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Abstract

The structure of insulin molecule was determined by Dorothy Hodgkin in 19609.
Subsequently, it has been established that insulin must rearrange upon binding to its
receptor (Insulin Receptor — IR). However, all known structures of the hormone depict its
storage or inactive form. It has been shown that some residues, key for IR binding, are
buried inside the insulin molecule and must be exposed for an efficient insulin-IR complex
formation. It has been postulated that the C-terminal region of the B-chain (~B®-B%) is
dynamic in this process, and that the detachment of the B®-B* B-strand leads to the
activation of insulin. However, the understanding of the molecular basis of the insulin
regulatory role is hindered by the lack of the structure of the insulin-IR complex; only 3-D
description of the apo-form of the IR ectodomain is known. The very complex molecular
biology behind expression and production of IR fragments also hampers progress in this
field.

In order to facilitate progress towards determination of the insulin-IR complex
crystal structure this work delivered: (i) structural characterisation of highly-active insulin
analogues for stable hormone-IR complexes, (ii) development of various attempts for an
alternative production of L1 domain of human IR, (iii) structural characterisation of the role
of residues B* and B* for insulin function, (iv) clarification of individual contributions of
hydrogen bonds stabilising the insulin dimer, (v) understanding of the structural basis of
different functionality of click-chemistry based novel insulin analogues.

This work established that:
(i) the structural signature of the highly active insulin analogues is new -turn at the C-
terminus of the B-chain (the B26 turn) achieved by trans-to-cis isomerisation of the Phe®*-
Tyr®?® peptide bond. This conformational change exposes residues responsible for IR
binding, (ii) the production of the L1 domain in E. coli, instead of the usual mammalian

B24 is fundamental

expression system, is not feasible, (iii) the structural invariance of the Phe
to the formation of the insulin-IR complex. It acts as an anchoring and side-chain pivot for
the B26 turn, (iv) removal of the NH®*-CO*"° dimer interface hydrogen bond is sufficient
for a complete disruption of the dimer, whilst the other four hydrogen bonds had a less
marked effect in this process, (v) the formation of the B26 turn can be efficiently mimicked
by click-chemistry based intra-B-chain crosslinks.

These results provide a wealth of information about the active form of insulin, they
provide important tools towards the first insulin-IR complex, and deliver novel insulin

analogues.



List of Contents

AADSTFACT. ... 2
LIST OF CONTENTS ...ttt 3
I o] o] il o U =TSRSS 8
TaDIE OF TADIES.....ciieei e 12
ACKNOWIEBAGIMENTS ...t 13
AUthor’s Declaration ... e 14
SUMMAEY OF AMIS....oitiiiiteie bbbttt eb bbb b n e 15
Chapter 1. INErOQUCTION .......oviiiieieeree bbb 16
1.1. Summary of Insulin Molecular Data.............ccccoeeieiieii i 16
1.2. Discovery and Genetic Engineering of INSUlIN.........c.ccooveiiiiiiiic e 20
1.3. Insulin Biosynthesis and Bioavailability ............c.ccccoiiiiiiiniiiicce e 21
1.4. Molecular Organisation of the Insulin RECEPLOr...........cccvveviiiiiieieece e 25
1.5. Molecular Action of INSUTIN.........ccoiiiiiiii e 31
1.6. The Causes of and Treatment of Diabetes Mellitus.............cccocconiiiiiiiniinnn, 34
1.7. Chemical Synthesis Of INSUTIN ... 35
1.8. INSULIN ANGIOGUES ..ottt 37
1.9. Importance of Insulin-Like Growth Factor in Insulin Biology............cc.ccoenne.e. 41

1.10. Crystallography, X-Ray Diffraction and Current Approaches to X-Ray

Crystallography ......ooooi 43
1.10.1.  Crystallography ... e 43
1.10.2.  X-Ray DiffraCtion.........cccoooiiieiiiiieieiise et 45
O T B - - W o 0ol 1oy | o SRR 49
1.10.4.  Solution of the Phase Problem ... 50
1.10.4.1.  Molecular ReplaCeMent.........ccoviiiiiiiiiise s 50
1.10.4.2.  Isomorphous Replacement and Anomalous Scattering............cc.cc...... 51
1.10.5. Refinement of the Model using Maximum Likelihood Method.............. 51
1.10.6.  Structure Validation............ccocoviiiriiiiiiiisie s 52
1.10.7. Current Approaches to X-Ray Crystallography ...........ccccocoevevviiviiennnnnn. 53



Chapter 2. High Affinity Insulin Analogues as Tools for Insulin:Insulin Receptor
R0 (0 [ 1= SRS 54

2.1, SUMIMIBIY ..ot r et n e r e r e r e resr e e n e nr e e e nrennes 54

2.2. Crystallisation, Structure Determination and Refinement of Insulin Analogues

to Probe the Active Conformation of INSUlIN...........cccooiiiiinice 55
2.3. The Formation of a Unique B-Turn in High Affinity Analogues.............c.ccceeu... 58
2.4. The Appearance of the B26 Turn in Full Length Insulin Analogues................... 62
2.5. The Structural Signatures of Active Insulin Analogues...........ccccovvveveveivieennenne. 64

2.6. Application of Click Chemistry in the Development of Novel Insulin Analogues

.......................................................................................................................................... 67

2.7. Conclusion and Future Use of Click-Chemistry in the Development of Insulin

F N g =1 [T U L= SRS S 69
Chapter 3.  The Role of Residues B24 and B26 in Insulin Dimer Formation and
HOFMONE ACTIVITY ..ot sttt sre e te e besreeneenre e 70

G S TH [ 101 0 =V Y2 ST OPSPPRTI 70

3.2. Crystallisation, Structure Determination and Refinement of Insulin Analogues

to Probe the Role of Residues B24 and B26............cccocooieiiiniiiiii 72
3.3. The Physical-Chemical Properties of Insulin in Various Association States ...... 76
3.4. The Structural Properties of Insulin in Various Association States .................... 78
3.5. The Importance of the B24 and B26 sites in Insulin ACtiVity...........ccccocererennn. 83
3.5.1.  The Steric Importance of the B24 Site ........cccccocereriiiiniiiiere e 83
3.5.2.  The Steric Importance of the B26 Site ........c.ccccevvvvieviiieie v, 86
3.6, CONCIUSION ...t 92
Chapter 4. Insulin Receptor EXPIeSSION ........coocviieieieeiene e et seee e 95
L. SUIMIMAIY ..ottt h e bt h e h et b e b e e e b e e ebb e ebb e e sbe e sbeesbeesanesnbeannis 95
4.2. The L1 Region and Previous EXPresSion ... 96
4.3, IMIBENOTS. ...ttt 99
4.3.1. Ligation-Independent Cloning of the L1 Region..........cccccocvvivenenenienen. 99
4.3.2.  Creation of L1 Region CONSTIUCTS..........cceiririiriiiiieisesise e 99
4.3.3.  On-Column Refolding of Expressed L1 Protein...........ccccccoovvvevvivenennnns 99



4.3.4. Redox Refolding of L1 Expressed Protein ..........cccocevviviincnencnenennen. 100

4.3.5. Cloning, Transformation and Antibiotic Selection in S. cerevisiae....... 100
4.3.6.  Cloning, Transformation and Antibiotic Selection in P. pastoris........... 101

4.4, ReSUItS aNd DISCUSSION.......vciiiiiiriiiiiisiei et s 102
4.4.1. Expression of the L1 Region in E. COli.......cccocevviviiiviicic e, 102
4.4.2. Expression of the L1 Region in S. CErevisiae.........coovvveveveeienesecriennnnn, 117
4.4.3. Expression of the L1 Region in P. pastoriS .......c..cccocvvvveveieccieneseccennnn, 119

4.5, CONCIUSTON ..ttt 127
Chapter 5. Insulin:Insulin Receptor Complex FOrmation .............ccocoovnvnineniennne 131
5.1 SUMIMATY ...ttt st r bt b et e e sreen e sreereenrenne s 131

5.2. Methods Used for Trials for a Direct, Binary Insulin:CT Peptide Complex

Formation and InSulin:IR:CT COMPIEXES.......cccorveieiiiiiiiiieneeeee s 133
5.3. Study on Binary, Direct Insulin:CT Peptide COmMPpIexes.........ccocevvrvrerenenienns 134
5.3.1.  Results and DiSCUSSION..........cccouiiiiiiiriiiisie i 134
5320 CONCIUSION ..ottt 144

5.4. Formation of Stable Insulin:IR Complexes With and Without CT Peptide

(Collaborators IR CONSIIUCES) .......coviiicieiecicic e s 145
54.1.  Results and DiSCUSSION..........cceouiiiiiiiiiiisieieeee e 145
542, CONCIUSION ..ottt 152

Chapter 6.  Conclusions and Future Perspectives...........ccocooeveieieineniinineseneneens 153

6.1. Exploitation of the Conformation Associated with High Affinity Insulin

ANBIOGUES.......ceeeeiee ettt b b ettt e 153
6.2. Further Investigation of the Dimer INterface.........cc.ccocvvvveieiviiininec e 153
6.3. Improved Receptor BiNAING...........cviiiiiriiiiiiisie e 154
6.4. Improvements in the Crystals of INSUlINZIR ... 154
6.5. Insulin and Insulin-Like Growth Factor Relationship..........cccccooeiiiiiinnnnene. 155
Appendix 1. General Materials and Methods ... 156
A.1. General Materials and Methods............coooieiiiiiiiii e 156
A.1.1. General Materials, Chemicals, and Bacterial and Fungal Strains............ 156
A.1.2. SDS-PAGE Analysis 0f Proteins..........cccooeiiiiininiieneeeeses e 156



A.1.3. Native Gel Analysis Of ProteiNS.........ccooeieiiiiiiniie e 157

A.1.4. Copper Staining of Acrylamide GelS ..o 157
A.1.5. Silver Staining of Acrylamide Gels ..o 157
ALLB. WESEErN BIOTHING.......oiiiiici s 157
ALLT. DO BIOL ... bbb 158
A.1.8. Molecular Biology TECHNIQUES ........ccecviiiiiiicie e 159
A.1.8.1. Ligation Independent Cloning (LIC) ........cccoevviieiie i 159
A.1.8.1.1. Preparation of LIC Vector using PCR Method ............cccccoovvinineniennn. 159
A.1.8.1.2. Preparation of LIC Vector using BseRI Method.............cccccooenirinnennne. 159
A.1.8.1.3. Vector LIC T4P0ol REACTION.........ccoiviiiiiiiiiesie e 159
A.1.8.1.4. Insert LIC T4pol REACHION ......ccocviiiiiiiiie e 160
A.1.8.1.5. LIC Annealing ReaCtioN ..........ccccoiiiiiiiininiiie e 160
A.1.8.1.6. Transformation of Competent E. coli Cells...........ccccoeviviviiiiiiinennnnnn, 160
A.1.8.1.7. Ndel/Ncol Reaction DIgeSt........cccviviiiiiiieiiie e 160
A.1.8.2. Traditional Molecular Biology ..........ccccoceviiiiiiiiiiic e, 161
A.1.8.2.1. Amplification of the Target Gene by PCR ..., 161
A.1.8.2.2. Preparation of the P1asmid............ccccoeiiiiininiiicecee e 161
A.1.8.2.3. Preparation of the INSErt.........cccoiiiiiiiiiiiiii e 161
A.1.8.2.4. Ligation REACTION .......cociiiiiiiiiieieces e 161
A.1.8.2.5. Transformation of Competent E. coli Cells............ccoooviviiiiiinininenn. 162
A.1.8.2.6. RESTFICTION DIgEST.......cuiiiiiiiiiiiierieeees e 162
ALL9. DNA SEOUENCING ....ccueieeieieniieieeie st etee et etee ettt seeseeseee e steeseenaeseeeneesee e 162
A.1.10. Purification of Plasmid DNA Using a Mini-Prep Kit..........ccccoooiirennnene. 162
A.1.11. Agarose Gel Analysis OF DNA ... ....ooi i 163
A.1.12. Extraction of DNA from Agarose GelS .........ccoocvvvieiinieniieciee e 163
A.1.13. Preparation of Competent CellS.........ccocoiiiiiiiiiniee e 163
A.1.14. Expression of Cloned Genes in E. COli......c.ccooviniiiiiiiiiiee 163
A.1.15. LySiS OF S. CEIBVISIAR .....veviiiiiieeieieee st 164
A.L1.16. Purification TEChNIQUES ........cccoiiieiecie e 164



A.1.16.1. Immobilised Metal Affinity Chromatography...........ccccoooiiniiiienenen 164

A.1.16.2. Size Exclusion Chromatography..........ccccceieiinireneneiesesesese e 164
A.1.16.3. lon Exchange Chromatography...........ccooceeiininineneiessesese e 165
A.1.17. Protein Analytical TeChNIQUES..........cccecviiiiice e 165
A.1.17.1. Matrix-Assisted Laser Desorption/lonisation (MALDI) ..........ccccocu...... 165
A.1.17.2. Electrospray Mass SPeCtrOMELrY .......c.cccccvveveveeieeieieee e 165
A.1.17.3. Protein IdentifiCation ...........ccooioiiiniiiiicsc e 165
A.1.18. Crystal CryoproteCtioN .........ccocuoirerierieieisiee e 165
B.1. MOIECUIAr BIOIOGY ......oiviiiiiieieieisie e 166
B.1.1. L1 EXPression in E. COl ... 166
B.1.1.1. Ligation Independent ClONING ........ccccoiiriiirineniieieieesese e 166
B.1.1.2. Molecular BiolOgy.........ccccuiiiiiiieiiiiisesese e 168
B.1.2. L1 S. CEIBVISIAR . ...uiviiiritiieeiit ettt 169
2 I T I o o= ) (0] £ SRS 171
C.L. INSUIIN SCIEENS ...ttt 173

Appendix 2. The Use of Insulin-Like Growth Factor as a Basis for New Novel Insulin

ANAIOGUES.......eiieiicte ettt s b et e e e s b e et b et e s ae e b e beaaeesreete e e e steetaerenre s 176
N S TU [ 10 1= Y2 SR OR 176
AL2.2. IMEBENOUS.......ece ettt 176
A.2.3. ReSUIS @Nd DISCUSSION........cviiiiiiiiiiiiieiie et 177
A28, CONCIUSTON ...ttt bbb 182

Appendix 3. Drosophila melanogaster Insulin-Like Peptide 5 and Insect Insulin

BINAING PIrOTEIN ..ottt 184
AL L SUMMAIY .ttt bbbt bbbt b e bt n et nrenees 184
A.3.2. Crystallisation, Structure Determination and Refinement ...............c..c........ 186
A.3.3. ReSUIS @aNd DISCUSSION .......cviuiiiiiiiiiiiiiiie e 188
AL3.4. CONCIUSTON ... 191

ADDIEVIALIONS ... 192

RETEIEICES ... .ottt 194

(27T o] T o =1 o] o)V S 204



Table of Figures

Figure 1. The main pathways of insulin-dependent regulation of metabolism..................... 16
Figure 2. The amino acid sequence of mature human inSulin..........c.ccccooviiiniiinenencnenn 17
Figure 3. The T- and R-states of inSUlin MONOMEN. .........cccooviiiiiiiiiecce s 17
Figure 4. The hexamer-to-monomer disassociation of iNSUliN.............cccccoevviveieiiiiinciennnn, 18
Figure 5. The general organisation of the insulin hexamer............c.ccoooeiiiiininincnenee 18

Figure 6. A close up view of the B-strands region of two monomers at the dimer interface.19
Figure 7. Amino acid sequence of the mature human insulin, IGF-I and IGF-11 hormones. 19

Figure 8. The process of insulin biosynthesis and maturation. ............cccccceovininienenenenenn 21
Figure 9. Insulin biosynthesis within beta-cells of the pancreas...........c.cccocvvveiiiieiirccennenn, 22
Figure 10. The general network of regulation of blood glucose levels.............cc.ccocvvenennnn. 23
Figure 11. Daily profile of NEFA (non-esterified fatty acid) concentrations and serum

INSULIN CONCENTIALIONS. ...ttt ettt e b e 24
Figure 12. (A) An overview of the organisation of the IR. (B) A close up of the a-subunit of
L0 AL L TSRS PRSPPI 27

Figure 13. Modular structure of the IR aligned against known structures of its domains. ... 28
Figure 14 Main chain fold of the IR L1 region observed in apo-IR ectodomain crystal

SETUCTUIE. .ttt ekt b et b et e s bt e b e e sbe e sbe e sbeesab e e bt e be e beenbeenbne s 29
Figure 15. The divergence of IGF and insulin, and their various effects............cc.cc.cceenee. 30
Figure 16. The end of the B-chain hides the insulin binding epitope. ..........ccceeceviiiveriennnnn, 32

Figure 17. A representation of the two receptor-binding domains on the insulin molecule
and two binding sites on each a-subunit of the IR, demonstrating high affinity binding

DEIWEEN The TWO. ...t 33
Figure 18. Semi-synthesis of human insulin from porcine. ..........cccooerviviiininnesee 36
Figure 19. Human insulins and analogues available with their course of action. ................ 39
Figure 20. Flowchart of the steps from crystallisation to structure validation...................... 43
Figure 21. A simplified phase diagram for protein crystal growth. ...........ccooovviiniiinennn. 44
Figure 22. The schematic representation of relationship between some main
CryStallograpiiC TEIMS. .....cveviieieiee et 45
Figure 23. Representation of Bragg’s Law. ........cccooiiiiiiiiiiiiicciie e 46
Figure 24. The EWald SPhEre........coo i 47
Figure 25. Structural features of crystallised insulin analogues. ...........cccccovvviinenenenienn. 59
Figure 26. The main structural changes in insulin upon activation. ............ccocoecviiieienenn, 59
Figure 27. The B26 turn and B26-like turn in truncated analogues............ccccoovvvrereniennn. 61
Figure 28. The B26 turn in full length insulin analogues. ...........cccooiivienieiieeieneceeeee 63
Figure 29. The unique conformation of high affinity insulin analogues at the B-chain N-

L= 10T 1 OSSR 64
Figure 30. An overview of the structure of Cyclo[G-PrgFYTPK(N3)T]-insulin................. 67
Figure 31. The cross-link of Cyclo[GFFY-Pent(N3)-P-G-Prg]-insulin. ...........ccccocvvvnnnnnn. 68
Figure 32. The hydrogen bonding network at the insulin dimer interface. ...........c.cc.coevee. 70

Figure 33. The effect upon the dimer interface by the introduction of an N-methylation. ... 79
Figure 34. The effect of the intrachain coupling of the NH®**-CO”** hydrogen bond. ........ 80

Figure 35. The crystal and NMR structures of [His®*]-insulin at different pHs. ................. 84
Figure 36. NMR structures of [D-His®**]-insulin at different pHS. ..........ccccooevvvvreerrrennene. 85
Figure 37. A representation of the unusual dimer interface in [Asn®J-insulin. .................. 88



B26

Figure 38. An overlay of the main chain of T- and R-state insulin, [Asn~“"]-insulin and

[PREPZCTINSUNIN. .o.voeeveece ettt 89
Figure 39. A view of the interactions of Tyr®? and its surrounding residues in the T-state of
PUMEAN INSUTIN. .ttt 90
Figure 40. The bent conformation of the C-terminus of the B-chain of [Asn®*®J-insulin,

stabilised by interactions With ASN™?L. ..o, 91
Figure 41. A hypothetical scheme of insulin-IR binding. ..........ccccoviiiiiiiiii 94
Figure 42. The amino acid sequence of the L1 region in the human IR. ............ccocoiinennn. 96

Figure 43. Main chain comparison of the full length and short construct of the L1 region..97
Figure 44. A time course expression trial and solubility test of L1 expressed in Rosetta-

Figure 46. Analysis of on-column (Ni?" affinity) refolding purification of the L1 region. 105
Figure 47. MALDI of purified L1 Protein. ......cccooereiieiieininise e 106
Figure 48. Complexation trials of various insulin analogues and WT insulin each with the
L1 region expressed in TUNER cells, and an investigation of disulphide bond formation in

TNE LI TEOION. .tttk b bbbttt b et 107
Figure 49. Native gel electrophoresis investigating the correct disulphide bond formation in
redox refolded L1 ProteiN. ......oooioiiieieicese e 108
Figure 50. SDS-PAGE of chloramphenicol shock-based expression method to induce re-
fOlding OF the LL PrOteIN. ..c.voiecece ettt sae s 109
Figure 51. Solubility trial of the L1 protein expressed in ArcticExpress and Lemo21 cells.
............................................................................................................................................ 110
Figure 52. Comparison of the best results from the solubility of L1 domain expressed in
ArcticExpress and Lemo21, using comassie and Hisg-tag Stains. ........cccccccevviveveveeieniennnn 111
Figure 53. Elution fractions from small scale Ni?* purification from ArcticExpress and
Lemo21 cells eXPression trialS. ... 112
Figure 54. Native gel of insulin-complex formation trials of Lemo21 produced L1 material
and various iNSUIIN @NAIOGUES. .........uiiiiiiiiieieee e 113
Figure 55. Solubility screen for the L1 domain expressed in ArcticExpress cells............. 115
Figure 56. Comparison of the best conditions achieved for expression of soluble L1 protein
in ArcticExpress, and the test for DTT requirment in conditions 7 and 8. .............ccccevenvee 116
Figure 57. Purification of the L1 region produced in S. cerevisiae. ........c.cocevvevervivernenne. 117
Figure 58. P. pastoris 48 well expression layOuL...........ccocuiiiiinineneieseesese e 119

Figure 59. A dot blot experiment to probe for expression of the L1 region in P. pastoris. 120
Figure 60. The Ni** purification trace for the small scale production of L1 from E7-L1..121
Figure 61. Dot blot analysis of L1 purification after expression in P. pastoris.................. 122
Figure 62. A SDS-PAGE staining analysis of L1 protein expressed in P. pastoris. .......... 123
Figure 63. A western blot of the purification of the L1 protein expressed in P. pastoris. .123
Figure 64. Analysis of media loading change of L1 protein expressed in P. pastoris. ...... 124
Figure 65. Western blot analysis of media loading change following Ni** purification of L1

EXPrESSEU IN P. PASTONIS. .ottt ettt 125
Figure 66. Analysis of E7 L1 purification from P. pastoris following media loading change.
............................................................................................................................................ 126
Figure 67. Interaction between the L1 and CR regions inthe IR. ...........ccccoeevevevviieinenne. 129
Figure 68. Schematic of previously investigated IR CONSEIUCES. ..........ccoeoeiieiieneneiieneee 131
Figure 69. Initial screening of binary insulin:CT peptide complex formation. .................. 134

9



Figure 70. The complexation of LZ30 and the CT peptide in condition 2D of Table 16

(presence of 50 MM GUAN-HCI..........coooiiiiiiieee s 137
Figure 71. A range of insulin analogues and CT peptide complexed in 2D conditions from
TADIE 16, ..o bbbt n e 138

Figure 72. The complexation of LZ57 and the CT peptide in 2D conditions of Table 16.139
Figure 73. A native gel assessment of soluble WT insulin at various pHs and Tris

(o0 ] aTo=] 1 -1 ] TSSO 140
Figure 74. An initial complexation trial between WT insulin in an alkaline solution and the
LZ30 and LZ34 insulin analogues, With CT peptide. ......ccccovvveeviieeiie v 141
Figure 75. A complexation trial between LZ30 (alkali) and CT peptide at different molar
L[ JO TP USSR PR PR 142
Figure 76. Native gel electrophoresis of the initial complexation trials of the IR and WT
INSULIN 4/= CT PEPLITR. ..ot 143
Figure 77. Native gel electrophoresis of the initial binary complexation of IRB17dB (A) and
IRB13 (B) With inSUlIN @NalOGQUES..........eiiieiieiieieieieie e 146
Figure 78. Native gel electrophoresis of the IRB17dB — insulin complexes in the presence
or absence 0f the CT PEPLIAE. ..ccviii e st 147
Figure 79. Native gel electrophoresis of the complexation of IRB13 with insulin analogues,
investigating the effect of the CT Peptide. .....ccevv e 148
Figure 80. Native gel electrophoresis of the complexation between IRB13 with LZ29 and
TNE CT PEPLIC. ..ttt s te et e s re e st e s te e e e sbeeraesresre s 149
Figure 81. Native gel electrophoresis of the complexation between IRB13 with various
insulins, investigating the effects of the CT peptide, pH and additives. ...........cc.ccocerernennee 150
Figure 82. The amino acid sequence of the L1 region of the human IR. ...............c.ccocee. 166
Figure 83. The base pair sequence of the L1 region. ........ccocuvurerineieieinise e 167
Figure 84. Primers fOr LIC........ocvo ittt 167
Figure 85. The amino acid sequence of the L1 region of the human IR. ...............c.ccocee. 168
Figure 86. Primers used with the pET22 and pPMAL VECIOIS. .......cccooeriiiiinininienieiiesienes 168
Figure 87. Vector map for L1 expression in S. CErevisiae. .........cccvvevvveevcnieiieeseseesee e 169
Figure 88. Optimised base pair sequence of the L1 region for expression in S. cerevisiae.
............................................................................................................................................ 169
Figure 89. Primers used for S. cerevisiae L1 SEQUENCE. ........ccccovevevieieeieie s siee e 170
Figure 90. Vector map for L1 expression in P. Pastoris. .........c.ccoceuerereiniinesnnesiesiesieeas 171
Figure 91. Gene sequence of the L1 region inhuman IR. ..........cccccoeve i 171
Figure 92. Gene sequence of the L1 region for expression in P. pastoris. .........c.cc.cccerenes 172
Figure 93. Primers used for L1 expression in P. PaStOriS. .......c.ccocevereieiiniinienine e 172
Figure 94. INSULIN SCIEEN L.....ccuiieieieeiee ettt eeen 173
Figure 95. INSUTIN SCIBEN 2......cuiiiiiieieieie ettt 174
Figure 96. INSULIN SCIEEN 3. .. ittt sttt e ees 175
Figure 97. The domain layout of insulin, IGF-I1 and IGF-11...........cccooiiiiiiiinre e 176
Figure 98. IGF disulphide bonds and trypsin cleavage Sites...........ccooevviriiriinieneieneniens 176
Figure 99. Electrospray mass spectrometry of IGF. ..o 177
Figure 100. IGF digestion with various concentrations of Urea............cccceevvvvvnerenieniennns 177
Figure 101. IGF digestion with various concentrations of guanidine hydrochloride......... 178
Figure 102. Time course digestion of IGF with the addition of various concentrations of
guaniding hydroChIOFIE. .........cciiieiii e e 179
Figure 103. MALDI sample of IGF digested in the presence of 2 M guanidine-
hydrochloride fOr 15 MINULES. ........cviiiiiiii i 180



Figure 104. Super positioning of insulin and the digested IGF. ..........ccccocovviiieiniieciee, 182

Figure 105. A structural comparison of insulin and DILPS. ... 184
Figure 106. Structure 0f IMPL-2. ........coo it 185
Figure 107. Physical characterisation of the DILP5:IMPL-2 compleX........cccccovvvvivinrnnnne. 188
Figure 108. The complex of DILPS and IIMPL-2 .........ccccoiiiiiiiiiieieeeeeeesese e 189

Figure 109. A view of the binding groove in IMPL-2 cause by the binding of DILPS. .....189
Figure 110. The space available in the binding groove between IMPL-2 and DILPS5........ 190
Figure 111. The hydrogen bond in the binding groove between IMPL-2 and DILPS........ 190

11



Table of Tables
Table 1. The binding affinity of insulin, IGF-I and IGF-I1I towards IR-A, IR-B and IGF-1R.

