that proved

quite challenging. All of the protein-level data in this Chapter are my own, and I

personally completed all of the key optimization experiments to ensure reproducibil-

ity. However, even though I directed and completed much of the work, throughout

this section I will use first-person plural pronouns to emphasize the collaborative

team effort, which was assembled under emergency conditions and on a short time-

line. This is especially important for the cell culture work, the majority of which

was handled by other scientists whom I will mention by name where appropriate.

To date, we have purified over 470 milligrams of S antigen which continues to be used

in a serological assay that matches, and in most cases out-performs, other commer-
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cially available diagnostics. We also paved the way for scaling up production of the

S protein in bioreactors for other applications via the generation of over-expressing

monoclonal cell lines. My work on secreted protein expression systems, discussed in

Chapter 3, and diverse protein purification techniques, discussed primarily in Chap-

ter 2, proved especially valuable for this effort and highlights how a commitment

to robust methodology in one area can be leveraged to make an impact elsewhere.

Furthermore, I include this Chapter under the University’s COVID-19 Student Pol-

icy as an explanation for the unfinished loose ends in Chapter 5 and 6 which, in a

non-COVID world, I would have tied up before finishing my time at Oxford.

7.1 Materials and Methods

7.1.1 Transient Expression and Purification of SARS-CoV-2
S Protein

On Day 1, Expi293FTM cells (Life Technologies Limited A14528) were split to 1 x

106 cells per mL in roller bottles and grown at 170 RPM, 37 ◦C, and 8% CO2 in

1 L cultures in FreeStyleTM 293 medium (Thermo Fisher 12338-018). On Day 2 the

cells, now at approximately 1 x 106 cells per mL, were divided into 500 mL cultures

in roller bottles prior to transfection. The transfection steps described below are for

one flask containing 500 mL of cells. In a Falcon tube, 250µg of DNA was added to

10 mL of pre-warmed Opti-MEM I Reduced-Serum Medium (Gibco 31985062). In a

second tube, 1.5 mg of 25K Linear-PEI (PolySciences 23966-1) was added to 10 mL

of pre-warmed Opti-MEM. These amounts correspond to 0.5 mg L−1 plasmid DNA

and a 1:6 (w:w) ratio of DNA:PEI. The plasmid DNA mixture was added step-wise

to the PEI mixture, mixed gently, and incubated for 30 min at room temperature.

At this point, 10 mm sodium butyrate was added as an enhancer to the cells. Finally,

the DNA/PEI mixture was added drop-wise to the cells, and the transfected cells

were allowed to grow at 170 RPM, 30 ◦C, and 8% CO2 for 68–72 hours. After three

days, the cell viability was checked and recorded (routinely over 90% at harvest) and

the medium was harvested via centrifugation at 900 x g for 15 min at 18 ◦C. The

clarified medium was transferred to a clean centrifuge tube and centrifuged again at

4,000 x g for 15 min at 18 ◦C to further remove aggregates and cellular debris. At

this point, the clarified supernatant was buffered by the addition of concentrated

PBS to a final concentration of 1X PBS (pH = 7.2–7.4) prior to purification.
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To purify the S protein from the clarified, buffered supernatant, 4 mL L−1 loose, pre-

equilibrated Ni2+ IMAC Sepharose (GE) was added. The samples were incubated

for at least two hours at room temperature with gentle stirring to maximize capture

of S. The bound resin was collected in large gravity flow columns and then washed

with 50 CV of 1X PBS, 50 CV of 1X PBS + 25 mm imidazole, and 50 CV of 1X

PBS + 40 mm imidazole prior to elution with 3 x 2 CV of 1X PBS + 300 mm

imidazole. At this point, S-containing fractions were pooled, placed on ice, and

maintained at 4 ◦C for the rest of the purification. S was desalted by serial dialysis

back into 1X PBS, ensuring that the final [imdiazole] was less than 0.1 mm. At this

stage, depending on the downstream application, 0.1% Tween-20 was added to the

sample to reduce protein loss during concentration. Using a Vivaspin Centrifugal

Concentrator (GE), the sample was gently concentrated in increments of 3 min at

2,500 x g, with a mixing step between every spin. Once the concentration reached

at least 1 mg mL−1, the sample was removed from the concentrator and centrifuged

for 30 min at 21,000 x g to remove aggregates. After removing a small sample for

quality control, the protein was flash frozen in LN2 and stored at −80 ◦C prior to

use.

For quality control, 10 µg of the purified protein was analyzed via SDS-PAGE for

purity and the putative S band was confirmed by in-gel tryptic digest MSMS. To

confirm the presence of a monodisperse trimer, 10 µg of the purified protein was

diluted in 110 µL of PBS and analyzed via analytical SEC on a Sepax 3000 column

with a DionexTM Ultimate 3000 UHPLC System. The trimeric S eluted between

2.55–2.85 min, consistent with the expected trimer based on comparison to Gel

Filtration Standards (Bio-Rad). 6µg of S per reaction was also analyzed in triplicate

via DSF using the method reported in Section 2.1.11.

7.1.2 Cloning S-c23

To clone S-c23, S-c16 was transferred into the NeoR pOPINTTGneo vector back-

bone by PCR. pOPINTTGneo was linearized according to the manufacturer’s (NEB)

recommendations via double digest with KpnI -HF and NotI -HF followed by gel ex-

traction of the backbone. S-c16, containing Met1–Gln1208 (UniProt: P0DTC2) of

the SARS-CoV-2 S protein and a C-terminal 8His-Twin-Strep tag, was amplified

by PCR using Q5® Polymerase with primers containing HiFi-compatible overhangs

generated by NEBuilder (S-c23-f1 + S-c23-r1; sequences below). The 3.8 kb am-

plicon was checked on an agarose gel and then incubated overnight with 1µL DpnI
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at 37 ◦C prior to spin purification. 50 ng of linearized pOPINTTGneo was HiFi-

assembled according to the manufacturer’s recommendations (NEB) with 50 ng of

the purified PCR amplicon, transformed into Mach 1 cells, and finally selected on

CarbR LB-agar plates. Five colonies were checked with Colony PCR using the

vector-specific primers pOPINTTGneo-seq-f1 + pOPINTTGneo-seq-r1. One colony

with an insert of the correct size (approximately 4 kb) was miniprepped and the

in-frame insertion of the S-c16 coding region was confirmed with Sanger Sequenc-

ing using pOPINTTGneo-seq-f1 + pOPINTTGneo-seq-r1. The rest of the cod-

ing sequence was confirmed using a set of overlapping internal sequencing primers

(SPIKE-seq1 through SPIKE-seq-7). The new construct was called S-c23 and used

to generate stable cell lines as described in Section 7.1.3.

New primers used for PCR amplification of S-c16. HiFi overhangs in lowercase,

S-c16 annealing regions in uppercase:

S-c23-f1 (5’-ggttgcgtagctgaaaccggtacc-

ATGTTCGTGTTCCTGGTGCTGCTGCCTCTGG)

S-c23-r1 (5’-ggagccacccccaatttgagaaataatga-

GCTCGAGGCCGGCAAGGCCGGATCCC

Sequencing primers used for Colony PCR and Sanger Sequencing:

pOPINTTGneo-seq-f1 (5’-ATGGTCGAGGTGAGGTGTG)

pOPINTTGneo-seq-r1 (5’-CTAGCTAGAGATCTCCGAGGG)

Internal sequencing primers to confirm the entirety of the S coding sequence:

SPIKE-seq1 (5’-ATGTTCGTGTTCCTGGTGCT)

SPIKE-seq2 (5’-CGCGTATATTCGTCGGCTAA)

SPIKE-seq3 (5’-GAAGGGCATCTACCAGACCA)

SPIKE-seq4 (5’-GGCTCATGGTGTAGGCGAT)

SPIKE-seq5 (5’-CTGCATGGCGAAAGGGATTT)

SPIKE-seq6 (5’-AGATCCAAGCAAGCCTAGCA)

SPIKE-seq7 (5’-TGTTCCTGCACGTGACCTAC)

7.1.3 Generation of S-Expressing Monoclonal Cell Lines

Stable cell lines for S-c17, S-c19, and S-c23 were generated via random genetic

integration. Prior to transfection, S-c17 was linearized with SacI -HF, S-c19 was
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linearized with BsaI, and S-c23 was linearized with MluI according to the manufac-

turer’s recommendations (NEB). Both the circular and the linearized plasmid DNA

were heat sterilized for 20 min at 80 ◦C prior to transfection. 10 mL of adherent

Expi293FTM cells, grown in DMEM + 10% FBS + 1X Gentamicin, were seeded

at 2 x 106 cells per mL and transfected with 5 µg plasmid and 15 µL FugeneHD®

according to the manufacturer’s recommendations (Promega). The cells were al-

lowed to recover for 48 hours post-transfection before the addition of fresh medium

containing 200µg mL−1 G418. After three additional days, the [G418] was raised

to 800 µg mL−1 and maintained for at least 8 additional days (until the cells in a

negative control flask were visibly dead). At this point, the G418-resistant cell pop-

ulations were trypsinized and a portion of the polyclonal bulk pools were frozen.

