DEVELOPMENT OF POLYMER LIPID PARTICLE TECHNOLOGY FOR

DRUG DISCOVERY

by

BETHAN SIAN KELLY

A thesis submitted to the University of Birmingham for the degree of

DOCTOR OF PHILOSOPHY

School of Biosciences
College of Life and Environmental Sciences
University of Birmingham

September 2024



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

G Protein-Coupled Receptors (GPCRs) represent 30-40% of all drug targets and have a
massive therapeutic potential. Investigations into GPCR structure and function are often
limited by their instability, flexible structure and location within the plasma membrane.
Improved methodology to produce stable soluble GPCRs in an environment like the plasma
membrane would be impactful for drug discovery. Amphipathic polymers, such as
poly(styrene-co- maleic acid) (SMA), can be used as a solubilisation agent to produce
polymer lipid particles (PoLiPa). These nanodiscs can encapsulate membrane proteins and
surrounding lipids. PoLiPa have been shown to have a stabilising effect lending itself to

GPCR investigations.

This project shows the expression, solubilisation and purification of GPCRs using PoLiPa
technology, and preliminary data showing evidence that GPCRs are functional in an SMA
lipid particle (SMALP). Firstly, the production of soluble human Neurotensin Receptor
(hNTR1), expressed in E. coli, with a wild-type sequence was proven possible utilising SMA
but low expression prevented its purification. Secondly, two MBP-fused GPCRs (rat NTR1
and Cannabinoid Receptor 2 (CB2)), expressed in E. coli, were solubilised and purified using
SMA and were resistant to unfolding. Thirdly, mammalian cell expressed GPCRs (hNTR1
and CB2) were solubilised with different polymers and CB2 was successfully purified.
Finally, SMALP-encapsulated GPCRs were proven suitable for functional analysis by
fluorescent tryptophan spectroscopy (FTS), fluorescent correlation spectroscopy (FCS) and
spectral shift assays. Key findings include the preferential solubilisation of GPCR oligomers
or glycosylation forms dependent on the polymer type and hydrophobicity; the importance of
resin types and excess polymer concentration on purification yield and allosteric modulation

of Mini-G proteins for GPCR ligand binding.

It is anticipated that this project will be a starting point for other GPCR investigations to
optimise the use of PoLiPa technology. This project presents key hurdles in the GPCR
production process and a toolkit to overcome issues such as low expression, instability, and

purification contamination.



Acknowledgements

This work was supported by the Biotechnology and Biological Sciences Research Council
(BBSRC) and University of Birmingham funded Midlands Integrative Biosciences Training
Partnership [grant number BB/T00746X/1].

Thank you to my sponsor company Domainex, particularly Kartika Shetty, Jim Reid, Satya
Bhamidimarri, Trevor Askwith and Stefanie Reich. I was lucky enough to perform
experiments in their lab and be hosted multiple times throughout the project. I especially
appreciated all the teaching and advice. Working with them has made me a better scientist.
Thanks to the collaborators in this project: Joelle Goulding and Stephen Briddon at the
University of Nottingham; Max Keller from the University of Regensburg and Marialessandro
Contino from the University of Bari. Special thanks to the Klumpermann group at
Stellenbosch University, who were kind enough to host me in their lab for 6 weeks and show
me the sights.

I would like to thank Professor Tim Dafforn for his supervision, Naomi Pollock for her
mentorship, the other members of the Dafforn group and all the other scientists of the 7 floor
of the Bioscience Building over the last four years for their advice and kindness. A special
thank you to Rachel Holyfield and Lauren Garbett for their friendship and support throughout
the whole process.

I’d like to thank all the girls of 688 Pershore Road who have made my time in Birmingham
full of fun and laughter: Sonja Bloch, Nina Dekker Doules, Elizabeth Starks and Babora
Kostyrova. Thank you also to Rachel Austin and Jessica Neale for their friendship and long-
distance support.

Thank you to my parents, Rose and Tom for their continued love and support and for always
believing in me; I feel lucky every day to be part of our family.

Thanks to Benjamin Archer for being a kind and lovely housemate, boyfriend and best friend

during a stressful time.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION. 18
1.1 G Protein Coupled Receptors (GPCRs) and Drug DiSCOVEry..........c..cccoccvveeeieicreeieerannnns 18
1.2 Structure and Function of GPCRS and G-proteins...............cccoecvevvevveniieneenianieeeeanneenneenns 19
1.3 Membrane Proteins and Polymer Lipid Particle (PoLiPa) Technology..................cc.cc....... 22
1.4 Benefits of PoLiPa for GPCR SOIUbBIlISALION ..............ccoccuieiiiiiiiiiiiieieeieeie e 24
1.5 Advantages and Disadvantages of Different POIYMErs.............c..cccoovveviviciveiiiieaieeieannenne 27
1.6 INVESHIGALEA GPCRS ..ottt ettt ettt et e et et e etaesateesaeesbeesaensaens 30
1.7 Choice of Expression System for GPCR Production ...............cc..cccocoueceveiieiieeiiesiieeieniennens 31
1.8 Optimizing Purification Protocols for GCPRS in POLIPa...............cc.ccccccovveinicinainaianninnn 33
1.9 Biophysical Characterisation 0f POLIP.................cccccocieiiiiieiiiiiiieeiesie e 34

D91 DLS ..o ettt b et bt e bt be ettt et e b e e beeaee s 34
1.9.2 INGRODSE ......ooouoiiiieeeeeeee ettt ettt ettt et s eb e bt e et et e st e et e b e s 35
J O S O 5 OSSPSR 35
L.9:4  SEC e ettt e h et be e bt bt ettt et e et e e nbeetee s 36
1.9.5  SMA- 01 DIBMA-PAGE .......cccooiiiiaeeie ettt ettt et sttt et 36
1.10  Ligand Binding EXPEFIMENLS ...........cccccoovieieeiieeiieeieeieeieeteeiiesivesisesiaesssesisessaessaesssesssansnens 37
111 FIUOTESCENCE SPECIFOSCOPY .....c.vveeveeieieiieeireeiieeieeiteeiteeieeeiaeeitesiaesaaesitestsesstestsesssessaesssesssensaens 38
1.12  Mini-G proteins as a Function ASSAY TOOL...............ccccccoevveviiiieiieeiiieiieeie e 40
1.13  Previous Investigations of GPCRs Utilising PoLiPa Technology ...............cc.cccoccuevueecnnnnnnn. 40
114 TRESTS ATIS ..ottt ettt ettt ettt ettt 42
115 OULIINE OF TRE TRESIS ....eooveeeve ettt sttt et e st e eabeetaesasesssenaaens 42

CHAPTER 2: MATERIALS AND METHODS 44
2.1 MALEFIALS ...t ettt ettt ettt e 44
2.2 Preparation Of POIYIETS ..............ccoccveiiiieiiie ettt stae s saeesaenasensaens 44
2.3 SEVQIRS ..ottt et 45
2.4 PLASIEAS ..ottt et 46
2.5 Bacterial GrOWth Media ................cccoooeeeiiiiiiieeee et 46
2.6 Transformation of E. coli for Recombinant EXPreSSiON...............cccceevverieriveeiesiasienrenieens 47
2.7 Plasmid extraction and Glycerol Stock Preparation ...................ccecceevevcieieeieeiieniieniennens 47
2.8 GPCR Expression and Expression OPtiMISALION .................cc.ccouecveeiueeiueeieesiesiessessenseninens 48

2.8.1  Large-Scale GPCR Expression in E. COli ..........c..cccocoviiiiiiniiiiiiiiieieeeceeeeee e 48
2.8.2  Expression Trials for Optimal MBP-fused GPCR Expression in E. cOli.............c..c.cccccovvevven.ne. 48
2.8.3  Lentiviral Overexpression of GPCRs in HEK293 Cells ...........cccccouiiiveiiieiiiieieeieeeieeeee e 49
2.9 Buffers and Tubes for Cell, Membrane and Protein Handling................cc.cccccoeevveecvencinnnns 49
2.10  GPCR Solubilisation and PUFIfICALION ..............cc.ccvevveiiieiieiiieeiieeiieeie e 50
2.10.1 E. coli and HEK293 Cell Membrane Preparation..................c..ccoeeeeeeceeneaeeneseeseeienieneennens 50
2.10.2 GPCR Solubilisation from MembFANES ................cccccoeceiiecieeiaiiiiieeeeeee et 51
2.10.3 SOIUDITISALION SCTEEIS ...ttt s 51
2,104 Immobilised Metal Affinity Chromatography (IMAC) Purification ................c..ccevvecveeveceennnn. 51
2.10.5 IMAC Purification Screens for OPHIISALION ..............c.cccoeceeieiieaieieeiesieeiesieeieese e eeenseees 52
2.10.6 POSE-IMAC DIQLYSIS ..ottt ettt be st ebeesaenseenaanneens 53
2.10.7 FLAG PUFIfICATION ..ottt ettt sttt st beesaebeensene e 53



2.10.8 FLAG Purification OPHIUESALION ...........c..coucoueiiiiiiiiiii ettt ettt 54

2.10.9 POSE-FLAG DIEQLYSIS......coooieeeeiieie ettt ettt ettt st se s ebessaebeeeseseeneenseens 54
2,11 Concentrating GPORS .........c..ccccuaiieieeee ettt ettt et e e e sebeesnnees 55
2,12 Storage CONItIONS SCHEEIS ...........c.ccvevuieeiieeriiiieei et eete ettt eseabeaseebeebeeseasseessease s 55
2.13  Protein Concentration ESHMAIION ...............ccceoecuiiiiiiiiiiieie et 55
2,14 SDS-PAGE.........ccoiooiiiiee ettt ettt ettt b et b e b b nbe b 56
2,15 PAGE ANGLYSIS ..ottt ettt ettt nb e b b 56
2,16 WESLEFI DIOLS ...ttt bbbt ab e b 57
2.17  Biophysical Analysis of GPCRS il POLIPAS ..............cc..cccoovieiiiiiaiieiieiieeiseeieeeeeve e, 58

2.17.1 Y 2 OO SPPTPRPR 58

2.17.2 DILS ...ttt et ettt b e bt etee et enteeenneenee 58

2.17.3 CD .ottt ettt bbbt ettt e et e bt e nbe et s 59

2174 SMA-PAGE 0F DIBMA-PAGE............ooiiiiiieiieie ettt 59
2,18  Production of Mini-G PrOLEINS ..............ccoocveeiiiiiaiiieiieeiieeie ettt ese e 59
2.19  Fluorescent Tryptophan SPECtrOSCOPY ...........cc.ccveveverveiieiieeieeiieteeeseesse e ese s s ase s 60
2.20  Solution-based Fluorescent Correlation SpectrOSCOPY..........ccoevevveveaviienienianiiaseeeseeanneen, 61
221 SPeCtral SRIft ASSAYS .....cc.ooovieiiieiieiieiii et ettt ettt b et b e ab e b 63

CHAPTER 3: PRODUCTION AND SOLUBILISATION OF WILD-TYPE HUMAN

NEUROTENSIN RECEPTOR EXPRESSED IN E. COLI 64
3.1 Testing Expression of ANTRI il E. COli .........occooovevieiiieiiiiecie e 65
3.2 Solubilisation Trials on E. cOli MEMDBIANES...............cc.cccvevieeiaiiaciieiiieeieeeie e 67

3.2.1  Comparison of SMA, SMI and DDM for the Extraction of ANTRI ............ccccccceoviiioiniinvenienenen. 68

3.2.2  Understanding Effect of Polymer Hydrophobicity on Solubilisation Efficiency of WT hNTRI ..... 70
3.3 IMAC Purification of ANTRI using PoLiPa Technology.............cccccccovcoieieiveeiieniieninnnns 72

3.3.1  IMAC Purification of SMA-hNTR1 Expressing E. coli Membranes..................cccccccevvevveveannnn. 73

3.3.2.  IMAC Purification of DIBMA-Solubilised hNTR1 Expressing E. coli Membranes ....................... 75

3.3.3.  IMAC Purification of SMA-solubilised E. coli control membranes ...................ccccccevvevvevvannnnn. 75
3.4 Identification of hNTR1 in Elution Fractions Post-IMAC Purification ..................ccccou.... 77
3.5 SEC of Protein Product Post-IMAC PUrifiCation .................cccoeveeveneenieneeneareeeeanseenneanns 78
3.6 SMA-PAGE and DIBMA-PAGE Analysis of ANTRI Oligomerisation...................cc.cc.ouu..... 82
3.7 Excision of SMA-PAGE and DIBMA-PAGE Bands for SDS-PAGE.............cc.cccoouvvueeiinnnnnn. 85
3.8 CORCIUSION ..ottt ettt ettt e et e et et e st e st e etsestaessbesssessaenssanseans 87

CHAPTER 4: MBP FUSED GPCR EXPRESSION IN E. COLI: PRODUCTION AND

CHARACTERISATION OF MBP-FUSED rNTR1 USING POLIPA 88
4.1 Introduction t0 MBP FUSiON PrOtEINS ..........c...ccoevuieiuiiiieiieie e eieeie et neae s 88
4.2 Comparison of MBP-fused GPCR Expression to hNTR1 Expression in E. coli................... 90
4.3 Introduction to Production Of FINTRI...........c..cccooveeiiiiiieiieie e 93
4.4 Optimisation of Expression oOf rNTRI in E. COli ..............ccccccoovviiiiieniiiiiiieeiecieeeeieein 93

4.4.1  Comparison Of E. COII StFQINS ...........ccocccoviiiiiiiiiiieeee ettt enes 94

4.4.2  Comparison Of GrOWEHN MEdi...................c.cccooeviviiiiiiiieii et 96

4.4.3  Comparison of IPTG Concentrations and Lengths of Expression Before Harvesting ................... 97

4.4.4  Comparison of Temperature CONCERIIALIONS ..............c.ccoeeeeieieeiesiieiienieeienseesesseesesseasesseesesseas 99

4.4.5  Expression of INTRI in E. COIi SUMMATY ............ccocooeiiiieiiaiieieeeeee et ns 101
4.5 Solubilisation Trials Of FINTRI in E. COII ..........ccccooviiiiiiiiiiiiiieiieeieeie e 101



4.5.1  Effect of Polymer Hydrophobicity on Solubilisation Efficiency of rNTR1 and Comparison of

BzAM Series Polymers t0 SMA and DIBMA................ccccocioiiiiiiiniiniieiesieeeeeeeee ettt 101
4.5.2  Determining Optimal SMA CONCENIFALION. .............c.ccveceeeiaiieiieieeiieie e see e 103
4.5.3  Determining Inclusion of Arginine in SMA Solubilisation Buffer .................ccccovveivievenceenennnnn. 104
4.6 MBP Fusion Protein Purification of MBP-fused rNTRI Expressed in E. coli................... 105
4.7 Optimisation of rNTR1 Purification by IMAC..............c.cccoovveeieeienieiieeieeieeieieeeee e, 106
4.7.1  Influence of Affinity Chromatography ReSin TYPe.............ccccouvieiiaienieieieeiesie e eeens 106
4.7.2  Confirmation of SMA-rNTRI Purification Success by Western blot Analysis..................c..c........ 109
4.7.3  IMAC CONAILION SCPEEM........c.couiiiiiiiiiiiiiiieeee ettt 112
4.7.4  S0lt CONCENIFALION ...ttt ettt 114
4.7.5  REAUCING AGONL ..ottt ettt ettt ettt 116
4.8 Biophysical Characterisation and Stability Analysis of rNTR1 Encapsulated in SMALP. 119
4.8.1  Biophysical Characterisation by SEC ..............cccccoviiiiiiiieiieieeeeeeeee et ns 119
4.8.2  SMA-PAGE ANalysSis POSI-SEC ........ccccooviiiiiieiiieieiieieeietteei ettt 121
4.8.3  Biophysical Characterisation by DLS and Comparison of Buffer Systems...............cccccccvevunun. 122
4.8.4  Determination of OPtimal SIOFAZE ...............cc.cceviieeiieieeieieee ettt eseans 125
4.8.5  Biophysical Characterisation by CD SPeCtrOMELTY .............cccocvevieieiieieniiieseieeeeee e 127
4.8.6  Overnight Changes in Secondary Structure of rNTR1 by Interval CD Spectrometry.................. 129
4.8.7  Thermostability of rNTR1 Encapsulated in SMALP in Changes in Tryptophan Fluorescence by
3507330 RATIO ...ttt ettt 130
4.9 SUMIATY OF FINTRI .......c.oooiiiiiii ettt ettt ettt e e aaesabeeabennae s 132
CHAPTER 5: PRODUCTION AND CHARACTERISATION OF MBP-FUSED CB2 IN E.
COLI USING POLIPA 133
5.1 THEPOAUCHION. ...ttt ettt ettt b e e bbb eeabeeseeae e 133
52 Expression Trials to Optimise CB2 EXPFeSSION ...........cc.ccoveeieeieciaiieciieeiieeieeiiesieeeieeeae e, 133
5.2.1  Comparison of Cell Lines and Growth Mediq.................c..c.ccoccrciriiinininiiiiiiiiiiiceeene e 134
5.2.2  Comparison of Three IPTG CONCENIIALIONS................cccoceroiriiniriniaesierieeeeeeeteie st 136
5.2.3  Comparison of Two ExpresSion TeMPEFAIUTES ...............cccccicuiriirineneniiieieieceitee et 137
5.3 Assessment of Inclusion of Reducing Agent during Cell LysSis .............ccccccovvvevvenveniannnnn, 138
54 Solubilisation Trials on CB2 Expressed in E. COli.........c...ccccccooviviiiiiiniiiiiiieiieeieeieeins 141
5.4.1  Efficiency of Different POLYMEFS............ccccccooioieiiioiiiiiiiiitiieie sttt 141
5.4.2  Effect of Polymer Hydrophobicity on CB2 Extraction from E. coli Membranes ......................... 143
5.4.3  Optimal SMA Concentration for CB2 HOMOZENISALION .............c..ccoceveveeeeeniaienieaieieeiesieeienieens 145
5.5 MBP Trap Purification 0f CB2 ........cc.cccooiiiioiieeiieeiieeie ettt ve et ve e eae s 146
5.6 FLAG Purifications Comparing CB2 Solubilised with Different Polymers or DDM......... 146
5.7 Optimising IMAC Purification of CB2 Expressed in E. coli using PoLiPa Technology .... 149
5.7.1  Solubilised With DDM ............cccoiiimimiiiiiiiiiieieete ettt 149
5.7.2  Resin Type, Salt Concentration and Addition of 20 mM Arginine as Variables........................... 150
5.7.3  Addition of 200 MM AFGININE .........ccovueviiiiiiiiiiiiieetet ettt 153
5.7.4  Effect of Reducing Agent addition to IMAC binding buffers: 25 mM DTT ..............ccccccocvrvennn.. 155
5.7.5  Effect of Reducing Agent addition to IMAC binding buffer: I mM TCEP...............cccccocervenen.. 157
5.8 FLAG Purification of CB2 Post-IMAC PurifiCation ...............cccccuvcvevcianieneesienianniennnen, 160
5.8.1  Addition of 25 mM DTT in Binding BUFers ...........cccccuviiiiiiiiiiniiieieseeeeeeeest e 160
5.8.2  Arginine and Salt CONCENIFALION ..............cc.coueueiiiiiaieiit ittt 163
5.9 Optimal Storage Of SMA-CB2..........c..ccovoiiieieoiieeiieee ettt 166
5.10  Thermostability Analysis of SMA-CB2 0f NanoDSF .............cccccooevuieimiiiiiiiiiiieeieeieeieeinns 168
5.11  Summary of CB2 Production and Characterisation using PoLiPa Technology................. 169
CHAPTER 6: EXPRESSION, SOLUBILISATION AND PURIFICATION OF GPCRS
EXPRESSED IN MAMMALIAN CELLS USING POLIPA 170
6.1 THEPOAUCTION. ...ttt ettt ettt e b e bbb eeabeeseeae e 170



6.2 Solubilisation Screens to Understand how Efficiently Polymers Extract A(NTR1 from

HEK293 Cell MEMBFANES ............ccoveeeiiiiiiieiieii ettt ettt ettt se bt beesbeanseese s 172
6.2.1  Solubilisation screen of ANTRI1 Expressed in HEK293 Cells.............ccccccoovievieviavianiaienieienenne. 172
6.2.2  SMA, DIBMA and Novel Polymer Series: AASTY .........ccccceveiieveiieieiiee e 175

6.3 Binding Trials of HEK293-expressed hNTRI1 PUurificQtion..................cccoeveeveevevevenneennnann, 177

6.4 IMAC Purification with Optimised Conditions for ANTRI .............ccccccovvvevievvenraniannnnn, 180

6.5 HEK-Expressed hNTR1 Post-IMAC FLAG PUurification ..............cccccceevoevieeeesvesvenneannnenn, 181

6.6 Solubilisation screens of CB2 expressed from HEK293 cells........cc.cccccovvviiniiiiiniinninnnn, 183
0.6.1  Amphipathic Polymers and DDM....................cccccuuiimiiiaieiieieeeeee ettt 183
6.6.2  Polymers with Different Hydrophobicities Compared to SMA and DIBMA .......................c......... 186
6.6.3  SMA and DIBMA Concentration Compared to SMI and DDM ................cccccoovvevemvieceeiianannnne. 187

6.7 Binding Trial of HEK293-expressed CB2 PUFIfICAION............c..cccoevvevianiaiiaiiaeieiieinenn, 189

6.8 IMAC Purification with Optimised Conditions for CB2.............cccocvevvieniienienienieniennnenn, 193

6.9 CONCIUSIOMNS ...ttt ettt ettt ettt bt b e sb e e sbeesbeesbe e bt esbeasseasseasseenns 195

CHAPTER 7: FUNCTIONAL ASSESSMENT OF SMA-SOLUBILISED GPCRs BY
LIGAND BINDING AND MINI-G PROTEIN BINDING 196

7.1 THEPOAUCHION. ...ttt ettt ettt b e e be b e sb e abeeseeae e 196

7.2 Tryptophan Fluorescence Changes and Ligand Binding to SMA-hNTRI .......................... 198
7.2.1  SMA-hNTRI Protein Titrated Against Fluorescent NTRI Ligands..............c.cccccoovvecvevvaeannnnnn. 199
7.2.2  Fluorescent NTRI LiQand CORITOLS...............ccoccovciicieiiiiiiieieeeee e 201
7.2.3  Anisotropy Changes of Tryptophan Fluorescence in SMA-Solubilised hNTR1 Protein Titrated
AGAINSE NTRI AGOTISLS ..ottt ettt ettt et ettt et e et e st e e bt esbeeenbeeeaeeenbeesaeesnneenee 203

7.3 Tryptophan Fluorescence Changes and Ligand Binding to SMA-rNTRI........................... 204
..................................................................................................................................................................... 205
7.3.3 SMA-rNTRI1 Titrated Against Fluorescent MK337 Ligand and Effect of Gsq Incubation.......... 205

7.4 Tryptophan Fluorescence Changes and Ligand Binding to SMA-CB2 ..............cc.cccocu..... 208
7.4.4  FTS Analysis of SMA-CB2 Titrated AGainst SM15.............ccocooeeveiieieiieieiieieeeee et 208
7.4.5  FTS Analysis of SMA-CB?2 Titrated Against VM7 and Effect of Gs Incubation.......................... 210
7.4.6  FTS Analysis of SMA-CB2 Expressed in E. coli Titrated Against 4Q3CF .........cccccccuvrvinvenvenen. 212

7.5 Fluorescence Correlation SpectroSCOPY (FCS) ....oovvaviiiiiiiiiiiiieiieeieeeeeeeieei e 213
7.5.4  MK337 Series Binding Experiment Comparing SMA-rNTR1, SMA-CB2 and SMA-SAV With and
WAEROUE SR 48692ttt ettt bbbttt 215
7.5.5  Specific MK337 binding to SMA-rNTRI Incubated With GS OF GSq .......cccoueouvcivciiciaiinininennn, 217
7.5.6  Key findings of FCS EXPEFIMENLS ...........cccoveuiiiiiiiiiit ettt sttt 219

7.6 SPECIFAL SRt ASSAYS .....covveveiie ettt ettt ettt et e et esaaesabesaaeesseneaens 220
7.6.1  MK350 Dose-Dependent Changes in Fluorescent Properties of Labelled SMA-NTRI ............... 220
7.6.2 SR 48692 Prevents MK350 Dose-dependent Changes in Fluorescent Properties of Labelled SMA-
NTRI 222

.......................................................................................................................................................... 222
7.6.3  Competitive Assay Shows SR 48692 Dose-Dependent Changes in Fluorescent Properties of
Labelled SMA-NTR1 After Incubation With MK350.............ccccvoviioiioiiiiieiieie e 223

7.7 SMA-PAGE to Assess Mini-G Protein Binding..................ccccccooovvvviiiniiiiiiieiieeieeieeinn 225

7.8 CORCIUSION ..ottt ettt ettt ettt e b s e e beebe e bt esbeanseasseasseanns 229

CHAPTER 8: DISCUSSION 230

8.1 Summary 0f Key FINAINGS ..........cc.cccooiiiiiiiiiie et 230

8.2 INLerpretation Of RESULLS...........cc.cccueevieiieieeie ettt siae e 230
8.2.1  Expression Of GPCRS il E. COLi..........c.ccccccooiiiiiiiiiieii ettt 230
8.2.2  Expression of GPCRS in HEK293 Cells ...........ccccoeoeiieiiiieiieieeeteeee et ns 233



8.2.3  Polymer Solubilisation and Polymer Selection of GPCR Oligomerisation states or Glycosylation

States 234
8.2.4  Purification OPUMESALION ...............c..ccooveeeeieeieesieeeeeteeeeeee ettt eee st ete st assessaessessaesseenaesseensenseans 236
8.2.5  Biophysical ANGIYSiS TECARIGUES ...............c.cccoeeeiieieiieieeiieeee ettt eae e 239
8.2.6  Stabilising Effect of PoLiPa Compared to Other Methods .................cccccovciivenieiveiiieseeeennns 240
8.2.7  FUNCHONAL ANALYSIS ...ttt ettt et ae e sse e e sbeensesbeenbensaans 241
8.2.7.1 TS ettt ettt ettt ettt e et e et e enaee s 242
82.7.2 FOS ettt ettt et ettt ettt et n 243
8273 SMA-PAGE for GPCR: Mini-G protein complex detection...................ccccccuuvveveeveecencrennennnnn. 244
8.3 Implications of the findings and contribution to the field of drug discovery...................... 245
8.3.1  PoLiPa Technology IMPIICALIONS..................ccccoueiiiieiieieeieieett ettt sbe e eae e 245
832 GPCR IMPLICALIONS ..ottt ettt ettt s sbe e sbeesaesseenseese e 246
8.4 Limitations Of the STUAY ............ccooccveeiiiiiii ittt ettt 248
84.1 LOW VICIA ...ttt ettt bbb eaeen 248
842 GPCRs in this Project may not be Representative of GPCRs in a ‘Native’ Environment........... 248
8.4.3  GPCRs investigated are not representative of the Whole Class ...............ccccocoevvveveiieivcnieennnn. 249
8.5 Recommendations for Future ReSEATCH...............ccocvevieiiiciiiieiieiiieeiieeie e, 250
8.5.1 INEW POLYIIETS ...ttt ettt bttt et b e e et e e et e s e eneeseeneenseens 250
8.5.2  INEW GPCRS ..ot ettt ettt ettt ettt ettt sat e bt enate e e 251
8.5.3  OligomeriSAtion STUALES ..............c..ccoociiiiiiiiiiiieie ettt ettt ettt enaeeaean 251
8.5.4  Solution-based Assessment of GPCR Interactions - Utilising Fluorescent Assays and Validation of
BiNAING EXPEFIMEALS. ..ottt ettt ettt ae e st aeesbeese e b e ese e b e eseenseeneeseens 252
8.6 FANGALE ROIMATES ...ttt 254
APPENDIX. 255
Appendix 1.1 - E. coli expressed hNTR1 extraction with different DIBMA concentrations. .......... 255
Appendix 1.2 - Use of MBP fusion protein as a means of purification of MBP-fused rNTR1
EXPFESSEA T E. COll........ooovviiiiiiiiiiii ettt ettt ettt be bbb ae s 256
Appendix 1.3 — Overnight binding to MBPTrap column to improve the use of MBP fusion protein as
a means of purification of rNTRI1 Expressed in E. coli, overnight binding to column.................... 257
Appendix 1.4 —IMAC purification followed by MBPTrap purification to determine the possible
benefit of MBPTrap Binding of SMA-rNTR1 expressed in E. COli..............cccccovvvviiiniininninainannns 258
Appendix 1.5 — SMA-solubilised E. coli membranes expressing yNTRI IMAC purification followed
Y MBPTVAD PUFIfICATION ...ttt ettt e ettt e etaeesaeesaesasesssanssensnen 259
Appendix 1.6 — IMAC Purifications of E. coli Expressed Mini-G proteins ...............cccceevevevennnnnn. 260
Appendix 1.7 — MK337 Characterisation for FCS: Testing the inclusion of BSA and glycerol in the
buffer on the measured concentration of MK337 and the calculated diffusion rate ....................... 261
Appendix 1.8 — MK337 Characterisation for FCS: Testing the effect of laser power of MK337
measured cONCentration And DFIGRINESS .............cc.cccoevoveciiiieiiieiie et eie et eae et saeeaeeaae e 262

Appendix 1.9 — MK337 Characterisation for FCS: MK337 series to determine the possible increase
in bound MK337 to SMA-solubilised NTR1 with and without Bovine Gamma Globulin (BGG)....262

Appendix 1.10 — MK337 Characterisation for FCS: The effect of antagonist SR 48692................ 263
REFERENCES 264




TABLE OF FIGURES

Figure 1.1: Flow chart of simplified Drug Development Pipeline and approximate timescales .......... 18
Figure 1.2: Structures demonstrating the conserved conformational changes in the ‘transduction site’
OF GPORS ..ot ettt ettt ettt ettt e sb e e sb e ab e e ab e e b e ab e e ab e nb e ab et et e abeenbeenbeenre e 20
Figure 1.3: Schematic illustrating how GPCRs activates G proteins causing downstream signalling
DATIWAYS. ..ottt ettt et e ekt e s tt e ekt eeateeat e e st e tt e e st e e hteehbeesb e tb e st e eatentteesaeenaentaeeseans 21
Figure 1.4: Subclasses of the G-protein AIPRa SUDUNILS...............cc.cceevveeiieeiieeieeiieie e eieneaens 22
Figure 1.5: Cartoon representation of a PoLiPa containing @ GPCR. ............ccccccoccevieevieeiieeieniennnns 24
Figure 1.6: Chemical Structures of Amphipathic Co-polymers investigated in this project. ................ 29

Figure 1.7: Example standard CD Spectra of proteins containing only one type of secondary structure.

Figure 3.1: Cartoon representation and features of WT hNTRI expressed in E. coli in this Chapter.. 64
Figure 3.2: Expression test for ANTRI in E. COli..............ccccovvvvvaviannnn. Error! Bookmark not defined.

Figure 3.3: Western blots showing of results of a solubilisation trial comparing two polymers and the
ALEFGENE DDM. ..ottt ettt ettt ettt b e bbb st et e b et e nb e b e nbeente e 69

Figure 3.5: Solubilisation trial comparing the BzAM polymer series to SMA and DIBMA................... 71

Figure 3.6: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from hNTR1 expressing
membranes solubilised With 2.5% (W/V) SMA. ............cccccovovviiiiiiieii ettt 73

Figure 3.7: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from hNTR1 expressing
membranes solubilised With 2.5% (W/V) DIBMA. ...........cc.ccccoovviviiiiiiieiieiieieeee ettt 75

Figure 3.8: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from E. coli membranes
with no recombinant expression membranes solubilised with 2.5% (W/v) SMA..........c.cccoevvevvavrenninn. 76

Figure 3.9: Western blot of concentrated elution fractions from a IMAC purification of hNTR1

SOIUBIIISEA WIth SIMA. ..ot ettt ettt 78
Figure 3.10: SEC of hNTR1 protein samples post-IMAC purificQtion .............c...cccoccveveeveeecveniveneennnans 80
Figure 3.11: SMA- or DIBMA-PAGE of Post-IMAC Post-SEC SAmples .............c...ccccccevvueeveecreniennnns 83

Figure 3.12.: Silver stained SDS-PAGE gel of bands excised from SMA-PAGE (left) or DIBMA-PAGE
(FEGRE). oottt ettt ettt ab ettt ekt eett e a b e ateeab e st e etteetteetaeeateesbeesbeesaentaens 86

Figure 4.1: Cartoon summarising of characteristics of MBP fused GPCRs in which expression was
R 27 TSP 89

Figure 4.2 : Plasmid map showing the key characteristic of the pRG vector used to express MBP-fused
GPCRS G1 E. COIT .ot ettt ettt 90



Figure 4.3: Expression Comparison of four GPCRs expressed in E. coli by Western blot analysis..... 91
Figure 4.4: rNTRI expression trial in two Cell [INES.............cccccoeviveiiiiieiieiiieiecieeie e 95
Figure 4.5: rYNTRI expression trial comparing three different broth types. .............cccccoeveeveecveeciennnns 96
Figure 4.6: ryNTRI expression trial comparing three IPTG concentrations and harvesting time points.
Figure 4.7: rNTRI expression trial comparing three expression temperatures and two harvesting time
DOITUES. ettt et ettt ettt a e e b et eea bt et e e ettt ent e e naeeeabeeeabeeeateeentteetteenaeeenbeennneeenneas 100

Figure 4.8: Solubilisation trial showing comparison of BzAM polymer series to SMA and DIBMA.. 102

Figure 4.9: Solubilisation trial comparison SMA concentrations (0-2.5% (W/V))....cccoovevvvevvenvanninn. 103
Figure 4.10: Solubilisation trial testing the inclusion of 20 mM arginine in the solubilisation buffer.

.............................................................................................................................................................. 105
Figure 4.11: Four rNTRI purifications using different IMAC FESINS. ..........ccccovevvevieeienianiannianneenn, 108
Figure 4.12: Western blot analysis of SMA-rNTR1 IMAC purification fractions ................ccec.oeu..... 110
Figure 4.13: Western blot analysis showing results of IMAC Condition Screen ..............ccccoeevenni.n.. 113
Figure 4.14: Coomassie stained SDS-PAGE gel comparing two purifications with 150 mM or 500 mM
NACL i1 the DIRAING DUTCE . .......c..oooveievieieiiieeee ettt ettt ettt be bbb s ese s 115
Figure 4.15: IMAC Condition Screen comparing the effect of reducing agents .................ccoevenn... 117
Figure 4.16: The effect of DTT on the IMAC purification of SMA-FNTRI ........c.cccooovvvevenciiieeeenn 118
Figure 4.17 : SEC analysis of the SMA-rNTR1 using a Superose 6 increase 10/300 column.............. 120
Figure 4.18: SMA-PAGE analysis of SMA-FNTRI. ..........cccccoovievianiaeieiieciiecieeeie e 122
Figure 4.19: DLS analysis of purified SMA- FINTRI .............cccoovevieviiiiiiieiieiieee et 123
Figure 4.20: SMA-rNTRI storage cOnRdition eXperiMment...............c..ocveeveeveseveseeneanneeseasieesseesseenseanns 126
Figure 4.21: CD Spectrometry Analysis oOf SMA-FNTRI. ............cccoovevvieiiiieiianieeieeieieie e, 128
Figure 4.22: Interval CD Spectrometry Data of SMA-rNTR1 over a 960-minute timeframe.............. 129
Figure 4.23: Thermostability assessment of SMA-rNTRI1 by NanoDSF..............ccccccoevveevievcveniannnnn, 131

Figure 5.1: CB2 expression trial comparing four different growth media types and two different cell
JITLES. .ottt Rt ettt R ettt ee e n et n e et et et ene et neeeeen 135

Figure 5.2: CB2 expression trial comparing three different IPTG concentrations for induction and two
AIfEFENT CEIL LITES. ..ottt ettt ettt et e tb et e tbestbesabeesaeesbesssensaens 136

Figure 5.3: CB2 expression trial comparing two expression temperatures and three harvesting times.
.............................................................................................................................................................. 137

Figure 5.4: Comparing the effect of no reducing agent, 25 mM or 5 mM TCEP in the cell lysis buffer.
.............................................................................................................................................................. 139

10



Figure 5.5: CB2 solubilisation trial comparing of four polymers and DDM. ...............c.ccccccvevuvann.nn. 142

Figure 5.6: CB2 solubilisation trial comparing the BzAM polymer series to SMA, RAFT SMA 1:1 and
DIBMA. ..ottt s ettt n st a et ene e 144

Figure 5.7: CB2 solubilisation trial comparing three SMA CONCERtration. ..................ccccevveevannene. 145

Figure 5.8: SDS-PAGE analysis of five FLAG affinity purifications of CB2 solubilised with polymers
OF DIDM. ..ottt bttt 147

Figure 5.9: IMAC purification of DDM-CB2. .............ccccocoioiiiiiaiieiieeieeeieeie et esa s 150

Figure 5.10: SMA-CB2-, 0.35 BzAM-CB2 and DIBMA-CB2 binding trial comparing the effect of
FESIN-1YPE, AVGININEG AN SALL...........ccoiiiieeii ettt te ettt e aeetb et e taesttesaaessaessaenssensaens 152

Figure 5.11: Two comparative SMA-CB2 IMAC purifications with and without 200 mM arginine in

ERE DINAING DUSTET. ...ttt ettt ettt ettt et e st et estaeetaeetaeesaensaensaens 154
Figure 5.12: Two comparative SMA-CB2 IMAC purifications with and without 25 mM DTT in the
DIRAIIG DUSTCT. ..ottt ettt ettt et e et et e s et e tbeetbesttesaaeesbeesaenssensnans 156
Figure 5.13: SMA-CB2 IMAC purification with 1 mM TCEP in the binding buffer. .......................... 159
Figure 5.14: Two comparative post-IMAC FLAG purifications with and without 25 mM DTT in the
DIRAIIG DUITCES. ..ottt ettt ettt e et e et estb e tbeetbessbesabeesteesbenssensnans 161
Figure 5.15: Four comparative post-IMAC FLAG purifications at low and high salt concentrations,
With and without 20 MM QFIRINE. ..............ccoccveiiieiiieieeiie et eee et ae st staessaesaaeesaeesbesssessaens 165
Figure 5.16: SMA-CB2 optimal StOrage trial. ..............cccccooveviaiiinieeiieieeeieeeie e 167
Figure 5.17: Thermostability assessment of SMA-CB2 by NanoDSF. .............cccccovvveevieeiienianiennienn, 168
Figure 6.1: Cartoon representation of GPCRs expressed in HEK293 cellS..........c.ccccoovvevvvevvenianninn, 171

Figure 6.2: Mammalian expressed hNTRI solubilisation trial comparing BzAM series (0.05-0.4),
SMA, DIBMA, DDM GRA SMI .............ccocooiiiiiiiieiei ettt 173

Figure 6.3: Mammalian expressed hNTRI solubilisation trial comparing different SMA and DIBMA
concentrations and the AASTY POLYMEE SEFIES. ..........cc.ccovevuecuiiiiieiiieie et ee et saae e 176

Figure 6.4: IMAC binding screen of HEK293 expressed hNTRI on different resins (IDA, Ni-NTA,
TALON), different arginine concentrations (0 mM, 20 mM, 50 mM) and with a reducing agent (2 mM
TCEP OF 2 M DTT). ..ottt ettt ettt e sb e st e abe e sbeeabeesbeenseenbeenseennes 178

Figure 6.5: SDS-PAGE analysis of a IMAC purification of SMA-solubilised HEK293 membranes
EXPIESSIIG MINTRI. ..ottt ettt ettt et ettt b et e bt e bt e ett e bt e sb e st e ssaeeaaeesaesssensaensnans 181

Figure 6.6: SDS-PAGE analysis of two FLAG purification of SMA-solubilised HEK293 membranes
EXPYESSING INTRI. ...ttt ettt ettt e et e et e e st e e snbeesateesabeeeeseeensaeenees 182

Figure 6.7: Mammalian expressed CB2 solubilisation trial comparing different SMA, DIBMA, the
AASTY polymer series and DDM. ..............cc.cccooceiiieeieiiiieiieie ettt se e 185

Figure 6.8: Mammalian expressed CB2 solubilisation trial comparing SMA, DIBMA and the BzAm
DOLYIIET SEFICS ....ooeveiieiie ettt ettt ettt et et e e ab e e ab e esbeesbeesbeeabeesbeasbeesbeesbeesbeesbeasseenseanseenns 186

11



Figure 6.9: Mammalian expressed CB2 solubilisation trial comparing different SMA and DIBMA
concentrations t0 SMI and DDM. .............cccoooiiiiiiiiiiiiee ettt 188

Figure 6.10: IMAC binding screen of HEK293 expressed CB2 on different resins (IDA, Ni-NTA,
TALON), different arginine concentrations (0mM, 20mM,50mM) and with ImM TCEP. .................. 191

Figure 6.11: SDS-PAGE analysis of an IMAC purification of SMA-solubilised HEK293 membranes
EXPFESSING CB2. ..ottt ettt et e et e et e et et e ettt e it et e e erb e e ntee bt e e nteennaeenes 194

Figure 7.1: Chemical Structure of Neurotensin Receptor 1 agonists used in this project and crystal
Structure of agonist-bound hNTR1 with highlighted tryptophan residues in red. ..............c...cc.......... 199

Figure 7.2: Peak intensity from FTS analysis of SMA-hNTR1, expressed in E. coli, titrated with
JTUOFESCERE AQOMISES. ...ttt e et e et e et e et e e ab e e abeesbeeabeesbesabeeabeesseesseenbeenbesnnes 200

Figure 7.3: Intensity from FTS analysis of SMA-solubilised common IMAC contaminant proteins

EXPIESSCA TN E. COlL....ooiiiiiiiiiieiieii ettt ettt ettt et e et e et e bt e etaeeteeesaensaensaans 202
Figure 7.4: Fluorescence Anisotropy measurements taken from FTS analysis of SMA-hNTRI,

expressed in E. coli after titration of NTR1 agonists (MK337, MK350 or Neurotensin 8-13). ........... 203
Figure 7.5: Crystal Structures of agonist and antagonist bound rNTRI variants.................c..cc......... 205

Figure 7.6: FTS analysis of SMA-rNTR1 expressed in E. coli with and without incubation with Gsq for
G HOUTS. ..ottt ettt R ettt eh e sttt ne et et ne e naeenen 206

Figure 7.7: Chemical Structures of Fluorescent CB2 agonists used in this project and Crystal
Structures of agonist and antagonist bound CB2 VAVIARLS .............c..cccoovcveeeeiieiiiiiiieieeiie e eie e 208

Figure 7.8: FTS analysis of SMA-CB2 expressed in E. coli. SMA-CB2 concentration was 0.2 mg/mL

Figure 7.12: FCS analysis of MK337 binding to SMA-rNTRI, SMA-CB2 or SMA-SAV .................... 216
Figure 7.13: FCS analysis of MK337 binding to SMA-rNTR1 incubated with Mini-G proteins ........ 218
Figure 7.14: Specific binding of MK337 to a neurotensin binding site calculated from FCS analysis.
Figure 7.15: Spectral shift assay investigating the effect of MK350 concentration on fluorescently
1ABEIIed SMA-FNTRI ...ttt ettt e ettt e e nees 221

Figure 7.16: A spectral shift assay investigating the effect of MK350 concentration on fluorescently
labelled SMA-rNTR1 with and without competitive inhibition with SR 48692. ..........c..cccccovvvvvecunnnnnn. 222

Figure 7.17: A spectral shift assay investigating the effect of SR 48692 concentration on fluorescently
labelled SMA-rNTR1 with and without 500 RM MEK350. ..........cooceioiioiiieiii et 224

12



Figure 7.18: SMA-PAGE and Western blot analysis of SMA-CB2, rNTR1 and SAV after incubation
With and Without Mini-G PFOTEINS. ..........c..cccuecuieiuieieieiieeiieecieeteeeeeaeeiaeeaeeaesetestbestaestaessaessaessaesssesseens 226

Appendix 1.1: E. coli expressed hNTR1 solubilisation trial comparing 4 concentrations of DIBMA
(3.5%, 4.5%, 5.5%, 6.5%) and 1.5% W/V SMA. ..........ccccoooeviiiiiiiiiiei e 255

Appendix 1.2: Result of attempted MBPTRap Purification of SMA-rNTR1 expressing E. coli
TREIMDIANES. ...ttt ettt a et h e a ettt n ettt ae et ne e 256

Appendix 1.3: SDS-PAGE and Western blot analysis of the MBPTrap purification method when SMA-
rNTR1 expressing membranes were continuously applied to the MBPTrap column overnight. ......... 257

Appendix 1.4: Results of IMAC purification followed by MBP purification of MBP-fused rNTR1

EXPIESSCA TN E. COlL.....vooiiiiiiiiiiciieiiee ettt ettt ettt ettt e bt et e st estaesaaeetaeesbensaensaans 258
Appendix 1.5: Results of IMAC purification followed by MBP purification of MBP-fused CB2 -
EXPIESSCA TN E. COlL....ooiiiiiiiiiieiieii ettt ettt ettt et e et e et e bt e etaeeteeesaensaensaans 259
Appendix 1.6: SDS-PAGE analysis of fractions from Mini-G protein IMAC Purifications. ............... 260
Appendix 1.7: MK337 characterisation in four different buffer systems: with and without 5 mg/mlL
BSA and 10% (V/V) GIYCEFOL. .........c..ooiioiiiiiiiieiee ettt ettt be et ae s 261
Appendix 1.8: MK337 characterisation using eight different laser power strengths (1- 40%,)........... 262

Appendix 1.9: Concentration of bound MK337 calculated from a 2-component model after solution-
based FCS analysis of seven different MK337 (7.8 nM — 500 nM) concentrations incubated with SMA-
rNTR1, with and without bovine gamma globulin (BGG). .........cc.ccccoeieviiiiiiiieiieiieeie e 262

Appendix 1.9 MK337 characterisation with and without 170 nM SR 48692............ccccvvovvcviceecennnn. 263

13



TABLE OF TABLES

Table 1.1:  Examples of non-fluorescence-based ligand binding techniques................c...ccccooecuun... 38
Table 1.2:  Fluorescence-based ligand Binding ASSAYS ............ccoevceevveeiieiieeieeiesiesie et eiiesiienieens 39
Table 1.3:  Literature Summary of Previous GPCRs Investigated by PoLiPa Technology ............... 41
Table 2.1:  List of Polymers and Ligands used in this Project and their Supplier................cc..c........ 44
Table 2.2:  Bacterial Strains uSed in StUAY...............ccevvveeiieeieiieeieeieeie ettt 45
Table 2.3:  PLASTIAS ......cc.ooeeiiiii ettt 46
Table 2.4:  Bacterial Growth Media RECIPES ................ccccueeieeieniiiieeieeieeieeiiesiie st 47
Table 2.5:  Expression Conditions for each MBP-fused GPCR Expressed in E. coli........................ 49
Table 2.6:  Buffer Compositions for GPCR Production and StOrage.................c.cccoccuevveecveeivencennnnnns 50
Table 2.7:  Recipe for 12% Polyacrylamide Laboratory-cast Gels...............cccccvcevceeiieiiieeiieninnnnnn, 56
Table 2.8:  Primary Antibodies and Dilution used for Western blot Analysis ..............c..cccecueeunnnnnn. 58
Table 2.9:  Models used to Plot BiNding CUFVES ............c..cceeueeieeiieiieeieeieeieeiiesiie et eiae s 61
Table 3.1:  MS Proteomics Analysis of Three Bands excised in the SDS-PAGE gel analysing the first
Elution Fraction of an IMAC purification Attempting to purify SMA-hANTRI. .............cccooevvvvvcveeinnnnnns 74
Table 4.1:  Summary of expression conditions previously used in the literature to express rNTRI .. 94
Table 4.2:  Summary of Four Different Resin Types used for IMAC purification and their Key

CRAVACIEFISTICS ..ottt ettt e ettt e e ettt e et e ettt ene e e steeeeeneeaeane s 107
Table 6.1:  Summary of AASTY Polymers in Solubilisation Trial................c.ccoovvveiivciinianeannnannn. 175
Table 7.1:  List of Mini-G Proteins used in thiS PrOJECL............c..cccccvevievieiieiiiirieirieieeie e eveennes 197
Table 7.2:  List of GPCR Ligands used in this Project............ccccoovviviaiioieiieaiiiirieieeis e eveennes 197

Table 7.3:

Values Derived from two-site Competitive Binding Curve fitted to MK337 SMA-rNTR1

FTS INEERSILY AALQ ...ttt ettt ettt b e be e beebeesbe e b e enseeseenns 207
Table 8.1:  Summary of Expression Conditions Optimised in this Project Compared to Literature232
Table 8.2:  Summary of Polymer Solubilisation Performance on Different GPCRs........................ 235
Table 8.3:  Summary of Optimised GPCR Production in this Project ............c..ccceovevevioveennnannn. 237
Table 8.4:  Non-exhaustive List of Known Lipids Capable of GPCR Allosteric Modulation .......... 253

14



2xYT
5-HW
A2AR
AASTY
APG
AcrB
APG
Al

ATP
AU
b2AR
BGG
BSA
BW
cAMP
CB2
CD
CHAPS
CHESS
CHS
CMA
CMC
CSTR
Cv

Cy5
D2R
DAG
DDM
DIBMA
DIBMALP
DLS
DMAP

DNA
DTT

E. coli

El, E2, E3 etc
ECL

EDTA

EM

FACS

FCS

ABBREVIATIONS

2x Yeast Extract Tryptone
5-hydroxytryptohans

Adenosine 2A receptor

Poly (Acrylic Acid-alt-styrene)
amphiphilic-gamma-glutamate
acriflavine resistance B
amphiphilic-gamma-glutamate
autoinducing

adenosine triphosphate

Arbitrary Units

b2 adrenaline receptor

Bovine Gamma Globulin

Bovine Serum Albumin

Buffer Wash

cyclic adenosine monophosphate
Cannabinoid Receptor 2

Circular Dichroism
3-[(3-cholamidopropyl)dimethylammonio]- 1 -propanesulfonate
cellular high-throughput encapsulation, solubilisation and screening
cholesteryl hemisuccinate
carboxylmethylaspartate

critical micelle concentration
continual stirred tank reactor method
column volume

Cyanine 5

Dopamine Receptor 2
diacylglycerol
n-dodecyl-b-maltoside
poly(Diisobutylene-co-Maleic acid
DIBMA Lipid Particle

Dynamic Light Scattering
4-Dimethylaminopyridine
Deoxyribonucleic acid
dithiothreitiol

Escherichia coli

Elution 1, Elution 2, Elution 3 etc.
Enhanced Chemiluminescence
Ethylenediaminetetraacetic acid
Electron Microscopy

Fluorescence Activated Cell sorting
Fluorescent correlation spectroscopy

15



FLAG
FRET
FT
FTS
GCI
GDP
GFP
GHSR
GPCR
GTP
HEK?293
HEPES
1C50
hNTR1
IDA
IMAC
INSOL
1P;
IPTG
ITC
W20
w40
Kp

Ki

LB
LDS
MBP
MS
MST
MST
MTIR
MW
nano-DSF
NBD
NHS
NMR
NTA
NTRI1
oD

P. Pastori
PAGE
PBS-T
PCR
PIP2
PoLiPa

octapeptide with following sequence: DYKDDDDK
Fluorescence resonance energy transfer
Flow Through

Fluorescent tryptophan spectroscopy
Grated-coupled interferometry

guanine diphosphate

Green Fluorescent protein.