.............................................................................................................................................. 30
Table 2. Binding affinities between insulin and IGFs, and their receptors®" " ............... 42
Table 3. The effects caused upon binding of IGFBPS t0 IGFS. ........ccccccoviiiiiniiieiees 42
Table 4. A comparison of insulin analogues structure and their relative receptor binding
ATTINITY . .o 55
Table 5. Data collection, reduction and refinement statistics for monomeric insulin

T gL 100 U= TSP 56
Table 6. Crystal conditions for monomeric insulin analogues. ............cccccvovivrerinenencnenns 57
Table 7. A comparison of insulin analogues structure used in this chapter and their relative
receptor DINAING affiNILY. .......cooiiiiie s 72
Table 8. X-ray date and refinement statistics for the insulin analogues used in this chapter.
.............................................................................................................................................. 73
Table 9. Crystal conditions for the insulin analogues used in this chapter. .............cccccce... 75
Table 10. ITC analysis of dimerisation capabilities of insulin and insulin analogues. ......... 76

Table 11. The Kq and relative IR binding affinity of human insulin and insulin analogues. 87
Table 12. ITC analysis of the dimerization capabilities of insulin and insulin analogues. ... 87

Table 13. Thirty Reagents for Solubilisation of Over-Expressed Proteins™™...................... 114
Table 14. A comparison of insulin analogue structures and their relative receptor binding
affinities used in this ChaPLEN. ..o e 133
Table 15. DLS data of complexation between LZ30 and CT peptide under varying

(ot ] T 11T 1SRRI 135
Table 16. DLS data of complexation between LZ30 and CT peptide with various
ENATUIANTS. ...ttt et st et e te e e st e steeseesbe e s e e benseeseesteeneesaensaenseneeas 136
Table 17. WT insulin sSOIUDITIty trial. ... 140
Table 18. X-ray data processing and refinement of the insulin:IR complex. ..........c.......... 151
Table 19. Lengths and weights of all possible fragments of IGF. ............ccccooviiiiiienn. 180
Table 20. Analysis of IGF MALDI digest data. .........cccccovviieiiiii i 181
Table 21. Data collection, reduction and refinement statistics for the DILP5:IMPL-2
COMIPIEX. ottt b b bbbttt ettt n e 187

12



Acknowledgments

I would like to thank my supervisor Marek Brzozowski for all his help, advice and
support during my 4 years in YSBL. Thanks to BBSRC for providing me with the funding
to undertake this research project.

There are a number of people who have assisted me with various aspects of the
work. | would like to thank Johan Turkenburg and Sam Hart for their help with data
collection, data processing and various other computational crystallography problems.
Gideon Davies has helped me through my PhD as my independent panel member, and |
give him thanks for this role. | would also like to thank everyone who has been a part of
YSBL during my time here for making it a pleasant place to be, and for all their help. In
particular | would like to thank James Tunaley, Sophie McKenna, Jenni Timm, Katie
Jameson, Dan Wright, Ben Summers and Abi Bubb. They have helped me through some
tough times of my PhD. Special thanks goes to Michelle who has helped me greatly whilst |
have been writing my thesis.

I would like to thank my parents who helped me to get through my undergraduate
degree and also helped me greatly through my PhD. | would also like to thank my friends
outside of YSBL who have helped me to relax during stressful times. Many thanks to James
Cresswell for the time spent on the golf course. | would also like to thank my badminton

friends at the RI, in particular Rachael Simister, Mike Powell, Chris and Jenny Wan.

13



Author’s Declaration

This thesis required input from collaborators to be successful, theses inputs are
summarised below:

e The insulin analogues were semi-synthesised in Prague where their binding affinity
was also measured.

e The insulin receptor constructs used for crystallisation of insulin:IR complexes at
the late stage of this work (hence omitted in the abstract) were designed and
expressed in Melbourne.

e The binding affinity of the insulin analogues and the insulin receptor was measured
by ITC in Melbourne.

e DILP5 and IBP were expressed and complexed in Denmark.

I declare that all the rest of the work presented in this thesis is my own.

Christopher Watson

September 2012

14



Summary of Aims

The main aims for the project are:

o To determine the crystal structures of series of highly-active insulin analogues in
order to delineate the active conformation of the hormone

e To develop alternative methods of expression of the L1 domain of human IR

 To identify clear structural and functional roles of Phe®?* and Phe®?: two key
invariant amino acids in vertebrate insulins, important for IR binding

o To clarify the individual contributions of hydrogen bonds that stabilise the insulin
dimer

o To explore the application of click-chemistry in making new generations of insulin

analogues

As this thesis consists of multidirectional, and in some cases independent lines of
research, with structural biology of insulin as the only common feature, an additional
summary is also presented at the beginning of every appropriate chapter.

This work also included attempts in the production of Insulin-like Growth Factor-1
(IGF-1) core for future semi-syntheses. Crystallisation and preliminary structural work on
complex of Drosophila DLP-5 insulin-like peptide with its IMPL-2 insulin binding protein
have also been undertaken within this project. However, as these subjects are side- (or late)

tracks of the main aspects of this thesis they are described in the appendix.
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Chapter 1. Introduction

1.1. Summary of Insulin Molecular Data

Insulin is a 51 amino acid protein hormone, which plays an important role in many key
cellular processes. It exerts its regulatory function (e.g. uptake of glucose into cells) through
a signalling pathway initiated by binding of hormone in its monomeric form to its dimeric,
tyrosine-kinase type membrane receptor (insulin receptor — IR (see chapter 1.4)). Insulin
governs the intermediary metabolism of glucose along with the regulation of carbon
sources. It is also responsible for stimulating lipogenesis, glycogen and protein synthesis
whilst inhibiting their reverse conversions (Figure 1)*. Moreover, insulin is also involved in

the stimulation of cell growth and differentiation.

. . Insulin
Glucose Amino acids ‘ FFA
Insulin
Receptor
—
& |
Al

Amino acids

!

Protein

Glucose

Y

Triglyceride — FFA

Glycogen Glycolysis/oxidation

Figure 1. The main pathways of insulin-dependent regulation of metabolism.

Insulin is the most potent anabolic hormone, promoting the synthesis and storage of
carbohydrates, lipids and protein whilst inhibiting their catabolism. Insulin stimulates the
uptake of glucose, amino acids and fatty acids into cells, whilst also increasing the
expression or activity of enzymes that are responsible for these processes. Insulin inhibits
the activity or expression of those that are responsible for catalysing degradation®.

The mature form of human insulin consists of 51 amino acids arranged into an A-
chain (Gly*!-Asn”?!) and a B-chain (Phe®-Thr®®) of total molecular mass of 5808 Da (
Figure 2). The molecule is stabilised by two inter-( A®-A™, A’-B’) and one intra-

chain disulphide bonds (A%*-B*).
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1 6 11 16 21 26
B-Chain FYNQH LCGSH LVEAL YLVCG ERGFF YTPKT

A-Chain GI VEQ CCTSI CSLYQ LENYC N

Figure 2. The amino acid sequence of mature human insulin.

The first insulin crystal structure was determined in 1969 by Dorothy Hodgkin?
who studied hexameric crystals of pig insulin, which differs from the human hormone by
only the B-chain C-terminal residue (Thr®*°—A1a®*%)?*. It has been discovered that in the
A-chain residues A%-A® and A™-A™ form a-helices, whilst the B-chain is organised by B®-
B a-helix, B'*-B# B-turn and B*-B* that form a p-sheet (Figure 3). Subsequently, it has
been discovered that the B-chain N-terminus (B*-B®) can exist in two different
conformations: R and T°. The so-called R-state of the hormone corresponds to more
‘relaxed’ and allosterically more active form of this protein, in which an additional a-helical
region is created by the B*-B™ residues (i.e. B’-B* a-helix is extended). The ‘tense’ T-state
state is less active, with residues B'-B*° residues not forming a regular secondary structure
and folding away from the core of the hormone. The overall arrangement of the Aand B
chains results in the A-chain N-terminus and B-chain C-terminus being brought into close
proximity. This forms a hydrophobic core buried within the molecule, consisting of 11e”?,

Val®®, Cys™™, Leu™®, Leu® and Leu®"™ ®°,

T State R State
B1

B30

Figure 3. The T- and R-states of insulin monomer.

The A-chain is shown in red, whilst the B-chain is in blue. (pdb used: 1mso [T-state] and
1znj [R-state]); the monomers showed here are derived from hexamer oligomers present in

these crystals.
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Insulin can exist in three oligomeric forms: hexameric, dimeric and monomeric.
Hexameric insulin is the main storage form of the hormone with Zn®* ion located at its
centre of the hexamer, and coordinated by His®'. Upon the dilution of hexamer containing
crystals into the local environment (e.g. during excretion of insulin into the bloodstream)
the hexamer disassociates into three dimers, which subsequently split into monomers
(Figure 4). The insulin hexamer (Figure 5) contains two or four (even number) Zn** ions
coordinated at its centre °. In the 2-Zn** structure, all six monomers are in the T-state
(denoted as (Te))?. In the 4-Zn** hexamer (stabilised by a high CI concentration), three of
the monomers are in the T-state and three are in the R-state (R3T3)7. A similar state to R3T;
has been found ® termed T;R,', where in the R" conformer the B*-B* residues are R-like, a-
helical, but the B*-B are in an extended form. A fully R, form exists in phenol-(or phenol-
like compounds) containing crystals ® There are currently over 100 structures of insulin in
the Protein Data Bank, though there are none of monomeric wild type (WT) insulin, nor a

complex between monomeric insulin and IR.

Figure 4. The hexamer-to-monomer disassociation of insulin.

The hexameric form, upon the loss of the Zn** ions at its centre breaks down into a
monomer via a dimeric state.

Figure 5. The general organisation of the insulin hexamer.

The insulin hexamer comprises three distinct dimers. One of the monomers has its chains
coloured as per Figure 3, with the rest shown in green. The Zn** ions are located at the
centre of the hexamer. (pdb used: 1ZNJ).
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The insulin hexamer is formed by three dimers that are arranged in a 32 point
symmetry (Figure 5). The dimer interface is stabilised by strong interactions, mostly
hydrogen bonds, between the two anti-parallel B-strands at the C-terminus of the B-chain

provided by each of the monomers (~B#-B%) (Figure 6).

-~ B21
\\ BZZ_
s ST
) T
( sk .
= 2ok
Figure 6. A close up view of the f-strands region of P, ;
two monomers at the dimer interface. S
A
(A) An overview of the dimer interface, chains coloured as ( . P i
per Figure 3. (B) A close up view of the hydrogen bonds in = \\
the dimer interface (pdb used: 1ZNJ). Carbon atoms in B27 \
green, oxygen - red and nitrogen - blue. «
_
B21 L

The Insulin-like Growth Factors 1 and 2 (IGF-I and IGF-I11) are insulin-related
small single-chain hormones with molecular masses of 7.6 kDa and 7.5 kDa

respectively”°

(Figure 7). IGFs are major growth factors in the embryonic-puberty phase of
development™’. The IGFs are also involved in the induction of differentiation of whole

cells, and processes within cells*?. The actions of IGF are tightly controlled by growth

factors®®,

B-Chain 1 6 11 16 21 26
Insulin FVNQH LCGSH LVEAL YLVCG ERGFF YTPKT
IGF-I GPET LCGAE LVDAL QFVCG DRGFY FNKPT
IGF-II AYRPSET LCGGE LVDTL QFVCG DRGFY FSRPA
A-Chain 1 6 11 16 21 26
Insulin GIVEQ CCTSI CSLYQ LENYC N

IGF-I GI VDE CCFRS CDLRR LEMYC APLKP AKSA
IGF-II GI VEE CCFRS CDLAL LETYC A TP AKSA

Figure 7. Amino acid sequence of the mature human insulin, IGF-1 and IGF-11
hormones.
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1.2. Discovery and Genetic Engineering of Insulin

In 1869, Paul Langerhans identified some previously undiscovered tissue clumps
scattered throughout the pancreas **. Whilst the functions of these clumps were initially
unknown, they later became known as the Islets of Langerhans. The name insulin has its
origins in Insel, the German word for islet/island. Edouard Laguesse subsequently
suggested that these cells might be involved in the production of secretions that could have
arole in digestion®™.

Oscar Minkowski, in collaboration with Joseph von Mering, established the relationship
between the pancreas and diabetes **°. Soon after in 1901, Eugene Opie showed the link
between the Islets of Langerhans and diabetes, stating “Diabetes Mellitus ... is caused by
destruction of the Islets of Langerhans and occurs only when these bodies are in part or
wholly destroyed” '’

During the next two decades various attempts were made to isolate the secretion of the
Islets for application in the treatment of diabetes. Zuelzer was first to apply a pancreatic
extract, and was partially successful in the treatment of dogs with diabetes in 1906, Insulin
(called “pancrein”) was isolated for the first time by Paulesco in 1921*®. The final
breakthrough in early insulin research and clinical applications was provided by Frederick
Banting, J. J. R. Macleod, Charles Best, James Collip and Clark Noble in 1922 when the
first injection of the purified insulin on January 11™ 1922 was given to a 14 year old
diabetic patient®. They scaled up their biochemistry with the involvement of Eli Lilly &
Co, and in November 1922 the first large amounts of highly refined, pure insulin were
available for clinical and widespread treatments of diabetes™.

Further understanding of the insulin molecule was provided by Frederick Sanger who
determined the primary structure of insulin in 1951 *°. This was the first determination of
any protein primary structure, an achievement for which Frederick Sanger was awarded the
1958 Nobel Prize in Chemistry. This work lead to the first full synthesis of insulin by
Panayotis Katsoyannis® and Helmut Zahn® in the 1960s. Finally, Dorothy Hodgkin made
the pioneering structural breakthrough in 1969, when after decades of work she determined
the crystal structure of insulin utilising X-ray diffraction methods”, for which she was
awarded the Nobel prize in Chemistry in 1964.

Sanger’s discovery, along with advancements in molecular biology, allowed Herbert
Boyer to insert the human insulin gene into genetically engineered E.coli, and produce this
hormone in large and pure amounts in 1978%. Genetech (founded by Boyer), along with Eli
Lilly and Co, delivered the first commercial biosynthetic human insulin called Humulin in
1982%. Currently, there are there are 1.4 million people in the UK alone who rely upon

daily injections of recombinant insulin to control their diabetes.
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1.3. Insulin Biosynthesis and Bioavailability

There are three types of stimulus that are responsible for the release of insulin. The first
is the detection of an increase in blood sugar levels. Insulin secretion can also be stimulated
in response to an increased blood concentration of alternative carbon sources such as amino
acids and fatty acids, and neural stimuli such as the sight and taste of food.

A prolonged increase in blood sugar levels is detected by both the hypothalamus
and pancreatic beta-cells?®, which triggers the translation of insulin mMRNA in the Islets of
Langerhans, the beta-cells in the pancreas. The insulin mMRNA is translated as a single chain
molecule called preproinsulin, which consists of 110 amino acids. The preproinsulin is
transported to the rough endoplasmic reticulum, where its signal peptide is removed during
insertion into the cisternal space, forming proinsulin (Figure 8).

C chain A chain
. A chain F— =
1 Achain 21 H,N CO0H

V_:> )

| |

g 5

u "N Jeoon
/ B chain B chain

Signal
peptide

Preproinsulin Proinsulin Insulin

Figure 8. The process of insulin biosynthesis and maturation.

The processing of preproinsulin is an important step in the formation of the mature
hormone. The signal peptide removed from the preproinsulin is packaged where it is
accumulated prior to being recycled in the cytoplasm. Proinsulin consists of three domains;
an amino-terminal B-chain, a carboxy-teminal A chain, and B-A connecting peptide known
as the C-peptide. The endoplasmic reticulum contains several specific endopeptidases,
which excise the 31 amino acid C-peptide chain from the proinsulin to create the mature
insulin molecule. Insulin is prevented from possibly becoming misfolded, by formation of a
hexameric assembly with Zn®* ions. The insulin hexamer is stabilised further by
microcrystallisation®. The C-peptide and mature insulin are packaged into secretory
granules, which accumulate in the cytoplasm. Once the beta-cells are stimulated (Figure 9),
the insulin is secreted from the cell by exocytosis of the secretory granules; the dilution-
caused leakage of Zn** ions from hormone hexamers/dimers leaves an insulin zinc-free
monomer® in the bloodstream?®. The C-peptide is also secreted (Figure 9), but its biological

activity has not yet been identified.
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Figure 9. Insulin biosynthesis within beta-cells of the pancreas.

The major steps involved in insulin biosynthesis, from the expression of preproinsulin to the
secretion of mature insulin. Preproinsulin is converted to proinsulin in the rough
endoplasmic reticulum, which is then followed by the folding of the molecule and formation
of the correct pattern of disulphide bonds. Proinsulin is then transported to the Golgi, from
which it is secreted in granules, in which the conversion of the pro-hormone to the mature
insulin takes place. Fusion of the granules with the plasma membrane leads to the eventual
secretion of mature insulin from the beta-cell. A small proportion of unprocessed proinsulin
is also secreted via an unregulated pathway?'.

The pathway by which insulin is secreted is known, but not fully understood.
Glucose enters the beta-cells by facilitated diffusion utilising a glucose transporter, GLUT2.
The glucose molecule is then phosphorylated by the rate-limiting enzyme glucokinase.
Simultaneously, insulin inhibits glucose-6-phosphatase to prevent the phosphates from
being removed. This causes the glucose molecule to become trapped within the beta-cells,
where its metabolism increases the ATP:ADP ratio, causing the closure of the ATP-gated
cell membrane potassium channels. This prevents the escape of potassium ions from the
cell, and its subsequent depolarisation, which then activates the voltage gated calcium
channels. Subsequently, a rapid increase in intracellular calcium triggers the exocytosis of
insulin-containing granules®.

Release of insulin stimulates the uptake of glucose into cells by the sequestration of
intracellular vesicles containing GLUT4 from intracellular stores to the cell membrane®.
The exact mechanism by which a GLUT4-vesicle reaches the membrane is unknown, but it
is believed that this vesicle is attached to an intracellular site that is linked to the membrane
by a microtubule network®. The GLUT4-vesicles are untethered from their intracellular site

and are transported along the microtubules towards the membrane in response to insulin:IR
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binding and the resultant IR-initiated phosphorylation cascade. The docking and fusion of
the vesicles with the membrane makes the GLUT4 available for glucose uptake. It has been
postulated that insulin may also regulate the docking and fusion of the GLUT4 vesicle with
the cell membrane by a direct regulation of the v/t-SNARE proteins that are required for an
efficient fusion of the vesicle and the cell membrane®. The time-dependent decrease in the
insulin blood level results in a smaller number of stimulated IRs, which leads to the reverse
endocytosis of GLUT4 transporters from the membrane back into vesicles, and their return
to the cytoplasm™.

Stimulation of insulin release is readily observed in animals and humans. The
normal fasting blood glucose concentration in humans is tightly controlled at 80-90 mg/100
ml (~5 mM)* (Figure 10), and is associated with very low levels of insulin secretion (Figure
11) and its short (4-6 min) half-life in the blood *2. The serum levels of insulin increase
dramatically almost immediately after the meal. This initial increase is due to secretion of
preformed/stored insulin, which is quickly depleted. A secondary rise in insulin is assured

by newly synthesised insulin that is immediately released *".

Increase in Uptake of glucose Metabolic Energy
circulatory insulin by cells - Fat Synthesis
[ Glycogen Synthesis
Stimulate pancreas Decreased blood
to secrete insulin glucose
Increase i
blood
glucose
Blood Glucose
Decrease
in blood
‘ glucose
Release of glucose Stimulates pancreas
to blood to secrete glucagon
Breakdown of Increases
glycogen in liver circulating glucagon

Figure 10. The general network of regulation of blood glucose levels.

The increase of the blood sugar level leads to secretion of insulin by the pancreas. The
body-circulation of this hormone, and its binding to the IR results in the uptake of glucose
into cells, causing the blood sugar level to decrease. Consequently, glucagon - a hormone
that works in tandem with insulin reversing its actions - is excreted by the pancreas to
breakdown glycogen into glucose in the liver. This glucose is then released into the
bloodstream to raise the blood sugar level.

23



Breakfast Lunch Dinner Supper

NEFA Concentration (mmol/L)
°
=)

0800 0930 1200 1330 1600 1800 2000 2130 0200

Insulin Concentation (pmol/L)

Figure 11. Daily profile of NEFA (non-esterified fatty acid) concentrations and
serum insulin concentrations.

The NEFA levels are an indicator of blood glucose levels. Adapted from Daly®.

After initiation of the intracellular signalling the insulin:IR complex is
endocytosed®. The complex is transported along the endocytic pathway, where is either
recycled back to the cell surface, or targeted to the lysosome for degradation via the late
endosomes *. Internalisation of the IR depends on the IR autophosphorylation state, and is
followed by downstream effects through the clathrin-mediated pathway*!. There is also
evidence for other, alternative pathways of IR internalisation **%,

The overall maintenance of the plasma glucose level is achieved by balancing the
glucose intake into the plasma from the intestine and its uptake to peripheral tissue. A drop
of the blood glucose level below ~2.5 mM threshold level results in the stoppage of
glycogen synthesis in the liver, and simultaneous activation of its breakdown. Insulin has a
versatile role in the maintenance of blood glucose levels® as it is also responsible for the
inhibition of hepatic glucose production. Moreover, the metabolic effects resulting from the
insulin actions depend on the type of the tissue, e.g. some tissues take up glucose
independently of insulin. For example, the brain relies upon glucose as its sole energy
source® and utilises a non insulin-dependent glucose transporter. The skeletal muscle is the
primary tissue responsible for insulin-regulated glucose uptake, while only a small fraction

of glucose is taken up by adipose tissue®.
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1.4. Molecular Organisation of the Insulin Receptor

The first indication that insulin does not play an ‘enzymatic’ role in carbohydrate
metabolism, but rather it interacts with the cell membrane was postulated by Levine in
1949, who proposed that insulin facilitates the uptake of hexoses into cells*. Subsequently
House and Weidemann showed binding of insulin to liver cells using radio-labelled
insulin®®. Only in 1980-1981 was it demonstrated that the IR is a dimer with an apparent
molecular weight of ~350 kDa and comprised of two a-subunits (~120-130 kDa) and two B-
subunits (~90 kDa) interconnected by disulphide bonds***.

Soon, it was discovered that the intracellular parts of the B-subunits contain tyrosine
kinase (TK) that is activated upon insulin binding***. This led to the subsequent

identification of an intracellular substrate for this kinase - IR substrate 1, IRS14,

Two laboratories determined the cDNA of the human IR independently in 1985%"“®
revealing two different isoforms (IR-A, IR-B) of the receptor. They arise from alternative
splicing, which results in different (12 amino acids) lengths of the IR at the C-terminus of
the a-subunit. In IR-A exon 11, consisting of 36 base pairs, is excised whilst being
preserved in the IR-B. Further studies led to the discovery of 18 potential N-linked
glycosylation sites*, with a further six O-linked glycosylation sites®. The structure of the

|51

unphosphorylated human TK was determined in 1994 by Hubbard et al.>”, elucidating its
activated, phosphorylated structure. This revealed the auto-phosphorylation of three
tyrosines (Tyr'™*®, Tyr'*®?, Tyr''®) in the activation loop (A-loop) leads to a dramatic change
of the IR conformation®. The crystal structure of the IR ectodomain dimer was solved in
2006, a major achievement in insulin research®. The structure solution was facilitated by
co-crystallisation with monoclonal antibodies (Fabs)>***.

IRs share very similar domain organisation to the Epidermal Growth Factor receptors
(EGFR). In both families of these receptors an aberrant signalling has been implicated in
different types of cancers. Study of the EGFRs can lead to important information in the
study of the IR,

The IR (Figure 12) is a member of a sub-family of receptors that contain a TK, whose
other members include the Insulin-Like Growth Factor (IGF)-I receptor (IGF-1R) and
insulin receptor-related receptor (IRR)*". These receptors are dimeric receptors which
contain two a- and two B-subunits that function as allosteric enzymes, where the apo-form
of an a-subunit inhibits the TK activity of the B-subunit *. Binding of insulin to the IR
abolishes the repression of TK activity, resulting in cross-phosphorylation of the f-subunit
that induces further conformational changes and an increase of its activity *>. The similar

structure of the substrates of the IR, IGF-I and IRR receptors, results in their functional
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hybrids, hence a mutation in one type of the receptor can have a functional consequences
for the other types *’. The hormone binding sites of the receptor are located within the fully-
extracellular a-subunits.

The IR ectodomain consists of the complete a-chain and 194 residues (Ser’**-Lys*"’) of
the B-chain. Each IR monomer contains several structural domains (Figure 12) including a
leucine-rich repeat domain (L1 residues 1-157), a cysteine-rich region (CR, residues 158
310), a second leucine-rich repeat domain (L2, residues 311-470), and three fibronectin
type-I11 domains (Fnlll-1 residues 471-595, Fnlll-2 residues 596808, and Fnlll-3 residues
809-906). The Fnlll-2 region includes a 118-residue insert domain (ID, residues 638—756)
that contains the o/} cleavage site at residues 720723, which creates the a- and -chains.
The segments of the ID that lie within the a- and B-chains are identified as IDo and 1D,
respectively. The C-terminus of the a-subunits consists of residues 704-719 (CT peptide).
The C-terminus of the Fnlll-3 domains consists of a single transmembrane helix, followed
by a ~40 residue intercellular juxtamembrane region (JM), a tyrosine kinase (TK) catalytic
domain, and a ~100-residue C-terminal tail (Figure 13) **°*. The IR receptor assembles into
an inverted “V” shape®*®*, with the L1-CR-L2 domains forming one side of the V, whilst the
three Fnlll domains form the other. When the receptor dimerises, a two-fold rotation about
the inverted V axis is formed by the L1-CR-L2 side packing against the three Fnlll domains

in the other monomer™. The IGF-1R has a very similar domain organisation.
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Figure 12. (A) An overview of the organisation of the IR. (B) A close up of the a-
subunit of the IR.

In (B) The arrows indicate insulin binding locations, as determined by single amino acid-
directed mutagenesis®. The majority of these binding “hotspots” are located in the L1
region. The black spots are sites of N-glycosylation.
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Figure 13. Modular structure of the IR aligned against known structures of its
domains.

The supra-molecular domain organisation of the IR. The structures shown do not imply the
actual structure of the IR, but are shown to indicate the domain structures known. Adapted
from De Meyts and Whittaker®.

The IR L1 domain contains the majority of residues involved in insulin binding and
consists of a series of p-sheets *°. Mutations in these residues lead to insulin binding

defects®, making it the key domain of binding® (Figure 14).
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Figure 14 Main chain fold of the IR L1 region observed in apo-IR ectodomain
crystal structure.

Two different views of the L1 domain of the human apo-IR ectodomain crystal structure.
The B-strands are colour through in rainbow style (pdb used : 2hr7).