The rest of the cells, from both the linearized and circular parental plasmid DNA,

were subjected to limiting dilution and plated at a density of 0.5 cells per 200 µL

into multiple 96-well plates. After 14 days, wells containing a single adherent colony

were transferred into 24-well suspension blocks with 100% FreeStyleTM medium and

grown for three days. At this point, samples of the supernatant were taken and

16 µL were analyzed via western blot as described in Section 6.1.4, except for the

use of anti-Penta-His-HRP conjugate primary antibody (Qiagen 34460) to detect

the His-tag on S. Monoclonal lines demonstrating the highest level of S expression

were frozen in 10% DMSO and scaled up for large-scale purification. The best lines

came from linearized S-c17 and S-c23 and circular S-c19 plasmid DNA.

7.2 Introduction to SARS-CoV-2 S and Serology

Testing

As of March 2021, over 120 million people have been infected by the SARS-CoV-

2 virus, and the resulting disease (COVID-19) has killed over 2.5 million people.

SARS-CoV-2 belongs to the broad family of beta coronaviruses, which also includes

the “near miss” pandemic viruses MERS-CoV (2002) and SARS-CoV (2012); SARS-

CoV-2 shares 50% and 79% sequence identity, respectively, with these previous coro-

naviruses [546]. SARS-CoV-2 infects human cells via the high affinity interaction

between the viral particle Spike (S) protein and the human transmembrane recep-

tor angiotensin I converting enzyme 2 (ACE2) [547, 548]. S binding to ACE2 via

the receptor-binding domain (RBD) within the S1 subunit triggers a large con-

formational rearrangement into the “post-fusion state”, which is facilitated by the

proteolytic cleavage of S at the S1/S2 and S’ sites by the human serine protease
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TMPRSS2 [549, 550, 551]. This conformational change induces fusion of the viral

and cellular membranes and intracellular release of the 29.9 kb SARS-CoV-2 mRNA

genome, which contains the 16 non-structural proteins, four structural proteins, and

the six or more accessory proteins required for viral replication and extracellular

release of newly packaged virus particles [552].

S, being the largest surface-exposed viral protein and the viral molecule directly

responsible for cellular entry, is the primary antigen for neutralizing antibodies gen-

erated by the adaptive immune system; as a result, it is the protein presented by

all four of the approved vaccines (Moderna, Pfizer, Astra Zeneca, and Johnson &

Johnson) [553, 554]. The sub-domain architecture (including the S1/S2 and S2’

proteolytic processing sites) and overall structure of the S ectodomain, solved with

remarkable speed by Wrapp et al., is reproduced in Figure 7.1A [555]. S exists as

a homotrimer with a combined molecular weight of 423 kDa, and contains a large,

surface-exposed ectodomain (Gln14–Gln1208) and a transmembrane domain with a

short internal C-terminal extension (Pro1213–Thr1273). The RBD (green) exists in

a dynamic equilibrium between the “up” and “down” conformations at the top of S;

it is in the up conformation that RBD binds to ACE2. Unlike other coronaviruses,

the SARS-CoV-2 S protein has a unique polybasic furin cleavage site (“RRAR”)

inserted at residue 682, which makes S more susceptible to processing by host pro-

teases and contributes to the increased infectivity of SARS-CoV-2 [556]. S is also

heavily glycosylated, which contributes to immune evasion by shielding more than

40% of the surface of S from circulating antibodies. This feature is emphasized

in Figure 7.1B, which is reproduced from Grant et al.’s application of molecular

dynamics to simulate the behavior of S glycoprotein [557]. Grant et al. used exper-

imentally determined glycan structures, derived from glycoproteomics, at each of

the 22 N-glycan sites on S protein as purified from HEK293 cells [558]. Therefore,

the structure as presented in Figure 7.1B is most representative of the complete S

glycoprotein that we purified from Expi293 cells in this section.

Because of the importance of S as the primary antigen for neutralizing antibodies,

the vast majority of SARS-CoV-2 serological assays are “anti-S”, in that they detect

the presence of S-binding antibodies from patient-derived sera [559, 560]. Serological

assays are orthogonal to PCR-based diagnostics, which can only detect the presence

of viral RNA during an ongoing infection. On the other hand, serological assays are

often used for epidemiological purposes to survey the population and calculate the

proportion of previously infected individuals in an area; these studies can also help
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Figure 7.1 The SARS-CoV-2 S Protein. A.Sub-domain architecture and overall
structure of pre-fusion S, reproduced from Wrapp et al. [555]. The ACE2-
binding RBD in the “up” conformation is displayed in green. B.Extensive gly-
cosylation envelope on S, reproduced from Grant et al. [557]. C.Comparison
of WT S with the key constructs used herein. Stabilizing sequence changes
at the polybasic furin cleavage site (682-RRAR to 682-GSAS) and the 2P
mutation (K986P, V987P) are marked with a vertical yellow line.

to determine the asymptomatic infection rate, a key variable in computational mod-

elling of the disease. Longitudinal serological assays can also be used to determine

the strength and duration of anti-S antibody responses, which informs on the risk

of re-infection and length of protection after an infection [560]. In the context of

vaccine development, which was pursued in earnest by the Jenner Institute at Ox-

ford while our work was ongoing, serological assays serve as a primary readout for

the immune-activating efficacy of vaccine candidates, especially during pre-clinical

and Phase 1 studies [561]. However, despite their vital importance to both research

and policy making, serological assays are more challenging than PCR assays to de-

velop, leading to conflicting results from different assay platforms and commercially
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available kits [562, 563].

Therefore, in the early months of the pandemic (March 2020), the Nuffield Depart-

ment of Medicine decided to establish a National Serology Testing Center in Oxford,

lead by a large consortium of scientists that came to be known as The National

SARS-CoV-2 Serology Assay Evaluation Group. Well over a hundred scientists

worked together to develop a fully automated, in-house serology testing platform

which outperformed other tests in an unbiased head-to-head comparison and per-

formed with 99.1% sensitivity and 99% selectivity [564]. The platform was eventually

scaled-up in partnership with Thermo Fisher, and it continues to be used to evaluate

vaccine efficacy and to provide UK-wide data to the Office of National Statistics as

part of the broader COVID-19 Infection Survey (https://www.ox.ac.uk/news/2020-

11-10-oxford-ramps-covid-19-testing-capability). As part of the development con-

sortium, the SGC Biotechnology Group was tasked with developing a method for

the large-scale purification of S, which continues to be used as the sole antigen in the

ELISA-based assay. For four months, I stopped working on my thesis project and

instead served as the daily supervisor of the SGC’s S purification efforts, working

as the liaison between the in-lab scientists and the at-home management team (pri-

marily Dr. Nicola-Burgess Brown and Dr. Alejandra Fernandez-Cid). The method

we developed, built according to the methodological improvements described herein,

has been used to purify over 470 mg of high quality S protein to date; furthermore,

our S protein continues to be used in the Thermo Scientific OmnipathTM Combi

SARS-CoV-2 IgG ELISA to test up to 50,000 patient samples per day.

7.3 Method for the Transient Mammalian Expres-

sion and Purification of S

In this Chapter, I will present data on four critical S ectodomain constructs, which

are diagrammed in Figure 7.1C. The constructs include S-c16, the key serology

testing construct used for transient S over-expression, and the identical S-c23, a se-

lectable version of S-c16 used to generate stably expressing monoclonal cell lines (see

Section 7.5). S-c16 and S-c23 contain a 3C-cleavable 8His-Twin-Strep tag. We also

generated stable cell lines using S-c19, which contains the full-length S ectodomain

(Met1–Gln1208) with a His-AviTag, and S-c17, which contains a multi-epitope flu-

orescent mVenus tag on a truncated S ectodomain (Ser27–Ser1161). Note that all

tags were placed at the C-terminus to avoid interference with the N-terminal domain
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(NTD; blue in Figure 7.1A). The constructs all contained a mutated furin-cleavage

site, which prevents proteolytic degradation of the protein, as well as the “2P” mu-

tation, which stabilizes S in the pre-fusion conformation and increases purified yields

[565]. This mutation was inferred from previous work on the MERS-CoV S protein

and was included in both the cryo-EM construct by Wrapp et al. and the vaccine

candidates. Note that subsequent work led to an even more stable and higher yield-

ing SARS-CoV-2 S construct containing six proline mutations and named “HexaPro”

[566]. However, because at the start of the project only the 2P construct had been

released, all work herein used the 2P mutations. Because the membrane-spanning

portion of S was removed to solubilize all constructs, a C-terminal trimerization

“T4” motif was used to maintain the biological oligomer [567, 568]. Finally, all

constructs we used were secreted from mammalian Expi293 cells, driven by the na-

tive signal peptide and/or the orthogonal mu-sec signal sequence. Secretion of S is

consistent with the biology of the virus, results in near-physiological glycosylation

of S, and is the standard approach in the literature for preparation of S proteins.

At the start of our work to produce the S protein, the best available protocol was

published by the Krammer Lab at Mount Sinai using a 2P stabilized construct

(Met1–Pro1213) with the furin cleavage site mutated to a single alanine residue

[569]. The Krammer Lab shared this construct, coined S-c11, with us; they also

shared S-c12, an identical construct except for the lack of the 2P mutation present

in S-c11. Both S-c11 and S-c12 contain a thrombin-cleavable T4-6His tag at the

C-terminus. The Krammer Lab reported the use of transient transfection in the

Expi293TM Expression System (Thermo Fisher), which includes expensive, propri-

etary transfection reagents, medium, and transfection enhancers. The Krammer

Lab purified S by a one-step gravity flow purification on Ni-NTA resin to isolate S

with a final reported yield of 2 mg mL−1. However, in pilot experiments (see Section

7.4), we could not reproduce these yields in our in-house system using the less rich

FreeStyleTM 293 medium and the cheaper polyethylenamine (PEI) as a transfection

reagent. At best, we observed approximately 0.1 mg L−1 with S-c11 and S-c12, and

we struggled to pull-down all of the expressed protein with only a 6His tag (data

not shown). This provided the impetus to clone the other constructs (S-c16, -c17,

and -c19), which were generated by the Ray Owens Group in the Oxford Division of

Structural Biology and passed to us. However, the Krammer method still provided

the foundation of our optimization experiments, and we actively worked with the

Krammer Lab at the beginning of the project.