Ghrelin Receptor

G Protein Coupled Receptor

guanine triphosphate

Human embryonic kidney 293 cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
Half-maximal inhibitory concentration
human NTR1

iminodiacetic acid

Immobilised Metal Affinity Chromatography
Insoluble fraction

Inositol triphosphate

Isopropyl B3-D-1-thiogalactopyranoside
Isotherminal Calorimetry

20 mM Imidazole Wash

40 mM Imidazole Wash

Dissociation Constant

Inhibitor constant

Luria Bertani

lithium dodecyl sulphate

Maltose Binding Protein

Mass Spectrometry

Microscale Thermophoresis
Microscale Thermophoresis

Melatonin Receptor

Molecular weight

nano-Differential Scanning Fluorimetry
Nitrobenzofurazan
N-hydroxysuccinimide

Nuclear magnetic resonance
Nitrilotriacetic acid

Neurotensin Receptor 1

Optical Density

Pichia Pastori

PolyAcrylamide Gel Electrophoresis
Phosphate Buffer Saline-0.1% Tween
polymerase chain reaction
phosphatidylinositol 4,5 bisphosphate
Polymer Lipid Particle

16



RAFT
rNTR1
SAV
SD
SDS
SEC
SMA
SMALP
SMI
SMILP
SMO
SOL
SPR
TAMRA
TB
TCEP
TEV
TFS
™
TrxA
uv
WT

Arginine

Reversible addition—fragmentation chain-transfer
rat NTR1

Sav1866 - control protein
Standard Deviation

Sodium Dodecyl-Sulphate

Size Exclusion Chromatography
poly(styrene-co- maleic acid)
SMA Lipid Particle
poly(styrene-co-maleimide)
SMI Lipid Particle

Smoothened’ Protein

Soluble Fraction

Surface Plasmon Resonance
Carboxytetramethylrhodamine
Terrific Broth
tris(2-carboxyethyl) phosphine
Tobacco Etch Virus

Tryptophan Fluorescent Spectroscopy
Transmembrane domain
Thioredoxin A

Ultraviolet

Wild Type

17



CHAPTER 1: INTRODUCTION

1.1 G Protein Coupled Receptors (GPCRs) and Drug Discovery

GPCRs represent approximately 35% of all drug targets (Sriram and Insel, 2018). There are
270 GPCR modulators approved by the National Health Service (NHS), important for the
treatment of cardiovascular disease, allergies, pain, gastrointestinal issues, diabetes, obesity
and central nervous system disorders (Pandy-Szekeres ef al., 2022). These target 88 different
GPCRs, 79 of which are Class A rhodopsin-like GPCRs, as reported by the GPCR database
(Pandy-Szekeres et al., 2022). The development of new drugs is a billion-dollar industry and
can take 12-15 years (Hughes et al., 2011). A key part of this process is ‘Lead Discovery’; the
hypothesis that activation or inhibition of a drug target will be therapeutic is validated and a

‘candidate’ is searched for.

Initial Research Lead Discovery Pre-clinical Trials Clinical Trails Approval
3 years 1 year 6 years 1.5 years
Target Candidate
Identification Selection

Figure 1.1: Flow chart of simplified Drug Development Pipeline and approximate timescales.

Several qualities make GPCRs a good pharmaceutical target. They are therapeutically relevant
and dysregulated in many diseases. Their position in the plasma membrane improves the
pharmacokinetics of possible new drugs. The complexity of GPCR interactions can produce a
precise response to a ligand. Pharmaceuticals can mimic or block the effect of endogenous
ligands to produce a desired effect in the cell. Approximately 350 non-sensory class A GPCRs
are activated by diffusible ligands such as hormones and neurotransmitters and 56% have yet

to be explored in clinical trials (Hauser et al., 2017).
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GPCRs can have different conformational changes depending on the type of ligand that allow
selective activation of G-proteins and B-arrestins (Carpenter and Tate, 2017). This structural
plasticity and varied effect on intracellular signalling pathways allows them to mediate a wide
range of responses in the cell (Kobilka, 2007). GPCRs can form specific activation states that
activate some signalling pathways at the expense of others (Smith ef al., 2018). This biased
signalling allows ‘fine-tuned’ cell reactions to endogenous ligands and also pharmaceuticals
(Kenakin, 2019). Designing pharmaceuticals that activate a GPCR in a specific fashion or
only activate GPCRs in specific tissues can allow pharmaceuticals to have more targeted

therapeutic effects with less toxic side effects.

Despite GPCRs having high therapeutic potential, their instability and amphipathic nature has
restricted their investigation outside the plasma membrane. Excluding the olfactory, taste and
visual, GPCRs, approximately 100 out of 360 endogenous GPCRs lack a known physiological
agonist (Insel ef al., 2019). The structural plasticity of GPCRs makes GPCRs notoriously
unstable outside the cell (Wootten ef al., 2018). Tools which improve the availability of

GPCRs for biophysical techniques in vitro would be valuable in the drug discovery space.

1.2 Structure and Function of GPCRs and G-proteins

GPCRs have seven transmembrane a-helices, an extracellular region, consisting of the N-
terminus and three extracellular loops, and an intracellular region, consisting of the C-
terminus and three intracellular loops (Cavasotto and Palomba, 2015). The ligands typically
interact with the extracellular region and within the centre of the transmembrane a-helices. G
proteins and [-arrestins interact with intracellular regions. Binding of an agonist to a GPCR
causes a conserved conformational change in the ‘transduction site’ or cytoplasmic interface:

a large rotation and displacement of the 6" transmembrane domain (TM6) and smaller
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rotations and movements of TM5 and TM7 (Figure 1.2). This change typically increases the

affinity of GPCR-G protein coupling (Wingler and Lefkowitz, 2020).

i
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Figure 1.2: Structures demonstrating the conserved conformational changes in the ‘transduction site’ of GPCRs
(4) Inactive structure of Cannabinoid Receptor 2 (CB2) (PDB:5ZTY) (Li et al., 2019). Green arrows demonstrating
the movement of the transmembrane domains in the transduction site, as demonstrated by homology modelling (Hu et
al, 2016)

(B) Inactive (blue, PDB:4BUO) (Egloff et al., 2014) (Egloff et al., 2014) and active (Brown, PDB:4GRV) (White et
al., 2012) structure of rat Neurotensin Receptor 1 (rNTR1) variants. Red arrows demonstrate the movement of the
transmembrane domains in the transduction site. Figures made using ChimeraX (Pettersen et al., 2021).

In addition to G protein-independent mechanisms, GPCRs are capable of transducing signals
through G protein coupling (Kristiansen, 2004). In the cell, the binding of an agonist causes
conformational changes of the GPCR which can activate a bound G protein, releasing it.
Heterotrimeric G proteins consist of three subunits: alpha, beta and gamma. Upon

heterotrimeric G protein activation, the alpha subunit exchanges bound guanine diphosphate
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(GDP) for guanine triphosphate (GTP) (Tuteja, 2009). The GTP-bound alpha subunit and
beta-gamma subunit disassociate and interact with effector proteins such as ion channels and

enzymes (Figure 1.2).
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Figure 1.3: Schematic illustrating how GPCRs activates G proteins causing downstream signalling pathways.

Use of human neurotensin receptor 1 (hNTR1) - Gil complex structure (PDB: 6SO9) was used to represent a GPCR
(orange) and a heterotrimeric G protein with G alpha (pink), G beta (green) and G gamma (blue) subunits (Kato et al.,
2019). Conformational changes of the proteins not shown.

The hydrolysis of GTP to GDP causes the re-association of the subunits; the conformational
shape of the inactive G protein allows GPCR binding (Hamm, 1998). Different types of alpha
subunits of G proteins cause different cell signalling pathways. Different GPCRs have
different biases for the type of G protein they activate. The four classes of alpha subunit are
Gs, Gi, Gq and G12/13 (Syrovatkina et al., 2016). Gs stimulates adenyl cyclase, increasing
the production of the secondary messenger cyclic adenosine monophosphate (cAMP), as well
as stimulating dihydropyridine-sensitive Ca*" channels (Yatani et al., 1988). Gi inhibits

adenyl cyclase, decreasing the production of cAMP (Wang et al., 2004). Gq activates
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phospholipase C, generating inositol triphosphate (IP3) and diacylglycerol (DAG) (Mizuno
and Itoh, 2009). G12/13 regulates the actin cytoskeleton (Wang et al., 2006). Within these
classes, several subclasses of G alpha subunits are categorised by sequence and expression
(Figure 1.4). This begins to elucidate how signal transduction of a GPCR can cause a specific

response in a cell.

G alpha subunits

— Gs (G stimulatory)
— Gas

— Gaolf (olfactory)
— Gi/o (G inhibitory)
— Goi subclass

— Gail

— Gai2

— Gai3

— Goo subclass

— Gat (transducin)
— Gaz

— Gag
Gall
— Gual4
— Gal5/16
— G12/13

— Gal2
— Gal3

Figure 1.4: Subclasses of the G-protein Alpha subunits.

1.3  Membrane Proteins and Polymer Lipid Particle (PoLiPa) Technology

The fundamental structure of any membrane is a phospholipid bilayer. Two layers stack of
phospholipids form a barrier between two aqueous compartments with the phosphorus head
groups on the outside and the fatty acyl chains facing pointing inwards (Watson, 2015). The
position of membrane proteins within this hydrophobic environment means research into the
structure and function of membrane proteins is notoriously more difficult than soluble

proteins.
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In 2014, less than 2% of unique protein structures were membrane proteins (Egloff et al.,
2014). The ability to produce, solubilise and purify membrane proteins has typically required
detergents. However, the cell membrane stabilises and can be vital to the structure of the
embedded protein. The production of membrane proteins through detergent solubilisation has
typically led to small yields of active protein (Pandey et al., 2016). Many membrane proteins,
such as GPCRs, have high therapeutic importance so improvements to solubilisation

techniques have been impactful.

The discovery of poly(styrene-co-maleic acid) (SMA) as an alternative solubilisation agent to
detergent has led to many advances in the structural and functional understanding of
membrane proteins (Knowles et al., 2009). The hydrophobic styrene groups embed into the
membrane and the hydrophilic maleic acid groups point outwards and interact with the
solution. This causes the formation of nano-discs which contain sections of the native
membrane wrapped in polymer (Figure 1.5) (Jamshad et al., 2015b). Nanodiscs encapsulating
a protein of interest can then be purified to produce soluble protein surrounded by native
lipids. These nanodiscs are referred to here as SMA lipid particles (SMALPs) or PoLiPa as
there are now several amphipathic polymers that appear to have a similar solubilisation ability
to SMA. PoLiPa is a trade name assigned to polymer lipid particle technology by the
company Domainex. The most common alternative to SMA is Diisobutylene Maleic Acid

(DIBMA) (Gulamhussein et al., 2020).
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Figure 1.5: Cartoon representation of a PoLiPa containing a GPCR.
Polymer allows solubilisation of GPCR whilst maintaining surrounding native lipids.

Despite the usefulness of polymers for membrane protein solubilisation, the exact mechanism
for PoLiPa formation is unknown. Kinetic experiments suggest two phases: burying of the
hydrophobic groups such as styrene into the membrane followed by the formation of a disc
(Scheidelaar et al., 2015). The phenyl group in styrene can intercalate into the bilayer and act
like cholesterol does in the membrane, reducing fluidity. The intercalated phenyl groups could
also interact with the encapsulated protein (Jamshad et al., 2015b). Another factor is the
formation of polymer aggregates. Without sufficient lipids, SMA polymers can form a
collapsed higher-order aggregate which often has to be removed after solubilisation in the
purification process. It is thought that the polymer may have to disassociate from polymer
aggregates before the formation of a PoLiPa. However, the number of polymer molecules that
wrap around each PoLiPa and how the discs interact with each other, other membranes, lipids,

and proteins are not fully understood.

1.4  Benefits of PoLiPa for GPCR Solubilisation
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Efficient production of solubilised, purified GPCR is a common issue in biophysical
characterisation and functional analysis, requiring the thorough optimisation of methods for
obtaining a stable soluble GPCR. Detergent screens can be performed to determine which
solubilisation agent produces the highest yield (Corin et al., 2011). Milder detergents like n-
dodecyl-B-maltoside (DDM) are more commonly used (Lee et al., 2020). Mutagenesis to
produce GPCR variants with increased stability is also common practice for the GPCR
investigations (Grisshammer, 2009). Using amphipathic polymers could allow solubilisation
without large detergent screens or mutagenesis investigations. Improving the stability of
GPCRs via nanodiscs could prevent the need for mutations to tolerate detergents. This could
make ligand binding experiments more representative of physiological interactions with drugs

as fewer compromises need to be made regarding modifying GPCR structure.

Similar to many membrane proteins, the surrounding phospholipids regulate GPCR function
(Dawaliby et al., 2016). A major advantage of using polymers as solubilisation agents is that
they allow sampling of the membranes including the native lipids. The plasma membrane is
organised to allow the functionalisation of receptors. Flexibility and mobility in the lipid
membrane affect how receptors undergo conformational changes and binding events, whilst
stabilising the receptor (Baccouch ef al., 2022). The local membrane surrounding the protein
also allows the formation of signalling platforms and protein complexes such as the G protein
complex with a GPCR (Sejdiu and Tieleman, 2020). More rigid microdomains of the
membrane called lipid rafts can contain clusters of receptors and the localisation of these rafts
can affect receptor potency and efficiency (Allen et al., 2007). Finally, the exposure of
receptors to a ligand is affected by the shape and movement of the lipid membrane (Besserer-
Offroy et al., 2017). The sampling of nano-discs using polymers does not allow a large-scale
analysis of the interplay between lipids and receptors. However, SMALPs have been used to

show distinctive membrane environments for classes of protein (Teo et al., 2019).
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Amphipathic polymers are a useful tool in understanding how the immediate lipid

environment can affect the functionality of the protein.

Detergent-solubilised membrane proteins often require low temperatures to prevent
aggregation and degradation (Kotov et al., 2019). Using PoLiPa can allow experiments to be
performed at room temperature (RT) or higher, which more closely represents physiological
conditions. A melting point (Tr) of DIBMA-solubilised 32 adrenaline receptor (32AR) could
not be calculated because the protein was seemingly stable up to 80°C (Harwood ef al., 2021).
This increased stability of proteins in PoLiPa not only allows more realistic experiments but
creates flexibility around the production, purification, shipping and storage of membrane

proteins.

The flexibility of GPCRs within the surrounding membrane could be an important factor in
their function that is not being considered after detergent-based solubilisation. Other practical
disadvantages of using detergent include the need to include detergent in all buffers post-
solubilisation above the critical micelle concentration (CMC) (Stetsenko and Guskov, 2017).
High concentrations of detergent cause de-lipidation of lipid-detergent-protein mixed micelles
which can de-stabilize solubilised protein and cause aggregation. This can be an issue when
concentrating protein as the detergent can also concentrate. Detergents can also be
problematic during functional and structural analysis (Stetsenko and Guskov, 2017).
Amphipathic polymers, on the other hand, only need to be used once to solubilise a protein

and excess polymer can be diluted or removed by buffer exchange.

GPCRs in detergent often must be bound to an inverse agonist or antagonist to keep the
receptor in the more stable non-signalling state (Grisshammer, 2009). However, assays which

measure G protein activation require flexibility of the GPCR to move between active and non-
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active conformations. Amphipathic polymers may be a solution to this problem. PoLiPa
technology could also allow the discovery of new modulators of GPCRs as current ligand
binding studies focus on maintaining the active site of the GPCR but compromise with the
addition of tags and mutations to allow efficient expression, solubilisation and purification.

PoLiPa could therefore allow the production of a more representative ‘native’ protein.

There has been some success in using amphipathic polymers to solubilize GPCRs (Wheatley
et al., 2016). Fluorescence resonance energy transfer (FRET) assays showed a similar K¢ of
adrenaline in membranes, DDM-solubilised and DIBMA-solubilised f2AR (Harwood et al.,
2021). At 4°C, the Adenosine 2A receptor (A2AR) in a SMALP had specific binding which
did not drop below 75% until after 15 days, whereas DDM-solubilised A2AR had no specific

binding after less than an hour at 37°C (Jamshad et al., 2015a).

1.5 Advantages and Disadvantages of Different Polymers

The most used polymer is SMA 2000, which is manufactured in a way that the styrene to
maleic acid ratio is approximately 2:1, but the length and distribution of styrene and maleic
acid across the chain is not regular. There are two main methods of producing polymer. The
continual stirred tank reactor method (CSTR) produces consistent polymer composition but
large variations in polymer lengths (Klumperman and Heuts, 2020). Reversible
addition—fragmentation chain-transfer (RAFT) polymerisation can allow the production of
polymers with a controlled length and more potential to have functional groups (Cunningham
et al., 2020). Craig et al performed RAFT in a one-step reaction synthesis to create polymers
consisting of two blocks (a block of styrene-MA alternated and a block of styrene only) with a
variety of different ratios between these two blocks and molecular size. The best polymer by

this method was still only 60% as effective as SMA 2000 made by CSTR (Craig et al., 2016).
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However, consistency in the polymer is important for some modifications and the comparison

between polymers.

The solubilisation efficiency of amphipathic polymers is dependent on hydrophobicity and
length. When comparing SMA varieties, a styrene to maleic acid ratio greater than 1.5:1
meant better solubilisation but SMA 4:1 had solubilisation issues; for SMA 2:1 or 3:1, a
molecular weight (MW) of 7.5-10 kDa was optimal (Craig et al., 2016). Testing different
polymers may provide information about the best methodology for producing soluble GPCRs.
The fragility of GPCRs makes optimal solubilisation and stabilisation an important

investigation.

The drawbacks of SMA include the absorbance of light due to the aromatic structure of
styrene which overlaps with 280 nm absorption readings, causing difficulty in estimating
protein concentration. The sensitivity of SMALPs to divalent cations cause difficulties for
assays that require Mg?* concentrations greater than 5 mM, such as Adenosine triphosphate

(ATP) enzymatic assays (Gulamhussein et al., 2019).

Confining a membrane protein to a disc is thought to reduce the fluidity of the surrounding
lipids and can affect the ability of some membrane proteins to undergo conformational
changes (Pollock et al., 2022). A major importance for investigating multiple polymers is that
polymer architecture can determine the conformational state in which a GPCR is stabilised

within the PoLiPa (Grime ef al., 2021).

Research into novel polymers for solubilisation is continuous and provides an exciting toolkit
of membrane protein investigations moving forward (Figure 1.6). DIBMA has allowed a

larger disc size and no ultraviolet (UV) interference but with a typically smaller yield of
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protein (Gulamhussein et al., 2020). Poly(styrene-co-maleimide) (SMI) was found to be an
acid-compatible polymer that could solubilise lipids between the pH range of 5-7 (Hall ef al.,
2018). Poly(Acrylic Acid-alt-styrene) (AASTY) was recently shown to have an improved

solubilisation efficiency of an ion channel expressed in mammalian cells (Smith et al., 2020).

o~ "OoH n

SMA AASTY

DIBMA SMI

Figure 1.6: Chemical Structures of Amphipathic Co-polymers investigated in this project.
Poly (Styrene-co-maleic Acid (SMA), poly (Acrylic Acid-alt-styrene) (AASTY), poly (Diisobutylene-co-Maleic acid (DIBMA),
poly (styrene-co-maleimide) (SMI).

Polymers with additional functionality are also in development. For example, polymers that
include a Strep-tag or a biotinylated group could allow binding onto a surface, which would
be useful for surface-based assays. Fluorescently-tagged SMA has been used to solubilise a
membrane protein; for one polymer, there was energy transfer between the fluorescently-
tagged polymer and the intrinsic fluorescence of tryptophan in the protein (Neville ef al.,

2022). More research is needed to understand the potential benefits of addition of
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functionalised groups onto a polymer and the possible drawbacks on solubilisation efficiency

and structure of the nanodisc.

1.6 Investigated GPCRs

Two GPCRs will be primarily investigated in this thesis: Neurotensin Receptor 1 (NTR1), and
Cannabinoid Receptor 2 (CB2). These, like most non-sensory GPCRs, are of high therapeutic
importance. Neurotensin has an important role in regulating the dopaminergic system,;
dysregulation of NTR1 signalling is important in cancer, schizophrenia, and
methamphetamine abuse (Thomas et al., 2009). The CB2 receptor is a regulator of
inflammation and has the potential to be a drug target for neuroinflammatory diseases

(Turcotte et al., 2016).

Due to instability and large conformational changes, GPCR crystal structures tend to be
obtained bound to agonists, antagonists, or other binding partners. Several structures of
agonist bound human or rat NTR1 mutants have been solved (Deluigi et al., 2021; Egloff et
al., 2014; Huang et al., 2020; Kato et al., 2019; White et al., 2012). Two structures of CB2
have been solved: antagonist bound CB2 with the addition of a T4-lysozyme in the sequence
and agonist bound in complex with Gi was produced in insect cells and the structure solved
bound to an antagonist (Li et al., 2019; Xing et al., 2020). Crystal structures are a helpful tool
for identifying binding pockets and elucidating the structure of a protein but cannot illustrate
the large multidimensional conformational changes of GPCRs. To find new binding partners,
ligand binding experiments and compound screens are needed to complement structural

analysis and computational studies.
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1.7 Choice of Expression System for GPCR Production

Recombinant expression of GPCRs has been performed in several different cell systems. This
has included the use of E. coli, mammalian, insect and yeast cells, specifically Pichia Pastori
(Wiseman et al., 2020). GPCRs have also been expressed in the photoreceptor cells of
Drosophila melanogaster (Eroglu et al., 2002). This project initially investigated the use of E.
coli as an expression system. E. coli is a popular choice for recombinant protein expression
because it is time- and cost-efficient (Rosano and Ceccarelli, 2014). Plasmid production,
modification and transformation are efficient because there are E. coli strains that produce
high copy numbers of plasmids. A disadvantage of E. coli expression for mammalian proteins
is the high likelihood of low expression: misfolded and aggregated proteins are removed by E.
coli by collecting into inclusion bodies (Palmer and Wingfield, 2004). To overcome this
hurdle, addition of mutations and fusion proteins, such as Maltose-Binding Protein (MBP) can
reduce misfolding (Bokhove et al., 2016). Other strategies include expression condition

adjustments to temperature, cell line and induction method (Attrill et al., 2009).

This project also aimed to make a comparison between an E. coli expression system and a
mammalian expression system. Human embryonic kidney 293 cells (HEK293) are a popular
choice for small-scale protein expression due to their growth and transferability (Tan et al.,
2021), however, mammalian cell culture is costly in terms of both time and financial
expenditure (Gray, 2001). Luria Bertani (LB) media commonly used for E. coli growth is up
to 40-fold less expensive than FreeStyle™ 293 Expression Medium used for HEK293 cell
growth in this project. Despite the more labour-intensive and costly process of mammalian
cell expression; this cell system is closer to the native environment of a GPCR. Unlike
bacterial cells, mammalian cells have the machinery for post-translational modifications such
as glycosylation (Verma et al., 1998). Glycosylation is not typically uniform and can cause

heterogeneity in the purified protein sample. However, glycosylation may be important for
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GPCR structure and function; the inclusion of specific glycosylation sites can improve
solubility and reduce misfolding (Verma et al., 1998). A comparison of two cell systems is
especially useful for PoLiPa investigations because the lipid nanodisc includes the native
lipids of the cell from which the protein was expressed and GPCRs are modulated by their

lipid environment.

1.7  Membrane Composition and its effect on GPCRs

In this project, GPCRs were investigated by recombinant expression in HEK293 cells or E.
coli. However, the expression system and the expression protocol can have a large effect on
the composition of the lipid membrane and therefore the environment of the GPCR. Use of
PoLiPa technology enables a ‘sampling’ of the lipid environment, which can have a large
effect on GPCR function. Therefore, it is important to note the types of lipids that may be co-

extracted with a recombinantly expressed GPCR.

HEK?293 cells will have a more ‘native-like’ lipid membrane composition than E. coli.
However, the major component of the lipid membrane is the same in both expression systems:
phosphatidylethanolamine (PE). Another significant component of HEK293 cell membranes
is phosphatidylcholine (PC). Sphingomyelin is present in lower amounts but contributes to
stability and some signalling pathways. Other lipids that are likely to be present in the
HEK?293 cell membrane, which have been associated with GPCR modulation include
cholesterol, phosphatidylinositol 4,5 bisphosphate (PIP2) and glycosphingolipids (Damian et
al.,2021). E. coli lipid membranes are primarily composed of PE (~75%),
phosphatidylglycerol (PG) (~20%) and cardiolipin (~5%) (Raetz and Dowhan, 1990). Only

trace amounts of cardiolipin are in the HEK293 cell membranes. The E. coli cell membrane
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does not include lipids such as cholesterol, PIP2, glycosphingolipids or docosahexaenoic acid

which have been shown to have a modulatory function on GPCRs.

There are several demonstrations of GPCR lipid modulation. Synthetic PG has been shown to
stabilise the active conformation of f2AR whereas PE stabilised the inactive conformation
(Dawaliby et al., 2016). Lipid nanodisc investigations of NTR1 have shown that synthetic
lipid composition did not affect neurotensin affinity but did affect the G protein GDP/GTP
exchange rate up to 2-fold (Inagaki et al., 2012). PoLiPa technology could provide a new

toolkit for investigating lipid modulation of GPCRs.

1.8  Optimizing Purification Protocols for GCPRs in PoLiPa

Some possible challenges with purification include the size of the PoLiPa preventing access
to porous resins, the possible obstruction of tags by the native lipids and surrounding polymer
as well as the effects of excess polymer in solution. Ion exchange chromatography cannot be
performed due to negatively charged SMA negating any differences in the isoelectric point of

the GPCR and the contaminant proteins.

SMA-solubilised proteins are commonly purified by Immobilised Metal Affinity
Chromatography (IMAC) using Ni-Nitrotriacetic (Ni-NTA) resin followed by size exclusion
chromatography (SEC) (Lee et al., 2016). A GPCR, expressed in insect cells, was produced
via this method to sufficient purity and yield for nuclear magnetic resonance (NMR) titrations
to determine binding constants to other proteins (Zhu et al., 2022). The levels of
contamination following IMAC purification are related to the expression of the protein of
interest (Bartlow et al., 2011). Well-expressed proteins can out-compete proteins with lower

affinity to the resin. Tedesco et al suggested a methodology for purifying SMA-solubilised
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GPCRs from low-yielding cell lines by performing SEC followed by IMAC purification
(Tedesco et al., 2021). The reasoning was that SEC removes large aggregates, chelating
agents and excess SMA which interfere with the IMAC purification. However, there was only

enough protein to confirm the presence of the GPCR by immunoblotting.

Multiple tags can be used to purify proteins, and many variables may improve yield and
reduce contamination, for example, the use of different resin types, buffer components,
binding times and temperatures (Ejima et al., 2005b; Boivin et al., 2013). This project will
investigate how to best purify polymer-solubilised GPCRs. This will provide new insights

into optimising a purification protocol when working with PoLiPa and challenging proteins.

1.9  Biophysical Characterisation of PoLiPa

This project intended to develop methods to generate pure GPCRs and then use them to
understand the biophysical properties of GPCRs in PoLiPa. This includes whether the protein
is folded, what oligomerisation state it inhabits and the stability of the protein. To test this,
several biophysical techniques were utilised including Dynamic Light Scattering (DLS),
nano-Differential Scanning Fluorimetry (nano-DSF), SEC, Circular Dichroism (CD) and

SMA- or DIBMA-polyacrylamide gel electrophoresis (PAGE).

1.9.1 DLS

DLS has been used to assess the size of particles such as liposomes or nanodiscs (Fiori et al.,
2017). The scattering of light through a solution is related to the Brownian motion of particles
in the solution, which is related to the hydrodynamic size of a particle (Stetefeld et al., 2016).
A size distribution profile can be obtained as a measure of the percentage of intensity of the
scattered light. Heterogeneous samples are more difficult to dissect and analyse quantitatively

but can provide key information about protein aggregation in a sample.
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1.9.2 NanoDSF

The intrinsic tryptophan fluorescence of proteins can be utilised to calculate protein
thermostability using nanoDSF (Kim et al., 2021b). This technique measures the ratio of
fluorescence emitted at 330 and 350 nm. This increases upon protein unfolding as the
tryptophan residues become more exposed to a hydrophilic environment. Thermostability can
be calculated by performing a denaturing assay at different temperatures; the derived Tm
describes the temperature when half of the proteins are unfolded. The T can be calculated
from nanoDSF data by finding the inflexion point of the first derivative of the 350:330 ratio.
PoLiPa typically have a stabilising effect on membrane proteins (Stroud et al., 2018). This
technique provides a valuable tool for understanding the stabilising effect of PoLiPa on

GPCRs.

1.93 CD

CD is a technique used to assess the secondary and tertiary structure of proteins by measuring
the difference in absorption of circularly polarized light (Miles et al., 2021). Analysis of a CD
spectrum can show characteristic peaks caused by a-helices and -sheets (Figure 1.7). In this
project, CD was used to confirm that a purified GPCR was correctly folded whilst
encapsulated in a SMALP. Changes in CD spectra can be used to monitor protein unfolding

and binding interactions (Greenfield, 2006).
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Figure 1.7: Example standard CD Spectra of proteins containing only
one type of secondary structure.

1.94 SEC

SEC is commonly used as a purification step to separate proteins based on hydrodynamic
radius (Hong et al., 2012). SEC is also a useful analytical tool. It can be used together with
DLS measurements to give an understanding of the heterogeneity of a sample and the relative
sizes of the particles compared to globular protein standards. Protein is detected from the
column elution by UV absorbance. SEC has been used to show the SMA-solubilised protein
elution by both the absorbance of the polymer and tyrosine residues at 254 nm and the
intrinsic tryptophan residues at 280 nm (Lee ef al., 2019). Understanding the benefits and

drawbacks of SEC analysis for PoLiPa is an important reflection.

1.9.5 SMA- or DIBMA-PAGE

SMA- or DIBMA-PAGE is an adaptation of Native-PAGE which utilises the intrinsic
negative charge of SMA or DIBMA to cause migration of SMALPs and DIBMALPs through

an acrylamide gel towards an anode (Pollock et al., 2019). The amount of negatively charged
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polymer around each SMALP is an unknown phenomenon. The size and charges of the
protein and lipids inside the PoLiPa, protein aggregation and protein interactions will all
affect the migration of the particles through an acrylamide gel. Despite this, the approximate
molecular weight (MW) of proteins obtained from SMA-PAGE have been reflective of the
expected MW of the SMA-solubilised proteins (Pollock et al., 2019). This technique offers a
sensitive method of investigating PoLiPa size, protein oligomerisation states and protein-

protein interactions.

1.10 Ligand Binding Experiments

Ligand binding experiments are important because they assess the functionality of the GPCR
in a PoLiPa and the binding capacity of different ligands. Ligand screening or detection is
important in the drug discovery pipeline (Hulme and Trevethick, 2010). Most ligand binding
experiments aim to calculate Kqto define the affinity of a receptor for a particular ligand. Kq
can be calculated by measuring the ‘on rate’ and ‘off rate’, which can be achieved by
techniques that measure real-time binding such as surface plasmon resonance. More
commonly, Kqis calculated by measuring the relationship between concentration of ligand
and concentration of bound ligand. K4 equals the concentration of ligand when 50% of the
receptors are occupied (Sykes et al., 2019). Traditionally, ligand binding assays of GPCRs
have used radioactive labelling of ligands. Other techniques are becoming more popular due
to limiting radioactive hazards and obtaining more information about the kinetics or
conformational changes involved in a receptor-ligand interaction (Table 1.1). Several ligand

binding techniques utilise fluorescence spectroscopy as a tool.
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Table 1.1:

Examples of non-fluorescence-based ligand binding techniques

Ligand binding | Description Advantages Disadvantages Example

technique

Radioligand Radioligand disassociation can be Well-established Radioactive (Hulme and

binding assays measured upon addition of unlabelled hazard Trevethick,
ligand 2010)

causing a peak.

Isothermal Measures exchanged heat in a binding | No tags or labels More complex (Saboury, 2006)
calorimetry reaction by titrating in ligand at a required data analysis

ATC) controlled temperature

Surface Measures changes in oscillation of Real-time binding Immobilisation (Navratilova et
plasmon free electrons at interface with event analysis onto chip al., 2011)
resonance immobilised ligand or receptor.

(SPR) Binding events increase resonance

1.11 Fluorescence Spectroscopy

Fluorescence spectroscopy is a sensitive tool that can provide structural and functional

information about a protein. Fluorophores contain excitable electrons which absorb light at a

certain wavelength and emit light at a longer wavelength (Lakowicz, 2006).

Fluorescent ligands are a useful tool for binding assays, however, receptors can also be tagged

or mutated to contain a specific fluorophore. Fluorescence has been used in different ways to

determine the affinity of a ligand (Table 1.2). One exciting technique, shown to be compatible

with PoLiPa technology, is fluorescence correlation spectroscopy (FCS) (Grime ef al., 2020).

FCS can be used to determine whether the diffusion rate of a fluorescent ligand in a ‘free’ or

‘bound’ state and calculate the concentration of bound ligand in a solution (Stoddart et al.,

2022).
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Table 1.2:

Fluorescence-based ligand binding assays

protein caused conformational changes.

measurement is more sensitive

Ligand-Binding Description Advantages Reference
Technique
Separation Receptor and fluorescent ligand Simple and high throughput. Some (Bumbak et al.,
incubated, bound ligand separated by tags can allow washing 2020)
filtration or centrifugation and of the receptor ligand complex while
quantified by fluorescence intensity bound to beads.
Fluorescent Measures changes in intensity and peak | Gives insights into conformational (Sindrewicz et
Tryptophan emission wavelength of tryptophan or changes. al., 2019)
Spectroscopy tyrosine fluorescence upon ligand
binding.
Fluorescence Measures fluctuations in fluorescence Quantifies concentration and (Yuetal., 2021)
Correlation to model how a fluorescent ligand diffusion coefficient of fluorescent
Spectroscopy moves through a solution. Modelling particles. Potential to model multiple
two-components can be used to fluorescent particles and characterise
calculate concentration of bound vs free | interactions.
ligand
Fluorescence Detects energy transfer over a small Less background signal/ unspecific Xie et al.,
Resonance distance from a ‘donor’ fluorophore in binding issues 2011)
Energy Transfer its excited state to an ‘acceptor’ Can give information about distance
fluorophore which becomes excited and | between fluorophores
emits a specific wavelength.
Microscale Measures the movement or change of Detects precipitation and aggregation | (Bartoschik et
Thermophoresis fluorescence due to a temperature real-time and doesn’t require al., 2018)
(MST) change. This should differ if a purification to obtain equilibrium
fluorescently labelled receptor is bound | constant
to a ligand.
Spectral Shift Measures the changes in emission Like MST but doesn’t require a (Langer et al.,
Assays spectra of a fluorescently labelled change in temperature. Isothermal 2022)

As well as conjugated fluorophores, intrinsic fluorescence changes can be monitored by

fluorescent tryptophan spectroscopy (FTS). Aromatic amino acids, such as tryptophan and

tyrosine, have excitable electrons, which give proteins containing these amino acids intrinsic

fluorescence. When measuring tryptophan fluorescence by excitation at 295 nm, proteins

typically have a single maximum between 330-360 nm (Vladislav Victorovich et al., 2021).

Changes to this intrinsic fluorescence can infer information about the environment of the

tryptophan residues in a protein. This large amino acid usually forms hydrophobic interactions

and is capable of pi-stacking. The binding of a ligand and conformational changes to the

protein can change the interactions of the tryptophan residues with other amino acids, which

can affect their fluorescent properties. Exposure of tryptophan residues to a more polar

environment typically causes a decrease in fluorescence intensity and an increase in peak
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wavelength (Ghisaidoobe and Chung, 2014). GPCRs can have different conformational
changes depending on the type of ligand (Kobilka, 2007). Dose-dependent changes to
intrinsic fluorescence properties upon the addition of a ligand could provide evidence of these

conformational changes.

1.12  Mini-G proteins as a Function Assay Tool

The primary function of GPCRs is signal transduction across the plasma membrane, most
notably by binding to an agonist and activating a coupled G protein. Mini-G proteins are
engineered soluble proteins, expressed in E. coli, which simulate the alpha subunit of G
proteins (Nehmé et al., 2017). Mini-G proteins were produced in this thesis to determine the

‘coupling’ capability of GPCRs encapsulated in a PoLiPa.

1.13  Previous Investigations of GPCRs Utilising PoLiPa Technology

Table 1.3 summarises previous solubilisation and purifications utilising PoLiPa technology
for GPCR investigations. The first solubilisation of a GPCR by the SMALP method was
A2AR (Jamshad et al., 2015a). Several other investigations have successfully produced pure
GPCRs for various assays. Fluorescently labelled NTR1 has been solubilised with SMA to
investigate oligomerisation but the SMA-rNTR1 was not purified (Dathe et al., 2019). No
other biophysical characterisation or ligand binding assays have been used to investigate
polymer-solubilised NTR1. Polymer solubilisation of CB2 has never been reported. These
were chosen as ‘model’ GPCRs for this investigation because their production using detergent

is extensive, but the understanding of their behaviour in a lipid nanodisc is sparse.
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Table 1.3:

Literature Summary of Previous GPCRs Investigated by PoLiPa Technology

GPCR Expression Polymer Purification Biophysical Functional Reference
System Assays Assays
rNTR1- HEK293T SMA 2:1 2% No homoFRET Not applicable (Dathe et
mRuby3 (W/v)) Purification ABELtrap al., 2019)
A2AR P. Pastoris SMA 2:1 (2.5% | IMAC: CDh Radioligand (Jamshad et
HEK293T (W/v)) Ni-NTA SEC Binding and al., 2015a)
Thermostability
Melatonin P. Pastoris SMA 2:1 (2.5% | IMAC: SEC Radioligand (Logez et
Receptor (W/v)) Ni-Sepharose binding, al., 2016)
(MTIR) (from proteo- B-Arrestin and G
liposomes) protein
recruitment
Ghrelin E. coli SMA 2:1 (2.5% | IMAC: SEC FRET based (Logez et
Receptor (W/v)) Ni-Sepharose ligand binding al., 2016)
(GHS-R1a) (from proteo- assay
liposomes)
Ghrelin E. coli -GHSR | SMA 2:1 1. Anti-FLAG | FRET based FRET based G (Damian et
Receptor (lipid to M1 affinity oligomer- protein activation | al., 2018)
Dopamine P. Pastoris polymer ratio resin assay assay
Receptor -D2R 0.1) 2. S-protein DLS
Heteromer agarose resin SEC
(GHSR-D2R)
Dopamine HEK293F SMA 3:1 1. SEC SEC Radioligand (Bada
Receptor 1 cells (membrane: 2. IMAC: binding assay Juarez et al.,
(DIR) SMA weight Ni-Sepharose MST 2020)
ratio 1:1.15)
Rhodopsin Rod outer SMA 3:1 (1- No Not applicable | Photobleaching (Pitch et al.,
segments 100 molar ratio | purification Assay 2021)
(native bovine | SMA per Retinal Release
cells) rhodopsin) by FTS
B2-adrenergic | HEK293T SMA 3:1 1. SEC Not applicable | Not applicable (Tedesco et
receptor cells SMA 2.3:1 2. IMAC: al.,2021)
(0.5% (w/v)) Ni-NTA
A2AR P. Pastoris SMA 2:1 IMAC: Lipid FTS, spectral shift | (Routledge
(2.5%) Ni-NTA Composition ligand binding et al., 2020)
analysis
Melanocortin S19 cells Modified No Solubilisation | No applicable (Chuetal.,
4 receptor DIBMAs purification Trials 2024)
(MC4R) (mPEG-
DIBMA)
(0.5-4%)
B2-adrenergic | T-Rex-203 DIBMA (3% Magnetic Fluorescent- FRET ligand (Harwood et
receptor cells (W/v)) Strep Beads SEC binding assay al.,2021)
thermostability
‘Smoothened’ | S9 cells SMA 2:1 3% 1. IMAC: SEC NMR (Zhu et al.,
Protein (SMO) (WIv)) Ni-NTA DLS Spectroscopy for 2022)
2.SEC Transmission | Ligand Binding
Election
Microscopy
imaging
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1.14 Thesis Aims

The initial aim of the thesis was to utilise polymers as a tool for producing soluble GPCRs
and to investigate a range of techniques to determine functionality. As the project progressed,
it was revealed that the expression, solubilisation and purification of GPCRs were particularly
challenging. This led to an important aim of the project: determining optimal expression,
solubilisation and purification conditions for specific GPCRs, utilising PoLiPa technology.
This process aimed to discover how NTR1 and CB2 could be produced but also to understand
the appropriate steps required when encountering purification problems with polymer-
solubilised GPCRs. A secondary aim was to compare the solubilisation and purification of
GPCRs from two expression systems: E. coli and HEK293 cells. The final aim of this thesis
was to determine if the polymer-solubilised GPCRs were capable of ligand and Mini-G

protein binding. This involved preliminary studies with FTS, FCS and spectral shift assays.

1.15 Outline of the Thesis

This thesis investigated how different GPCRs can be encapsulated into PoLiPa to gain a better
understanding of the benefits and pitfalls regarding solubilisation, purification, and ligand

binding experiments.

The results in Chapter 3 describe the attempted production of the wild-type (WT) GPCR
hNTRI1 in E. coli without any fusion proteins or stabilising mutations. Following the low
expression, purity and yield of this methodology, the use of a construct without any fusion

proteins was deemed inappropriate for pure GPCR production.

Chapters 4 and 5 describe the expression, solubilisation and purification of MBP-fused

rNTR1 and MBP-fused CB2 in E. coli. This included systematic investigations into optimal
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expression, solubilisation and purification, as well as biophysical characterisation of the

purified GPCRs encapsulated in PoLiPas.

Chapter 6 describes the solubilisation and attempted purification of two GPCRs (hNTR1 and

CB2) in HEK293 cells.

Chapter 7 describes how FTS, FCS, spectral shift assays and SMA-PAGE provided some

evidence that SMA-rNTR1 and SMA-CB2 demonstrated functionality. The described

preliminary data suggested possible avenues for future research.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

Unless specified otherwise, all reagents and chemicals were purchased from Sigma Aldrich.

Polymers and ligands were purchased or kindly gifted from various collaborators (Table 2.1).

Table 2.1: List of Polymers and Ligands used in this Project and their Supplier
Resource Supplier/ Source
SMA2000 and SMA2000I polymers Purchased from Cray Valley
BzAM series polymers and RAFT SMA 1:1 Gifted by the Klumperman Group at the University of
Stellenbosch
AASTY series polymers Cube Biotech
Fluorescent NTR1 Ligands: MK337 and MK350 Gifted by Max Keller at the University of Regensburg

(Keller et al., 2020)
NTR1 agonist Neurotensin (8-13) and NTR1 antagonist SR | Purchased from SLS Ltd.

48692

Fluorescent CB2 Ligands: SM15 and VM7 Gifted by Marialessandra Contino from the University of
Bari (Intranuovo et al., 2024; Spinelli et al., 2020).

4-Quinolone-3-Carboxamide Furan (4Q3CF) Purchased from Cayman Chemicals

2.2 Preparation of Polymers

SMA was prepared from styrene maleic anhydride (SMA2000) by autoclaving, following the
protocol described by Kopf et al (2019). A 10% (w/v) suspension of SMA2000 in 0.6 M
NaOH was autoclaved (21°C, 1.4 bar for 20 minutes) repeatedly until the solution was
clarified. The polymer was precipitated with concentrated HCI and washed by centrifugation
at 11000 x g, removal of the supernatant and re-suspension in deionised water, as described by
Lee et al (2016). The wash steps were repeated twice before dissolving the polymer in 0.6 M
NaOH. The precipitation and wash steps were repeated before the polymer was re-dissolved
in a minimal volume of 0.6 M NaOH and pH was corrected to 8.0. The polymer was

lyophilised, and the powder stored at RT.

SMA2000I resin was hydrolysed to produce SMI following the protocol described by Hall et
al (2018). Concentrated HCI was added dropwise to a 10% (w/v) suspension of SMA2000I in

deionised water to a final concentration of 1 M HCI. This solution was autoclaved (121°C, 1.4
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bar for 20 minutes) repeatedly until the solution was clarified. The polymer was precipitated
by the addition of 5 M NaOH, and pH corrected to 9.0. The precipitated polymer was washed
by centrifugation at 11000 x g, removal of the supernatant and re-suspension in deionised
water. These wash steps were repeated three times before the polymer was redissolved in 0.6

M HCI and pH corrected to 8.0. The polymer was lyophilised, and the powder stored at RT.

Sokalan® CP 9 (Chempoint) was the starting material to produce DIBMA. Small impurities
and salt were removed by multiple dialysis steps through 1000 Da cut-off membranes. The

polymer was lyophilised, and the powder stored at RT.

2.3  Strains

Table 2.2: Bacterial Strains used in Study

Strain (E. coli) Supplier or Source Application

BL21(DE3) New England Biolabs GPCR expression

C41(DE3) Miroux and Walker (1996) GPCR expression

C43(DE3) Miroux and Walker GPCR expression
(1996)

One Shot™ BL21 Star™ (DE3) | Invitrogen™ Mini-G expression
ThermoFisher Scientific

NEB ® 5 alpha, New England Biolabs Plasmid Amplification

DHS5-a
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2.4

Plasmids

Plasmid sequence analysis was outsourced to Source Biosciences.

Table 2.3: Plasmids
Plasmid Name Source Description Target
Protein
Expression
pET21a(+)- Domainex Ltd, Protein Expression Vector carrying C-terminal 6 x WT hNTR1
hNTR1 GenScript His tag. Ampicillin Resistance
pRG/III-hs-MBP- | Addgene: Protein expression vector carrying N-terminal MBP | MBP fused
T43NTRI1-TrxA- | Tucker and fused truncated INTR1. C-terminal Thioredoxin A rNTR1
H10 Grisshammer (1996) (TrxA) fusion protein and 10 x His tag Ampicillin
Resistance
pRG/III-hs-MBP- | Addgene: Protein expression vector carrying N-terminal MBP | MBP fused
CB2-HF Calandra (1997) fused CB2. C-terminal 6 x His Tag and FLAG tag. CB2
Ampicillin Resistance
pET-15b -Gs Nehma et al (2017) Protein expression vector carrying Mini-G protein Mini-Gs,
Gifted from Chris sequence and N-terminal His tag. Ampicillin
Tate’s Group Resistance
pET-15b -Gs/q Nehma et al (2017) Protein expression vector carrying Mini-G protein Mini-Gs/q,
Gifted from Chris sequence and N-terminal His tag. Ampicillin
Tate’s Group Resistance
pET-15b -Gs-GFP | Nehma (2017) Protein expression vector carrying Mini-G protein Mini-Gs-Green
Gifted from Chris sequence and N-terminal His tag. Ampicillin Fluorescent
Tate’s Group Resistance Protein (GFP)

2.5

Bacterial Growth Media

Luria broth (LB), Terrific Broth (TB), 2x Yeast Extract Tryptone (2xYT) broth and auto-

inducing (Al) broth was prepared in deionised water following manufacturer instructions,

following the compositions in Table 2.4. All growth media was sterilised by autoclaving at

121°C, 1.4 bar for 20 minutes. After cooling to RT, liquid growth media was supplemented

with ampicillin to a working concentration of 100 pg/ml.

After sterilisation of LB agar, the solid growth media was allowed to cool to less than 50°C

before supplementation with 100 pg/mL ampicillin. Plates were poured and set under aseptic

conditions and used on the same day.
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Table 2.4: Bacterial Growth Media Recipes

Growth Media Ingredients

LB Broth (Lennox) NaCl, 5 g/L
Tryptone, 10 g/L
Yeast Extract, 5 g/

TB Broth Tryptone 12 g/L

Yeast Extract, 24 g/L
Glycerol (0.4% v/v)

17mM KH2PO4, 2.31 g/L.
72 mM K2HPO4, 12.54 g/L.

2xYT Broth NaCl, 5 g/L
Tryptone, 16 g/L
Yeast Extract, 10 g/L

Al Broth Tryptone 10 g/L
Yeast Extract, 5 g/L
Na2HPO4 3.55 g/L
KH2PO4, 3.4 g/L.
K2HPO4, 2.675 g/L.

LB Agar LB Broth, 15 g/L agar

2.6  Transformation of E. coli for Recombinant Expression

Competent E. coli cells were transformed for protein expression or plasmid amplification. A
50 pl aliquot of competent cells was inoculated with 100 pg/mLof plasmid and incubated on
ice for 20 minutes. Cell membrane disruption was performed by heat shock at 42°C for 30-45
seconds and then inoculating on ice. 250 pL warmed sterile super optimal broth with
catabolite repression (Thermo-Scientific™) was added to the cells for recovery at 37°C,
shaking at 180 rpm for 30 minutes. Transformed cells were spread across an LB agar plate

(100 pg/mL ampicillin).

2.7  Plasmid extraction and Glycerol Stock Preparation

For plasmid amplification, DH5-a cells were transformed. To extract plasmids from

transformed DH5-a cells, 5 mL LB Broth was inoculated with a single colony and grown
overnight (37°C, shaking at 180 rpm). QITAGEN® Spin MiniPrep Kit was used, following

manufacturer instructions, to obtain plasmid DNA from the overnight culture.
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Overnight cultures of transformed E. coli strains were used to produce glycerol stocks. Sterile
50% (v/v) glycerol (500 pl) and overnight culture (500 pl) was mixed in a 2 mL cryovial in

aseptic conditions, before storage at -80°C.

2.8  GPCR Expression and Expression Optimisation

2.8.1 Large-Scale GPCR Expression in E. coli

Overnight cultures were made from singular colonies of transformed cells or glycerol stocks
for inoculation of 1-2 L of LB broth in shaker flasks in a 1:1000 dilution. E. coli cultures were
grown at 37°C, shaking at 180 rpm. Optical density at 600 nm (OD600) was measured every
30 minutes to 1 hour. Once the OD600 reached 0.6-0.8, the temperature was decreased to
18°C. Cells were induced with 1 mM Isopropyl 3-D-1-thiogalactopyranoside (IPTG) and left
overnight (20-24 hours). Cells were harvested by centrifugation at 3982 x g for 30 minutes
and pellets were stored at -80°C. This ‘default’ expression protocol was used to express
hNTR1 using the pET-21a plasmid. Trials described in section 2.8.2 determined changes to

expression protocol for expression of MBP-fused GPCRs.

2.8.2  Expression Trials for Optimal MBP-fused GPCR Expression in E. coli

Expression trials determined how cell lines (Table 2.1), broth type (Table 2.3), temperature
(18°C, 25°C, 37°C), IPTG concentration (0.1 mM, 0.25 mM, 0.5 mM) and expression time
(1hr, 3 hours, 4hours or overnight (20-24 hours)) affected growth and expression. Culture
samples (I mL or 10 mL) were taken at specific time points and centrifuged at 4000 x g for 10
minutes. Cell pellets from 1 mL samples were re-suspended in 15 pl of 4 X NuPAGE lithium
dodecyl sulfate (LDS) sample buffer (Novex®, ThermoFisher). Cell pellets from 10 mL

samples were re-suspended in lysis buffer (50 mM Tris-HCI pH 7.5, 2 mM
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Ethylenediaminetetraacetic acid (EDTA), 10% (v/v) glycerol, EDTA-free protease inhibitor
tablet, 40 mg/mL DNase, 2.5 mM MgCl,) or Bugbuster® with 40 mg/mL DNase and 2.5 mM
MgCl,. Cells in the lysis buffer were lysed by sonication for 20 seconds on ice. A cell lysate
sample was taken before centrifugation at 10000 x g for 30 minutes. Expression was tested
comparing cell lysate and/or supernatant samples by Sodium Dodecyl-Sulfate (SDS)-PAGE
gel and Western blot analysis (Sections 2.13 and 2.15). Large-scale GPCR expression

conditions were modified depending on expression trial results (Table 2.5).