There have been many unsuccessful attempts to achieve a stable insulin:IR complex
for structural studies. Interestingly, the CT peptide has been shown to be vital for effective
binding of insulin to the IR® . Despite its location at the end of the a-subunit it interacts
with the L1 domain and insulin molecule, although their structural 3-D arrangement is
unknown®.

The isoforms of the IR have been identified in various human cells®®, as well as in
the cells of rats, rhesus monkeys and sheep . The expression of IR-A and IR-B is tissue-
dependent. The liver almost entirely expresses IR-B, whilst muscle, isolated adipocytes and
cultured fibroblasts preferentially express IR-B over IR-A%. IR-A is found predominantly
in leukocytes, whilst similar amounts of both isoforms are found in placenta, skeletal
muscle and adipose tissue®. The steady-state binding of insulin is significantly higher in
IR-Athan in IR-B%. Importantly, the ability of IGF-I to compete with insulin for binding is
significantly higher for IR-A than IR-B ', and IGF-11 binds preferentially to the A isoform
over the B form with a very high nanomolar affinity (Figure 15, Table 1). The effects of
IGF-I1 via IR-A are mitogenic compared to the metabolic effects of insulin ™. Upon
activation of the IR by insulin and phosphorylation of the IRS-1, this IR substrate acts as a
docking centre where other enzymes and substrates can be activated to transduce further the

effects of insulin®*®,
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Figure 15. The divergence of IGF and insulin, and their various effects.

Table 1. The binding affinity of insulin, IGF-1 and IGF-I11 towards IR-A, IR-B

and IGF-1R.
Kp is measured in nM™,
Insulin IGF-II IGF-I
IR-A 0.2-1.0 1.0-6.6 9.0->30.0
IR-B 0.5-1.6 36.3 >30.0
IGF-1R >30.0 0.5-44 0.2-25

9
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1.5. Molecular Action of Insulin

There is a general consensus within the literature that the conformation of the active
form of insulin monomer, i.e. its structure in the complex with IR must be different from the
currently known structures of the hormone. This is evident as the residues that are crucial
for the interaction with the IR are hidden under the B-chain C-terminus (Figure 16), in
which conformational flexibility has also been indicated*".

This observation results from a plethora of structural and functional data that focused on
the structure-function relationship within the insulin molecule™. They have shown that the
B#-B?% part of the p-strand region, the central part of the B-chain a-helix, and the N-
terminal a-helix of the A-chain are important for high affinity binding between insulin and
its receptor’®. As mentioned before, insulin exists in either the T- and R-state®, though it is
possible that neither of these states are adopted upon receptor binding™. Insulin NMR
studies have shown that the C-terminus of the B-chain is flexible?, but the chemical

B29

crosslinking of Gly*! and Lys®® resulted in fully inactive hormone with a structure that is
similar to the known storage form®.

This indicates that upon binding of insulin to the IR, the C-terminus of the B-chain must
move away exposing the hydrophobic core of the hormone (Figure 13) *°. The importance
of the movement of the B-chain C-terminus is highlighted as its removal can increase the
binding affinity of an analogue®. The ability of the C-terminal region of the B-chain to
move has led to a so-called induced-fit hypothesis in which the B-chain is required to move

h*47 1t has also

during binding to the IR in order to expose the hydrophobic core beneat
been shown that residues B*-B?" have an alternating pattern of interaction with the IR (L1
and 1D-a)"’. This alternating pattern is caused by the side chains in the p-strand projecting
outwards in opposite directions. This indicates that for binding to occur, following the
detachment, the C-terminus of the B-chain becomes inserted between the L1 and ID-a
domains’’.

The ‘active’ hydrophobic core buried within the molecule consists of Tle”?, Val”?,
Cys™, Leu™®, Leu®™ and Leu®™ *° (Figure 16). This hydrophobic core may represent the
IR binding epitope; the flexibility of the C-terminus of the B-chain* would allow this core to

be exposed.
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Figure 16. The end of the B-chain hides the insulin binding epitope.

Residues B*-B* hide the insulin binding epitope, preventing any interaction with the
insulin receptor. Residues A'3, A% B**2 B and B*® (shown in magenta)form the
classical binding epitope®.

Alanine-scanning mutagenesis helped to identify the receptor-binding epitopes
within insulin molecule™. The crucial epitope consists of 1e”?, Val®®, Tyr*®, Gly®%,
Phe®*, Val®?, and Tyr®® 8. However, residues Leu®®, Gly®8, Leu®", GIu®*® and Phe®*,
though not believed initially to be part of the binding site, were also identified as important
for IR binding™.

However, the residues predicted to be the binding epitope differ to some extent
depending upon the method employed in the analysis. Mutagenesis and modifications****
has identified Gly™, GIn®®, Tyr*!®, Asn®#, Val®'?, Tyr®®, Gly®#, Phe®*, Phe®® and Tyr®%
as the binding epitope. This is in some contradiction to the crystal structure derived model™
which involves GIy*!, GIu™, GIn®®, Tyr*'®, Asn”** Gly®? and Tyr®?, whilst alanine-
scanning alone has shown Ile*?, Val®®, Tyr*'®, Gly®% and Phe®?* ™ as the IR epitope. It is
clear that the correct composition of the IR binding epitope within insulin cannot be
confirmed until the crystal structure of the insulin:receptor complex is attained.

It has been shown that particular insulin analogues with substitutions at positions
A" and B*" — not considered as important for IR binding by several studies - exhibit an
unusual correlation between binding affinity and biological potency’. Therefore, it was
proposed by Schffer et al”® that these observed differences in binding affinities indicate a
second binding epitope. This so-called site 2 must employ the above residues in addition to
those in the classical binding site 1. A model of high affinity binding is proposed where the

insulin molecule site 1 binds to the IR site 1, whilst the insulin site 2 of the same monomer
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binds to site 2 on the other receptor a-subunit (Figure 17)%. It is believed that the binding of

the insulin molecule to the IR causes a conformational change within the receptor. This
change activates the kinases’ activity in the B-subunits, resulting in their

autophosphorylation™.

Site 1 Site 2

Site 2 Site 2
Site 1 Site 1
—_—

— |
—
—

| \\
S )

Figure 17. Arepresentation of the two receptor-binding domains on the insulin
molecule and two binding sites on each a-subunit of the IR, demonstrating high
affinity binding between the two.

Insulin has been shown to form stable dimers and hexamers in the presence of Zn*".
The dimer interface is formed of Gly®®, Ser®, Val®? Tyr®'® Gly®**, Phe®*, Phe®, Tyr®?

Thr®? and Pro®®, whilst Phe®!, Val®?, GIn®*, GIu®*, Ala®", Leu®"’, Val®®, GIy??, Leu™*?,

Tyr*** and GIu™" are engaged in hexamer formation. However, the most important residue

for integrity of the hexamer is His®™°

, the key side chain for coordination of the Zn** ions®.
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1.6. The Causes of and Treatment of Diabetes Mellitus

Diabetes Mellitus affects 194 million people worldwide®, and can be characterised by a
marked decrease in the efficiency with which blood glucose levels are controlled. Diabetes
mellitus can be categorised into two classes, idiopathic and secondary. Idiopathic diabetes is

further divided into two sub-classes, type | and type 11%

, although this definition has not
always been a clear division®,

Idiopathic diabetes type I, or insulin dependent diabetes mellitus (IDDM) normally
appears in childhood (juvenile-onset diabetes) as a result of the pancreatic beta-cells being
destroyed in an autoimmune response. This autoimmune response results in an insufficient
amount of insulin being present within the body; this can be rectified by regular injection of
the hormone. The root of this disorder is believed to be genetic, although the actual onset
can be caused by a viral infection.

Idiopathic diabetes type 11, or non-insulin dependent diabetes mellitus (NIDDM) is
characterised by constant high levels of blood sugar, or hyperglycaemia despite usually
near-normal insulin secretion levels. NIDDM usually appears in patients over the age of 40
(adult-onset diabetes). Hyperglycaemia in these cases is caused by insulin resistance,
although a normal rate of glucose uptake can be achieved by artificially high levels of
insulin. The achievable maximum rate of glucose uptake is reduced. There are usually two
main reasons for the onset of NIDDM, insulin resistance, usually caused by a genetic defect
or obesity, or insulin deficiency®.

Secondary diabetes comprises a broad range of different health problems, all of which
individually produce the symptoms of diabetes. These health problems damage, injure or
cause destruction of the pancreas. The diabetes symptoms are a secondary condition

produced as a result of the main illness, and if treated, they may disappear ®.

34



1.7. Chemical Synthesis of Insulin

The study of the interaction between insulin and the IR required the development of
insulin analogues, and a synthetic method for their production was developed ". The
solution based peptide approach of full synthesis of insulin uses successive steps of
protection and deprotection. This was the standard method used to produce insulin
analogues in the early research into insulin:IR™, in a variety of labs®*®’. This method
required several steps to produce insulin or a single chain, which meant that the yield was
severely limited.

Solution based peptide synthesis was improved upon by the use of solid-phase
polypeptide synthesis. A polymer gel support is used to brace a growing polypeptide chain,
which is added to by ligating a series of protected amino acids. This method has a greater
efficiency that the solution based peptide synthesis®.

Advancements in the methodology of chemical synthesis led to a simpler method for
the condensation of modified polypeptide fragments into longer polypeptides, which is
known as native chemical ligation®. This method is beneficial because native peptide bonds
are formed. An advantage of this method is that non-natural amino acids can be
incorporated®.

Insulin analogues can also be prepared by a semi-synthetic method which is much more
efficient than a total synthesis method, allowing larger quantities to be produced in a more
rapid manner. The total synthesis of insulin involves full synthesis of a single chain
followed by disulphide bond formation with the other chain "*#*#The semi-synthesis is
based on the unique feature of insulin that the B?-B* region (that contain side chains
crucial for binding to the IR) can be proteolytically and selectively removed, and a modified
synthetic peptide can be enzymatically ligated back onto the hormone”®*% (Figure 18). A
significant advantage of the semi-synthesis is that all insulin disulphide bonds are
maintained in this process hence formation of non-native -S-S- isomers that tamper full
synthesis of the hormone is avoided. This problem can be also overcome by the use of ester
insulin intermediates®. Peptide excision is limited to areas that are outside the core of the
insulin molecule, as defined by the disulphide bonds. The use of enzymes results in high

yields, which can then be utilised by the enzyme for the reverse reaction®.
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l 1) Trypsin
2) Boc-Ng

Arg?3

l 3) GlyPhePheTyrThrProLys(Boc)Thr(OtBu)/Trypsin
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LyngThr”
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l 4) Deprotection

Lys29Thr30

Figure 18. Semi-synthesis of human insulin from porcine.

The A-chain is coloured red, the B-chain is coloured blue. Reaction 1: Trypsin is used to
cleave the B-chain C-terminal octapeptide at pH 9-9.5, yielding desoctapeptideinsulin
(DOI). Reaction 2: Both the A-chain and B-chain N-termini are protected using Boc-Ns.
Reaction 3: (Boc),-DOI is coupled to a protected octapeptide sequence resembling that of

the human insulin B-chain N-terminal octapeptide. Reaction 4: Product is deprotected using

TFA and anisole to yield native human insulin® (modified from Mayer 2007)".
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1.8. Insulin Analogues

The purification of insulin was greatly advanced by the discovery that it could be
crystallised * and that insulin formulations could be greatly improved * by the addition of
zinc.

Insulin-based treatments have to balance the ability to mimic normal glucose profiles
(Figure 11), avoiding hypo- and hyperglycaemia, whilst causing minimal disruption to
patients.

Generally, there is a need for two types of insulin; a rapid acting insulin which would
mimic an insulin peak that occurs after a meal, and a long acting insulin that is maintained
at low level concentrations, for extended periods of time, e.g. very important in overnight
glucose control (Figure 11)°"%°.

Insulin analogues are modified versions of human insulin'® by the substitution of
amino acids, and thus have for example, a different absorption period or length of duration.

New pharmaceutical preparations require knowledge of factors such as temperature, site
of injection, exercise, massage, dosage levels and insulin formulation ', The initial rate
of absorption of insulin is low as the injection is followed by an initial lag phase; this can be
reduced by decreasing insulin concentration and injection volume. Diffusion into capillaries
also limits the rate of absorption. Insulin is absorbed across the capillary barrier after the
insulin hexamer has disassociated into dimers or monomers. For insulin to start taking
effect, the zinc ions have to be removed and the injection volume diluted.

The development of recombinant DNA techniques led to the shift from animal sources
to a more reliable and safe source of insulin. The first biosynthesis of human insulin was
described by Goeddel et al.’?, using an E. coli expression system to produce separate A-

and B-chains, followed by an exchange reaction between S-sulphonates and thiols % t

0
form the correct disulphide bonds. Yeast has also been used in the production of insulin as
it has a plasmid that codes for a single polypeptide chain, the insulin precursor, where the
A- and B-chain are linked by a few amino acids. Due to the complex machinery present in
yeast, the correct disulphide bonds are formed during fermentation. The linking amino
acids were then cleaved to produce the mature insulin molecule'®.

Pharmaceutical companies use Zn**-stabilised hexamers in their formulations to delay
release®™. The treatment of diabetes is becoming increasingly dependent on analogues
which utilise altered pharmacokinetics'®. Rapid acting analogues have been designed to
limit self-assembly % or to accelerate disassembly from their storage form, whilst long term
acting analogues have been designed to promote self-assembly or slow disassembly'®’.

Insulin is soluble at a wide range of pH values, >7 and <5, although between these
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values it undergoes isoelectric precipitation'®®

. At physiological pH insulin is less soluble in
subcutaneous tissue, whilst still soluble in the acidic pH used in the pharmaceutical
preparation. Insulin Glargine was designed to exploit the pH effect to become a long acting
analogue . The B-chain of the analogue is extended by the addition of paired Arg
residues, whose positively charged side chains cause the pl to move 7.0 (insulin pl ~5.4)*"".
Glargine is formulated at pH 4.0, and upon injection undergoes pH-dependent precipitation,
forming a deposit for slow release’®’.

Dimer formation is a prerequisite to hexamer formation, residues involved in monomer-
monomer interactions are key in dimer formation. There are several methods to make
insulin monomeric at pharmaceutical concentrations'®; an introduction of steric hindrance,
abolition of metal binding sites, disruption of hydrophobic binding surfaces by the insertion
of hydrophilic residues or the introduction of charge repulsion to residues in close proximity
in the dimer interface.

Protamine, surfen and zinc*%

are all used to keep insulin in hexameric form.
Protamines form complexes with insulin molecules as they are strongly basic proteins,
consisting mainly of arginines. Surfen is a urea derivative that is produced synthetically.
Zinc is at the centre of the insulin hexamer, but it has also been shown® that in a neutral pH
solution lacking citrate or phosphate, zinc can slow down insulin uptake.

Human insulin is available in many forms. Short- and intermediate-acting, called
regular and Neutral Protaime Hagedorn (NPH) respectively. The rapid-acting insulin
analogues available currently are Lispro (Eli Lilly), Aspart (Novo Nordisk) and Glulisine
(Sanofi-Aventis), whilst Glargine (Sanofi-Aventis) and Detemir (Novo Nordisk) are long-
acting insulin analogues. The actions of insulins used for the treatment of diabetes are
shown in Figure 19-A, whilst the profiles are shown in part B.

In regular insulin, the formulation is clear at neutral pH, and has 0.4% zinc added to
allow the insulin monomers to associate and form hexamers. Phenol or m-cresol is added to
the formulation to prevent micro-organism growth. NPH (Hagedorn Laboratory, Denmark),
has protamine added to regular insulin in a 1:6 ratio. The positively charged protamine
binds to the negatively charged insulin, in a neutral solution buffered with phosphate. NPH
also has zinc and m-cresol added *. These additions in solution at neutral pH buffered with
acetate forms insoluble insulin-zinc complexes *°, and it is this that the Lente insulin
formulation is based upon. Insulin Detemir is a long-acting insulin analogue due to the
addition of a fatty acid chain. The combinations of human insulins and insulin analogues

are shown in Figure 19%.

38



A

E ive Duration of
Insulin Preparation Onset of Action Peak Action Hfestive Buration(o

Action
Rapid-Acting Insulin Analogues
Insulin lispro 5-15 min 30-90 min 3-5h
Insulin aspart 5-15 min 30-90 min 3-5h
Insulin glutisine 5-15 min 30-90 min 3-5h
Short-Acting Insulin
Regular 30-60 min 2-3h 5-8 h
Intermediate-Acting Insulin
NPH 2-4h 4-10 h 10-16 h
Lente 3-4h 4-12 h 12-18 h
Long-Acting Insulin
Ultralente 6-10 h 10-16 h 18-24 h
Insulin glargine 2-4h Peakless 20-24h
Insulin determir 2-4 h 6-14 h 16-20 h
Insulin Mixtures
BT UsiEH i 30-60 min Dual 10-16h
(70% NPH, 30% regular)
75/25 ||'spro anal'ogue mix ' 5-15 min Dual 10-16 h
(75% intermediate, 25% lispro)
70/30 .aspart an.alogue mix 5-15 min Diial 10-16 h
70% intermediate, 30% aspart)
S0/S0Nsproanalogie 5-15 min Dual 10-16h
(50% intermediate, 50% lispro)
50/50 human mix 30-60 min Dual 10-16 h

(50% NPH, 50% regular)

—Aspart, lispro (4 to 6 hours)
—Regular (8 to 10 hours)
NPH (12 to 20 hours)
—Ultralente (18 to 24 hours)
—Glargine (20 to 26 hours)

Plasma Insulin Levels

0 2 4 6 8 10 12 14 16 18 20 22
Hours
Figure 19. Human insulins and analogues available with their course of action.

(A) Atable of various human insulin preparations and their time course. (B) Profiles of
human insulins and analogues®.
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Since the introduction of insulin analogues, there have been improvements in
glycemic control, a lowered risk of hypoglycaemia, lower glucose variability and for certain
analogues, less weight gain™*. Further developments in insulin analogues can further reduce
these risks.

Like almost all protein based medications, insulin cannot be taken orally, as it
would be broken down into fragments during the digestive process, causing the loss of
activity. This means that insulin has to be administered subcutaneously, or inhaled.
Currently insulin is delivered by injection, or directly by an insulin pump. Both of these
methods allow the user to deliver a specific amount of insulin. Injecting insulin requires the
use of needles, creating wounds. An insulin pump requires a permanent “link” into the
patient, removing the need for needles to inject insulin, and eliminates the wounds that they
produce. Alternative methods for insulin delivery are being developed, such as oral and
nasal. For oral delivery, insulin is encapsulated in nanoparticles made with a blend of

112

biodegradable polyesters—. Nasal delivery is based upon a similar technique to that of the

oral system, where insulin is complexed with chitosan, to form insulin-chitosan

nanoparticles'®

. When the management of diabetes is under control, there are few side-
effects of taking insulin, though skin conditions from repeated injections are common™*.

Type Il diabetes is characterised by a resistance to the effects of insulin. This resistance
is normally restricted to the metabolic pathway, where the signalling pathway that affects
cell proliferation and migration are uninduced™®. It has been shown that the IR is over

expressed in cancer cells*>*®

, which means that circulating insulin can affect the growth of
cancerous cells. With high blood glucose levels, and therefore raised insulin levels, in type
Il diabetes, the mitogenic effects of insulin can be increased. As described previously, cross-
signalling is possible between insulin and IGF. A raised level of insulin is therefore more

likely to produce uncontrolled mitogenic effects via IGF-R.
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1.9. Importance of Insulin-Like Growth Factor in Insulin Biology

The Insulin-like Growth Factors 1 and 2 (IGF-I and IGF-I11) are single-chain
polypeptides with molecular masses of 7.6 kDa and 7.5 kDa respectively®'®. The names of
the IGFs originate from their structural similarity to proinsulin and their similar metabolic
effects, such as causing hypoglycemia®’. This hypoglycemic effect is seen through
activation of the IR rather than the IGF-1R. At high concentrations IGFs can induce effects
through binding to the IR™’. In a variety of tissues throughout the body, IGFs are
synthesized de novo, and their mitotic effects can be seen in the local environment through
intracrine, paracrine, and autocrine methods™. The IGFs are also involved in the induction
of differentiation of whole cells, and processes within cells™.

IGFs can bind to two types of membrane bound, TK receptors (IGF-1R and IGF-2R)%.
IGF-1R comprises two a- subunits and two -subunits; the B-subunit contains a
transmembrane region®. IGF-1R preferentially binds IGF-1%, although it has been shown
that at high concentrations insulin is also able to bind due to the structural similarity shared
with IGF* (Table 1). The preferential binding affinity of IGF-1R is IGF-I>IGF-11>>Insulin.
IGF-2R comparatively only binds IGFs with its preference being IGF-11>>IGF-I (Table 2),
though this is not a signalling receptor with its functions still not fully understood. For
example, its structure is identical to the mannose-6-phosphate receptor **°. Most of the
effects of both IGF-I and IGF-I1I are through IGF-1R, whilst in non-mammalian species the
ability of IGF-II to bind to the mannose-6-phosphate receptor seems to have been lost**.

The action of IGF-I, produced mainly in the liver, are growth hormone (GH)

120

dependent™" and its production can be slowed down by GH insensitivity, lack of hormone

receptor, malnutrition or a failure of the downstream signalling pathway. In contrast, the

action of IGF-II is not GH dependent?

121

. Although IGF-II has no growth promoting effects
in hypophysectomised rats™, it has been shown in rodents and other species to function as a
foetal growth factor. Deletion of the gene encoding IGF-II resulted in slowed intrauterine

and perinatal growth'?, though its role in humans remains unclear. IGF-11 is involved in cell
growth, proliferation and differentiation, and is important in embryonic growth and prenatal
development*??. Mice embryos which lack the IR are only slightly affected, though severe

growth problems occur if IGFR-I is missing'®. IGF signalling may affect the risk of cancer

with increased levels of IGF having been implicated as a cause of lung cancer®*.
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Table 2. Binding affinities between insulin and IGFs, and their receptors®” "%

Type | receptor Type Il receptor Insulin receptor
IGF-I High Very low Very low
IGF-II High or intermediate High Low
Insulin Very low None High

A characteristic of IGFs is that unlike other growth factors, their actions are
regulated by a separate group of proteins known as Insulin-like Growth Factor Binding
Proteins (IGFBPs), whose molecular weights vary from 17 to 43 kDa'. IGFBPs show high
affinity to IGFs, and can compete with the IGF receptor for binding of these molecules.
The actions of IGFBPs have been shown to prevent the hypoglycemic response caused by
IGFs'®, along with prolonging the time taken to clear the IGFs'?®
IGFs to the site of action and to take effect upon the action of the IGFs'?’. Six IGFBPs have

been identified and characterised (IGFBP-1 to IGFBP-6) (Table 3).

, the transportation of

Table 3. The effects caused upon binding of IGFBPs to IGFs.

Effect

IGFBP-1 Regulate changes in serum IGFs and
moderate IGFs actions at a cellular level

IGFBP-2 Inhibit IGF (particularly IGF-11 action upon
particular cells)

IGFBP-3 Major IGF carrier protein

IGFBP-4 Control of growth in bone and cartilage

IGFBP-5 Adheres tightly to fibroblast extracellular matrix (ECM).
Control of growth in bone and cartilage
IGFBP-6 Decreases steroidogenesis in response to IGF-I

IGFBP-1 can cross the capillary barrier'?® and regulate the actions of IGF at a cellular
level'®, whilst also regulating serum levels of IGF***. IGFBP-2 is believed to inhibit all
IGF action®, although it is also thought to stimulate IGF-I in certain cell types™. IGFs are
carried in the circulation by IGFBP-3, which is the main IGF carrier. Large complexes of
150 kDa in size have been seen consisting of IGFBP-3, IGF and the acid labile

13132 which are unable to cross the capillary barrier'*>. IGFBP-4 and IGFBP-5 are

subunit
involved in controlling bone and cartilage growth*®**3* whilst IGFBP-5 also has the ability
to tightly adhere to fibroblasts extracellular matrix*®. A decrease in steroidogenesis is

stimulated upon binding of IGFBP-6 with FSH and LH following the signalling of IGF-1"".
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1.10. Crystallography, X-Ray Diffraction and Current
Approaches to X-Ray Crystallography

The process from protein crystallisation to the final validation of its structure is a
multifaceted and complex process. In this section, the main steps required for solution of the
structure of a protein by X-ray crystallography will be described, and the specific methods

applied in this thesis are covered in more detail (Figure 20).

Crystallisation of Target Protein

Cryo-Protection and Crystal Testing

l

Data Collection

l

Data Processing

l

Solution of the Phase Problem

4 d Y

Molecular Replacement Anomalous Scattering Isomorphous Replacement

pY ] 4

Phase Improvement

!

Building and Refinement of Model Structure

4 "4 pY v

Simulated Annealing Rigid Body Maximum Likelihood Least Squares
Y ¥ 4 "4
Structure Validation
Figure 20. Flowchart of the steps from crystallisation to structure validation.
The methods used in this project are highlighted in grey.

1.10.1. Crystallography

The procedures by which biological macromolecules are crystallised are complex
and poorly understood, despite the registration of the first X-ray diffraction pattern from
protein crystal (pepsin) in 1934, This leads to a seemingly unscientific approach of trial
and error, i.e. screening the target protein with a large array of conditions, followed by
optimisation of any resulting suitable conditions.

The formation of crystals relies upon changes of protein solubility that allow

protein molecules to move from the solution- to solid- phase. There is a solubility limit at
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an equilibrium at which the number of molecules entering solution equal those that are
being lost from solution to solid**’. Below the solubility limit the solute is said to be an
undersaturated solution, and at the solubility limit it is a saturated solution (Figure 21).
Crystals cannot grow in either of these states as they requires a system where
thermodynamic forces are driving molecules from solution into the solid state, a
supersaturated solution'®’. This transition comes when an activation energy barrier has been
overcome™’, which could occur with the formation of nuclei by a number of aggregated
protein molecules, or by the appearance of an ordered region. The more supersaturated the

solution can become, the more likely the nuclei will form.

S - SUPERSATURATED
E o ™ e Labile region where stable nuclei
9 " METASTABLE -, formand grow
e1./ ZONE
e |
SATURATED &

BARRIER TO

UNDERSATURATED NUCLEATION

Solid phase dissolves

[Precipitant]

Figure 21. A simplified phase diagram for protein crystal growth.

At supersaturation there is high probability that critical nuclei will form, this is the labile
region. At lower values of supersaturation, the metastable region, nuclei are not formed, but
if already formed will continue to grow. Crossing the equilibrium line of saturation into
undersaturation causes the solid phase to dissolve and molecules will be monomeric and

disperse.

The population of protein molecules must be in the labile region in order for crystal
growth to be initiated, by the formation of nuclei. Obtaining fewer but larger crystals is
more desirable, which requires the crystal systems to move to the metastable region. The
selection of crystallisation conditions is crucial in obtaining a balance between the two. If
very high supersaturation is achieved, protein precipitation may occur, or a large number of
microcrystals may form. Once crystals start growing in the metastable zone,
supersaturation will decrease as the concentration of protein in solution drops meaning large
crystals can be formed.