259



Like many others, we struggled to express and purify S at the outset. The protein

is heavily glycosylated, unstable above 1 mg mL−1, poorly expressed, and prone

to killing the Expi293 cells used as an expression host. Furthermore, transient

transfection protocols require large amounts of plasmid DNA, up to 1 mg L−1; in fact,

at the outset we were using more plasmid DNA in the transfection than we obtained

in final purified protein (w:w). Furthermore, the purification of secreted proteins

requires processing large culture volumes, capturing a dilute target protein, and

carefully washing away abundant protein contaminants present in the medium. The

purity of the final protein and the reproducibility of the method were of paramount

importance, since the protein was to be used in serological assays where batch-

to-batch variation would cripple the reliability of the diagnostic and compromise

longitudinal comparison of assay results. These problems were amplified by the large

amount of protein required for our serological assay (which at the peak consumed

10 mg of S protein per week), the short timelines required to establish the assay,

and the prevailing lockdown restrictions in the UK. To address these challenges, we

dedicated the entirety of the SGC’s protein production capacity and experience to

the problem, and we optimized every step of the method with a focus on scale, yield,

reproducibility, and cost management.

Under my in-lab direction, we optimized the transfection and purification protocol

into a reproducible method that yields 1 mg L−1 of pure, monodisperse, trimeric, and

active S-c16. The final method, which supports the purification of up to 24 mg of S

per week, is described in detail in Section 7.1.1 and outlined in Figure 7.2A. In short,

Expi293 cells grown in roller bottles with FreeStyleTM 293 medium are transiently

transfected with 0.5 mg L−1 gigaprepped plasmid DNA using linear PEI as a trans-

fection reagent at a 1:6 DNA:PEI ratio (w:w). The transfected cells are then treated

with 10 mm sodium butyrate as an enhancer and are grown for 72 hours at 30 ◦C

with shaking at 150 RPM prior to harvest and buffering of the cell culture medium

followed by a two hour incubation at 25 ◦C with 4 mL L−1 Ni2+ IMAC Sepharose to

capture S. A stringent and strictly reproduced wash series totalling over 150 CV is

completed to ensure purity prior to elution with 300 mm imidazole, overnight serial

dialysis into 1X PBS, and concentration to 1 mg mL−1 using centrifugal concentrator

units in increments of three minutes per spin. The final sample is then centrifuged

for 30 minutes at 21,000 x g to remove aggregates prior to flash freezing for storage.

Since the method calls for just a single step IMAC purification, a 10 µg sample of the

final protein is finally subjected to analytical SEC on a DionexTM HPLC to validate

the presence of a monodisperse trimer.
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Figure 7.2 Final S-c16 Purification Method. A.Overview of the S purification
pipeline developed in this chapter. B.Final purity of S-c16 after a single IMAC
column and stringent washes. An extensive glycosylation envelope causes the
141 kDa S to run at approximately 200 kDa on the gel. C.Chromatogram
from a Superdex S6 columns showing that the purified S-c16 is monodisperse
and trimeric. D. DSF analysis of S-c16 shows that the protein is thermally
stable (Tm = 48 ◦C) and that the protein melts the same before (green) and
after SEC polishing (blue).

This method allows two scientists to work in parallel to purify up to 12 L of trans-

fected cells over a two-day period, and the entire pipeline (from transfection through

storage) can be completed twice per week, yielding up to 24 mg S protein per week

at maximum production capacity. The final protein is pure (Figure 7.2B), monodis-

perse and trimeric (Figure 7.2C), and stable (Tm = 48 ◦C; Figure 7.2D), and criti-

cally it displays batch-to-batch reproducibility over millions of assays and dozens of

protein preps. Furthermore, despite remaining expensive relative to other proteins,

our S purification method relies on common medium, transfection reagents, and pu-

rification strategies, reducing the per-unit cost to a manageable level and allowing

other labs to easily deploy the approach. In addition to its use internally for the

serological assay, the final standard protocol (and, in some cases, the protein itself)

has been shared with labs worldwide to support various applications, a sampling of

which are provided in Section 7.6. In the next section, I walk through key experi-

ments that we performed to optimize this S purification pipeline and settle on the

final protocol.
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7.4 Optimization of the Method

Because every milligram of S was precious, especially at the beginning of the project,

we worked to optimize every conceivable variable in the purification process, to-

talling over three dozen unique optimization experiments. In this section, I present

the critical results that pushed our final yields from less than 0.1 mg mL−1 to at

least 1 mg mL−1 by the end of the project. The cell culture work in this section,

including tedious maintenance of huge quantities of Expi293 cells, was supervised

by Shubhashish Mukhopadhyay. Note that all expressions in this section were con-

ducted at a minimum 50 mL scale in individual round-bottom flasks (i.e. no small

scale 3 mL tests) to ensure that the results would seamlessly translate into larger

culture vessels. Furthermore, all of the S protein shown on a gel in this section

was quality controlled with SEC and/or DSF to ensure that the final product was

consistent with the expected oligomeric state and melting temperature reported in

Figure 7.2C and D.

Our first experiment focused on identifying the optimal S expression construct,

transfection ratio, and expression temperature. We compared S-c11 and S-c12,

obtained from the Krammer Lab, with the in-house generated S-c16. Linear PEI is

a cheap and versatile transfection reagent that can facilitate high-efficiency trans-

fection of large quantities of suspension cells; however, depending on the size of the

plasmid cargo, the cell line, and the culture medium, different ratios of DNA to

packaging PEI perform better than others [570]. Therefore, we compared our two

standard ratios: 1:3 and 1:6 DNA:PEI (w:w). Finally, we compared yields after

three days of expression at either 30 or 37 ◦C. Especially for unstable or toxic pro-

teins, lower expression temperatures can increase yields [571], an observation that,

in our experience, holds especially true for secreted proteins, which float unprotected

in warm cell culture medium prior to harvest. The tested variables required 12 x

50 mL cultures in 250 mL round-bottom flasks, and the medium was pulled down

with 500µL of Ni2+ IMAC Sepharose prior to elution with 2 x 1 mL of high imidazole

elution buffer. The resulting eluates, from equal volume of samples, were analyzed

by SDS-PAGE and the results are presented in Figure 7.3A. Based on the intensities

of the final S bands (all of which were confirmed by MSMS), we showed that S-c16

transfected at a 1:6 ratio and expressed at 30 ◦C was the optimal combination. S-c16

outperformed the two Krammer constructs, while S-c11 (containing the stabilizing

2P mutation) expressed better than S-c12 (without the 2P mutation) as expected.

Our results also showed that expression at 30 ◦C represents a general solution for all
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three constructs, and we fed this information back to the Krammer Lab to support

their efforts.

Next, we moved forward with optimizing the type of expression vessel and the solid-

phase resin used for purification. Since secreted proteins are subject to shear forces

in the culture medium, we compared disposable plastic roller bottles (which shake

at 170 RPM but are easier to handle and allow a larger number of bottles per in-

cubator) to traditional round-bottom glass flasks (which shake slower at 110 RPM

but have a larger footprint and require intensive cleaning and sterilization between

runs). We also compared the use of standard Ni2+ IMAC Sepharose with Co2+-

charged TALON resin. For this experiment, the cells were transfected at a 250 mL

scale with S-c16 and, after three days, the harvested medium was split into two

halves prior to incubating for two hours with either 1 mL bed volume of Ni2+ IMAC

Sepharose or TALON. After washing with 50 CV of wash buffer (40 mm imidazole

for the Ni2+, 10 mm imidazole for the TALON), S was eluted twice with high imida-

zole and an equal volume of the eluates were analyzed with SDS-PAGE. The results,

displayed in Figure 7.3B, demonstrated that the round-bottom flask and roller bot-

tles yield equivalent amounts of S-c16, allowing us to move forward with the smaller,

disposable roller bottles. Secondly, we observed that more S-c16 was recovered us-

ing Ni2+ IMAC Sepharose for pull-down; while the TALON eluates were slightly

purer, as expected, the trade-off in terms of final yield was severe, especially since

the Ni2+-eluates were themselves quite pure. Therefore, we selected roller bottles

for expression and Ni2+ IMAC Sepharose for purification of S-c16.

Subsequently, we compared two different expression medium: FreeStyleTM 293 and

Expi293TM. Both mediums are serum free and chemically defined, ensuring batch-to-

batch reproducibility. FreeStyleTM medium is significantly cheaper and more widely

available for bulk order, but Expi293TM medium is the recommended medium in

Thermo’s Expi293TM system because it is richer and facilitates longer growths at

higher cell densities. In this experiment, we compared two different transfected cell

densities (2 and 3 x 106 cells per mL) in Expi293TM medium. We also checked to

see if the cells transfected in FreeStyleTM medium could be harvested twice with a

feeding step in-between, as a potential way to stretch a single transfection. So, we

collected medium three days after transfection (Harvest #1), resuspended the cells

in fresh FreeStyleTM, and then harvested again after three more days (Harvest #2).