Table 2.5: Expression Conditions for each MBP-fused GPCR Expressed in E. coli
Cell Line IPTG Expression Expression Broth
Concentration Temperature Time
NTRI C43 0.25 mM 18°C O/N LB
CB2 C41(DE3) 0.25 mM 18°C O/N 2xYT

2.8.3  Lentiviral Overexpression of GPCRs in HEK293 Cells

Lentiviral expression of hNTR1 and CB2 in HEK293 cells was performed in Michael
Tomlinson’s lab by two master’s students: Alexia Taylor and Gabriele Cannucciari. Pellets

were stored at -80°C before membrane preparations (Section 2.10).

2.9  Buffers and Tubes for Cell, Membrane and Protein Handling

The buffers described in Table 2.6 are ‘starting points’ to determine appropriate buffer
compositions in the GPCR production process. These ‘default’ buffers were taken from Lee et
al (2016). Tested buffer compositions included: addition of reducing agents (5 mM tris(2-
carboxyethyl)phosphine (TCEP)) or 5-25 mM dithiothreitol (DTT)), use of a lower NaCl
concentration (250 mM), addition of arginine (20-200 mM). Benefits of buffer changes to

purity and yield of GPCR production was deciphered by solubilisation screens (section
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2.10.3), purification screens (sections 2.10.5 and 2.10.8) and storage condition screens

(section 2.12).

Table 2.6: Buffer Compositions for GPCR Production and Storage
Buffer Name Purpose Ingredients
Buffer A Cell lysis and membrane harvesting 50 mM Tris-HCl pH 7.5 (r.t)
2 mM EDTA
5% (v/v) glycerol
EDTA-free Protease inhibitor tablet
(Thermo-ScientificTM)
Buffer B Solubilisation 50 mM Tris-HCI pH 8§ (r.t)
IMAC Purification 500 mM NaCl
10% (v/v) glycerol
Buffer C Post-IMAC Protein Storage 50 mM Tris-HCI pH 8 (r.t)
FLAG Purification 150 mM NaCl
Protein Characterisation (except CD) 10% (v/v) glycerol
Functional Assays
Buffer D Storage of Mini-G proteins 50 mM Tris-HCI pH 8§ (r.t)
150 mM NaCl
10% (v/v) glycerol
50 uM GDP
1 mM Mg2Cl
Buffer E CD measurements 10 mM Na Phosphate pH 8
50 mM Na F

For volumes less than 2 mL, membrane or protein sample handling was performed in low
protein binding collection tubes (Pierce™). Larger volumes were handled in 15 mL or 50 mL

Falcon tubes.

2.10 GPCR Solubilisation and Purification
2.10.1 E. coliand HEK293 Cell Membrane Preparation

Membranes were isolated to remove soluble proteins before solubilisation of membrane
proteins (Fotiadis and Harder, 2012). During membrane preparation, material was kept on ice
to reduce protease activity. Cells expressing a GPCR were re-suspended in 10 mL of Buffer A
per 1 g of cells. Cells were lysed with a C3 Emulsifier using 20000 psi or 10000 psi of
pressure for E. coli or HEK293 cells, respectively. The cell lysate was centrifuged at 12000 x
g for 30 minutes to remove whole cells and inclusion bodies. The supernatant was centrifuged
at 100000 x g for 45 minutes. The pellet consisting of isolated membranes was homogenised

with a dounce homogeniser into Buffer B to a final concentration of 120 mg/ml.
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2.10.2 GPCR Solubilisation from Membranes

Lee et al (2016) describes how SMA can be used to solubilise an E. coli protein; this
methodology was translated to solubilise GPCRs with a variety of polymers. Polymer or
DDM was dissolved in Buffer B; this solution was mixed in a 1:1 ratio with the prepared
membranes to give a final polymer concentration of 2.5% (w/v) or detergent concentration of
1.5% (w/v) DDM and 60 mg/mL membranes. This mixture was left on a rotary wheel for 2
hours at RT or overnight at 4°C. The insoluble fraction of the membranes was removed by
centrifugation at 100000 x g for 45 minutes, then re-suspended in the same volume as the
soluble fraction for analysis for SDS-PAGE/Western blot. The supernatant was used for

downstream purification steps.

2.10.3 Solubilisation Screens

Solubilisation screens were performed to test efficiency of different solubilisation agents,
polymer concentrations and the addition of 20 mM arginine. Membranes, harvested as
described in section 2.10.1, were added to an equal volume (20-1000 pL) of 5% (w/v)
polymer or 3% (w/v) DDM and left for 2 hours at RT or overnight at 4°C. Polymers tested
included SMA, DIBMA, SMI, RAFT SMA 1:1, the BZAM Polymer series and the AASTY
series. Different concentrations of SMA (0.5-2.5% (w/v)) and DIBMA (2.5%-10% (w/v))
were also compared. Centrifugation was performed at 100000 x g for 45 mins to remove
insoluble material. The amount of protein in the soluble fraction and re-suspended insoluble

fraction was tested by SDS-PAGE/Western blot (section 2.14 and 2.16).

2.10.4 Immobilised Metal Affinity Chromatography (IMAC) Purification
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The default IMAC resin used was Nickel-nitrilotriacetic acid (Ni-NTA) (Thermo-
Scientific™). The IMAC resin was equilibrated into Buffer B by centrifugation at 1000 x g
for 1 minute, removal of the supernatant and resuspension in Buffer B. This was done three
times. The supernatant from section 2.9, from solubilised membranes containing His tagged
GPCRs, was incubated with IMAC resin overnight at 4°C, on a rotary wheel. A volume of
resin (column volume (CV)) 0.5-1 mL was used, depending on the volume of membranes
solubilised. A gravity flow column was used to collect the flow through (FT) with material not
bound to the resin. The resin was then washed with 20x CV of Buffer B, followed by low
imidazole concentration washes (5x CV of 20 mM imidazole and 5x CV of 40 mM
imidazole). Protein was eluted using a high concentration of imidazole (100-500 mM) and 6-
10 elution fractions were collected. Flow-through samples, wash and elution fractions were
analysed by SDS-PAGE (section 2.14) and Western blot (section 2.16). If DDM was used as a

solubilisation agent, 0.03% (w/v) DDM was included in the binding, wash and elution buffers.

2.10.5 IMAC Purification Screens for Optimisation

Three other resins were also investigated: Ni-Sepharose (SLS), Ni-iminodiacetic acid (IDA)
(Protino), and TALON (Takara) resin. Changes in the buffer composition by addition of
arginine (20 mM, 50 mM, 200 mM), addition of a reducing agent (5 mM TCEP or (2-5 mM)
DTT), dilution of NaCl (250 mM), were implemented during the resin equilibration step. The
supernatant from section 2.9, from solubilised membranes containing His tagged GPCRs, was
split evenly between the number of tested variables. Small-scale purification screens
compared a maximum of four different conditions: complete IMAC purifications were

performed (section 2.10.4).

Large-scale purification screens compared several different conditions at one time including

resin type and buffer composition. 1 mL of solubilised material was incubated with 20 ul of

52



IMAC resin. The addition of buffer (up to 2 mL), arginine (20 mM or 50 mM) or reducing
agents (5 mM TCEP or 2 mM DTT) were compared. After incubation with equilibrated
IMAC resin overnight at 4°C, on a rotary wheel, the resin was collected by centrifugation at
1000 x g for 1 minute and removal of the supernatant. The resin was washed twice by re-
suspension in Buffer B, re-centrifugation and supernatant removal. 20 pl of LDS sample
buffer was added to the resin before boiling in a heat block at 100°C for 10 minutes. The
resin/LDS samples were analysed by SDS-PAGE (section 2.13) and/or Western blot analysis.

Samples of the ‘flow through’ which did not bind to the resin were also analysed.

2.10.6 Post-IMAC Dialysis

To remove high imidazole and salt concentrations from elution fractions post-IMAC
purification, elution fractions containing the protein of interest were combined and dialysed
into Buffer C using Spectra Pore dialysis tubing with a 3500 Dalton cut-off. The IMAC
elution was enclosed in dialysis tubing and placed floating in a volume of Buffer C 100-fold
greater than the volume of the IMAC elution. This was stirred overnight at 4°C. For complete
removal of imidazole, the buffer was replenished and dialysed for another 6 hours at 4°C.

This dialysis method was also used for buffer exchange before CD or DLS analysis.

2.10.7 FLAG Purification

Purification of solubilised GPCRs with a FLAG tag was performed with Anti-FLAG® M2
Magnetic Beads as per manufacturer instructions. Before purification, the resin (20200 pL)
was equilibrated in Buffer C. Resin was separated from the buffer using a Magnetic Rack,
MagRack6™ (Cytiva). FLAG purifications were performed either immediately after
solubilisation or post-IMAC, after dialysis. The protein sample and the anti-FLAG resin were
added to a 15 mL falcon tube and the volume made up to 15 mL. The sample was mixed on a

rotary wheel for 2 hours at RT, then the resin was separated from the flow through. The resin
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was washed twice with Buffer C and transferred to a 2 mL low-bind Eppendorf tube
(Pierce®). For elution, 200 puL of 0.1 mg/mL 3X ®FLAG peptide in Buffer C was incubated
with the resin for 2 hours at RT or 4°C, mixing on a rotary wheel. The resin was separated,
and the elution was collected. A 20 uL sample of the resin post-elution was mixed with 20 uL
of LDS buffer and boiled in a heat block at 100°C for 10 minutes. Samples of the flow
through, washes, elution and post-purification resin were analysed by SDS-PAGE (section
2.14) and Western blot (Section 2.16). Increased 3XFLAG peptide concentration up to 1
mg/ml, increased number of elution fractions up to three and increased agitation during

elution were attempted to improve yield.

2.10.8 FLAG Purification Optimisation

Four FLAG purifications on the same post-IMAC SMA-CB2 sample were performed to
compare the effect of arginine (0 mM or 20 mM) and NaCl concentration (150 mM or 500
mM) in the binding, wash and elution buffers. The elution of SMA-CB2 post-IMAC was split
equally into four and dialysed into either Buffer B with or without 20 mM arginine or Buffer
C with and without arginine. The dialysed samples were centrifuged at 100000 x g for 30
minutes to remove aggregates. Two 200 uL elution fractions were collected for each
purification. Samples of the flow through, washes, elution and post-purification resin were

analysed by SDS-PAGE (section 2.14) and Western blot (section 2.16).

2.10.9 Post-FLAG Dialysis

To remove FLAG peptide post-FLAG purification, a Pur-A-lyzer Mini-Dialysis Kit with a 25
kDa MW cut off, was used, as per manufacturer instructions. After wetting the dialysis

membrane, the FLAG elution was transferred into a Pur-A-lyzer Mini-Dialysis tube and left

to float in a volume of Buffer C 100-fold greater than the volume of the FLAG elution. This
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was stirred overnight at 4°C. The buffer was replenished, and dialysis was continued for

another 6 hours at 4°C.

2.11 Concentrating GPCRs

To minimise aggregation of GPCRs, Centrisart® reverse concentrators were used, with a 25
kDa MW cut off, as per manufacturer instructions. After dampening the centrifugal membrane
with Buffer C, 2.5 mL of purified GPCR was placed in a concentrator and centrifuged at 1500
x g at 4°C. After concentration, samples were centrifuged at 130000 x g for 10 minutes and

pipetted into a new tube to remove possible aggregates.

2.12 Storage Conditions Screens

To test storage conditions of SMA-solubilised GPCRs, 50 uL samples were left overnight at -
80°C, -20°C, 4°C, and 25°C. When investigating the SMA-rNTR1, aliquots with and without
20 mM arginine in the storage buffer. When investigating SMA-CB2, the process of flash
freezing by submersion of the tube in liquid nitrogen or in a mixture of ethanol and dry ice
was tested before storage at -80°C overnight. After overnight storage, protein samples were
analysed by SDS-PAGE (section 2.14), Western blot (section 2.16), and/or DLS analysis

(section 2.17.2).

2.13 Protein Concentration Estimation

Protein concentration was estimated using a DeNovix DS-11 Series Spectrophotometer. 1 uL
of sample was measured at absorbance at 280 nm to calculate the approximate protein

concentration in mg/mL

55



2.14 SDS-PAGE

A vertical electrophoresis tank (Bio-rad) was assembled to submerge a 4-20% polyacrylamide
gel (Bio-rad) or 12% polyacrylamide laboratory-cast gels in running buffer (25 mM Tris-HCI
pH 8.8, 192 mM glycine, 3.4 mM SDS). Laboratory-cast gels were prepared following the

recipe in Table 2.7.

Table 2.7: Recipe for 12% Polyacrylamide Laboratory-cast Gels
Stacking Gel (4%) Resolving Gel (12%)
30% Acrylamide/bis 1.33 mL 6 mL
0.5 M Tris-HCI, 0.4% SDS, pH 6.8 2.5mL
1.5 M Tris-HCl, 0.4% SDS, pH 8.8 - 3.75 mL
Deionised water 6 mL SmL
Tetramethylethylenediamine 10 mL 15mL
10% Ammonium persulfate 100 mL 150 mL
Total Volume 10 mL 15mL

The sample (15 puL) was mixed with LDS sample buffer (5 pL) and 10 pl was loaded into
wells alongside a protein standard, either peqGOLD pre-stained Protein marker VI (VWR®)
or Precision Plus Protein Dual Colour Standards (Bio-Rad). Electrophoresis was performed

using a 170 V charge for 50 minutes.

2.15 PAGE Analysis

Proteins which had migrated into the gel were visualised by Coomassie staining or silver
staining. Quick Coomassie stain (Protein Ark) was used to submerge the SDS-PAGE gel for
between 4 and 24 hours on a rocker at RT before de-staining with 15 mL of deionised water.
For more sensitive silver staining of SDS-PAGE gels, a ProteoSilver silver staining kit was
used as per manufacturer instructions. A GS-800 Calibrated Densitometer (Bio-Rad) was used

to image gels.
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Stained SDS-PAGE gels were thoroughly washed with deionised water for tandem mass
spectrometry (MS) analysis of protein bands. The band of interest was removed with a clean
scalpel and submitted to the University of Birmingham’s Proteomics Facility. Unstained SDS-

PAGE gels were also used for further analysis by Western blot (section 2.16)

2.16 Western blots

Gel-separated proteins were transferred onto a nitrocellulose membrane using the Trans-Blot
Turbo transfer system and TransBlot® Turbo™ Mini Nitrocellulose Transfer packs, as per
manufacturer instructions (Bio-Rad). The membrane was stored in a blocking buffer (5%
(v/v) skim milk in Phosphate Buffer Saline-0.1% Tween (PBS-T)) for at least 30 minutes.
Primary antibody was made up in 10 mL PBS-T at manufacturer recommendation (Table 2.8)
and left on the membrane for at least 2 hours or overnight at 4°C. After removal of the
primary antibody, the membrane was washed with PBS-T for 10 minutes on a rocker at RT.
The washing step was performed three times before the addition of 10 nM Horse Radish
Peroxidase-conjugated secondary antibody (Abcam). The membrane was washed again three
times after secondary antibody removal. Enhanced Chemiluminescence (ECL) Western
blotting detection reagent (Cytiva) was mixed and added to the membrane before visualisation
on an Amersham Imager 680. Band intensity analysis was performed using ImageLab (Bio-

Rad).

57



Table 2.8: Primary Antibodies and Dilution used for Western blot Analysis

Primary Antibody Supplier Dilution
Anti-His Takara 1: 5000
Anti-MBP New England Biolabs 1: 5000
Anti-NTR1 Merck 1:1000
Anti-CB2 Abcam 1:1000

2.17 Biophysical Analysis of GPCRs in PoLiPas

2.17.1 SEC

SEC of protein samples was performed on a Superdex® 200 Increase 10/300 GL or a
Superose 6® 10/300 GL gel filtration column using an AKTAexplorer 10 chromatography
system (Amersham) controlled by UNICORN 4.0 chromatography software. Columns were
stored in 20% v/v ethanol. Before use, the column was equilibrated with 1 CV deionised
water and 1 CV of Buffer C. All buffers were filtered through a 0.2 pm pore-sized membrane
and de-gassed. The protein sample was concentrated to <1 mL, loaded into a 1 mL loop and
injected onto the column. Elution was performed over 1 CV at 0.5 mL/minute in Buffer C.

Absorbance at 280 nm was monitored as 0.5 mL fractions were collected.

2.17.2 DLS

Protein samples (40 puL, 0.1 mg/ml) were loaded into a 364-well glass bottom plate. Plates
were loaded into a Dynapro™ Plate Reader (Wyatt technology). After equilibration to 25°C
constant temperature, DLS measurements were taken using a HeNe gas laser at 824.9 nm; the
detector was 150° from the incident beam. Five x 5 second scans were taken of each well.

DLS data analysis was performed using DYNAMICS software; the cumulants algorithm and
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Stokes-Einstein equation was used to report particle size and size distribution graphs

calculated in terms of percentage intensity.

2.17.3 CD

Protein samples were dialysed into Buffer E, replenishing the buffer twice to ensure removal
of chiral components in the buffer such as Tris-HCI or imidazole. Measurements were made
on a JASCO J-1500 Circular Dichroism Spectrophotometer using Spectra Manager Software.
Spectra were measured from 190-350 nm, taking measurements every 0.5 nm (321 data
points). The scanning speed was 100 nm/min. A background CD reading was collected from
300 uL of Buffer E. This was loaded into a quartz cuvette with 1 mm pathlength. After a
baseline spectrum was recorded, 300 uL of SMA-rNTR1 at a concentration of approximately
0.1 mg/mL was loaded into the quartz cuvette and spectra were measured. CD analysis of the
same SMA-rNTR1 sample was performed every hour for 17 hours. Spectra Deconvulution
was performed using DichroWeb (Whitmore and Wallace, 2004). The CDSSTR algorithm

was used referencing the SMP180 dataset (Abdul-Gader et al., 2011).

2.17.4 SMA-PAGE or DIBMA-PAGE

Protein sample (15 pL) was mixed with loading dye (5 pL) (1 mg/mL bromophenol blue, 20
mM Tris-HCI pH 8, 50% (v/v) glycerol) and 10 pL was loaded into wells of a 4-20%
polyacrylamide gel (Bio-rad). The casket was submerged in native running buffer (25 mM
Tris-HCI pH 8.8, 192 mM glycine) and PAGE was run for 120 minutes at 150 V. Quick
Coomassie stain (Protein Ark) was used to detect protein bands (section 2.14), or gel was used

for Western blot analysis (section 2.16).

2.18 Production of Mini-G Proteins
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Mini-G proteins were produced based on the protocol described by Carpenter and Tate (2017).
E. coli BL21(DE3)star cells were transformed with plasmid for Mini-G protein expression
(Table 1.2). LB broth (5 mL) was inoculated with singular colonies or glycerol stock
stabbings and incubated overnight at 37°C, shaking at 180 rpm. Overnight culture was used to
inoculate 500 mL of LB Broth. The culture was grown at until an OD 600 of 0.7 was reached.
The temperature was reduced to 18°C and expression was induced with 0.1 mM IPTG. The
culture was centrifuged at 3989 x g for 30 minutes and the cell pellet resuspended in 25 mM
lysis buffer (50 mM Tris-HCI, 100 mM NacCl, 10 mM imidazole, 5 mM Mg>Cl, 50 uM GDP,
1 mM phenylmethylsulfonyl fluoride, 1 pL DNase and EDTA-free protease inhibitor tablet).
Re-suspended cells were sonicated for 20-second pulses at 70% power for 2 minutes. Lysate
was centrifuged at 20000 x g for 45 minutes and supernatant collected. IMAC purification
was performed using 3-4 mL of Ni-NTA resin. Elution was exchanged into Buffer D by

dialysis or SEC.

2.19 Fluorescent Tryptophan Spectroscopy

FTS was performed in Hellma® fluorescent cuvettes with a chamber volume of 3500 pL or
1400 pL; an initial volume of 1000 pL or 300 puL was used, respectively. SMA-solubilised
protein at a measured concentration over 0.1 mg/mL was added to a cuvette. Tryptophan
fluorescence emission spectra were collected using an LS-50B Fluorescence Spectrometer by
excitation with light at 295 nm wavelength. Emission Spectra were recorded from wavelength
300-550 nm, every 0.5 nm with a scan speed of 700 nm/min. The slit used for excitation and
emission was adjusted between 5-10 dependent on the intensity. Anisotropy measurements
were taken at 340 nm emission wavelength and with a slit of 10. A volume of 0.2-3 pL of
ligand (0.1-10 mM) was added to the SMA-solubilised protein to produce the desired final

concentration before incubation for 20 minutes. After the tryptophan fluorescence emission
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spectra were re-collected, more ligand was titrated into the same SMA-solubilised protein
sample. This was repeated to provide data for a series of ligand concentrations. Peak intensity
and peak wavelength were calculated from the emission spectra. Apparent affinity (Kp) was
calculated from the curves plotted from the peak intensity, peak wavelength or anisotropy
against ligand concentration fitted to models in Table 2.9 (GraphPad).

Table 2.9: Models used to Plot Binding Curves

One-binding site model (Sigmoidal | Y= Bottom + (Top-Bottom)/1+10"((LogKd-X) +Slope)
Curve)

Two-binding site model Site 1= BmaxHi*X/(KdHi+X)
Site 2= BmaxLo*X/(KdLo+X)
Y= Site 1 +Site 2

2.20 Solution-based Fluorescent Correlation Spectroscopy

Solution-based FCS was performed as previously described (Briddon et al., 2011). FCS was
performed on p-Slide 18 Well Glass Bottom chambered coverslips (Ibidi). The confocal
volume was placed 200 um above the surface of the coverslip. ZEISS LSM510 Confocor3
was used for 633 nm excitation (0.5-1 kW cm2) and emission collection through an LP650
filter. Calibration readings were taken daily, using Cy5 as a standard dye at 10 nM and 500
nM concentrations. Cy5 N-hydroxysuccinimide ester (Amersham Pharmacia Bioscience) was
diluted in high-performance liquid chromatography grade water. The diffusion coefficient of
Cy5is 3.16 x 107! m? s7/(D). The equations below demonstrate how diffusion coefficient
(D), dwell time (tp1), and structural parameter (S) were used to calculate confocal detection
volume (V).

Wy = (4-D-1p)%

W2=W1'S

2
V=m3-(W)* W,
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FCS measurements were performed in a volume of 50 pL.. MK337 alone was measured in
four different buffer systems: with and without 10% (v/v) glycerol and 10 mM Bovine Serum
Albumin (BSA). SMA-solubilised protein (approximately 0.2 mg/mL) was incubated with
varying concentrations of MK337 (4-500 nM) for 30 minutes with and without 10 mM
Bovine Gamma Globulin (BGG). For competitive inhibition experiments, 170 nM of SR
48692 was pre-incubated for 30 minutes with SMA-solubilised proteins before MK337
incubation. SMA-SAV 1866 (SAV) (provided by Pooja Sridhar) was used as a control. For
Mini-G coupling experiments, a 4-hour incubation of SMA-rNTR1 with the Mini-G proteins
(Gs or Gsq) before the addition of any ligands. Three 10-second reads were taken to record
time-dependent fluctuations in fluorescence intensity. Fluorescence intensity data was
analysed by autocorrelation functions using Zeiss AIM 4.4 software. The data was fitted to the
equation below where N = particle number, f; is the fraction of i component, tpiis the dwell

time of i component and S is structural parameter.

1

G) = 1+~ i (1+T) (1+ ! )_E
i N ._1fi Tpi S Tpi

To incorporate a triplet state component, 1-component or 2-component 3-D diffusion models
were fitted using a pre-exponential. Residuals to the fit were used to assess fit quality. The
dwell time and diffusion rate of MK337 alone were calculated using a 1-component model. In
two-component models, the first component (tp1), representing free MK337, was fixed to
determine the properties of the second component, representing bound MK337. The free
MK337 and bound MK337 concentrations were calculated from their relative contributions to
the autocorrelation function amplitude. Bound ligand was calculated from the 2-component
model for each 10-second read. Specific binding was calculated from the difference in bound

MK337 concentration with and without pre-incubation with 170 nM SR 48692. Error bars
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were used to represent standard deviation (SD) between the three measurements of the same
well. Student's paired t-test determined significant differences in diffusion rates with and

without Mini-G proteins (GraphPad).

2.21 Spectral Shift Assays

SMA-rNTR1 was labelled with RED-tris-NTA 2nd Generation dye (NanoTemper), following
manufacturer instructions. Fluorescently labelled SMA-rNTR1 was incubated with a series of
MK350 concentrations for 30 minutes in the dark. To test competitive inhibition, fluorescently
labelled SMA-rNTR1 was incubated with 340 nM of SR 48692 for 30 minutes before
incubation with MK350. 20 ul of each sample was examined in a Dianthus 384-well plate. A
Dianthus plate reader measured spectral shifts in the fluorescent spectra of the labelled dye
after excitation with 590 nm. Data was analysed by DI Screening Analysis software, which
uses the ratio of fluorescence at 670 nm and 650 nm to determine ligand binding. Initial
fluorescence at 650 nm was also measured as an indicator of a ligand-induced effect on
fluorescence that may not be associated with ligand binding. Possible ligand interference
caused by MK350 was tested for by taking spectral shift measurements of MK350 titrated
against buffer and a control labelled peptide. Apparent affinity (Kp) or half maximal inhibition
constant (IC50) was calculated from the curves plotted from the peak intensity or peak
wavelength against ligand concentration (GraphPad). The Ki of SR 48692 was calculated
using the equation below. Where the concentration of MK350 was 500 nM and the Kd of

MK350 was calculated from the spectral shift experiments performed on the same day.

1C50

[MK350]
A+

Ki =
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CHAPTER 3: PRODUCTION AND SOLUBILISATION OF WILD-
TYPE HUMAN NEUROTENSIN RECEPTOR EXPRESSED IN E.
COLI

This project initially investigated the production of wild-type (WT) human Neurotensin
receptor 1 (hNTR1) with six histidine residues added to the C-terminus of the GPCR
expressed in E. coli (Figure 3.1). Mutations and fusion proteins are regularly used to stabilise
and improve the expression of GPCRs, which are notoriously unstable (Velloso et al., 2024).
The chapter aimed to test the capabilities of polymers to solubilise and purify a GPCR with no
stabilising mutations or fusion proteins. Lee ef al (2016) described a methodology for
producing membrane proteins with SMA, using the E. coli protein ZipA as an example. The
purification methods used are IMAC purifications using Ni-NTA resin and SEC (Lee ef al.,
2016). The experiments in this chapter tested if the methodology for solubilising and
purifying proteins by the SMALP method can be transferred to produce a more challenging
protein. A second linked aim was to test the best solubilisation agent of multiple polymers

including SMA, DIBMA and the BZAM series.

Human NTR1
e Full Length
¢ No fusion proteins
e 6x Histag

Figure 3.1: Cartoon representation and features of WT hNTR1 expressed in E. coli in this Chapter.
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3.1  Testing Expression of hNTR1 in E. coli

It was hypothesised that WT hNTR1 could be expressed in E. coli, using the plasmid
construct shown in Figure 3.2A. This plasmid was a pET-21a vector, which conferred
ampicillin resistance and used a T7 promoter to control the expression of the hNTR1 gene

inserted into the multiple cloning site.

To assess expression of the protein using this plasmid expression system, an E. coli culture
containing the plasmid was grown and expression of hNTR1 was induced. Membranes were
harvested from E. coli and analysed by Western blot (Figure 3.1B). The detection of a band on
the Western blot using a His tag antibody would be indicative of the presence of the His
tagged hNTR1. However, endogenous antigens can cross-react with Anti-His antibody
(Mahmood and Xie, 2015). To confirm hNTR1 expression, a second Western blot was carried
out with an NTR 1-specific antibody. The anti-NTR1 antibody bound to the N-terminal
sequence of hNTR1; when combined with the anti-His antibody bound to the C-terminal His
tag provided confidence that the hNTR1 present in the sample represented the full-length

protein
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Figure 3.2: Expression test for hNTR1 in E. coli.

(4) Plasmid map (pET21a(+)) used for hNTRI expression.

(B) Western blot showing homogenised membranes of E. coli expressing hNTR1 separated using a 4-20%
polyacrylamide SDS gel. Two blots were probed with two different antibodies: 500 nM anti-His (left) and 1 yM anti-
NTRI (right). Red boxes show expected size of monomeric (46 kDa) and dimeric (92 kDa) hNTR1.
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The expected mass of hNTRI1 is 46 kDa, as calculated from its primary sequence. E. coli
cannot glycosylate proteins, therefore, the observed weight for the protein on SDS-PAGE
should be close to that of the peptide mass. Figure 3.1B showed a primary band between 40
kDa and 50 kDa when probed with both the anti-His and anti-NTR1 antibodies. This
correlates well with the calculated mass of ANTR 1. Additionally, a second higher MW band at
approximately 110 kDa can be observed in both Western blots, which could indicate the
presence of a dimeric hANTR 1. Dimerization of INTR1 has been reported physiologically by a

FRET assay (Dijkman et al., 2018).

This expression test confirmed the presence of hANTR1 in E. coli membranes using standard
expression conditions described previously (Lee et al., 2016). Despite the target protein being
a WT mammalian protein, enough protein was expressed in E. coli to be detectable by

Western blot analysis. Consequently, these membranes were used in solubilisation trials.

3.2  Solubilisation Trials on E. coli Membranes

Solubilisation trials are important for testing how well amphipathic polymers or detergents
can extract membrane proteins and stabilise them in an aqueous environment. Polymers such
as SMA work by inserting hydrophobic residues, such as styrene into a membrane and
forming a disc that encapsulates a section of the membrane (Knowles et al., 2009). Different
polymers can have different hydrophobic and hydrophilic residues, and therefore different
efficiencies in the insertion into a membrane. DIBMA is the second most used polymer; it
produces a larger PoLiPa that does not absorb at 280 nm and is less sensitive to positive
cations (Gulamhussein et al., 2020). SMI is a polymer that is acid compatible; able to produce

SMI lipid particles (SMILPs) from pH 5-7.8 and insensitive to divalent cations up to at least
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100 mM (Hall et al., 2018). Solubilisation trials were performed to understand the effect of

polymer type and polymer hydrophobicity on hNTR1 extraction.

3.2.1 Comparison of SMA, SMI and DDM for the Extraction of hNTR1

The solubilisation of hANTR1 expressed in E. coli using SMA, SMI and the detergent DDM
was tested and analysed by Western blot (Figure 3.3). Anti-His and anti-NTR1 antibodies

were used to identify the hNTRI.

The red boxes on the Western blot images shown show where a protein the size of the hNTR1
monomer (46 kDa) or dimer (92 kDa) may appear. The strongest bands on the Western blots
are at the expected sizes in the soluble fraction of SMA-solubilised membranes. These data
suggest that SMA was the best solubilisation agent at the tested concentrations, as indicated
by the intensity of the bands representing hNTR1 in the soluble fractions. Nearly 100% of
hNTR1 was present in the soluble fraction compared to the insoluble fraction when
solubilising with SMA. DDM was the second-best solubilisation agent followed by SMI.
Nearly 100% of hNTR1 was present in the insoluble fraction compared to the soluble fraction
when solubilising with SMI. This showed that SMI was incapable of solubilising hNTR1 in

the tested conditions.
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Figure 3.3: Western blots showing of results of a solubilisation trial comparing two polymers and the detergent DDM.
2.5% (w/v) SMA, 2.5% (w/v) SMI or 2% (w/v) DDM were incubated with hNTR1 expressing membranes for 2 hours at RT.
Soluble (sol) and Insoluble (insol) fractions were, separated by centrifugation at 100 000 x g. Western blots were probed
with two different antibodies: anti-NTR1 (A) and anti-His (B). The red boxes indicate the area where hNTRI would run as a
monomer or dimer. SDS-PAGE was performed on a 4-20% gradient acrylamide.

Differences in the density of the bands between the anti-NTR1 probed Western blot and the
anti-His probed Western blot are most likely due to different abilities of different antibodies to
bind to and detect the chosen protein. The lack of bands at a MW lower than 46 kDa
suggested that hNTR1, once encapsulated was resistant to proteolytic degradation. Taken
together, these data show that ANTR1 can be successfully solubilised with SMA and DDM.
However, the low intensity bands suggest the concentration of hNTR1 in the soluble fractions

was low.
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3.2.2  Understanding Effect of Polymer Hydrophobicity on Solubilisation Efficiency of WT

hNTRI1

Having established that SMA and DDM could successfully solubilise hNTR1, it was
hypothesised that the relative hydrophobicity of SMA and SMA-like polymers could
influence solubilisation efficiency. This hypothesis could be tested using a library of polymers
with varied relative ratios of hydrophobic and hydrophilic monomers. Such polymers were
made available in collaboration with the Klumperman Group. A series of polymers, called the
BzAM series, has the same size distribution but different levels of substitution of a
hydrophilic moiety to a hydrophobic moiety. The higher the degree of substitution, the more
hydrophobic the polymer. The structure of a BZAM series polymer is shown in Figure 3.4.

These polymers were produced by Dr Gestél Kuyler.

o) 0
T T v
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Figure 3.4: Chemical structure of a BzAM series polymer.
The monomer in section a is N-benzyl maleimide, the monomer in section b is styrene and
the monomer is section c is maleic acid.

Production of BZAM polymers was carried out at the University of Stellenbosch using a two-
step process. Firstly, RAFT polymerisation was used to produce a SMA polymer with a 1:1
ratio of styrene to maleic acid, where all polymers produced were the same length. Secondly,
a percentage of the maleic acid monomers were chemically modified to a more hydrophobic

moiety: N-benzyl maleimide. Modification of a maleic acid monomer by the addition of a
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benzyl ring produced a monomer more comparable to styrene than maleic acid. The higher the

percentage of maleic acids that were modified, the more hydrophobic the polymer.

Figure 3.5 shows the soluble fraction following a solubilisation trial comparing 8 polymers
from the BZAM series to SMA and DIBMA. The number of each BZAM polymer represents
the fraction of maleic acid monomers that have been chemically modified. The red boxes on
the Western blot images show the position where a protein the size of the ANTR1 monomer
(46 kDa) or dimer (92 kDa) may appear. The intensity of bands in the red boxes represents the

concentration of hNTR1 in the soluble fraction and therefore solubilisation efficiency of each

polymer.
BzAM Series
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Figure 3.5: Solubilisation trial comparing the BzAM polymer series to SMA and DIBMA.

Western blot showing soluble fraction of hNTRI expressing membranes solubilised with 2.5% polymer
and the membranes diluted in 2-fold. SDS-PAGE was performed on a 4-20% gradient acrylamide gel.
Arrow shows the increase in hydrophobicity of the BzAM series polymer. Red boxes indicate area where
hNTRI would run as a monomer or dimer. After transfer of protein to a nitrocellulose membrane, Western
blot was probed with anti-NTR1 antibody.
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Three of the polymers in the BZAM series had better solubilisation efficiency than SMA:
0.30, 0.35 and 0.4. These polymers had a similar percentage of hydrophobic residues to the
SMA, which has two styrene residues for every maleic acid. DIBMA was the least effective
solubilisation agent in this comparison.

The white band at approximately 140 kDa is likely due to overexposure in which the ECL
reaction is completely exhausted (Mahmood and Yang, 2012). The higher-order oligomers
could be due to disulphide bonds forming between the hNTR1, that were not able to be
reduced by LDS sample buffer. The use of an anti-NTR1 specific antibody provided

confidence that these bands were due to solubilised hNTR1 and not due to E. coli proteins.

Overall, the solubilisation trials showed PoLiPa are a good tool for the solubilisation of WT,
full-length hNTR1. An improvement of the solubilisation efficiency of DIBMA was achieved
by a higher concentration but even at the highest concentration tested (6.5% w/v), the
concentration of extracted hNTR1 was lower than 1.5% w/v SMA (Appendix 1.1). Given that,
SMA 2:1 performed well in the solubilisation trials and was an accessible and cost-effective

method of solubilisation, purifications of ANTR1 in a SMALP were attempted.

3.3  IMAC Purification of hNTR1 using PoLiPa Technology

Purifications of SMA-solubilised hNTR1 were attempted using IMAC as previously
described (Lee et al., 2019). IMAC resins contain immobilised metal ions which have an
affinity for histidine residues. They can be used to selectively bind His tagged proteins. To
improve the binding efficiency of proteins solubilised with the SMALP method, it is
conventional to allow binding to occur overnight at 4°C (Lee et al., 2016). A His tag is a
small, easily added tag which is unlikely to affect the function of the protein (Bornhorst and
Falke, 2000). IMAC purification is relatively cheap and fast compared to other affinity

purification methods (Magnusdottir ez al., 2009). One major disadvantage of IMAC
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purifications is the co-purification of proteins with cysteine- and histidine-rich regions
(Bolanos-Garcia and Davies, 2006). This section aims to identify whether IMAC purification
is a suitable method for purifying polymer-solubilised hNTR1. Three IMAC purifications of
different starting material were compared: SMA-hNTRI1 expressing E. coli membranes;
DIBMA-hNTRI1 expressing E. coli membranes and SMA-solubilised E. coli membranes with

no recombinant expression.

3.3.1 IMAC Purification of SMA-hNTRI1 Expressing E. coli Membranes

Samples were taken of the flow-through (FT) to show material that did not bind to the resin.
However, the FT lanes appear heavily smeared due to the polymer in the sample. The resin
was washed with buffer (BW), then 20 mM imidazole (IW20), then 40 mM imidazole
(IW40). The imidazole washes allowed protein with a low affinity for the resin to be
collected. The elution fractions (E1-E8) show protein products that had a high affinity for the

resin that was eluted using a 500 mM imidazole concentration.
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Figure 3.6: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from hNTR1
expressing membranes solubilised with 2.5% (w/v) SMA.

Purple Boxes indicate bands which were excised for MS analysis. Red Boxes indicate where bands
of the hNTR1 dimer and monomer are expected to appear. Flow through (FT), Buffer wash (BW),
20 mM and 40 mM imidazole washes (IW20 and IW40) and 8 elution fractions (E1-ES8) were
analysed on a 4-20% gradient acrylamide gel and stained with Coomassie stain.
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Figure 3.6 shows a purification of hANTR1 solubilised with SMA. The primary band in the
elution fractions appeared between 40-50 kDa at the expected hNTR1 monomer size. A band
also appeared at approximately 110 kDa close to where the hNTR1 dimer had appeared in
previous Western blot analysis. At first, it was suggested that hNTR1 in its monomer and
dimer form were successfully bound and eluted from the resin. However, MS Proteomics
analysis of the band at 110 kDa, 45 kDa and 35 kDa did not identify hNTR1. When
comparing identified peptides from the excised bands at 110 kDa, 45 kDa and 35 kDa to a
protein database, a list of E. coli proteins identified them as likely contaminants, shown in
Table 3.1. Acriflavine resistance B (AcrB) is a common contaminant in membrane protein
purifications (Veesler et al., 2008). Unfortunately, this size of AcrB (110k Da) was close to
the expected size of dimeric hNTR1. AcrB has been successfully investigated using SMALP

technology previously (Postis et al., 2015).

Table 3.1: MS Proteomics Analysis of Three Bands excised in the SDS-PAGE gel analysing the first
Elution Fraction of an IMAC purification Attempting to purify SMA-hNTRI.

Band excised Identified Protein Hit Coverage | Unique Peptide- Amino MW

from Gel (Accession number) (%) Peptides spectrum | Acids (kDA)

(Figure 3.6A) match

score

110 kDa Multidrug efflux pump subunit 48 45 266 1049 113.5
AcrB (P31224)

110 kDa 2-oxoglutarate dehydrogenase E1 55 46 152 933 105
component (POAFG3)

45 kDa Cytochrome bo(3) ubiquinol 21 16 78 663 74.3
oxidase subunit 1 (POABIS8)

45 kDa Glycogen synthase 40 16 33 477 52.8
(POAGUS)

45 kDa ATP synthase subunit beta 54 18 27 460 50.3
(POABB4)

45 kDa Elongation factor Tu 1 48 13 19 394 433
(POCEA47)

45 kDa ATP synthase subunit alpha 42 17 19 513 55.2
(POABBO0)

45 kDa Glutamine synthetase 41 14 16 469 51.9
(POA9CS)

45 kDa Zinc/cadmium/lead-transporting P- | 26 15 54 732 76.8
type ATPase (P37617)

45 kDa Putative Lon protease homolog 24 10 10 586 65.8
(P75867)

35kDa Cytochrome bo(3) ubiquinol 62 12 93 315 34.9
oxidase subunit 2 (POABJ1)
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3.3.2. IMAC Purification of DIBMA-Solubilised hNTR1 Expressing E. coli Membranes

IMAC purification of membranes expressing hNTR1 solubilised with DIBMA produced an
impure elution with a large variety of bands, including bands at the size of the identified
contaminants in Table 3.1 (110 kDa, 45 kDa and 35 kDa). Low-abundance protein targets are
more likely to have contamination issues due to a larger relative concentration of E. coli
proteins with histidine- and cysteine-rich regions (Bolanos-Garcia and Davies, 2006). Low
MW E. coli proteins also interfere with the binding capacity of the IMAC resin (Magnusdottir

et al.,2009).
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Figure 3.7: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from hNTR1
expressing membranes solubilised with 2.5% (w/v) DIBMA.

Red Boxes indicate where bands of the hNTR1 dimer and monomer are expected to appear. Flow
through (FT), Buffer wash (BW), 20 mM and 40 mM imidazole washes (IW20 and IW40) and 8 elution

fractions (E1-E8) were analysed on a 4-20% gradient acrylamide gel and stained with Coomassie
stain.

3.3.3. IMAC Purification of SMA-solubilised E. coli control membranes

E. coli cultures that were not transformed with a plasmid were taken through the steps of
SMA solubilisation and IMAC purification as a control. When no histidine-tagged protein is
expressed, a variety of cysteine and histidine-rich proteins from the host bind to the Ni-NTA

resin, as shown by the bands in the elution fractions of the SDS-PAGE gel in Figure 3.8. This

75



SDS-PAGE gel was useful for showing bands that are likely to be from the host rather than
the protein being recombinantly expressed in the host. This included the common major bands
at approximately 110 kDa, 45 kDa and 35 kDa. These are likely to be the same E. coli
proteins identified by MS analysis. Unfortunately, the 110 kDa and 45 kDa contaminant bands

are close to the expected size of monomeric and dimeric hNTR1 (shown in the red boxes).
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Figure 3.8: SDS-PAGE analysis of an IMAC purification using Ni-NTA resin from E. coli
membranes with no recombinant expression membranes solubilised with 2.5% (w/v) SMA.

Red Boxes indicate where bands of the hNTR1 dimer and monomer are expected to appear. Flow
through (FT), Buffer wash (BW), 20 mM and 40 mM imidazole washes (IW20 and IW40) and 5 elution

fractions (EI1-E5) were analysed on a 4-20% gradient acrylamide gel and stained with Coomassie
stain.

Contamination is a common phenomenon associated with affinity purification. A repository of
typical contaminants called ‘the CRAPome’ contains proteins identified post-affinity
purification by mass spectroscopy (Mellacheruvu et al., 2013). The database is focused on
eukaryotic cell lines and is not specific to membrane proteins. The highly cited database
shows the benefit of understanding the drawbacks of certain purification techniques. It is
likely that due to low expression of hNTR1, there was not enough SMA-hNTRI to out-
compete the cysteine and histidine-rich E. coli proteins that have an affinity for the resin.
Previously, research into common E. coli protein contaminants has focused on soluble

proteins (Bolanos-Garcia and Davies, 2006). However, these gels and mass spectrometry
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analysis (Table 3.1) give an insight into common SMA- or DIBMA-extracted membrane
protein contaminants. The lipids and polymer may have the capability to block or reduce the
affinity of a His tag to Ni-NTA resin. More information about how to improve IMAC
purifications when polymers have been used for solubilisation could be useful for future
membrane protein production. Miiller ef al. proposed a method for utilising a His tag twice by
doing an anti-His immunoaffinity purification post-IMAC as a tool for reducing the
contamination (Miiller et al., 1998). Optimizing IMAC purification by making changes to the
binding buffer, resin, washes and elution can also impure purity and yield (Bornhorst and
Falke, 2000). It was decided that initial expression was too low to warrant extensive

optimisation.

3.4  Identification of hNTRI1 in Elution Fractions Post-IMAC Purification

E. coli protein contamination of IMAC elution fractions meant the presence of hANTR1 in the
IMAC elution was not confirmed by SDS-PAGE or MS analysis. To test if any SMA-hNTR1
was purified by IMAC, the elution fractions were concentrated and analysed by Western blot
(Figure 3.9). There was a band at approximately 100 kDa and 46 kDa reflecting the likely
presence of the hNTR1 monomer and dimer. A band between 15-20 kDa was also visible. As
the Western blot was probed by the anti-NTR1 specific antibody which has affinity of the N-
terminus of NTR1, the band was likely representative of a fragment of hNTR1 that included
the N-terminal region. This could indicate a loss of protein to fragmentation and instability

during the IMAC purification or concentration process.
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Despite a contamination issue, some SMA-hNTR1 was purified on IMAC. This justified
further downstream processing of the impure hNTR1 sample. Downstream processing of the

post-IMAC DIBMA solubilised protein product was also performed to give a comparison to

SMA -solubilised material.
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Figure 3.9: Western blot of concentrated elution fractions from a
IMAC purification of hNTR1 solubilised with SMA.

SDS-PAGE performed on 4-20% acrylamide gel. anti-NTR1 antibody
used to probe WB.

3.5 SEC of the Protein Product after IMAC Purification

Membrane proteins solubilised with the SMALP method have typically been purified by
IMAC purification followed by SEC (Lee et al., 2016). SEC separates proteins by gel
filtration: particles with a larger hydrodynamic radius flow through the column quicker than
smaller particles (Hong et al., 2012). This section aims to investigate how the proteins
solubilised with the SMA and DIBMA could be separated by SEC using a Superdex 200

Increase column and assess how SEC could aid SMA-hNTRI1 purification.

Figure 3.10 shows how the protein samples post-IMAC purification were separated by SEC.

The void volume for the column is 8 mL; this accounts for the volume of buffer that flows
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through the column before any protein can be detected. Immediately after this volume, large
aggregates of protein may elute. These may be too large to permeate into the acrylamide gel.
Most of the protein in both samples was detected in the 8-12 mL elution volume, as shown by
the peaks on the SEC absorbance traces (Figure 3.10A). The Superdex 200 Increase has the
capacity for high-resolution analysis of globular proteins from 10-600 kDa (Cytiva, 2020). A
standard protein, Ferritin, a 440 kDa soluble protein, should be detected after a 10 mL elution
volume (Cytiva, 2020). The proteins encapsulated in a PoLiPa eluted similarly to large
globular proteins, likely because of the increase in the hydrodynamic radius of the particle

associated with a nanodisc.
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Figure 3.10: SEC of hNTR1 protein samples post-IMAC purification.

(A) Absorbance trace showing the absorbance reading as proteins eluted off Superdex 200 Increase column
and comparison of the use of SMA and DIBMA as a solubilising agent.

(B) SDS-PAGE gel of elution fractions of the SMA-solubilised protein sample

(C) SDS-PAGE gel of elution fractions of the DIBMA solubilised protein sample. SDS-PAGE analysed on 4-
20% acrylamide gel.
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When the SMA-hNTR1 sample was analysed by SEC, the absorbance trace showed three
poorly resolved peaks between elution volumes 8.5-12 mL. The SDS-PAGE analysis of
elution fractions showed that the major bands that were present after IMAC purification,
notably at approximate sizes 110 kDa, 45 kDa and 35 kDa, were present in all the 8.5-12 mL
elution fractions (Figure 3.10B). The MWs of the bands on the SDS-PAGE gel do not
correlate with the elution volume. This showed that SEC using a Superdex 200 Increase

column cannot purify SMA-hNTRI from a contaminated sample.

When the DIBMA-solubilised post-IMAC protein product was analysed by SEC, the
absorbance trace showed two poorly resolved peaks between the elution volumes 8-11.5 mL.
The slight shift to the left of the absorbance trace may be because DIBMA lipid particles
(DIBMALPs) are reportedly larger than SMALPs (Gulamhussein et al., 2020). The SDS-
PAGE gel in Figure 3.10C showed the proteins in each elution fraction. Bands were visible at
approximately 45 kDa and 35 kDa in the elution fractions between 8-10 mL. The density of
these bands decreases and there was an increase in intensity of protein bands between 100-
140 kDa in the elution fractions between 10 mL and 12 mL. This indicates that the second
peak of the SEC absorbance trace, between 9.5 mL and 11.5 mL, had a larger concentration of
higher MW proteins compared to the first peak. This may seem counterintuitive as SEC
should elute larger proteins first. This provides evidence that the size of a PoLiPa can be
unrelated to the size of the proteins encapsulated. Some reasons for this could be that multiple
proteins are being encapsulated into the same PoLiPa or particles could be sticking together.
In the elution fractions between 14-14.5 mL, two protein bands between 25 and 15 kDa are
visible on the SDS-PAGE gel. These could be protein fragments that are not encapsulated in a

DIBMALP.
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3.6 SMA-PAGE and DIBMA-PAGE Analysis of hNTR1 Oligomerisation

SMA-PAGE or DIBMA-PAGE is a type of native-PAGE that uses the charge of the SMA or
the DIBMA to separate SMALPs or DIBMALPs through acrylamide gel without any
denaturing agent (Pollock et al., 2019). To understand further the peaks on the SEC
absorbance trace, fractions containing protein were separated using SMA-PAGE and DIBMA-
PAGE to see if different-sized particles could be distinguished. When comparing SMA-PAGE
bands to a native marker, SMA-solubilised proteins should appear at a similar size to the

MWs of the encapsulated protein.

After SEC analysis of the SMA-solubilised protein product, the elution fractions between
volumes 8-12 mL were analysed by SMA-PAGE. The SMA-PAGE gel (Figure 3.11A) shows
three bands between 100 kDa and 720 kDa upon comparison to the native marker. These
could represent three different particle sizes which would be reflective of the three peaks on
the SEC absorbance trace. The particle sizes overlap across the elution fractions, which
suggests that the peaks on the SEC absorbance trace are poorly resolved. The soluble fraction
of SMA-hNTRI1 expressing E. coli membranes was sampled before IMAC purification and
was analysed by SMA-PAGE but showed no clear particle sizes. The sample of concentrated
fractions post-IMAC and the sample of the concentrated elution fractions post-SEC look

similar, indicating most of the protein was eluted within the elution volume 8-12 mL.
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Figure 3.11: SMA- or DIBMA-PAGE of Post-IMAC Post-SEC samples.

(A) SMA-PAGE gel showing elution fractions post-SEC and for SMA-hNTR1 protein product.
(B) Western blot of SMA-PAGE gel using anti-his Antibody.

(C) DIBMA-PAGE gel showing elution fractions post-SEC and for SMA-hNTR1 protein product.
(D) Western blot of DIBMA-PAGE gel using anti-his Antibody. Other samples analysed by SMA- and DIBMA-

PAGE shown are the soluble fraction pre-IMAC purification (SOL), the concentrated protein sample post-IMAC

purification (pre-AKTA) and the concentrated elution fractions post-SEC (concentrated 8-12ml).
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Elution fractions between volumes 8.5 mL to 10 mL were analysed by SMA-PAGE and
Western blot (Figure 3.11B). The Western blot showed a similar pattern to the Coomassie-
stained SMA-PAGE; however, the smallest particle size had the largest band intensity. This
indicated that hANTR1 was encapsulated into a SMALP and was eluted at 10 mL volume. The
hydrodynamic radius of this particle was equivalent to a globular protein of approximately
125 kDa (Cytiva, 2020). The less intense, smeared bands between 8.5 mL and 9.5 mL may be
due to a lower concentration of hANTR1 or less availability of the His tag to bind the anti-His

antibody for detection.

After SEC analysis of the DIBMA-solubilised protein product, the elution fractions between
volumes 8 mL and 12 mL were analysed by DIBMA-PAGE. In elution fractions between 8
mL and 10.5 mL, the DIBMA-PAGE gel (Figure 3.11C) showed two bands between the 242
kDa and 480 kDa upon comparison to the native marker. These could represent two different
particle sizes which would be reflective of the two peaks on the SEC absorbance trace.
Between the elution volumes of 8 mL and 8.5 mL, a protein band showed material that was
not able to migrate into the gel. This is likely aggregated material which eluted from the SEC
column immediately after the void volume. This showed the largest DIBMALPs could not be

separated from these aggregates with a Superdex 200 column.