A supersaturated system can be achieved by several methods, though the system
must be altered from its undersaturated state to supersaturated gradually to avoid

precipitation'*’. The most commonly used methods include increasing salt concentration,
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mixing the protein with a precipitant, and altering the pH or temperature of the system.
Increasing salt concentrations causes competition between ions and protein molecules for
water molecules to form hydration shells. If the salt concentration is increased, the water
will be displaced from the protein, which promotes the protein molecules to self-associate
fulfil their electrostatic potential, causing solubility to be reduced*®’. Precipitating agents
such as polyethylene glycols (PEGs) and organic solvents can be used in a similar way™®.
PEGs dehydrate a protein causing the protein molecules to push together and become
excluded from the solution.

1.10.2. X-Ray Diffraction

to

When a protein crystal is exposed to an intense X-ray beam, the incident X-rays are

diffracted by the 3D array of atoms that form the crystal, producing a diffraction pattern.
Incoming X-rays are scattered by the electrons in each atom of the crystal. X-rays are
electromagnetic waves that interact with the electrons and the same coherent frequency

radiation is emitted to that of the incoming wave®.

Crystal Lattice * Motif ———> Crystal Structure
lFT l FT l FT
Molecular
Reciprocal Lattice = X | Transform ofthe —— Diffraction Pattern
Motif only

Figure 22. The schematic representation of relationship between some main
crystallographic terms.

The terms used in this figure are X-product, *-convolution and FT-Fourier transform

This so-called reciprocal lattice is related to the crystal lattice and the diffraction
pattern (Figure 22). This lattice is imaginary, yet is a helpful concept for determining the
direction of the diffracted beam™. The unit cell dimensions in the reciprocal lattice are
approximately reciprocal to the dimensions of the real unit cell, and correspond to the

positions of the measured reflections in the diffraction pattern. Using the position of the
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spots on the diffraction image, the repeating distances between the reflecting planes in the
crystal lattice can be determined. Bragg’s Law relates the wavelength of the incident

radiation to the angle of reflection and distances between the reflecting planes (Figure 23).

Primary beam ().)

Reflected beam

Reflecting plane

BRAGGS LAW: n) = 2dsin0O = x = Difference in path between the reflected
beam from 2 similar planes
Figure 23. Representation of Bragg’s Law.

The incoming X-ray beam is reflected from the lattice planes. The distance between the
planes (d) can be determined from the wavelength (1) of the beam and the angle of

reflection (6). The order of diffraction is (n). Adapted from J. Drenth, Principles of Protein

X-ray Crystallography™®.

When the crystal is rotated in the X-ray beam, the reciprocal lattice also rotates.
This allows other points on the lattice to produce diffraction spots, which are represented by

the Ewald sphere (Figure 24).
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Figure 24. The Ewald Sphere.

The reciprocal lattice points will only produce diffraction when the points contact the
surface of the Ewald sphere. The direction of the incoming beam is denoted by s, the

reflected beam by s, and the sphere has a radius of 1/.. Adapted from J. Drenth, Principles
139

of Protein X-ray Crystallography™.

It can be seen from the Ewald sphere that not all reciprocal lattice points can
produce diffracting beams at the same time. The reciprocal lattice points, denoted hkl, must
be in contact with the surface of the sphere to produce a reflection'**. The reflecting planes
giving rise to the observed diffraction are crystal lattice planes. These (imaginary) lattice
planes divide up the a, b and ¢ axes of the unit cell into a number of equal planes. These
planes are denoted by their indices, h, k and I. Therefore, each reflection that is recorded on
the diffraction images, also has coordinates or indices of h, k and I.

Determination of the arrangement of the molecules within the unit cell (crystal
motive) that can be expressed by coordinates (X;,y;,z;) of the j-atom, utilises not only the
directional information of reflections (e.g. 8 angle) but the intensities of the reflections as
well. They are necessary for calculation of the electron density of the crystal structure in
later stages of crystal structure analysis**.

X-rays interact with all electrons in the protein molecule, producing scattered
waves. Every wave produced by every atom in every unit cell in the crystal adds up to
obtain the scattering produced by the crystal. This is called the Structure Factor (F),
because it relies upon the structure of the crystal forming motif of the atoms in all unit

cells™*®

. Afactor that affects the intensity of the scattered X-rays is the temperature—related
vibration of atoms within the crystal structure. Atoms vibrate around an equilibrium point,
which means that the X-rays do not meet the equivalent atoms in the same position within

each unit cell. This can reduce the intensity of the scattered X-rays. To account for this
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effect, the atomic scattering factor of the atoms must be multiplied by a temperature-
dependent factor (B)**. This results in four unknown parameters per atom in a structure; its
coordinates (X;,y;,z;) and B.

The intensity I(hkl) of the diffracted reflection is proportional to the square of the
amplitude of the structure factor F(hkl), so therefore its modulus |F| can be calculated

directly from the collected X-ray data (Equation 1).

I(hkl) = F(hkD)? - 1= |F|

Equation 1.

The structure factor is related to the electron density, as it is a function of the
electron density distributed over the unit cell (from the atomic scattering of X-rays). In
principle, once F(hkl) has been reconstructed, the electron density p at every position x, y, z
in the unit cell can be calculated. This is done by a Fourier transform, as F(hkl) is the
Fourier transform of p(xyz) of the entire unit cell. The reverse is also true, so p(xyz) can be

139

written as a function of the F(hkl)™. Using the experimentally derived information

(Equation 1), this equation can be re-written (Equation 2).

1
p(xyz) = Vzhzsz(hkl) exp[—2mi (hx + ky + 12)]

Equation 2.

p(xyz) = %Z Z z |F(hkl)| e:q:[—.?m’ (jh.x‘l. +ky; + ':) - z'a(hk:‘)]
[ b by by
| | | |

Volume of Cell Structure Factor Position of Atoms j Phases
Amplitudes

Equation 3.

A new equation (Equation 3) allows the electron density p(xyz) at every position
within the unit cell to be calculated. However, one key problem remains, and that is the
unknown phase angle of the diffracted X-rays. These values cannot be derived from the
diffraction pattern, giving rise to the phase problem, which must be solved for a successful

determination of atomic coordinates ((X;,y;,z;)) of each atom.
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1.10.3. Data Processing

The collected X-ray data needs to be processed to provide working, main X-ray
data set. The HKL200014°programme, which uses DENZO and SCALEPACK, was used to
process the data in this thesis. Initially the unit cell dimensions, indexing of the data and
determination of its Laue point group symmetry must be determined first. Indexing
comprises searching for peaks on a single diffraction image, followed by comparing the
angles and distances of the observed diffraction spots to match the relationships
characteristic for each of the seven crystal systems. The crystal system which has the
highest symmetry and best fit between the observed and predicted diffraction patterns is
chosen***. Following indexing, and refinement of the cell parameters the images are
integrated to give measured intensities of the X-ray reflections. The correct integration
includes several additional corrections, for example reflection positional refinement,
accurate assessment of the background, absorption and anisotropy resulting from crystal

shape, size and properties, etc***

. After integration, the data are scaled and if there is more
than one data set, merged as well. Scaling puts all images and symmetry equivalent
reflections on the same scale. Differences can occur here due to unequal exposures in high
and low resolution, beam decay and crystal decay***. The quality of the data is usually
assessed by checking the ratio of intensity to error of intensity <I/e(I)>, and the agreement
between symmetry related reflections, Rpege' " (Equation 4). Ry (precision indicating
merging R-factor) is an alternative, and more accurate, measure of data quality as that it

takes account of multiplicity in the data**.

[Zhr Zillichrry < Inray >|]
[Zhr Zi Lnieny |

Rmerge=
Equation 4.

The exact type of the space group (e.g. taking into account occurrence of some

systematic absences) can be adjusted at the last stage of data processing™*.
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1.10.4. Solution of the Phase Problem

1.10.4.1. Molecular Replacement

If a suitable model of a studied protein already exists (with minimum sequence
homology/similarity ca. 30%), molecular replacement is the fastest and most convenient
method to solve the phase problem for an unknown structure. An appropriate model is
chosen based upon its sequence homology or belonging to the same fold family as the
target. The non-crystallographic symmetry of the model can also be considered to account
for a particular oligomeric state of the protein. The placement of the model molecule in the
new unit cell comprises of two separate steps: rotational and translational searches'*.
Computational methods are used to search all possible orientations and positions of the
model in the new unit cell. MOLREP™ is an example of one of these programs and was
used in this thesis. The rotation step is carried out first, using Patterson maps of the known
model and unknown protein. A Patterson map is a vector map, where vectors between
atoms in the structure are represented as vectors from the origin to peaks in the Patterson
map™®. As all phases are set to zero, no prior phase knowledge is required. The rotation
function calculates the relationship between Patterson vectors of the model and unknown
structure, rotating the model until the two different maps overlap giving the best
superposition**. The subsequent translational search requires calculation when the two
molecules to overlap in real space. The simplest way to do this is trial and error approach,
where the model is moved through the whole asymmetric unit of the unknown protein, with
the comparison of the fits of F¢, and Fqps Structure factors monitored by calculation of the
R factors'** (Equation 5).

_ Yhit|1Fobs! — |Fearcl|

R
Yhktl Fobs|

Equation 5.
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1.10.4.2. Isomorphous Replacement and Anomalous

Scattering

If a suitable molecular replacement model is not available or molecular replacement
fails even with an appropriate model, then another method of solving the phase problem is
required. Isomorphous replacement is a technique that involves attaching heavy atoms such
as Hg, Pt or Au (or their compounds) to the protein by either soaking native protein crystals
in solutions of complexes of such metals, or co-crystallisation of a protein solution with
heavy atom compounds. Data sets are collected for both the native crystal and the heavy
atom ones. Since heavy atoms have a large number of electrons, there are differences in the
diffraction data that can lead to identification of heavy atom sites in the unknown structure.
Their coordinates facilitate preliminary estimation of the phases.

Anomalous scattering-based approach relies upon utilisation of so called anomalous
scattering that is especially pronounced at wavelengths similar atom absorption range.
Single wavelength anomalous dispersion (SAD) and multi-wavelength anomalous
dispersion (MAD) are two techniques used. MAD uses the same crystal with anomalous
diffraction collected at different wavelengths. SAD uses two crystals collected at a single
wavelength, with one crystal used to collect a native data, and another with a heavy atom
Since C, N and O atoms do not give strong anomalous scattering, a selenomethionine
derivative is often used when native Met side chains are replaced by SeMet amino acids on
the protein expression level. Alternatively, soaking of atoms known for their anomalous
diffraction properties (e.g. Sm) can be used here as well. The SeMet approach has a great
advantage over any soaking method as it alleviate potential changes of unit cell dimensions

(i.e lack of so-called isomorphism) upon soaking of the heavy atoms.

1.10.5. Refinement of the Model using Maximum Likelihood
Method

Following the solution of the phase problem, the process of model building and
refinement of its structure can follow. When the first model has been produced, the
calculated structure factors generally are in poor agreement with the observed structure
factors™. Refinement improves and completes the model closing the gap between the
calculated and observed structure factors. The method of refinement used in this thesis was
maximum likelihood, implemented in REFMAC™®. Maximum likelihood is a statistical

method for fitting a mathematical model to some data, by stating that the best set of
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parameters on the evidence of the data is the one that explains the observations with the
137

highest probability™’. In crystallography, this means the likelihood for a reflection is the
probability of the observed structure factor amplitude, given the current model™’. The
correlation between the data and the model is optimised by adjustment of the model to the
observed electron density. This involves changing the positional parameters and
temperature factors of all non-hydrogen atoms in the structure'®. Stereochemical
information on bond lengths, angles and Van der Waals contacts can be applied to make an
important contribution to refinement. This most commonly involves restrained refinement

where these parameters are allowed to vary around standard values, allowing easy

|139 138

movement of small parts of the model™*. Molecular graphics programmes, such as Coot
used in this work, allow manual manipulation and intervention into the model to achieve
better fit to the electron density map. Two types of calculated maps are output from
refinement, usually 2mFo-DFc map, which represents the content of the crystal, and mFo-
DFc which represents the difference between the contents of the crystal and the current
atomic model*. Refinement is monitored by calculation of the R factor and R factors.
These values measure the fit of the calculated structure factors to the observed data, where
the values will decrease as the observed and calculated structure factors agree more
closely**.

The Ry factor is a more reliable measure of the refinement quality than the R
factor, as it is calculated using a small subset of reflections (usually 5%) that are randomly
removed from the data before refinement is started. If the Ry Value is decreasing steadily
then it can be regarded as an unbiased improvement of the model™*; its increase may
suggest over-fitting of the maps. The Ry, will always be slightly larger than the R factor,

and at the end of refinement they should ideally be within a few percent of each other.

1.10.6. Structure Validation

Once a structure has been solved and refined, it is likely that it contains some errors
that have been introduced through fitting of the model to the electron density maps. These
errors have to be corrected before the structure can be published or deposited in the Protein
Data Bank (PDB). One measure of the reliability and quality of the model is the
Ramachandran Plot, where the stereochemistry of the protein main chain is investigated.
The dihedral angles of ¢ and ¥ for each residue are plotted against each other, and are
clustered into regions of preferred, allowed and outlier values'. Other measures for the

removal of errors of the model (implemented in programmes such as MolProbity**®) is
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checking residues with unusually high B factors, close Van der Waals contacts,

unfavourable or unlikely hydrogen bonds, and unusual side chain rotamers.

1.10.7. Current Approaches to X-Ray Crystallography

Modern synchrotrons allow more data set to be collected for smaller and worse quality
crystals. Diffraction images at synchrotron are collected charge couple device (CCD)
detectors. These detectors produce a charge every time photon hits the detector. The total
charge is calculated at the end of the image. CCD detectors are being replaced with
PILATUS detectors. PILATUS (pixel apparatus for the SLS) has many advantages over
CCD detectors as it uses single photon counting instead of an accumulative method in CCD
detectors. When a photon hits the PILATUS detector, it immediately produces a charge,
which is recorded if it exceeds a predetermined threshold. This results in no read-out noise
associated with the accumulative method used in CCD detectors. Due to lack of background
noise, a superior signal-to-noise ratio is achieved, and a readout time of in a range of 5 ms
(compared to 1-120 s in CCD detectors) allows data sets to be collected in a formidable
short periods of time'’.

New generation synchrotrons produce light with such a low divergence that it gives
micro-beams smaller than 10 pm**®. It has a great impact on data collection strategy as the
intra-crystal variations within one single mounted crystal can be explored. A mesh-scan
probes the diffraction quality across the entire crystal and produces a diffraction contour
map allowing the best data to be collected*.

Future developments at synchrotron beam-lines are challenging existing technological
setups. For example, crystals are currently vitrified following cryoprotection in liquid (or
gaseous) nitrogen. There are plans to locate the entire environment of an X-ray experiment
in vacuum, which should reduce the air-related absorption of X-rays and result in a more
intense and clearer image at longer wavelengths. This would require a new way of mounting
crystals. The advancements of the PILATUS-like detectors leads to development of semi-
spherical detectors that will be able detect X-rays scattered at large diffracting angles

expanding the resolution of the data even further.
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Chapter 2. High Affinity Insulin Analogues as Tools for
Insulin:Insulin Receptor Studies

2.1. Summary

The current crystal structures of insulin describe the inactive, storage form of the
hormone. The hydrophobic core of insulin contains the residues A**, A% B**? B! and
B" that are involved in binding the IR*®. Various studies have shown that the B-chain C-

72 and must move to allow the binding epitope to become exposed*®.

terminus is mobile

This chapter describes efforts that probed whether a change or modification of an amino
acid that would help induce a turn in the B20-B30 chain would expose the binding epitope,
and increase the chance of finding the active form of insulin. Subsequently novel mutations
can lead to improved insulin binding affinity’®. To achieve these series of unique semi-
synthetic insulin analogues were created to expose the binding epitope; previously
described semisynthetic methods have been employed in making of these analogues’%**°,

As the result high affinity (~200-500%) analogues truncated at B* were produced to
explore the nature of the transition of the B-chain C-terminus. The high affinity analogues
presented in this chapter show a structural convergence in the form of a new B-turn in the B-
chain at position B%, the B26 turn. The formation of the B26 turn at B**-B? is associated
with the trans-to-cis isomerisation of the B®*-B?® peptide bond, which is initiated by the N-
methylation of B®. This turn and the resulting high affinity associated with these analogues
is in agreement with the literature. With this I propose that the B26 turn is the active
conformation of insulin upon binding to the IR.

Subsequently, click-chemistry was used to create a cross-linked analogue that is
permanently fixed in an active conformation. The 1,2,3-triazole ring chemically links side
chains in an aim to mimic the B26 turn. A longer cross-link causes structural rigidity, which
obscures the binding epitope and causes a greatly reduced binding affinity (0.13%).
Shortening the cross-link reduces the rigidity and results in a binding affinity close to WT
insulin (101.5%).

The resulting conformation arising from the presence of the B26 turn causes the
previously buried amino acids, important in IR binding to become unmasked. High affinity
analogues provide key structural details vital for a new approach in the design of future

insulin analogues.
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2.2. Crystallisation, Structure Determination and Refinement of
Insulin Analogues to Probe the Active Conformation of

Insulin

The insulin analogues crystallised and studied in this chapter are displayed in Table 4 with

their sequence change from WT insulin illustrated along with their binding affinity.

Table 4. A comparison of insulin analogues structure and their relative receptor
binding affinity.

Changes in the B-chain sequence are indicated in bold. [NMeXaaB"]: methylation of the N-
peptide atom preceding Xaa B" amino acid; -NH, : C-terminal carboxy amide.

B-Chain Position 24 25 26 27 28 29 30 Affinity
WT: F F Y T P K T 100
[NMeAlaB2¢]-DTI-NH, F F MeA-CONH, 465
[NMeAlaB26]-insulin F F  MeA T P K T 21
[NMeTyrB26]-insulin F F MeY T B K T 21
[D-ProB2¢]-DTI-NH, F F D-P- CONH, 356
[NMeHisB?¢]-DTI-NH, F F MeH-CONH, 214

B26

Insulin analogue [NMeTyr>*"]-insulin was dissolved in 20 mM HCI to a

concentration of 10 mg/ml. The best crystal identified from the screening was obtained from
drops equilibrated 1:3 (protein:well) in well solution consisting of 0.055 M Na,SO, pH 3.0
(0.5 ml well volume), and grown at 21°C. The crystal was flash-cooled in liquid nitrogen

without any cryoprotection. The X-ray data were collected at ESRF on station D29, and

140 B26
0

processed using HKL2000"". The crystal structure of [NMeTyr>="]-insulin was solved by

143

molecular replacement using default settings in Molrep ™. The search model consisted of a

b151

truncated model of monomeric insulin 1mso.pdb™", which involved the removal of residues

B'-B° and B*-B*. Subsequent manual model building and refinement with Coot™* and 10
cycles of REFMAC5™, resulted in a final model which was validated by MolProbity**°,
Data collection, reduction and refinement statistics are detailed Table 5. Crystal conditions
are documented in Table 6.

The other insulin analogues were crystallised (in monomeric form), and had their

structure determined and refined as per [NMeTyr®*

1-insulin. The differences in the crystal
conditions and data collection, reduction and refinement conditions are detailed in Table 6

and Table 5 respectively.
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Table 5. Data collection, reduction and refinement statistics for monomeric

insulin analogues.

[NMeAlaP**]-DTI-

[NMeAla®**]-insulin

[D-Pro®*]-DTI-NH,

[NMeTyr®?]-insulin

NH, pH 3.0 monomer
PDB code 2wru 2Wrx 2wrw 2ws1
Data collection Beamline ESRF, ID23-1 ESRF, ID14-1 ESRF, ID14-2 ESRF, ID29
Wavelength (A) 1.071 1.0723 0.9330 0.9762
Space group 14,22 P4;,2:2 14,22 14,22

Cell dimensions
a, b, c(A)

a, B,y (°)
Resolution (A)

Rsym
1/ ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran statistics
(%)
Preferred/Allowed/Outliers

38.738.7123.1
90.0 90.0 90.0

50-1.57(1.63-1.57)

0.057(0.162)
23.0(11.0)
95.0(61.6)
10.6(2.0)

37.0-1.57
6339
0.179/0.255
438
376
8
61

211

347

18.8
0.022
1.744

97.2/2.8/0

39.239.2124.9
90.0 90.0 90.0
30.0-1.50(1.55—
1.50)
0.063(0.469)
9.2(5.5)
94.6(60.5)
13.4(L5)

37.4-1.50
14801
0.180/0.250
862
760
1
101

35.2

354

30.2
0.023
1.980

94.0/4.8/0

39.439.4123.9
90.0 90.0 90.0
50.0-2.41(2.45-
2.41)
0.055(0.217)
14.6(9.2)
98.5(98.1)
6.0(5.0)

25-2.41
1977
0.236/0.300
385
259

2-6
23.8
22.5
0.017
1.632

95.24/4.76/0

38.238.2124.0
90.0 90.0 90.0

30.0-1.5(1.53-1.50)

0.051(0.424)
19.2(9.5)
95.1(52.2)
9.1(5.5)

30-1.6
6145
0.184/0.247
445
404

4-1
215
28.3
0.022
1.707

100.0/0/0
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[NMeHis®?]- Cyclo[G- Cyclo[GFFY-
DTI-NH, PrgFYTPK(N3)T]- Pent(N3)-P-G-Prg]-
insulin insulin
PDB code 2wrv
Data collection Beamline ESRF, ID14-2 Diamond, i03 ESRF
Wavelength (A) 0.9330 0.9763 0.8726
Space group 14,22 P2,2,2 P3;
Cell dimensions
a,b, ¢ (A) 392B2 55.4 56.9 60.0 61.0 61.0 82.0
o, B,y °) 90.090.0 90.0 90.0 90.0 90.0 90.0 90.0 120.0
Resolution (A 27.0-
* 215(2.19-  27.72-1.57 (1.61-157) 50'00'11'5’:) (1.57-
2.15) :
Reym 0.067(0.269) 0.079 (0.309) 0.068 (0.488)
I/ol 14.5(6.8) 11.9 (2.3) 7.5(3.6)
Completeness (%) 97.8(97.4) 82.4 (40.1) 100.0 (100.0)
Redundancy 7.2(7.0) 59(3.2) 5.7 (5.7)
Refinement
Resolution (A) 37.34-2.15 27.72-1.57 52.82-1.54
No. reflections 2686 21129 48163
Ruork / Riree 0.199/0.277 0.203/0.265 0.167/0.207
No. atoms 413 1778 2968
Protein 367 1491 2492
Ligand/ion 1 15 95
Water 45 272 381
B-factors
Protein 20.6 18.759 18.690
Ligand/ion 30.0 31.611 12.603
Water 21.1 30.671 31.727
R.m.s. deviations
Bond lengths (A) 0.021 0.025 0.033
Bond angles (°) 1.677 2.141 3.081
Ramachandran statistics
(%)
Preferred/Allowed/Outliers  90.48/9.52/0 96.9/3.1/0 98.7/0.4/0.9

Table 6. Crystal conditions for monomeric insulin analogues.

[NMeAla®®*]-  [NMeAla®*]- [NMeTyr®%]-  [D-Pro®®]-  [NMeHis®*®]-
DTI-NH, insulin insulin DTI-NH, DTI-NH,
0.32M 0.18 M 0.055M 0.015M 0.1M NaCit,
Na,SO,, pH LizSO4, Na,SO, Cs,S0, 0.3M Tris
. 3.0 0.1 M NaAc pH 3.0 pH 3.0 pH8.2, 0.6
Well Condition
pH 3.0 mM ZnAc,
0.06%
phenol
Drop Ratio
) 1:3 1:3 1:3 1:3 1:3
(Protein:Well)
Temperature 21°C 21°C 21°C 21°C 21°C
Cryoprotectant None None None None None
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2.3. The Formation of a Unique B-Turn in High Affinity

Analogues

The most potent (465%) insulin analogue [NMeAla®**]-DTI-NH, which contains a N-

methylation at position B* with the B-chain truncated after the Ala®%°

, was crystallised as a
monomer revealing a new conformation in the B*-B® position. This feature resembles a
type II B-turn at Phe®*-NMeAla®?, referred to here as the B26 turn (Figure 25). Within this
turn a cis conformation of the Phe®**-NMeAla®? peptide bond is formed, causing the B-
chain residues B-B* to move away from its usual position seen in WT dimers and
hexamers, exposing the insulin binding epitope. The B26 turn in stabilised by the presence
of a 2.8 A hydrogen bond that is formed between the CO group of the B? residue and the
NH, terminus of the B® position, which mimics the main chain NH. The hydrogen bond
that is formed between the i and i+3 residues results in the truncated B-chain C-terminus
pointing away from the main receptor binding epitope. This confirms previous work which
showed that the flexibility of the B-chain C-terminus” is required during the induced-fit

hypothesis upon binding to the IR*® to expose the hydrophobic core™"”.

The B26 turn causes a structural re-arrangement of the B-chain. A rotation of the Phe®%
side chain occurs, which results in an overhang of the A-chain part of site one (~7.7 A from

11e”%) (Figure 26). This rotation is in contrast to Phe®*

, which remains in place. Along with
the B26 turn the A-chain N-terminal helix rotates by ~40°, causing a displacement of ~3 A.
Tyr™? is shifted by 2.9 A, enabling a hydrogen bond to be formed with GIn”®, which results
in the non-polar receptor binding surface being extended (Figure 26). The crystal structure
of [NMeHis®?°]-DTI-NH,, another highly active insulin analogue (214%), contains the same
geometries (Cp of both are only 0.3 A different from each other) and have the same

hydrogen bond network.
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Figure 25. Structural features of crystallised insulin analogues.

(A) An overlay of the general fold of crystal structures of the highly-active and other
insulins: Red: wild-type insulin, Cyan: [NMeAla®*]-DTI-NH,, Purple: [NMeHis®*®]-DTI-
NH,, Green: [D-Pro®?*]-DTI-NH,, Coral: [NMeTyr®**]-insulin, and Yellow: [NMeAla®*]-
Insulin. (B) A close-up view of the B26 turn in the most representative analogues: Green:
wild-type, Cyan: [NMeAla®**]-DTI-NH,, Yellow: [NMeAla®®*]-insulin, and Coral
[NMeTyr®%]-insulin. Oxygen atoms in red and nitrogen in blue. W — water molecule,
hydrogen bonds (dashed lines) lengths in A, and Me — methylation.

B26 turn

B24 B21

Figure 26. The main structural changes in insulin upon activation.

Human insulin (red**") and [NMeTyr®?*]-insulin (coral), which is isomorphous to the
highly-active [NMeAla®?°]-DTI-NH,. Magenta Star-Phe®* side-chain structural pivot
point, Red Star — Phe®® main chain structural pivot, Black Star — lle** Ca: main chain pivot
point, Green Star — Tyr “*° shift and formation of a hydrogen bond (dashed lines) with
GIn®, Blue Star — rotation of Al helix, Cyan Star — translation of the Al helix”. Oxygen
atoms in red and nitrogen in blue.
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The analogue [D-Pro®*]-DTI-NHs is also a high affinity (359%) insulin analogue
that possesses the B26 turn (Figure 27). The D-Pro mimics the cis Phe®-Xaa®% N-
methylated peptide bond in the B26 turn. The i+3 B-turn hydrogen bond is not formed here
(CO'-NH™ distance ~4.00 A), although the D-Pro causes the B-chain C-terminal CONH, to
adopt a conformation and position similar to the analogues with B26 turn. The C-terminal
NH, group is displaced ~1.1 A from hydrogen-bonded equivalents in other highly active
analogues.