The experiment was conducted at a 500 mL scale for the FreeStyleTM samples and a

280 mL scale for the Expi293TM medium, all using S-c16. The resulting eluates from

this experiment, following pull-down on Ni2+ IMAC Sepharose, are shown in Figure
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Figure 7.3 Optimization of S Expression and Purification. A.SDS-PAGE follow-
ing pull-down from a 50 mL culture transfected with three different constructs
at two different DNA:PEI ratios (w:w) and expressed at two different temper-
atures. In this and other figures, the best performing condition(s) are marked
with green asterisks. B.SDS-PAGE of purified S-c16 following pull-down with
either Ni2+ IMAC Sepharose or TALON from cells expressed at a 500 mL scale
in either round-bottom flasks or roller bottles. C. SDS-PAGE of purified S-
c16 comparing the use of FreeStyleTM 293 and Expi293TM medium. The
FreeStyleTM samples were harvested after 3 days (Harvest #1) and then re-
suspended in fresh medium and harvested again on day six (Harvest #2). The
Expi293 samples were harvested after three days following transfection at two
different cell densities. Implied yields are reported beneath the gel. D. Same
experiment as in C., except that the supernatants were harvested after five
days. E.Analytical SEC traces, generated using a DionexTM HPLC, following
0, 1, 2, 5, or 10 freeze-thaw cycles of S-c16 stored in 1X PBS. F.(Im)purity of
S-c16 purified with IMAC using only standard washing procedures. G. 72 µg
of purified S-c16 was concentrated in centrifugal concentrators with the indi-
cated stabilizing additives. The final recovered amount was recorded. Only
Tween-20 improved the final concentrated yield.
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7.3C. In a nearly identical experiment, we compared a straight five-day expression

in both mediums, without a feeding step at any stage. The final gel from this

experiment is shown in Figure 7.3D. In both Figure 7.3C and D, the implied final

yields are reported underneath the gel based on the protein concentration in the

eluates and the original culture volume.

The first high-level conclusion from these two experiments was that longer expres-

sions, for either five days without feeding or six days with a medium change in the

middle, compromises the final protein purity. This seemed especially true in the less

rich FreeStyleTM medium (Figure 7.3C, Harvest #2 and Figure 7.3D, green), and

even in the Expi293TM medium the three day protein (Figure 7.3C) was cleaner than

the five-day protein (Figure 7.3D). This observation was consistent with a notable

decrease in cell viability at harvest after longer expression times, sometimes as low

as 50%. We hypothesized that intracellular contaminants, released into the medium

due to cell death, were responsible for this time-dependent decrease in S purity.

Therefore, we strictly maintained a three-day expression window to ensure the S

antigen was not contaminated with intracellular proteins. Secondly, the final im-

plied yields reported in Figure 7.3C showed that, when transfected at a cell density

of 3 x 106 cells per mL, S could be produced at marginally higher yields in Expi293TM

medium. However, in subsequent large-scale experiments we realized that this small

increase in yield was insufficient to justify abandoning the FreeStyleTM medium.

Not only is FreeStyleTM 40% cheaper than Expi293TM medium, but Expi293TM

medium contains a higher concentration of chelating reagents, which strip the Ni2+

IMAC Sepharose and reduce yields when larger volumes were prepped. We solved

this problem by diluting the medium 1:2 in 1X PBS and then pulling down; this

worked well for smaller volumes like this optimization experiment, but at scale this

dilution transformed a manageable 12 L purification into a cumbersome 24 L pu-

rification. Therefore, despite many publications, including the original Krammer

method, reporting the use of Expi293TM medium, we continued with FreeStyleTM

medium for large-scale purification. When the medium cost and handling time were

considered, the FreeStyleTM-prepped S protein was cheaper per mg, even with the

slightly higher absolute yield in Expi293TM medium. In conclusion, these two ex-

periments suggested that a three-day expression in Expi293TM medium at 3 x 106

cells per mL is optimal for small-scale purification of S, while a three-day expression

in FreeStyleTM 293 medium at the standard 2 x 106 cells per mL is superior for a

large-scale pipeline.

265



The next improvement in our protocol was the implementation of a strict washing

protocol. Based on our combined experience after dozens of preps, we settled on the

following wash series to clean S-c16 prior to elution: 50 CV of 1X PBS, 50 CV of 1X

PBS + 25 mm imidazole, and 50 CV of 1X PBS + 40 mm imidazole. For a 12 L prep,

requiring a 24 mL bed volume IMAC column, the 150 CV of washes require a total

buffer volume of 3.6 L, which greatly exceeds the manufacturer’s recommendations of

10 CV. However, the gains in purity were manifest. Figure 7.3F shows a preparation

of S-c16 that was washed with only the standard, recommended volumes of wash

buffer. This protein was highly contaminated, especially relative to the purity of

our S-c16 presented repeatedly in Figures 7.2 and 7.3. Furthermore, MSMS analysis

of the bands suggested that both intracellular proteins (including elongation factor

2 and TRiC subunits) and secreted proteins (including BSA and complement C3)

were present in the final sample. As a result, we maintained the strict washes no

matter the size of the purification, a choice which increased the manual handling

required to complete the preps but greatly improved the final S purity. Because the

protein was pure enough straight off of an IMAC column to use in the assay, these

washes also allowed us to skip an SEC clean-up step and simply dialyze the protein

into 1X PBS before storage. This increased our final yields (since protein is always

lost of SEC columns) and reduced the required purification steps and handling time.

Finally, we wanted to ensure that the purified S was stable after freeze/thaw cycles so

that the protein could be thawed as needed by the scientists handling the serological

assay. To check this, we concentrated a freshly purified sample of S-c16 to the

standard 1 mg mL−1 in 1X PBS and then subjected it to ten freeze/thaw cycles.

Each cycle consisted of a dip into LN2 and then a direct thaw in warm water, which is

quite harsh. Equal volume samples of S after zero, one, two, five, and ten freeze/thaw

cycles were then analyzed via analytical SEC, and the resulting chromatograms are

show in Figure 7.3E. As expected, the freshly purified S was monodisperse and

trimeric (black). After one (blue) or two (pink) freeze/thaw cycles, we observed

no change in the oligomeric state and only a small decrease in the height of the

peak. However, we observed a noticeable decrease in the height of the peak and the

appearance of a right shoulder after five (brown) or ten (green) freeze-thaw cycles.

This is consistent with degradation of the S trimer after multiple freeze-thaw cycles.

Therefore, as a general rule, we only subjected S to one freeze/thaw cycle prior

to use in the assay (i.e. purify, freeze, thaw, use, discard), which is conservative

given that the protein survived an additional freeze/thaw cycle in this experiment.

Importantly, this result also relieved us of the pressure to generate S as needed,
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and instead allowed us to stockpile the protein in the freezer to sustain the serology

testing in the event of a shutdown of the SGC labs due to COVID-19.

At this point, we had optimized all of the standard transfection, expression, and

purification parameters. However, one stage in the process continued to cause prob-

lems: centrifugal concentration. Like ourselves, all of the groups we were in contact

with, including the Krammer and Owens groups, observed that S was unstable at

concentrations above 1 mg mL−1. In an effort to standardize the automated sero-

logical assay platform, we were asked to deliver S at exactly 1 mg mL−1; however,

we routinely observed up to 50% sample loss as the S protein was concentrated

up to 1 mg mL−1 following overnight dialysis. Likely due to the extensive glycan

shell, S stuck to the concentration membrane and was prone to precipitating and

aggregating as the concentration increased. We could partially reduce this protein

loss by concentrating in cycles of just three minutes with intermittent mixing steps.

However, in an effort to further improve this recovery, we screened three different

concentration additives: glycerol, Arg/Glu, and Tween-20. These additives were

added to 72 µg of S at a starting concentration of 0.2 mg mL−1 and then violently

concentrated at 21,000 x g in micro centrifugal concentrators. The final concen-

tration and absolute recovery of S in the presence of these additives is reported

in Figure 7.3G. The results suggested that incorporation of 0.1% of the non-ionic

detergent Tween-20, a gentle and common additive in ELISA wash buffers, could

improve the recovery of the S protein by 50% relative to the protein concentrated

in empty 1X PBS.

7.5 Generation and Evaluation of S-Expressing

Monoclonal Cell Lines

At the end of the optimization experiments presented in Section 7.4, we had devel-

oped a method that reproducibly yielded 0.8–1.0 mg mL−1 S from transient transfec-

tion, sufficient to support the serological assay in perpetuity. However, for this and

other applications moving forward, the use of transient transfection was especially

cumbersome, since it required 0.5 mg L−1 of plasmid DNA; this DNA requirement

was so extensive that we eventually relied on three full-time scientists completing

up to six gigapreps of the S-c16 construct each week to support the pipeline. In

an effort to bypass the DNA purification and transient transfection stages of the

protocol, we moved forward with the generation of monoclonal over-expressing cell
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lines. This became even more important when we were granted additional funds

to purchase a 12 L Kuhner SB-10X orbital shaking bioreactor to further scale up

our S production. Although large transient transfections are possible in bioreactors,

stable cell lines fully capitalize on the increased scale by allowing continuous feeding

of the cells and harvest of the spent medium for purification. In such a “perfusion”

set-up, with continuous feeding and harvest, a stable cell line facilitates the purifi-

cation of secreted proteins from the same bioreactor for four weeks or longer. This

type of production dominates industrial purification of antibodies and therapeutic

proteins and presented an opportunity for a step-change in our capacity to produce

S [572, 573]. Therefore, with much of the cell biology spearheaded by Dr. Jong Fu

Wong, we moved forward with the generation of monoclonal stable cell lines for our

three key S constructs.