The elution fraction between the volumes 8.5 mL to 10 mL was analysed by DIBMA-PAGE
and Western blot (Figure 3.11B). The Western blot showed a possible band in the concentrated
elution fractions post-IMAC (Pre-AKTA) sample. However, due to the smearing on the
Western blot, the DIBMA-PAGE does not provide a clear confirmation of the presence of a

His tagged protein.
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Figure 3.11 showed the SMA-PAGE and DIBMA-PAGE gels have bands at much larger
predicted MWs than the size of hANTR1 or the contaminants shown on an SDS-PAGE gel.
Pollock et al suggested that SMA-PAGE could closely estimate the MW of the SMALP
encapsulated protein (Pollock et al., 2019). This further suggested that multiple proteins are

encapsulated within the same PoLiPa or that multiple particles are sticking together.

3.7  Excision of SMA-PAGE and DIBMA-PAGE Bands for SDS-PAGE

To test the theory that multiple proteins are being encapsulated within the particles of one
size, the bands from the SMA-PAGE gels and DIBMA-PAGE gels were excised, vortexed and
sonicated with LDS-sample buffer. The denatured sample was re-analysed on an SDS-PAGE
gel and silver stained to detect proteins at a low concentration (Figure 3.11). The SEC fraction
collected after a 10.5 mL elution volume generated two bands from SMA-PAGE analysis.
These were excised and analysed by SDS-PAGE separately (labelled 10.5 Upper and 10.5
Lower). The DIBMA-PAGE excised samples were stained for longer to detect lower

concentrations of proteins hence the darker colour of the gel.
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Figure 3.12.: Silver stained SDS-PAGE gel of bands excised from SMA-PAGE (left) or DIBMA-
PAGE (righy).

After the SMA-solubilised protein sample was eluted from SEC, the elution fraction at 10.5mL had two
bands on visible on a gel analysed SMA-PAGE analysis. These were excised separately and labelled
10.5 Upper and 10.5 Lower. SDS-PAGE analysed on 4-20% gradient acrylamide gel.

Major contaminant bands at approximately 45 kDa and 35 kDa, which have been consistently
appearing in post-IMAC samples were visible in all the SMA-PAGE and DIBMA-PAGE
excised samples. A band at approximately 110 kDa, likely the E. coli protein AcrB as
previously identified by MS analysis, was also visible. All the bands excised from the

DIBMA-PAGE gel look similar, despite the two different sized bands excised.

Overall, the SDS-PAGE analysis showed a heterogeneous sample of proteins including the
consistent contaminant bands. This gave more evidence that the particle sizes identified by
SEC and SMA-/DIBMA-PAGE are representing clumps of SMALPs or DIBMALP or that
multiple proteins are encapsulated within the same SMALP or DIBMALP. Use of a Superdex

200 Increase column was deemed an inappropriate method for removing contaminants from
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PoLiPa samples. Despite the identification of different-sized particles, a variety of different-
sized proteins appeared to co-elute at the same volume. This research questions the purity of a
single fraction, as several SMA-solubilised proteins were eluted at the same volume,

seemingly from the same sized particle.

3.8 Conclusion

This chapter has provided insights into how a GPCR with no stabilising mutations or fusion
proteins could be expressed in E. coli and extracted by PoLiPa technology. Although SMA
was shown to be a good solubilising agent, the complications of purifying a low-expressing
membrane protein prevented the production of a pure sample. It was decided that this protein
construct was too low yielding to warrant an extensive optimisation of the process. Despite
the challenges of low expression and contaminated purification products, this construct was
able to give valuable insights into solubilisation agents, purification methods and
contamination problems. The impure hNTR1 product was still useful for sensitive ligand

binding experiments such as FTS, discussed later in Chapter 8.

These experiments provided a good starting point to produce other GPCRs in E. coli and other

purifications of GPCRs in a PoLiPa. This project continued to investigate GPCRs fused to

MBP, as discussed in Chapter 4.
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CHAPTER 4: MBP FUSED GPCR EXPRESSION IN E. COLI:
PRODUCTION AND CHARACTERISATION OF MBP-FUSED
rNTR1 USING POLIPA

4.1 Introduction to MBP Fusion Proteins

The results in Chapter 3 show that SMA can be used to solubilise a low-expressing, WT
GPCR. However, it was recognised that to achieve a pure protein product after solubilisation
with amphipathic polymers, a higher level of expression would be required. Literature review
showed that successful expression of GPCRs in E. coli consistently required conjugation of
the GPCR to other peptides (Kim et al., 2023). One such modification is maltose binding
protein (MBP) fusion which is regularly used to aid recombinant expression in E. coli
(Lebendiker and Danieli, 2011). MBP is a soluble E. coli protein which has been theorised to
improve correct folding and solubility, prevent aggregation, and aid localisation of membrane
proteins into the plasma membrane (Raran-Kurussi and Waugh, 2017). A mammalian version
of MBP has even been used to improve protein expression in mammalian cell lines (Bokhove

etal., 2016).

A concern with the addition of a fusion protein is the possibility of structural changes to the
WT protein. 24 cases of proteins fused to MBP have had their structures compared to those of
the unfused protein; these showed close agreement between the paired structures with only
minor differences, most commonly occurring near the fusion point with little alteration of the
overall structure (Waugh, 2016). Having attempted purification of a WT GPCR with no fusion
protein, it was decided the MBP-fusion approach would have a higher probability of

producing pure GPCR encapsulated in a PoLiPa.
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Grisshammer and Henderson have previously developed plasmids for the expression of three
MBP-fused GPCRs that use a pRG vector backbone (Tucker and Grisshammer, 1996). These
plasmids were purchased from Addgene after deposition from the Richard Henderson Lab.
These plasmids allowed the expression of INTR1 (rat NTR1), human adenosine receptor 2
(A2AR), and human cannabinoid receptor 2 (CB2). Figure 4.1 summarises the truncations,
fusion proteins and tags of these GPCRs, which have been previously expressed successfully

in E. coli.

MBP MBP MBP

TrxA -ecececceceee

Rat NTR1 Human A2AR Human CB2
¢ First 43aa truncated e Last 96aa truncated ¢ Full Length
¢ Fused to TrxA ¢ 10x His tag e 6x His tag
e 10x His tag e FLAG tag

Figure 4.1: Cartoon summarising of characteristics of MBP fused GPCRs in which expression was tested.
Includes fusion proteins, truncations, and affinity tags.

These constructs provided the opportunity to investigate multiple GPCRs and different
purification methods. This project aimed to investigate how PoLiPa technology could aid the

solubilisation and purification of three MBP-GPCR fusion proteins expressed in E. coli.

It was hypothesised that in the same expression conditions, the MBP-fused GPCRs would be
expressed at a higher level than the hNTR1. This would provide validation for a more in-
depth investigation into expression with the pRG constructs. The characteristics of the pRG
construct are shown on the plasmid map in Figure 4.2. The MBP is fused via the N-terminus
of the GPCR. The pRG vector used a lac operon system as a method of inducible protein

expression, like the pET-21a(+) vector used to express hNTRI.
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Figure 4.2 : Plasmid map showing the key characteristic of the pRG
vector used to express MBP-fused GPCRs in E. coli.

4.2  Comparison of MBP-fused GPCR Expression to hNTR1 Expression in E. coli

Each protein was expressed under the same conditions as hNTR 1. The intensity of the bands
in Figure 4.3 represents the concentration of His tagged protein; in homogenized membranes
of E. coli expressing each GPCR (Raw Membranes), solubilised with SMA (Soluble) and

unable to be solubilised with SMA (Insoluble).

No band is present near the expected mass of hNTR1 (40-50 kDa), in the homogenised
membranes of E. coli induced to express hNTR1 (Figure 4.3). The expression level was likely
too low to be detected at the exposure level used. There is an unusual darkening effect on the
background around 100 kDa that appears in all the lanes. This was likely an artefact caused by
the transfer process (Mahmood and Yang, 2012). There was smearing in the lower half of the
lanes in the soluble fraction of all four proteins likely to be caused by non-specific binding to

residual SMA polymer.
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Figure 4.3: Expression Comparison of four GPCRs expressed in E. coli by Western blot analysis.

Homogenised membranes (left) of E.coli expressing a GPCR expressing one of four GPCRs: hNTR1, rNTRI, A2AR. CB2
were analysed, as well as the soluble fraction (middle) and insoluble fraction (right) of the homogenised membranes after
2.5% (w/v) SMA solubilisation. Red boxes show where a protein of the predicted MW of protein of interest would appear.
Samples were separated using a 4-20% polyacrylamide SDS-PAGE gel and probed using an anti-His antibody.

The expected mass of MBP-fused rNTR1, hereby referred to as INTR1, is 99 kDa, as
calculated from its primary sequence. A band close to this expected mass was present in the
homogenised membranes of E. coli induced to express INTR1 (Figure 4.3). Two higher-order
bands also appeared at a higher intensity which could represent dimers and higher-order
oligomers of INTR1 (a common artefact in SDS-PAGE separations of membrane proteins).
All three of these bands were also visible in the soluble fraction. The monomer band was
more intense after solubilisation whereas the intensity of the higher-order bands was lower
after solubilisation. No bands were visible in the insoluble fraction indicating the

concentration of INTR1 that was not solubilised was too low for detection.
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The expected mass of MBP fused A2AR, hereby referred to as A2AR, as calculated from its
primary sequence, is 79.5 kDa (Figure 4.3). A band close to this expected mass was present in
the homogenised membranes of E. coli induced to express A2AR. A second band was visible
slightly below the band expected to be monomeric A2AR. This suggested some proteolytic
digestion. No bands appeared in the insoluble fraction indicating the concentration of A2AR

unable to be solubilised with SMA was too low for detection.

The expected mass of MBP fused CB2, hereby referred to as CB2, as calculated from its
primary sequence is 85 kDa. In homogenised membranes of E. coli induced to express CB2,
there is a large smear and a possible band at the expected size of CB2 (Figure 4.3). It is likely
that the CB2 concentration was too high and caused overloading. The presence of bands that
may represent a monomer, dimer, and higher-order oligomers of CB2 are distinguishable in
the SMA-solubilised fraction. Two bands expected to represent CB2 oligomers were visible
after analysis of the insoluble fraction. The bands representing the CB2 have a higher

intensity than other GPCRs.

This Western blot showed that the MBP-fused GPCRs were expressed to a higher level in E.
coli than the WT unlabelled hNTR1 construct. There was a large variation in protein
concentration between the MBP-fused GPCRs. The order of best to worst expressed could be
summarised as CB2 = rNTR1 = A2AR = hNTRI1. This small expression and solubilisation
test gave evidence that MBP-fused GPCRs are a better investigative tool for the use of
PoLiPa technology. This warranted an in-depth investigation into the production of INTR1
and CB2. This chapter will now discuss the production and biophysical characterisation of
rNTR1 only. Chapters 5 will describe how CB2 was expressed, solubilised, purified and
characterised. Focus on rNTR1 and CB2 was due to the higher expression and less reported

uses of PoLiPa solubilisation.
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4.3  Introduction to Production of rNTR1

The rat version of NTR1 (rNTR1) was the first GPCR to be expressed in a prokaryote (Tucker
and Grisshammer, 1996). As GPCRs are an important but difficult-to-investigate protein class
and rNTR1 is one of the most successfully produced GPCRs, there has been significant
research into the structure and function of INTR1 (Abiko et al., 2021). The use of PoLiPa
technology for INTR1 characterisation was reported once when rNTR1 monomers or dimers
were encapsulated in an SMALP but no purification was performed (Dathe et al., 2019). In
this chapter, INTR1 was used as a model GPCR for an in-depth investigation of the benefits

and disadvantages of PoLiPa technology for GPCR production.

4.4  Optimisation of Expression of rNTR1 in E. coli

A series of small volume cultures under different conditions were performed to determine the
best conditions for INTR1 expression. The variables investigated included broth type, cell
line, IPTG concentration and expression time. Since the initial expression of INTR1 shown in
Tucker and Grisshammer (1996), INTR1 has been expressed in E. coli using the pRG vector

or modified version (Table 4.1).
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Table 4.1:

Summary of expression conditions previously used in the literature to express rNTR1

Plasmid Cell Line IPTG Conc | Expression Point of Expression Broth Reference
(E. coli) (mM) Temp (°C) induction Time
(hours)
pRG DHS5a 0.25 mM 22 OD 0.5 40 2xYT+0.2% | White et al
(W/v) (2004)
glucose + 67
pg/mL
ampicillin
PRG DH5a 0.5 mM 20 4-6 hours 40 2xYT+0.2% | Tucker and
after (W/v) Grisshammer
inoculation glucose + (1996)
100 pg/mL
ampicillin
pRG BL21(DE3) I mM 29 OD 0.5 Not specified | 2xYT + 1% Egloff PhD
(W/v) Thesis
glucose +50 | (2014)
pg/mL
ampicillin
pBR322 BL21(DE3) I mM 24 OD 0.5 20 2xYT+ Egloff et al
or or 0.3% (w/v) (2014)
28 16 glucose +
100 pg/mL
ampicillin.
pRG BL21(DE3) | 0.25mM 20°C OD 0.5 30 2xYT + Attrill et al
Or Al broth 0.2% glucose | (2009)
+ 100 pg/mL
ampicillin or
Al broth
4.4.1 Comparison of E. coli Strains

Identification of different serotypes of E. coli has led to the development of multiple strains.

Grisshammer and Tucker (1996) used E. coli DH5-a cells to produce rNTR1, but better cell

lines have been optimized for protein expression specifically. BL21(DE3) cells have been

modified for protease deficiency and reduced plasmid loss (Rosano and Ceccarelli, 2014). E.

coli strains have also been developed from the BL21(DE3) strain for toxic protein expression

specifically, such as C43(DE3) (Dumon-Seignovert et al., 2004). To determine the cell line to

use, a comparison of INTR1 expression using BL21(DE3) or C43(DE23) cell lines was

performed.

94




Figure 4.4 shows the Western blot analysis the of the cell lysate and cell lysate supernatant
samples which were used to compare rNTR1 expression in BL21(DE3) and C43(DE3) cell
lines. The intensity of the bands at the expected MW of INTR1 (99 kDa) indicated that more
rNTRI1 was expressed in C43(DE3) cells than in the BL21(DE3) cells. The INTR1 monomer
band was visible in the supernatant sample expressing INTR1 in C43(DE23) cells but not in

BL21(DE3) cells.

This experiment showed that an improvement could be achieved by expressing INTR1 in
C43(DE3) cells. This suggested INTR1 expression was toxic to the E. coli as modifications in

the C43(DE3) strain may helped circumvent toxic effects of expression (Dumon-Seignovert et

al., 2004).
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Figure 4.4: rNTR1 expression trial in two cell lines

10 mL samples of two cultures used to compare rNTRI expression using BL21 and C43(DE3) cell lines were taken after
overnight expression. Sample was lysed and centrifuged at 10000 x g. Western blot analysis of cell lysate and
supernatant samples separated using a 4-20% polyacrylamide SDS gel and probed using an anti-His antibody. The red
boxes indicate the expected MW of the rNTR1 monomer and dimer.

Production of a mammalian protein in a prokaryotic system is likely to be a large metabolic

burden therefore use of an appropriate cell line is beneficial for GPCR production
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(Pouresmaeil and Azizi-Dargahlou, 2023). The C43(DE3) cell line was used for further

expression of INTRI.

4.4.2 Comparison of Growth Media

All E. coli require vitamins and minerals, usually provided by yeast extract in growth media,

and a source of nitrogen, usually provided by tryptone in growth media. LB growth media is

the most used growth medium for E. coli but more nutrient-rich broths such as 2xYT or TB

may improve growth and expression (Kram and Finkel, 2015). TB contains glycerol as an

energy source, which results in a higher yield of bacterial biomass per volume. However, a

larger biomass with lower expression may cause more difficult purification steps when

moving forward. An expression trial was performed to understand which growth media was

optimal for INTR1 expression.
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Figure 4.5: rNTR1 expression trial comparing three different broth types.
100 mL of LB, 2xYT or TB growth media was inoculated with 1 mL of overnight culture and grown at 37 °C. At OD 0.6-0.8.
Temperature was lowered to 18 °C and cells and induced with 0.5 mM IPTG. 10mL samples were taken 3 hours and 5 hours
after induction and after overnight expression. Cells were centrifuged and resuspended in cell lysis buffer. A cell lysate
sample was taken, and the lysate was centrifuged again. Samples of supernatant were taken. Western blot analysis of cell
lysate (left) and supernatant (vight) samples separated using a 4-20% polyacrylamide SDS gel and probed using an anti-His
antibody. The red boxes indicate the expected MW of the rNTRI monomer and dimer.
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Western blot analysis indicated expression levels of INTR1 in different growth media (Figure
4.5). The cell lysate samples lacked clarity because crude cellular extracts contain a range of
compounds which could interfere with SDS-PAGE. Despite the inclusion of DNase in the
lysis buffer, nucleic acids cause high viscosity of the cell lysate sample. Despite smearing,
bands at the expected size of INTR1 were visible and bands likely representing dimers of
rNTRI1 were visible at approximately 198 kDa. The supernatant samples gave a clearer image
of which growth media supported the highest level of expression. The sample taken from cells
grown in LB broth after overnight expression showed the most intense bands representing the
rNTR1 monomer and dimer, indicating that INTR1 expression was higher in LB broth than

the two other growth media.

A higher concentration of INTR1 in comparison to other possible contaminating proteins can
aid purification downstream. LB broth has not been used to express INTR1 in E. coli
previously (Table 4.1). This demonstrates the benefit of performing expression trials to
understand the optimal conditions for the protein of interest. The use of LB Broth was

continued for the subsequent INTR1 expression.

4.4.3 Comparison of IPTG Concentrations and Lengths of Expression Before Harvesting

IPTG is a molecular analogue of allolactose, which inactivates a repressor of the lac operon
(William Studier et al., 1990). This initiates transcription of genes in the lac operon such as
rNTR1 in the pRG plasmid. IPTG concentration can have a large effect on protein
concentration: too high a concentration can cause a surge of expression that increases
misfolding and formation of inclusion bodies, while too low a concentration can reduce
transcription and protein yields. To optimise IPTG concentrations for expression of INTR1,

three IPTG concentrations were tested: 0.5 mM, 0.25 mM and 0.1 mM.
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Western blot analysis showed a band close to the predicted mass of INTR1 (99 kDa),
indicating rINTR1 was present in all cell lysate and supernatant samples except the sample
taken an hour post-induction (Figure 4.6). Higher-order bands that could represent oligomers
were also present, most notably a band suspected to represent an INTR1 dimer at
approximately 198 kDa. After 3 hours the 0.1 mM IPTG concentration appeared to have
higher expression of INTR1, shown by the higher intensity of monomer and dimer bands in
the cell lysate and supernatant samples. This is likely because the low IPTG concentration has
minimally affected E. coli growth. IPTG can inhibit growth and cell viability; IPTG itself also

has some toxicity but there was also an increase in metabolic burden due to increased protein

expression (Gomes et al., 2020; Larentis et al., 2014).
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Figure 4.6: rNTR1 expression trial comparing three IPTG concentrations and harvesting time points.
100 mL of growth media was inoculated with ImL of overnight culture and grown at 37 °C. At OD600 of
0.8, the temperature of the incubator was lowered to 18 °C and cells and induced with 0.5 mM, 0.25 mM or
0.1 mM IPTG. 10 mL samples were taken 4 hours after induction and after overnight expression. Cells
were centrifuged and resuspended in cell lysis buffer. Cell lysate sample was taken, and lysate was
centrifuged again. Western blot analysis of supernatant and cell lysate were separated using a 4-20%

polyacrylamide SDS gel and Western blot probed using an anti-His antibody. Red boves represent size of
expected rNTR I monomer and dimer.
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The bands with highest intensity appear in samples taken after overnight expression. In cell
lysate samples, the most intense monomer bands appear after induction with 0.5 mM IPTG.
However, after centrifugation, the intensity of the monomer band is depleted, in contrast to

the band representing dimeric INTR1. A proportion of the INTR1 detected in the cell lysate
could be inclusion bodies which would be removed by the centrifugation step.

The concentration of IPTG which was chosen for expression was 0.25 mM IPTG, given the
higher intensity of the bands supernatant sample compared to the other two IPTG

concentrations.

4.4.4 Comparison of Expression Temperatures

The temperature at which E. coli express protein and the time of expression before harvesting
cells can have a large impact on final protein concentration and protein quality (Francis and
Page, 2010). Some E. coli expression protocols require induction and expression at 37°C for
3-4 hours, whilst others require overnight expression at lower temperatures (Francis and Page,
2010). To compare expression time and temperature, before induction, four cultures were

incubated at three different temperatures (18°C, 25°C, 37°C).

A band at approximately 99 kDa, representing rNTR 1, was visible in cell lysate and
supernatant samples after Western blot analysis (Figure 4.7). In the supernatant sample, bands
representative of an NTR1 dimer (198 kDa) appeared at a higher intensity than the monomer
band. A band between 15 kDa and 25 kDa was also present which may represent a fragment
of INTR1 due to proteolytic digestion. The cell lysate samples do not give a clear indication
of protein concentration due to smearing, likely caused by nucleic acids, aggregated protein
and other compounds in crude cell extracts which can interfere with separation by SDS-

PAGE. The supernatant samples provide clearer bands of the suspected INTR1 monomer and
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dimer. At the time-point, 4 hours post-induction the cells incubated at 37°C appear to have the
best expression. However, after overnight expression, the cells incubated at 25°C or 18°C
have the best expression. There was a small variation in the intensity of the bands in the two
flasks which were incubated at 25°C after overnight expression. This shows the variability in

the expression of two separate cultures.
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Figure 4.7: rNTR1 expression trial comparing three expression temperatures and two harvesting time points.

Four cultures (100 mL) were with 1 mL of overnight culture and grown at 37 °C. At an OD600 of 0.6, flasks were moved to
different incubation temperatures (18 °C, 25 C, 37 °C). 10 mL samples were taken 4 hours after induction and after
overnight expression. Cells were centrifuged and resuspended in cell lysis buffer. Cell lysate sample was taken, and lysate

was centrifuged again. Samples of cell lysate (left) and supernatant (right) were separated using a 4-20% polyacrylamide
SDS gel and Western blot probed using an anti-His antibody.

It was decided that 18°C was optimum for INTR1 expression. Band intensity of the suspected
monomer and dimer was comparable to cells incubated at 25°C, however cell density was
lower at 18°C, suggesting there is higher expression per cell. It was decided that E. coli
biomass per litre was less important than expression level. An increase in INTR1
concentration and a decrease in endogenous bacterial protein concentration would be
beneficial to purification efficiency. This supports previous eukaryotic protein expression in

E. coli, which has been improved by low expression temperatures (San-Miguel et al., 2013).
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4.4.5 Expression of rNTRI1 in E. coli Summary

Expression optimisation led to the following chosen conditions for large-scale INTR1
expression: the use of C43(DE3) cells, LB Broth, 0.25 mM IPTG induction and overnight
expression at 18°C. Membrane preparations from rNTR1 expressing E. coli were performed

to allow membranes to be ready for solubilisation.

4.5  Solubilisation Trials of rNTR1 in E. coli

Detergent screens have been an important step in solubilisation of GPCRs to produce the most
efficient and stable extraction method (Rich et al., 2009). The use of polymers instead of
detergents should produce a more stable protein product, however, biophysical characteristics
of a polymer can affect its solubilisation efficiency in a protein-dependent way. Solubilisation
trials were performed to provide a comparison of different amphipathic polymers and to
understand which solubilisation agents have the most efficient extraction and stabilisation of
rNTRI. Three solubilisation trials were performed: a BZAM polymer series comparison, a
study of dependency of protein extraction on SMA concentration and a comparison of the

influence of arginine as an additive during SMA solubilisation.

4.5.1 Effect of Polymer Hydrophobicity on Solubilisation Efficiency of rNTRI and Comparison

of BzAM Series Polymers to SMA and DIBMA

To understand how polymer hydrophobicity affected solubilisation efficiency, polymers in the
BzAM series were included in the solubilisation trial. The stepwise increase in hydrophobicity
across the polymers in the series, whilst maintaining a controlled polymer length, made the

BzAM series a useful tool. It was hypothesised that INTR1 would be extracted from the bulk
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E. coli membrane efficiently by SMA and the more hydrophobic BZAM series polymers,

given its similar structure to hNTR1.
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Figure 4.8: Solubilisation trial showing comparison of BzAM polymer series to SMA and DIBMA.

Western blot showing soluble fraction of rNTRI1 expressing membranes solubilised with 2.5% (w/v) polymer. SDS-PAGE
was performed on a 4-20% gradient acrylamide gel. WB probed with anti-His antibody. Arrow shows the increase in
hydrophobicity of the BzAM series polymer. Red boxes indicate area where rNTRI would run as a monomer or dimer.

Figure 4.8 shows the Western blot analysis of the soluble fractions following a solubilisation
trial comparing the BZAM series polymers to SMA and DIBMA. Highest solubilisation
efficiency occurred when using a BZAM 0.4 polymer. Lower solubilisation efficiency
occurred when using less hydrophobic polymers. SMA and DIBMA extracted a comparable
concentration of INTR1 to the most hydrophobic BZAM polymers. The slight increase in
solubilisation efficiency did not warrant the use of the BZAM series downstream due to the

low availability and high cost of these polymers.
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4.5.2  Determining Optimal SMA Concentration

Having determined that SMA was one of the best polymers for INTR1 solubilisation, a
solubilisation trial was performed to determine how SMA concentration affected
solubilisation efficiency. Typically, 2.5% (w/v) SMA is used but it had been hypothesised that
this was an excessive concentration.
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Figure 4.9: Solubilisation trial comparison SMA concentrations (0-2.5% (w/v)).

Western blot showing the soluble fraction of rNTRI expressing membranes obtained by centrifugation (Raw Mems). SDS-
PAGE was performed on a 4-20% gradient acrylamide gel. Western blot probed with anti-His antibody. Red boxes indicate
the area where rNTR1 would run as a monomer.

Figure 4.9 shows a comparison of soluble fractions after INTR1 expressing E. coli
membranes were solubilised with eight different concentrations of SMA (0-2.5% (w/v)). The
intensity of the band at approximately 99 kDa represents the concentration of INTR1
monomer in the soluble fraction, highlighted by the red box. There was negligible difference
in band intensity when SMA concentrations were between 0.5% (w/v) and 2.5% (w/v). The
concentration of INTR1 was saturated in the soluble fraction after SMA solubilisation

compared to the membrane sample. When no solubilisation agent was used, the faint
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monomer band showed most of the INTR1 was insoluble and removed by centrifugation. The
smearing on the Western blot was likely due to excess SMA being separated by SDS-PAGE,
causing non-specific binding of the antibodies in the Western blot. The amount of smearing

correlated with the SMA concentration in each sample.

The solubilisation trial suggests that 0.5% (w/v) SMA is an appropriate concentration for
solubilisation of the INTR1 expressing E. coli membranes and additional SMA is excessive.
This was lower than the reported concentrations in the literature, where 2.5% (w/v) of the
same SMA sample extracted 74+2% of their target membrane protein (Swainsbury ef al.,
2017). Due to low expression of GPCRs, smaller concentrations of SMA for solubilisation
may be more appropriate. Using a smaller concentration of SMA may have helpful
applications; excess SMA in solution after solubilisation may affect purification steps

downstream.

4.5.3  Determining Inclusion of Arginine in SMA Solubilisation Buffer

The inclusion of arginine aids some purification methods and can improve protein stability
(Abe et al., 2009). Arginine has both hydrophobic and hydrophilic functional groups. Arakura
et al (2007) showed that arginine interacts with all amino acid side chains and peptide bonds
causing a reduction in both electrostatic and hydrophobic interactions. This suppresses protein
aggregation and protein-protein interaction (Arakawa et al., 2007). Limited research reports
how arginine may interact with SMA. To test whether the addition of arginine would affect
the solubilisation efficiency of SMA, a solubilisation trial comparing the inclusion of 20 mM

arginine in the solubilisation buffer was performed.
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Figure 4.10 compares the soluble fraction and insoluble fraction, when rNTR1 expressing E.
coli membranes were solubilised with SMA, with and without 20 mM arginine in the
solubilisation buffer. The intensity of the 99 kDa bands represent the concentration of INTR1

monomer in the sample. No bands were visible in the insoluble fractions.
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Figure 4.10: Solubilisation trial testing the inclusion of 20 mM arginine in the solubilisation buffer.

Western blot showing soluble and insoluble fractions of rNTR1 expressing membranes separated by centrifugation. SDS-
PAGE was performed on a 4-20% gradient acrylamide gel. WB probed with anti-His antibody. Red boxes indicate area
where rNTR1 would run as a monomer.

There was an increase in intensity of the monomer band and the addition of a possible dimer
band in the soluble fraction with no arginine. This suggests that arginine decreased SMA
solubilisation efficiency and if arginine was a beneficial addition to the buffer system for

purification steps downstream, then it was most efficient to add after the solubilisation step.

4.6  MBP Fusion Protein Purification of MBP-fused rNTR1 Expressed in E. coli

It was hoped that the MBP-fusion protein would provide an efficient tool for purification,
possibly yielding tNTR1 at a higher yield and purity than utilising the His tag. The MBP Trap
affinity purification method utilises the natural affinity of MBP for a-(1-4) maltodextrin

(Duong-Ly and Gabelli, 2015). It was hypothesised that the MBP fused to rINTR1 would be
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minimally affected by the lipid nanodisc due to its soluble hydrophilic nature. However,
nearly 100% of solubilised protein failed to bind the MBPTrap column and no protein was
eluted after the application of 10 mM Maltose solution (Appendix 1.2). Attempts to improve
the binding of the SMA-rNTR1 to the MBPTrap included overnight binding to the MBPTrap
(Appendix 1.3) and performing the MBPTrap purification as a second step after an IMAC
purification (Appendix 1.4). Unfortunately, neither method was successful at binding any

material to the MBPTrap.

It was decided that the use of MBPTrap was an inappropriate purification method for SMA-
rNTRI, as there was binding to Ni-NTA resin but not the MBPTrap. It was predicted IMAC

would be a more successful purification method.

4.7  Optimisation of rNTR1 Purification by IMAC

The optimization of the IMAC purification of INTR1 was performed, investigating variables
such as: the type of IMAC resin used, the concentration of the solubilised material, the buffer
system used, salt concentration and other additives to the buffer such as protease inhibitor

tablets, arginine and reducing agents.

4.7.1 Influence of Affinity Chromatography Resin Type

Several types of commercially available resins have different biophysical properties and
different chelating heavy metal ions. The optimal resin for IMAC purification can be protein-
specific (Bornhorst and Falke, 2000). Different immobilized metal matrices bind divalent
cations with different strengths: carboxymethyl aspartate (CMA) and NTA bind the divalent
cations with four coordination points, whereas IDA weakly binds divalent cations with three

coordination points (Bornhorst and Falke, 2000). The matrices are manufactured onto a cross-
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linked agarose bead support which can have different pore sizes and bead sizes depending on

the provider (Table 4.2).
Table 4.2: Summary of Four Different Resin Types used for IMAC purification and their Key
Characteristics
Resin Heavy Metal Chelating Matrix Binding Bead Size
Ion Agent Capacity pm
(mg protein
/mL
absorbent)
HisPurTM Ni- | Ni* NTA 6% beaded Static: 18 45 -165
NTA Resin agarose Dynamic: 60
(Thermo-
ScientificTM)
Ni-Sepharose Ni% NTA Highly cross- Dynamic: 40 Average 34
High linked 6%
Performance agarose
(Sigma-Alrich)
TALON Resin | Co? CMA 6% Cross- 5-15 45- 165
(Takara) linked agarose
IDA Protino Ni% IDA Information 10 Information

not available

not available

The polymer and lipids surrounding the protein may reduce the affinity of it’s His tag by

steric hindrance or interference with charge. The increased size of the PoLiPa may prevent

movement into the beads in the resin which could prevent access to binding sites. Ni-NTA has

been the standard resin used for IMAC purification of proteins solubilised with SMA (Lee et

al., 2016) since the development of SMALPs, but screening other chromatography resins

might offer advantages for different proteins. To test this, 4 different resins were compared to

assess which was most appropriate for the purification of the SMA-rNTRI1. A stepwise

increase in imidazole concentration was used to elute the bound protein. This helped

determine whether different resins could separate INTR1 and contaminant proteins based on

different levels of affinity, distinguishable by different imidazole concentrations. Data was

analysed to determine the optimal resin in terms of INTR1’s highest yield and purity.

107




IMAC purification performed with the Ni-NTA resin had the most contaminated 100 mM
imidazole elution fraction (Figure 4.11A left). There are visible bands at 110 kDa, 45 kDa,
and 35 kDa, identified as common contaminants when using this resin in Chapter 3. The 500
mM imidazole elution showed a single band, however a majority of the INTR1 eluted in the

100 mM and 250 mM imidazole elution fractions.
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Figure 4.11: Four rNTRI purifications using different IMAC resins.

rNTR1 expressing membranes were solubilised with 2% SMA diluted 2-fold after solubilisation before
incubation with resin overnight. Protein was eluted using stepwise increases in imidazole concentration (10,20,
50, 100, 250,500). Samples are each elution fraction and the flow through (FT) was analysed by SDS-PAGE
performed on a 4-20% gradient acrylamide gel. Red boxes show where the rNTR1 monomer would be expected
to appear.

(A) Purifications using Ni-NTA or Ni-Sepharose Resin.

(B) Purifications using TALON or IDA.
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SDS-PAGE analysis showed no protein was eluted from the Ni-Sepharose resin in the 50-500
mM imidazole elution fractions. (Figure 4.11A right). There is a band, likely to be INTR1 in
the 10 mM imidazole wash. This indicated that INTR1 was weakly bound to the resin.
Despite an improved purity compared to Ni-NTA resin, there are contaminants present

including bands at approximately 110 kDa and 140 kDa.

TALON resin which utilised a different heavy metal ion (Cobalt), also bound to rNTR1 with a
lower affinity than Ni-NTA; the band representing the INTR1 monomer was mostly detected
in the 10 mM elution compared to higher imidazole concentrations (Figure 4.11B left). This is
consistent with the lower affinity of Cobalt ions for histidine residues compared to Nickel
ions (Bornhorst and Falke, 2000). However, the 110 kDa band, likely the contaminant protein

AcrB as identified in Chapter 3, was present in the 10 mM and 20 mM imidazole fractions.

The use of Ni-IDA resin generated the purest product when comparing the four resins. A
single band was visible at the expected MW of rNTRI1 in the 100 mM, 250 mM and 500 mM
elution fractions (Figure 4.11B right). Near 100% purity of INTR1 was achieved from a single
purification step. Contamination appeared to be removed by a 10 mM imidazole wash. The
band at 99 kDa was confirmed to represent INTR1 by mass spectrometry analysis: 17

peptides unique to the INTR1 sequence were identified.

4.7.2  Confirmation of SMA-rNTR1 Purification Success by Western blot Analysis

Given previous issues with contaminant proteins appearing at the expected size, the identity
of INTR1 was confirmed by Western blot analysis using an anti-MBP antibody. Identification
of'a 99 kDa protein with anti-MBP from a Western blot would be sufficient evidence that the

full-length protein was able to be purified. The previous identification used an anti-His
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antibody, which binds to the C-terminus of INTR1, whereas the MBP is fused via the N-

terminus. Samples of the soluble and insoluble fractions were taken before the IMAC resin

screen.
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Figure 4.12: Western blot analysis of SMA-rNTR1 IMAC purification fractions
Soluble and insoluble fractions of rNTRI expressing membranes solubilised with 2% SMA separated by centrifugation were
analysed as well as fractions of IMAC purifications using IDA and TALON resin. SDS-PAGE was performed on a 4-20%

gradient acrylamide gel. Western blot was probed with an anti-MBP antibody. The red box indicates the area where rNTR1
would run as a monomer.

Figure 4.12 shows the Western blot analysis of these samples and the fractions of the IMAC
purifications using IDA or TALON resin. The bands represent protein in the sample fused
with MBP or MBP itself. The analysis of the soluble fraction showed four bands including a
primary band at the expected MW of tNTR1: 99 kDa. The band at approximately 198 kDa
was suspected to be a dimer of the INTR1. There were possibly higher-order oligomers
represented as well. These bands were present in the previous solubilisation trials in which the
Western blots were performed with an anti-His antibody. The MW of MBP is 42.5 kDa, a
band at approximately this size was visible in the soluble fraction in the flow through (FT) of

both IMAC purifications using IDA and TALON resin. This band is likely MBP which has
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been fragmented from the rINTR1 fusion protein. There was a fourth band between 50-70 kDa

present in soluble fraction which may be a C-terminally truncated version of the rNTRI.

The 42.5 kDa band representing MBP was not present in the 20-500 mM imidazole elution
fractions, indicating there is no binding to IMAC resin. This confirms that non-His tagged

proteins were successfully separated from rNTR1 and remained in the flow-through fraction.

The Western blot of the IMAC purification using the IDA resin was supportive of the
Coomassie-stained SDS-PAGE gel: the highest intensity band representing monomeric
rNTR1 was in the 250 mM imidazole elution fraction. The bands in the 250 mM elution and
500 mM elution fraction were larger than the band in the soluble fraction indicating that the

IMAC purification concentrated and purified INTR1.

Three fractions from the IMAC purification using TALON resin were also analysed by
Western blot analysis for comparison to IDA (Figure 4.12). TALON appeared to have a higher
binding capacity for the SMA-rNTR1 than IDA resin: less INTR1 remained in the flow-
through. The rNTR1 band of highest intensity was visible when analysing the 10 mM
imidazole elution from TALON resin. This showed that despite the higher binding capacity,
the affinity of the TALON resin is significantly weaker for SMA-rNTR1. This meant that

TALON resin was not able to separate INTR1 from contaminants.

This Western blot was able to elucidate a more in-depth comparison of the two most

promising IMAC resins: IDA and TALON. It was decided the IDA resin would be chosen as

the ideal resin for further optimisation.

111



4.7.3 IMAC Condition Screen

To improve efficiency of IMAC purification and obtain a higher concentration of INTR1, a
screen of different conditions was performed by binding the same volume of SMA-solubilised
material to 20 pL of IDA resin with or without the addition of other components to the
binding buffer. It was hypothesised that dilution of the soluble fraction would dilute excess
SMA, which might interfere with the binding capacity of the resin. Inclusion of an EDTA-free
protease inhibitor tablet in the binding buffer was also investigated. It was hypothesised that
including protease inhibitors may reduce the fragmentation of INTR1 by proteases. Reduced
fragmentation would result in higher concentration of purified full-length protein. The third
condition included arginine in the binding buffer; four concentrations were tested (0 mM, 20
mM, 100 mM, 200 mM). Arginine has been a beneficial additive to SEC (Ejima et al., 2005a),
anion exchange (Arakawa et al., 2011) and immunoaffinity purifications (Tsumoto et al.,
2004) . Abe et al (2009) showed arginine can interfere with Ni-columns but is compatible at
concentrations below 200 mM. For each of the conditions, the protein bound to the resin was

analysed by Western blot analysis (Figure 4.13).

The intensity of the band visible in the red boxes inferred the concentration of INTR1 protein.
The FT indicates what did not bind to the IDA resin after overnight incubation. The intensity
of the bands indicated the undiluted soluble fraction sample (lane 1) and the soluble material
with highest arginine concentration (lane 7) have the lowest binding to the IDA resin. The
resin analysis gave a more distinguishable comparison of the 7 conditions. Lane 4 shows the
protein bound to IDA resin with no protease inhibitor tablet and arginine (20 mM) had the

highest band intensity and hence protein yield.
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Figure 4.13: Western blot analysis showing results of IMAC Condition Screen

Seven conditions were tested for the effect on SMA-rNTR1 binding to IDA Resin. The number of each lane represents the
condition listed below. SDS-PAGE was performed on a 4-20% gradient acrylamide gel. The red boxes indicate the area
where rNTR1 would run as a monomer. Western blot was probed with an anti-His antibody.

1: Undiluted soluble fraction.

2. Diluted soluble fraction (2-fold).

3. Diluted soluble fraction plus protease inhibitor tablet (EDTA free).

4. Diluted soluble fraction + 20 mM arginine.

5. Diluted soluble fraction + 20 mM arginine plus protease inhibitor tablet.

6. Diluted soluble fraction + 100 mM arginine.

7. Diluted soluble fraction + 200 mM arginine.

Screening these conditions shows that diluting solubilised material and including 20 mM
arginine improved the efficiency of the IMAC purification. Higher concentrations of arginine
appeared to reduce the binding capacity of IMAC resin. The reduction in binding capacity
with the inclusion of protease inhibitor tablets supported the requirement for membrane
isolation. Membrane isolation allowed resuspension of the membranes in the most optimal
buffer for solubilisation and purification and the removal of soluble proteins before
solubilisation. This reduced the non-specific binding of soluble contaminants and
fragmentation by soluble proteases, reducing the need for a protease inhibitor tablet in the
binding buffer. These findings on the optimisation of SMA-rNTR1 have potential use for all

membrane protein purification investigations.
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4.7.4  Salt Concentration

Salt concentration can be an important variable in how proteins interact when encapsulated in
a PoLiPa. SMA is negatively charged so it was hypothesised that a higher salt concentration
would reduce the charge repulsion due to the attraction of positive sodium ions. Typical ionic
strength is approximately 150 mM in the cell. However, the protocol for purifying an
exemplar SMA-solubilised protein uses 500 mM NaCl (Lee ef al., 2016). A comparison of
150 mM and 500 mM NaCl concentrations was performed to determine how purification of

SMA-rNTR1 would be affected.

The SDS-PAGE gel shows two IMAC purifications performed on the same volume and
concentration of INTRI1 expressing E. coli membranes (Figure 4.14). The intensity of the
band representing tNTR1 at approximately 99 kDa is larger in the elution fractions when a
higher NaCl concentration was used. Bands likely representative of dimeric INTR1 were also

visible in the elution fractions only when the higher salt concentration was used.

SMA was not easily solubilised in 1 M NaCl. Therefore, it was decided that 500 mM would
be an appropriate concentration for IMAC purifications. After IMAC purification, dialysis
into a buffer with 150 mM NaCl concentration was performed. This was more representative

of physiological conditions and allowed the removal of imidazole used for elution.
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Figure 4.13: Coomassie stained SDS-PAGE gel comparing two purifications with 150 mM or 500 mM NaCl in the
binding buffer.

SDS-PAGE was performed on a 4-20% gradient acrylamide gel. Red boxes indicate area where rNTR1 would run as
a monomer and a dimer.

Postis et al discovered that high ionic strength reduced the proportion of inter-disc dimers of
purified SMA-solubilised AcrB. Electron microscopy (EM) showed that SMA-AcrB
associates into pairs in different orientations that are not associated with protein-protein
interactions (Postis ef al., 2015). These ‘doublets’ may reduce His tag affinity for IMAC resin
by steric hindrance. It is theorised that the use of high salt reduces these SMALP pair
formations and may increase the exposure of His tags to Nickel ions. This could improve the
affinity of His tagged protein to the IMAC resin. It was decided that 500 mM NaCl was the

ideal salt concentration during IMAC purification.

115



4.7.5 Reducing Agent

The previous Western blots of INTR1 samples show bands likely to represent dimers and
higher-order oligomers of INTR1 that could not be separated by denaturing with LDS sample
buffer. Reducing agents are often required in protein purifications to prevent intramolecular
disulphide linkages which are common when proteins have exposed cysteines (Remans et al.,
2022). rNTR1 has multiple cysteines in the transmembrane region (White et al., 2012).
Dimerization of INTR1 within a SMALP has been previously reported (Dathe ef al., 2019). It
was hypothesised that the inclusion of a reducing agent such as TCEP or DTT would prevent
dimerization and possibly better expose the His tag on the C-terminus which may improve

efficiency of the IMAC purification.

In this experiment, INTR 1-expressing cells were lysed with 5 mM TCEDP in the lysis buffer.
Membranes were harvested and solubilised with and without 5 mM TCEP or 5 mM DTT. The
soluble material was incubated with IDA resin. A sample of the soluble material, unbound
material (flow-through) and bound material was analysed by SDS-PAGE and Western blot

analysis.

Figure 4.15A shows a single monomer band present in all lanes, suggesting that the inclusion
of TCEP in the cell lysis step prevented oligomerisation of the INTR1. The samples including
a reducing agent in the solubilisation buffer have a higher concentration of INTR1 compared
to those without the reducing agent, shown by the intensity of the primary band in the soluble
fraction lanes. However, after overnight binding to IDA resin, there was visible precipitation
in the sample containing 5 mM TCEP. This precipitation will have likely meant a reduction in
the INTR1 concentration which may explain the reduced intensity of the INTR1 band in the

‘bound to beads’ sample compared to when 5 mM DTT or no reducing agent was used.
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Figure 4.14: IMAC Condition Screen comparing the effect of reducing agents.

SMA-solubilised rNTRI expressing E. coli membranes were incubated with 25 uL of IDA resin overnight in three
conditions: 5 mM TCEP, 5 mM DTT and no reducing agent in the solubilisation and binding buffer

SDS-PAGE was performed on a 4-20% gradient acrylamide gel. Red boxes indicate the area where rNTRI would run as a
monomer and dimer.

(A) Western blot analysis of the soluble fraction, flow through after overnight binding to IDA resin and material bound to
beads. Western blot was probed with an anti-His antibody.

(B) Coomassie-stained SDS-PAGE analysis of protein material bound to beads.

The most intense rINTR1 band in the flow-through sample was in the sample without any
reducing agent. This was reflective that less INTR1 bound to the IDA resin than in the sample
with DTT and less protein was lost due to aggregation and precipitation compared to the
sample with TCEP. Figure 4.15B indicated the purity of the material that bound to the IDA
resin. The inclusion of TCEP resulted in two more likely contaminant bands at approximately
37 kDa and 25 kDa that appear denser than the INTR1 band. All three samples also contained

a 15 kDa protein that could be a fragment of INTR1 without the C-terminal his tag or a

contaminant.
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Given that the inclusion of DTT in the binding buffer appeared to improve the binding of
rNTRI1 to the IDA resin. Two purifications with and without 5 mM DTT in the binding buffer
were performed. The IMAC purification fractions from two comparable purifications using
the IDA resin shows that the inclusion of DTT in the binding buffer improved the binding of
rNTRI (Figure 4.16). This was inferred from the higher intensity bands at the expected
weight of INTR1 (99 kDa) in the elution fractions analysed by Coomassie-stained SDS-PAGE

and Western blot analysis.

No
W Reducing oTT
A LLE '4"; E1 E2 E3 E4 Es E6 E7 g8 Resin B T BW '2": '4‘:’ E1 E2 E3 E4 ES E6 E7 Resin c

SO Lol G N Al - B E2 Bl E2

260kDa

260kDa
140kDa

100kDa 140kDa

0

70kDa

70kDa

50kDa
40kDa 50kDa
35kDa 40kDa
25kDa 35kDa

15kDa 25kDa

10kDa 16kDa

-,
| ———— —

No Reducing Agent SmM DTT in Binding Buffer

Figure 4.15: The effect of DTT on the IMAC purification of SMA-rNTRI.

(A and B) Coomassie-stained SDS-PAGE analysis of the fractions from two IMAC purifications with or without 5 mM DTT
in the binding buffer. The flow through (FT), buffer wash (BW), 20 mM and 40 mM imidazole washes (IW20 and IW40),
elution fractions (E1-E7/8) and material bound to the resin after elution (Resin) were separated on a 4-20% gradient
acrylamide gel. Red boxes indicate the area where rNTRI would run as a monomer.

(C) Western blot analysis of first two 500 mM imidazole elution fractions from the two purifications (labelled E1 and E2)
separated on a 4-20% gradient acrylamide gel and probed with an anti-His antibody.

Despite the better yield, inclusion of DTT also reduced the purity of the elution. A band of
approximately 15 kDa was visible in every elution fraction at a similar or greater intensity
than the rNTR1 band. The 15 kDa band was not visible on the Western blot, which was
probed with an anti-His antibody. This band could represent a fragment of rNTR1 that has lost
the C-terminal His tag or another contaminant in the SMA-solubilised material. However, it
appears to have a higher affinity for IDA resin with the inclusion of 5 mM DTT in the binding
buffer. The increase in binding was unexpected because DTT has chelating properties which

can cause leaching of cations from IMAC resins (Remans et al., 2022). The unpredictable
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effect of a reducing agent on an IMAC resin, the protein of interest and the contamination

makes it an important variable to test, particularly with low-expressing, unstable proteins.

It was decided that despite the increased concentration of INTR1 yielded by the inclusion of
DTT in the binding buffer, the efficiency of gaining purity from a single-step purification was
considered more important. This was considered the final step in optimising the purification

of SMA-rNTRI1.

4.8  Biophysical Characterisation and Stability Analysis of rNTR1 Encapsulated
in SMALP

4.8.1 Biophysical Characterisation by SEC

As discussed in Chapter 3, SEC was an ineffective method of purifying different-sized
proteins solubilised with polymers. However, it can be a useful analytical tool for
understanding the heterogeneity of a purified protein sample. Given that SMA-solubilised
proteins were eluting closely after the void volume of a Superdex 200 increase column, it was
hypothesised that a Superose 6 increase 10/300 column would be more effective at assessing
the heterogeneity of the SMA-rNTR1 sample due to its improved separation of higher

molecular weight species.

Figure 4.17 shows the absorbance trace for the SEC analysis as well as SDS-PAGE analysis

of every other elution fraction from 11-25 mL. The volume at which the rNTR1 elutes is

highlighted in blue in the absorbance trace (Figure 4.17A). The band representing INTR1 was
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only present between 15 mL and 17 mL retention volume. No other protein bands were visible

on the SDS-PAGE gel (Figure 4.17B).
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Figure 4.16 : SEC analysis of the SMA-rNTR1 using a Superose 6 increase 10/300 column.
(A) Absorbance Trace at 280 nm. The volume at which ¥NTR1 appears to elute (between 15-17 mL retention
volume) is highlighted in blue on the absorbance trace.
(B) 30 mL Elution was collected in 0.5mL fractions. SDS -PAGE gel analysis of samples of every other elution
fraction from the 11-25 mL retention volume as well as the pure rNTR1 before SEC (Pre-AKTA).
Peaks after 20 mL are most likely due to small protein fragments, SMA polymer or imidazole.
Multiple peaks between 8-15 mL show that there may have been aggregation and
oligomerisation of the SMALP particles. However, these peaks did not represent a large

enough concentration of protein to be analysed by Coomassie-stained SDS-PAGE analysis.

This suggests that the majority of the post-IMAC sample existed in a monomeric form.

The documentation for the Superose 6 Increase column used in this study showed the standard
protein Ferritin (440 kDa) should elute at 16 mL (Cytiva, 2020). The SEC analysis confirms
the hydrodynamic radius of SMA-rNTR1 was comparable to a globular protein with a MW 4-

fold larger. This is consistent with the Superdex 200 increase SEC analysis in Chapter 3.

SEC was a useful tool for the removal of aggregates and small fragments, buffer exchange

and the selection of monomeric protein within a sample. However, it was decided that since
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near 100% purity was achieved by a single-step IMAC purification, the loss of protein during
SEC was not worth the benefits. Instead, the imidazole and high salt from the IMAC

purification were removed by dialysis and aggregates were removed by centrifugation.

4.8.2 SMA-PAGE Analysis Post-SEC

The SEC elution fractions that appeared to have rNTR1 present as identified by SDS-PAGE
were analysed by SMA-PAGE. It was hypothesised that the SMA-PAGE would identify a
particle that corresponded to approximately 99 kDa when comparing the band to a native

marker protein.