The structures presented here suggest the conservation of specific structural features
that may be present in WT insulin upon binding to the insulin receptor. The high affinity
insulin analogues may convey an active structural conformation that allows the buried
biologically important residues to be exposed, allowing insulin:IR binding. Although the
structures presented here are not WT insulin, the information extracted from these structures
gives indirect information about the active motif of insulin.

The formation of the i+3 hydrogen bond in the high affinity analogues is one of the
most important events to occur during activation of the insulin molecule (Figure 25). This
formation causes other hydrogen bonds to be created (Figure 25), which results in a strong
hydrogen bonding network, further stabilising the B26 turn.

The most striking piece of information from the structures is the B26 turn, which is

B25 B26

caused by the trans-to-cis isomerisation of the Phe
the strong 2.8 A hydrogen bond between Phe®**(C0O)-Thr®?’(NH) indicates that the

formation of the B26, or a turn similar to that seen here, is more than likely the preferred

-Tyr==" peptide bond. The presence of

direction for the movement of the C-terminus of the B-chain following detachment of the

Tyr®2°-Thr®% region. Chemical crosslinking of Gly** and Lys®*

produces a crystal
structure and displays assembly properties very similar to that of WT insulin, despite these
similarities the cross linked insulin was biologically inactive®. This implies that upon
binding of insulin to the IR, the C-terminus of the B-chain must move away, exposing the
hydrophobic core®®. This research suggests that it is the requirement for the C-terminus of

the B-chain to be rearranged, as per the B26 turn, for IR binding to occur.
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Figure 27. The B26 turn and B26-like turn in truncated analogues.

Super positioning of the B#-B% region in [NMeAla®?*]-DTI-NH, (carbons in cyan), [D-
Pro®°]-DTI-NH, (carbons in green) and [NMeHis®*]-DTI-NH, (carbons in purple). The
dashed line indicates the COB*-NHB?® hydrogen bond in [NMeAla®**]-DTI-NH, which is
characteristic of the B26 turn. Oxygen atoms in red and nitrogen in blue.
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2.4. The Appearance of the B26 Turn in Full Length Insulin

Analogues

The two insulin analogues described previously are truncated in the B-chain after the
B2 position, whilst the capabilities of full length analogues have not been investigated.
Both [NMeTyr®*]-insulin and [NMeAla®**]-insulin have a binding affinity of 21%, despite
the possession of the B26 turn and the structural characteristics seen in the truncated
analogues (Figure 28). The B26 turn in the full length analogues contains the same i and
{+3 hydrogen bond between the CO in Phe®** and NH in Thr®?" with a bonding distance
(~3.0-3.3 A [NMeTyr®*]-insulin). In the full length analogues the Thr®*’ peptide bond NH
groups are in an equivalent spatial position to that of the NH, group in the CONH, terminus,
making hydrogen bond formation possible. In a typical type II f-turn, the C*-C*** distance
is ~7 A, in the full-length analogues the C*“-C*“** distance is ~6 A, which makes hydrogen
bonds more likely to form. The C-terminal region of the B-chain is well defined (Lys®**-
Thr®® are disordered), following the direction forced by the B26 turn, allowing the full
exposure of binding site one in insulin (Figure 28). The B26 turn is further stabilised in this
conformation by the formation of additional hydrogen bonds between Phe®** CO with the —
OH in the side chain of Thr®’, and water molecules. [NMeTyr®*]-insulin was also
crystallised in hexameric form, showing that despite the presence of the NMe group on
residue B?, it is still capable of forming a hexamer. The full length analogue [NMeAla®*]-
insulin was unable to be crystallised as a hexamer, only as a monomer, indicating that the

change of the amino acid removes an important interaction in the dimer interface.
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Figure 28. The B26 turn in full length insulin analogues.

A view of the B*-B* region of two insulin analogues forming the B26 turn. [NMeTyr
insulin (C-atoms in coral) and [NMeAla®?*]-insulin form the B26 turn with an i+3 hydrogen
bond (3.0A and 3.3A), which is comparable to the 2.8A seen in the highly active analogue
[NMeAla®%]-DTI-NH,. Oxygen atoms in red and nitrogen in blue.

B26] _
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2.5. The Structural Signatures of Active Insulin Analogues

Both truncated and full length analogues, showing high affinity, possess a novel
conformation in the N-terminus of the B-chain. Working from C to N-terminus, the main
chain follows the path taken by the T-state of insulin, until the Ca in His®, at which point it
deviates. A pseudo type II B-turn (Figure 29) is formed, which is stabilised as in the C-
terminus, by a i+3 hydrogen bond (3.0 A) between the NH in the main chain of His® (i+3)
and the side chain of Asn®?. Further stabilisation is achieved by a hydrogen bond (3.0 A)
with the N&2 in Asn®%. The importance of the B® side chain in this unique formation is
further reinforced by the close proximity (~3.3 A) of the N31 of His® to the main chain C
in Thr*®. This deviates from the T-state B-chain N-terminus causing the network of
interactions between A- and B-chain to become almost entirely destroyed, leaving only the
NHB® — COA® bond (2.8 A).

T-state

BS

R-state

B19

B1 B8

Figure 29. The unique conformation of high affinity insulin analogues at the B-
chain N-terminus.

A representation of the pseudo p-turn at the B-chain N-terminus from [NMeAla®**]-DTI-
NH, (C-atoms shown in cyan). All atoms are shown for B-B®, and a Ca trace for B®-B*.
The Ca trace of insulin in the T-(red trace) and R-states (blue trace) are derived from
1mso.pdb and 1znj.pdb respectively. Oxygen atoms in red and nitrogen in blue.
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The three-dimensional structural traits presented here show the conservation and
convergence of key structural elements across multiple analogues. The elements discussed
here may be those present when insulin becomes active upon IR binding, or during an
activation process. The structures present a conformation of what I believe to be the

active/activated insulin conformation, although the evidence is indirect. The B26 turn is

B25 B26

associated with the trans-to-cis isomerisation of the Phe™”-Tyr™*" peptide bond, which
results in the most striking structural feature of the active/activated form of insulin. Another
critical structural feature of the B26 turn is the formation of a hydrogen bond between
Phe®** (CO) and Thr®" (NH). This hydrogen bond is likely to be critical to the stability of
the turn, as when the B* CO group is reduced to CH,, the insulin molecule loses its
activity'®?. NMR shows that the potent [D-Ala®%°]-DTI-NH, analogue®*® has mobility in the
B? region, indicating that the formation of the B26 turn can easily be achieved.

These structures and observations led to the proposal that for binding of insulin to the

IR to occur, the C-terminus of the B-chain (Tyr®?°-Thr®*%) must be detached allowing the

B25 B26

B26 turn to be formed along with the trans-to-cis isomerisation of the Phe™=-Tyr"=" peptide
bond. This theory is consistent with the induced-fit theory and peptide bond
isomerisation®***, Detachment of the C-terminus exposes the hydrophobic core of insulin,
so the protein environment supplied by the IR must be involved in the stabilisation of the
insulin molecule. Due to this detachment and isomerisation, structures of high affinity
analogues are more representative of the conformation that insulin adopts upon binding to
the IR, than of the native hormone in its storage form. If these structural changes and re-
arrangements are correct, this indicates that the IR acts as a chaperone in the activation of
insulin®, especially for the trans-to-cis isomerisation.

A striking structural feature is the invariance seen in the Ca in all of these structures.
The re-arrangement of the B-chain and the concerted changes seen in the N-terminal A-
chain helix cause a large hydrophobic area (consisting of Gly**, le”?, Val®® and Tyr**) to
be exposed for direct interactions with the IR (Figure 26). In receptor binding, the
importance of 1le”? is illustrated by it being completely exposed on the large hydrophobic
area. The structural conservation of the Ca in Tle”? suggests that it may act as a pivot point

for the A-chain during activation. The A-chain IR-binding surface is further stabilised by the

A19 A10

movement of Tyr**® to form a hydrogen bond with GIn”®. The movement of Tyr*™° causes a
transformation of the Gly"**-1le*2-Val®® hydrophobic surface into a binding epitope.

It has been shown that Phe®** and Phe®® play key structural roles in insulin activity",
which is confirmed by the structures of the high affinity insulin analogues presented here. In

WT insulin and all other insulin analogues the aromatic ring of Phe®

is spatially invariant,
which is in contrast to the high affinity analogues that possess a ~90° rotation of Phe®?.

This causes an overhang of ~7 A of the A-chain over the binding epitope. Although there is
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B25

considerable movement of the side chain, the Phe™ Ca position is well conserved in a

B24

variety of analogues. This observation further reinforces the need of Phe™" to assist the

detachment of the C-terminus of the B-chain in a stereo-specific manner’’. The importance

B24

and role played by the Phe™" side chain leads to it being described as an important pivot
point during the activation of the insulin molecule (Figure 26). The ability of Phe®® to be
the initiation point for the formation of the B26 turn relies upon the structural stability of the
Phe®* side chain. The Phe®® side chain is anchored by a hydrophobic cavity, lined by
residues Leu®", Val®?, Tyr®'® (whose side chains seal off the cavity by collapsing into it
during activation) and Cys®". This is then further complemented by the spatial stability of
Phe®® Co, which allows this and Phe®? to act as an anchor, enabling the pivot to cause the
formation of the B26 turn, and therefore IR binding.

Along with the structural convergence seen in the B**-B? region of the highly-active
analogues, there is also a consistent presence of a unique B*-B® pseudo B-turn in the high
affinity analogues. This causes the N-terminus of the B-chain to be in a conformational state
between that of the T- and R-states.

The high affinity analogues described here present an interesting insight into structure-
function relationship, not only of the whole active conformation, but also of the local
structures that can be involved in binding of insulin to the IR. When insulin becomes

activated, the B26 turn, along with Phe®*

causes a hydrophobic knob to form along with the
A-chain epitope. This forms a highly hydrophobic IR-binding cleft lined with Leu®", Leu®"
and Val®? side chains. The shape of the cleft is reminiscent of a hydrophobic hand that
ensures a good grip on the receptor, the thumb (Phe®® and the B26 turn), a hydrophobic
palm (Leu®®, Leu®", Val®*?) and hydrophobic fingers (Tyr*®, Gly*!-1le* and Val™®).

The high affinity insulin analogues presented here show unique molecular features and
structural elements in the conformational landscape of the insulin molecule. These give

appreciable insight into the activation and the active form of insulin.
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2.6. Application of Click Chemistry in the Development of Novel

Insulin Analogues

Astructural re-arrangement of the C-terminus of the B-chain®">"’

exposes the binding
epitope of insulin, allowing effective binding of the IR. Cyclo[G-PrgFYTPK(N;)T]-insulin
was designed to mimic the conformation seen in high affinity analogues such as
[NMeTyr®*]-insulin, by fixing the B26 turn-like conformation by chemically cross-linking
amino acid from the B20-B30 region”.

The Cyclo[G-PrgFYTPK(Ns)T]-insulin was crystallised as a tetramer of two
dimers, which are not related along the normal dimer interface.. The low binding affinity
(0.13%) of Cyclo[G-PrgFYTPK(Ns)T]-insulin can be explained by the structure at the B-
chain C-terminus of the analogue. The B26 turn is not present in Cyclo[G-
PrgFYTPK(N3)T]-insulin (Figure 30). The chemical cross-link causes conformational and
structural rigidity, which results in the conversion of the B*-B% peptide bond from trans-to-

cis being impossible.

A

Figure 30. An overview of the structure of Cyclo[G-PrgFYTPK(N3)T]-insulin.

Left: An overview of Cyclo[G-PrgFY TPK(N3)T]-insulin, against T-state insulin (shown in
blue, PDB used was 1mso.pdb) and [NMeTyr®*]-insulin (shown in red). Right: The C-
terminus of the B-chain Cyclo[G-PrgFYTPK(N3)T]-insulin, against T-state insulin (shown
in blue, PDB used was 1mso.pdb) and [NMeTyr®**]-insulin (shown in red). Oxygen atoms
in red and nitrogen in blue.
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The conformation adopted by B?® and B protrudes towards the insulin binding
epitope. This structure results in the limited exposure of the binding epitope to the IR, which
is reflected in the reduced binding affinity.

It is possible that tethering residues in the B?-B*’ region may cause conformational
rigidity in insulin, which reduces its ability to bind to the IR. Photo cross-linking studies
have found that the active form of the insulin B-chain C-terminus may be an extended f3-
strand which inserts itself between different subunits of the IR”’. Conformational locking of
this section of insulin eliminates the possibility of such a transition occuring.

Cyclo[GFFY-Pent(N;)-P-G-Prg]-insulin was crystallised as a hexamer, similar to
the R-state of WT insulin (Figure 31), which explains the almost native binding affinity,
101.5%. The chemical cross-link at the B-chain C-terminus causes a small nodule to be
formed. This structure was stabilised by a weak hydrogen bond between COB*’ and NHB™.

Figure 31. The cross-link of Cyclo[GFFY-Pent(N3)-P-G-Prg]-insulin.

Cyclo[GFFY-Pent(Ns)-P-G-Prg]-insulin is shown in green and R-state insulin is shown in
red. PDB used was 1znj.pdb. Oxygen atoms in red and nitrogen in blue.

The structural rigidity induced by the cross-link in Cyclo[G-PrgFYTPK(N3)T]-insulin
caused a vastly reduced binding affinity (0.13%). The same structural rigidity caused by the
chemical cross-link in Cyclo[GFFY-Pent(N3)-P-G-Prg]-insulin produced a slightly raised
binding affinity (101.5%), as it does not interfere with the structural re-arrangement of the

C-terminus of the B-chain required for binding to the IR.
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2.7. Conclusion and Future Use of Click-Chemistry in the

Development of Insulin Analogues

The aim behind creating chemically cross-linked insulin analogues was to artificially
maintain the structural conformation seen in the high affinity insulin analogues such as
[NMeTyr®®]-insulin. The conformational rigidity seen in Cyclo[G-PrgF Y TPK(N3)T]-
insulin is a result of the chemical cross-link between residues B** and B, preventing the
formation of the B26 turn. This causes the binding epitope to be partially masked,
impairing IR binding. These two factors combined result in the low binding affinity. These
structural features act upon binding affinity along with the chemical effect caused by the
positive charge of the triazole ring, which is in contrast to the hydrophobic environment
present in WT insulin. The 1,2,3-triazole ring at the centre of the chemical cross-link in
Cyclo[G-PrgF Y TPK(N;)T]-insulin introduces a positive charge, where in WT insulin Phe®%*
has a neutral charge and forms part of the binding epitope®. It is believed that B** interacts
with the leucine-rich repeat of the IR®, and is part of a hydrophobic surface. The chemical
difference observed by the IR upon binding may be the reason that the binding affinity is
reduced.

Cyclo[GFFY-Pent(N3)-P-G-Prg]-insulin shows very high structural symmetry with the
R-state seen in WT insulin. The cross-linked C-terminus of the B-chain causes a nodule to
form that is further stabilised by a weak hydrogen bond. Due to the location of this nodule,
away from the B? position, the B26 turn can still form and allow binding to the IR".

The chemical cross-link for Cyclo[G-PrgFY TPK(N3) T]-insulin created negative effects
such as structural rigidity and a partial obscuring of the binding epitope. The location of the
cross-link in Cyclo[GFFY-Pent(N;)-P-G-Prg]-insulin allows the B26 turn™ to form upon
binding with the IR, meaning that the binding epitope would not be obscured. Structural
rigidity in the nodule caused by the cross-link reduces the overal flexibility in the C-
terminus of the B-chain. The nodule acts as a handle for the IR to “grab onto” during
binding to negate any negative effect and effectively restore binding affinity.

The ability to fix the B-chain C-terminus into a conformation resembling the B26 turn
would require further design to reduce the negative effects seen in Cyclo[G-
PrgFYTPK(N3)T]-insulin and to a lesser effect Cyclo[GFFY-Pent(N3)-P-G-Prg]-insulin.
Structural flexibility in the C-terminal region is important for the re-arrangement of the
region upon binding to the IR, therefore inserting a cross-link would require the formation
of a structured turn similar to the B26 turn, whilst still maintaining structural flexibility in

this region.
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Chapter 3. The Role of Residues B24 and B26 in Insulin Dimer
Formation and Hormone Activity

3.1. Summary

Insulin residues B%*-B% of the B-chain C-terminus play key roles in the interactions
with the IR, as well as in insulin self-association into dimers.
The role of Phe®?*, Phe®” and Tyr®? in dimer formation have been studied

previously™

, although the individual contribution of each amide hydrogen has not been
fully established. The work described in this chapter addresses two outstanding issues
concerning the role of B24 and B26 sites: (i) the role of B*/B* main chains in the stability
of the dimer interface, and (ii) the role of the Phe®** Tyr®* side chains in insulin activity.

196,157 s also

The C-terminus of the B-chain of insulin, along with its role in IR binding
responsible for the formation and stabilisation of insulin dimers. The dimerisation of insulin
is biologically important as it is vital step in the storage and bloodstream delivery of the
hormone?*™, Dimerisation occurs by the formation of an anti-parallel f-sheet between the
B-chain C-terminal segments of two insulin monomers*>®**, These secondary structures
are stabilised four reciprocal but complementary hydrogen bonds that are formed between
the carbonyl oxygen of Tyr®?® (Phe®?") of the first molecule, to the amide hydrogen of
Phe®?* (Tyr®®) in the opposite molecule (Figure 32). The amide hydrogen of Phe®® forms a

hydrogen bond with the carbonyl Tyr**®. Both molecules are linked by two-fold symmetry.

B27 |
| B25 B24
—, B26 Sl - / e
V‘ 1 / \
‘ 2.6 A : ‘- /
£V TR 26A 3A
/ : l | j
/ \ :
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B21 / B24 B25s | B26

| B27

Figure 32. The hydrogen bonding network at the insulin dimer interface.
Carbon atoms in green, oxygen - red and nitrogen - blue.

B24

The second part of this chapter focuses on the two amino acids Phe®* and Tyr®*® and

the role of these side chains and their conformations. The aromatic residues Phe®?* and

B26

Tyr>? are invariant and believed to be involved in the first contact upon binding between

insulin and the IR, with each having its own contribution in insulin:IR interactions'® ™. The
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B24 B26

replacement of Phe™" or Tyr-=" produces analogues with a wide range of activities. When

Phe®*is replaced by an L-amino acid (except Gly), the analogues possess low binding

100

affinities and biological activity. Whilst the incorporation of any D-amino acid (side

chain independent), yields enhanced analogues with increased binding affinity in most

150,153

cases , except D-Pro. The replacement of Tyr®? displays less extreme effects on their

binding affinity, with Trp®**-insulin’ displaying 18%, and Glu®**-insulin showing 125%"'%

(compared to WT insulin).
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3.2. Crystallisation, Structure Determination and Refinement of
Insulin Analogues to Probe the Role of Residues B24 and B26

The insulin analogues crystallised in this chapter are displayed in Table 7 with their
sequence change from WT insulin illustrated along with their binding affinity.
Table 7. A comparison of insulin analogues structure used in this chapter and
their relative receptor binding affinity.

Changes in the B-chain sequence are indicated in bold. [NMeXaaB"]: methylation of the N-
peptide atom preceding Xaa B" amino acid; -NH, : C-terminal carboxy amide.

B-Chain Position 24 25 26 27 28 29 30 Affinity
WT: F F Y T P K T 100
[NMePheB235]-insulin F MeF Y T P K T 0.2
[NMeTyrB26]-insulin F F Me Y T P K T 21
[TyrB26, NMePheP26,LysB28 ProB29]-insulin =~ F Y MeF T K P T 4
[PheB26]-insulin F F F T P K T 46
[HisB24]-insulin H F Y T: P K T 1.5
[AsnB2¢]-insulin F F N T P K T 83

Insulin analogue [NMePhe®*®

]-insulin was dissolved in 20 mM HCI to a
concentration of 10 mg/ml. The best crystal identified from the screening was obtained from
drops equilibrated 1:3 (protein:well) in well solution consisting of 0.6 M Na,SO,, 0.3 M
Tris pH 8.2, 0.6mM ZnAc, 0.06% phenol (0.5 ml well volume), and grown at 21°C. The
crystal was flash-cooled in liquid nitrogen without any cryoprotection. The X-ray data were
collected in house on a Rigaku RUH3R with a MAR345 detector, and processed using
HKL2000*°. The crystal structure of [NMePhe®?*]-insulin was solved by molecular

143

replacement using default settings in Molrep™”. The search model consisted of a truncated

model of hexameric insulin 1znj.pdb, which involved the removal of residues B*-B° and

B#-B*. Subsequent manual model building and refinement with Coot**

and 10 cycles of
REFMACS5', resulted in a final model which was validated by MolProbity'*®. Data-
collection, reduction and refinement statistics are detailed Table 8. Crystal conditions are
documented in Table 9.

The other insulin analogues that were crystallised as hexamers had their structure

determined and refined as per [NMePhe®?

1-insulin. For crystals of monomeric insulins the
molecular replacement was conducted using a truncated (removal of residues B'-B°® and B*-

B**) model of monomeric insulin 1mso.pdb**!. The differences in the crystal conditions and

72



data collection, reduction and refinement conditions are details in Table 9 and Table 8

respectively.

Table 8. X-ray date and refinement statistics for the insulin analogues used in this

chapter.
[NMeTyr®%]- [Tyr®® NMePhe®™ Lys®® Pro®®]-  [NMePhe®2]-
insulin hexamer insulin insulin
PDB code 2ws6 3zs2 3zqr
Data collection Beamline In-house
ESRF, ID23-1, ADSC Q315 ]
ESRF, ID14-1 MAR345, Rigaku
detector
RUH3R
Wavelength (A) 0.9340 1.0712 1.54178
Space group P2, P2, P2,
Cell dimensions
a,b,c (A) 58.7 61.9 47.3 46.7 62.2 57.6 46.6 61.8 58.2
o, B,y (°) 90.0 111.990.0 90.0 111.3 90.0 90.0 111.2 90.0

Resolution (A)

Reym
<l/ocl>
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruork / Reree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran statistics

(%)

Preferred/Allowed/Outliers

40.0-1.50(1.55-
1.50)
0.048(0.479)
11.7(5.0)
99.8(99.9)
3.9(3.0)

40.0-1.50
47779
0.150/0.199
2775
2523
6
246

22.3
31.9
30.2
0.025

2.173

98.6/1.4/0

30.0-1.97 (2.04-1.97)

0.109 (0.205)
135 (8.5)
90.2 (61.7)
2.3 (15)

50.0-2.60
18615
0.188/0.240
2440
2244
46
150

36.4
321
46.6
0.019

1.72

99.2/0.8/0

20.0-1.9 (1.93-
1.90)
0.047 (0.164)
16.3 (10.0)
95.3 (74.7)
3.2(2.0)

20.0-19.0
22062
0.223/0.281
2460
2250
46
164

38.17
29.64
39.10
0.022

1.838

95.6/4.4/0
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[His®?*]-insulin

[Asn®?]-insulin

[Phe®%®]-insulin

monomer
PDB code
Data collection Beamline Diamond i24 Diamond, i02 ESRF id232
Wavelength (A) 0.9686 0.9795 0.8726
Space group 1422 P4,2,2 P2:2:2,
Cell dimensions
a, b, c(A) 57.557.556.2 45.6 45.6 90.0 43.945.851.3
o B,y (°) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Resolution (A) 40.62-1.70 (1.76-  45.63-1.81 (1.85-  50.00-1.60 (1.63-
1.70) 1.81) 1.60)
Reym 0.157 (0.559) 0.11 (0.817) 0.092 (0.467)
<l/ol> 10.2 (4.1) 19.1 (4.2) 5.2 (2.9)
Completeness (%) 99.6 (95.0) 99.0 (99.6) 100 (100)
Redundancy 6.5 (6.0) 14.2 (15.6) 7.1(7.2)
Refinement
Resolution (A) 40.62-1.70 36.06-1.81 34.15-1.59
No. reflections 5182 11459 13606
Ruwork / Réree 0.179/0.217 0.185/0.238 0.163/0.202
No. atoms 340 936 998
Protein 300 813 802
Ligand/ion 5 5 15
Water 35 118 181
B-factors
Protein 32.562 19.241 10.556
Ligand/ion 41.190 12.582 37.221
Water 50.511 28.677 23.131
R.m.s. deviations
Bond lengths (&) 0.025 0.028 0.024
Bond angles (°) 2.543 2.081 2.388
Ramachandran statistics
(%)
Preferred/Allowed/Outliers 94.4/5.6/0 98.6/1.4/0 98.9/1.1/0
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Table 9. Crystal conditions for the insulin analogues used in this chapter.

[NMeTyr®®]-  [Tyr®® NMePhe®? Lys®? Pro®®]-  [NMePhe®”]-
insulin hexamer insulin insulin
0.3 M Tris pH 0.1M NacCit, 0.3M Tris pH 8.2, 0.6M Na,SO,,
" 8.2,0.1 M NacCit, 0.6mM ZnAc, 0.06% phenol 0.3M Tris pH 8.2,
Well Condition
0.02% ZnAc, 0.6mM ZnAc,
0.06% phenol 0.06% phenol
Drop Ratio
) 1:3 1:2 1:2
(Protein:Well)
Temperature 21°C 21°C 21°C
Cryoprotectant None None None
[His®**]-insulin [Asn®®l-insulin  [Phe®®]-insulin
monomer
2M NaCl, 3M Urea, 0.15M (NH,"),S0, 0.15M Na,SO,
0.1M phosphate pH 3.0 pH 3.0
Well Condition buffer pH 6.5, 6mM
ZnAc, 0.5%
resorcinol
Drop Ratio
) 1:3 1:3 1:3
(Protein:Well)
Temperature 21°C 21°C 21°C
Cryoprotectant None None None
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3.3. The Physical-Chemical Properties of Insulin in Various

Association States

The role of the amino acids at positions B*, B and B® in dimer formation was
elucidated here by the characterisation of several novel full-length insulin analogues that
each has N-methylated peptide bonds at these positions. The dimerisation capability of each
insulin analogue was determined was determined in collaborators’ laboratory in Institute of
Organic Chemistry and Biochemistry (IOCB), in order to identify contribution of amide
nitrogen of each of these amino acid towards insulin association. WT insulin (capable of
forming dimers) and des(B**-B*) octapeptide (DOI, incapable of dimer formation*®) were
used as references for the dimeric and monomeric forms of insulin respectively.

The ability of an insulin analogue to dimerise was measured by ITC dilution
measurements that detect heat energy changes upon the dissociation of insulin dimers
(Table 10)**°. Human/porcine insulin and DOI were used as references for normal and non-
dimerisable insulin respectively.

Table 10. ITC analysis of dimerisation capabilities of insulin and insulin
analogues.

The number of repetitions of a measurement is indicated in brackets. The experimental
values are taken from Antolikova et al."*.