At the outset, only two of our S constructs were cloned in selectable vectors: S-c17

(in NeoR pNeoSec) and S-c19 (in NeoR pOPINTTGneo). We generated monoclonal

Expi293 cell lines using random genetic integration of the parental S-expressing

plasmid followed by selection with 800 µg mL−1 G418. Encouraged by reports that

pre-linearization of the parental plasmid with restriction enzymes could increase

insertion efficiency [574], we tested transfection with both circular and linear plasmid

DNA. After selection, the cells were subjected to limiting dilution in 96-well plates,

and wells with a single visible colony were scaled up and probed for S expression

via anti-His-tag western blot of the culture medium. The highest S-expressing lines

were further scaled up, suspension adapted, stored as frozen stocks, and subsequently

used for large-scale purification runs. A detailed protocol for the generation of the

monoclonal cell lines reported herein can be found in Section 7.1.3.

Figure 7.4A shows the selection of S-c17 expressing mc14D3, which contained a

strong His-tagged band in the supernatant at the expected size, along with clear

mVenus fluorescence under the microscope. The mc14D3 cell line was scaled up

at a 500 mL scale and the medium was pulled down using a 25 mL bed volume

IMAC Sepharose 6 Fast Flow column; the gel from this IMAC enrichment step is

shown in Figure 7.4B. S-c17 is strongly over-expressed by mc14D3 as evidenced by

the strength of the band in the un-purified medium (Lane 1). In fact, during the

transient transfection of S-c16 (see Figure 7.2B and all of the gels in Figure 7.3),

the target protein is not visible on a gel from the un-purified medium. Impressively,

the 500 mL input volume actually overwhelmed the large IMAC column, and some

of the S-c17 escaped in the flow-through (FT). However, even without accounting

for this lost protein in the FT, the yield of S-c17 from mc14D3 was 120 mg L−1,
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Figure 7.4 S-c17 and S-c19 Monoclonal Cell Lines. A.Anti-His-tag western blot
of medium from S-c17 expressing monoclonal Expi293 cell lines following
G418 selection and single-cell dilution. Fluorescent and bright-field micro-
scope images from mc14D3 show a secreted mVenus-tagged S as expected.
B.500 mL culture of S-c17 mc14D3 purified with a 25 mL IMAC Sepharose
6 Fast Flow column. C.S6 chromatogram generated following 3C-cleavage of
S-c17. D.SDS-PAGE of fractions from chromatogram in C. Peak 1 is cleaved
S-c17, Peak 2 is GST-3C, and Peak 3 is the released mVenus. AC = after
cut. E.Anti-His-tag blot western blot of medium from S-c19 expressing mon-
oclonal Expi293 cell lines following G418 selection and single-cell dilution.
F. S6 chromatogram and the corresponding SDS-PAGE of S-c19 following
IMAC purification from 1 L of medium from mc3F10. G.DSF analysis of
S-c19 purified from mc3F10.

essentially 100-fold better than S-c16 produced transiently. S-c17, containing a 13

residue deletion at the N-terminus and a 47 residue C-terminal deletion relative to S-

c16 and S-c19, was reliably the highest expressing S construct we purified, suggesting

these truncations stabilize the protein. The incorporation of a large, highly soluble

mVenus tag might also improve the recovery of the fusion protein by protecting it

from degradation and/or aggregation after secretion into the medium. As further
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validation of the mc14D3 stable cell line, we subjected the IMAC-purified protein

to treatment with C3-protease, which should cleave all of the C-terminal tags but

retain the S trimer. After cleavage, we ran the protein over an S6 column and the

chromatogram is shown in Figure 7.4C. As expected, we observed a monodisperse

S-c17 trimer (Peak 1) at an elution volume of 74 mL, slightly smaller than the full-

length S-c16 which eluted from this column at 71 mL (see Figure 7.2C). SDS-PAGE

and MSMS analysis of the S6 fractions, shown in Figure 7.4D, demonstrated that

Peak 2 was GST-3C and Peak 3 contained the C-terminal mVenus-containing tag.

Therefore, mc14D3 could be used to generate large quantities of pure, monodisperse,

un-tagged S-c17 appropriate for structural and functional studies. In our bioreactor,

this cell line could theoretically yield up to 2.9 g of S-c17 in a single week.

Figure 7.4E shows the selection of S-c19 expressing mc3F10, which contained a

strong His-tagged band in the supernatant at the expected molecular weight. Scale-

up of mc3F10 at the 2 L scale and purification on a 25 mL IMAC Sepharose 6 Fast

Flow column yielded 15 mg L−1 of full-length S-c19. Following IMAC, the protein

was subjected to SEC on an S6 column; the chromatogram and corresponding gel

is shown in Figure 7.4F. The S-c19 protein derived from mc3F10 is monodisperse

and trimeric, with an observed elution volume of 68 mL. The peak is highly pure by

SDS-PAGE, although S-c19 resolves as three distinct oligomeric bands on a gel (all

confirmed to be S by MSMS). We hypothesized that the un-biotinylated AviTagTM

on S-c19, which contains a mixture of positive and negatively charged residues, fur-

ther stabilized the trimer relative to S-c16 and prevented complete dissociation of

the oligomers during SDS-PAGE. S-c19 derived from mc3F10 behaved similarly to

the transiently expressed S-c16 during DSF, with a slightly lower Tm of 46.7 ◦C as

calculated from the data in Figure 7.4G. When grown in our bioreactor, mc3F10

could yield up to 360 mg of full-length S-c19 each week. This S-c19 cell line is espe-

cially useful because the protein product contains the full-length, 2P S ectodomain

that can be biotinylated with the AviTagTM for immobilization or detection.

Based on our success with monoclonal cell lines expressing S-c17 and S-c19, we

wanted to move forward with the generation of a line expressing the serology testing

construct S-c16. However, S-c16 was cloned into the backbone pHL-SEC, which

lacked a selection marker and was therefore only suitable for transient transfection.

Therefore, we first had to re-clone S-c16 into a selectable backbone. Because of our

success with S-c19, we decided to move S-c16 into the pOPINTTGneo vector and

re-name the construct S-c23. The pOPINTTGneo vector contains a tri-functional

promoter that facilitates expression of the target protein in either bacterial, insect,
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Figure 7.5 S-c23 Monoclonal Cell Line. A.Molecular biology to move S-c16 into a
selectable backbone to generate S-c23. (left) KpnI and NotI double-digest
of pOPINTTGneo. (center) PCR amplification of S-c16 with primers con-
taining HiFi compatible overhangs. (right) Colony PCR from five colonies
transformed with the HiFi assembled vector product. The pOPIN lane is a
negative control. Colony 5, marked with an asterisk, contained the in-frame
insertion of S-c16 by Sanger Sequencing and the plasmid was re-named S-c23.
B.Anti-His-tag western blot of the medium from three monoclonal Expi293
lines transfected with S-c23 and selected with G418. mc3, marked with an
asterisk, yielded the most protein. C.SDS-PAGE following IMAC purifica-
tion from 2 L of mc3. D.Overview of the four workhorse constructs reported
in this Chapter.

or mammalian cells [575], and it also contains a mu-sec signal sequence upstream of

a KpnI cut site. A detailed protocol for cloning S-c23 is provided in Section 7.1.2,

and key steps in the process are shown in Figure 7.5A. First, the pOPINTTGneo

backbone was linearized by double digestion with KpnI and NotI, which released

a lacZ dropout and opened the ORF directly downstream of the vector’s signal

peptide. This digestion is shown in the first panel in Figure 7.5A. S-c16 was then

PCR amplified with Q5® Polymerase and primers containing HiFi-compatible 5’

overhangs generated by NEBuilder. The PCR worked better in the absence of the

Q5® GC-Enhancer, as demonstrated in the middle panel of 7.5A. The linearized

vector and PCR amplicon were purified, assembled with a HiFi Assembly, and then

transformed into Mach 1 cells prior to colony PCR analysis using vector-specific

primers. As shown in the right hand panel of 7.5A, Colony 5 contained an insert of

the expected size (approximately 4 kb) and Sanger Sequencing verified the in-frame
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insertion of S-c16 with the backbone signal peptide. At the protein level, this new

construct S-c23 is 100% identical to the serology testing construct S-c16.

After generating the new construct, we moved forward with generating S-c23-expressing

Expi293 monoclonal cell lines exactly as before, and the results of the anti-His-tag

western blot following single cell dilution are shown in Figure 7.5B. The mc3 line

secreted significant amounts of a correctly sized His-tagged protein into the cell cul-

ture medium. The mc3 line was subsequently suspension adapted and scaled up at

a 2 L scale and purified in an identical manner to S-c16. SDS-PAGE following a

one-step IMAC purification is shown in Figure 7.5C, and MSMS analysis confirmed

that the expressed protein was S-c23. The final yield from mc3 was 1.25 mg L−1,

25% higher than the transient transfection of S-c16. Interestingly, despite having

the same S sequence, S-c19 expresses ten-fold better than S-c23, a result we repro-

duced many times. In other experiments (data not shown) we demonstrated that

the Twin-Strep-tag in S-c16 is not accessible for pull-down, suggesting misfolding

or aggregation of the tag region downstream of the T4-site in S-c16. Therefore, we

hypothesized that the use of a His-AviTagTM is preferable to the use of the more

common His-Twin-Strep-tag for the isolation of S, and we would recommend that

other groups avoid the His-Twin-Strep-tag in S constructs moving forward. Never-

theless, the S-c23 expressing cell-line mc3 allowed us to isolate the serology testing

construct at a slightly higher yield without requiring large quantities of plasmid

DNA and tedious transient transfections. In our bioreactor, mc3 could yield as

much as 30 mg of the serology testing construct each week.