SMA-PAGE analysis of purified SMA-rNTR1 post-IMAC purification (Figure 4.18A) shows
a band visible between the 66 and 146 kDa native markers, likely representative of
monomeric rINTR1. There was smearing above this band, possibly due to oligomers. The
Western blot analysis of the elution fractions sampled post-SEC (Figure 4.18B) showed a
band between 66 kDa and 146 kDa, with highest intensity in the 16 mL elution fraction. There
was also a possible dimer band between 146 kDa and 242 kDa in the 15 mL and 15.5 mL

elution fractions.

SMA-PAGE data was consistent with the absorbance trace from the SEC analysis showing
that most of the INTR1 was present as a monomer but there are also larger particles present in
the sample. The band between 66-142 kDa was confirmed to represent INTR1 by mass

spectrometry analysis: 24 peptides unique to the INTR1 sequence were identified.
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Figure 4.17: SMA-PAGE analysis of SMA-rNTR1.

(4) Coomassie-stained SMA-PAGE gel analysis of SMA-rNTRI post-IMAC purification.

(B) Western blot analysis of SMA-PAGE gel showing elution fractions post-SEC analysis of
purified SMA-rNTR1 probed using anti-His antibody.

4.8.3  Biophysical Characterisation by DLS and Comparison of Buffer Systems

DLS was a useful tool for understanding the hydrodynamic radius of the SMA-rNTR1

particles and identifying aggregation in a sample. DLS cannot provide accurate information

about the proportion of each particle size in a sample due to the skew of the amount of

scattered light depending on particle size. The purified INTR1 sample was analysed by DLS

before and after filtration through a 0.2 um pore-sized filter to remove aggregated protein.

The filtered sample was dialysed into three different buffer systems before re-analysis by

DLS. It was hypothesised that one buffer system may be better at preventing aggregation in

the sample than the other two.
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Figure 4.18: DLS analysis of purified SMA-rNTRI.
Graphs show the percentage of the scattered light that was due to a particle of a predicted diameter (% Intensity).

(4) Comparison of pure rNTR1 samples with and without filtration through a 0.2 um pore filter as well as after
overnight dialysis into the same 50mM Tris-HCI, 150 mM NaCl buffer.

(B) Comparison of pure rNTR1 samples after dialysis into three different buffer systems: 50 mM Tris, 10 mM
Sodium Phosphate or 25 mM HEPES. All buffers contained 150 mM NaCl and were pH 7.8.

The percentage intensity data shown in Figure 4.19 shows how much light was scattered by
particles of a specific size. The SMA-rNTR1 sample that was not filtered contained three
particle sizes at approximately 20 nm, 100 nm and 1000 nm in diameter (Figure 4.19A). The
diameter size close to 10 nm is as expected of an SMALP (Stroud ef al., 2018). DLS data has
estimated the diameter of SMALPs encapsulating proteins ranging from 5 — 20 nm (Ayub et
al., 2020; Morrison et al., 2016; Swainsbury et al., 2017). The 100 nm particle size is likely

due to oligomers of INTR1 or SMALP ‘doublet’ formation (Postis et al., 2015). The 1000 nm
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particle size is likely caused by aggregated protein, where the unfolding or degradation of
protein causes exposed hydrophobic residues to stick together in a disordered state.
Aggregated protein was successfully removed from the sample by filtering; there was no light
scattering that suggested any particle larger than 150 nm in the filtered sample. The filtered
sample was dialysed into the same buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.8) overnight
to determine how dialysis would affect aggregation in the sample. After dialysis, a small peak
likely representing aggregated protein at 1000 nm was present. This is indicative that some
protein aggregation occurred during the dialysis process. The amount of aggregation was
likely small as this particle size only represents 6.64% of the scattered light from the sample

and larger particles scatter more light in their nature.

Figure 4.19B shows the DLS data collected from SMA-rNTR1 samples dialysed into three
different buffer systems. This experiment aimed to determine if there was a preferential buffer
system that prevented aggregation. Brudar and Hribar-Lee (2021) showed that buffer
molecules absorb the protein surface and modulate electrostatic stability. They found that
buffer did not affect the diameter of a hydrated lysozyme protein but did affect the
temperature at which the protein solution started to go cloudy (Brudar and Hribar-Lee, 2021).
It was not known how a buffer system may affect the stability of a protein encapsulated in an
SMALP. Buffer adsorption onto the negatively charged polymer surrounding the SMALP

could cause an increase or decrease in the stability of the particle.

The DLS data suggested that dialysis into the HEPES buffer appeared to have the least
aggregation. There was no light scattering that suggested any particle bigger than 150 nm in
the sample. The peak most likely representing the monomeric SMA-rNTR1 around 20 nm and
the peak most likely representing an oligomeric NTR1 or a clump of SMALPs both appear to

increase in diameter slightly when the sample was dialysed into HEPES compared to Tris-
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HCI or phosphate buffer. This could be due to the absorption of HEPES molecules onto the
SMALP particle. Another factor is that HEPES has a higher solvent viscosity compared to

Tris-HCI and phosphate buffer, decreasing the diffusion rate (Philo, 2023).

DLS data was able to provide valuable information on the biophysical properties of the
rNTR1 including the approximate diameter under the assumption of a spherical object, which
was approximately 20 nm. The DLS analysis of INTR1 dialysed into different buffers was

able to provide insight into how to best manage stability issues when working with GPCRs.

4.8.4 Determination of Optimal Storage

DLS data showed that some aggregation is likely to occur during overnight storage at 4°C
whilst dialysis was occurring. This prompted an experiment to optimise how to best store
SMA-rNTRI1. Arginine can be preventative of aggregation (Shiraki et al., 2002). Clusters of
arginine can form a hydrophobic surface: the interaction of arginine clusters can mask
hydrophobic surfaces inhibiting protein-protein aggregation (Das et al., 2007). Six aliquots of
SMA-rNTR1 were used to compare three different storage temperatures with and without the
addition of 20 mM arginine in the buffer. After overnight storage and removal of aggregated
protein by centrifugation, SDS-PAGE and Western blot analysis compared the concentration

of protein in each aliquot (Figure 4.20).
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Figure 4.19: SMA-rNTRI storage condition experiment

Aliquots of SMA-rNTR1 were stored overnight at three temperatures

(25 °C, 4°C and -2 C) with (+R) and without (-R) arginine before SDS-PAGE analysis on a 4-20% gradient acrylamide gel.
Red boxes indicate the area where rNTR1 would run as a monomer.

(4) Coomassie stained SDS-PAGE gel.

(B) Western blot probed with anti-His antibody.

The protein concentration was too low for a clear assessment of the best condition of
Coomassie-stained SDS-PAGE (Figure 2.20A). However, there was no visible band of the
expected INTR1 size when samples were stored at 25°C. For a more sensitive detection of
protein, the Western blot was used to compare INTR1 concentration (Figure 4.20B. Intensity
of the bands at approximately 99 kDa indicated the best temperature for storage of INTR1
overnight was -20°C with the addition of 20 mM arginine. There were fragment bands close
to the 70 kDa protein marker which occurred when no arginine was included in the storage
buffer after storage at 25°C or -4°C. This suggests that arginine prevented fragmentation of
the INTR1. The inclusion of arginine had the largest stabilising effect after -20°C storage.
This suggests arginine may have a protective effect against the degradation caused by freezing

and thawing of SMA-solubilised protein.

Ice crystal formation can cause protein denaturing by several mechanisms including

mechanical stress, dehydration and direct adsorption (Li ef al., 2022). One explanation for the
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protective effect of arginine is the adsorption of arginine on the polymer and protein
preventing the disruption of the hydrogen bonding. The results from this experiment informed

the decision that the best method for the storage of SMA-NTR1 was at -20°C with the

inclusion of 20 mM arginine in the storage buffer.

4.8.5 Biophysical Characterisation by CD Spectrometry

CD spectroscopy can provide information about the secondary structure of a protein (Miles et
al., 2021). Circularly polarized light is directed at the protein sample and chiral molecules
absorb the left and right circularly polarized light to different extents depending on the
structure of the protein. The difference between the left and right circularly polarized light
absorption can be plotted against light wavelength to provide a CD spectrum. The near UV
wavelengths (170-240 nm) can be used to interpret the secondary structure of proteins whilst
the far UV wavelengths can be used to interpret information about the tertiary structure (Miles
et al.,2021). CD spectra of membrane proteins may have wavelength shifts compared to
soluble proteins causing difficulty in interpreting secondary structures when using reference
databases based on soluble proteins (Wallace et al., 2003). Furthermore, proteins in a SMALP
have been shown to have different CD spectra compared to the same protein in detergent
(Ayub et al., 2020). The exact mechanism for this is still being investigated. It could be due to
a real difference in protein structure or due to an effect of the lipids and polymer present in the

sample. Therefore, the CD structure was loosely interpreted into the presence of a-helices and

[-sheets.
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Figure 4.20: CD Spectrometry Analysis of SMA-rNTRI.

0.2 mg/mL SMA-rNTRI concentration. Path Lenth 1 mm. 10 mM Na
Phosphate Buffer, 50 mM NaF (4) CD Spectrum (B) HT[V]
measurement.

The CD spectrum of SMA-rNTR1 (Figure 4.21A) revealed two negative peaks at 210 nm and
221 nm, as well as a positive peak at 194 nm. Strong negative peaks at 208 nm and 222 nm,
as well as a positive band at 193 nm, are diagnostic of a-helices (Greenfield, 2006). Proteins
with anti-parallel B-sheets have negative peaks at 218 nm and positive peaks at 195nm.
Disordered proteins have negative peaks near 195 nm. The structure of MBP and rNTR1
contain mainly a-helices which was represented in the CD structure. Deconvolution
suggested the following secondary structure: 45% helical, 16% B-sheet, 14% turns, 25%
disordered. This output should be taken with caution due to the reference dataset (SMP180)
consisting of mostly soluble proteins and no SMA-solubilised proteins (Abdul-Gader et al.,

2011). However, this is strong evidence that the INTR1 was folded correctly within a SMALP.

The HT[V] (Figure 4.21B) shows the voltage the detector in the CD spectrometer was using.
If the sample is absorbing more light, less light reaches the detector which means a higher

voltage is required. Buffer, water and air absorb at lower wavelengths which leads to larger
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HT[V], as shown in Figure 4.21B. A HT higher than 600 V means too little light is being
detected for an accurate measurement. The wavelength range 190-350 nm did not require a
HT higher than 600 V; this showed that an appropriate buffer and protein concentration was

used to obtain a CD spectrum.

4.8.6  Overnight Changes in Secondary Structure of rNTR1 by Interval CD Spectrometry

Although CD analysis of a protein in a SMALP cannot be used to give an exact percentage of
a-helices and B-sheets, it can however be used to monitor changes in the secondary structure
of a protein. Upon protein unfolding, a-helices and B-sheets unfold to a more disordered
structure. To detect this, a sample of SMA-rNTR1 was left in the CD spectrometer at 25°C
and a measurement was taken every hour for 17 hours. The storage experiment data and DLS

data suggested that there should be some aggregation over these 17 hours.
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Figure 4.21: Interval CD Spectrometry Data of SMA-rNTRI over a 960-minute timeframe

Pathlength Imm, SMA-rNTRI concentration was 0.2 mg/mL. in 10 mM Na Phosphate Buffer, 50 mM NaF (4) 17 CD Spectra
which were collected every hour plotted against time. (B) CD measurement at the wavelength 222 nm. (C) HT[V]
measurement at the wavelength 222 nm.
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There was no obvious difference in the shape of CD spectra across the 17-hour timeframe
(Figure 4.22A). There was no obvious trend in how the 222 nm peak measurement changed
across the timeframe (Figure 4.22B). CD peak measurements can be used as a measure of
protein concentration. The minimal change in the peak at 222 nm suggests the loss of folded
protein across this timeframe is small. The HT[V] at 222 nm increased from 241.6V to 243.3
V across the timeframe. A small increase in absorbance in the sample causing a higher HT[V]

could be an indicator of limited aggregated SMALP particles.

Overall, the consistency in the CD spectra across the interval CD measurements indicated that
most of the SMA-rNTR1 in this sample remained correctly folded despite storage at 25°C for
16 hours. This is a promising finding, given the notorious instability of GPCRs. It is thought

that any aggregation that occurred had minimal effect on the secondary structure of INTR1.

4.8.7 Thermostability of rNTR1 Encapsulated in SMALP in Changes in Tryptophan

Fluorescence by 350/330 Ratio

Nano differential scanning fluorimetry (nanoDSF) monitors protein unfolding and
aggregation by measuring the ratio of fluorescence intensity at 350 nm and 330 nm. This
indicates the environment of the tryptophan residues within rINTR1. As the temperature is
increased, the protein is likely to unfold, exposing tryptophan residues to solvent. This
typically causes a bathochromic shift of the emission peak, which increases the measurement
of the 350/330 nm ratio. Three samples of SMA-rNTR1 were analysed by nanoDSF to

understand its thermostability.
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Figure 4.22: Thermostability assessment of SMA-rNTR1 by NanoDSF.
0.2 mg/mL SMA-rNTRI. (4) Mean +SD of the ratio of 350 nm fluorescence intensity and the 330 nm fluorescence intensity.
(B) The First derivativez SD of the 350/330 ratio.

Figure 4.23 A shows the ratio of fluorescence intensity at 350 nm and 330 nm. There is a
steeper gradient in the increase in the 350/330 ratio between 40-80°C, representative of the
transition between folded and unfolded rNTR1. Plotting the first derivative of the 350/330
ratio can provide a clearer assessment of the onset of unfolding and the point of inflexion: the
onset of unfolding was approximately 39°C and the point of inflexion, which provides a

melting point (Tm) of SMA-rNTRI1, was 57.18+0.23°C.

Klenk et al (2016) measured the thermostability of INTR1 expressed in E. coli by radioligand
binding after incubation. The Tr, of DDM-NTR1 without any thermostabilising mutations was
45.2+0.1°C with the inclusion of the an agonist (neurotensin (8-13)) and 39.2+0.1°C without.
(Klenk et al., 2016). The thermostability of SMA-rNTR1 showed a near 18°C increase in Tm
compared to literature values of DDM-rNTR1 (Klenk ef al., 2016). This is supported by other

experiments that PoLiPas have a thermostabilising effect on encapsulated proteins including

the GPCR A2aR (Jamshad et al., 2015a).
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4.9  Summary of rNTR1

This section showed the multitude of variables which were investigated to yield a successful
single-step purification method to produce pure INTR1 encapsulated in a PoLiPa. The
biophysical characterisation by DLS and CD gave evidence that INTR1 was correctly folded
in a stable state when encapsulated in an SMALP. Previous purifications of INTR1 have
required the manufacture of a neurotensin column to do ligand-specific affinity
chromatography (Tucker and Grisshammer, 1996; Kumar and Pliickthun, 2019). However,
ligand-specific methods are not transferable to other GPCRs. Chapter 5 continues the
investigation into how PoLiPa technology can improve GPCR research using a different

model GPCR with different affinity tags.
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CHAPTER 5: PRODUCTION AND CHARACTERISATION OF
MBP-FUSED CB2 IN E. COLI USING POLIPA

5.1 Introduction

The rNTRI investigations in Chapter 4 showed the production of soluble, pure, stable GPCR
using PoLiPa technology. It was decided that investigating a different GPCR would be useful
for the comparison of purification techniques. CB2 had the highest E. coli expression of the
four GPCRs. This made CB2 a good choice for an in-depth investigation into the production

of a second GPCR in PoLiPa.

Previous research into E. coli expressed CB2 has yielded moderate success. Xie et al
described the successful expression and purification of a fragment of CB2 (CB21350-233) (Xie et
al., 2004). Research by the Yeliseev group has since optimised MBP-fused CB2 expression
and production of detergent-solubilised CB2 by tandem affinity chromatography (Yeliseev,
2013). However, the inclusion of an anionic cholesterol derivative and a high-aftinity CB2
ligand was required to stabilise CB2 in the detergent micelle (Vukoti ef al., 2012). This
research aimed to provide a new solution for the instability of CB2 outside the membrane

environment using PoLiPa technology.

5.2 Expression Trials to Optimise CB2 Expression

CB2 was first expressed in E. coli by Calandra (1998), following the described expression
protocol of how rNTR1 was expressed by Tucker and Grisshammer (1996). Expression
conditions of CB2 in E. coli have been further optimised in the literature since the first
construct was published (Berger et al., 2010; Krepkiy et al., 2006; Yeliseev, 2013). The

expression trials of INTR1 showed a significant improvement in expression caused by
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changes in cell line, broth type, IPTG concentration, expression temperature and expression
time. It was decided that optimisation of CB2 expression would be valuable to improve
protein yield and aid downstream purification steps. Three expression trials were performed to
optimise four expression variables: cell line, growth medium, IPTG concentration and

expression temperature.

5.2.1 Comparison of Cell Lines and Growth Media

CB2 expression was reportedly twice as high in the use of the BL21(DE3) cell line compared
to the DH5-a cell line (Yeliseev et al., 2005). Given the improvement in expression using the
C43(DE3) strain for rINTR1 expression, it was hypothesised that C43(DE3) and C41(DE3)
strains would be beneficial for CB2 expression. It was also hypothesised that the use of auto-
inducing (Al) growth media may improve expression. Al growth media utilises lactose as a
signal for protein expression instead of the addition of IPTG (Fox and Blommel, 2009). This
method can allow a more gradual and controlled induction process, with a lower metabolic
burden than that associated with IPTG induction (Fox and Blommel, 2009). Eight cultures
comparing four growth mediums, and two cell lines were grown and the best expression of

CB2 was determined by Western blot analysis (Figure 5.1).

The expected mass of CB2 is 85 kDa as calculated from its primary sequence. Bands at the
expected MW of monomeric and dimeric (170 kDa) CB2 (highlighted in red boxes) showed
that C41(DE3) and C43(DE3) cells were successfully transformed and expressed CB2. When
comparing C41(DE3) and C43(DE3) cell expression between cultures grown in the same
broth type, C41(DE3) cells consistently appear to express more CB2. A band between 70 kDa
and 50 kDa appeared when C43(DE3) cells were grown and expressed in 2xY T or TB broth.

This may be due to the proteolytic breakdown of the recombinantly expressed CB2. Given
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that C41(DE3) cell expression did not have evidence of proteolytic breakdown and produced

monomer and dimer bands of higher intensity, it was chosen as the better cell line.
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Figure 5.1: CB2 expression trial comparing four different growth media types and two different cell lines.

10 mL of Broth was inoculated with 100uL of overnight culture from transformed C43(DE3) or C41(DE3) cells. After
overnight expression, cells were centrifuged and resuspended in cell lysis buffer, cells were centrifuged again. Samples of
supernatant were analysed by Western blot, separated using a 4-20% polyacrylamide gel and probed using an anti-His
antibody. Red boxes indicate expected MW of MBP-fused CB2 monomer and dimer.

The intensity of the monomer and dimer bands show that 2xYT Broth produced the highest
expression of CB2, this was consistent between both C41(DE3) and C43(DE3) cells. This is
consistent with the previously published protocol for CB2 production (Yeliseev et al., 2005).
The use of LB Broth appeared to prevent the expression of CB2. This could be because the
metabolic burden of CB2 expression required a nutrient-rich broth. Overall, the best

expression of CB2 appeared to have occurred in C41(DE3) cells, in 2xYT broth.
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5.2.2 Comparison of Three IPTG Concentrations

In line with previous work on rNTR1, three IPTG concentrations (0.5 mM, 0.25 mM, 0.1
mM) were compared when inducing expression. Previous expressions of CB2 in E. coli have
used either 1 mM or 0.5 mM IPTG concentration (Berger et al., 2010; Krepkiy et al., 2006;
Yeliseev, 2013). Reducing IPTG concentration can improve recombinant protein yield
(Larentis et al., 2014). It was hypothesised that a reduction of IPTG concentration may

improve CB2 expression.
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Figure 5.2: CB2 expression trial comparing three different IPTG concentrations for induction and two different cell lines.
100mL of Broth was inoculated with ImL of overnight culture. Temperature was lowered to 18 °C and cells and induced with 0.5
mM, 0.25 mM or 0.1 mM IPTG. After overnight expression, 10 mL of cell culture were centrifuged and resuspended in cell lysis

buffer, cells were centrifuged again, and sample of supernatant taken.

(A) Western blot analysis of supernatant sample separated using a 4-20% polyacrylamide gel and probed using an anti-His

antibody. Red box indicates expected MW of monomeric CB2.

(B) Results of quantitative band in intensity analysis (arbitrary units (AU)) of monomeric band shown in red box using Imagelab.

Western blot analysis was used to indicate the best CB2 expression from three cultures
induced with different IPTG concentrations (Figure 5.2). The intensity of the bands in the red
box, representati re of the concentration of monomeric CB2, showed the best CB2 expression

was achieved usiig 0.25 mM IPTG (Figure 5.2). The band between 50-40 kDa in Figure 5.2A
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could represent a fragment of CB2 that contains the His tag. This suggests proteolytic
breakdown of CB2 in all three cultures. The expression trial confirmed the hypothesis that a
lower IPTG concentration could improve CB2 expression; an IPTG concentration of 0.25 mM

was used for subsequent expressions.

5.2.3 Comparison of Two Expression Temperatures

Expression temperature can affect the quality and quantity of recombinant protein expression.
Berger et al compared three different expression temperatures of CB2 and found that
expression at 27°C and 37°C increased expression but decreased activity of CB2 compared to
expression at 20°C (Berger et al., 2010). This expression trial aimed to determine the most
appropriate temperature for CB2 expression between 18°C and 25°C. Samples of each culture

were taken 1 hour and 3 hours after induction to investigate how expression levels changed.
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Figure 5.3: CB2 expression trial comparing two expression temperatures and three harvesting times.

100 mL of Broth was inoculated with ImL of overnight culture. At OD 0.6-0.8, temperature was lowered to 18 °C or 25 C
and cells and induced with 0.25 mM IPTG. Cells were centrifuged and resuspended in cell lysis buffer, cells were centrifuged
again, and a sample of supernatant was taken. Band Intesity analysis performed with ImageLab.

(A) Western blot analysis of supernatant sample separated using a 4-20% polyacrylamide SDS gel and probed using an anti-
His antibody. The red boxes indicate the expected MW of CB2 in monomeric and dimeric forms.

(B) Results of quantitative band intensity analysis (AU) of suspected monomeric band shown in the lower red box.

(C) Results of quantitative band intensity analysis (AU) of suspected dimeric band shown in the upper red box.
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The bands in the red boxes in Figure 5.3 A represent the expected size of the CB2 monomer
(85 kDa) and dimer (170 kDa). Intensities of the suspected monomer band were quantified
and shown in Figure 5.3 (A and B). The higher band intensity in both the supernatant and
lysate samples suggested that overnight expression was better than harvesting the cells one or

three hours after induction.

The highest intensity of the monomer band in the lysate sample was after overnight
expression at 25°C. Comparing the supernatant and lysate samples showed a large proportion
of the expressed CB2 was removed by centrifugation. This is likely because aggregated or
misfolded proteins in inclusion bodies were removed during centrifugation. Higher
temperature and rate of expression may cause an increase in translational errors and misfolded
protein (Francis and Page, 2010). The Western blot analysis suggested that the concentration
of monomeric CB2 in the supernatant sample was similar whether the expression temperature
was 25°C or 18°C. The band at the expected weight of dimeric CB2 was most intense in the

samples expressed overnight at 25°C.

This expression trial was able to inform the decision to express CB2 at 18°C. The yield of
monomeric CB2 was approximately the same as expression at 25°C whilst reducing the risk

of translational errors that may reduce CB2 activity.

5.3  Assessment of Inclusion of Reducing Agent during Cell Lysis

Western blots analysed by the expression trials commonly showed a band in the expected size
range of a CB2 dimer (approximately 170 kDa). CB2 has been shown to homodimerize and

heterodimerise with other GPCRs including cannabinoid receptor 1 (Callén et al., 2012).
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Dimerization events can modulate and change the signalling capabilities of the CB2 (Navarro

etal., 2024).

Analysis of the crystal structure of CB2 shows cysteine residues in the transmembrane region
that could form a disulphide bond with another cysteine residue from a second CB2 molecule
within the membrane (Li ef al., 2019). This could lead to a dimerization event that is resistant
to degradation by the LDS sample buffer. This would explain the visible bands at the expected
MW of a CB2 dimer when investigating CB2 expression by Western blot analysis. To
investigate this theory further, a reducing agent (25 mM DTT or 5 mM TCEP) was included
in the cell lysis step to prevent the formation of disulphide bonds at this stage. It was
hypothesised that the inclusion of a reducing agent would decrease the concentration of

dimerised CB2 and increase the concentration of monomeric CB2.
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Figure 5.4: Comparing the effect of no reducing agent, 25 mM or 5 mM TCEP in the cell lysis buffer.

Western blot analysis of cell lysate, supernatant of cell lysate after centrifugation and homogenised membranes from
E. coli expressing CB2. Red boxes show expected position of monomeric and dimeric CB2. SDS-PAGE was
performed on a 4-20% gradient acrylamide gel and Western blot probed with anti-His antibody.
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Samples of the cell lysate, supernatant after centrifugation and homogenized membranes
following a membrane preparation were analysed by Western blot (Figure 5.4). The cell lysate
material was difficult to compare due to smearing across the lane. Bands at the expected MW
of monomeric (85 kDa) and dimeric (170 kDa) CB2 were visible after analysis of the
supernatant and homogenised membrane samples. Higher-order bands, visible above the 260
kDa marker, likely represent higher oligomers of CB2. There was an increase in intensity of
dimer and higher-order oligomer bands in the membrane sample compared to the supernatant
sample when no reducing agent was included. It could be interpreted that oligomerisation
events occurred during the process of the membrane preparation when no reducing agent was

included in the buffer.

The intensity of the band expected to be a dimer of CB2 is considerably less in the
supernatant and membrane samples when a reducing agent is used. The intensity of the
monomer bands was relatively similar between the samples with and without a reducing
agent. This implies that, despite the large reduction in dimer concentration, there was minimal
increase in monomer concentration caused by the inclusion of DTT or TCEP in the lysis

buffer.

This result gives evidence that expression of CB2 in E. coli produces monomers, dimers and
higher-order oligomers of CB2 which are disulphide linked. The Western blot indicated the
proportion of CB2 in each oligomeric state can be manipulated by the inclusion of reducing
agents. This is important because GPCR oligomerisation is an important functional aspect;
dimerization can affect GPCR binding, downstream signalling and processing within a cell
(Terrillon and Bouvier, 2003). The results in this section also prove that the optimised
expression protocol allowed the production of suitable starting material for PoLiPa

investigation.
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5.4  Solubilisation Trials on CB2 Expressed in E. coli

The expression trials determined the optimal expression conditions of CB2 in E. coli, and the
Western blot in section 5.3 (Figure 5.4) showed a suitable level of CB2 was present in the

membranes.

This allowed the progression to the next stage of production: extraction. Solubilisation trials
were performed to determine which solubilisation agents yielded the best CB2 extraction.
Three solubilisation trials were performed comparing different polymers to the detergent

DDM, as well as testing polymer hydrophobicity and polymer concentrations.

5.4.1 Efficiency of Different Polymers

A comparison of different amphipathic polymers and DDM was performed to understand
which solubilisation agents have the most efficient extraction and stabilisation of CB2.
Polymers have not been used to solubilise CB2 previously, therefore it was considered
important to test how well different polymers extracted CB2 from the E. coli compared to the
detergent DDM. A detergent screen for the extraction of CB2 reported that a mixture of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and DDM yielded the
most efficient extraction but additional stabilising agents including cannabinoid ligands and
cholesteryl hemisuccinate (CHS) were required (Vukoti et al., 2012). It was hypothesised that

SMA may extract CB2 more efficiently than DDM without CHS or ligands.

Figure 5.5 shows the soluble and insoluble material after the solubilisation of CB2-expressing
E. coli membranes analysed by Western blot. The intensity of the bands at approximately 85
kDa and 170 kDa indicated the concentration of monomeric and dimeric CB2, as highlighted

by the red boxes. When comparing the intensity of the monomeric CB2 in the soluble
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fraction, the highest intensity bands were present when SMA, DDM and 0.25 BzZAM were

used as a solubilisation agent.
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Figure 5.5: CB2 solubilisation trial comparing of four polymers and DDM.

Western blot showing soluble and insoluble fraction of CB2 expressing membranes solubilised with 2.5% (w/v) SMA, 2.5%
(w/v) DIBMA, 1.5% (w/v) DDM, 2.5% (w/v) SMI, 2.5% (w/v) 0.25 BzAM or no solubilisation agent (No sol). Diluted raw
membrane sample was also analysed (Mems). SDS-PAGE was performed on a 4-20% gradient acrylamide gel. Western blot
was probed with anti-His antibody. Red boxes indicate area where CB2 would run as a monomer or dimer.

When comparing the bands representing dimeric CB2, the intensity suggested the BZAM
polymer was not as efficient at solubilising the dimeric CB2 compared to SMA or DDM.
Analysis of the SMA and DDM soluble fraction samples produced a similar band intensity to
the membrane sample. This implied that nearly 100% of the CB2 was solubilised with SMA
and DDM and was consistent with the observation that there were no visible bands in the
insoluble fraction when SMA and DDM are used as a solubilisation agent. The intensity of the
monomer and dimer bands suggested the following order of the solubilisation agents from
best to worst: DDM = SMA > 0.25 BzZAM > DIBMA > SMI. The intensity of the bands

present after analysis of the insoluble fraction agreed with the analysis of the optimal

solubilisation agent.
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5.4.2  Effect of Polymer Hydrophobicity on CB2 Extraction from E. coli Membranes

To optimise CB2 extraction by polymers, this project investigated how polymer
characteristics can be altered to change solubilisation efficiency. The BzZAM series allowed
tuneable hydrophobicity whilst retaining the same polymer length. To assess how the
hydrophobicity of the polymer affected the efficiency of CB2 extraction from E. coli
membranes, a second solubilisation trial was performed comparing the BZAM polymers,

SMA 1:1 produced by RAFT, SMA 2:1 and DIBMA.

Figure 5.6 compares the soluble material obtained after the CB2 extraction from E. coli
membranes. The intensity of the bands at approximately 85 kDa and 170 kDa indicate the
concentration of monomeric and dimeric CB2 in the soluble fraction, as highlighted by the red
boxes. When the BZAM polymer had less than 20% of its hydrophilic moieties converted to
styrene-like moieties, there was a decrease in CB2 solubilisation efficiency. The intensity of
the bands showed that all five polymers in the BzZAM series from 0.2-0.4 solubilised CB2 as
efficiently as SMA. The trend for how hydrophobicity of the polymer affects GPCR
solubilisation was the same when comparing rNTR1 and CB2, however, the percentage of
converted moieties required to reach optimal solubilisation is less when solubilising CB2. A
lower concentration of CB2 was visible in the soluble fraction when using DIBMA, RAFT
SMA (1:1) or 0.05 BzAM as a solubilisation agent. It was logical that RAFT SMA would
have similar solubilisation efficiency to the 0.05 BzAM series since the RAFT SMA polymer
was the backbone for the BZAM series and only 5% of the hydrophilic moieties were

converted.
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Figure 5.6: CB2 solubilisation trial comparing the BzAM polymer series to SMA, RAFT SMA 1:1 and DIBMA.

Western blot showing soluble fraction of CB2 expressing membranes solubilised with 2.5% (w/v) polymer. SDS-PAGE was
performed on a 4-20% gradient acrylamide gel. WB probed with anti-His antibody. Arrow shows the increase in
hydrophobicity of the BzAM series polymer. Red boxes indicate area where CB2 would run as a monomer or dimer.

Overall, the BZAM solubilisation trial of CB2 was able to elucidate more information about
how the hydrophobicity of a polymer is a factor in GPCR solubilisation. This data agrees with
the previous BzZAM solubilisation trial on rNTR1: as hydrophobicity increases to be more like
SMA 2:1, solubilisation efficiency increases. However, there is an interesting discrepancy
between CB2 and rNTRI in the level of hydrophobicity required to reach optimal
solubilisation. This protein-specific finding provides evidence that the encapsulated protein
and the surrounding native lipids create a specific biophysical environment that can affect the
solubilisation efficiency of less hydrophobic polymers. SMA was chosen as an optimal
polymer for downstream purifications due to its high solubilisation efficiency, wide

availability and low cost.
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5.4.3 Optimal SMA Concentration for CB2 Homogenisation

In Chapter 4, 0.5% (w/v) SMA achieved a similar solubilisation efficiency as 2.5% (w/v)
SMA when extracting INTR1 from E. coli membranes. It was also found that dilution of
solubilised material before binding to Ni-NTA resin improved the yield of the IMAC
purification. It was suggested that the excess SMA in solution was inhibitory to the binding of
the His tagged protein. For this reason, it was decided to perform a solubilisation trial to

determine if a lower concentration of SMA improved CB2 solubilisation.
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Figure 5.7: CB2 solubilisation trial comparing three SMA concentration.
Western blot showing soluble fraction of CB2 expressing membranes solubilised with 2%, 1% or 0.5% SMA. SDS-PAGE

was performed on a 4-20% gradient acrylamide gel. WB probed with anti-His antibody. Red boxes indicate area where
CB2 would run as a monomer or dimer.

Figure 5.7 shows a Western blot comparing the soluble material obtained after solubilisation
of CB2 expressing E. coli membranes with 0.5-2% (w/v) SMA. The intensity of the bands at
approximately 85 kDa and 170 kDa indicate the concentration of monomeric and dimeric
CB2 in the soluble fraction. The Western blot showed the solubilisation efficiency was
improved by the higher concentration of SMA. The higher expression of CB2 compared to
rNTRI or the increased dimerization of CB2 could be the reason for the larger SMA
concentration required for optimal solubilisation. 2% (w/v) SMA was chosen as the ideal

concentration for future solubilisations.
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5.5 MBP Trap Purification of CB2

After the solubilisation of CB2 expressed in E. coli membranes, attempts to purify CB2 via its
MBP-fusion protein were performed. Unfortunately, little SMA-solubilised material was able
to bind to the MBP-Trap, despite attempts to bind SMA-CB2 to the MBPTrap after a Ni-
NTA-based IMAC purification (Appendix 1.5). It was decided that this method was not

appropriate for the purification of SMA-CB2.

5.6 FLAG Purifications Comparing CB2 Solubilised with Different Polymers or
DDM

The CB2 construct contained a 6x His tag as well as a FLAG tag. The FLAG peptide
sequence adjoined to the end of the C-terminus of the protein provided a tool for affinity
chromatography using anti-FLAG resin. The anti-FLAG resin should have a more specific,
higher affinity interaction with the FLAG-tag compared to IMAC resin with a His tag.
Drawbacks of anti-FLAG include the lower protein capacity and higher cost (Lichty ef al.,
2005). Utilising anti-FLAG for the purification of proteins encapsulated in PoLiPas been
previously successful (Rehan et al., 2017; Ekundayo et al., 2024). However, GPCR FLAG
purification with different polymers has not been investigated. It was hypothesised that the
PoLiPa or excess polymer in solution may interfere with the binding of CB2 to the resin. To

test this, CB2 solubilised with DDM was used for a comparative purification.
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Figure 5.8: SDS-PAGE analysis of five FLAG affinity purifications of CB2 solubilised with polymers or DDM.

CB2 expressing membranes were solubilised with 2% (w/v) polymer (SMA, DIBMA, 0.25 BzAM or SMI) or 1.5% (w/v) DDM.
The soluble material was incubated with anti-FLAG resin for 2 hours, resin was washed twice (W1 and W2) before elution
with 0.1mg/mL FLAG peptide (E). Following elution, the resin was incubated with LDS loading buffer and boiled for 10
minutes to denature and elute protein remaining on the resin. SDS-PAGE was performed on a 4-20% gradient acrylamide
gel. The red box indicates where a band may appear if at the expected MW of monomeric CB2.

Figure 5.8 shows the fractions of the 5 attempted FLAG purifications of CB2 extracted by
different solubilisation agents. The elution (E) showed any protein that was bound to the anti-
FLAG resin and was removed from the anti-FLAG binding sites by displacement with FLAG
peptide. There were two bands at the expected size of dimeric and monomeric CB2 when
DDM was used as a solubilisation agent. There is a faint possible monomeric band in the
elution fraction when CB2 was solubilised with DIBMA. There were proteins bound to the
resin after elution no matter the solubilisation agent, shown by the many bands at different

MWs. This suggested non-specific binding that was not displaced by the FLAG peptide.

The intensity of the bands suggested that SMI-solubilised material had the largest amount of

non-specific binding. This may be because SMI was the least effective at solubilising CB2 or
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because of the biophysical properties of the SMILPs. Analysing the protein eluted by LDS
and boiling showed bands at the expected MW of monomeric and dimeric CB2 when DDM or
DIBMA was the solubilisation agent. This suggested that there was DIBMA-solubilised or
DDM-solubilised CB2 bound to the resin that was not eluted using 0.1 mg/mL FLAG peptide.
The intensity of the bands suggested DDM was the solubilisation agent that warranted the

largest concentration of the CB2 that bound to the anti-FLAG resin.

The FLAG purifications confirmed the hypothesis that the use of PoLiPa can cause
difficulties with FLAG-tag affinity purifications. A small amount of DDM-CB2 was purified
by this method without prior optimisation. There was no evidence that CB2 encapsulated in a
PoLiPa was able to bind to the anti-FLAG resin when testing three out of the four polymers:
SMA, 0.25 BzAm and SMLI. It is suspected the FLAG tag may be occluded by the lipids and
polymer in the PoLiPa or that the polymer in solution is interfering with the binding. DIBMA-
CB2 showed some evidence of binding to the resin. The different biophysical properties of a
DIBMALP compared to a SMALP or a SMILP could allow greater flexibility which allowed

the FLAG tag to bind to the resin.

The results led to the decision that FLAG purifications were not a viable option for CB2
purification when performed directly after polymer solubilisation. Although DIBMA-CB2
showed some evidence of resin binding it was inefficient for the downstream use of CB2. It
was therefore decided that IMAC purifications would be a more appropriate first purification

step after polymer solubilisation.
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5.7  Optimising IMAC Purification of CB2 Expressed in E. coli using PoLiPa
Technology

Given the successful purification of SMA-rNTR1 after IMAC optimisation, a series of
experiments were performed to optimise CB2 IMAC purifications. It was suspected that CB2
may have a weaker binding affinity for the IMAC resin than rINTR1 due to the smaller
number of histidine residues (6 vs 10). In this project, multiple variables (including
solubilisation agent, arginine concentration, salt concentration, reducing agent inclusion and
imidazole concentration) were tested to determine the protocol that would generate optimal

yield and purity of CB2.

5.7.1 IMAC purification of CB2 Solubilised with DDM

Since the DDM-CB2 generated the highest yield during FLAG purification compared to the
other four polymer-solubilised CB2 purifications, it was decided to also include DDM-CB2 as
part of IMAC purification optimisation. This would determine if the use of detergent was

beneficial for both types of CB2 purification over the use of polymers.

Figure 5.9 shows the fractions from the IMAC purification attempting to purify DDM-CB2.
The soluble and insoluble fraction sample shows most of the protein material was solubilised
with DDM. However, there was no band at the expected weight of CB2 (85 kDa) in the wash
or the elution fractions. Characteristic contaminant bands previously identified in Chapter 3,
at approximately 110 kDa, 45 kDa and 35 kDa, were visible. In the FT, there was a slightly
more intense band likely representing DDM-CB?2 (red arrow) that did not bind to Ni-NTA

resin.
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Figure 5.9: IMAC purification of DDM-CB2.

CB2 expressing membranes were solubilised with 1.5% (w/v) DDM and soluble material was incubated with Ni-NTA resin
overnight at 4 °C, resin was washed with buffer (BW), 20 mM imidazole (IW20) and 40 mM imidazole (IW40) before elution
with 500 mM imidazole (E1-E7). Following elution, a sample of the resin was incubated with LDS loading buffer and boiled
for 10 minutes. SDS-PAGE was performed on a 4-20% gradient acrylamide gel. Red arrow indicates where a band may
appear if at the expected MW of monomeric CB2 (Box did not accommodate the curvature of the gel).

The DDM-CB2 purification demonstrated that contamination issues are not solely due to
interference of PoLiPa but was likely due to the low affinity of the CB2 for the IMAC resin. It
was thought that the shorter His tag and the position of the His tag before the FLAG tag may

have reduced the affinity of the CB2 to the IMAC resin compared to rNTR1.

5.7.2  Resin Type, Salt Concentration and Addition of 20 mM Arginine as Variables

Following the poor binding of PoLiPa-encapsulated CB2 to anti-FLAG resin, an experiment
to test the binding to IMAC resins was performed. A resin binding trial was performed in
which CB2-expressing E. coli membranes were solubilised with SMA, DIBMA or 0.25
BzAM and then incubated Ni-NTA, IDA or TALON resin overnight. The importance of salt
and arginine concentration was also assessed to generate a screen which included sixteen

conditions for each polymer.
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Figure 5.10 shows the SDS-PAGE analysis of the binding trial which indicated the best IMAC
conditions for each polymer tested. A single band at the expected weight of the monomeric
CB2 (85 kDa) would indicate successful purification in one of the conditions. When assessing
the binding of SMA-CB2, initial analysis of the experiment showed that, independent of salt
or arginine concentration, the best resin type for SMA-CB2 was Ni-NTA (Figure 5.10A). The
inclusion of 20 mM arginine in the binding buffer appeared to improve CB2 binding and
purity, particularly when 500 mM salt was included in the binding buffer. There was a
persistent band at approximately 30 kDa which is expected to be a contaminant that co-elutes
with CB2. The amount of the 30 kDa contaminant protein reduced when the impure sample
was bound to the IDA resin as compared to Ni-NTA. Despite this improvement in purity. Ni-
NTA resin was chosen to be optimal due to the overall higher yield of CB2 upon elution.
Overall, the SDS-PAGE gel showed that the best purification of SMA-CB2 utilised Ni-NTA

resin when 20 mM arginine and 500 mM salt were in the binding buffer.

When analysing the binding of 0.35 BzAM-solubilised CB2, the monomer band (85 kDa) was
visible in every condition except when using the IDA resin with low salt and no arginine
(Figure 5.10B). A band at approximately 110 kDa, suspected to be the common contaminant
AcrB, was visible after Ni-NTA or TALON were used and had an increased intensity in low
salt concentrations. A possible dimer band of CB2 (170 kDa) was visible when using Ni-NTA
resin. This could indicate that 0.35 BzAM allowed more dimerization or better binding of
CB2 dimers to Ni-NTA resin compared to SMA. Overall, when comparing monomer band
intensity and purity, the best purification of 0.35 BzAM-solubilised CB2 was using Ni-NTA

resin with 20 mM arginine and 500 mM salt in the binding buffer.
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Figure 5.10: SMA-CB2-, 0.35 BzAM-CB2 and DIBMA-CB?2 binding trial comparing the effect of resin-type,
arginine and salt.
Polymer-solubilised material was incubated with one of three types of resin overnight (Ni-NTA, TALON and
IDA) at either 150 mM NaCl concentration (-NaCl) or 500 mM NaCl concentration (+NaCl), with or without the
addition of 20 mM arginine (+R or -R). The resin from each condition was washed and the bound protein eluted
by addition of LDS buffer and boiling at 100 °C for 10 minutes.

(A) The elution for each of the 16 conditions tested in the binding screen when CB2 expressing membranes were
solubilised with 2% SMA.

(B) The elution for each of the 16 conditions tested in the binding screen when CB2 expressing membranes were
solubilised with 2% 0.35 BzAM

(C) The elution for each of the 16 conditions tested in the binding screen when CB2 expressing membranes were
solubilised with 2% DIBMA.

DIBMA solubilised CB2 had the poorest binding trial results of the three polymers tested. The
expected monomer band was not visible in any of the conditions tested (Figure 5.10C). This

may be because of the low CB2 solubilisation efficiency of DIBMA compared to SMA or
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0.35 BzAM. This would have caused lower concentration of DIBMA-CB?2 in the soluble
material and higher binding of contaminant proteins. The contaminant bands had variable
intensity dependent on resin, salt and arginine conditions. Overall, it was decided that IMAC

chromatography was not appropriate for the purification of DIBMA-CB2.

The binding trial was able to successfully identify the best conditions out of the tested
variables. Interestingly, the effect of salt and arginine had different effects on the protein
concentration and purity of the elution dependent on each resin and solubilisation polymer.
This demonstrated the need for resin and polymer screening when utilising PoLiPa
technology. A resin screen methodology tested on a wider range of proteins and polymers has

recently been investigated to find patterns in PoLiPa purification efficiency (Unpublished).

5.7.3 Addition of 200 mM Arginine

Since SMA was one of the polymers with the best solubilisation efficiency and initial IMAC
screen, it was decided to focus on the purification of SMA-CB2. The results of the binding
trial showed that the inclusion of 20 mM arginine in the binding buffer improved the binding
of CB2 and reduced the binding of impurities to Ni-NTA. However, the elution from the
binding trial generated a sample of CB2 which was less than 50% pure. It was decided to test
whether a higher concentration of arginine would increase sample purity. Two purifications
using the same SMA-solubilised material were performed with and without 200 mM arginine
in the binding buffer. Concentrations above 200 mM reported interfered with protein binding
to Ni-columns (Abe et al., 2009). Fractions of each purification were analysed by SDS-PAGE

and Western blot (Figure 5.11).
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Figure 5.11: Two comparative SMA-CB2 IMAC purifications with and without 200 mM arginine in the binding buffer.
CB2 expressing membranes were solubilised with 2% SMA and soluble material was incubated with Ni-NTA resin overnight
a 4 C, resin was washed with buffer (BW) and 10 mM imidazole (IW10) elution with three 2 mL fractions of 500 mM
imidazole (El, E2, E3). Following elution, a sample of the resin was incubated with LDS loading buffer and boiled for 10
minutes. Samples of each wash and elution fraction including the flow through (FT) were analysed by SDS-PAGE using a 4-

20% gradient acrylamide gel. The red boxes indicate where a band may appear if at the expected MW of monomeric CB2.
(4) Coomassie stained SDS-PAGE gel. (B) Western blot analysis using anti-His antibody.

A comparison of the first elution fraction of each purification on the Coomassie-stained SDS-
PAGE gel shows a ladder of multiple bands in the purification with no arginine versus no
visible bands with 200 mM arginine Figure 5.11A. This shows the purification with no
arginine yielded a low purity protein product whereas the purification with 200 mM arginine
yielded no protein. Figure 5.11B gives a clearer comparison of how much SMA-CB2
remained in the flow through and hence did not bind to the Ni-NTA resin. The intensity of the
monomer and dimer bands was lower in the flow through (FT) when no arginine was used in
the binding buffer. There is no visible monomer band in the elution fractions analysed by
Western blot when 200 mM arginine was used. The most intense bands on the Western blot
are in the first elution from the purification without arginine. This provided evidence that
arginine inhibits the binding of SMA-CB2 to IMAC resin when added to the binding buffer at

a high concentration. The arginine also inhibited the binding of the contaminant proteins.
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Abe et al showed that arginine interferes with protein binding to Ni-columns but this effect
was greatly reduced below 200 mM (Abe et al., 2009). The PoLiPa may have made CB2
binding extra sensitive to interference with arginine. It was decided that 20 mM concentration
was appropriate in the binding buffer to retain the highest yield of CB2 possible. The band at
85 kDa was confirmed to represent CB2 by mass spectrometry analysis: 13 peptides unique to

the CB2 sequence were identified.

5.7.4  Effect of Reducing Agent addition to IMAC binding buffers: 25 mM DTT

The inclusion of 25 mM DTT during the lysis of CB2-expressing E. coli decreased the
dimerization of CB2. It was hypothesised that the inclusion of a reducing agent when binding
to IMAC resin may improve purification yield of SMA-CB2. The two purifications with and

without 25 mM DTT in the binding buffer are shown by the SDS-PAGE gels in Figure 5.12.

DTT can reduce a proportion of Ni** ions on the resin to Ni'* or uncharged Ni causing the
brown colour and also strip the nickel from the resin, reducing binding capacity (Getz et al.,
1999). The SDS-PAGE analysis showed that the inclusion of DTT improved the purity of
SMA-CB2 in the elution fraction. The highest intensity band in the elution fractions is one at
the expected MW of the CB2 monomer (85 kDa). In the purification with no reducing agent,
there is also a band in the elution fractions which is suspected to be monomeric CB2.
However, there are multiple other bands of similar intensity including the contaminant bands,

identified in Chapter 3: 110 kDa, 45 kDa and 35 kDa.
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Figure 5.12: Two comparative SMA-CB2 IMAC purifications with and without 25 mM DTT in the binding buffer.
CB?2 expressing membranes were solubilised with 2% SMA and soluble material was incubated with Ni-NTA resin for
overnight a 4 °C, resin was washed with buffer (BW) and 20 mM imidazole (IW20) and eluted with eight ImL fractions
of 500 mM imidazole (E1- ES). Following elution, a sample of the resin was incubated with LDS loading buffer and
boiled for 10 minutes. Samples of each wash and elution fraction as well as the flow through (FT), soluble fraction
(SOL) and insoluble fraction (INSOL) were analysed by SDS-PAGE using a 4-20% gradient acrylamide gel. Red box
indicates where a band may appear if at the expected MW of monomeric CB2. Western blot analysis performed on
specific fractions using anti-His antibody.

(A) Coomassie stained SDS-PAGE analysis of IMAC purification with no reducing agent added.

(B) Coomassie stained SDS-PAGE analysis of IMAC purification with 25 mM DTT in the binding buffer.

(C) Western blot analysis of the flow through, imidazole wash and first two elution fractions from IMAC purification
with no reducing agent added.

(D) Western blot analysis of the flow through, imidazole wash and first two elution fractions from IMAC purification
with 25 mM DTT in the binding buffer.

The Western blots in Figure 5.12 (C and D) confirmed the presence of SMA-CB2 monomer

and dimer. Bands at the expected MW of monomeric (85 kDa) and dimeric (170 kDa) CB2

were visible in the flow through, 20 mM imidazole wash and analysed elution fractions (E1
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and E2) when analysing purifications both with and without DTT in the binding buffer. The
intensity of the dimer band compared to the monomer band is lower when DTT was included
in the binding buffer in the Western blot-analysed components of the IMAC purifications.
This suggested DTT reduced dimerization after SMA solubilisation. The intensity of the
monomer band in the flow-through (FT) represents the concentration of protein that did not
bind to the resin. There was a larger proportion of the CB2 when DTT was used in the binding

buffer. This is most likely due to the reduced binding capacity of the resin caused by DTT.

The results of this experiment show that the inclusion of a reducing agent had a large effect on
the purity of the product yielded from an IMAC purification. It is theorised that CB2 has a
greater affinity for the Ni-NTA resin as a monomer compared to a dimer. This may be because
the His tag is more exposed to the resin in the monomeric form. Dimerization could occlude
the tag in some way preventing binding by steric hindrance. The choice to add a reducing
agent also led to the loss of binding capacity. However, a lower protein concentration was

sacrificed for a significant improvement in protein purity.

5.7.5  Effect of Reducing Agent addition to IMAC binding buffer: 1 mM TCEP

TCEP is often the preferred reducing agent to DTT because it is more stable at pH values
above 7.5 and a more powerful reducing agent below pH 8 (Getz et al., 1999). Getz et al
found that DTT caused a higher Ni?* concentration in the elution after IMAC purification
compared to TCEP. It was hypothesised that using a low concentration of TCEP would avoid
protein precipitation and retain the integrity of the Ni-NTA resin. An IMAC purification of
SMA-CB2 was performed with 1 mM TCEP in the binding buffer. After overnight binding to
the Ni-NTA resin, elution fractions were collected using a stepwise increase in imidazole

concentrations to determine the optimal elution concentration. The elution fractions were
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combined (total IMAC elution) and divided into four. After overnight dialysis into buffers
without TCEP, the protein was re-analysed by SDS-PAGE to assess evidence of post-

purification oligomerization.