Insulin Kq (nM)
Porcine insulin (n = 2) 9.03 £0.50
Human insulin (n = 8) 8.81+1.05
DOI (n=2) No heat effect
[NMePheP**]-insulin (n = 2) 587+ 99

[NMePheP*J-insulin (n =2)  No heat effect
[NMeTyr®*®]-insulin (n = 2) 142 + 30

[NMePheP?¢]-insulin (n = 2) 1240 + 10

ITC experiments show that the Ky of human and porcine insulin (Table 10) are in
close agreement, with previously reported values (8.8 uM and 9 puM respectively)™®.
Strazza et al."™ used concentration spectroscopy to determine the Kq of porcine insulin at
pH 2 (Kq = 15uM) and pH 7 (Kq = 18 uM). This reliability therefore allows a systematic
look at the individual hydrogen bonds role in the B*-B% dimer stability, evaluating their
roles. No heat effect could be detected for DOI, confirming that insulin dimerisation is

caused by interactions at the B-chain C-terminus of insulin. The analogue [NMeTyr?%]-
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insulin has a Ky of 142 uM, which is 15-fold weaker than that of insulin. The removal of
the phenolic hydroxyl ([NMePhe®**]-insulin) further suppresses the dimerisation ability to
Kq = 1.24 mM. [NMePhe®?*]-insulin caused a 65-fold higher K4 compared to insulin of 587
uM, but the greatest observed effect was for [NMePhe®%]-insulin, which gave no heat
effect, like DOI. pH has little effect upon insulin dimerisation experiments'®*, so all ITC
experiments were performed at a pH of 2.5 to avoid reduced solubility of insulin at a more
physiological pH'®.

77



3.4. The Structural Properties of Insulin in Various Association
States

B25

The crystal structure of [NMePhe~=]-insulin was obtained in the hexameric form (Rg).

[NMeTyr®*]-insulin was obtained in both monomeric and hexameric (Rg) forms, whilst
[Tyr®2° NMePhe®**]-insulin was in hexameric (Rg) form’'®,

[NMePhe®*]-insulin adopted the Rs hexamer conformation (such as 1znj.pdb), with six
phenol ligands located at the type | site, with two Zn?* cations and two CI anions as their
axial ligands. The type | site is located at the dimer interface, with the phenol forming
hydrogen bonds with CO”® and NH”" as well as loose Van der Waals contacts (~3.7 A)
with the imidazole of His®® ***. The hydrogen bonds in the dimer interface are not
significantly disrupted (Figure 33-A) by the N-methylation of the Phe®® peptide bond. All
four hydrogen bonds (B%-B%) were preserved, with just an increase of ~0.2 A of the COP?-
NHP?. The position of the N-methylation is outside the dimer interface, which maintains
these hydrogen bonds. The NMe®?® is accommodated in the A™-A% region.

The most dramatic disruption of the ability of insulin to dimerise, based upon ITC data,

B2%)-insulin. The dimer

is caused by the N-methylation of the B amide in [NMePhe
interface is very similar to WT insulin (Figure 33-A) with the N-methylations easily
accommodated, by pointing outwards from the dimer interface. The lack of an amide
hydrogen bond at B® resulted in no heat effect, the same as the negative control. This
hydrogen bond is usually donated to COA™ (Figure 34), which when released from the C-
terminal region of the B-chain will result in the higher mobility of this region. This

B2 as only one can be seen. The

B25

increased mobility can be observed in the side chain of Phe

B25

monomeric nature of [NMePhe™*]-insulin can be attributed to the detachment of Phe

from the A chain (Tyr*9)™®.
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Figure 33. The effect upon the dimer interface by the introduction of an N-
methylation.

Reference wild type insulin is in grey (1znj.pdb) with hydrogen bonds indicated by dashed
black lines, distances are in A. (A) Is the dimer interface of [NMePhe®*]-insulin. (B) Is the
dimer interface of [NMeTyr®%*]-insulin. (C) Is the dimer interface of [Tyr®”® NMePhe®%]-
insulin . (D) Is the dimer interface of [Tyr®?° NMePhe®? Lys®® Pro®#*]-insulin. Carbon
atoms in green, oxygen - red and nitrogen - blue. The methyl groups on N-methylated atoms
are coloured in purple and are indicated by a purple asterisk.
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Figure 34. The effect of the intrachain coupling of the NH®#*-CO® hydrogen
bond.

Wild type insulin (T¢) 1mso.pdb is shown in grey, wild type insulin (Re) 1znj.pdb is shown
in cyan, [NMePhe®*]-insulin is shown in green and [NMeTyr®**J-insulin is shown in
yellow. Dashed lines indicate hydrogen bonds (distances given in A).

[NMeTyr®%]-insulin was obtained in both the Rs hexameric and monomeric forms,
under the appropriate condition. The hexamer crystals appeared very similar to those of
[NMePhe®%]-insulin (as well as the crystallisation conditions). The N-methylation of Tyr5%
caused a much more disturbed dimer interface, where both groups point towards the dimer
interface, causing only one of the original four hydrogen bonds to remain intact, CO®*-
NHP?* (Figure 33-B). The disturbance caused by the N-methylation is not uniform in the
two B-strand; one follows the path of WT insulin, whilst the other B-strands experience a
bulge in the B*-B* region, to allow the N-methyl group to be accommodated. This bulging
of the dimer interface causes structural stress that is seen in the higher mobility of B*-B%.
The bulge in the B-sheet to accommodate the N-methylations causes the NHB? peptide to
move closer to CO”*®, resulting in a unique 2.9 A hydrogen bond, unseen in Rs hexamers
(Figure 34). It could be this hydrogen bond that is responsible for the lower dimerisation
capability.

[Tyr®%® NMePhe®*]-insulin was crystallised as an Rg hexamer form similar to those
of [NMeTyr®%*]-insulin and [NMePhe®?]-insulin, though the bulge at the dimer interface of
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this analogue is apparent in both B-sheets (Figure 33-C). The structural consequences of the

N-methylation are the same as those discussed for [NMeTyr?%

1-insulin, whilst the side
chain substitutions of residues B> and B? has little effect.

[Tyr®%® NMePhe®? Lys®? Pro®?°]-insulin was crystallised as an Rs hexamer. The
multiple changes to the analogue from insulin WT allow extensive probing and
characterisation of the dimer interface and its hydrogen bonding network. The B*>-B*°
Tyr—Phe and B®-B* Lys«sPro substitutions along with the N-methylation of B% cause the
dimer interface to become fully disrupted (Figure 33-D), meaning that R;R; dimer
formation here is entirely dependent upon phenol induced interactions. The disruption of the

dimer interface is similar to that seen in [NMeTyr®%

]-insulin, where the two B-sheets aren’t
uniformly displaced. One of the B-strands follows the conformation shown by WT insulin,
whereas the counter B-strand departs from the dimer interface dramatically from D%
onwards and becomes fully disordered crystallographically after D?’.

Analogues that have peptide bonds at the B*-B* or B*-B? position reduced CH,-
NH have extremely low binding affinities. Their binding affinities can be attributed to the

82%)-insulin™

loss of the carbonyl oxygens that form hydrogen bonds with the IR. [NMeTyr
shows a reduced binding affinity (21%) to WT insulin. This is reduced less than in
analogues that are N-methylated in the B* and B® positions (3 and 0.17% respectively).
This indicates that the NH of B% (and its hydrogen bond) are less important in the binding
of insulin to the IR than those in positions B and B®, or has a different role. It has been

shown” that a N-methylation of Tyr®?®

causes the induction of a novel type II B-turn at
positions B#-B?® (the B26 turn), which causes the departure of the C-terminus of the B-
chain (the B#-B* B-strand) from the usual hexamer/dimer conformation. There are several
reasons to explain the reduced binding affinity of [NMeTyr®?*]-insulin. The first is that the
arrangement of B¥-B* caused by the N-methylation may be non-optimal. The reduced
affinity may also be due to the loss of the NH®? hydrogen bonds that are required for

binding to the IR.

B26 B26

The analogue [Phe™]-insulin shows the importance of the phenolic character of Tyr
to binding affinity, with reduced binding affinity (46%)"*. An analogue that combines the
loss of the phenolic character of the side chain along with a N-methylation of this peptide
bond, [NMePhe®?]-insulin, results in a binding affinity of 4%. This accumulation of
multiple unfavourable modifications is further demonstrated by [NMePhe®? NMePhe®*]-
insulin, which has a binding affinity of 0.44% due to the two N-methylations and the loss of

the phenolic nature of the B?® side chain.
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In summary, the evidences resulting from the dimerisation capabilities of the
[NMePhe®*]-insulin and [NMePhe®%]-insulin analogues and their crystal structures,
indicate that the loss of the NHB?-COB? hydrogen bond has the greatest impact on dimer
formation. This is due to its flanking position in the dimer interface, allowing solvent to
more easily penetrate the 3-sheet, resulting in the solvation/breaking of the two remaining
central hydrogen bonds'®. Unzipping of the two remaining hydrogen bonds could also be
due to this lack of the flanking hydrogen bonds combined with the highly mobile B*-B¥

region. The insulin analogue [NMePhe®?

1-insulin displays a dimerisation capability
identical to that of DOI. This N-methylation results in the loss of the hydrogen bond with
the carbonyl Tyr™*®. Consequently the C-terminus of the B-chain is no longer held in place,

and is allowed to move freely in solution.
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3.5. The Importance of the B24 and B26 sites in Insulin Activity
3.5.1. The Steric Importance of the B24 Site

B24

The role played by Phe™" in insulin activation was probed by a combination of crystal

and NMR structures (all NMR structures have been determined at IOCB). Phe®* is an

invariant residue in all vertebrate insulins. In the storage forms of the hormone the side

B24

chain of Phe™" points towards the hydrophobic core of the protein. The main chain CO and

NH of Phe®* are crucial for the activity of insulin and for its ability to dimerise**>**°,
[His®#]-insulin analogue is almost inactive (1.5%) and was crystallised as a monomer
with the C-terminus of the B-chain being completely disordered (B%?-B*) (Figure 35-A).

B16 js flipped from its usual position into the B* pocket, which is

The side chain of Tyr
stabilised by van der Waals contacts with the Val®*2 side chain. This indicates that the Phe®**
pocket needs to be occupied in the native hormone.

The NMR structure of [His®*]-insulin at pH 2 shows great disorder at the C-terminus of

the B-chain, similar to the crystal structure (Figure 35-B). This may be attributed to the

165 B24

disruptive effect of double protonated His side chain™ that cannot be maintained in Phe

hydrophobic cavity.

In contrast the NMR structure of [His®**

]-insulin at pH 8 is well ordered (Figure 35-C).
The His side chain is accommodated in the B** pocket. The Ne is protonated and forms a 2.4
A hydrogen bond with CO®"2, whilst N& is deprotonated and forms a 2.9 A hydrogen bond
with NH®%, The NMR structure indicates that the dimer interface had been disrupted, which
explains its inability to dimerise. Moreover, the monomeric character of this analogue may
results from quite visible increased compactness of the hole insulin molecule; the B20-B30

chain is closer to the core to the hormone than in WT insulin. In addition, the side chain of

B26 B28

Tyr
hydroxyl forms hydrogen bonds with the main chain CO®® (2.8 A) and/or NH®® (3.3 A).

is shifted, and forms a z stacking interaction with Pro~=", whilst the side chain
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B1

A21

B21

Figure 35. The crystal and NMR structures of [His®**]-insulin at different pHs.

(A) The crystal structure of [His®?*]-insulin at pH 3. (B) NMR structure of [His®*]-insulin
at pH 2. (C) NMR structure of [His®*]-insulin at pH 8. The A-chain is coloured red in all
part, and the B-chain blue. NMR structures were produced by collaborators in Prague.

The [D-His®**]-insulin analogue is a high affinity insulin (217%) that is monomeric
in NMR structures at pH 2 and pH 8. At pH 2 the NMR structure shows disorder at the C-
terminus of the B-chain (B%-B%) as seen in [His®*]-insulin (Figure 36-A). The pH 8 NMR
structure of [D-His®?*]-insulin is more ordered in the C-terminus of the B-chain than L-His
or WT insulin (Figure 36-B). The D-His side chain is oriented out of the insulin core,
exposed to the solvent. As a result of this transition, the side chain of Phe®® has turned and
downshifted towards the Phe®?* pocket, partially taking its place. This clearly indicates the
importance of the maintenance of the integrity of the B** pocket. The B*-B® turn is more
open that that seen in WT insulin. The presence of D-His, a non-naturally occurring amino
acid may result in an artificial structure, however the enhanced flexibility of the B**-B* due

to the lower chance of hydrogen bonds forming, results in a higher affinity of this analogue.
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Figure 36. NMR structures of [D-His®**]-insulin at different pHs.

(A) NMR structure of [D-His®*]-insulin at pH 2. (B) NMR structure of [D-His®**]-insulin
at pH 8. The A-chain is coloured red in all part, and the B-chain blue. NMR structures were

produced by collaborators in Prague.
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3.5.2. The Steric Importance of the B26 Site

Tyrosine at position B® is invariant in many species, although its role in the interaction
with the IR is unclear. Replacing the Tyr with another amino acid can lead to analogues
with a range of affinities between less than 1%, up to 4-5 times higher than that of WT
insulin™®,

A reduction in the binding affinity of an analogue can be accounted for by an increase in
the size of the amino acid in the B% position in shortened analogues ([NMePhe®?*]-DTI-
NH, *°, [NMeTyr®%*]-DTI-NH,) or in full length analogues ([NMeTyr®?*]-insulin and
[NMeAla®%]-insulin)*®. The increase in the size of the amino acid at the B% position
results in binding affinities of 21-72%.

The full length analogues [NMeTyr®%]-insulin and [NMeAla®**]-insulin both possess
the same structural features around the B26 turn’® as with the high affinity analogues,
despite their low affinity (21 % for both analogues). The structures show that the N-
methylated group is located on the outside of the B*® position, causing the B26 turn.
Residues B?’-B* are stabilised by hydrogen bonds between amino acids located at { and {+3
positions.

The structural importance of the B? position is chiral dependent as indicated by its
replacement with [D-Pro®%°]-DTI-NH, (359%). The chirality of the D-Pro is important at
the Ca of the amino acid., as it mimics the cis Phe®**-Xaa®*® N-methylated peptide bond in
the high affinity analogues such as [NMeAla®*]-DTI-NH..

Some B truncated analogues, [NMeTyr®*]-DTI-NH, and [NMePhe®**]-DTI-NH,
show much lower affinities than their higher affinity relatives (72% and 36% respectively).
In these analogues the presence of a bulky side group Phe®?®/Tyr®? or the N-methylation of
the B% peptide bond in [NMeTyr®*]-DTI-NH, could result in a detrimental entropic effect.
This causes a destabilising effect on the formation of the B26 turn. The lack of a crystal
structure suggests increased flexibility, which has been observed using NMR in a related
truncated insulin analogue®.

In full length WT insulin, substitution of Tyr®% with Ala®? results in reduction of

B26

binding affinity to ~36%®. The crystal structure of monomeric [NMeAla®**]-insulin was

obtained under both monomeric and hexameric conditions, whilst [NMeTyr®*

]-insulin was
obtained as a monomer and hexamer, under relevant monomeric and hexameric conditions.
The presence of Ala infers a preference in state towards the monomer, whereas Tyr doesn’t

preferentially crystallise in a particular form. The low potencies of [NMeTyr?%

]-insulin and
[NMeAla®**]-insulin (~21%) confirm the trend seen that full length analogues are generally

less active than their truncated homologues”. This could result from the B?’-B* region
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causing detrimental effects to the structure, such as steric and entropic factors. A reason for
this could be that in order to stabilise the B¥'-B* segment, the IR could be required to
provide significant contacts. Also, it is possible that the structural restraints enforced by
formation of the B26 turn may not be the optimal conformation for the B¥-B* residues, or

may not even be the final conformation.

Table 11. The K4 and relative IR binding affinity of human insulin and insulin
analogues.

The Kj is a representation of the dissociation constant of binding of insulin/insulin analogue
to the IR. Each value shown indicates the mean + the standard error. The number in
parentheses indicates the number of replications. The relative binding affinity is defined as
(Kg of human insulin/K; of analogue) x 100. The experimental values are taken from
Antolikova et al.**.

K,+ SEM [nM] (n) Binding Affinity [%]

Human Insulin 0.39+0.01 (6) 100
[GInB20]-insulin 0.51+£0.02 (4) 76
[AspB26]-insulin 0.44+0.01 (4) 89
[AsnB26]-insulin 0.47+0.01 (4) 83

The ability of insulin, [Phe®?*]-insulin and [Asn®?*]-insulin to dimerise are all
different. The ability of [Asn®?*]-insulin, and [Phe®**]-insulin to dimerise is reduced
approximately 86 and 3 fold respectively, compared to insulin, as determined by ITC (Table
12).

Table 12. ITC analysis of the dimerization capabilities of insulin and insulin
analogues.

Each value shown indicates the mean + the standard error. The number in parentheses
indicates the number of replications. The experimental values are taken from Antolikova et
al.™.

Kd
Human Insulin (n = 8) 8.81 +£1.05
[Asn®**]-insulin (n = 3) 865.3 +308.6
[Phe®?*]-insulin (n = 3 272+74
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Both [Phe®**]-insulin and [Asn®?]-insulin were crystallized under dimeric
conditions, which gave rise to an unusual monomer-monomer crystal organisation (Figure
37). In [Phe®**]-insulin and [Asn®?*]-insulin, an unusual pseudo-dimer is formed by rotation
of the a-helix in the B-chain by 50°, where the only close contact between the monomers is
between the —OH of serine A'? of one monomer, and the —NH, of glutamine B* in the

second. These form a hydrogen bond of ~2.6 A (Figure 37). Whilst the spatial

B26 B26

arrangements of [Asn~~]-insulin and [Phe”~]-insulin are similar, there are also some

different features (Figure 38).

s c13
Serct2
- 26A
Gln®4 c1o
B2

D28

D1

B26

Figure 37. A representation of the unusual dimer interface in [Asn~“"]-insulin.

(A) The main chain representation (chains B and D only) of the dimer interface in human
insulin (1znj.pdb in grey) and of [Asn®*]-insulin (red). (B), The close contact between two
molecules in the unusual dimer interface of [Asn®*]-insulin (chains B and C, in red) and
[Phe®*]-insulin (Chains B and C, in blue). Dashed lines indicate hydrogen bonds.
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B1 (AsnB2)

B1 (PheB25)

B30 (AsnB25)

Figure 38. An overlay of the main chain of T- and R-state insulin, [Asn®%°]-

insulin and [Phe®%]-insulin.
B26

T-state insulin (1znj.pdb in grey), R-state (1mso.pdb in grey), [Asn
[Phe®®]-insulin (in blue).

1-insulin (in red) and

Both substitutions at the B% position have a similar effect on the N-terminus of the
B-chain, which occupies a conformation similar to that in [NMeAla®?°]-DTI-NH,, which is
between the T- and R-states. This conformation is formed by a type II B-turn, which is
stabilised by a pseudo i+3 hydrogen bond between the main chain NH of His®® and the side
chain of Asn®® ™®. The hydrogen bond formed by the side chain hydroxy! of Tyr% via a
bridging water molecule with Gly®® is lost in both analogues. This causes the disruption of
an apolar area consisting of Gly®®, Val®?, Tyr®!®, Phe®* and Tyr®? (Figure 39), and
therefore a switch of conformation to the intermediate state. This intermediate state was
previously described in several insulin analogues”™**"*® however without any thorough
discussions of its relevance.

B26

In contrast, the C-terminus of the B-chain of [Asn~*]-insulin is in a different

conformation. In [Phe®*®]-insulin, the C-terminus of the B-chain occupies a similar

conformation to that seen in WT insulin. The phenyl ring of Phe®?

occupies the same
position as that of the tyrosine in WT insulin, though the Phe®B*NH-Tyr***CO hydrogen
bond, which is crucial to insulin dimerisation*® is missing in both monomers with the

distance now 4.65 and 4.20 A.
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B16

Figure 39. A view of the interactions of Tyr®%

T-state of human insulin.

and its surrounding residues in the

Carbon atoms in green, oxygen - red and nitrogen - blue. Dashed lines indicate hydrogen
bonds. PDB used: 1znj.pdb.

[Asn®®]-insulin has a novel conformation in the C-terminus of the B-chain

B26

compared to [Phe™]-insulin. The polar residue asparagine is forced out of the hydrophobic

pocket, causing a new C-terminal conformation to form, which causes new intramolecular
interactions to be created. The C-terminal turn is stabilised by close contacts with Asn”?,
where three hydrogen bonds are created with several C-terminal residues (Figure 40). The
hydrogen bond between Gly®*CO and Asn***NH in WT insulin is 3.0 A, whilst in [Asn®%]-
insulin it is decreased to 2.8 A. The side chain of Asn”*! forms two hydrogen bonds that are
not seen in WT insulin. The first is a bifureated hydrogen bond, between the carbonyl of
the Asn”?" side chain and the main chain amides of Phe®® (3.3 A) and Asn®® (2.7 A). The

A2 side chain, and the Asn®%® main

second hydrogen bond is between the amide of the Asn
chain carbonyl (2.8 A) (Figure 40). The Phe®*NH-Tyr***CO hydrogen bond that is crucial
to insulin dimerisation**® is missing in both monomers, with the distance now 5.22 and 4.68

A
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B26
]-

Figure 40. The bent conformation of the C-terminus of the B-chain of [Asn
insulin, stabilised by interactions with Asn”*%.

Carbon atoms in green, oxygen - red and nitrogen - blue. Dashed lines indicate hydrogen
bonds.
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3.6. Conclusion

All the N-methylated full-length analogues showed a significant reduction in binding
affinity, which confirmed the role of the amide hydrogens direct interaction/involvement
with the IR. The systematic N-methylation of the individual residues caused a reduction in
dimerisation ability.

The dramatic loss in dimerisation capability was caused by the N-methylation of B®,
which disrupted the NHB**-COA® hydrogen bond that links the p-strand to the core of
insulin. Greater mobility of the C-terminus of the B-chain causes insulin to tend towards
the monomeric state.

The analogue [NMePhe®**]-insulin produced the greatest loss of dimerisation ability
from the loss of a hydrogen bond in the dimer interface. This analogue lost the flanking
hydrogen bonds, allowing the solvent easy penetration into the dimer B-sheet. The increased
accessibility of the dimer interface allows easier break of the two remaining hydrogen
bonds™.

These analogues helped to determine the importance and contribution of the NHB?-
COB?, NHB**-COB* and NHB*-COA™ hydrogen bonds in the formation and stabilisation
of insulin dimers. Positions B* and B? in the dimer interface have been shown integral to
stability of the insulin dimer™®. Substitutions of each of these residues has created
analogues of both high and low affinities’*%*%,

The functional and structural observations lead to a greater understanding of the
association-dissociation pathways of insulin. This may allow the design of more controlled
insulin drugs for the treatment of diabetes™®.

This work also provides a more systematic investigation of the role of individual B*
and B? side chain for insulin:IR binding.

Substitution of B** with His causes structures that are pH and chirality dependent. In
both isomers at low pH the C-terminus of the B-chain is disordered, whilst at pH 8, the
region becomes structured. The low pH in both the crystal and NMR structures causes the
side chains in [His®?*]-insulin, [D-His®*]-insulin and surrounding residues to become
protonated. This results in hydrogen bonds not being formed, preventing the B> position
from becoming an anchor point at the C-terminus of the B-chain, resulting in the disorder
seen in the structures.

The B* side chain of [His®*]-insulin sits in a similar position to that observed in WT
insulin, pointing towards the hydrophobic core. Due to the presence of N atoms in [His®*]-
insulin, hydrogen bonds are able to be formed with neighbouring amino acids that would

not be possible in WT insulin. This causes the B pocket to be more tightly bound. During
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the activation of insulin, the C-terminus of the B-chain becomes detached from the core of

the insulin molecule, though in [His®*

]-insulin this is greatly reduced due to the tighter
binding in the B* pocket.

The NMR structure of [D-His®**]-insulin at pH 8 shows an arrangement that is more
flexible than [His®*]-insulin yet ordered. Contradictory to that seen in insulin and [His®*]-
insulin, the B* side chain of [D-His®*]-insulin points away from the hydrophobic core.
This increases the ability of the C-terminus of the B-chain to move, which is shown by the
increased binding affinity, 217%. This increase in flexibility has ramifications on the ability
of insulin to form dimers™®, so changing the residue would have other detrimental effects
on insulins method of action. This indicates that Phe is the optimum residue at B*, as it
does not bind too tightly or weakly.

The Glu, Asn and Asp B*® analogues were designed based upon the work of
Brange'®'®. The binding affinities of these analogues are close to that of WT insulin
(Table 11). They indicate that a substitution by a polar residue is better incorporated at the
B26 site™.

B26

The main chain and side chain of Tyr®% play roles in monomer:monomer interactions®.

B26

The side chain of Tyr®® is part of a polar region consisting of Gly®®, Val®*?, Tyr®'® and

PheB?, that is involved in the stabilisation of the structure of insulin'”

. Asmall change in
the amino acid at B*® could disrupt these interactions, and cause a change in the insulin
structure.

ITC data (Table 12) supports the inability to form dimer or hexamer crystals for
[Asn®?*]-insulin and [Phe®?®]-insulin. [Asn®?°]-insulin shows a bent structure in the C-
terminus of the B-chain, caused by the repulsion of the Asn®? side chain from the
hydrophobic pocket. The loss of the Tyr®?°0OH-Gly®*CO hydrogen bond as described
previously, led to the intermediate conformation seen at the B-chain N-terminus which has
been seen previously”™®. This may play a role in insulin:IR interaction.

In [Phe®?®]-insulin the Phe®? occupies the same space as the tyrosine ring in WT
insulin, meaning that the hydrophobic core is maintained. The loss of the Tyr®OH-water-
Gly®8CO hydrogen bond leads to the intermediate conformation seen at the N-terminus of
the B-chain. The loss of this hydrogen bond has a knock-on effect on the structurally
important Phe®*NH-Tyr*'°CO hydrogen bond, which is lost**, causing an enhanced
mobility of the C-terminal -strand of the B-chain.

[Asn®*]-insulin forms a new C-terminal turn in the B-chain similar to the B26 turn”,
and retains near full binding affinity. This new turn may be closer to the actual
conformation of WT insulin complexed with the IR, than seen in analogues with B* N-
methylation due to the lack of a non biological addition.

The susceptibility of the C-terminus of the B-chain to form a turn indicates that this
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plays an important part in IR binding. Initial binding may induce detachment of the Tyr®%

side chain from the hydrophobic pocket, causing the formation of the B-chain C-terminus
turn, and the loss of the previously described hydrogen bonds, causing the formation of the
intermediate conformation of the N-terminus. These conformational changes allow both N-
and C-terminal residues to interact with the IR. The B pocket acts as an anchoring point
allowing the B-chain C-terminus turn to form. The local structures at either termini of the
B-chain possess the structural signatures of activated insulin, which imply an activation
scheme (Figure 41). The formation of the active conformation of the insulin molecule and
binding to the IR is simultaneous.