As a final summary, Figure 7.5D provides an overview of the four workhorse con-

structs reported in Chapter 7. While we continued to use S-c16 for serology testing

since the assay was optimized and working well with this construct, the three mon-

oclonal cell lines we generated provide a superior route to purifying large quantities

of S to support diverse applications in the future. As a sample of the impact from

this work, I provide a few representative applications of our S protein in Section 7.6.

7.6 Conclusions and Future Directions

Most importantly, the S-c16 we generated was used to support the National Serol-

ogy Testing Center and Thermo Scientific’s OmnipathTM Combi SARS-CoV-2 IgG

ELISA. As of March 2021, we delivered over 470 mg of S-c16 to support this effort.

The serological assay developed with our S antigen continues to stand as one of the
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most accurate tests available, due in no small part to the purity, reliability, and

quantity of the S purified with the method developed herein [564]. Future work

will focus on the transfer of S expression methods into our new bioreactor, facili-

tated by our work to generate monoclonal cell lines with orthogonal S constructs.

Importantly, in addition to the serology testing platform, we were also able to de-

liver S to over a dozen different academic and industrial groups to support diverse

SARS-CoV-2 research.

As one example, in collaboration with Agilent, our internal mass spectrometry su-

pervisor Dr. Rod Chalk developed a cheap and reliable method for mapping the

N-linked glycans on S without requiring ultra-sensitive instruments or specialized

glycoproteomics approaches [576]. The Mass Retention Time Fingerprinting method

reported by Chalk et al. will allow us and others to quality control prep-to-prep

variation in the S glycosylation envelope and explore parameters which modify the

S-glycans. As a second example, many reports suggested that the S protein can ac-

tivate an innate immune response in human monocytes and macrophages, although

there remains some controversy about the exact mechanism [577, 578, 579]. In an

effort to validate this hypothesis, we provided LPS-free S-c19 to Anna Marzeda in

the Kennedy Institute. Anna was unable to replicate the activation of primary hu-

man monocytes with the S protein, leading her to hypothesize that cell activation

experiments with misfolded or LPS-contaminated S protein could be confusing the

literature. These two examples highlight the continuing impact of our S protein pu-

rification methodologies, which will facilitate additional research; this is especially

critical given the prohibitive cost (often above $10,000 per milligram) of obtaining

S protein from commercial vendors. As an example of the scale of our output, pur-

chasing sufficient S to support the serology testing platform would have cost well

over to $4,500,000.

In conclusion, Chapter 7 presented my second method development vignette, fo-

cusing on the large-scale production of S, which concludes the results section of

this thesis. While serving as the daily in-lab manager of the SGC’s S purification

pipeline, which required the teamwork of well over twenty scientists, I oversaw the

development of robust methods to generate four different S constructs. The work

was completed during the height of the UK lockdown in early- to mid-2020 and

stalled my personal project for over four months. My in-lab efforts were extensive

over this period; I personally completed all key optimization experiments and dozens

of large-scale preps, totalling 38 unique electronic lab notebook records, and I spent

over sixty in-lab hours working on the project each week. Therefore, I include this
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Chapter under Oxford’s COVID-19 Student Policy to highlight my activities dur-

ing the pandemic and mitigate some of the unfinished experiments in Chapters 5

and 6. My work on secreted expression of TLR4, purification of diverse FReP con-

structs, and generation of stably expressing mammalian cell lines using CRISPR all

facilitated my ability to help with this S purification project, which made a crucial

impact on Oxford’s COVID-19 response.
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Chapter 8

Conclusion: A New (Old)
Hypothesis

8.1 Receptorome from First Principles

In contrast to currently accepted dogma in the literature, I hypothesize that the

FRePs, and perhaps even the entire super-family of DAMPs, do not directly engage

TLR4 to activate pro-inflammatory signalling. In Chapter 4, using recombinant

proteins and biophysical techniques, I could not detect a high-affinity interaction

between TLR4 and any FReP, a result which seemed surprising at first but is ac-

tually consistent with the dearth of biophysical data suggesting a direct complex

in the DAMP literature, as reviewed in Section 1.2. Furthermore, in Chapter 5,

using primary human monocytes in an XL-AP-MSMS workflow, I did not detect a

TLR4:FReP interaction but I did demonstrate FReP-mediated integrin activation

and speculated on TNC binding to lipoprotein receptors. These data could explain

the divergence between the cellular data showing a high-affinity, DAMP-mediated

activation of TLR4 signalling and the lack of biophysical data demonstrating a di-

rect interaction between either TLR4 or TLR4:MD-2 and DAMPs. I contest that

TLR4 is necessary but insufficient for DAMP-activation of immune cells, and that

TLR4 activation likely requires the assembly of a large, context-dependent accessory

protein apparatus which I coined a “receptorome” herein. My data fundamentally

do not support a direct TLR4:DAMP interaction, and I remain convinced that the

immediate receptor ligation event is mediated by a protein(s) other than TLR4.

Furthermore, I want to argue that this new hypothesis can in fact be derived from

first principles of the innate immune system. As discussed in Chapter 1, the canoni-
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cal function of the TLR family is to detect pathogenic molecular signatures, initiate a

defensive response, and alert the immune system to the presence of dangerous exoge-

nous infections. This classic innate immune detection of PAMPs proceeds broadly

within a simple “1 ligand, 1 receptor” paradigm. Direct PAMP binding, including

LPS to TLR4:MD-2, acylated lipoproteins to the TLR2:TLR1 or TLR2:TLR6 het-

erodimers, dsRNA to TLR3, flagellin to TLR5, ssRNA to TLR8, and CpG DNA to

TLR9 all immediately trigger TLR oligomerization and activate downstream pro-

inflammatory signalling [52]. In the context of truly exogenous stimuli, this di-

rect activation mechanism makes evolutionary sense. TLRs are remarkably ancient

across all multi-cellular eukaryotes; even simple poriferans and cnidarians contain

TLR orthologs which contribute to protection from infection [580]. For exogenous

stimuli, then, the logic is simple across eukaryota: see something, say something.

However, for the detection of endogenous DAMPs in the context of higher eukary-

otes, this mechanism poses problems. While the presence of a pathogen-derived

PAMP implies a very high probability of infection and therefore a high likelihood

of a beneficial immune response, immune cells can expect to randomly encounter

endogenous DAMPs under normal conditions. If TLRs were to recognize self pro-

teins directly, with very high affinity, the autoimmune toxicities would likely be

disadvantageous, especially given the dozens of different DAMPs known to circu-

late. In this way, it makes evolutionary sense that TLR recognition of DAMPs

should require additional thresholds of context specific regulation, and therefore the

involvement of accessory proteins, that tune the response to endogenous ligands and

prevent runaway inflammation–the known autoimmune toxicities of chronic DAMP

up-regulation further support this claim. Therefore, my hypothesis regarding the

requirement for a multiprotein regulatory apparatus to facilitate DAMP activation

of TLR4 is fundamentally based on the contention that innate immune receptors

should not, as a matter of principle, become activated by a single high affinity bind-

ing event to endogenous molecules. The broader DAMP field, in my view, has

neglected the critical involvement of context-specific regulatory proteins and con-

fined TLR-activation upon DAMP binding within the simplistic and inappropriate

“see something, say something” paradigm suggested by PAMPs. For endogenous

DAMPs, the innate immune system likely operates on a “maybe see something,

maybe say something” basis.
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8.2 History of a TLR4 Receptorome

In the above Section 8.1, I called this receptorome hypothesis “new”, and it does in-

deed diverge from the predominant model in the modern DAMP literature. However,

many years ago, significant effort was made to characterize TLR4-associated mega-

complexes, and these older findings strongly support the notion that TLR4 clusters

into large, distinct lipidic microenvironments with many other proteins during acti-

vation. In some sense, then, my contention for a DAMP-induced, TLR4-associated

receptorome is a callback to a previous hypothesis that I believe should be re-visited

in earnest within the context of endogenous TLR4 activators.

As early as 2002, Martha and Kerry Triantafilou hypothesized that supramolecular

complexes are required to support PAMP-activated TLR4 signalling, writing in a

review:

“It is our belief that the mechanism of action of a couple of receptor molecules

is an oversimplified model of LPS-induced activation. The existence of different

supramolecular arrangements could explain how these relatively conserved indi-

vidual molecules (TLR4 and CD14) have managed to cope with a rapidly chang-

ing pathogenic universe. Accumulating evidence is pointing towards the direction

that responses to different pathogens vary depending on cell type, composition of

supramolecular activation clusters and intracellular adaptor molecules...We propose

that the innate recognition of bacteria involves the dynamic association of multiple

receptors within one or more microdomains. The transient association of differ-

ent receptors within the activation cluster could give rise to the recognition and/or

discrimination of different ligands” [581].