Figure 5.13 shows the SDS-PAGE analysis of the IMAC purification fractions when 1 mM
TCEP was included in the binding buffer. There is a band at the expected MW of CB2 in the
elution fractions using 40-500 mM imidazole. The elution with the highest target protein
concentration was when 100 mM imidazole was used. In this fraction, there are four other
bands suspected to be contaminant proteins which have co-eluted with CB2. The band at 110
kDa is suspected to be AcrB, as identified in Chapter 3. The intensity of the bands indicates
that CB2 is present at a higher concentration than the contaminant proteins. Some protein
remained on the resin after the stepwise imidazole concentration elution fractions however

most of the protein was eluted after the 250 mM imidazole elution.

The four lanes on the far right-hand side of the gel show the post-IMAC CB2 sample after
dialysis into four slightly different buffers, all without TCEP. Comparing the post-dialysis and
centrifugation samples to the total IMAC elution shows the appearance of higher-order bands
above the 140 kDa marker. It is suspected that the band near the top of the gel is
representative of a CB2 dimer or oligomer. This suggested that without a reducing agent,
oligomerization of CB2 can occur post-solubilisation. This may indicate that proteins can
move between SMALPs or two SMALP-encapsulated CB2 particles and fuse to allow a

dimerization event.
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Figure 5.13: SMA-CB2 IMAC purification with 1 mM TCEP in the binding buffer.

CB2 expressing membranes were solubilised with 2% SMA and soluble material was incubated with Ni-NTA resin for
overnight a 4 °C, resin was washed with buffer (BW) and then five SmL elution fractions with a stepwise increase in
imidazole concentration (20, 40 100, 250, 500). Following elution, a sample of the resin was incubated with LDS loading
buffer and boiled for 10 minutes. Elution fractions were combined (Total IMAC Elution), split into four and dialysed into
four different buffers with either 500 mM NaCl or 150 mM salt, with and without 20 mM arginine. After overnight dialysis,
samples were centrifuged before SDS-PAGE analysis (post-dialysis and centrifugation). Each wash and elution fraction as
well as the flow through (FT) were analysed by SDS-PAGE using a 4-20% gradient acrylamide gel and visualised with
Coomassie stain. Red box indicates where a band may appear if at the expected MW of monomeric CB2.

This experiment demonstrated that 1 mM TCEP could be used to prevent dimerization whilst
retaining the integrity of Ni-NTA resin, yielding a condition that generated the highest
concentration of CB2 from an IMAC purification. Despite reduced dimerization and
suspected higher affinity for the resin, four major contaminate proteins were co-eluted with
CB2. It could be that these were also co-eluted when DTT was included, but the overall
concentration was too low to visualise the contaminants with Coomassie stain. Alternatively,
it could be that the oxidation and leaching of the nickel ions caused by DTT reduced the
affinity for contaminant proteins more selectively. The result of this experiment led to the
decision that a high yield of pure polymer solubilised CB2 would not likely be achieved by a

single-step purification.
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5.8 FLAG Purification of CB2 Post-IMAC Purification

SMA-CB2 was not able to be purified by FLAG peptide affinity purification immediately
after solubilisation. To test whether the removal of excess SMA and other solubilised proteins
would improve binding, it was decided to perform a FLAG purification after an IMAC
purification. The elution from the IMAC purifications in sections 5.7.4 and 5.7.5, were used
to compare post-IMAC FLAG purifications using different conditions. These included testing

the inclusion of reducing agents as well as different arginine and salt concentrations.

5.8.1 Addition of 25 mM DTT in Binding Buffers

The elution from the IMAC purification with 25 mM DTT was incubated with anti-FLAG
resin with continued use of DTT up until elution with 2.5 mg/mL FLAG peptide. This was
compared to a second FLAG purification with no reducing agent. Since previous FLAG
purifications highlighted issues with removing CB2 from the resin, a higher flag peptide
concentration was trialled, and the anti-FLAG resin was agitated for 2 hours at RT to promote
elution. A second elution was collected after incubation with FLAG peptide without agitation
before analysis of what remained on the resin by the addition of LDS buffer and boiling for 10

minutes.

Figure 5.15 shows the SDS-PAGE and Western blot analysis of the post-IMAC FLAG
purifications. The post-IMAC FLAG purification with 25 mM DTT in the binding buffers
showed a band at the expected MW of the CB2 monomer in the two FLAG elution fractions

as well as on the anti-FLAG resin post-elution (Figure 5.15A).
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Figure 5.14: Two comparative post-IMAC FLAG purifications with and without 25 mM DTT in the binding buffers.
Elution from the IMAC purifications with and without 25 mM in the binding buffer were incubated with anti-FLAG
magnetic resin for 2 hours. The resin was washed with 2x ImL buffer wash (W1 and W2) and then incubated with
2.5mg/mL FLAG peptide for 2 hours at RT whilst being agitated. This elution was collected (E1) and the resin was
incubated with 2.5mg/mL peptide for 2 hours without agitation (W2). The resin was then washed with buffer (E3) before
a sample of the resin was incubated with LDS loading buffer and boiled for 10 minutes (Resin). Samples of each wash
and elution fraction as well as the flow through (FT) were analysed by SDS-PAGE using a 4-20% gradient acrylamide
gel. Western blot analysis performed on specific fractions using anti-His antibody.

(A) Coomassie stained SDS-PAGE gel of IMAC purification fractions with (left) or without (vight) 25 mM DTT. Red box
indicates where a band may appear if at the expected MW of monomeric CB2.

(B) Western blot analysis FLAG purification fractions when no reducing agent was added to the binding buffer.

(C) Western blot analysis FLAG purification fractions when 25 mM DTT added to the binding buffer.

161



Despite the excessively high concentration of FLAG peptide and RT agitated elution, some
SMA-CB2 was not able to be eluted from the resin in both conditions, suggesting an issue of
non-specific binding. Previous contaminants from the IMAC purification appeared to also
bind non-specifically to the resin and were not eluted with FLAG peptide, as shown by the
analysis of the resin after elution. When post-IMAC FLAG purification with no reducing
agents was analysed, the common previously identified IMAC contaminant bands (110 kDa,
45 kDa and 35 kDa) were bound to the resin post-elution (Figure 5.14A, right). There was a
band at approximately 50 kDa in the first elution fraction of the post-IMAC FLAG
purification with no reducing agent. This is likely to be a C-terminal fragment of CB2 that
included the tags as confirmed by the Western blot analysis with an anti-His antibody (Figure

5.14C.

Western blot analysis of the fractions of the post-IMAC FLAG purification with 25 mM DTT,
confirmed the presence of SMA-CB2 (Figure 5.14B). There was a large proportion of SMA-
CB2 left in the flow through when DTT was included in the binding buffer despite, no visible
band on the Coomassie-stained SDS-PAGE gel. The primary band on the Western blot in the
elution of the FLAG purification with 25 mM DTT was the approximately 85 kDa band
expected to be the CB2 monomer. There was also a lower intensity band at 50 kDa suspected

to be a fragment of the CB2.

Western blot analysis shown in Figure 5.14C elucidated which bands were likely CB2 or CB2
fragments from the SDS-PAGE gel in Figure 5.14A. As well as a high intensity band at
approximately 50 kDa, there are many bands at a range of MWs in the first elution fraction. In
the second elution, the 85 kDa monomer band and higher oligomer bands can be identified as
well as a faint band at 50 kDa. This suggested that the agitation of the first elution fraction at

RT caused fragmentation of the SMA-CB2. This was especially detrimental to the purification
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when no reducing agent was included in the binding buffer. This could suggest that the
reduced oligomerization caused by 25 mM DTT had a stabilising effect. This experiment
showed that a two-step purification with addition of a reducing agent could produce a pure

SMA-CB2 product.

5.8.2 Arginine and Salt Concentration

The post-IMAC FLAG purifications showed promising results defining an appropriate
methodology for producing pure SMA-CB2 expressing in E. coli. The main drawback of this
methodology was the efficiency of purification. A large proportion of the CB2 produced was
lost in the flow-through of the IMAC purification or could not be removed from the anti-
FLAG resin. An experiment was performed to optimise the yield of the FLAG purification
step. The elution of the most efficient IMAC purification, performed with 1 mM TCEP in the
IMAC binding buffer, was divided into four and dialysed into different buffers with either 500
mM or 150 mM NaCl; 0 mM or 20 mM arginine. It was hypothesised that the addition of
arginine or NaCl may prevent non-specific binding of the SMA-CB2 which could not be

displaced by FLAG peptide.

The SDS-PAGE gels in Figure 5.15 (A and B) compare the flow-through, wash, two elution
fractions and resin of FLAG purifications in the four different conditions. There was a band at
the expected weight of the CB2 monomer (85 kDa) in flow through and in the first elution for
all four conditions. This suggested the amount of resin was too low to capture all the SMA-
CB2 available. There were bands likely representing the IMAC contaminant proteins in the
flow-through, including bands at approximately 100 kDa, 45 kDa and 35 kDa. These three
bands are also present in the first elution of all four purifications. This shows a small
proportion of contaminating protein can be co-eluted through a two-step purification method.

It may be that these proteins are present in the same SMALP as the CB2.
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The intensity of the expected CB2 monomer band in the elution fractions provided an
indication of the concentration of purified SMA-CB2. The purification with low salt and no
arginine in the buffers had the most intense band in both the elution fractions. There was no
clear band in the second elution when using high salt and arginine. The analysis of the resin
showed a faint monomeric CB2 band when arginine was added to the binding buffer. The low
salt, no arginine purification resin analysis showed a ladder of different bands which included
the common contaminant banding pattern as well as a higher intensity monomeric CB2 band.
This suggests that a high salt concentration and 20 mM arginine can reduce the binding

capacity of the anti-FLAG resin.

Figure 5.15C gave reassurance that the 85 kDa band in the first elution fraction was the CB2
monomer and suggested that the band near the top of the gel represented dimeric CB2.
The intensity of the bands on the Western blot confirmed that arginine and salt reduced the

efficiency of the FLAG purification, yielding a lower concentration of CB2 in the elution.

The results did not confirm the hypothesis that arginine or a high salt concentration would
improve the efficiency of the FLAG purification. This experiment successfully used the
elution from a previous IMAC purification, in which the purity was less than 50% to produce

a product that was over 90% pure, excluding the FLAG peptide used for elution.
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Figure 5.15: Four comparative post-IMAC FLAG purifications at low and high salt concentrations, with and without
20 mM arginine.

Elution from the IMAC purifications with 1 mM TCEP in the binding buffer were separated into four and dialysed into the
four different buffer compositions with either 150 mM or 500 mM NaCl, 0 mM or 20 mM arginine.

After centrifugation, the protein was incubated with anti-FLAG magnetic resin for 2 hours. The resin was washed with
SmL buffer wash (Wash) and then incubated with Img/mL FLAG peptide overnight at 4 °C. This elution was collected
(Elution 1) and the resin was incubated with 2.5 mg/mL peptide for 2 hours at RT (Elution 2). The resin was then washed
with buffer (E3) before a sample of the resin was incubated with LDS loading buffer and boiled for 10 minutes (Resin).
Samples of each wash and elution fraction as well as the flow through (FT) were analysed by SDS-PAGE using a 4-20%
gradient acrylamide gel. Red box indicates where a band may appear if at the expected MW of monomeric CB2. Western
blot analysis performed on specific fractions using anti-His antibody. Columns are labelled to show the composition of the
buffer in which the FLAG purification was performed (High Salt 20 mM arginine (+R), High Salt no arginine (-R), Low
Salt 20 mM arginine (+R), Low Salt no arginine (-R)).

(4) Coomassie-stained SDS-PAGE gel showing the flow through, wash and first elution from the four FLAG purifications
performed in different buffer compositions as well as a sample of all four first elution fractions combined.

(B) Coomassie-stained SDS-PAGE gel showing the second elution and resin sample from the four FLAG purifications
performed in buffer compositions.

(C) Western blot analysis of the first elution fractions the four FLAG purifications performed in buffer compositions as
well as a sample of all four first elution fractions combined.
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5.9 Optimal Storage of SMA-CB2

Having developed a protocol for the purification of SMA-CB2 expressed in E. coli, the
optimal overnight storage temperature of the purified protein was determined. Typically,
proteins are stored at -80°C after flash-freezing aliquots in liquid nitrogen. The submersion of
a protein into a -196°C temperature rapidly transitions through temperatures were proteins
and prone to aggregation and degradation. Slower ice crystal formation, can increase the
concentration of the solutes including the protein concentration, typically encouraging
aggregation (Franks, 1993). Another method of flash-freezing involves holding the aliquot in

ethanol containing dry ice, which will be approximately -78°C.

Five aliquots of SMA-CB2 were used to compare different storage methods overnight: 25°C;
4°C; -20°C; -80°C after flash freezing with liquid nitrogen or with dry ice and ethanol. To
determine the best storage method, stored aliquots were centrifuged to remove aggregation

before DLS analysis. A pre-centrifugation and post-centrifugation sample was taken for SDS-

PAGE analysis (Figure 5.16A).

In all lanes there was a band at the expected size of monomer CB2 (85 kDa) as well as at the
expected size of dimeric CB2 (170 kDa). The bands at the bottom of the gel represent the
FLAG peptide that was used to elute the CB2 during purification. The most intense band
representing the CB2 monomer was visible from the sample that was denatured by LDS
buffer the day before the other aliquots were stored. This suggested that every storage
condition caused some loss of CB2 protein. Before centrifugation, the most intense bands
appeared from the aliquots which were flash-frozen. After centrifugation, the flash-frozen

aliquots have the lowest intensity monomer bands compared to the aliquots stored at 24°C,

4°C or -20°C. The decrease in intensity caused by the centrifugation is likely due to
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removal of aggregated CB2. After centrifugation, the highest intensity of the band at the

expected MW of monomeric CB2 was from the aliquots stored at 4°C or -20°C.
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Figure 5.16: SMA-CB2 optimal storage trial.

Five aliquots of SMA-CB2 were used to test different storage methods overnight: in a cupboard at 25 °C; in a fridge at 4 °C;
in a freezer -20 °C; a freezer at -80 °C after flash freezing with liquid nitrogen or in a freezer at -80 °C after flash freezing
with dry ice and ethanol.

(4) SDS-PAGE analysis of five of aliquots before and after centrifugation at 130,000 x g for 10 minutes and a sample of the
SMA-CB?2 before storage (Day before).

(B) Dynamic Light Scattering data showing the percentage of the light scattering intensity caused by particles of calculated
size.

DLS analysis of the aliquots in Figure 5.16B was complementary to the SDS-PAGE analysis.
It was expected that the CB2-encapsulated SMALP would be approximately 10-30 nm in
diameter (Craig et al., 2016). When the 4°C aliquot was analysed, 83% of the light scattering
was caused by particles of approximately 20 nm in diameter. Both the aliquots stored at 25°C
and -20°C had similar peaks at 20 nm representing a smaller percentage of the total light
scattering intensity. Considering that larger particles create a bigger signal; it can be assumed
most of the particles in the aliquots stored at -20°C and 4°C are likely CB2 encapsulated in a

SMALP. The flash-frozen aliquots did not appear to have a discrete peak close to 20 nm and

instead suggested a range of larger particle sizes, suggestive of aggregation.
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Overall, the storage condition experiment confirmed the best condition from overnight storage
to be 4°C and longer-term storage may be more appropriate at -20°C. Flash-freezing storage

methods were shown to be the least appropriate.

5.10 Thermostability Analysis of SMA-CB2 of NanoDSF

The stability test and DLS analysis showed aggregation and loss of CB2 protein after
overnight storage. NanoDSF was used to monitor temperature-induced protein unfolding on
the three samples of SMA-CB2. The ratio of fluorescence intensity at 350 nm and 330 nm is
indicative of the environment of the tryptophan residues within the SMA-CB2. As
temperature increases, proteins are likely to unfold and aggregate, exposing tryptophan
residues to water. This causes a bathochromic shift of the emission peak, which increases the
350/330 ratio. It was hypothesised that the melting temperature (Tr) of CB2 would be

increased by its encapsulation in a SMALP (Gulamhussein et al., 2019).

Ratio 350/330

1
20 40 60 80 100 20 40 60 80 100
TI°C] TI°C]

Figure 5.17: Thermostability assessment of SMA-CB2 by NanoDSF.

SMA-CB2 concentration was 0.39 mg/mL.

(4) Mean +SD of the ratio of 350nm fluorescence intensity and the 330 nm fluorescence intensity.
(B) The first derivative of 350/330 Ratio£SD.

The 350/330 fluorescence ratio showed an increase upon an increase in temperature (Figure
5.17). The increase in 350/330 was relatively shallow and analysis of the first derivative was

not able to reveal a clear onset point for unfolding below 50°C. It may be that below 50°C,
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unfolding of CB2 did not occur but temperature increase caused a change in environment of
the tryptophan residues in CB2 that warranted small bathochromic shift. This may have been
caused by an increase in flexibility of PoLiPa and solvent exposure of CB2. The first
inflexion point when the first derivative stopped increasing is at 61.05+3.4°C. This estimation

of melting temperature was higher than that of SMA-rNTR1, as described in Chapter 4.

The melting temperature of detergent solubilised CB2 in a complex with Gi, stabilised by an
antibody fragment, is 60.58°C (Xing et al., 2020). The NanoDSF analysis was able to provide
a melting temperature of CB2 that was similar to CB2 stabilised with a Gi and antibody
fragment interactions. The increased thermostability provided by the SMALP is consistent
with other SMA-solubilised proteins including rNTR1. It was suspected that the PoLiPa
caused the increase in the 350/330 ratio to be more gradual. It is thought SMA-solubilised
protein may be more likely lost from solution by aggregation without complete unfolding.
Due to the structural integrity of the polymer ring, temperatures higher than 50°C may be
required to change the secondary structure of the encapsulated protein. This explanation is
supported by the CD analysis of SMA-rNTRI1 (Chapter 4), and other data recently collected

by the Dafforn lab (unpublished).

5.11 Summary of CB2 Production and Characterisation using PoLiPa Technology

CB2 was successfully expressed in E. coli, solubilised with several polymers and purified via
a two-step purification process. The concentration of salt and arginine for optimal protein
yield was different for each purification step. This investigation showed that the best
purification method of polymer solubilised-GPCRs was protein- and tag-dependent. Buffer
component comparisons and resin binding screens are useful for optimising GPCR

production, which can circumvent low expression and poor stability issues.
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CHAPTER 6: EXPRESSION, SOLUBILISATION AND
PURIFICATION OF GPCRS EXPRESSED IN MAMMALIAN
CELLS USING POLIPA

6.1 Introduction

SMA has been used to solubilise GPCRs from several expression systems including E. coli,
HEK?293 cells, Pichia pastoris and Cos cells (Wiseman et al., 2020). E. coli is an efficient and
cost-effective method of producing protein. However, GPCR expression in E. coli presents
several disadvantages (Wiseman et al., 2020). As GPCRs are mammalian proteins, using a
mammalian expression system can better simulate how GPCRs are expressed and function in
the body. E. coli lipids co-extracted with GPCRs in PoLiPa might cause changes in the
structure or function of the GPCR. Furthermore, prokaryotes do not possess the machinery for
post-translational modifications such as glycosylation. Glycosylation sites on mammalian
proteins can influence the way GPCRs are folded, trafficked and possibly the way they signal

(Goth et al., 2020).

HEK?293 cells are a well-established eukaryotic cell line used for producing protein. Lentiviral
transduction is an attractive alternative to traditional transient transfection of mammalian cells
due to its lack of large-scale plasmid production and reduced plastic and biological waste
(Elegheert et al., 2018). Transient transfections are reported to be 65-75% efficient whereas
lentiviral transductions have the capacity to transfect every HEK293 cell with one or two
lentiviruses (Elegheert et al., 2018). This even and consistent transduction across the cells can
solve problems such as toxic overexpression of protein in some cells and low yield of protein

in others.
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Figure 6.1: Cartoon representation of GPCRs expressed in HEK293 cells.

Wild-type Human NTRI and Human CB2 sequences have seven transmembrane alpha helices and no fusion proteins. Both
GPCRs contain a FLAG tag and 10x His tag at the C-terminus, separated by a Tabacco Etch Virus (TEV) protease cleavage
site.

Figure 6.1 shows the two GPCRs expressed by lentiviral transfected HEK293 cells. The
constructs included a His tag and a FLAG tag on the C-terminus with a TEV site in-between
so that the FLAG tag could be cleaved off the construct. The production of human NTR1 and
CB2 in mammalian cells allowed an interesting comparison to the NTR1 and CB2 expressed

in E. coli.

Libanje ef al (2023) discovered that hANTRI1 exists in mammalian cells in three forms, visible
by Western blot analysis: the less-processed hNTR1 form (hNTR1-LP) was identified at the
predicted MW based on the amino acid sequence (49 kDa); a glycosylated form of hNTR1
was identified at approximately 70 kDa (hNTR1-high) and a cleaved, de-glycosylated form of
hNTR1 was identified at 40 kDa (hNTR1-low) (Libanje et al., 2023). This finding revealed
the importance of GPCR processing after translation for modulating purposes. HEK293
expressed hNTR1 has been encapsulated in a PoLiPa once before to understand
oligomerisation (Dathe et al., 2019). However, hNTR1 has not been purified in a PoLiPa and

the different identified glycosylation forms have not been extracted from mammalian cells.

Previous expression and purification of CB2 has been successful in multiple expression

systems. An antagonist-bound crystal structure was achieved through insect cell expression
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(Li et al., 2019). A protocol for producing DDM-solubilised CB2 expressed in the mammalian
cell line Expi293 has also been published (Yeliseev, 2021). Both expression systems led to a
product that included CB2 monomers, dimers and higher oligomers. Yeliseev et al (2020)
compared CB2 expressed in E. coli and mammalian cells and found that mammalian CB2 was
more active and stable at 42°C. This stabilising effect was reversed by the inclusion of
Peptide: N-glycosidase, showing glycosylation helps stabilise CB2 solubilised in detergent
(Yeliseev et al., 2020). CB2, in any version, had not been encapsulated into a PoLiPa before

this project.

The resources and protocols from Dr Michael Tomlinson were utilised to produce HEK293
cell lines able to express hNTR1 or CB2. This chapter aimed to determine how PoLiPa could

aid the solubilisation and purification of GPCRs expressed in mammalian tissue.

6.2  Solubilisation Screens to Understand how Efficiently Polymers Extract
hNTRI1 from HEK293 Cell Membranes

Membranes were harvested and solubilisation screens performed to provide comparisons of
solubilisation agents and techniques. This section aimed to understand how polymer type,
hydrophobicity and concentration could affect AINTR1 extraction from HEK293 cell

membranes.

6.2.1 Solubilisation screen of hNTR1 Expressed in HEK293 Cells

A solubilisation screen was performed to compare solubilisation efficiency of different
polymers and the detergent DDM. BzAM series polymers were included to understand how

polymer hydrophobicity affected hNTR1 extraction from HEK293 membranes.
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Figure 6.2: Mammalian expressed hNTR1 solubilisation trial comparing BzAM series (0.05-0.4), SMA, DIBMA,

DDM and SMI
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2.5% (w/v) polymer or 1.5% (w/v) DDM. The insoluble fractions were removed by centrifugation. The soluble fractions

and a sample of the membranes diluted 2-fold were analysed by SDS-PAGE on a 4-20% acrylamide gel. Western blot

was probed with anti-His antibody.

Figure 6.2 shows the Western blot analysis of the soluble fraction obtained after

HEK?293 membranes were incubated with different solubilising agents. A sample of HEK cell

membranes before solubilisation identified the size of His tagged proteins present. Three

bands were visible at approximately 70 kDa, 40 kDa, and 20 kDa. A band at the expected MW

based on the primary sequence of hNTR1 (46 kDa) was not visible. The 70 kDa and 40 kDa

size bands were consistent with the size of the glycosylated version of hNTR1 (hNTR1-high)

and the de-glycosylated cleaved version of hNTR1 (hNTR1-low) identified by Libanje ef al

(2023). The 20 kDa band was suspected to be a C-terminal fragment of hNTR1 degradation

product.
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BzAM series investigation showed no correlation between hydrophobicity of the polymer and
solubilisation efficiency of hNTR1-high. This was inferred from the intensity of the bands at
approximately 70 kDa. Extraction efficacy was comparable to SMA and DIBMA. There was a
decrease in the solubilisation efficiency of hNTR1-low when using the least hydrophobic
polymers in the BZAM series: 0.05 and 0.10. This trend reflected the E. coli-expressed

GPCRs in this project.

It is noteworthy that the intensity of hNTR1-high and hNTR1-low bands from DDM
extraction were less intense compared to solubilisation with SMA, DIBMA or any polymer in
the BZAM series. There was more smearing at the top of the lane and a more intense 20 kDa
band when DDM was the solubilisation agent. The smearing could be caused by aggregated
material that could not migrate easily through the gel. The more intense 20 kDa band could
suggest increased fragmentation of hNTR1. These results support the use of polymer
solubilisation over DDM. The worst solubilisation agent identified by this solubilisation trial
was SMI. There was a faint band at approximately 70 kDa, representing hNTR 1-high

suggesting SMI was not an appropriate solubilising agent from hNTR1 at the tested pH.

This solubilisation trial identified that SMA, DIBMA or any of the tested BZAM polymers
were ideal solubilisation agents for ANTR1 expressed in HEK293 cells; seemingly all
hNTR1-high was extracted from the HEK293 cell membranes at the concentrations tested. It
is theorised that mammalian membranes are more easily solubilised with the polymer than E.
coli membranes. This may be due to more obstacles such as peptidoglycan or the biophysical
properties of the lipids themselves in bacterial membranes. The most hydrophobic polymers
appeared to solubilise hANTR1-low less efficiently. This finding could be used to selectively

extract glycosylated GPCRs.
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6.2.2 SMA, DIBMA and Novel Polymer Series: AASTY

A solubilisation trial investigating different concentrations of SMA and DIBMA was

performed to determine the minimal concentration of SMA and DIBMA for efficient

solubilisation. Three polymers from the AASTY polymers series were also compared (Table

6.1). These are amphipathic polymers which utilise acrylic acid instead of maleic acid as the

hydrophilic moiety in the polymer chain (Smith ef al., 2020). To achieve a robust comparison,

SMA solubilisations were performed in both HEPES and Tris-HCI buffer, as AASTY

polymers were only commercially available in HEPES.

Table 6.1: Summary of AASTY Polymers in Solubilisation Trial
AASTY Polymer MW range (kDa) Acrylic Acid (%) Styrene (%)
AASTY 11-45 10-11 45 55
AASTY 11-55 10-11 55 45
AASTY 6-45 5-6 45 55

Figure 6.3 shows the Western blot analysis of the soluble fractions from the solubilisation
screen and a sample of hANTR 1-expressing HEK293 cell membranes homogenised into
HEPES buffer. All the soluble fractions and the membranes showed a band at approximately
70 kDa, consistent with the size of hNTR1-high. The membrane sample also showed bands at
approximately 140 kDa, 40 kDa and 20 kDa. The 140 kDa band may represent a dimer of
hNTR1-high and the band at 40kDa may represent NTR1-low. The 20 kDa band may be a C-
terminal fragment of hNTR1 degradation product. The comparison of solubilisation with
SMA in the two different buffer systems yielded a nearly identical result on the Western blot.
This suggested that the buffer system did not have a noticeable impact on polymer
solubilisation. This supported the comparison of the AASTY polymers, which were premixed

with HEPES buffer, to SMA.
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Figure 6.2: Mammalian expressed hNTR1 solubilisation trial comparing different SMA and DIBMA concentrations and
the AASTY polymer series.

Western blot analysis of the soluble fractions after NTRI expressing HEK293 cell membranes were incubated with SMA
(2.5%-1% (w/v)), DIBMA (10%-2.5% (w/v)) or AASTY (2.5% (w/v)) polymers of different concentrations. 2.5% (w/v) SMA
solubilisation was tested in HEPES and Tris-HCI buffer systems. The insoluble fractions were removed by centrifugation. The
soluble fractions and a sample of the membranes diluted 2-fold were analysed by SDS-PAGE on a 4-20% acrylamide gel.
Western blot was probed with anti-His antibody.
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The higher MW AASTY polymers (AASTY 11-45 and 11-55) successfully extracted hNTR1-
high and hNTR1-low. The intensity of the bands suggested a slightly lower concentration of
hNTR1-high was solubilised with the AASTY polymers than SMA or DIBMA. However,
AASTY 11-55 solubilised a higher concentration of the hNTR1-low than any SMA or
DIBMA concentration investigated. Interestingly, the lower MW AASTY polymer (AASTY
6-45), exclusively solubilised hNTR1-high. This could be a useful tool for investigating the

different hANTR1 glycosylation forms.

Of all the SMA or DIBMA concentrations tested, there was comparable extraction of hNTRI1.
When a DIBMA concentration of 5-10% (w/v) was used, the bands showed an increased

volume but lower intensity, which was suspected to be a side effect of the excessive DIBMA
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in the sample. Increasing the concentration of polymer above 2.5% (w/v) DIBMA did not
improve the yield of soluble hNTR1, in contrast to the E. coli-expressed hNTR1 (Appendix
1.1). This suggested that mammalian membranes are more efficiently solubilised with
DIBMA than bacterial membranes. This experiment also showed that a change in the buffer
system between Tris-HC] and HEPES did not affect the solubilisation efficiency of SMA.
Finally, this experiment tested whether the solubilisation efficiency of three AASTY polymers
and discovered the MW of the polymer can influence the selectivity of protein extracted,

providing a toolkit to extract differently processed GPCRs.

6.3  Binding Trials of HEK293-expressed hNTR1 Purification

The solubilisation trials confirmed that SMA was a suitable solubilisation agent for ANTR1-
expressed in HEK293 cells. IMAC purification has been a common first step in the
purification process for SMA-solubilised proteins (Lee et al., 2016). A binding trial was
performed to investigate the concentration of hNTR1 bound to IMAC resin under different
conditions: resin type, arginine concentration and inclusion of a reducing agent in the binding
buffer. The aim was to determine the optimal conditions for IMAC purification of SMA-
hNTR1 expressed in HEK293. The concentration of consecutive histidine-rich proteins that
are expressed in mammalian cells is reportedly higher than those in E. coli cells (Bornhorst
and Falke, 2000). Therefore, the GPCRs expressed in HEK293 cells may have IMAC
contamination issues. Post-translational modifications such as glycosylation can also be
obstructive of affinity tags (Krachmarova et al., 2017). It was hypothesised that varying resin

types, arginine concentration or reducing agents may help circumvent these issues.
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Figure 6.3: IMAC binding screen of HEK293 expressed hNTR1 on different resins (IDA, Ni-NTA, TALON), different
arginine concentrations (0 mM, 20 mM, 50 mM) and with a reducing agent (2 mM TCEP or 2 mM DTT).
SDS-PAGE analysis was performed on a 4-20% acrylamide gel. The red boxes show where a representing hNTR1-high

and hNTR1-low are expected to appear.
(4) Coomassie-stained SDS-PAGE analysing the protein bound to IMAC resin after overnight incubation with SMA-

solubilised membranes expressing hNTR1. 14 different conditions were compared.
(B) SDS-PAGE and Western blot analysis of the protein bound to IMAC resin after overnight incubation with SMA-

solubilised membranes expressing NTR. 11 conditions compared.
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Figure 6.4 shows the SDS-PAGE and Western blot analysis of the material bound to IMAC
resin following SMA extraction. The red boxes represent the area in which bands representing
hNTR1-high (70 kDa) and hNTR1-low (40 kDa) are expected. When IDA resin was used,
many contaminants were bound to the resin, as shown by the many bands on the Coomassie-
stained SDS-PAGE gel (Figure 6.5A). The inclusion of arginine or a reducing agent did not
cause an improvement in purity when using IDA resin. The arginine concentration correlated
with increased binding of a 40 kDa contaminant, which was confirmed not to be hNTR1-low
by the Western blot analysis. These results suggest IDA resin is not appropriate for IMAC
purifications of proteins expressed in HEK293 cells. The intensity of the 70 kDa bands and 40
kDa on the Western blot in Figure 6.4B showed the best binding capacity was achieved by Ni-
NTA resin, followed by TALON resin, followed by IDA resin. The concentration of hNTR1
bound to the TALON resin decreased with the concentration of arginine. However, samples

with no arginine had the largest amount of contamination.

Interestingly, protein bound to TALON resin and IDA resin included a band at approximately
46 kDa; the less processed weight of hNTR1 based on the primary amino acid sequence. One
explanation is that higher binding to hNTR1-high to Ni-NTA resin prevented the less
processed hNTR1 binding. This suggests that the type of IMAC resin can have different

affinities for a GPCRs in different glycosylation forms.

When using Ni-NTA-resin, hNTR1 binding was improved by the addition of 20 mM arginine
but inhibited by the addition of 50 mM arginine. Figure 6.4A showed a decrease in
contamination caused by the addition of arginine with the Ni-NTA binding. The inclusion of

TCEP reduced the binding of hNTR1 to Ni-NTA and did not reduce contamination.
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Overall, these results revealed the effect of arginine concentration between 0 mM and 50 mM
can be the key to a higher yield and purity of the final product. The Western blots do not show
evidence of dimers in the SMA-solubilised material. Therefore, it is consistent that reducing
agents have minimal effect on hNTRI1 binding affinity. After this binding screen, it was
decided to proceed with an IMAC purification with Ni-NTA resin, no reducing agent and 20

mM arginine in the binding buffer.

6.4  IMAC Purification with Optimised Conditions for hNTR1

An IMAC purification of SMA-solubilised material was performed. The protein bound to the
Ni-NTA resin was eluted using a stepwise increase in imidazole concentration. It was
hypothesised that improved purity may be obtained by washing the resin with lower

imidazole concentrations to elute low-affinity binding contaminants before elution of hNTR1.

Figure 6.5 shows the SDS-PAGE analysis of the fractions of hNTR1 IMAC purification. The
FT showed what did not bind to the column: SMA-solubilised membrane proteins native to
HEK293 cells, lipids and excess SMA from the solubilised material. After washing the resin
with buffer (BW), the protein bound to the resin started to elute at 20 mM imidazole
concentration, but most of the protein eluted with 100 mM imidazole. There were bands at the
expected size of hNTR 1-high but also several other protein bands in the elution fractions and

bound to the Ni-NTA resin after elution.

IMAC purification was able to remove a large proportion of contaminant protein and excess
polymer. However, the purity of the elution was not improved by washing with imidazole.
This led to the conclusion that to remove contaminants, a second purification step would be

required.
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Figure 6.4: SDS-PAGE analysis of a IMAC purification of SMA-solubilised HEK293 membranes expressing hNTRI.

Flow through from the resin (FT), buffer wash (BW) and elution fractions using stepwise increases in imidazole
concentration (20,20,100,100,250,250,500,500), as well as the resin after elution, were analysed by SDS-PAGE on a 4-
20% acrylamide gel. Red boxes indicate expected area for NTR1-high and NTR1-low to appear.

6.5 HEK-Expressed hNTR1 Post-IMAC FLAG Purification

To improve purity of hANTR1, a post-IMAC FLAG purification was performed. Two
purifications were performed with and without 20 mM arginine in the buffers. For both
purifications, the flow through, washes, elution fractions and material bound to the anti-

FLAG resin after elution, were analysed by SDS-PAGE (Figure 6.6).
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Figure 6.5: SDS-PAGE analysis of two FLAG purification of SMA-solubilised HEK293 membranes
expressing NTR1.

Flow through from the resin (FT), buffer wash (BW) and two elution fractions using FLAG peptide, as well as
the resin after elution, were analysed by SDS-PAGE on a 4-20% acrylamide gel. The red boxes show where a
representing NTR1-high and NTR1-low are expected to appear.

The anti-FLAG resin was able to separate hNTR1 from the HEK293 cell contaminants that
were present in the flow-through. In both purifications, a faint band representing hNTR1-low
was present in the first elution as well as a band at approximately 20 kDa, possibly a C-
terminal fragment of hNTR1. The bands at 10 kDa represent 3XFLAG peptide used to elute
the hNTR1 by competing for the binding sites. A band representing hNTR1-high was not
present in the elution fractions. Two intense bands are present when analysing the protein
bound to the anti-FLAG resin after elution. The band at approximately 70 kDa suggested
hNTR1-high was not eluted with FLAG peptide. The second band at approximately 25 kDa
was possibly a fragment of hNTR1. Arginine had minimal benefit to the yield of the

purification.
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It is suspected that the glycosylated hNTR 1-high had an issue with non-specific binding to the
anti-FLAG resin that prevented its elution via competition with the FLAG peptide. There was
also evidence of INTR1 degradation after binding to the resin. The accessibility of a FLAG
tag can be related to glycosylation (Miiller et al., 2002). Glycosylation may prevent specific
and promote non-specific binding to the anti-FLAG resin. This drawback could be useful for
the selection and characterisation of the de-glycosylated cleaved version of hNTRI.
Unfortunately, the time restraints of this project prevented further investigation into the use of

PoLiPa to investigate hNTR1 expressed in HEK293 cells.

6.6  Solubilisation screens of CB2 expressed from HEK293 cells

Membranes were harvested and solubilisation screens performed to provide comparisons of
solubilisation agents and techniques. This section aimed to understand how polymer type,

hydrophobicity and concentration could affect CB2 extraction from HEK293 cell membranes.

6.6.1 Amphipathic Polymers and DDM

The MW of the CB2 construct based on primary sequence is 43 kDa. In insect cells, SDS-
PAGE and Western blot analysis of purified CB2 bands at expected MW and a band 5 kDa
higher expected to be a glycosylated version of CB2, as well as higher order bands above 87
kDa expected to be dimers and oligomers of CB2 (Filppula et al., 2004). A published protocol
for the purification of detergent solubilised CB2 from mammalian cells identified monomers,
dimers and oligomers by Western blot analysis (Yeliseev, 2021). However, there has been no
previous solubilisation of CB2 with amphipathic polymers. This experiment aimed to
determine whether encapsulating HEK293-expressed CB2 into a PoLiPa was an ideal

extraction method. CB2-expressing HEK293 membranes were solubilised with either 2.5%
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(w/v) polymer or 1.5% (w/v) DDM. Solubilisation efficiency of SMA was compared in

HEPES and Tris-HCI.

Two primary bands were visible when analysing the CB2-expressing HEK293 membranes by
Western blot (Figure 6.7). The band at approximately 40 kDa was suspected to be the
monomeric CB2. The band at approximately 65 kDa was suspected to be dimeric CB2; this
was below the expected dimer size (86 kDa) but consistent with SDS-PAGE analysis of
previously expressed CB2 in mammalian cells (Yeliseev, 2019). The smeary bands at
approximately 120 kDa and above 260 kDa are suspected to represent higher-order oligomers
of CB2. There were multiple, less intense bands below the 35 kDa marker, suspected to be C-
terminal fragments of CB2 which include the His tag. The intensity of the two bands
representative of monomeric and dimeric CB2, in the red boxes, were used to compare

concentration of solubilised CB2.

SMA was the most efficient solubilisation agent for dimeric CB2 extraction. The buffer
system did not appear to affect the solubilisation efficiency of SMA. The intensity of the band
representing monomeric CB2 was less intense in the SMA-solubilised material compared to
the membrane sample. This suggested that there was a bias for the extraction of dimeric CB2
or that SMA solubilisation encouraged dimerization. On the contrary, the material solubilised
with the detergent DDM appeared to have a higher proportion of monomeric CB2 than

dimeric CB2. DIBMA solubilised the least CB2 in both dimeric and monomeric form.
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Figure 6.6: Mammalian expressed CB2 solubilisation trial comparing different SMA, DIBMA, the AASTY polymer series
and DDM.

Western blot analysis of the soluble fractions after CB2-expressing HEK293 cell membranes were incubated with 2.5% (w/v)
polymer and 1.5% (w/v) DDM. Tested polymers included SMA, DIBMA, AASTY 6-35, AASTY 11-55 and AASTY 11-45.
Membranes were homogenised into HEPES and Tris-HCI buffer. SMA was used to compare both buffer systems. The insoluble

fractions were removed by centrifugation. The soluble fractions and samples of the membranes diluted 2-fold were analysed by
SDS-PAGE on a 4-20% acrylamide gel. Western blot was probed with anti-His antibody.

The AASTY series showed interesting solubilisation effects dependent on the MW and acrylic
acid: styrene ratio. The smaller-length polymer (AASTY 6-45) caused a similar proportion of
dimeric CB2 in the soluble fraction as SMA. However, the intensity of the bands suggested
less CB2 was solubilised compared to SMA. The higher-length polymers (AASTY 11-45 and
AASTY 11-55) caused a higher ratio of monomeric to dimeric CB2. Solubilisation efficiency
of the AASTY polymer was improved by the smaller ratio of acrylic acid to styrene; the

intensity of the bands after AASTY 11-45 solubilisation was higher than after AASTY 11-55

solubilisation.

This solubilisation trial showed that SMA and the higher MW AASTY polymers are
appropriate solubilisation agents for HEK293-expressed CB2. The use of PoLiPa technology

revealed a new approach to investigating oligomeric states as different polymer types or MWs

were selective of the dimeric CB2.
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6.6.2  Polymers with Different Hydrophobicities Compared to SMA and DIBM A

The previous solubilisation screen showed that the less hydrophobic AASTY polymer
solubilised less CB2 than the AASTY polymer with more hydrophobic moieties. A
solubilisation screen was performed to understand further how polymer hydrophobicity

affected CB2 extraction from HEK293 membranes using the BZAM polymer series.

Figure 6.8 shows the Western blot analysis of soluble fractions after solubilisation with the
BzAM polymer series, SMA or DIBMA. In the membrane sample, there was a higher
proportion of monomeric CB2 than dimeric CB2. The intensity of band representative of
dimeric CB2 was similar between all the polymers in the BZAM series and SMA. This
suggested the concentration of dimeric CB2 in the soluble fraction was unaffected by the
hydrophobicity of the BZAM polymer. DIBMA had the lowest solubilisation efficiency, as

demonstrated by the lowest intensity of both bands.

BzAM Series

‘0.05 01 015 0.2 025 0.30 0.35 0.4‘ SMA DIBMA Membranes
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Figure 6.7: Mammalian expressed CB2 solubilisation trial comparing SMA, DIBMA and the BzAm polymer series
Western blot analysis of the soluble fractions after CB2 -expressing HEK293 cell membranes were incubated with 2.5%
(w/v) polymer. Tested polymers included SMA, DIBMA and eight BzAM series polymers (0.05-0.4). The insoluble fractions
were removed by centrifugation. The soluble fractions and a sample of the membranes diluted 2-fold were analysed by
SDS-PAGE on a 4-20% acrylamide gel. Western blot was probed with anti-His antibody.
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There was a trend in solubilisation efficiency of monomeric CB2 as polymer hydrophobicity
increased: intensity of the band in the soluble fraction decreased when using a more
hydrophobic polymer while the material solubilised with 0.05 BzZAM showed the highest
intensity monomer band. This trend was not in alignment with the previous hydrophobicity
tests in this project, which have shown a decreased solubilisation efficiency when polymer
hydrophobicity was in this range. This testifies to the variability caused by the protein and
lipid-environment. One explanation is the influence on protein size. The lower MW bands,
suspected to represent C-terminal fragments of CB2, showed a decrease in band intensity with

polymer hydrophobicity. Higher MW bands above the 50 kDa marker did not show this trend.

Understanding the nuances of how polymer characteristics can be manipulated to solubilise
specific proteins could be useful to GPCR investigations. The results of these experiments
show that polymers could provide a new toolkit for understanding different oligomeric states

of GPCRs when surrounded by native lipids.

6.6.3 SMA and DIBMA Concentration Compared to SMI and DDM

A solubilisation trial investigating different concentrations of SMA and DIBMA was
performed to determine the minimal concentration of SMA and DIBMA for optimal
solubilisation efficiency. It was hypothesised that a decrease in SMA concentration would
maintain solubilisation efficiency whilst reducing the concentration of excess SMA in the
solution. It was also hypothesised that increasing DIBMA concentration may improve

solubilisation efficiency.
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Figure 6.9 shows the Western blot analysis of the soluble fraction after CB2-expressing
HEK?293 cells were solubilised with either SMA (1-2.5% (w/v)), DIBMA (2.55-10% (w/v)),
SMI or DDM. The intensity of the bands at approximately 40 kDa and 70 kDa represented the
concentration of monomeric CB2 and dimeric CB2, respectively. The SMA-solubilised
material also showed 120 kDa and 160 kDa bands, suspected to represent higher-order
oligomers of CB2. At a concentration of 1% (w/v) SMA, the intensity of the bands was less
than when using a higher concentration of SMA. This showed the minimum concentration

tested for optimal solubilisation with SMA was 1.5% (w/v).
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25% 2% 15% 1% 10% 7.5% 5% 2.5% SMI DDM

'._

260kDa

140kDa —-—

100kDa

40kDa
35kDa

25kDa
15kDa

Figure 6.8: Mammalian expressed CB2 solubilisation trial comparing different SMA and DIBMA
concentrations to SMI and DDM.

Western blot analysis of the soluble fractions after CB2 expressing HEK293 cell membranes were incubated
with SMA (2.5%-1% (w/v)), DIBMA (10%-2.5% (wW/v)), SMI (2.5% (w/v)) or DDM (1.5% (W/v)). The
insoluble fractions were removed by centrifugation. The soluble fractions were analysed by SDS-PAGE on a
4-20% acrylamide gel. Western blot was probed with anti-His antibody. The red boxes represent the MW of
monomeric and dimeric CB2.

An increase in DIBMA concentration above 2.5% (w/v) did not increase the extraction of
CB2 from the HEK293 membranes. The intensity of the bands representing CB2 had a similar

intensity no matter the concentration of DIBMA. The widening of the lanes, when a
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concentration of 5-10% (w/v) DIBMA was used, was suspected to be caused by excess

DIBMA in the soluble fraction. The order of the solubilisation agents tested from highest to
lowest solubilisation efficiency was found to be SMA > DDM > DIBMA > SMI. There was
significant precipitation of SMI-solubilised material suggesting SMI was not an appropriate

polymer for the pH at which the solubilisation screen was tested.

The solubilisation screen confirmed the hypothesis that a lower concentration of SMA could
provide a similar extraction for CB2 from HEK293 cell membranes as 2.5% (w/v). A
concentration of 1.5% (w/v) SMA was taken as the ideal solubilisation agent. This decision

led to an investigation into the purification of SMA-CB2 expressed in HEK293 cells.

6.7  Binding Trial of HEK293-expressed CB2 Purification

A binding trial was performed to investigate the concentration of CB2 bound to IMAC resin
under different conditions: resin type, arginine concentration and inclusion of 2 mM TCEP in
the binding buffer. The aim was to determine the optimal conditions for IMAC purification of
SMA-CB2 expressed in HEK293. As previously discovered, GPCRs expressed in HEK293
cells are likely to have IMAC contamination issues and glycosylation can interfere with
affinity tag binding. It was hypothesised that varying resin types, arginine concentration or
reducing agents may help circumvent these issues. The high proportion of dimeric CB2
visualised by Western blot analysis of SMA-solubilised material suggested that TCEP may be
beneficial. TCEP was shown to reduce oligomerisation of E. coli-expressed CB2 in Chapter 5.
This was likely due to the reduction of cysteines and prevention of disulphide bonds between

GPCRs (Nguyen et al., 2021).
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Figure 6.10 (A and B) shows the SDS-PAGE analysis of the protein bound to IMAC resin
after overnight incubation with CB2-expressing HEK293 membranes solubilised with SMA.
The Coomassie-stained SDS-PAGE in Figure 6.10A showed the SMA-CB2 or host protein
contaminants that bound to the IMAC resin. The Western blots in Figure 6.10 (B and C)
highlighted CB2 or C-terminal fragments of CB2, which included the His tag. In Figure
6.10B, the primary band is likely to represent dimeric CB2 that bound to the IMAC resin.
Bands present in Figure 6.10A and not in Figure 6.10B, are likely contaminant proteins,

native to HEK293 cells, with some affinity for the IMAC resin.

IDA resin bound the largest concentration of contaminating protein, as shown by the number
and intensity of protein bands present on the Coomassie-stained SDS-PAGE gel (Figure
6.10A) but not on the Western blot (Figure 6.10B). The inclusion of arginine increased the
affinity of contaminant proteins to IDA resin. A large concentration of a 35 kDa protein was
bound to IDA resin when 50 mM arginine was included in the binding buffer. This was
consistent with the binding screen for ANTR1-expressing HEK293 membranes. The inclusion
of 2 mM TCEP also appeared to increase binding of contaminants to IDA resin. These data

suggest IDA resin is not suitable in purification of HEK-expressing GPCRs.
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Figure 6.9: IMAC binding screen of HEK293 expressed CB2 on different resins (IDA, Ni-NTA, TALON), different
arginine concentrations (0mM, 20mM,50mM) and with ImM TCEP.

SDS-PAGE analysis was performed on a 4-20% acrylamide gel. The red boxes show where a band representing monomeric
or dimeric CB2 are expected to appear. Western blots were probed with anti-His antibody.

(4) Coomassie-stained SDS-PAGE analysing the protein bound to IMAC resin after overnight incubation with SMA-
solubilised membranes expressing CB2, comparing the 12 different conditions.

(B) Western blot analysis of the protein bound to IMAC resin after overnight incubation with SMA-solubilised membranes
expressing CB2, comparing the 12 different conditions.

(C) Western blot analysis of protein that did not bind to IMAC resin after overnight incubation with SMA-solubilised
membranes expressing CB2, comparing the 12 different conditions (flow-through sample).

TALON resin had a higher affinity for SMA-CB2 than IDA resin, but a lower affinity

compared to Ni-NTA resin (Figure 6.10B). The highest concentration of CB2 was bound to
TALON when 20 mM arginine was included in the binding buffer. The inclusion of 50 mM
arginine or 2 mM TCEP in the binding buffer appeared to reduce the affinity of both SMA-

CB2 and contaminant proteins for TALON resin. Having no arginine in the binding buffer
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compared to 20 mM arginine reduced the concentration of some contaminant proteins but

increased the concentration of other contaminant proteins.

Ni-NTA bound the highest concentration of SMA-CB2. This is likely because of the higher
binding capacity of the resin. The amount of contaminant proteins that bound to the Ni-NTA
resin was reduced by the addition of arginine but was not affected by the addition of TCEP.
The addition of arginine or TCEP to the binding buffers reduced the concentration of CB2
bound to Ni-NTA resin as shown by the intensity of the bands on the Western blot (Figure
6.10B). TCEP did prevent the formation of trimers and higher-order oligomers as shown by
the lack of bands above 70 kDa on the Western blot. However, this did not improve the yield

or purity of the IMAC purifications.

The Western blot in Figure 6.10C analysed the flow through from the IMAC resin, providing
information about the concentration of CB2 which did not bind to the IMAC resins. In all
three samples with TCEP, the band representing dimeric CB2 was visible at a high intensity
but the band representing monomeric CB2 was not visible. One explanation is that TCEP
reverses glutathionylation of cysteine residues, restoring dimerization. Complete conversion
of a protein from its monomeric to dimeric form by TCEP has been shown previously by this
mechanism (Davis ef al., 2021). The flow-through samples provided extra confidence to the
results interpreted from the resin samples and provided a new understanding of the ratio of
monomeric:dimeric CB2 that did not bind. Arginine decreased the binding of CB2 to IDA.
The 20 mM arginine concentration increased the binding of dimeric CB2 to both TALON and

Ni-NTA resin.