Phess

“Inactive” T-state “Active” Conformation

Figure 41. A hypothetical scheme of insulin-IR binding.
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Chapter 4. Insulin Receptor Expression

4.1. Summary

The IR has been expressed many times previously®**°+"*12

using mammalian cell
cultures. The IR L1 domain contains the majority of residues involved in insulin
binding>>®*®. This makes it a key target for expression with the aim of achieving a
‘workable’ and compact insulin:IR complex. The IR consists of a series of well-defined
domains, linked by flexible linker regions (Figure 13). Removal of these flexible regions
would increase the likelihood of obtaining a crystal structure of the complex thus
facilitating more systematic studies on this hormone:receptor system. Therefore the work in
this chapter focused on cloning and expression of soluble L1 domain of IR for structural
studies.

Initial protein expression was attempted in E. coli using Rosetta-Gami 2, to aid the
correct formation of disulphide bond but an insoluble protein expression was produced here.
As the expression in TUNER cells produced high levels of protein expression, in vitro
refolding was attempted. Following on-column and redox refolding of the L1 domain
soluble protein was achieved. Analysis of the disulphide bonds, indicated that they had
formed in an intermolecular manner, rather than intramolecular. This meant that the L1
domain had to be expressed in a higher organism. However, expression in S. cerevisiae and
P. pastoris failed to produce soluble, correctly formed protein.

The L1 domain had not been previously expressed alone, but instead as part of a larger
IR construct. There may be interactions between the L1 domain and other domains that are
important for protein stability that are absent by removing these other domains. Mammalian
cells contain complex post-translational machinery that aid disulphide bond formation, and
other post-translational modification hence they may be ultimately needed for more

successful expression of the I1 domain.
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4.2. The L1 Region and Previous Expression

The L1 region of the IR comprises the amino acid sequence shown in Figure 42, which

126 155 159

contains four disulphide bonds Cys®-Cys®®, Cys'?®-Cys'®, Cys™*-Cys'¥and Cys**-Cys'.
10 20 30
HLY PGEVCZPG MDI RNNLTRL HELENCSVIE
40 50 60
GHL QI L L MFK T RPEDFRDLS FPKLI MI TDI
70 80 90
LLLFRVYGLTE S LKDLFPNLT VI RGSRLTFFN
100 110 120
YAL VI FEMVH LKELGLYNLM NI TRGS VRIE
130 140 150
KNNELCYLAT I DWSRI LDSYV EDNHI VLNKD
160 170 180
DNE ECGDI CP GTAKGKTNCP ATVI NGQFVE

190
RCWTHSHCAQK

Figure 42. The amino acid sequence of the L1 region in the human IR.

The L1 region of the IR has been expressed previously as part of a larger construct.
Using mammalian expression systems, Lou et al.®® expressed the L1-CR-L2 regions in Lec8
cells, which are Chinese Hamster Ovary (CHO) cells that have limited protein glycosylation
abilities. Sparrow et al.”® produced the entire ectodomain of the IR in CHO-K1 (CHO cells
that require proline in the medium for growth) and Lec8 cells. Kristensen et al.'"* expressed
the L1-CR-L2 regions with various lengths of C-terminal sequences in Baby Hamster
Kidney cells (BHK), which give stable transformations. Huang et al.'”® expressed the L1-
CR-L2-Fnlll-1 and C-terminal insert domain-derived segment in 293H cells, which give
good growth and transfection efficiency.

Two constructs were considered: full length of L1 (as Figure 42) and a short
construct. The short construct, residues 5- 157 (Figure 42), has an apparent molecular
weight of 17819.6 Da and a theoretical pl of 4.98, whilst the full length construct (entire L1
region) has an apparent molecular weight of 21928.4 Da, and a theoretical pl of 5.80. The
constructs were designed after analysing the available structure of L1 (pdb 2hr7.pdb). The
structure of the full length L1 region (Figure 43-A and B) is a barrel consisting of a series of
B-sheets. The main binding residues are located on the larger B-sheet side, and are
responsible for insulin binding®>®®, The C-terminus lacks secondary structure, apart from
small regions of B-strands (Figure 43-A). The short construct (Figure 43-B) was designed to

remove this region, along with the two disulphide bonds closest to the C-terminus. The
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benefit of removing these in an E. coli expression system is that the likelihood of the correct
formation of the remaining disulphide bonds is increased. The disulphide bonds are at
opposing termini, which increases the probability of the bonds forming correctly during
translation of the L1 mRNA.

A B

N-terminus

C-terminus

C-terminus

Figure 43. Main chain comparison of the full length and short construct of the L1
region.

(A) Residues 4-190 from Figure 42. (B) Residues 4-157 from Figure 42. (pdb used is
2hr7.pdb). Disulphide bonds are coloured in yellow.

The binding between insulin and the IR is dependent upon the CT peptide®. Various
constructs of the IR were investigated by Kristensen et al., where it was shown that the
addition of the CT peptide restored binding. | will aim to repeat this approach later on by
adding the CT peptide to the expressed L1 region.

The most appropriate E. coli cell strains for expression of the L1 region would aid in the
formation of the disulphide bonds. Rosetta-Gami 2 combines the advantages of two
different strains; Rosetta 2 and Origami 2. Rosetta2 is designed to enhance expression of
eukaryotic proteins that contain rare codons, whilst Origami 2 have mutations in
thioredoxin reductase (trxB) and glutathione reductase (gor) genes, which greatly enhance
disulphide bond formation in the cytoplasm by making it a more reducing environment.
ArcticExpress cells express the chaperone proteins Cpnl10 and Cpn60 from the
psychrophilic bacterium Oleispira Antarctica, which aid protein folding between 4-12 °C.
BL21 cells are an all-purpose strain for high-level protein expression and easy induction.
Lemo21 has the basic features of BL21 whilst also allowing tuneable expression. The
expression level can be controlled by varying the level of lysozyme (lysY), which is the
natural inhibitor of T7 RNA polymerase. The level of lysozyme is controlled by the addition

of L-rhamnose to the expression culture at levels up to 2000 uM. TUNER cells have a
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deletion of lacZY which means that an adjustable level of protein expression is possible. The
lacY allows a uniform entry of IPTG into all cells in culture, producing a concentration-

dependent level of induction.
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4.3. Methods
4.3.1. Ligation-Independent Cloning of the L1 Region

The L1 protein was expressed using a ligation-independent cloning (LIC)
expression vector (pET-YSBLIC3C). The LIC site contains a N-terminal Hiss tag and a 3C
protease cleavage site. Primers were used to amplify the target gene by PCR, leaving the
LIC additions as an overhang. The full method, primers and LIC-specific sequence are
given in the appendix. After purification, LIC-specific overhangs were created by
incubating the insert with a T4 DNA polymerase (T4 pol) in the presence of dATP. The
vector was cleaved and linearised using BseRI and 5’-single-stranded overhangs were
generated with T4 pol and dTTP. The vector and target gene overhangs, which were
designed to be complementary to each other, were allowed to anneal and then directly

transformed into competent E. coli cells, where nicks can be repaired *'.

4.3.2. Creation of L1 Region Constructs

Production of the L1 region was attempted using various pET and pMAL vectors.
Vector specific primers were used to amplify the target gene (see appendix). The plasmid
was linearised using restriction enzymes, which left specific sticky ends (see appendix for
details). Complementary sticky ends were also produced on the target gene. Ligation and
transformation was performed. Full details of this method and primers are given in the

appendix.

4.3.3. On-Column Refolding of Expressed L1 Protein

The target insoluble protein (L1 region) was solubilised using a denaturing solution
consisting of 6 M guanidine hydrochloride, 20 mM Tris pH 8.0 and 10 mM -
mercaptoethanol (buffer A). Ni-NTA resin was equilibrated with buffer A before binding
with the solubilised protein overnight, whilst being continually rocked in a sealed container.
The column was washed with buffer A, followed by buffer A with 20 mM imidazole to
remove any non-specific column-bound proteins. The column was then washed with a
detergent solution of 0.1% Triton X-100, 20 mM Tris pH 7.5 and 0.5 M NaCl to remove any
contaminating protein molecules bound to the target protein or column. The detergent was
removed with 5 mM B-cyclodextrin, 20 mM tris pH 7.5 and 0.1 M NaCl. The column was
then washed with a solution of 0.1 M NaCl, 20 mM Tris pH 7.5 before the target protein
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was eluted over an increasing imidazole gradient (0 — 1M) in 20 mM TrispH 7.5, 0.1 M
NaCI*™,

4.3.4. Redox Refolding of L1 Expressed Protein

The L1 protein was buffer exchanged from the final on-column refolding buffer into
0.1 M NaCl, 0.1 M Tris (pH 7.5). The refolding of L1 was performed by dilution with 20
mM Na,HPO, (pH 7.3), 1 M L-arginine, 20% v/v glycerol, 10 mM reduced glutathione and
1 mM oxidised glutathione, to an L1 concentration of approximately 10 mg/ml, followed by
dialysis against 20 mM Na,HPO, (pH 7.3), 0.5 M L-arginine and 10% v/v glycerol for 12
hours at 4°C. Further dialysis against 20 mM Na,HPO, (pH 7.3), 0.2 M L-arginine and 5%
v/v glycerol for 12 hours at 4°C was then followed by two dialysis steps against 20 mM
Na,HPO, (pH 7.3) for 12 hours at 4°C "

4.3.5. Cloning, Transformation and Antibiotic Selection in S.

cerevisiae

The L1 protein was cloned into the pYES2/CT vector. Sequence specific primers
were used to amplify the L1 gene (see appendix). The pYES2/CT plasmid was linearised
using restriction enzymes which left sticky ends specific to the L1 gene. Specific sticky
ends were also produced on the L1 gene. The plasmid and L1 gene sticky ends were
complementary to each other so they were ligated and then directly transformed into
competent E. coli cells, where nicks can be repaired. The plasmid was isolated from the E.
coli cells and then used to transform S. cerevisiae cells. Yeast extract peptone dextrose
medium (YPD) was inoculated with a single S. cerevisiae colony and left to grow at 30°C
overnight. The overnight culture was used to further inoculate a larger volume of YPD,
which was then incubated for another 2-4 hours at 30°C. Following incubation, the cells
were pelleted and re-suspended in 1X TE (1 mM EDTA and 10 mM Tris, pH 7.5), and then
re-pelleted and re-suspended in a reduced volume of 1X LiAc (pH 7.5) / 0.5X TE, before
being incubated at room temperature for 30 min. Plasmid DNA, 1 mg, was mixed with 100
ug thermally denatured salmon sperm DNA and 100 pl of the S. cerevisiae suspension. 1X
LiAc / 40% v/v PEG3350 / 1X TE was added (700ul) and left at 30°C for 30 min. DMSO
was added (to a final concentration of ~10 %) before the cells were heat shocked at 42°C for
7 min. The cells were pelleted immediately and re-suspended in 1X TE before being re-

pelleted and re-suspended in a small volume of 1X TE. The cell suspension was spread on
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SC uracil selective plates containing glucose (SC is synthetic minimal defined medium for

yeast) before being incubated at 30°C to allow colonies to grow.

4.3.6. Cloning, Transformation and Antibiotic Selection in P.

pastoris

The L1 protein was cloned into the pPICZoA vector. Creation of L1 constructs,
ligation and transformation were performed as described previously (Full methods and
primers can be found in the appendix). The plasmid was isolated from the E. coli cells and
used to transform P. pastoris X-33 cells. YPD medium was inoculated with a single P.
pastoris X-33 colony, which was left to grow at 30°C overnight. This overnight culture was
then used to inoculate a larger volume of YPD and left to grow again at 30°C overnight.
The overnight culture was centrifuged (1000 x g, 5 min), after which the cells were re-
suspended in 50 ml sterile water and re-centrifuged (1000 x g, 5 min). The cells were then
re-suspended in 20 ml sterile water, and re-centrifuged (1000 x g, 5 min) before being re-
suspended again in 5 ml ice cold 1 M sorbitol. Following a final centrifugation the cells
were re-suspended in 300 pl 1 M sorbitol and stored on ice.

The L1-pPICZaA plasmid was linearised by incubating 10 pg of the plasmid with
10 pl Sacl. The linearisation reaction was stopped by heating the sample to 65°C for 15
min. The linearised DNA was then purified using a PCR clean up Kit.

An aliquot of cell suspension, 80 pL, and the linearised DNA were mixed gently and
left to incubate in an electroporation cuvette on ice for 5 min. The cells were electroporated
(30 s, 25 pF, 200 Q, 2000 V) and then, after the addition of 1 ml ice-cold sorbitol the cells
were left to incubate at 30°C for 2 hours. The cells were then plated out on YPDS plates

containing 100 pg/ml Zeocin and incubated at 30°C until colonies appeared.
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4.4. Results and Discussion
4.4.1. Expression of the L1 Region in E. coli

The L1 region of the IR is one of the main parts of the IR involved in insulin
binding. Rosetta-Gami 2 cells were used initially to produce the L1 protein and were grown
and induced as described in the appendix.

L1 protein

Figure 44. A time course expression trial and solubility test of L1 expressed in
Rosetta-Gami 2.

(A) A 15% reduced SDS-PAGE of a time course expression test of L1 in Rosetta-Gami 2.
Lane 1: Broad range molecular weight marker. Lane 2: 0.5 h post-induction sample. Lane
3: 1 h post-induction sample. Lane 4: 2 h post-induction sample. Lane 5: 4 h post-
induction sample. Lane 6: 6 h post-induction sample. Lane 7: overnight sample. (B) A 15%
SDS-PAGE of a solubility test of L1 produced in Rosetta-Gami 2. Lane 1: Low range
molecular weight marker. Lane 2: Media sample. Lane 3: Total sample. Lane 4: Soluble
fraction. Lane 5: Insoluble fraction. (C) A 15% SDS-PAGE of a solubility screen using L1
produced in Rosetta-Gami 2. Lane 1: Low range molecular weight marker. Lane 2: Control
sample. Lane 3-12: Soluble fractions from buffers used in buffer trial.

The expression of the L1 protein was monitored at various intervals throughout an
overnight expression, and analysed by SDS-PAGE (Figure 44-A). The L1 protein with the
Hisg tag, has a molecular weight of 20.191 kDa. The presence of bands on the gel around
the expected molecular weight indicates that the protein is being produced post induction,
although the weakness of the bands suggests that the protein is only being expressed in low
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levels. The target protein was not present in the soluble fraction (Figure 44-B). This could
be a result of an unsuitable re-suspension buffer. A buffer screen has been designed, by
Lindwall et al., that utilises a range of reagents and conditions in an attempt to improve
protein solubility *®. Out of the 30 conditions tried, none resulted in the L1 region
becoming soluble (Figure 44-C). Due to the difficulties in expressing soluble L1 protein in
Rosetta-Gami 2 cells, alternative methods to improve solubility were investigated.

There were various methods that would increase protein solubility. Three methods
were utilised within this study. The first technique, the Eco construct, utilised the pMAL-p2
plasmid to fuse the L1 protein to a maltose binding protein. The soluble maltose binding
protein should result in a more soluble L1 construct. The maltose binding protein is
purified using an amylose column and is engineered to be cleavable (this construct has a
molecular weight of ~64 kDa). Two more constructs of the short L1 region construct,
termed Nco and Xho, utilised the pET22 plasmid to add a pelB signal sequence to the L1
protein (molecular weight of 21.5 and 20.0 kDa respectively). pelB is responsible for
translocation of the protein to the periplasmic space, where the environment is much more
reducing and so more favourable to the formation of disulphide bonds. The L1 protein is

still being produced in small amounts and is present in the insoluble fraction (Figure 45-A).

9 10 11 12 13

Figure 45. Asolubility trial of the L1 region of various constructs and different
cell strains.

(A) A 15% reduced SDS-PAGE of a solubility check of Eco, Nco and Xho constructs. Lane
1: Low range molecular weight marker. Lanes 2-13 contain soluble samples. Lane 2:
Uninduced Eco sample. Lane 3: Eco induced with 0.2 mM IPTG. Lane 4: Eco induced
with 0.5 mM IPTG. Lane 5: Eco induced with 1 mM IPTG. Lane 6: Uninduced Nco
sample. Lane 7: Nco induced with 0.2 mM IPTG. Lane 8: Nco induced with 0.5 mM
IPTG. Lane 9: Nco induced with 1 mM IPTG. Lane 10: Uninduced Xho sample. Lane 11:
Xho induced with 0.2 mM IPTG. Lane 12: Xho induced with 0.5 mM IPTG. Lane 13: Xho
induced with 1 mM IPTG. (B) A 15% SDS-PAGE of a solubility test of L1 produced in
TUNER and BL21 cells. Lane 1: Low range molecular weight marker. Lane 2: Reference
sample. Lane 3: BL21 uninduced. Lane 4: BL21 total sample. Lane 5: BL21 soluble
sample. Lane 6: TUNER uninduced. Lane 7: Total sample of TUNER induced with 1 mM
IPTG. Lane 8: Soluble sample of TUNER induced with 1 mM IPTG. Lane 9: Total sample
of TUNER induced with 0.5 mM IPTG. Lane 10: Soluble sample of TUNER induced with
0.5mM IPTG. Lane 11: Total sample of TUNER induced with 0.2 mM IPTG. Lane 12:
Soluble sample of TUNER induced with 0.2 mM IPTG.
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TUNER cells are a strain of E. coli that has been modified to be “tuneable” with
respect to the amount of target protein produced in response to induction by IPTG. The
wide bands seen for the TUNER cells indicate that markedly more protein has been
expressed (Figure 45-B). An increased level of over-expression was achieved, although the
protein was still insoluble. Despite this, the ability to produce L1 in increased amounts
meant that an in vitro method of solubilisation could be investigated.

It is possible to purify and re-fold target proteins using a nickel affinity column*™,
This method binds denatured protein to the Ni column using the target’s Hisg tag. While
non-target proteins can also bind to the target protein via non-specific interactions, various
solutions can be applied to the column to remove these unwanted proteins. Varying salt
solutions are used to refold the protein, before elution over an imidazole gradient (Figure
46-A). The results of the SDS-PAGE of fractions across the elution peak indicate that the
target protein has been purified to a relatively high level and is also soluble (Figure 46-B).
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Figure 46. Analysis of on-column (Ni** affinity) refolding purification of the L1
region.

(A) The blue trace indicates a UV 280nm reading and the green trace shows the percentage
imidazole concentration of the eluting solution. The labels on the x-axis show the points at
which the new solutions were added. (B) A 15% reduced SDS-PAGE of the analysis of the
fractions from the elution peak in Figure 46-A. Lane 1: Low range molecular weight
marker. Lanes 2-9: Fractions across the elution peak in Figure 46-A.
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Figure 47. MALDI of purified L1 protein.

01.0

A mass spectrometry (MALDI) analysis of the L1 sample was performed to check

that the protein produced was correct (Figure 47). The mass of the L1 region expressed is
20.191 kDa, where the observed mass from MALDI is 20.113 kDa; a difference of 80 Da
which is not an issue as the L1 mass is theoretical and does not account for pH effects of the

buffer or the harsh purification method used.

The L1 protein was expressed to form complexes with a range of insulin analogues,

and allow determination of the crystal structure. To test binding, L1 was mixed with

various insulin analogues and WT insulin in a 1:5 ratio of L1:insulin, and after being

incubated at room temperature for 3 hours, the samples were run on a native gel (Figure 48).
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Figure 48. Complexation trials of various insulin analogues and WT insulin each
with the L1 region expressed in TUNER cells, and an investigation of disulphide
bond formation in the L1 region.

(A) A 7.5% native gel of the complexations each of LZ30, 33 and 45 insulin analogues and
WT insulin with the TUNER L1 receptor. Lane 1: IR. Lane 2: LZ30. Lane 3: LZ30 and
IR. Lane 4: LZ33. Lane 5: LZ33 and IR. Lane 6: LZ45. Lane 7: LZ45 and IR Lane 8:
WT insulin. Lane 9: WT insulin and IR. (B) A 15% SDS-PAGE of the TUNER L1
disulphide formation. Lane 1: Low range molecular weight marker. Lane 2: Redox
refolded material in a reducing buffer. Lane 3: Redox refolded material in a non-reducing
buffer.

The L1 protein precipitated out of solution and was unable to enter the gel (Figure
48-A). To check the protein, an SDS-PAGE was run with a sample of the protein in both
reducing and non-reducing sample buffers. The protein only appears as a normal band in
the presence of the reducing sample buffer (Figure 48-B). The smearing of the sample in
the non-reducing sample buffer suggests that the disulphide bonds formed incorrectly and
had cross-linked with other protein molecules.

Although the disulphide bonds were incorrectly formed due to the relatively large
amount of soluble L1 protein, a re-folding experiment could be attempted. A redox method
of re-folding other proteins that is based on redox potentials has been described by Walter et
al.'”. A sample of the on-column refolded material was subjected to this method (Figure
49-B).
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Figure 49. Native gel electrophoresis investigating the correct disulphide bond
formation in redox refolded L1 protein.

(A) A 15% SDS-PAGE of redox refolded L1 material disulphide. Lane 1: Low range
molecular weight marker. Lane 2: Redox refolded material in a reducing buffer. Lane 3:
Redox refolded material in a non-reducing buffer. (B) A 15% SDS PAGE of 100X redox
refolded L1 material disulphide. Lane 1: Low range molecular weight marker. Lane 2:
Control sample prior to redox re-folding in reducing sample buffer. Lane 3: Sample of L1 in
a reducing sample buffer. Lane 4: Sample in a non-reducing buffer. (C) A 15% SDS-PAGE
of a disulphide check of fresh TUNER L1 material. Lane 1: Low range molecular weight
marker. Lane 2: Sample in a reducing sample buffer. Lane 3: Sample in a non-reducing
buffer.

The refolded material was not formed correctly and thus unable to enter the gel
(Figure 49-A). A small band is present in the third lane, at approximately 30 kDa,
indicating that a small fraction of the material was correctly refolded. A higher level of
dilution (100x) was attempted, which resulted in the majority of the sample successfully
refolding (Figure 49-B). As the solubilisation and refolding of the L1 protein took place
over several weeks, a fresh preparation of L1 protein was made. This preparation followed
the on-column refolding protocol before being passed through a gel filtration column,
followed by the redox protocol. There appears to be a large proportion of protein in the non-
reducing sample buffer compared to that in the reducing buffer (Figure 49-C). The

preparation also seems to be relatively free from contamination. A mass spectrometry
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analysis of this sample indicated that the protein matched the predicted molecular weight of
the L1 protein. When the protein was used to complex with insulin analogues, it was unable
to enter the native gel.

The over-expression of a protein can lead to it being insoluble and targeted towards
inclusion bodies. It has been shown that if protein synthesis is halted, the equilibrium
between protein solubilisation and aggregation can be shifted towards protein solubilisation.
Protein synthesis can be halted by the addition of chloramphenicol'”’. This was attempted
using BL21 and TUNER cells (Figure 50), although no soluble protein was obtained.
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Figure 50. SDS-PAGE of chloramphenicol shock-based expression method to
induce re-folding of the L1 protein.

(A) A 15% reducing SDS-PAGE of the chloramphenicol shock upon BL21 and TUNER
cells. Lane 1: Low range molecular weight marker. Lane 2: BL21 control total sample.
Lane 3: BL21 control soluble sample. Lane 4: BL21 induced total sample. Lane 5: BL21
induced soluble sample. Lane 6: TUNER control total sample. Lane 7: TUNER control
soluble sample. Lane 8: TUNER induced soluble sample. Lane 9: TUNER induced soluble
sample. (B) A 15% SDS-PAGE of the chloramphenicol shock upon BL21 and TUNER
cells. Lane 1: Low range molecular weight marker. Lane 2: BL21 control soluble sample.
Lane 3: BL21 induced soluble sample. Lane 4: TUNER control soluble sample. Lane 5:
TUNER induced soluble sample. Lane 6: Control sample from E. coli.

Lemo21 and ArcticExpress were used to try and express soluble L1 protein with the
correct disulphide bonds. It is apparent that for Lemo2,1 there is an over-expressed soluble
protein of a similar weight to the expected molecular weight of the L1 protein.
ArcticExpress appears to have one clone that has over-expressed a correctly sized insoluble
protein, whilst another clone has also over-expressed a correctly sized partially-soluble

protein (Figure 51).
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Figure 51. Solubility trial of the L1 protein expressed in ArcticExpress and
Lemo21 cells.

A 15 % reducing SDS-PAGE of the solubility trail undertaken in ArcticExpress and
Lemo2l. Gel (A) ArcticExpress, Gel (B) Lemo21 total samples and Gel (C) Lemo21
soluble samples. Gel (A) Lane 1: Low range molecular weight marker. Lane 2: S1
uninduced total sample. Lane 3: S1 uninduced soluble sample. Lane 4: S1 induced total
sample. Lane 5: S1 induced soluble sample. Lane 6: L1 uninduced total sample. Lane 7:
L1 uninduced soluble sample. Lane 8: L1 induced total sample. Lane 9: induced soluble
sample. Gel (B) Lane 1: Low range molecular weight marker. Lane 2: uninduced sample.
Lane3: 0 uM Rhamnose. Lane 4: 100 uM Rhamnose. Lane 5: 250 pM Rhamnose. Lane 6:
500 uM Rhamnose. Lane 7: 750 uM Rhamnose. Lane 8: 1000 uM Rhamnose. Lane 9:
2000 uM Rhamnose. Gel (C) Lane 1: Low range molecular weight marker. Lane 2:
uninduced sample. Lane 3: 0 uM Rhamnose. Lane 4: 100 uM Rhamnose. Lane 5: 250 pM
Rhamnose. Lane 6: 500 uM Rhamnose. Lane 7: 750 uM Rhamnose. Lane 8: 1000 uM
Rhamnose. Lane 9: 2000 uM Rhamnose.
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Figure 52. Comparison of the best results from the solubility of L1 domain
expressed in ArcticExpress and Lemo21, using comassie and Hisg-tag stains.

(A) A 15% reducing SDS-PAGE of the solubility of ArcticExpress and Lemo21. Lane 1:
Low range molecular weight marker. Lane 2: ArcticExpress S1 total sample. Lane 3:
ArcticExpress S1 soluble sample. Lane 4: ArcticExpress L1 total sample. Lane 5:
ArcticExpress L1 soluble sample. Lane 6: Lemo21 2000 uM Rhamnose total sample. Lane
7: Lemo21 2000 uM Rhamnose soluble sample. (B and C) A 12% reducing SDS PAGE of
the best results from the solubility of ArcticExpress and Lemo21 expressed before and after
Ni?* column. Gel (B) is comassie stained, and Gel (C) is Hiss-tag stained, both gels have
the same layout. Lane 1: Low range molecular weight marker. Lane 2: Lemo21 soluble
load. Lane 3: Lemo21 elution fraction. Lane 4: ArcticExpress L1 soluble load. Lane 5:
ArcticExpress L1 elution fraction. Lane 6: ArcticExpress S1 soluble load. Lane 7:
ArcticExpress S1 elution fraction. Lane 8: 25 kDa positive control.

The total and soluble fractions of both the Lemo21 and ArcticExpress cells were
assessed (Figure 52-A) to confirm the presence of a Hisg-tag on the target protein using a
Hiss-tag stain. It appears that both of the bands in Lemo21 give a positive response (Figure
52-B&C).

Both Lemo21 colonies, along with one from ArcticExpress were grown in 50 ml
volumes and subjected to a Ni?* affinity chromatography purification. The cells were lysed
in 125 mM NaCl, 100 mM HEPES pH 7.4, and only the soluble fraction loaded onto the

column and purified (Figure 53).
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Figure 53. Elution fractions from small scale Ni** purification from
ArcticExpress and Lemo21 cells expression trials.