Triantafilou and Triantafilou’s claim is based on years of biophysical experiments

at the cell surface (including AP-MSMS, fluorescence recovery after photobleach-

ing (FRAP), and FRET) which demonstrate the existence of LPS-activated, TLR4-

associated receptor clusters. In 2001, using a combination of FRET, super-resolution

microscopy, and sucrose density gradient flotation after detergent extraction to

probe the LPS activation cluster in monocytes, Pfeiffer et al. reported a lipid-

microdomain-associated cluster simultaneously involving TLR4, CD14, CD55 (aka

complement decay-accelerating factor), CD16a (aka low affinity immunoglobulin

gamma Fc region receptor III-A), CD11b/CD18 (aka integrin αMβ2), CD32 (aka

low affinity immunoglobulin gamma Fc region receptor II-b), CD64 (aka high affin-

ity immunoglobulin gamma Fc receptor I), CD36 (aka scavenger receptor platelet
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glycoprotein 4), FCγRIIIa, and CD81 (CD81 antigen, known as a microdomain

scaffold) [582]. Furthermore, by comparing the response to LPS, lipoteichoic acid

(LTA), and ceramide, Pfeiffer et al. showed that the composition of the induced

microdomain varies depending on the agonist used. Similarly, using AP-MSMS and

FRET to study LPS-activated monocytes and epithelial cells in 2001, Triantafilou,

Triantafilou, and Dedrick discovered a unique LPS-activation cluster consisting of

HSP70, HSP90, CXCR4, and GDF5 (growth differentiation factor 5) [583]. An-

tibody blockade of any of these four proteins interferes with receptor clustering

and inhibits TNF-α release upon treatment with even very high concentrations

(1000 ng mL−1) of LPS. In 2002, Triantafilou et al. reproduced these results by

demonstrating that lipid rafts are responsible for co-localizing these receptor com-

plexes (via direct extraction of the rafts and western blotting) and that lipid-raft-

disrupting drugs inhibit LPS-induced TNF-α secretion in a monoctyic cell line [56].

Triantafilou et al. nicely reproduced the earlier 2001 reports by directly capturing

an LPS-activation complex within lipid rafts consisting of at least TLR4, CD14,

HSP70, HSP90, CXCR4, and GDF5. These seminal original papers, and many sub-

sequent ones, were summarized in two 2015 review articles which emphasized the

surprising diversity and functional importance of TLR4 accessory proteins within

lipid raft microdomains [584, 585]. Indeed, Pociennikowska et al. write: “...an

increasing body of data suggests that other raft proteins, like CD44 and CD36, co-

operate with TLR4 in the induction of the pro-inflammatory responses not only to

LPS but also to endogenous ligands...” [585].

8.3 A Unifying Hypothesis

In summary, the first-principles receptorome hypothesis presented in Section 8.1

is broadly consistent with historical data presented in Section 8.2 showing that

TLR4-associated supramolecular scaffolds within lipid rafts are critical for receptor

activation. In the context of PAMP-activated TLR4 signalling, a direct, high-affinity

complex between TLR4:MD-2:LPS is formed (see Section 1.1.3 for a discussion); yet,

even in this context, TLR4 is known to form supramolecular clusters which modify

its signalling. It is my hypothesis, then, that in the context of DAMP-activated

TLR4 signalling, a similar supramolecular cluster forms but TLR4 is not the direct,

high affinity receptor within the lipid raft. Indeed, I suggest that transient, context-

specific protein complexes (involving integrins and lipoprotein receptors) serve as the

true DAMP-binding scaffold, and that this information is indirectly communicated
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to TLR4 via accessory proteins co-localized in the lipid rafts. This hypothesis could

explain (1) the strict requirement of TLR4 for downstream NF-κB activation by

DAMPs (2) the phenotypic differences between PAMP- and DAMP-stimulated cells

and (3) the lack of reliable biophysical data showing a direct interaction between

DAMPs and TLR4. It is my belief that this hypothesis unifies conflicting data in

the literature and may lead to the discovery of novel, and perhaps therapeutically

tractable, molecular mechanisms behind DAMP activation of TLR4.
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Appendix A

Supplementary Data and Figures

A.1 TNC, ANGPTL2, and ANGPTL6 Complete

X-Ray Data Collection and Refinement Statis-

tics

A.2 FAS2FURIOUS Manuscript

A.3 Raw XL-AP-MSMS Data

A.4 List of Abbreviations
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González-Crespo, Kazuaki Tatei, and Michael Levine. Dif, a dorsal-related

gene that mediates an immune response in Drosophila. Cell, 75(4):753–763,

1993.

[10] Bruno Lemaitre, Emmanuelle Nicolas, Lydia Michaut, Jean Marc Reichhart,

and Jules A. Hoffmann. The dorsoventral regulatory gene cassette spatzle/-

Toll/Cactus controls the potent antifungal response in Drosophila adults. Cell,

86(6):973–983, 1996.

[11] Bruno Lemaitre. The road to Toll. Nature Reviews Immunology, 4:1–8, 2004.

[12] J.E. Sims and S.K. Dower. Interleukin-1 Receptors. Eur. Cytokine Netw.,

5:539–546, 1994.

[13] Ruslan Medzhitov, Paula Preston-Hurlburt, and Charles A. Janeway. A hu-

man homologue of the Drosophila toll protein signals activation of adaptive

immunity. Nature, 388(6640):394–397, 1997.

[14] O. Westphal and O. Lüderitz. Chemische Erforschung von Lipopolysaccha-

riden gramnegativer Bakterien. Angewandte Chemie, 66(13-14):407–417, 7

1954.

[15] Ranjan Sen and David Baltimore. Inducibility of κ immunoglobulin enhancer-

binding protein NF-κB by a posttranslational mechanism. Cell, 47(6):921–928,

1986.

[16] J. Han, J. D. Lee, P. S. Tobias, and R. J. Ulevitch. Endotoxin induces rapid

protein tyrosine phosphorylation in 70Z/3 cells expressing CD14. Journal of

Biological Chemistry, 268(33):25009–25014, 1993.

[17] Peter S. Tobias, Katrin Soldau, and Richard J. Ulevitch. Isolation of a

lipopolysaccharide-binding acute phase reactant from rabbit serum. Journal

of Experimental Medicine, 164(3):777–793, 1986.

[18] Samuel D Wright, Robert A Ramos, Peter S Tobias, Richard J Ulevitch,

John C Mathison, Samuel D Wright, Robert A Ramos, Peter S Tobias,

Richard J Ulevitch, and John C Mathison. CD14 , a Receptor for Complexes of

Lipopolysaccharide LPS and LPS Binding Protein. Science, 249(4975):1431–

1433, 1990.

282



[19] R. Schumann, Leong, G. Flaggs, P. Gray, S. Wright, J. Mathison, P. Tobias,

and R. Ulevitch. Structure and function of lipopolysaccharide binding protein.

Science, 249(4975):1429–1431, 9 1990.

[20] Ruey-bing Yang, Melanie R Mark, Alane Gray, Arthur Huang, Ming Hong

Xie, Min Zhang, Audrey Goddard, William I Wood, Austin L Gurney, and

Paul J Godowski. Toll-like receptor-2 mediates lipopolysaccharide-induced

cellular signalling. Nature, 395(6699):284–288, 9 1998.

[21] A Poltorak, X He, I Smirnova, M Y Liu, C Van Huffel, X Du, D Birdwell,

E Alejos, M Silva, C Galanos, M Freudenberg, P Ricciardi-Castagnoli, B Lay-

ton, and B Beutler. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr

mice: mutations in Tlr4 gene. Science (New York, N.Y.), 282(5396):2085–8,

12 1998.

[22] Salman T. Qureshi, Line Larivière, Gary Leveque, Sophie Clermont, Karen J.

Moore, Philippe Gros, and Danielle Malo. Endotoxin-tolerant Mice Have

Mutations in Toll-like Receptor 4 (Tlr4). Journal of Experimental Medicine,

189(4):615–625, 2 1999.

[23] Katsuaki Hoshino, Osamu Takeuchi, Taro Kawai, Hideki Sanjo, Tomohiko

Ogawa, Yoshifumi Takeda, Kiyoshi Takeda, and Shizuo Akira. Toll-Like Re-

ceptor 4 (TLR4)-Deficient Mice Are Hyporesponsive to Lipopolysaccharide:

Evidence for TLR4 as the Lps Gene Product. Journal of iImunology, 162:3749–

3752, 1999.

[24] R Shimazu, S Akashi, H Ogata, Y Nagai, K Fukudome, K Miyake, and M Ki-

moto. MD-2, a molecule that confers lipopolysaccharide responsiveness on

Toll-like receptor 4. Journal of Experimental Medicine, 189(11):1777–82, 6

1999.

[25] Andra B. Schromm, Egil Lien, Philipp Henneke, Jesse C. Chow, Atsutoshi

Yoshimura, Holger Heine, Eicke Latz, Brian G. Monks, David A. Schwartz,

Kensuke Miyake, and Douglas T. Golenbock. Molecular genetic analysis of

an endotoxin nonresponder mutant cell line: A point mutation in a conserved

region of MD-2 abolishes endotoxin-induced signaling. Journal of Experimental

Medicine, 194(1):79–88, 2001.

[26] Taro Kawai and Shizuo Akira. The roles of TLRs, RLRs and NLRs in pathogen

recognition. International immunology, 21(4):317–37, 4 2009.

283



[27] A Yoshimura, E Lien, R R Ingalls, E Tuomanen, R Dziarski, and D Golenbock.