The results showed that the effects of arginine and TCEP on IMAC purifications were both

resin- and protein-specific. The binding of SMA-solubilised monomeric and dimeric CB2 was
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shown to be different. It was speculated that dimeric CB2, which represented most of the
protein in the solubilised material, had a higher affinity to the IMAC resins when 20 mM
arginine was included in the buffer. This effect was not consistent with the monomeric CB2.
One explanation is that the low concentration of positively charged arginine reduced the
charge repulsion between the negatively charged polymer and the IMAC resin. SMALPs
encapsulating dimeric CB2 may have a closer interaction between the polymer and the His

tag, meaning the arginine had a greater effect.

The Western blots suggested that TCEP may have encouraged CB2 dimerization whilst
reducing the formation of higher-order oligomers. Unfortunately, there was no improvement
in IMAC purification efficiency. Overall, the best conditions for IMAC purification were the

use of Ni-NTA resin, with 20 mM arginine in the binding bufter but no TCEP.

6.8 IMAC Purification with Optimised Conditions for CB2

An IMAC purification was performed on SMA-solubilised material. It was hypothesised that
washing the Ni-NTA resin multiple times with 20 mM and 40 mM imidazole may remove

contaminant proteins with a lower affinity for the Ni-NTA resin than the His tagged CB2.

Figure 6.11 shows the SDS-PAGE analysis of the fractions of SMA-CB2 purification. The
flow through and buffer wash sample analysis showed what did not bind to the Ni-NTA resin:
SMA -solubilised membrane proteins native to HEK293 cells, lipids and excess SMA from the
solubilised material. In the elution fractions which utilised 100 mM imidazole, there was a

primary band suspected to represent dimeric CB2.
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Figure 6.10: SDS-PAGE analysis of an IMAC purification of SMA-solubilised HEK293 membranes expressing CB2.
Flow through from the resin (FT), buffer wash (BW) and elution fractions using stepwise increases in imidazole
concentration (20,20,40,40,40,100,100,100,100,100,250) were analysed by on a 4-20% acrylamide gel.

There were less intense bands at approximately 30 kDa and 27 kDa, expected to be C-
terminal fragments of CB2. These were previously visible on Western blot analysis of the
binding screen when using Ni-NTA resin. No clear band of the size of monomeric CB2 (43
kDa) was visible. The protein bound to the resin started to elute at 40 mM imidazole
concentration, but most protein eluted at 100 mM imidazole concentration. There was no

difference in the purity of the elution fractions based on imidazole concentration.

These results suggested that a single IMAC purification allowed the purification of SMA-
CB2. One issue identified was the possible presence of C-terminal fragments of CB2, which
include both affinity tags. More stringent use of protease inhibitor tablets and ice-cold

conditions may prevent CB2 degradation that leads to the presence of fragments.
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6.9 Conclusions

The use of a mammalian expression system was able to elucidate new factors which influence
how GPCRs can be solubilised and purified by PoLiPa technology. Different polymers and
purification techniques can be manipulated to obtain different versions of the same GPCR,
which could be useful for glycosylation and oligomerization investigations. GPCRs were
expressed without fusion proteins or stabilising mutations. The successful purification of
SMA-CB2 showed that amphipathic polymers are appropriate solubilisation agents for
typically unstable proteins. However, low yields of purified SMA-GPCR were likely due to
the expression restrictions. It was decided that functional analysis of the GPCRs in SMALPs
would focus on the E. coli-produced GPCRs, due to their less expensive, higher-yielding

production.
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CHAPTER 7: FUNCTIONAL ASSESSMENT OF SMA-
SOLUBILISED GPCRs BY LIGAND BINDING AND MINI-G
PROTEIN BINDING

7.1  Introduction

This project aimed to assess whether the GPCRs investigated remained functional within a
SMALP. The purpose of a GPCR is to detect a ligand and cause a downstream cell signalling
effect through its protein binding partners, most notably, the activation of a G protein.
Suspected ligand-binding data was obtained from TFS, FCS and spectral shift assays.
Although a more thorough investigation is required to specify affinity constants confidently,
this chapter elucidated the benefits and drawbacks of PoLiPa technology for different ligand

binding techniques.

Engineered mini-G proteins are versions of the G protein alpha subunit, do not require the
beta or gamma subunits to couple to a GPCR (Nehmé et al., 2017). Mini-G proteins were
used to determine whether the effect of G-protein binding to SMA-solubilised GPCRs.
Theoretically, G-protein binding should affect the activation state of a GPCR, typically
increasing the affinity between the GPCR and agonist (Yao et al., 2009). This chapter began
investigations to assess how mini-G proteins affected SMA-solubilised GPCR ligand binding.
SMALPs have previously been shown to restrict conformational changes of the GPCR
rhodopsin (Grime et al., 2021). This chapter aimed to decipher whether SMA-rNTR1 and
SMA-CB2 retained functionality. The Mini-G proteins produced and used in this project
(Table 7.1) were purified by IMAC (Appendix 1.6). Gsq is an engineered chimera of Gs and

Gq which conserves the domains of Gq which interact with GPCRs (Nehmé et al., 2017).
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Table 7.1: List of Mini-G Proteins used in this Project

Mini-G protein Size (kDa) Tags (N-Terminus)
Gs 28.3 -TEV- 6x His tag
Gs-GFP 554 -GFP-TEV- 6x His tag
Gs/q chimera 30.6 -TEV- 6x His tag

E. coli expressed SMA-rNTR1 and SMA-CB2 were produced to a high enough yield and

purity to functionally characterise. Fluorescent and non-fluorescent agonists and antagonists

of NTR1 and CB2 were obtained to assess ligand binding (Table 7.2)

Table 7.2: List of GPCR Ligands used in this Project
Name GPCR Agonist Molecular Expected/Q | Fluorescence Reference
/ Antagonist Weight uoted
(kDa) Kd/Ki (nM)
MK337 NTRI1 agonist 1886.3 8.8 Cyanine 5 (Cy5) -like (Keller et al.,
(Ex: 650 nm, Em: 670 nm) 2020)
MK350 NTR1 agonist 1745.72 ~8 Tetramethylrhodamine (Keller et al.,
(TAMRA) 2020)
(Ex: 552 nm, Em: 578 nm)
Neurotensin NTR1 agonist 817.0 <2 N/A (Schindler et
8-13 al., 2019)
SR 48692 NTRI1 antagonist | 587.07 2.6 N/A (Labbé-Jullié et
al., 1994)
SM15 or CB2 agonist 594.74 130 Dimethylaminopyridine (Spinelli et al.,
Compound 28 (DMAP) 2020)
(Ex:420 nm, Em:520 nm)
VM7 CB2 agonist 570.65 209.4 Nitrobenzofurazan (NBD) (Intranuovo et
(Ex: 488 nm, Em: 530 nm) al., 2024)
4Q3CF CB2 agonist 488.6 8.1 N/A (Pasquini et al.,
2011)

FTS analysis of the impure SMA-hNTR1 protein product, pure SMA-rNTR1 and SMA-CB2

were performed to characterise agonist binding. FCS analysis focused on the binding of

MK337 to SMA-rNTR1 and the effect of Mini-G inclusion. Spectral shift assays were

performed to demonstrate the binding of MK350 and the inhibition of MK350 binding by SR

48692 to SMA-rNTR1. SMA-PAGE was then performed to demonstrate Mini-G protein

binding to SMA-rNTR1 and SMA-CB2. These techniques in conjunction were used to

determine whether functionality of the SMALP encapsulated GPCRs. One comment to be

noted is that most of the experiments in this chapter were only performed once due to the time

restraints of the project. This limitation means that the interpretations of the data should be
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caveated by the low number of repeats. Despite this, these experiments provided key starting

points for the development of ligand binding assays for GPCRs encapsulated in PoLiPas.

7.2 Tryptophan Fluorescence Changes and Ligand Binding to SMA-hNTR1

Tryptophan residues have an intrinsic fluorescence that is excited by light that peaks at
approximately 295 nm and emits light that peaks at approximately 340 nm. Tryptophan
Fluorescence Spectroscopy (TFS) is a simple sensitive and reliable method of measuring
ligand binding interactions, capable of detecting interactions undetected by isothermal
titration calorimetry (Sindrewicz et al., 2019). The fluorescent properties of tryptophan are
sensitive to the polarity of the local environment, ligand interactions and conformational
changes. For example, a measurement of tryptophan fluorescence intensity typically decreases
upon a decrease in hydrophobicity surrounding the tryptophan residues. This is typically
coupled with an increase in peak emission wavelength (bathochromic shift) (Ghisaidoobe and
Chung, 2014). Quenching of the fluorescent signal can be due to energy transfer from the
aromatic side chain to a quencher, which can be amides in the protein backbone or solvent
moieties (Osysko and Muifio, 2011). In this project, TFS was used to demonstrate ligand

binding to SMA-solubilised GPCRs.

The hNTR1 primary sequence contains has 6 tryptophan residues. The active structure of
hNTRI1 (Figure 7.1). has been obtained in a complex with Gi, bound to a pseudo-peptide
analogue of neurotensin (Kato et al., 2019). Binding of an agonist and subsequent
conformational changes should have an effect to the local environments of the tryptophan
residues. Three agonists which should bind to in the neurotensin binding pocket were

investigated (Figure 7.1).
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Figure 7.1: Chemical Structure of Neurotensin Receptor 1 agonists used in this project and crystal
Structure of agonist-bound hNTR1 with highlighted tryptophan residues in red.

hNTRI structure (PDB:60s9) solved in complex with Gil, bound to JMV449 (pink); 6" Tryptophan on
C-terminal domain was not modelled in the crystal structure (Kato et al., 2019). Fluorescent NTR1
ligands, MK337 and MK350, were produced and gifted by Max Keller (Keller et al., 2020).

7.2.1 SMA-hNTRI Protein Titrated Against Fluorescent NTR1 Ligands

It was hypothesised that the fluorescent NTR1 agonists, MK337 and MK350, would bind to
SMA-hNTRI. A binding event of the fluorescent ligands are expected to cause increase or
decrease in hydrophobicity of the environment tryptophan residues in the binding site. FTS
intensity measurements of impure SMA-hNTRI1 protein product were taken after the stepwise

addition and incubation of fluorescent ligand (MK337 or MK350) (Figure 7.2).
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Figure 7.2: Peak intensity from FTS analysis of SMA-hNTRI1, expressed in E. coli, titrated with fluorescent agonists.
SMA-hNTRI sample was measured concentration of 0.2 mg/mL.

(A) Intensity of fluorescence at 340 nm after stepwise titration of MK337 and plotted binding curve with 95% confidence
(dotted lines).

(B) Intensity of fluorescence at 340 nm after stepwise titration of MK350 and plotted binding curve with 95% confidence
(dotted lines).

Sigmoidal curves characterised the decrease in fluorescence intensity as MK337 or MK350
were added, when plotted against a logarithmic scale (Figure 7.1). These data suggest
fluorescent ligand binding and saturation of the binding sites at concentrations higher than 10
nM. The apparent Kq was 4.16 nM for MK337 and 3.20 nM for MK350. This was close to the
expected Kq of MK337 (8.8 nM), determined by competitive radioligand binding with
Chinese hamster ovary cells expressing hNTR1 (Keller et al., 2020). The fluorescent signal
after binding saturation was 46% and 30% of the signal before MK337 or MK350 binding,
respectively. This suggests a decrease in quantum yield of the tryptophan fluorescence,

possibly greater when the ligand included the fluorescent dye TAMRA instead of CyS5.

A decrease in intensity is associated with a decrease in hydrophobicity. The excited state of
tryptophan residues is more likely to be quenched by polar molecules. A tryptophan residue in
a hydrophobic environment within a protein, will have a higher quantum yield than a
tryptophan exposed to a polar solvent (Ghisaidoobe and Chung, 2014). These data suggest
that the conformation changes upon binding increase the exposure of the tryptophan residues

to a more polar environment. FTS analysis of SMA-A2AR found the opposite effect; partial

200



agonist binding increased tryptophan fluorescence suggesting a conformation change that
produced a less polar local environment to the tryptophan residues (Routledge et al., 2020).
This illustrates that the position of the tryptophan residues and the conformational changes

that occur are ligand and GPCR specific.

The sigmoidal trend and close-to-expected Kq gave strong evidence that the fluorescent NTR1
ligands were binding to the SMA-NTR1 within the impure protein product. The clear
sigmoidal trend was suggestive that most of the receptors in the solution bound to the ligands
with a similar affinity. This is surprising because uncoupled GPCRs are typically more
flexible and can show different binding affinities reflective of ‘active’ and ‘inactive’ states; G
protein coupling can stabilise a GPCR in a specific conformation (DeVree et al., 2016). One
explanation for the data is that the SMALP is stabilising hNTR1 in a specific conformation,

like a G protein.

Despite the low yield and purity of hNTR1 produced without any fusion proteins or
mutations, ligand binding data was collected using this sensitive technique. This advocates for
PoLiPa technology for WT GPCRs investigations which are not typically produced for

solution-based assays.

7.2.2  Fluorescent NTR1 Ligand Controls

Although the titrating experiment gave strong evidence of binding, control experiments were
performed to confirm that the SMA-solubilised contaminants did not cause the reduction of
the tryptophan fluorescent signal upon fluorescent ligand addition. An IMAC purification of
SMA-solubilised E. coli membranes with no recombinant expression was performed to obtain

the SMA-solubilised contaminant proteins. The fluorescent ligands were also titrated into
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buffer to check that the fluorescent properties of the ligands were not impacting the

tryptophan fluorescence measurements, such as causing an inner filter effect (Figure 7.3).
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Figure 7.3: Intensity from FTS analysis of SMA-solubilised common IMAC contaminant proteins expressed in E. coli.
SMA-rNTRI concentration was 0.2 mg/mL.

(A) Intensity of fluorescence at 340 nm after stepwise titration of MK337

(B) Intensity of fluorescence at 340 nm after stepwise titration of MK350.

There was no obvious binding curve in the fluorescent signal that correlated to the addition of
the fluorescent ligands to SMA-solubilised E. coli proteins (Figure 7.3). This validated
previous results and justified that fluorescent ligands were not independently affecting
tryptophan fluorescence by inaction with lipids, protein or polymer non-specifically. There
was a small decrease in tryptophan fluorescence signal when MK337 was added, however, the
intensity remained within 75% of the intensity with no MK337 in the solution. When the
buffer was analysed, the intensities were low due to the lack of tryptophans in the cuvette, this
showed minimal fluctuation upon the addition of MK337 or MK350. This is expected because
the excitation and emission wavelengths of MK337 and MK350 are over 200 nm longer than

tryptophan fluorescence excitation or emission wavelengths.

These controls provided confidence that a large decrease in tryptophan fluorescence intensity

that plateaus is likely due to binding events.
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7.2.3  Anisotropy Changes of Tryptophan Fluorescence in SMA-Solubilised hNTR1 Protein

Titrated Against NTR1 Agonists

To further validate the suspected binding of MK337 and MK350 to the hNTR1, anisotropy

measurements were taken to assess how the rotational freedom of the tryptophan residues

were altered by the NTR1 agonists. It was hypothesised that the binding of an NTR1 agonist

to hNTR1 would restrict the rotation of the tryptophan residues, causing a polarisation of the

fluorescence emission and an increase in anisotropy.
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Figure 7.4: Fluorescence Anisotropy measurements taken from FTS analysis of SMA-hNTR1, expressed in E. coli after
titration of NTR1 agonists (MK337, MK350 or Neurotensin 8-13).
SMA-hNTR1 sample was measured concentration of 0.2 mg/mL. Measurements were taken three times on the same sample

and error bars show standard deviation between measurements

(4) Linear Scale.
(B) Logarithmic Scale- dotted lines show 95% confidence level of plotted binding curve.

Figure 7.4 shows the relationship between anisotropy the concentration of NTR1 agonist:

MK337 caused a large increase in anisotropy that plateaued, likely due to saturation of the

neurotensin binding sites. The sigmoidal curve in Figure 7.4B showed an apparent K4 of 5.87

nM: close to the apparent Kq derived from the FTS intensity decrease. The titration of MK350

also increased the anisotropy but less than MK337. This suggests that the TAMRA

fluorophore in MK350 had a different interaction with hNTR1, reducing the rotational

freedom of the tryptophan residues less than Cy5-like fluorophore in MK337.
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The titration of neurotensin (8-13) caused a small change in anisotropy that could not be used
to confirm or deny binding. One explanation is that the fluorophores within MK337 and
MK350 had a larger influence on the rotational freedom of the tryptophan residues upon
binding compared to the binding event itself. Routledge et al (2020) also demonstrated an
anisotropy increase upon ligand binding to SMA-A2AR. They suggested that this was more
likely due to reduced steric freedom of the tryptophan residues within A2AR upon binding

instead of overall tumbling of the SMA-A2AR.

Overall, this data provided more confidence in the FTS results due to the consistency of
binding affinity between the two measurements. Due to the expression purification issues of
hNTRI1, further ligand binding experiments were focused on the purified INTR1 and CB2

(Chapters 4 and 5).

7.3 Tryptophan Fluorescence Changes and Ligand Binding to SMA-rNTR1

In this project, INTR1 contained 16 tryptophan residues: 6 within the GPCR, 2 within
Thioredoxin A and 8 within MBP. Within tNTR1, the tryptophan residue W339 is directly
involved in agonist binding and the mutation W321A increases neurotensin binding affinity
(Deluigi et al., 2021). Analysis of the structures of neurotensin-bound and antagonist-bound
rNTRI1 (Figure 7.5) suggested conformational changes that are likely to change the

environment of the tryptophan residues (Deluigi ef al., 2021; White et al., 2012).
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Figure 7.5: Crystal Structures of agonist and antagonist bound rNTRI variants.

Agonist (Neurotensin 8-13-shown in pink) bound rNTRI variant incorporated lysozyme into its structure for stability
(Orange, PDB: 4grv). (White et al., 2012) Antagonist (SR 48692) bound variant incorporated H4bmx into its
structure for stability (Green, PDB:6z4S) (Deluigi et al., 2021). These stabilising additions were hidden for this
comparison. Red residues show position of tryptophan residues. Arrows point out two tryptophan residues that may
interact with Neurotensin 8-13 (shown in pink).

7.3.3 SMA-rNTRI Titrated Against Fluorescent MK337 Ligand and Effect of Gsq Incubation

Mini-Gsq has been shown to bind to rNTR1, increasing its thermostability (Nehmé et al.,
2017). To understand how binding capabilities of SMA-rNTR1 are influenced by the
formation of a complex with Gsq, spectra measuring the intrinsic tryptophan fluorescence
emission were taken after INTR1 was incubated with Gsq for four hours. MK337 was titrated
into a cuvette with purified SMA-rNTR1 with and without Gsq. It should be noted that Gsq
has three tryptophan residues. MK337 should bind to rNTR1, causing a conformational
change that may also affect Gsq; changes in environment of Gsq tryptophan residues would
also contribute to changes in FTS spectra. A decrease in tryptophan fluorescence intensity was

expected to reflect the data collected from SMA-hNTRI.
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Figure 7.6: FTS analysis of SMA-rNTR1 expressed in E. coli with and without incubation with Gsq for 4 hours.
SMA-rNTR1 and Gsq concentration was 0.2 mg/mL.

(A) Fluorescence emission Spectra after excitations at a 295 nm wavelength before any addition of MK337 and after the
addition of 184 nM MK337.

(B) MK337 Binding curves derived from the peak fluorescence intensity after stepwise titration of MK337. Dotted lines
represent 95% confidence of the plotted binding curve. SMA-rNTRI (R’=0.9882) and SMA-rNTR1 incubated with Gsq
(R°=0.9870).

(C) MK337 Binding curves derived from the change peak fluorescence intensity using two affinity site model. SMA-rNTR1
(R°=0.9971) and SMA-rNTRI incubated with Gsq (R°=0.9906).

Firstly, intrinsic fluorescence spectra of INTR1 alone and rNTR1 plus Gsq were compared.
(Figure 7.6A). A bathochromic shift in maximum wavelength was observed suggesting either
the tryptophan residues in Gsq have a different maximum fluorescence wavelength that
influences the spectrum of the complex or the formation of the complex alters the spectra of
tryptophan residues in Gsq and/or INTR1. Next the fluorescent changes that occur upon
ligand binding to the complex or the GPCR alone were explored. As expected, fluorescence
intensity decreased significantly upon binding of ligand to GPCR alone (80%). When Gsq
was present, this change increased further (92%) possible due to the contribution of the
tryptophan residues within Gsq or an altered INTR1 response to ligand caused by Gsq. The
binding curves in Figure 7.6B gave an apparent K4 of 3.2 nM without Gsq and 6.7 nM with
Gsq, which were deemed acceptably close to the expected Kqof MK337 (8 nM) to validate

binding.
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The small decrease in affinity after Gsq incubation was unexpected as G proteins typically
increase a GPCRs affinity for an agonist (Yao et al., 2009). Radioactive neurotensin binding
data on crude E. coli membranes containing MBP-fused rNTR1 reported possible low- and
high- affinity states of the receptor (Grisshammer and Hermans, 2001). A two-site competitive
binding curve was also fitted to the FTS data and provided a better goodness of fit (Figure
7.6C). Possible low- and high- affinity states were defined (Table 7.3). Mini-Gsq seemingly
caused a 2-fold decrease of the low affinity state K4 There was also a possible percentage
decrease in fraction of receptors in the high-affinity state after Gsq incubation. This opposed
the Grisshammer and Hermans (2001) data showed the fusion of Gq to the c-terminus of the
rNTRI appeared to increase the number percentage of receptors in this proposed higher
affinity state and increase the affinity of the higher affinity state. The difference could be

associated with the fusion of Gq directly to the receptor or effect of the SMALP.

Table 7.3: Values Derived from two-site Competitive Binding Curve fitted to MK337 SMA-rNTR1 FTS
Intensity data
SMA-hNTRI only SMA-rNTR1 + Gsq
Kd- Low affinity State (nM) 22.5 11.6
Kd- High affinity State (nM) 0.78 0.93
High affinity State proportion (%) 55.80 32.17

Both binding curves fitted the data well with and without G protein (R? >0.987). Triplicate
repeats would validate the two binding affinity state model and determine if the effects of

Mini-Gq to SMA-rNTR1 binding were significant.
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7.4  Tryptophan Fluorescence Changes and Ligand Binding to SMA-CB2

Three agonists were used to investigate SMA-CB2 binding by FTS (Figure 7.7). The E. coli-
expressed CB2 has 16 tryptophan residues: 8 within the GPCR and 8 within the MBP fusion.
The crystal structures of CB2 in an active (bound to an agonist and Gi) and an inactive state
(bound to an antagonist) show movement of tryptophan residues: two residues (W194, W258)
appear to have direct interaction with the agonist, WIN 55212-2 (Figure 7.7) (Xing et al.,
2020; Li et al., 2019). Changes in FTS spectroscopy data were used to demonstrate

conformational changes within CB2 upon ligand binding.

4-Quinolone-3-Carboxamide Furan (4Q3CF)

Figure 7.7: Chemical Structures of Fluorescent CB2 agonists used in this project and Crystal Structures of agonist and
antagonist bound CB2 variants.

Fluorescent Ligands (left) were produced and gifted from Marialessandra Cortino’s Lab (Intranuovo et al., 2024, Spinelli
etal, 2020).

Agonist (WIN 55212-2) bound CB2 variant in complex with Gi (CB2 in green, PDB:6pt0) (Xing et al., 2020). Antagonist
(AM10257) bound CB2 variant incorporated lysozyme into the sequence for stability (CB2 in light blue, PDB: 5zty) (Li et
al., 2019). Tryptophan residues in red. Arrows point out two tryptophan residues (W194, W258) that have a direct
interaction with agonist WIN 55212-2 (shown in pink) in the active structure.
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7.4.4  FTS Analysis of SMA-CB?2 Titrated Against SM15

The fluorescent CB2 agonist SM15 is displaced from CB2 by WIN 55212-2, suggesting
SM15 binds in the same pocket, which was validated by molecular docking simulations
(Spinelli et al., 2020). The molecular docking simulation suggested a direct interaction and
movement of a tryptophan residue (W258). It was therefore hypothesised that SM15 would

have a large effect on the environment of the tryptophan residues within SMA-CB2.
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Figure 7.7: FTS analysis of SMA-CB2 expressed in E. coli. SMA-CB2 concentration was 0.2 mg/mL.

(A) Fluorescence emission spectra after excitations at a 295 nm wavelength after stepwise titration of SM15. Red arrows
indicate the direction of peaks moved as SM15 was titrated.

(B) Binding curves derived from the peak fluorescence intensity between 300-400 nm after stepwise titration of SM15. Dotted
lines show 95% confidence bands.

(C) FTS analysis of SM15 alone at three different concentrations. Measurements were taken three times on the same sample.
Error Bars show SD between measurements.

SM15 has a fluorescence with emission that peaks at 520 nm. It should also be noted that
excitation of SM15 below optimal excitation wavelength can lead to fluorescence emission
(particularly at high concentrations of SM15). Hence, excitation of tryptophan residues at 295
nm can generate ligand emission. This occurred to a smaller extent when SM15 was excited at
295 nm without protein (Figure 7.8C). One explanation is Fluorescence resonance energy

transfer (FRET) between tryptophan fluorescence emission and SM15 excitation: the transfer
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of energy from an excited electron in the tryptophan residue could have enabled the excitation
of an electron in the DMAP dye within SM15. Validation of FRET would confirm that the

SM15 and CB2 are within 10-100 A (Wu and Brand, 1994).

There was a 36% decrease in the peak intensity of the tryptophan fluorescence as SM15 was
titrated into the SMA-CB2 sample. This may be due to changes in the tryptophan environment
or transfer of the energy to SM15 due to FRET. Plotting the fluorescence intensity produced a
sigmoidal curve; the apparent Kq was 385.5 nM. This was over 200 nM larger that than the K;
quoted from competitive radioligand binding assays on HEK293 cells expressing CB2
(Spinelli et al., 2020). Possible explanations include possible adsorption and degradation of
SM15, differences between the binding assays and differences in the lipid environment of the
CB2. The calculated Kqwas deemed close enough to the expected Kq to suggest that these

changes in tryptophan fluorescence were likely due to ligand binding.

7.4.5  FTS Analysis of SMA-CB?2 Titrated Against VM7 and Effect of Gs Incubation

The CB2 ligand VM7 was also titrated into SMA-CB2. VM7 has a similar base structure to
SM15, but a different fluorophore is linked to a different site on the molecule. Molecular
docking simulations did not suggest a direct interaction with a tryptophan residue in the top
score docking pose (Intranuovo ef al., 2024). It was expected that ligand binding would cause
a conformation change that would have a large effect on the environment of the tryptophan

residues.

A sample of SMA-CB2 was incubated with Gs for 4 hours to understand if VM7 would have

a different effect on the tryptophan residues in the SMA-CB2: Gs complex. CB2 has been

most reported to activate the Gi/o class of G protein, however, Saroz et al reported coupling to
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Gs in leukocytes (Saroz et al., 2019). There is also some evidence that CB2 can couple to Gq
when ligands were administered intracellularly suggesting Gsq coupled CB2 was in
endolysosomes (Brailoiu et al., 2014). It was decided to test if Gs would affect the ligand

binding characteristics of VM7 by FTS analysis of SMA-CB2 (Figure 7.9).
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Figure 7.9: FTS analysis of SMA-CB2 expressed in E. coli. with and without incubation with Gs for 4 hours.
SMA-CB2 and Gs concentration was 0.2 mg/mL. Measurements were taken three times on the same sample and error bars
show standard deviation between measurements.

(A) Fluorescence emission Spectra after excitations at a 295 nm wavelength before any addition of VM7 and after the
addition of over 4000 nM VM?7.

(B) Binding curves derived from the peak fluorescence intensity after stepwise titration of VM7

(C) Wavelength at which emission spectra was at its peak intensity (peak wavelength) after stepwise titration of VM7. Dotted
lines show 95% confidence bands.

Before VM7 was added, there was a notable difference in peak emission wavelength when
comparing the SMA-CB2 with and without Gs. Peak wavelength without Gs is 20 nm lower
than SMA-CB?2 only. This shift could be due to the more hydrophobic environment associated
with coupling of CB2 to Gs or due to the contribution of tryptophan residues within the Gs
protein, which may have a less hydrophobic environment than the tryptophan residues in
SMA-CB2. Alternatively, the conformational state of the CB2 could be different when

coupled to Gs, causing a more hydrophobic environment for the tryptophan residues. Figure
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7.9C shows concentrations of VM7 greater than 1000 nM caused a bathochromic shift. This

suggests evidence of a conformational change to a state more like Gs-coupled CB2.

The binding of VM7 caused a larger decrease in tryptophan fluorescent intensity than SM15:
an 88% decrease without Gs and a 97% decrease with Gs. Tryptophan residues within the Gs
protein may have accounted for the higher intensity before VM7 was added and the lower
intensity after the VM7 titration. This may be caused by a conformational change in the Gs
protein. Without Gs, plotting peak intensity produced a binding curve with an apparent K4 of
324.5 nM. This is over 100 nM higher than the K; calculated from a radioligand competition
assay performed on CB2 expressing HEK293 membranes (Intranuovo et al., 2024). This was
deemed to be within a suitable range. The binding curve of VM7 titrated against SMA-CB2
with Gs showed different characteristics and a calculated K4 of 11.04 nM. This suggested the
interaction between VM7 and a SMA-CB2: Gs complex had a higher affinity than the
interaction between VM7 and SMA-CB2. This suggested Gs changed the conformation of

CB2, which made it more sensitive to VM7 binding.

These data provided strong evidence that CB2 maintained functionality within an SMALP.
The TFS experiment suggested conformational changes caused by both Gs and VM7. There
was evidence of VM7 binding affecting Gs-coupled CB2 and evidence of Gs affecting VM7

binding.

7.4.6  FTS Analysis of SMA-CB2 Expressed in E. coli Titrated Against 4Q3CF

The fluorescent CB2 ligands are relatively novel. To validate the FTS experiments, a non-
fluorescent CB2 agonist was titrated into SMA-CB2. 4Q3CF is an agonist of CB2, found to
have a K; of 8.5 nM calculated from competitive binding assays on CB2-expressing HEK293

membranes (Pasquini ef al., 2011).
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Figure 7.8: FTS analysis of SMA-CB2 expressed in E. coli, titrated with CB2 agonist 4Q3CF.

SMA-CB2 concentration was 0.2 mg/mL. Measurements were taken three times on the same sample and error bars show
standard deviation between measurements.

(A) Binding curve derived from the peak fluorescence intensity after stepwise titration of 4Q3CF

(B) Wavelength at which emission spectra was at its peak intensity (peak wavelength) after stepwise titration of 4Q3CF.
Dotted lines show 95% confidence bands.

Plotting the peak intensity of the tryptophan fluorescence at each 4Q3CF concentration
showed a decrease in intensity, which plateaued at approximately 10 nM (Figure 7.10A). This
could be indicative of conformational changes due to 4Q3CF binding. The calculated K4 of
0.53 nM suggested high affinity binding. A dose-dependent bathochromic shift may have
suggested a conformational change due to 4Q3CF binding, producing a K4 of 10.58 nM
(Figure 7.10B). Tryptophan fluorescence decreases and bathochromic shifts are typically due

to an electronic absorption state in a more polar environment.

These data suggested high affinity binding of the non-fluorescent 4Q3CF ligand. The affinity
of 4Q3CF for SMA-CB?2 expressed in E. coli was suggested to be between 0.5-11 nM based
on intensity and wavelength measurements. The expected Kqof 8.5 nM (Table 7.2) supported
the demonstration of 4Q3CF binding. This non-fluorescent agonist data supported the VM7

and SM15 binding data, which was expected given the similar structure of the ligands.

7.5  Fluorescence Correlation Spectroscopy (FCS)

FCS is an exciting tool which utilises the principles of Brownian motion to decipher the

diffusion rate of a fluorescent particle (Yu et al., 2021). The binding of fluorescent ligands can

213



be characterised by FCS because the diffusion rate of a free ligand should be much faster than
the diffusion rate of a bound ligand, as illustrated in Figure 7.11. The fluctuations in the
fluorescent signal monitored by a confocal microscope can be used to obtain a correlation
curve (Yu et al., 2021). This data can be used to model a situation in which one or two
fluorescent particles are in solution. This can be used to determine whether the concentration
of bound and free ligands. The experiments in this project utilised the fluorescent ligand
MK337 to characterise binding to SMA-rNTR1. This technique has previously been used to
measure binding to SMA-solubilised A2AR (Grime et al., 2020). This project aimed to
understand the benefits and limitations of FCS for SMA-rNTR1 binding characterisation and

utilised FCS to understand the effect of Mini-G protein binding.

The fluorescent ligand, MK337, has not previously been used in FCS experiments. A series of
characterisation experiments were performed to determine the suitability of MK337 for FCS
and to understand the appropriate buffer and laser power for binding experiments (Appendix

1.7-1.9
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Figure 7.9: Cartoon displaying the principle of how solution-based FCS can detect ligand binding.

A confocal microscope detects fluctuations caused by the movement of fluorescent particles through the confocal detection
volume. The diffusion rate of the fluorescent particle is related to its size, which is different depending on whether the
fluorescent ligand is free or bound.

7.5.4 MK337 Series Binding Experiment Comparing SMA-rNTR1, SMA-CB2 and SMA-SAV

With and Without SR 48692

The difference in the concentration of bound MK337 with and without the competitive
antagonist SR 48692 should show specific MK337 binding. SR 48692 binds in the same
binding pocket as neurotensin and therefore should prevent MK337 binding (Deluigi et al.,
2021). Firstly, SR 48692 was incubated with MK337 to check that the presence of the
antagonist did not affect the fluorescence of the ligand. There was no significant difference in
the measured concentration of MK337 with and without SR 48692 (Appendix 1.10). Then,
SR 48692 was incubated with SMA-rNTR1, SMA-CB2 or SMA-SAYV, followed by incubation
with a series of MK337 concentrations. It was hypothesised that the concentration of MK337
bound to SMA-rNTR1 would increase with added MK337 concentration and that this increase

would be less after pre-incubation with SR 48692. It was also hypothesised that SR 48692
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would not affect the concentration of MK337 bound to SMA-CB2 or SMA-SAV due to the

lack of a neurotensin binding pocket in these proteins.

Figure 7.12A shows how the concentration of MK337 bound to SMA-rNTR1 increased as the
concentration of MK337 increased. There was a much smaller increase when the SMA-
rNTR1 was pre-incubated with the antagonist. Both repeats had a larger concentration of
bound MK337 when 125 nM and 67.25 nM were used compared to the antagonist pre-
incubated sample.
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Figure 7.10: FCS analysis of MK337 binding to SMA-rNTR1, SMA-CB2 or SMA-SAV

Concentration of bound MK337 calculated from a 2-component model after solution-based FCS analysis of five different
MK337 (7.8nM — 125nM) concentrations incubated with SMA-solubilised proteins, with and without pre-incubation with 170
nM SR 48692 (SR). SMA-rNTR1 concentration was 0.2 mg/mL. Measurements of the same sample were taken and input into
the model three times and error bars show standard deviation between measurements.

(4) MK337 bound to SMA-rNTR1

(B) MK337 bound to SMA-CB2

(C) MK337 bound to SMA-SAV.

Two SMA-solubilised membrane proteins were used as controls. Neither CB2 nor SAV
showed evidence of specific binding which increased with added MK337 concentration.
Figure 7.12B shows the concentration of MK337 bound to SMA-CB2, the two-component

model yielded variable concentrations of bound MK337 and the highest MK337

216



concentration had less bound protein than after SR 48692 incubation. Figure 7.12C shows a
linear relationship between added MK337, and the concentration bound to SMA-solubilised
SAV. The same linear relationship was reflected after SR 48692 incubation suggesting all the
MK337 bound non-specifically. This demonstrated that the amount of non-specific binding is
related to the protein: after 125 nM of MK337 was added, SAV had >8-fold more non-specific

binding compared to CB2 or rNTRI.

Overall, the data provided a measure of specific binding: [bound MK337] — [bound MK337
after antagonist pre-incubation]. There was an increase in specific binding to SMA-rNTR1
that was related to the added MK337 concentration. This was able to produce binding curves
that suggested the Kq was 60.6 nM (n=2). Accounting for the decrease in concentration due to
adsorption, this yielded an estimated Kq of 9.7 nM. A larger number of MK337 concentrations
and repeats would provide a better K4 estimation. The use of two control proteins verified SR

46892 was able to distinguish specific binding.

7.5.5  Specific MK337 binding to SMA-rNTR1 Incubated with Gs or Gsq

It was decided to investigate if the addition of a mini-G protein would influence the
concentration of MK337 bound to SMA-rNTR1. Gsq has been shown to couple to NTR1 by
thermostability analysis but no coupling of Gs to INTR1 was proven by this method (Nehmé
etal.,2017). NTR1 is a promiscuous GPCR that can couple to multiple G protein subtypes;
however it is most predominately associated with Gq-coupling (Kato et al., 2019). This
experiment aimed to understand how incubation with mini-G proteins for 4 hours influenced

the specific binding of MK337 to SMA-rNTRI.
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Figure 7.13 (A and B) shows the relationship between bound MK337 and added MK337 with
and without pre-incubation with SR 48692. When Gsq and SMA-rNTR1 were incubated,
there was a specific binding increase that correlated with the concentration of MK337 added
when 125 nM of MK337 was added. This was larger than when Gsq was not included. When
Gs and SMA-rNTR1 were incubated there was no evidence of specific binding. There was an
increase in the amount of non-specific binding when a concentration of 125 nM MK337 was

added. This could indicate an interaction between Gs and MK337.
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Figure 7.11: FCS analysis of MK337 binding to SMA-rNTRI incubated with Mini-G proteins

(A and B) Concentration of bound MK337 calculated from a 2-component model after solution-based FCS analysis of five
different MK337 (7.8nM — 125nM) concentrations incubated with SMA-rNTR1- Mini G, with and without pre-incubation
with 170 nM SR 48692 (SR). SMA-rNTR1, Gs and Gsq concentration was 0.2 mg/mL after incubation.

(4) SMA-rNTR1 incubated with Gsq 4 hours before any ligand addition. Measurements of the same sample were taken and
input into the model three times and error bars show standard deviation between measurements

(B) SMA-rNTRI incubated with Gs 4 hours before any ligand. Measurements of the same sample were taken and input into
the model three times and error bars show standard deviation between measurements

(C) Average diffusion rate of bound MK337 component from all MK337 concentrations without any antagonist. Student’s t
test was performed to determine significance (* =p<0.05, *** =p < 0.0005). Error Bars represent SD (n=>5).

Figure 7.13C shows the average diffusion rates obtained from the two component models
produced without competitive inhibition of SR 48692. The larger the diffusion rate the smaller
the size of the particle. There was a significant decrease in the diffusion rate of the bound

MK337 particles after Gsq incubation (p<0.0005). This provided evidence of SMA-rNTR1-
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Gsq coupled particle binding to MK337, which is larger than uncoupled SMA-rNTR1. There
was also a significant difference between the diffusion rate of MK337 bound SMA-rNTR1
and MK337 bound SMA-rNTR1 incubated with Gs (p<0.05). This indicated interactions

occurred between both mini-G proteins and SMA-rNTR1.

7.5.6  Key findings of FCS Experiments

Overall, FCS experiments were able to confirm binding of the fluorescent ligand MK337 to
SMA-rNTRI1. There was an increase in binding caused by Gsq incubation and a decrease in

binding caused by Gs incubation. This is consistent with the findings of the Nehma et a/

(2017).
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Figure 7.12: Specific binding of MK337 to a neurotensin binding site calculated from FCS analysis.

Specific Binding calculated from 2-component models after solution-based FCS analysis, with and without pre-incubation
with 170 nM SR 48692 (SR). Five different MK337 (7.8nM — 125nM) concentrations incubated with SMA-solubilised
proteins including SMA-rNTR1 pre-incubated with Gs or Gsq for four hours. SMA-rNTR1, Gs and Gsq concentration was
0.2 mg/mL. Measurements of the same sample were taken and input into the model three times and error bars show standard
deviation between measurements. For alone rNTRI (n=2) and graph shows mean +SD of 6 measurements.
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Figure 7.14 summarises the amount of specific binding at each added MK337 concentration.
This distinguishes the difference in binding between the SMA-solubilised control proteins and
SMA-rNTR1, as well as the effect of coupling mini-G proteins. More MK337 concentrations
should be tested to obtain accurate Kq values. However, this project has demonstrated how

FCS is a powerful tool for investigating GPCR function.

7.6 Spectral Shift Assays

A key element of this project was to assess ligand binding methods used by industrial partner
Domainex, such as spectral shift assays. A spectral shift assay was performed to monitor
changes in fluorescence of a dye used to label SMA-rNTR1, as a measure of ligand binding.
The SMA-rNTR1 was labelled with a fluorescent Nanotemper Red-NTA dye. This dye binds
non-covalently to the 6x His tag present at the N-terminus of the protein. The premise behind
this technique is that ligand binding should cause a change in the chemical environment of the
His tag bound dye. The change could be due to binding-induced changes in conformation,
charge distribution or solvation dynamics (Langer ef al., 2022). The experiment involves
excitation of the dye at 590 nm and readout of emission at 650 and 670 nm. Changes in the
ratio of fluorescent signal (670/650) vs ligand concentration were recorded: a dose response
curve would indicate binding. The dye inherently induces a bathochromic spectral shift at 650
nm. This emission signal at 650 nm is mostly stable throughout the varying ligand

concentrations except in cases of ligand interference with the dye fluorescence.

7.6.1 MK350 Dose-Dependent Changes in Fluorescent Properties of Labelled SMA-NTR1

It was hypothesised that binding of MK350 to dye-labelled SMA-rNTR1 would induce a
conformational change in the protein and change the fluorescent properties of the dye. The
670/650 nm ratio (Figure 7.15A) and 650 nm fluorescence intensity (Figure 7.16B) were

recorded after incubation of labelled SMA-rNTR1 with 12 different MK350 concentrations.
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MK350 appeared to lower the 670/650 nm ratio but also impact the 650 nm fluorescence
intensity in a dose-dependent manner. Figure 7.15A indicated a possible dose-response at a
weaker affinity than expected since the response was not saturated. The estimated Kq was
100-fold higher than expected. A possible reason could be that the concentration of MK350
was over-estimated in the experiment. A lower concentration of soluble MK350 than expected

could be due to degradation and surface adsorption of the ligand.
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Figure 7.13: Spectral shift assay investigating the effect of MK350 concentration on fluorescently labelled SMA-rNTRI.
Red-labelled SMA-NTRI concentration was 0.2 mg/mL. Dotted lines show 95% confidence bands.

(A) Relationship between MK350 concentration and 670/650 fluorescence ratio.

(B) Relationship between MK350 concentration and 650 fluorescence. Dotted lines show 95% confidence bands.

Figure 7.15B suggested a ligand-induced fluorescence change at 650 nm instead of an
unchanged fluorescence intensity as would be expected. Another explanation was that
changes in fluorescence were not due to binding of MK350 and SMA-rNTR1 but due to an
independent effect of MK350 on the measured fluorescence. To test this theory, MK350 was
titrated against buffer and a fluorescently labelled His tagged peptide. MK350 alone could not
provide readable data due to a lack of red fluorophore in the solution. MK350 and
fluorescently labelled His tagged peptide showed no change in ratio or intensity relating to
MK350 concentration. This indicated that the fluorescence of MK350 was not interfering with

the spectral shift measurements of the red-fluorescent label.
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7.6.2 SR 48692 Prevents MK350 Dose-dependent Changes in Fluorescent Properties of Labelled

SMA-NTR1

The increase in fluorescence intensity and decrease in 670/650 nm ratio was further
investigated to determine the association of MK350 binding in the neurotensin binding
pocket. Figure 7.16 shows that when fluorescently labelled SMA-rNTR1 was incubated with
the antagonist SR 48692, there was no dose-dependent decrease in 670/650 nm ratio and no

increase in fluorescent intensity.
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Figure 7.14: A spectral shift assay investigating the effect of MK350 concentration on fluorescently labelled SMA-rNTR1
with and without competitive inhibition with SR 48692.

Red-labelled SMA-NTRI concentration was 0.2 mg/mL

(A) Relationship between MK350 concentration and 650/630 fluorescence ratio. Dotted lines show 95% confidence bands
(B) Relationship between MK350 concentration and 650 fluorescence.

An accurate estimation of the affinity of MK350 for SMA-rNTR1 could not be determined
from the Spectral Shift data due to the lack of saturation. This may be due to the degradation/
adsorption of MK350 and hence underestimation of MK350 in solution, which could not be

explored further. These data do show evidence of specific binding of MK350 to SMA-rNTRI.
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7.6.3  Competitive Assay Shows SR 48692 Dose-Dependent Changes in Fluorescent Properties of

Labelled SMA-NTR1 After Incubation with MK350

The MK350 concentration series showed evidence of specific binding at a measured
concentration of 500 nM. It was hypothesised that SR 48692 would therefore increase the
670/650 nm ratio and decrease fluorescent intensity at 650 nm in a dose-dependent way,
reversing the effects of MK350. To determine a possible K; of SR 48692, 12 concentrations of
SR 48692 were incubated with fluorescently labelled SMA-NTR1 before incubation with 500

nM MK350. This was compared to a control in which no MK350 was added.

Figure 7.17 shows the dose-dependent effect of SR 48692 with and without MK350. The
shape of the curve plotted is indicative of SR 48692 binding. At higher SR 48982
concentrations, less binding sites contain MK350 causing an increase in the 670/650 ratio and
a decrease in fluorescence intensity at 650 nm. The curve in Figure 7.17A was used to
calculate a IC50 of 5.34 nM and Ki of 2.25 nM. The curve in Figure 7.17B calculated a IC50
of 6.25 nM and a Ki of 2.65 nM. This was close to the expected K; of 2.6 nM.

The similar K; values provided confidence that the changes in intensity and 670/650 ratio
were caused by the same conformational changes of the SMA-rNTR1. The control showed

that SR 48692 did not have an independent effect on the fluorescently labelled SMA-rNTRI1.
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Figure 7.15: A spectral shift assay investigating the effect of SR 48692 concentration on fluorescently labelled SMA-
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rNTR1 with and without 500 nM MK350.
Red-labelled SMA-NTRI concentration was 0.2 mg/mL Dotted lines show 95% confidence bands.
(A) Relationship between SR 48692 concentration and 650/630 fluorescence ratio

(B) Relationship between SR 48692 concentration and 650 nm fluorescence.
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These data overall showed specific binding consistent with a fully functional INTRI1 protein

encapsulated in a SMALP. This is a key starting point for the use of spectral shift assays for

SMA -solubilised protein functional analysis, which has not been previously utilised.
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7.7 SMA-PAGE to Assess Mini-G Protein Binding

Nehme et al developed a method that determined mini-G binding to GPCRs using SEC. As
shown already, SMA-PAGE has the potential to be more sensitive technique than SEC, it is
therefore possible that SMA-PAGE could be used to explore whether Mini-G proteins bind to
GPCRs. An SMA-solubilised GPCR bound to a Mini-G protein should be 28-55 kDa larger
than the SMA-solubilised GPCR alone, causing slower migration of a GPCR: Mini-G

complex through an acrylamide gel.

SMA-CB2, SMA-rNTR1 and SMA-SAV (negative control) were incubated with Mini-G
proteins overnight or for 4 hours and the samples were analysed by SMA-PAGE. Two
samples of Gs/q were tested, with and without the His tag. The SMA-PAGE was analysed by
Western blot using an anti-His antibody (Figure 7.18A). After image collection, the Western
blot was re-probed with anti-CB2 antibody (Figure 7.18B). A separate incubation of SMA-
solubilised hNTR1 and the mini-G proteins was investigated by SMA-PAGE and Western blot
analysis using anti-NTR1 antibody (Figure 7.18C). The difference between the anti-His
probed Western blots and GPCR-specific antibodies was expected to indicate a signal due to
the His tagged Mini-G proteins. SMA-PAGE:s are typically more smeared than SDS-PAGEs
because proteins in their native state have more variable sizes and charges (Wittig and

Schégger, 2005).
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Figure 7.16: SMA-PAGE and Western blot analysis of SMA-CB2, rNTR1 and SAV after incubation with and without
Mini-G proteins.

Four mini-G proteins were tested: Gs, Gs/q without His tag (Gs/q NoH), Gs/q with His tag (Gs/q-H) and Gs-GFP. All
protein concentrations diluted to be 0.2 mg/mL final concentration.

(A) anti-His probed Western blot. Pink boxes represent the bands expected to represent Mini-G proteins which have
migrated independently of the SMA-solubilised GPCR.

(B) Same SMA-PAGE analysis, re-probed Western blot with anti-CB2.

(C) Different rNTRI and G protein samples analysed with anti-NTRI antibody.

The Western blot analysis with an anti-His antibody would have detected His tagged rNTRI1,
CB2, SAV and Mini-G proteins. Without any Mini-G incubation the control protein SAV
showed a large smear across 70% of the lane (Figure 7.18A (Lane 11)). Despite the smearing,

a band was visible between 66-146 kDa, likely representative of SMA-SAV. The band
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position suggested the same migration with and without the addition of Mini-G proteins (Lane
11-14). This is indicative that SMA-solubilised SAV did not interact with any of the Mini-G

proteins, making it a successful negative control.

When SAV was incubated with Gs, two lower bands were visible (Figure 7.1A (Lane 12)),
suggested to be Gs migrated separately from SAV. It is unlikely that Gs would have migrated
faster than the SMA-SAV by itself. The slight negative charge caused by the intrinsic
properties of Gs at pH 8.0 (caused by pl of 8.5) would have caused migration at a slower rate
than the negatively charged SMALPs. One explanation is that the Mini-G proteins interact
with SMA or SMALPs, causing their migration through the SMA-PAGE gel without
interacting with the SMA-solubilised protein. These particles are expected to cause the bands
highlighted in pink boxes. This theory was validated by incubation of the SMA-solubilised
proteins with Gs/q with and without a His tag (Figure 7.1A (Lanes 4, 5, 9 and 10)). The
additional bands caused by Gs/q-His on the anti-His probed Western blot were caused by Gs/q

protein not associated with the SMA-solubilised protein.

When SMA-CB2 was analysed by SMA-PAGE (Lane 1 in Figure 4.1 (A and B)), two bands
were visible using both anti-His and anti-CB2 antibodies at approximately 60 kDa and 200
kDa. The higher MW band was more intense than the lower MW band. This is consistent with
findings in Chapter 5 that showed significant dimerization of CB2. The lack of signal from
SMA-NTR1 or SMA-SAV samples (Lanes 6-14) provided confidence in the specific binding
of anti-CB2 (Figure 4.1B). Upon the addition of all Mini-G proteins, the band representing
SMA-CB2 appeared at a higher position (Lanes 2-5). This suggested an increase in the size of
the SMA-CB2 particle caused by an interaction with the Mini-G protein. The smallest
increase was caused by Gs, a 28 kDa protein (Lanes 2). Gs-GFP and Gs/q caused a larger

increase to a similar position (Lanes 3-5). It was suggested that bands at the top of the
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Western blot are likely due to protein aggregation causing no migration. After incubation with
Mini-G protein, the CB2 monomer and dimer bands could not be resolved. It is theorised that

Mini-G complexes could encourage dimerization or SMALP ‘doublet’ formation.

The analysis of SMA-solubilised INTR1 by SMA-PAGE showed a similar result to that of
SMA-CB2. When SMA-rNTRI1 was ran alone, a band suspected to be monomer rNTR1 was
present at approximately the expected MW of INTR1: 99kDa (Figure 7.1 (A-Lane 5 and B-
Lane 1)). The second INTR1 SMA-PAGE analysis probed with anti-NTR1 showed more
resolved bands identifying a likely fragment of INTR1 below 20kDa and a larger particle at
approximately 480kDa suspected to be an oligomer of INTR1 (Figure 7.1B Lane 1). The anti-
His Western blot (Figure 7.1A Lanes 6-10) showed the smeared bands representative of
rNTR1 and Mini-G proteins were at a higher placement compared to INTR1 only. The bands
highlighted in pink in Lane 7 and Lane 10 are suspected to represent G proteins, which are not
associated with INTR1 but have interacted with SMA in some way to migrate through the gel.
The anti-NTR1 Western blot (Figure 7.1C Lanes 2-5) confirmed that the band at
approximately 99 kDa was absent when Mini-G proteins were added. After incubation with
Gs, the band is at a higher position, indicative of an INTR1-Gs complex (Lane 5). The bands
possibly representative of oligomeric INTR1 were not affected by the mini-G proteins (Lane
1-5). This could be because the higher order oligomeric state of the protein was not conducive
to Mini-G protein binding. The signal from the well in Figure 7.1C suggest aggregation of all
the INTR1 protein samples. The intensity of the bands indicates a larger amount of

aggregation upon the addition of mini-G proteins.