(A) A 12% reducing SDS-PAGE of the elution fractions from ArcticExpress and Lemo21
Ni** purification. Lane 1: Low range molecular weight marker. Lane 2: Lemo21 elution
fraction. Lane 3: ArcticExpress L1 elution fraction. Lane 4: ArcticExpress S1 elution
fraction. (B and C) A 12% reducing SDS PAGE of the purification of L1 from Lemo21. (B)
Ni** purification of L1 from Lemo21. Lane 1: Low range molecular weight marker. Lane
2: Pre-induction total sample. Lane 3: Soluble load. Lanes 4-8: elution fractions. (C) Gel
filtration purification of S1 from Lemo21. Lane 1: Low range molecular weight marker.
Lanes 2-7: elution fractions.

The best approach to obtain soluble protein would be Lemo21, as neither of the
ArcticExpress clones have the correct molecular weight for L1 protein (Figure 53-A). The
major protein to have bound to the column is at 25 kDa (lane 2), whilst the band at
approximately 20 kDa has bound at a much lower level. The Lemo21 construct was grown
ina 2 L culture, then purified by Ni** affinity followed by gel filtration (Figure 53-B&C).

Both proteins that potentially correspond to L1 as identified by the Hisg-tag stain
bound to the Ni** column and were separated by gel filtration. A sample of each was mixed
with the high affinity analogues LZ29 and LZ30 to ascertain whether a complex could be
formed. From the native gel (Figure 54-A) it appears that the larger protein binds to the
analogue. To check that this result was not an artefact of the high affinity analogue, a
second complexation was set up using WT insulin (Figure 54-B), to which the protein
bound. The two bands were sent for protein identification (trypsin digest of the protein

sample followed by LC-MS with the results searched against a database) and the results
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showed that the larger protein was a chloramphenicol acetyltransferase mutant, whilst the

smaller protein was lysozyme.

Figure 54. Native gel of insulin-complex formation trials of Lemo21 produced L1
material and various insulin analogues.

(A) A 10 % native gel of the complexation of both Lemo21 peaks with LZ29 and LZ30.
Lane 1: Higher peak. Lane 2: Higher peak and LZ29. Lane 3: Higher peak. Lane 4:
Higher peak and LZ30. Lane 5: Lower peak. Lane 6: Lower peak and LZ29. Lane 7:
Lower peak. Lane 8: Lower peak and LZ30. (B) A 10% native gel of the complexation
between the higher Lemo21 peak with WT insulin and LZ30. Lane 1: Higher peak. Lane 2:
WT insulin. Lane 3: Higher peak and WT insulin. Lane 4: LZ30. Lane 5: Higher peak and
LZ30.

The clone of ArcticExpress, S1, that gave the larger expression of the protein at
approximately 20 kDa was grown and subjected to a 30 condition solubility screen '’
(Table 13 Figure 55).
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Table 13. Thirty Reagents for Solubilisation of Over-Expressed Proteins'’

Condition | Contents
1. 100 mM Tris, 10% glycerol, pH 7.6
2. 100 mM Tris, 50 mM LiCl, pH 7.6
3. 100 mM HEPES, 50 mM (NH,),SO4, 10% glycerol, pH 7.0
4. 100 mM HEPES, 100 mM KCI, pH 7.0
5. 100 mM Tris, 50 mM NaCl, 10% isopropanol, pH 8.2
6. 100 mM K;HPO4/KH,PO,, 50 mM (NH,),SO4, 1% Triton X-100, pH 6.0
7. 100 mM triethanolamine, 100 mM KCI, 10 mM DTT, pH 8.5
8. 100 mM Tris, 100 mM sodium glutamate, 10 mM DTT, pH 8.2
9. 250 mM KH,PO4/K;HPO,, 0.1% CHAPS, pH 6.0
10. 100 mM triethanolamine, 50 mM LiCIl, 5 mM EDTA, pH 8.5
11. 100 mM sodium acetate, 100 mM glutamine, 10 mM DTT, pH 5.5
12. 100 mM sodium acetate, 100 mM KCI, 0.1% n-octyl-B-D-glucoside, pH 5.5
13. 100 mM HEPES, 1 M MgSQ,, pH 7.0
14. 100 mM HEPES, 50 mM LiCl, 0.1% CHAPS, pH 7.0
15. 100 mM KH;PO4/K,HPOy,, 2.5 mM ZnCl,, pH 4.3
16. 100 mM Tris, 50 mM NaCl, 5 mM calcium acetate, pH 7.6
17. 100 mM triethanolamine, 50 mM (NH,),SO,4, 10 mM MgSO,, pH 8.5
18. 100 mM Tris, 100 mM KCI, 2 mM EDTA, 1% Triton X-100, pH 8.2
19. 100 mM sodium acetate, 1M MgSQO,, pH 5.5
20. 100 mM Tris, 2M NaCl, 0.1% n-octyl-B-D-glucoside, pH 7.6
21. 100 mM Tris, 1 M (NH,),SO,4, 10 mM DTT, pH 8.2
22. 100 mM sodium acetate, 50 mM LiCl, 5 mM calcium acetate, pH 5.5
23. 100 mM HEPES, 100 mM sodium glutamate, 5 mM DTT, pH 7.0
24. 100 mM triethanolamine, 100 mM sodium glutamate, 0.02% n-octyl-B-D-glucoside, 10% glycerol, pH 8.5
25. 100 mM Tris, 50 mM NaCl, 100 mM urea, pH 8.2
26. 100 mM triethanolamine, 100 mM KCI, 0.05% dextran sulfate, pH 8.5
27. 100 mM KH,PO4/K,HPO,, 50 mM (NH,),SOs, 0.05% dextran sulfate, pH 6.0
28. 100 mM HEPES, 50 mM LiCl, 0.1% deoxycholate, pH 7.0
29. 100 mM Tris, 100 mM KCI, 0.1% deoxycholate, 25% glycerol, pH 7.6
30. 100 mM potassium acetate, 50 mM NaCl, 0.05% dextran sulfate, 0.1% CHAPS, pH 5.5
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Figure 55. Solubility screen for the L1 domain expressed in ArcticExpress cells.

A 15 % reducing SDS-PAGE of the ArcticExpress solubility screen. Gel (A) Lane 1: Low
range molecular weight marker. Lane 2: Total ArcticExpress sample. Lanes 3-12:
conditions 1-10. Lane 1: Low range molecular weight marker. Lane 2: Total ArcticExpress
sample. Lanes 3-12: conditions 1-10. Gel (B) Lane 1: Low range molecular weight marker.
Lane 2: Total ArcticExpress sample. Lanes 3-12: conditions 11-20. Gel (C) Lane 1: Low
range molecular weight marker. Lane 2: Total ArcticExpress sample. Lanes 3-12:
conditions 21-30.

Samples with the highest solubility were seen in conditions 1, 7, 8 and 10 (Table
13), although conditions 7 and 8 contain DTT which would reduce the disulphide bonds
present in the protein. These samples were re-tested in the buffer without DTT, but also

with EDTA, due to its presence in condition 10.
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Figure 56. Comparison of the best conditions achieved for expression of soluble
L1 protein in ArcticExpress, and the test for DTT requirment in conditions 7 and
8.

A 15% reducing SDS-PAGE exploring the solubility of L1 in condition 1, 7, 8 and 10. Lane
1: Low range molecular weight marker. Lane 2: Total sample. Lane 3: soluble sample.
Lane 4: insoluble sample. Lane 5: condition 1 soluble fraction. Lane 6: condition 7 soluble
fraction. Lane 7: condition 7 soluble fraction without DTT. Lane 8: condition 7 soluble
fraction without DTT. Lane 9: condition 8 soluble fraction without DTT with EDTA. Lane
10: condition 8 soluble fraction without DTT. Lane 11: condition 8 soluble fraction without
DTT with EDTA. Lane 12: condition 10 soluble fraction.

It appears that DTT is required in conditions 7 and 8 for soluble protein, however
conditions 1 and 10 give comparable results to one another based upon solubility levels

(Figure 56). Protein identification showed that the expressed protein was not L1.
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4.4.2. Expression of the L1 Region in S. cerevisiae

Due to the problems encountered in expression of the L1 region in E. coli, S.
cerevisiae was used to express L1 protein. The L1 gene was successfully cloned into the
pYES2/CT plasmid (MW = ~25 kDa). Small scale (15 ml) culture volumes were grown
with the cells lysed by digesting the cell walls, followed by homogenisation (see appendix).

The soluble fraction was then passed over a Ni column (Figure 57-A).
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Figure 57. Purification of the L1 region produced in S. cerevisiae.

(A) A 15% reducing SDS-PAGE of the Ni?* purification of L1 in S. cerevisiae. Lane 1:
Low range molecular weight marker. Lane 3: Run through sample. Lanes 5-7: Samples
from the Ni column elution peak. (B) A 15% reducing SDS-PAGE of the disulphide check
of the L1 region produced in S. cerevisiae. Lane 1: Low range molecular weight marker.
Lane 2: Sample in a reducing sample buffer. Lane 3: Sample in a non-reducing buffer. (C)
A 15% reducing SDS-PAGE of the Ni column purification of the L1 region produced in S.
cerevisiae. Lane 1: Low range molecular weight marker. Lane 2: Run through sample.
Lanes 3-5: Samples of non-specific binding washed off by wash buffer. Lanes 6-8: Samples
from the Ni column elution peak. (D) A 15% reducing SDS-PAGE of gel filtration
purification of the L1 region produced in S. cerevisiae. Lane 1: Low range molecular
weight marker. Lanes 2-5: Samples from the gel filtration column elution peak.
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There is a band present at ~25 kDa which could correspond to the predicted
molecular weight of the L1 protein. Lanes 5 and 6 show a high level of contamination
meaning further purification was required. The correct formation of the disulphide bonds
was assessed by using both reducing and non-reducing sample buffer (Figure 57-B). The
disulphide bonds may be correctly formed, as both the reducing and non-reducing samples
ran identically on an SDS gel (Figure 57-B). A larger preparation of L1 expressed in S.
cerevisiae was then prepared and purified by a Ni** column (Figure 57-C) followed by gel
filtration (Figure 57-D). There is a distinct double band present on the gel (Figure 57-D). A
mass spectrometry analysis of this sample indicated the presence of a single species present
at 25 kDa, which matched the predicted molecular mass of the L1 protein. When the protein
was used in an attempt to form a complex with insulin analogues, it was unable to enter the
gel. A fresh preparation of the protein was used for protein identification of these bands.
The results indicated that neither corresponded to the L1 protein.
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4.4.3. Expression of the L1 Region in P. pastoris

Following the lack of success of the S. cerevisiae studies, P. pastoris was used to
express the L1 protein. The vector, pPICZaA, has a signal sequence that targets the protein
for secretion to the media and has a C-terminal Hisg tag. A 3C protease site was added
using the reverse primer to allow the removal of the Hisg tag. A long construct was trialled
along with the short construct, (see appendix for primers and constructs). The plasmid was
transformed into P. pastoris X-33 cells as per the method described in the appendix.
Colonies were picked and grown in a 48 well plate containing BMGY media (Figure 58).
The cultures were then used to produce induction/expression cultures of ODgg =2 at
induction in BMMY.

A B C D E F
1 L3 L3 S1 L3 L3 S1
2 L3 L3 S1 L3 L3 S1
3 L3 L1 S1 L3 L1 S1
4 L3 L1 S1 L3 L1 S1
5 L3 S1 Empty L3 S1 Empty
6 L3 S1 Empty L3 S1 Empty
7 L3 S1 Empty L3 S1 Empty
8 L3 S1 Empty L3 S1 Empty

Figure 58. P. pastoris 48 well expression layout.

The wells in columns A, B and C were used to produce starter cultures from single colonies.
The starter cultures were used to inoculate the induction media in the corresponding well in
columns D, E and F to an ODgp=2.

Following 96 hours of induction, the cultures were spun down (12,000 x g, 5 min)
and a sample of the supernatant was used for a dot blot experiment to test for the presence

of a Hisg tag (Figure 59).
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Figure 59. A dot blot experiment to probe for expression of the L1 region in P.
pastoris.

A dot blot experiment of the expression trial for L1. Square Al: Uninduced Media. Square
A2: 100 ng/ul Hisg-tagged protein. Square A3: 50 ng/ul Hisg-tagged protein. Square A4: 10
ng/ul Hiss-tagged protein. Square A5: 1 ng/ul Hisg-tagged protein. Square B1-E5 contain
samples from Figure 58. Squares B1-B5: Samples D1-D5. Squares C1-C5: Samples D6-
E2. Squares D1-D5: E3-E7. Squares E1-E5: E8-F4.

Positive results were seen for squares E1, E2, E7 and E8, with the strongest result
being that of E7 so this clone was taken forward (Figure 59). A small scale expression trial
(150 ml) was carried out on this clone (E7-L1) to produce, identify and purify the L1

protein.
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Figure 60. The Ni?* purification trace for the small scale production of L1 from
E7-L1.

The blue trace is the Ayg reading and the green line is the percentage of elution buffer from
0% to 100%.

The expressed L1 protein bound to the Ni column and eluted upon application of
the imidazole gradient (Figure 60). Samples were run on an SDS-PAGE gel to ascertain
whether the protein purified (gel not shown). No bands were present, which could be due to
the low levels of protein produced owing to the small volume of culture. To increase the
amount of material produced a 3 L expression was performed, followed by a Ni column
purification.

The fractions across the elution peak (chromatograph not shown) were pooled and
run on an SDS-PAGE gel to assess the success of the expression. There were no bands
present, which indicated that the protein was either at a concentration too low to be detected
or was not present. To increase sensitivity, a copper stain was applied to the gel and
revealed bands of approximately 37 and 42 kDa (gel not shown). The bands could be the L1
protein, but this cannot be stated with confidence. A dot blot of samples taken from various
points across the purification was conducted to indicate if the bands detected were those of

the L1 protein.
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Figure 61. Dot blot analysis of L1 purification after expression in P. pastoris.

A dot blot for the elution of L1 from a Ni column and gel filtration. Square Al: H,O.
Square A2: 100 ng/ul Hisg-tagged protein. Square A3: 10 ng/ul Hiss-tagged protein. Square
A4 and A5: Elution peak sample. Square B1-B5: Elution peak sample. Square C1-C5:
Elution peak sample. Square D1-D4: Elution peak sample. Square D5: Concentrated
elution peak 1. Square E1: Concentrated elution peak 2. Square E2: Concentrated gel
filtration peak 1. Square E3: Concentrated gel filtration peak 2. Square E4: Media sample.

The dot blot shows positive results for 1B and 1C which correspond to the positive
control, whilst also giving a positive result for E4, the media sample (Figure 61). This
indicates that the L1 protein was produced although it did not bind to the column. The
media sample was analysed by coomassie, copper and silver staining methods (Figure 62),

showing inconclusive results.
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Figure 62. A SDS-PAGE staining analysis of L1 protein expressed in P. pastoris.

A 12 % reducing SDS-PAGE of the P. pastoris media following expression. Gel (A),
stained with Coomassie, gel (B) copper stained and gel (C) silver stained. All gels; lane 1:
Low range molecular weight marker. Lane 2: Media sample.

To ascertain whether the positive signal from the dot blot was of the L1 protein, a

western blot was run.

Figure 63. Awestern blot of the purification of the L1 protein expressed in P.
pastoris.

A 12 % reducing SDS-PAGE western blot of the purification of L1. Membrane (A) shows
the result following transfer and staining with Ponceau red, (B) shows the western blot
results. (A) lane 1: Low range molecular weight marker. Lane 2: Positive control sample.
Lane 3: Sample buffer only. Lane 4: Empty. Lane 5: Media sample. Lane 6: Media
sample. Lane 7: Empty. Lane 8: Elution peak concentrated sample. Lane 9: Elution peak
concentrated sample. (B) lane 1: Low range molecular weight marker. Lane 2: Positive
control sample. Lane 3: Sample buffer only. Lane 4: Empty. Lane 5: Media sample. Lane
6: Media sample. Lane 7: Empty. Lane 8: Elution peak concentrated sample. Lane 9:
Elution peak concentrated sample.
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The western blot shows that there is a positive signal to the anti-Hiss tag antibody in
the region of 18-29 kDa (Figure 63). The band is difficult to distinguish on the western blot
due to the high intensity of the band and the smearing present. The predicted molecular
weight of the L1 protein expressed in P. pastoris is ~23 kDa, which corresponds to the
smeared band present. It was considered that the media or a short loading time could be the
cause of weak binding to the Ni column. A 3 L culture was split four ways; one part was
loaded onto a column overnight, whilst the others were dialysed overnight against 500 mM
NaCl + 50 mM NaPO, pH 7.4, 500 mM NaCl + 100 mM HEPES pH 7.4 and 125 mM NacCl
+ 100 mM HEPES pH 7.4, before loading onto a Ni-affinity column.

There are peaks present for all samples on the chromatogram upon elution with
imidazole (chromatograph not shown). Samples from all four peaks were concentrated ~10-
fold and run on an SDS-PAGE gel.
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Figure 64. Analysis of media loading change of L1 protein expressed in P.
pastoris.

A 12 % reducing SDS-PAGE of the purification trial of the L1 protein. Gel (A) lanes 2-4
samples from overnight load, and lanes 6-8 samples from 500 mM NaCl + 50 mM NaPQO,
pH 7.4 Gel (B) lanes 2-4 samples from 500 mM NaCl + 100 mM HEPES pH 7.4, and lanes
6-8 samples from 125 mM NaCl + 100 mM HEPES pH 7.4. Gel (A), lane 1: Low range
molecular weight marker. Lane 2: Run through. Lane 3 and 4: Samples from elution peak.
Lane 5: Low range molecular weight marker. Lane 6: Run through. Lane 7 and 8: Samples
from elution peak. Gel (B), lane 1: Low range molecular weight marker. Lane 2: Run
through. Lane 3 and 4: Samples from elution peak. Lane 5: Low range molecular weight
marker. Lane 6: Run through. Lane 7 and 8: Samples from elution peak.

There is possibly L1 protein in each of the purifications, although it cannot be

identified due to the presence of other bands (Figure 64).
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Figure 65. Western blot analysis of media loading change following Ni**
purification of L1 expressed in P. pastoris.

A 12 % reducing SDS-PAGE western blots of the purification trial of the L1 protein.
Western blot lanes 2-4 samples from overnight load, and lanes 6-8 samples from 500 mM
NaCl + 50 mM NaPO, pH 7.4. Lane 1: Low range molecular weight marker. Lane 2: Run
through. Lane 3 and 4: Samples from elution peak. Lane 5: Low range molecular weight
marker. Lane 6: Run through. Lane 7 and 8: Samples from elution peak.

The western blots show two bands present in lanes 7 and 8 (Figure 65) at
approximately 30 kDa. Using Figure 65, the strong bands present in Figure 64 can be
implied to be the L1 protein. A 3 L scale fermentation was followed by concentration of the
media and dialysed against 125 mM NaCl and 100 mM HEPES pH 7.5, followed by an
overnight load onto the Ni column to maximise binding. An SDS-PAGE and western blot of

the purification were run (Figure 66).
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Figure 66. Analysis of E7 L1 purification from P. pastoris following media
loading change.

A 15% reducing SDS PAGE of the purification and western blot of the L1 protein. Gel (A),
lane 1: Low range molecular weight marker. Lane 2: Run through. Lanes 3-8: Samples
from elution peak. Gel (B), lane 1: Positive control sample. Lane 2: Low range molecular
weight marker. Lanes 4-9: Samples from elution peak.

The bands appear consistent in molecular weight to previous gels, and did not need to
be concentrated to appear on the gel. The samples that gave a positive result on the western
blot were sent for protein ID. The results identified beta-lactamase as a strong signal, whilst
also having strong spectra that were unassigned. Beta-lactamase is an enzyme attributed to
the breakdown of the antibiotic Zeocin, upon which the electroporated P. Pastoris cells were

selected.
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4.5. Conclusion

The expression of the L1 region in E. coli led to a good level of protein expression
although it was insoluble. Following various attempts to express soluble protein, on-column
refolding resulted in soluble protein. The soluble protein had incorrectly formed disulphide
bonds, with intermolecular bonds rather than intramolecular ones. Attempts to express the
protein in S. cerevisae and P. pastoris were unsuccessful.

The presence of N-glycosylations is important in ensuring protein solubility*"®'". The
L1 region has four predicted N-glycosylation sites at positions Asn*®, Asn °, Asn’® and Asn
™ These N-glycosylations would not be present after expression in E. coli. All eukaryotic
proteins are glycosylated to a certain level, with the process occurring through a complex
series of steps, originating in the endoplasmic reticulum®. The solubility of the expressed
L1 in E. coli following on-column refolding brings the requirement of glycosylation for
soluble protein into question. The refolded material was soluble in a solution that comprised
20 mM Tris pH 7.5 and 0.1 M NaCl following on-column refolding, chemicals that are not
shown to increase solubility. Expression in S. cerevisae and P. pastoris yielded no soluble
protein indicating that the presence of N-glycans in this instance yielded no appreciable
results.

50,63,171,172
R

Previous expression of the | was undertaken by using a variety of

mammalian expression systems. This is preferred as the protein processing machinery

possessed by these cells closely resembles that of human cells'®

, as the particular
glycoform displayed on the protein surface can influence its effect'®. This method of
producing the L1 region could result in soluble protein, though the production of soluble
protein from on-column refolding questions this assumption.

The structure of L1 (Figure 43) shows a barrel with a series of B-sheets. At both the N-
and C-terminus of the barrel there is a disulphide bond, which fixes the termini to the barrel.
The correct formation of these disulphide bonds is therefore critical to a correctly folded
and soluble protein. The re-solubilised expressed L1 protein in E. coli was shown to have
incorrectly formed disulphide bonds, despite being soluble. It would be assumed that
moving to an organism such as S. cerevisae, P. pastoris, or a mammalian system would
solve this issue. It has been shown that the pathways and proteins employed in the correct
disulphide formation show remarkable similarity between prokaryotes and eukaryotes'®.
This would indicate that if protein expression had been possible in either of the yeast
systems, a similar result would be seen to that in E. coli. The high expression levels seen in
E. coli may have caused an overload in these pathways, hence the lower expression levels in

yeast and mammalian cell culture. This, coupled with the glycosylation effects discussed
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previously, may result in soluble protein that is correctly formed.

The expression of the IR described in the literature contains many different constructs,
from L1-CR-L2 to the entire ectodomain®****1"2 however the L1 domain has not been
expressed by itself. Expression of the “core” L1 region is a sensible strategy in obtaining a
complex between insulin and the IR, because removing the flexible regions between the
domains of the IR increases the possibility that crystals will form. Examining the crystal
structure of L1-CR-L2 from 2hr7.pdb®, it can be seen that there are hydrogen bonds
formed between the L1 and CR regions (Figure 67).
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N- and C-
terminus

Figure 67. Interaction between the L1 and CR regions in the IR.

(A) An overview of the L1-CR contacts. (B) A close up of the L1-CR interactions. The L1
region is coloured green, and the CR in red. (pdb used: 2hr7.pdb). The dashed line indicates
a hydrogen bond. Carbon atoms in green, oxygen — red and nitrogen — blue. Disulphide

bonds are in yellow.
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The side chains of both domains form six hydrogen bonds between them. These
hydrogen bonds could help stabilise the regions that lack secondary structure, (the areas
between the series of B-sheets), and could be important in the formation of a soluble protein.

The glycosylation of the L1 region, its interactions with the CR, the choice of
expression systems and construct design are inconsequential to the correct formation of the
disulphide bonds. As demonstrated in E. coli soluble protein can be achieved, but it is the
formation of the disulphide bonds that prevented the future use of this protein. Solving the
disulphide bond formation issue should result in the production of large amounts of the L1

region that are correctly formed.
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Chapter 5. Insulin:Insulin Receptor Complex Formation

5.1. Summary

The ultimate aim of this project was to obtain the crystal structure of insulin-IR
complex. Successful complexation and structure derivation could lead to a new rationale
for the design of new insulin analogues and drugs for the treatment of diabetes. This can be
achieved by analysis of the insulin- IR interface and the nature of conformational changes
occurring in this hormone and its receptor upon binding. Insulin analogues that expose the
main IR binding epitopes have the highest affinity for IR and are therefore most likely to
form complexes, thus making them the most promising candidates for structure solution of
the complex*™.

The selection of the best IR construct for the formation of an effective complex
with insulin is not clear. Various constructs were investigated by Kristensen et al.**, all had
insulin binding affinities in a range of 9.3-11 nM (Figure 68). All three constructs
investigated that lacked the 704-719 CT segment in the receptor construct showed no
insulin binding, but the addition of 10 uM of the CT peptide, resurrected normal levels of
insulin binding. This indicates that the presence of the CT peptide in solution (or its
inclusion in the IR construct) is vital for an effective engagement of insulin and IR. The
structural location of the CT peptide in the complex is believed to be on the binding face of
the L1-domain®®. Two constructs, which were supplied by WEHI collaborators, IRB17dB
and IRB13 (Figure 68), were used in attempts to make complexes with various insulin
analogues (Table 14). Fabs were associated with the IR constructs and were added for
crystallisation to facilitate crystal contacts. The CT peptide consisting of 709-719 residues

of the IR a-subunit was synthesised and delivered by IOCB Prague collaborators.

L1 CR L2 FnO ~ Fm CcT
a-Subunit |
1 155 312 468 704-719
IRass [T [ 1]
IRsos [T
R255 [
IRB17dB : [ |
IRB13 |
L

Figure 68. Schematic of previously investigated IR constructs.

The receptor constructs IR468, IR309 and IR255 were with and without their C-terminal CT
peptide by Kristensen et al.*. The L1 region expression was described in Chapter 4.
IRB17dB and IRB13 were supplied by Australian collaborators.
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The mechanism behind the formation of a complex between insulin:IR:CT peptide is
unknown.

Various attempts were also undertaken to obtain a direct, binary complex between
insulin and the CT peptide to obtain any insight into the nature of interactions of these
proteins. These trials were unsuccessful, which indicates that insulin and the CT peptide do
not interact directly or interaction between the two is dependent upon the presence of
domains of the IR™®,

The IR-binding abilities of various insulin analogues to constructs IRB17dB and IRB13
were assessed by a native gel electrophoresis. Several high affinity analogues were
identified as being able to form a IR-complex and were used in crystal trials. Diffraction-
quality crystals of some complexes were obtained using the short IR construct IRB13.
These crystals lead to the first crystal structure of the insulin:IR complex.
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5.2. Methods Used for Trials for a Direct, Binary Insulin:CT

Peptide Complex Formation and Insulin:IR:CT Complexes

The formation of insulin analogue and the CT peptide putative binary complexes were
studied by 1:5 (insulin:CT) molar ratio mixing of the proteins BUFFER?. They were
incubated overnight at 37°C.

The binary complexes of the IR constructs IRB17dB and IRB13 with insulin were
formed by mixing the IR and insulin analogue in a 1:1 molar ratio in TBSA (25 mM Tris pH
8.0, 25 mM NaCl and 2 mM KCI). A tertiary compl