Cutting edge: recognition of Gram-positive bacterial cell wall components by

the innate immune system occurs via Toll-like receptor 2. Journal of immunol-

ogy (Baltimore, Md. : 1950), 163(1):1–5, 1999.

[28] Osamu Takeuchi, Taro Kawai, Peter F. Mühlradt, Michael Morr, Justin D.
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for Lung Metastasis Seeding through Angiopoietin-like 4. Cell, 133(1):66–77,

2008.

[319] Ming Jie Tan, Ziqiang Teo, Ming Keat Sng, Pengcheng Zhu, and Nguan Soon

Tan. Emerging roles of angiopoietin-like 4 in human cancer. Molecular Cancer

Research, 10(6):677–688, 2012.

[320] Yueqing Zhang, Xiaobo Hu, Ruiyang Tian, Wangui Wei, Wei Hu, Xia Chen,

Wei Han, Huayou Chen, and Yi Gong. Angiopoietin-related growth factor

(AGF) supports adhesion, spreading, and migration of keratinocytes, fibrob-

lasts, and endothelial cells through interaction with RGD-binding integrins.

Biochemical and Biophysical Research Communications, 347(1):100–108, 2006.

[321] Hiroki Tanigawa, Keishi Miyata, Zhe Tian, Jun Aoi, Tsuyoshi Kadomatsu,

Satoshi Fukushima, Aki Ogata, Naoki Takeda, Jiabin Zhao, Shunshun Zhu,

Kazutoyo Terada, Motoyoshi Endo, Jun Morinaga, Taichi Sugizaki, Mi-

chio Sato, Masaki Suimye Morioka, Ichiro Manabe, Youichi Mashimo, Akira

Hata, Yoshitaka Taketomi, Kei Yamamoto, Makoto Murakami, Kimi Araki,

Masatoshi Jinnin, Hironobu Ihn, and Yuichi Oike. Upregulation of ANGPTL6

in mouse keratinocytes enhances susceptibility to psoriasis. Scientific Reports,

6(October):1–12, 2016.

[322] Junke Zheng, Masato Umikawa, Changhao Cui, Jiyuan Li, Xiaoli Chen,

Chaozheng Zhang, Hoangdinh Hyunh, Xunlei Kang, Robert Silvany, Xuan

Wan, Jingxiao Ye, Alberto Puig Cantó, Shu Hsia Chen, Huan You Wang,
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Davis, Nathaniel Echols, Jeffrey J. Headd, Li Wei Hung, Gary J. Kapral,

Ralf W. Grosse-Kunstleve, Airlie J. McCoy, Nigel W. Moriarty, Robert

Oeffner, Randy J. Read, David C. Richardson, Jane S. Richardson, Thomas C.

Terwilliger, and Peter H. Zwart. PHENIX: A comprehensive Python-based

system for macromolecular structure solution. Acta Crystallographica Section

D: Biological Crystallography, 66(2):213–221, 2010.

[339] Airlie J. McCoy, Ralf W. Grosse-Kunstleve, Paul D. Adams, Martyn D. Winn,

Laurent C. Storoni, and Randy J. Read. Phaser crystallographic software.

Journal of Applied Crystallography, 40(4):658–674, 2007.

321



[340] Pavel V. Afonine, Ralf W. Grosse-Kunstleve, Nathaniel Echols, Jeffrey J.

Headd, Nigel W. Moriarty, Marat Mustyakimov, Thomas C. Terwilliger,

Alexandre Urzhumtsev, Peter H. Zwart, and Paul D. Adams. Towards au-

tomated crystallographic structure refinement with phenix.refine. Acta Crys-

tallographica Section D: Biological Crystallography, 68(4):352–367, 2012.

[341] P. Emsley, B. Lohkamp, W. G. Scott, and K. Cowtan. Features and develop-

ment of Coot. Acta Crystallographica Section D: Biological Crystallography,

66(4):486–501, 2010.

[342] Vincent B. Chen, W. Bryan Arendall, Jeffrey J. Headd, Daniel A. Keedy,

Robert M. Immormino, Gary J. Kapral, Laura W. Murray, Jane S. Richard-

son, and David C. Richardson. MolProbity: All-atom structure validation for

macromolecular crystallography. Acta Crystallographica Section D: Biological

Crystallography, 66(1):12–21, 2010.
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Koekemoer, Mingda Ye, Rados law Nowak, Joseph Newman, Jia Tsing Ng,

Nick Mitrovich, Helton Wiggers, and Frank von Delft. The Low-Cost, Semi-

Automated Shifter Microscope Stage Transforms Speed and Robustness of

Manual Protein Crystal Harvesting. bioRxiv, 2019.

[345] Tobias Krojer, Romain Talon, Nicholas Pearce, Patrick Collins, Alice

Douangamath, Jose Brandao-Neto, Alexandre Dias, Brian Marsden, and

Frank Von Delft. The XChemExplorer graphical workflow tool for routine

or large-scale protein-ligand structure determination. Acta Crystallographica

Section D: Structural Biology, 73:267–278, 2017.

322



[346] Marcin Wojdyr, Ronan Keegan, Graeme Winter, and Alun Ashton. DIMPLE

- a pipeline for the rapid generation of difference maps from protein crystals

with putatively bound ligands . Acta Crystallographica Section A Foundations

of Crystallography, 69(a1):s299–s299, 2013.

[347] Nicholas M. Pearce, Tobias Krojer, Anthony R. Bradley, Patrick Collins, Ra-

dos law P. Nowak, Romain Talon, Brian D. Marsden, Sebastian Kelm, Jiye Shi,

Charlotte M. Deane, and Frank Von Delft. A multi-crystal method for ex-

tracting obscured crystallographic states from conventionally uninterpretable

electron density. Nature Communications, 8:24–29, 2017.

[348] Garib N. Murshudov, Pavol Skubák, Andrey A. Lebedev, Navraj S. Pannu,

Roberto A. Steiner, Robert A. Nicholls, Martyn D. Winn, Fei Long, and

Alexei A. Vagin. REFMAC5 for the refinement of macromolecular crys-

tal structures. Acta Crystallographica Section D: Biological Crystallography,

67(4):355–367, 2011.

[349] Eric F. Pettersen, Thomas D. Goddard, Conrad C. Huang, Gregory S. Couch,

Daniel M. Greenblatt, Elaine C. Meng, and Thomas E. Ferrin. UCSF Chimera

- A visualization system for exploratory research and analysis. Journal of

Computational Chemistry, 25(13):1605–1612, 2004.

[350] Frank H. Niesen, Helena Berglund, and Masoud Vedadi. The use of differ-

ential scanning fluorimetry to detect ligand interactions that promote protein

stability. Nature Protocols, 2(9):2212–2221, 2007.

[351] Stephane Boivin, Sandra Kozak, and Rob Meijers. Optimization of protein pu-

rification and characterization using Thermofluor screens. Protein Expression

and Purification, 91(2):192–206, 2013.

[352] Ashwin Chari, David Haselbach, Jan Martin Kirves, Juergen Ohmer, Elham

Paknia, Niels Fischer, Oleg Ganichkin, Vanessa M??ller, Jeremiah J Frye,

Georg Petzold, Marc Jarvis, Michael Tietzel, Clemens Grimm, Jan Michael

Peters, Brenda A. Schulman, Kai Tittmann, J??rgen Markl, Utz Fischer, and

Holger Stark. ProteoPlex: Stability optimization of macromolecular complexes

by sparse-matrix screening of chemical space. Nature Methods, 12(9):859–865,

2015.

323



[353] Rod Chalk, Georgina Berridge, Leela Shrestha, Claire Strain-Damerell, Pravin

Mahajan, Wyatt Yue, Opher Gileadi, and Nicola Burgess-Brown. High-

Throughput Mass Spectrometry Applied to Structural Genomics. Chromatog-

raphy, 1(4):159–175, 2014.

[354] Daniel N Perkins, Darryl J C Pappin, David M Creasy, and John S Cottrell.

Probability-based protein identification by searching sequence databases using

mass spectrometry data. Electrophoresis, 20:3551–3567, 1999.

[355] A. I. Derman and J. Beckwith. Escherichia coli alkaline phosphatase fails to

acquire disulfide bonds when retained in the cytoplasm. Journal of Bacteriol-

ogy, 173(23):7719–7722, 1991.

[356] Anupam Singh, Vaibhav Upadhyay, Arun Kumar Upadhyay, Surinder Mohan

Singh, and Amulya Kumar Panda. Protein recovery from inclusion bodies of

Escherichia coli using mild solubilization process. Microbial Cell Factories,

14(1):1–10, 2015.
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[367] Paul H. Bessette, Fredrik Åslund, Jon Beckwith, and George Georgiou. Effi-

cient folding of proteins with multiple disulfide bonds in the Escherichia coli

cytoplasm. Proceedings of the National Academy of Sciences of the United

States of America, 96(24):13703–13708, 1999.

[368] D. Ritz, J. Lim, C. M. Reynolds, L. B. Poole, and J. Beckwith. Conversion

of a peroxiredoxin into a disulfide reductase by a triplet repeat expansion.

Science, 294(5540):158–160, 2001.

[369] Yuji Yamamoto, Dani Ritz, Anne Gaëlle Planson, Thomas J. Jönsson,
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privanacz, Károly Liliom, Ibolya Leveles, Beáta Vértessy, Norbert Jeszenői,
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Oksvold, Adil Mardinoglu, Åsa Sivertsson, Caroline Kampf, Evelina Sjöstedt,
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