Overall, the SMA-PAGEs successfully identified SMA-rNTR1 and SMA-CB2 using multiple

antibodies. Without Mini-G incubation, bands were visible at the expected approximate MWs
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of dimeric CB2 and monomeric rNTR1. Slower migration after Mini-G incubation provided

evidence of SMA-GPCR: Mini-G complex formation.

7.8 Conclusion

The results in this chapter were able to show the potential of solution-based fluorescence
techniques for GPCR investigations using PoLiPas. This chapter provided evidence for the
coupling of mini-G proteins to SMA-solubilised GPCRs, which has only been reported once
before with a different GPCR. There was evidence that mini-G protein coupling affected the
ligand binding characteristic of both SMA-rNTR1 and CB2. This confirmed production of

soluble, functional GPCRs by PoLiPa technology was successful.
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CHAPTER 8: DISCUSSION

8.1 Summary of Key Findings

GPCRs have a massive therapeutic potential but are difficult to extract for structural and
functional analysis techniques (Laeremans ef al., 2022). This is due to their instability, highly
flexible structure and location within the plasma membrane (Weis and Kobilka, 2018).
Nanodiscs have been used to gain a crystal structure of the INTR1-Gi complex, revealing that
lipids interact with the complex and anchor G proteins to the membrane (Deluigi ef al., 2021).
The use of negatively charged lipids strengthened the INTR1-G protein interaction (Deluigi et
al., 2021). This indicates the benefits of maintaining ‘native’ lipids, a capability specific to

PoLiPa technology.

This project has utilised PoLiPa technology to produce soluble GPCRs and demonstrated
functionality of SMA-solubilised GPCRs. This project systematically optimised SMA-
solubilised GPCR purification. Preliminary investigations into the use of FTS, FCS and
spectral shift successfully indicated that both INTR1 and CB2 were capable of binding to
appropriate ligands and G-proteins within a SMALP. This project supports the need for stable,
functional, and soluble GPCRs in a ‘native-like’ environment, which can be used for potential

pharmaceutical screening.

8.2  Interpretation of Results
8.2.1 Expression of GPCRs in E. coli

E. coli is a favourable expression system due to its preferred cost, speed, efficiency, scalability
and ease of manipulation (Wiseman et al., 2020). E. coli expression of GPCRs has been
shown to be a challenging task, with success dependent on the specific GPCR. Lundstrom et

al found that when testing the expression of 103 GPCRs: only 50% were detected in E. coli
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membranes or inclusion bodies, whereas 95% were detected after expression in Semliki
Forest virus-infected HEK293 cells (Lundstrom et al., 2006). Of 50 studies on GPCR
expression in E. coli, 37% were re-folded from inclusion bodies and 63% were harvested

from membranes (Abiko et al., 2021).

There has been previous research into the expression of INTR1 and CB2 in E. coli (Table
8.1). This project was able to validate and build upon previous expressions of these proteins to
produce enough GPCR for polymer-based investigations. Yu’s group showed successful
expression of GPCRs in E. coli by the addition of an N-terminal transmembrane sequence
called P9, which stabilised the protein and aided membrane insertion (Kim et al., 2024). This
included human endothelin receptor A (Han et al., 2017b), lysophosphatidic acid receptors 1
and 2 (LPA1 and 2) (Han et al., 2017a), prostaglandin E2 receptor 4 (EP4) (Kim et al., 2021a)
and glucagon-like peptide 1 receptor (Kang et al., 2021). A different fusion tag called AT10
(KYYKYYKYYK) reportedly increased expression of 18 human olfactory receptors and 7

non-olfactory GPCRs, measured by Western blot analysis (Cho et al., 2023).

E. coli expression of GPCRs has typically only been successful after the identification of
multiple stabilising mutations within the GPCR and the addition of stabilising ligands
(Rosenbaum et al., 2009). Sarkar et al (2008) described a directed evolution method using E.
coli to find stabilising mutations. The starting protein in the directed evolution method was
the same MBP-fused rINTR 1-Thioredoxin A protein investigated in this project. Error prone
polymerase chain reaction (PCR) was used to create a set of random mutations; fluorescently
labelled neurotensin and fluorescence activated cell sorting (FACS) were used to select the
highest expressing cells (Sarkar et al., 2008). Plasmid was collected from these cells and fresh
bacteria transformed. After 4 rounds of error-prone PCR and selection, the clone with the best

expression level had 10-fold higher expression than WT rNTR1 and 14 nucleotide
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substitutions (Sarkar et al., 2008). Binding characteristics of the mutant INTR1 were the same

as WT rNTR1. This method is not transferable to many other GPCRs because of the lack of

fluorescent ligands and the inability of E. coli to express most GPCRs. This project avoided

the use of stabilising ligands or stabilising mutations aside from truncations and fusion

proteins, providing a more physiologically relevant receptor construct.

Table 8.1: Summary of Expression Conditions Optimised in this Project Compared to Literature
Protein E. coli Cell | IPTG Conc | Expression | Expression | Broth Reference
Line (mM) Temp (°C) Time
(hours)

rNTR1 C43(DE3) 0.25 mM 18 20-24 LB Broth This Project

rNTR1 DH5a 0.25 mM 22 40 2xYT+0.2% (w/v) White et al (2004)
glucose

rNTR1 DH5a 0.5 mM 20 40 2xYT+0.2% (w/v) Tucker and
glucose Grisshammer (1996)

BL21(DE3) | 1 mM 29 Not 2xYT + 1% (w/v) Egloff PhD Thesis

rNTR1 specified glucose (2014)

NTR1 BL21(DE3) | 1mM 24 or 28 20 0r 16 2xYT+0.2% Egloff et al (2014)
(w/v) glucose

NTR1 BL21(DE3) | 0.25 mM 20°C 30 2xYT +0.2% (w/v) | Attrill et al (2009)

Or Al glucose or Al media

CB2 C41(DE3) 0.25 mM 18 20-24 2xYT This Project

CB2 DH5« 0.5 mM 20 40 2xYT+0.2% Calandra (1996)
(w/v) glucose

CB2 BL21(DE3) | I mM 20 40 2xYT+0.2% Yeliseev et al (2009)
(w/v) glucose

CB2 BL21(DE3) | 0.5 mM 20 40 2 x YT or Mineral Berger (2010)
salt medium for
isotope labelling

CB2 BL21(DE3) | 1mM 20 40 2xYT+0.2% Krepkiy et al (2006)
(w/v) glucose

Abiko et al used the previously thermostabilised sequence of mutated turkey 1 adrenergic

receptor (B1AR) and after expression optimisation produced 0.2-0.3 mg/L of culture (Abiko et

al.,2021). B1AR was cloned into the same pRG plasmids used in this study for the MBP-

fused GPCR expression in E. coli. Cholesterol was shown to stabilise B1AR but prevent cell
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growth. The data in this project agrees with most literature about other GPCRs expressed in E.
coli regarding optimal expression at low temperatures and low IPTG concentrations. The

highest improvement in expression was achieved by varying the cell line and broth.

This project demonstrated the importance of expression level optimisation for the successful
purification of a GPCR. Tesdesco et al reported a method utilising SMALP technology for
purification of low-expressing GPCR, however, the final product had a low concentration and
purity (Tedesco et al., 2021). In Tesdesco et al, positive confirmation of the GPCR after
purification was achieved by dot blot analysis, a highly sensitive technique shown to detect
some proteins down to 50 pg/mL (Zulkarnain et al., 2022). In this project, the most successful
purifications (from 4 L of broth) were able to produce 400 puL of 0.9 mg/mL CB2 and 3 mL of

0.2 mg/mL rNTRI from E. coli expression.

8.2.2  Expression of GPCRs in HEK293 Cells

Expression of GPCRs in a mammalian cell line can be equally as challenging as E. coli
expression, however, it is a commonly preferred expression system for GPCR production
because of post-translational modification capabilities (Goth et al., 2020). A stable GPCR-
expressing cell line is difficult to obtain due to the metabolic stress caused by expression,
post-translational modifications and trafficking of the GPCR, as well as the signalling caused
by the over-expressed GPCRs (Tate and Grisshammer, 1996). Lentiviral transduction was an
attractive technique because it allows the delivery of DNA constructs into the genomes of
non-dividing mammalian cells (Campeau et al., 2009). The optimisation of the GPCR
expression in HEK293 cells was not within the scope of this project however a higher
expression level would likely aid downstream purification steps. A possible avenue that could
be investigated is inducible GPCR expression to prevent decreasing expression over time due

to toxicity. Inducible expression was previously used to produce the human olfactory receptor
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(Cook et al., 2008) and 2 adrenergic receptor (Chelikani et al., 2006). Another avenue could
be the use of a specialised master cell line that could aid integration of the GPCR into the

genome (Schucht et al., 2011).

8.2.3  Polymer Solubilisation and Polymer Selection of GPCR Oligomerisation states or

Glycosylation States

Of 50 studies investigating GPCRs in E. coli, the most used solubilisation agent was a
combination of DDM, CHAPS and CHS (Abiko et al., 2021). PoLiPa have been used to
extract the Ghrelin receptors expressed in E. coli and 3;-adrenergic receptors from
mammalian cell membranes. INTR1 has been previously expressed in HEK293T cells and has
been previously encapsulated in an SMALP but no purification of the solubilised receptor was
performed (Dathe et al., 2019). This project investigated the polymer solubilisation of five
different GPCRs: hNTR1, rNTR1 and CB2 from E. coli, and hNTR1 and CB2 from HEK293
cells. There were distinct differences in the solubilisation efficiency of different polymers
depending on GPCR-type and expression system. This demonstrated that many factors may
influence the efficacy of polymers extraction, including oligomerisation state, glycosylation,
expression level, MW and cysteine reduction. SMA extracted the GPCRs with consistently
high efficiency. This was chosen for the downstream purification of most of the GPCRs
because it was the most cost-effective. However, several other polymers were deemed good
solubilising agents in this project and could be used to produce GPCR-encapsulating PoLiPas,

with different biophysical characteristics (Table 8.2).
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Table 8.2: Summary of Polymer Solubilisation Performance on Different GPCRs

SMA DIBMA RAFT BzAM BzAM BzAM BzAM AASTY AASTY AASTY
SMA Series Series Series Series 6-45 11-55 11-45
1:1 (0.25- (0.25- (0.25- (0.25-

0.4) 0.4) 0.4) 0.4)

WT-hNTR1
(E. coli)
Monomer
WT-hNTR1
(E. coli)
Dimer
NTR1

(E. coli)

Monomer
NTR1

(E. coli)
Dimer

CB2 (E. coli)
Monomer

CB2 (E. coli)
Dimer

NTRI-High
(HEK)

NTRI-Low
(HEK)

CB2 (HEK)
Monomer

CB2 (HEK)
Dimer

Green= Good solubilisation, Orange= Moderate solubilisation, Red= Minimal/no solubilisation

Previous solubilisation trials with different polymers showed protein-specific differences in
solubilisation efficiency. The solubilisation efficiency of different SMA polymers varying in
length and maleic acid content were tested on three membrane proteins of different size and
shape: Brma, ZipA and LeuT. Solubilisation of the homodimer-forming Brma protein was
more sensitive to decreases in polymer hydrophobicity than ZipA or LeuT but SMA 2:1
yielded the highest solubilisation consistently (Morrison et al., 2016). The polymers tested in
this project suggested that polymers and reducing agents can be manipulated to encourage a
bias toward GPCRs in a particular oligomeric state. This concept was investigated by Walker
et al who designed an experiment to interpret the oligomerisation states within PoLiPas by
single nanodisc photobleaching. Seven GFP-labelled proteins showed different
oligomerisation states. Two different membrane proteins formed monomers, dimers and
higher order oligomerises but there was a difference between the ratio of particles in different
oligomerisation states dependent on solubilisation by SMA or by AASTY (Walker et al.,

2023). This validates the Western blot interpretations in this project.

235



8.2.4  Purification Optimisation

This project systematically investigated different purification conditions and discovered key
variables that should be optimised when purifying SMA-solubilised GPCRs. This study
demonstrated that the primary issues with SMA-solubilised GPCR yield, and purity are due to
the lack of affinity for IMAC resin, non-specific binding to the anti-FLAG resin and co-
elution of contaminant proteins. Yeliseev et al was able to purify 1-2 mg of detergent-
solubilised CB2 from E. coli expression with 80-90% purity from a one-step IMAC
purification (Yeliseev et al., 2005). This demonstrates that despite the benefits of PoLiPa
technology, its use can sometimes be detrimental to purification techniques. This supports the

requirement for more optimisation.

Table 8.3 summarises the final optimised conditions for the SMA-solubilised GPCRs purified
in this thesis. Three out of the five GPCRs produced in this project were able to be purified to
over 90% purity. Key protein-specific variables for optimal GPCR production included:
IMAC resin type, presence of arginine, and reducing agent concentration in IMAC binding
buffers. Some consistently beneficial factors included diluting the solubilised material pre-
IMAC purification and use of high (500 mM) NaCl concentration during IMAC purification.
Factors that had minimal change in GPCR yield or purity included adjusting the imidazole
concentration or the FLAG peptide concentration in the wash and elution fractions of an

IMAC or FLAG purification.
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Table 8.3: Summary of Optimised GPCR Production in this Project
GPCR rNTR1 CB2 hNTR1 CB2
Expression System E. coli E. coli HEK?293 HEK?293
Solubilisation 0.5% (w/v) SMA 2% (w/v) SMA 1% (w/v) SMA 1.5% (w/v) SMA
IMAC Purification IDA Resin Ni-NTA Resin Ni-NTA Resin Ni-NTA Resin
Conditions 2-fold dilution before | 2-fold dilution before | 2-fold dilution before | 2-fold dilution
resin binding. resin binding. resin binding. before resin
Buffer: Buffer: Buffer: binding.
50 mM Tris-HCI 50 mM Tris-HCI 50 mM Tris-HCI Buffer:
(pH 8) (pH 8) (pH 8) 50 mM Tris-HCl
500 mM NaCl 500 mM NaCl 500 mM NaCl (pH 8)
20 mM Arginine 20 mM Arginine 10% v/v Glycerol 500 mM NaCl
10% v/v Glycerol 1 mM TCEP 10% v/v Glycerol
10% v/v Glycerol
Second-step - Buffer: Not appropriate, -
FLAG Purification 50 mM Tris-HCl poor elution
Conditions (pH 8)
150 mM NaCl
10% v/v Glycerol
Purity Achieved High High Low High
Optimised Yield 600 ng 360 ng 50 ug 100 pg
from single
purification

SEC was not a useful purification method for the separation of different proteins encapsulated

within a SMALP or a DIBMALP. One explanation is that the large PoLiPa size, generally

accepted to be approximately 10 nm, does not correlate to the MW on the encapsulated

protein (Ayub et al., 2020; Morrison et al., 2016; Swainsbury et al., 2017). Another factor was

heterogeneity between SMA-solubilised hNTR1 likely caused by oligomerisation, SMALP

‘doublet’ formation and the differences in the number of polymer and lipids per particle. This

may have prevented distinguishable differences between SMA- or DIBMA- solubilised

proteins that could allow their separation via SEC.

This project did not achieve a successful FLAG purification of polymer-solubilised CB2

directly after solubilisation. A FLAG purification has successfully purified a SMA-solubilised
protein to >90% previously without an IMAC purification (Rehan et al., 2017). It is suspected
that better expression levels, differences in the contaminating proteins and exposure of the

FLAG tag in the protein contributed to the success of the FLAG purification in Rehan ef al.
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This project recommends performing an IMAC purification before a FLAG purification to

remove excess polymer.

A consideration that this project did not investigate was the manipulation of the size and
position of the affinity tags. It was suggested in this project that some purification
improvements were due to the flexibility and exposure of the His tags. Adding a linker region
before the affinity tags may cause the tags to be further away from the PoLiPa, aiding
purification. Damian ef a/ extended the 6x His tag to a double 10x His tag to optimize SMA-
GPCR binding to an IMAC resin (Damian ef al., 2018). In this project, it was observed that
6x His tagged CB2 was more difficult to purify than 10x His tagged rNTR1. Extension of the

affinity tags could be a solution to purification problems associated with PoLiPas.

This project investigated multiple purification methods: IMAC, FLAG purification, MBP
purification and SEC. However, the literature reports methods specifically for the purification
of GPCRs, given the known challenges in their production. Production of a column that
contains an appropriate GPCR ligand has been used to successfully purify NTR1 (Egloff et
al., 2015), A2AR (Weiss and Grisshammer, 2002), BLT2 receptor (Arcemisbéhére et al.,
2010) and GHS-R1a (Damian ef al., 2012). This method allows the selection of active GPCRs
which functionally bind to the ligand. However, it requires the immobilisation of a specific
ligand which requires knowledge of the ligand binding characteristics of the GPCR being

investigated.

Attachment of a 9-residue bovine rhodopsin affinity tag has been used for immunoaffinity

purifications of multiple GPCRs (Chelikani et al., 2006; Cook et al., 2008). A mammalian

expressed human olfactory receptor was purified this way after solubilisation with fos-
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choline-14 (Chelikani et al., 2006). This may induce less non-specific binding than the FLAG

immunoaffinity purifications investigated in this project.

Some studies report the purification of proteins in amphipols or detergents before utilising
PoLiPas (Dalal et al., 2024; Damian et al., 2018). IMAC purifications of GPCRs have also
been performed in denaturing conditions before refolding (Arcemisbéhére et al., 2010;
Damian et al., 2012). This agrees with the findings of this project that suggest the interference
of PoLiPas and other solubilising agents in resin binding and elution. This project provides
new insight into an optimised purification protocol whilst retaining the ‘native’ surrounding

lipids of a GPCR.

8.2.5 Biophysical Analysis Techniques

DLS, SEC and SMA-PAGE data suggested that purified polymer solubilised GPCRs are
likely to be heterogeneous because of oligomers, ‘doublets’ and aggregates. Previously,
SMALPs containing AcrB have been shown to form ‘doublet’ particles which can be
visualised by negative stain (Postis et al., 2015). The biophysical analysis methods were also
able to guide purification and storage protocols. DLS and CD data suggested that the loss of
SMA-solubilised NTR1 was due to aggregation instead of unfolding. Steps were taken to
prevent aggregation including the use of reverse concentrators at a low speed, storage at 4°C
for less than a day or -20°C for the long term, minimal freeze-thawing and consistent removal

of aggregation by centrifugation.

There was some evidence for the fluidity of oligomerisation after solubilisation. To achieve a

pure monomeric GPCR, manipulation of polymer type and reducing agents could be

investigated. However, for this project heterogeneity in the sample was deemed acceptable.

239



8.2.6  Stabilising Effect of PoLiPa Compared to Other Methods

CD and nanoDSF analysis of SMA-solubilised GPCRs in this project suggested a stabilising
effect of SMA. Yeliseev’s group have produced several publications about the production and
use of CB2 using detergent (Yeliseev et al., 2005). They found the use of CHS was an
important addition for stabilising CB2 (Vukoti et al., 2012). CHS has also been needed to
stabilise three other GPCRs in detergent: GHS-R1a (Damian et al., 2012), f2-adrengeric
receptor (Rosenbaum et al., 2007) and p-opioid receptor (Kuszak et al., 2009). CHS also has
a stabilising effect on SMA-solubilised A2AR (Charlton., 2016). Despite this optimisation of
CB2 stability by detergent selection and CHS, the nanoDSF analysis was able to provide a
melting temperature larger than the detergent-solubilised CB2 (Yeliseev et al., 2020). This is
consistent with the increased thermostability of SMA-A2AR compared to DDM-A2AR

(Jamshad et al., 2015a).

The stabilising effect of PoLiPas could be a major benefit in GPCR investigations. Previously,
specialised methods for the directed evolution of GPCRs stable in detergent have been
investigated (Scott and Pliickthun, 2013). This has been called cellular high-throughput
encapsulation, solubilisation and screening (CHESS). Scott and Pliickthun were able to
produce three INTR 1 mutants stable in harsh detergents in which the precursor mutant was
unstable. A structure of a stable NTR1 was obtained using this method (Egloff ez al., 2014).
This project provides an alternative stabilising method that requires minimal alteration of the

GPCR primary sequence.

Other stabilising tools include the addition of ligands and the production of stabilising

nanobodies (Laeremans et al., 2022). Both typically must be designed specifically for each
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GPCR. PoLiPa provide a non-specific stabilising tool which could be used in conjunction
with ligands, CHS, amino acids such as arginine and possibly nanobodies to improve stability

further.

8.2.7 Functional Analysis

The use of PoLiPas as opposed to detergent as a solubilisation agent provides different
benefits and hindrances to different ligand binding techniques. One of the major drawbacks
associated with detergent is the need for a concentration of detergent over the CMC in the
buffer system. Detergent screens are often required to determine which detergents do not
interfere with ligand binding. Beckner et al found concentrations above 0.25 mM of Facade-
TEG interfered with CB2 binding due to non-specific partitioning of the hydrophobic ligands

(Beckner et al., 2020).

The use of PoLiPas allows for minimal buffer additions that could interfere with ligand
binding. However, PoLiPas can cause other issues. SMA has been shown to cause the
‘conformational trapping’ of an encapsulated protein because of the rigidity of the lipids
(Pollock et al., 2022). One of the aims of this project was to confirm that the GPCRs were
functional whilst encapsulated inside a SMALP by their capacity to bind to known ligands
and Mini-G proteins. SMA-PAGE, FTS, FCS and spectral shift assays provided promising

data that the GPCRs maintain functionality.

The FTS and FCS data provided evidence of ligand binding, influenced by Mini-G proteins.

The spectral shift assays showed the expected inhibitory effect of SR 48693. SMA-PAGE

provided evidence of SMA-GPCR complex formation with Mini-G proteins.
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8.2.7.1 FTS

FTS has been used to demonstrate ligand binding to a SMALP-encapsulated GPCR
previously (Routledge et al., 2020). FTS is especially useful as it can monitor conformational
changes within a GPCR. The FTS data on hNTR1 demonstrated the sensitivity of FTS as a
technique. The large quenching effect associated with the binding of fluorescent NTR1
ligands was measurable despite the impurity and low concentration of the SMA-hNTRI1. This
demonstrates that PoLiPa technology and FTS can be used to yield binding data of a WT
GPCR in solution. The SMA-solubilised E. coli protein control supported that the NTR1
binding was specific. FTS assessment of specific binding makes this technique relevant to
large-scale compound screening of potential GPCR binding partners. PoLiPa technology
could prevent the detection of false positives that may bind to detergent-solubilised GPCR but
not to the protein in its native environment. This may produce a more accurate screening

technology for potential pharmaceuticals.

Another fluorescent signal that appeared to change upon binding was anisotropy. Rotational
freedom of a fluorophore typically decreases upon binding, increasing the anisotropy (Rinken
et al., 2018). This was demonstrated in this project from the FTS signal, with the binding to
ligands. Routledge et al (2020) also demonstrated an anisotropy increase upon ligand binding
to SMA-A2AR. They suggested that this was more likely due to reduced steric freedom of the
tryptophan residues within A2AR upon binding instead of overall tumbling of the SMA-
A2AR. In this project, the level of anisotropy increase was variable between the three NTR1
agonist, despite all three containing the same functional groups expected to bind to the
neurotensin binding pocket of hNTR1. This suggested an effect of the fluorophores in the
fluorescent ligands causing a larger reduction in the steric freedom of the tryptophan residues

in hNTRI1. The ligand that caused the largest anisotropy change was used to characterise
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binding, and this data was supportive of the changes in the FTS intensity and the expected Kq

of the ligand.

A fluorescence anisotropy assay with a fluorescent ligand has been suggested as a suitable
tool for screening of new active compounds that bind to GPCRs (Veiksina et al., 2021). The
drawbacks of this method are the requirement of bright fluorophores and low non-specific
binding (Rinken et al., 2018). This project suggests this method could be feasible using

PoLiPa-encapsulated GPCRs.

8.2.7.2 FCS

The project presents the first FCS experiments used to measure GPCR ligand binding when
coupled to a G protein. This proves that solution-based FCS on PoLiPa encapsulated GPCRs
is a useful tool for GPCR ligand binding characterisation and possibly GPCR: G protein
complex characterisation. The use of FCS for GPCR ligand binding has been validated once
before in which A2AR was used to define the K; of the A2AR antagonist by measuring
specific binding in a similar methodology used in this project (Grime et al., 2020). Grime et
al reported the potential of FCS to investigate allosteric modulation of GPCRs. This project
continues this research and shows the allosteric modulation of two Mini-G proteins. The
diffusion rate data suggested that both Gs and Gsq form complexes with SMA-rNTR1. This is
consistent with the capability of NTR1 to activate Gs, Gq and Gi dependent on the host cell
(Pelaprat, 2006). The effect of the Mini-G protein on ligand binding was different: Gsq
appeared to increase ligand binding whereas Gs appeared to reduce binding. Removal of the
C-terminal domain of NTR1 reduced Gs activation but not Gq activation (Najimi et al.,

2002). It is suggested that Gq interaction involves the third intracellular loop and the Gs
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interaction involves the C-terminal domain (Pelaprat, 2006). This different binding site is

likely to mediate a different effect on the affinity of a ligand.

G protein complex formation with a GPCR encapsulated in a PoLiPa has only been reported
once before (Damian et al., 2018). This was done by a FRET-based assay of a GPCR
heteromer encapsulated in a SMALP (GHSR and D2R). It was reported that excess SMA
reduced the mobility and reduced the ability of the GPCR to activate G proteins. G protein
activation was measured by the changes in the tryptophan emission of Gi which had been
labelled with 5-hydroxytryptophan. The paper reported the use of multiple fluorophores to
elucidate the binding characteristics of different G proteins. This supports the functional
assays in this project which demonstrate the usefulness of fluorescence in monitoring protein

interactions and conformational changes of polymer-solubilised GPCRs

8.2.7.3 SMA-PAGE for GPCR: Mini-G protein complex detection

This project demonstrated SMA-PAGE to be a useful tool for the assessment of GPCR: G
protein complex formation. The technique only required 15 pl of material and was sensitive to
concentrations less than 0.1 mg/mL. This was chosen as a tool for complex characterisation
over SEC due to its sensitivity and time efficiency. This technique overall validated the FTS
and FCS data that suggested Mini-G proteins interacted with the GPCRs, causing a change in
the GPCR binding characteristics. Others tool useful for understanding complex formations
include analytical ultracentrifugation (Edwards et al., 2020), pull-down assays (Perry et al.,
2019) and FRET-based assays (Zhou et al., 2021). A wider-scale investigation into the
protein-binding partners of GPCRs could be more easily accessible after polymer-

solubilisation.
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8.3  Implications of the findings and contribution to the field of drug discovery
8.3.1 PoLiPa Technology Implications

PoLiPa technology has become increasingly useful for investigating membrane proteins. This
section discusses other uses and compatible techniques of PoLiPas. This project has produced
SMA-solubilised NTR1 and CB2, which could also be investigated further by new
oligomerisation and complex formation studies, other ligand binding assays, structural tools,
antibody development or reconstitution. This suggests the potential of this work to yield

exciting outcomes for investigating GPCRs.

One promising aspect of PoLiPa technology is the possibility of investigating complexes.
Wang et al recently published the purification and biophysical characterisation of a
Collagen/Fibrinogen glycoprotein VI and Fc receptor y complex in a SMALP. Proteins were
proven functional by collagen binding; SEC and SMA-PAGE results suggested multiple
oligomerization states (Wang et al., 2024). Identification of possible oligomers was common
across all the GPCRs in this study, and this appears to be common in several other PoLiPa
investigations (Han et al., 2023; Ullrich et al., 2024; Wang et al., 2024). Hetero-oligomers of
GPCRs have been shown to form with a SMALP and regulate G protein conformations
(Damian et al., 2018). This shows the potential for PoLiPas to encapsulate multiple
membrane proteins and characterise protein-protein interactions that may not be stable in

detergent.

Recent advances in cryo-EM have led to the more common use of PoLiPas for protein
structure determination. The structure of the transient receptor potential melastatin 4
(TRPM4) was solved in SMALP and found to be identical to previously identified structures
of TRPM4 in detergent micelles (Ekundayo et al., 2024). However, SMA caused poorer

resolution of cytosolic regions. Another example used an SMA amide derivative to extract
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full-length integrin allbB3 directly from platelet membranes (Adair et al., 2023). The allowed
structure determination of the transmembrane domain bound to native lipids. An atomic
structure of a GPCR bound to native lipids could demonstrate new conformations and lipid
interactions. This project could aid the production of polymer-solubilised GPCRs for

structural determination.

PoLiPa have been utilised to reconstitute proteins from the cells in proteo-liposomes. For
example, SMA and SMA-amide derivatives have been used to reconstitute ion channels from
proteo-liposomes, which were used in patch clamp studies (Yang et al., 2021). There is
potential for this method to be used to move proteins from the cells they were expressed into

other membranes, liposomes or cells.

8.3.2  GPCR Implications

Given the importance of GPCRs as drug targets, many other approaches have been
investigated to produce stable soluble GPCRs. This section will discuss other strategies in

comparison to PoLiPa technology.

One exciting strategy is the use of immunoglobulin single variable domains to stabilise a
GPCR in a distinct conformation (Laeremans et al., 2022). These have been called
nanobodies or sdAbs. Three GPCR structures in their inactive states were solved with the
same nanobody that recognised a grafted intracellular loop (Robertson et al., 2022). Sachdev
et al. found tethering of a GPCR peptide agonist of the type 1 parathyroid hormone receptor
to a nanobody allowed the selection of a specific pathway. The Gs activation remained
comparable to the peptide agonist alone but the B-arrestin 2 recruitment and Gq activation did

not occur (Sachdev ef al., 2024). Schlimgen et al characterised an antagonistic nanobody for
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atypical chemokine receptor 3 by an in-cell assay and analysis of AlphaFold models
(Schlimgen et al., 2024). Despite the success of computational methods, the experimental data
of GPCR investigations is often limited to in-cell assays. This project has aided the production
of stable soluble GPCRs for in vitro assays. PoLiPa could be used in conjunction with
nanobodies to further manipulate GPCR conformation. Polymer-solubilised GPCRs could
also be useful for developing new nanobodies and antibodies that specifically target the

GPCR extracellular or intercellular regions of the protein.

Amphipathic polymers have also been produced to be stabilising agents for GPCRs, without
the formation of PoLiPas. Han et al used amphiphilic-y-glutamate (APG) as an addition to
detergent solubilisation and to reduce the CMC required to allow reconstitution into
liposomes (Han et al., 2014). The use of this polymer does not produce a lipid particle but
was found to change the encapsulated GPCR to an active conformation. This demonstrates the
potential benefits of alternative stabilising and solubilising agents. This production of stable,
soluble GPCRs in this study offers a detergent-free method that could be more suitable for

reconstitution and less impactful on GPCR conformation.

As discussed, producing GPCRs in an expression system like the ‘native’ environment has
many challenges. Kim et a/ used APG to reconstitute E. coli-expressed mammalian membrane
proteins (including the GPCRs EP4 and GLPIR) into the plasma membranes of live
mammalian cells. This was only possible with the polymer APG because using higher
detergent concentrations reduced cell viability (Kim et al., 2024). Kim et al credited the use
of the polymer APG and the addition of the phage membrane protein (P9) N-terminal
sequence in keeping the GPCRs in a ‘native’ conformation. Yu’s group used APG and the P9
additional sequence for antibody discovery against low-expressing GPCRs (Kim et al., 2023),

G protein preference determination (Han et al., 2017a) and allosteric modulator identification
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(Kang et al., 2021). This project adds to the continuous research on how to best express,
solubilise and purify GPCRs. The primary benefit of PoLiPa for GPCR investigations is the
inclusion of a local lipid environment that can be included in solution-based assays. The
PoLiPa not only has a stabilising effect but allows a more ‘native’ environment that other

techniques often sacrifice in pursuit of a more stable GPCR.

8.4  Limitations of the study
8.4.1 Low yield

One of the largest limitations of the project was the low yield of the GPCR despite
optimisation. This meant minimal optimisation of the tested functional assays and a low
number of measurements. An increased protein concentration would allow more data points
when establishing a binding curve and a higher number of repeats. Further investigation into
higher-yielding GPCR production could have been achieved by using a different expression

system, different polymers, or different affinity tags.

8.4.2  GPCRs in this Project may not be Representative of GPCRs in a ‘Native’ Environment

Fusion proteins, affinity tags and stabilising truncations utilised in this project to express and
purify GPCRs may cause changes to the structure and function of the GPCR that change the
binding characteristics. Less stabilising mutations were utilised in this project compared to
other GPCR studies (Egloff ez al., 2014). E. coli expression prevents post-translational
modifications of GPCRs which may be important to its function (Wiseman et al., 2020). This
may have aided its purification but prevents an understanding of how glycosylation can

impact GPCR function.

Another difference between GPCRs expressed in E. coli or HEK293 cells and native GPCRs,

is the difference in local environment. The surrounding lipids have also been proven to affect
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the structure and function of a GPCR. E. coli lipids are vastly different to mammalian lipids
and therefore the lipids in a SMALP encapsulating a GPCR could be interfering with its
structure and function (Deluigi ef al., 2021). HEK293 cells provide a more native lipid
environment and appropriate post-translational modification because it is a mammalian
expression system. However, no expression system is perfect; over-expressing HEK293 cells
are likely to produce different post-translational modifications and different lipids to
differentiated cells in vivo. Over-expression itself has been proven to influence

oligomerisation which affects the binding characteristics of a GPCR (Dijkman et al., 2018).

Natively, GPCRs are highly regulated by their environment: interacting with many proteins,
lipids and ligands, as well as being systemically trafficked in and out of this plasma
membrane (Leysen et al., 2021). This is impossible to replicate extracellularly, however, the

tools in this project produce a more ‘native’ environment than other solubilisation methods.

8.4.3 GPCRs investigated are not representative of the whole class

The GPCRs investigated in this project are well-studied type A GPCRs, with various crystal
structures of the stabilised GPCR variants bound to various ligands and/or proteins (Deluigi et
al.,2021; White et al., 2012; Li et al., 2019). This project provided generalised rules for
optimising the production of a polymer-solubilised GPCR on a basis of the GPCRs
investigated. However, there were several protein-specific variables during the expression,
solubilisation and purification process. To fully elucidate the potential of PoLiPa technology,
GPCRs from different classes and with different G protein biases should be tested. The
GPCRs investigated also have previously been solubilised and purified in detergent. To fully
display the stabilising ability of PoLiPa technology, a GPCR that has not been successfully

purified previously should be investigated.
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8.5 Recommendations for Future Research
8.5.1  New Polymers

After solubilisation trials, this project focused predominantly on the use of SMA as a
solubilisation agent, primarily due to the low cost and wide availability of the polymer. Since
the discovery of SMALPs, an increasing number of polymers have become available offering
the possibility of increased solubilisation efficiency or different PoLiPa characteristics
(Workman ef al., 2023). SMA has been shown to cause conformational trapping of an
ATPase-binding cassette transporter and has been shown to change the structure of ligand-
gated ion channels, including the size of the ligand binding pocket compared to the use of
membrane scaffold proteins (Dalal et al., 2024; Pollock et al., 2022). An investigation into
GPCR production using a larger number of polymers might reveal a higher yield of GPCR or

may reveal different binding characteristics.

One pitfall in the use of SMALPs are the sensitivity of divalent cations, inducing aggregation
(Gulamhussein et al., 2019). Cations are involved in the functioning of many proteins
including GPCRs. For example, Mg?" and Ca?" are allosteric modulators of A2AR: shifting
the equilibrium of A2AR towards more active states (Ye ef al., 2018). Some polymers, such as
DIBMA, have been shown to have less cation sensitivity and, therefore could be a more
appropriate solubilising agent for investigation of cation regulation of GPCRs (Gulamhussein

et al., 2020).

Research into functionalised polymers such as fluorescent polymers or biotinylated polymers
is ongoing. Fluorescence polymers would be highly useful for tracking polymer concentration
and could provide another tool for ligand binding techniques including FCS and FRET-based

assays (Neville et al., 2022). Biotinylated polymers could be used to adsorb GPCRs onto a
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surface, which could be useful of SPR and other surface-based detection systems (Lindhoud

etal., 2016).

8.5.2 New GPCRs

NTR1 and CB2 are validated as potential therapeutic targets (Dhopeshwarkar and Mackie,
2014; More et al., 2024). These GPCRs were chosen as ‘model”’ GPCRs with known ligands
and structures. 94% of approved drugs or drugs in clinical trials that target GPCRs, target
Class A receptors (Hauser et al., 2017). A bottleneck for the investigation of many
understudied GPCRs, with unknown endogenous ligands, is a lack of chemical tools for
binding characterisation (Wacker et al., 2017). Utilising PoLiPa technology could provide a
new platform for ligand screening for understudied GPCRs. Future research into new GPCRs

could therefore be highly impactful.

8.5.3 Oligomerisation Studies

GPCR dimerization has recently become more widely accepted and shown to have a large
effect on the downstream signalling caused by a GPCR. NTR1 and NTR2 have been proven
to form heterodimers (Hwang et al., 2010). PoLiPa technology allows the investigation of the
effect of dimerization in solution. GHRa and Dopamine receptors modulate each other's G
protein activation in a SMALP (Damian ef al., 2018). The use of PoLiPas removes the

indirect effects from the co-expression of two receptors.

The oligomerisation of GPCRs may be possible across SMALPs. Fluorescent assays, SEC
and SMA-PAGE may be used to further investigate this concept. NTR1 oligomerisation can
be induced by ligand binding in HEK293T cells (Westphal et al., 2019). PoLiPa technology

could be used to detect this effect extracellularly.
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8.5.4 Solution-based Assessment of GPCR Interactions - Utilising Fluorescent Assays and

Validation of Binding Experiments.

The preliminary functional assays performed in this project provide a key starting point for
other polymer-solubilised GPCR investigations, however, this work requires further
validation. An n of 3 for all binding curves and enough data points to achieve saturation
would be required to confidently quote a Kq value. After this, there are many possibilities for

how this project could have continued to investigate GPCRs encapsulated in a PoLiPa.

FTS could be used to monitor conformational changes of the PoLiPas in different conditions.
For example, with various polymers, buffer components or oligomeric states. Mutations to the
tryptophan residues could further elucidate the contribution to the FTS signal and allow
interpretation of the conformational changes within the GPCR. For example, the exchange of
the tryptophan residues within the ligand binding site could confirm that the emission spectra
changes were due to conformational changes to the GPCR instead of changes in the local
environment caused by the ligand directly. Biosynthetically incorporating 5-
hydroxytryptophan (5-HW) could aid the selection of specific tryptophan residues in a GPCR-
Mini-G protein complex. The hydroxy group causes a specific red shift causing 5-HW to
absorb light at a wavelength of 310-320 nm, making the fluorescence distinguishable from
other tryptophan residues (Petrovi¢ et al., 2013). FTS is a method proven to be appropriate for
SMALP-encapsulated GPCRs (Routledge ef al., 2020). Future experiments to utilise this

technique for potential new ligand discovery could be highly impactful.

FCS could be used to track fluorescently labelled proteins and ligands simultaneously. The

construct for GFP-tagged Mini-G proteins could be used to monitor the diffusion rate of the

SMA-GPCR:G protein complex to validate the MK337 data collected in this project.
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FCS has less potential than FTS at being a high-throughput technique due to the restrictions
of the well chamber plates for the use of the confocal microscope. However, information
about diffusion rate, binding characteristics and ligand concentration from FCS could still be

highly useful for drug discovery processes.

One of the major benefits of PoLiPa technology is the inclusion of ‘native’ lipids in solution-
based techniques. GPCRs are modulated by the surrounding lipids (Table 8.4). Exchanging
the lipids within the SMALP has been proven by FRET and small-angle neutron scattering
experiments (Cuevas Arenas et al., 2017). The addition of different lipids to a SMALP-
encapsulated GPCR could affect its ligand binding characteristics due to allosteric
modulation. Approximately, 44% of Class A GPCRs are expected to have a cholesterol-
binding site (Hanson et al., 2008). Despite this, the effect of the stabilising agent CHS on

ligand binding is not well-defined.

Table 8.4: Non-exhaustive List of Known Lipids Capable of GPCR Allosteric Modulation
Lipid Allosteric Modulator GPCR Effect Reference
Phosphatidylethanolamine [32-Adrenoreceptor Increased agonist binding, (Dawaliby et al.,
facilitated activation 2016)
Phosphatidylglycerol B2-Adrenoreceptor Increased antagonist binding and | (Dawaliby et al.,
stabilised inactive states 2016)
Cholesterol Several GPCRs Increase in affinity for oxytocin (Gimpl et al., 1995)
including
Oxytocin Receptor
Phosphatidylinositol 4,5 [1-Adrenoreceptor Increase Gs preference over other | (Yen et al., 2018)
bisphosphate (PIP2) G proteins
PIP2 and glycosphingolipid Ghrelin Receptor Shifts equilibrium towards active | (Damian et al., 2021)
states — increases G protein
binding
Docosahexaenoic Acid A2AR Shifts equilibrium towards active | (Mizumura et al.,
states- increases G protein 2020)
binding

The solution-based ligand binding experiments in this project could be used to investigate the
concept of allosteric modulation further. This is particularly exciting for drug discovery as it
could lead to the discovery of compounds which can ‘fine-tune’ the response of a GPCR.
Currently (September 2024), there are 530 GPCR targeting drugs in clincal trials and 14 are

allosteric modulators (GPCRdb: Accessed September 2024)) (Pandy-Szekeres et al., 2022).
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This project showed the binding of two GPCRs encapsulated in a PoLiPa to multiple ligands
and G proteins. This demonstrated the potential of fluorescence-based assays to elucidate the
complex binding characteristics of GPCRs. There is a wealth of interest in GPCR binding to
aptamers (Takahashi, 2022), nanobodies (Laeremans et al., 2022) and natural products from
bacteria, algae, fungi and plants (Serrano-Marin et al., 2020). The methodology developed in
this project could be used to assess the binding of new therapeutic agents and investigate

GPCR interactions with their many binding partners.

8.6 Final Remarks

This project aimed to determine the optimal expression, solubilisation and purification of
GPCRs using PoLiPa technology and to determine if polymer-solubilised GPCRs were
capable of ligand binding. This project optimised the production of two GPCRs expressed in
E. coli and one GPCR expressed in HEK293 cells. There was preliminary evidence of two of
these GPCRs having functional activity in a SMALP. This project contributed to the
development of PoLiPa technology by discovering new ways to overcome purification issues
associated with PoLiPas and low-expressing, unstable proteins, such as GPCRs. Continued
research into the functionality of polymer-solubilised GPCRs could be highly beneficial to

drug discovery.
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APPENDIX

Appendix 1.1 — E. coli expressed hNTR1 extraction with different DIBMA
concentrations.

Soluble Fraction
I}
f DIBMA |
A | Ls%

M35% 45% s55% 65%' sMA

250kDa

150kDa

100kDa

75kDa

50kDa

37kDa
25kDa

Appendix 1.1: E. coli expressed hNTR1 solubilisation trial comparing 4 concentrations of
DIBMA (3.5%, 4.5%, 5.5%, 6.5%) and 1.5% w/v SMA.

Soluble fraction of ANTR1 expressing E. coli membranes were sampled and analysed by SDS-
PAGE and Western blot using a 4-20% gradient acrylamide gel and using Anti-His antibody.
Red boxes indicate area where hNTRI would run as a monomer (46kDa) or a dimer (92kDa).
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Appendix 1.2 Use of MBP fusion protein as a means of purification of MBP-fused
rNTR1 Expressed in E. coli

A B =
from
MBP
Trap  Soluble

(NTR1  Fraction

Sample
lApplicaﬁon. Column Wash N Elution 10mM Maltose N NaOH
2500
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o 2000 ‘
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3 1000
< 50kDa
> 40kDa
= 500 - 35kDa
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0 T T T Lt 1 15kDa
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Volume (ml)

Appendix 1.2: Result of attempted MBPTRap Purification of SMA-rNTR1 expressing E. coli
membranes.

(4) Absorbance E Trace measuring 280nm wavelength absorbance as SMA-rNTRI expressing
E. coli membranes sample were applied to an MBPTrap column and elution attempted by a 0-
100mM Maltose gradient, followed by a 0.6M NaOH column wash.

(B)Western blot using an anti-His antibody to show the soluble fraction sample before
application to the MBPTrap Column (Soluble fraction) and the flow through from the MBP-
Trap Column collected during the sample application to the column. Red boxes indicate area
where rNTR1 would run as a monomer and dimer. Analysis performed on a 4-20% gradient
acrylamide gel.
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Appendix 1.3 — Overnight binding to MBPTrap column to improve the use of MBP
fusion protein as a means of purification of rNTR1 Expressed in E. coli, overnight
binding to column

FT

250kDa

150kDa - &

100kDa —
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Appendix 1.3: SDS-PAGE and Western blot analysis of the MBPTrap purification method when
SMA-rNTR1 expressing membranes were continuously applied to the MBPTrap column overnight.
(4) Coomassie stained SDS-PAGE gel showing the flow through (FT), Buffer Wash (BW), 20mM
Maltose and 100mM Maltose elution fractions, column wash with water (dH>0) and 0.5M NaOH Wash
Analysis performed on a 4-20% gradient acrylamide gel..
(B) Western blot of MBPTrap purification fractions plus a sample of the soluble material before
application of the MBPTrap Column. Analysis performed on a 4-20% gradient acrylamide gel.

BW 20 100
mM mM

dH,0 0.5M
NaOH

250kDa

150kDa

100kDa
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Appendix 1.4 —-IMAC purification followed by MBPTrap purification to determine
the possible benefit of MBPTrap Binding of SMA-rNTR1 expressed in E. coli

A B
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Appendix 1.4: Results of IMAC purification followed by MBP purification of MBP-fused rNTRI expressed in E. coli.

All SDS-PAGE analysis was performed on a 4-20% gradient acrylamide gel.

(4) Coomassie-stained SDS-PAGE gel shows the flow through (FT), 20mM imidazole wash fraction (IW) and three of the five
500mM imidazole elution fractions (E1, E2, E3) after binding SMA-rNTR1-expressing E. coli membranes to Ni-NTA resin.
(B) Western blot using an anti-His antibody to detect theHistagged rNTRI in the fractions of the IMAC purification. Columns
show the soluble (SOL) and insoluble (INSOL) fractions after the addition of 2.5% (w/v) SMA; the flow through (FT),
imidazole wash (IW20); the five elution fractions (E1, E2, E3, E4, E5); a sample of the Ni-NTA resin after the imidazole
elution (Nickel Resin) and the raw membranes (RM) before solubilisation.

(C) Absorbance Trace measuring 280nm wavelength absorbance as post- IMAC sample was applied to an MBPTrap column
and elution attempted by a 0-100 mM Maltose gradient, followed by a 0.6M NaOH column wash.

(D) Western blot analysis ofPost-IMAC Pre-MBP purification sample (Pre-MBP) and flow through (FT) from the MBPTrap.
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Appendix 1.5 — SMA-solubilised E. coli membranes expressing rNTR1 IMAC
purification followed by MBPTrap purification

w
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Appendix 1.5: Results of IMAC purification followed by MBP purification of MBP-fused CB2 -expressed in E. coli.

All SDS-PAGE analysis was performed on a 4-20% gradient acrylamide gel.

(4) Coomassie-stained SDS-PAGE gel shows the flow through (FT), 20mM imidazole wash fraction (IW) and three of the five
500mM imidazole elution fractions (E1, E2) after binding SMA-rNTR1-expressing E. coli membranes to Ni-NTA resin.

(B) Western blot analysis to detect theHistagged yNTRI in the fractions of the IMAC purification. Columns show the soluble
(SOL) and insoluble (INSOL) fractions after the addition of 2.5% SMA; the flow through (FT); imidazole wash (IW20); the
five elution fractions (E1, E2, E3, E4, E5); a sample of the Ni-NTA resin after imidazole elution (Nickel Resin) and the raw
membranes (RM) before solubilisation. Probed using anti-His antibody.

(C) Absorbance Trace measuring 280nm wavelength absorbance as post- IMAC sample was applied to an MBPTrap column
and elution attempted by a 0-100 mM Maltose gradient, followed by a 0.6M NaOH column wash.

(D) SDS-PAGE analysis of Post-IMAC Pre-MBP purification sample (Pre-MBP) and Elution fraction collected at 15ml.

(E) Western blot analysis of Post-IMAC Pre-MBP purification sample (Pre-MBP) and Elution fraction at 15ml. Probed using

anti-His antibody.
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Appendix 1.6 — IMAC Purifications of E. coli Expressed Mini-G proteins
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Appendix 1.6: SDS-PAGE analysis of fractions from Mini-G protein IMAC Purifications.

Analysis of the flow through (FT), imidazole washes (IW20/IW40); elution fractions (E1-E4/5); a sample of the Ni-NTA resin
after imidazole elution (Resin) were performed on a 4-20% gradient acrylamide gel.

(4) Gs Purification. Red boxes indicate suspected monomer and dimer bands.

(B) Gsq Purification. Red boxes indicate suspected monomer and dimer bands.

(C) Gs-GFP Purification.
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Appendix 1.7 — MK337 Characterisation for FCS: Testing the inclusion of BSA and

glycerol in the buffer on the measured concentration of MK337 and the calculated
diffusion rate
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Appendix 1.7: MK337 characterisation in four different buffer systems: with and without 5 mg/mL BSA and 10% (v/v)
glycerol.

Five different MK337 concentrations (12.5 nM, 25 nM, 50 nM, 100 nM, 250 nM) were analysed by solution-based FCS. (A)
Measured concentration of MK337 calculated from a 1-component model after FCS analysis and plotted linear relationship
(B) Average Diffusion Rate of MK337 calculated from a 1-component model after FCS analysis. Measurements of the same
sample were taken and input into the model three times and error bars show standard deviation between measurements.
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Appendix 1.8 — MK337 Characterisation for FCS: Testing the effect of laser power
of MK337 measured concentration and brightness
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Appendix 1.8: MK337 characterisation using eight different laser power strengths (1- 40%).

Measurements of the same sample were taken and input into the model three times and error bars show standard deviation
between measurements.

(4) Measured concentration of MK337 calculated from a 1-component model after solution-based FCS analysis of 50nM
MK337 using different laser powers

(B) Brightness of MK337 measured after solution-based FCS analysis of 50nM MK337 using different laser powers.

Appendix 1.9 — MK337 Characterisation for FCS: MK337 series to determine the
possible increase in bound MK337 to SMA-solubilised NTR1 with and without
Bovine Gamma Globulin (BGG)
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Appendix 1.9: Concentration of bound MK337 calculated from a 2-component model after solution-based FCS analysis of
seven different MK337 (7.8 nM — 500 nM) concentrations incubated with SMA-rNTR1, with and without bovine gamma
globulin (BGG).

SMA-rNTRI concentration was 0.2 mg/mL. Measurements of the same sample were taken and input into the model three
times and error bars show standard deviation between measurements.
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Appendix 1.10 — MK337 Characterisation for FCS: The effect of antagonist SR
48692.
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Appendix 1.9: MK337 characterisation with and without 170 nM SR 48692.
Measured concentration of MK337 calculated from a 1-component model after FCS analysis and plotted linear relationship.
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